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A B S T R A C T

The twilight zone remineralization (TZR) consumes over 70% of organic carbon exported from the sunlit ocean,
significantly affecting oceanic carbon sequestration and atmospheric CO2 concentration. Despite the well-
established importance, the quantification of TZR remains challenging, as reflected by conspicuous methodo-
logical discrepancy and the unsolved imbalance between carbon supply from the upper layer and demand at
depth. Here we combined three independent approaches, including biogeochemical profiling floats (BGC-float)
observation, in vivo reduction of the tetrazolium salt by the cellular electron transport system (in vivo INT), and
the synthesis of prokaryotic respiration (PR) determined by radiolabeled leucine incorporation and zooplankton
respiration (ZR) empirically estimated from the biomass (PR + ZR), to investigate the TZR in the South China Sea
basin. Our results show that the BGC-float and PR + ZR approaches gave more consistent results, with the
respective values of 5.1 ± 0.5 and 6.4 ± 3.0 mol C m− 2 yr− 1. However, in vivo INT approach yielded a TZR nearly
an order of magnitude higher at 30.0 ± 6.1 mol C m− 2 yr− 1. To further reconcile methodological discrepancies,
we estimated the possible range of carbon supply by integrating comprehensive carbon sources, including
sinking particles, dissolved organic carbon input, lateral transport, dark carbon fixation, and active carbon
transport by zooplankton migration. After considering multiple carbon sources, we successfully balanced the
carbon demand as indicated by BGC-float and PR + ZR approaches. Our intercomparison exercise suggests a
potential overestimation of TZR by the in vivo INT approach, and also highlights the importance of integrating
multiple carbon sources in closing the twilight zone carbon budget.

1. Introduction

The biologically-mediated carbon production and its subsequent
export to the deep ocean, a.k.a. biological carbon pump, is a key
mechanism sustaining ocean carbon sequestration and greatly in-
fluences atmospheric CO2 concentration (Boyd et al. 2019; Buesseler
et al. 2020). The global carbon export at the base of the euphotic zone
(typically defined as the 1% surface light) is presently estimated in an
order of 5 to 12 Pg C yr− 1 (Laws et al. 2011; Boyd et al. 2019; Buesseler
et al. 2020), of which 60–80% is further consumed by heterotrophic
organism in the twilight zone (typically defined as the depth between
the base of the euphotic zone and 1000 m) (Henson et al. 2012; Giering

et al. 2014). Thus, accurate quantification of twilight zone reminerali-
zation (TZR) is critical in understanding carbon transfer in the ocean
interior and the amount of carbon that is ultimately buried in the sea-
floor, isolated from the atmosphere at the time scale of centuries to
millennia (Chisholm 2000; Boyd et al. 2019).

The main approaches to quantify TZR can be broadly classified into
two categories: incubation-based and incubation-free techniques. The
most traditional incubation-based approach involves monitoring the
oxygen consumption in the incubation bottle (Gaarder 1927; Ducklow
and Doney 2013). However, this approach necessitates extended incu-
bation periods (>24 h) to amplify the respiration signal, due to limited
precision in traditional oxygen measurement. The long incubation

* Corresponding authors at: State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen, China.
E-mail addresses: yibin.huang@xmu.edu.cn (Y. Huang), bqhuang@xmu.edu.cn (B. Huang).

Contents lists available at ScienceDirect

Progress in Oceanography

journal homepage: www.elsevier.com/locate/pocean

https://doi.org/10.1016/j.pocean.2024.103316
Received 1 December 2023; Received in revised form 17 June 2024; Accepted 23 July 2024

Progress in Oceanography 228 (2024) 103316 

Available online 25 July 2024 
0079-6611/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:yibin.huang@xmu.edu.cn
mailto:bqhuang@xmu.edu.cn
www.sciencedirect.com/science/journal/00796611
https://www.elsevier.com/locate/pocean
https://doi.org/10.1016/j.pocean.2024.103316
https://doi.org/10.1016/j.pocean.2024.103316
https://doi.org/10.1016/j.pocean.2024.103316
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pocean.2024.103316&domain=pdf


presumably leads to an artificial modification in microbial community
structure and trophic interactions during the incubation (del Giorgio
and Williams 2005; Huang et al. 2019a). Fortunately, this drawback has
been partially addressed with the recent advent of STOX electrodes
(Tiano et al., 2014). These electrodes have significantly elevated the
precision of O2 measurement, allowing us to detect lower rates of
respiration in shorter incubation periods. Alternatively, tracking
respiration-relevant elements, such as the reduction of a tetrazolium salt
by the cellular electron transport system (in vitro INT or in vivo INT)
(Martínez-García et al., 2009), or radiolabeled leucine incorporation (a
proxy of prokaryotic production activity that can be combined with
growth efficiency rate to estimate prokaryotic respiration) (del Giorgio
and Cole 1998; Steinberg et al. 2008; Shen et al. 2020), has gained
popularity because of their high sensitivity. Although these approaches
can circumvent long-term incubation, the common caveat of the
incubation-based approaches is difficulty in simulating the deep envi-
ronment, particularly the hydrostatic pressure and turbulence condi-
tions (Martínez-García et al., 2009; Huang et al. 2019a; Amano et al.
2022; Guo et al. 2022). Non-incubation techniques to constrain TZR
include using the mass balance model or the inert gas (e.g., Ar, Cassar
et al. 2021) to isolate the physically-induced oxygen signal from the
seawater chemical tracers change. Particularly, the recent advances in
autonomous platforms (e.g., biogeochemical profiling floats (BGC-float)
and Seagliders) and biogeochemical sensors development enable ocean
biogeochemistry to be sampled at finer spatiotemporal scales (Chai et al.
2020; Claustre et al. 2020), providing a new means to resolving the TZR
over the multiple time scales (Hennon et al., 2016). The accuracy of the
tracer budget approach in TZR estimates mainly depends on the degree
to which abiotic processes can be constrained (Hennon et al. 2016;
Billheimer et al. 2021). Additionally, TZR can be empirically inferred
from the biomass (Ikeda 1985; Ikeda et al. 2001; Steinberg et al. 2008)
or a combination with apparent oxygen utilization (AOU) and seawater
age identified by the isotope (e.g., 3H and 3He) (Feely et al. 2004; Xie
et al. 2021).

Despite the importance of constraining TZR, the current estimates
based on the different approaches appear hard to reconcile, and the
discrepancy sometimes can reach an order of magnitude within the same
basin (Steinberg et al. 2008; Martínez-García 2016). For example, the
TZR measured by in vivo INT approach (13.2 mol C m− 2 yr− 1) in the
North Pacific subtropical gyre (station ALOHA) is over 7 times higher
than that determined by the PR+ ZR approach (synthesis of prokaryotic
respiration determined by radiolabeled leucine incorporation and
zooplankton respiration empirically estimated from the biomass) (1.5
mol C m− 2 yr− 1) (Steinberg et al. 2008; Martínez-García 2016). Simi-
larly in North Atlantic Subtropical Gyre, a recent study by Arístegui et al.
(2020) based on in vitro INT reported a much higher TZR (28.4 mol C
m− 2 yr− 1) than the previous estimate from the net oxygen utilization
rate (4.5 mol C m− 2 yr− 1) (Jenkins 1982). It remains unclear if this
discrepancy is associated with the biases in a specific approach or re-
flects different spatiotemporal scales of TZR captured by different ap-
proaches. Furthermore, these diverging TZR estimates pose a significant
challenge in understanding the balance between the carbon demand at
depth and carbon supply from the upper layer (Steinberg et al. 2008;
Fernández-Urruzola et al. 2021). Over the past two decades, increasing
evidence has implied that sinking particle flux is not the only carbon
source that contributes to carbon remineralization at depth. Other
processes, such as the downward mixing of dissolved organic carbon
(DOC) (Arístegui et al. 2002; Emerson 2014), dark carbon fixation (DCF)
by chemoautotrophs (Shen et al. 2020; Saxena et al. 2022), lateral
transport of organic matter (Shen et al. 2020; Kelly et al. 2021), and
active transport by the diel vertical migrators (Giering et al. 2014;
Archibald et al. 2019), can also act as significant carbon sources to fuel
the TZR. To date, only a few studies (e.g., the Porcupine Abyssal Plain
site in the north Atlantic) have succeeded in balancing the carbon de-
mand by incorporating multiple carbon supply sources (Giering et al.
2014). It requires further vetting to assess whether such a framework

can be achieved in other regions.
The South China Sea (SCS) is the largest marginal sea of the western

Pacific Ocean, influenced by Asian monsoons (Chen et al. 2001). Despite
being oligotrophic, the central SCS basin experiences active water mass
and organic matter exchange with the adjacent continental shelf and
western Pacific, resulting in unique biogeochemistry (Wu et al. 2015;
Shen et al. 2020; Dai et al. 2022). The upper layer carbon export in the
SCS has been estimated by various approaches such as sediment traps
(Lahajnar et al. 2007; Ran et al. 2015; Shen et al. 2020), 234Th-238U
disequilibrium (Cai et al. 2008; Zhou et al. 2013; Cai et al. 2015),
nitrate-based new production (Chen, 2005), satellite-based model (Li
et al. 2018) and mass balance of oxygen (Huang et al. 2018), falling in a
range of 0.8–3.1 mol C m− 2 yr− 1. In contrast, TZR remains poorly con-
strained, with only limited studies on prokaryotic production and oxy-
gen utilization rates (Shen et al. 2020; Xie et al. 2021). In this study, we
applied three independent approaches, including BGC-float observation,
in vivo INT and PR + ZR, to quantify the TZR in the SCS basin. Piecing
together with an integrated analysis of multiple carbon supply sources
from the literature, we aim to address the following questions:

1. What is the magnitude of TZR in the SCS basin and which methods
are more reliable?

2. Can the carbon demand in the twilight zone be balanced with
comprehensive carbon supply sources?

2. Methods

2.1. Study region

Our study region (11.0◦N–21.7◦N, 110◦E–118.5◦E) is located in the
central SCS basin (Fig. 1), a typical oligotrophic area characterized by
low chlorophyll a and depleted nutrients in the surface (Chen et al.
2001; Ning et al. 2004; Zhang et al. 2016). The meteorological forcing in
this region is dominated by the East Asian Monsoon with the northeast
monsoon prevailing from November through April (cold season), and
the southwest monsoon between June and September (warm season)
(Liu et al. 2002; Dai et al. 2022). The monthly climatology euphotic
zone, derived from the Moderate Resolution Imaging Spectroradiometer
(MODIS) (https://oceandata.sci.gsfc.nasa.gov) in the SCS basin is rela-
tivity constant over the year (~98 m) (Fig. S1). For simplicity, we set
100 m as an upper boundary of the twilight zone.

2.2. Multiple approaches for estimating the TZR

2.2.1. Oxygen mass balance model based on BGC-float observation
The floats data used in this study were from two Sea-Bird Scientific

Navis floats (numbered F0347 and F0348), and one PROVOR NKE float
(numbered XMU-001b) deployed by Xiamen University, China (yellow
line in Fig. 1a). These floats were conducted profiling cycles every 1–5
days with a vertical resolution of 2 m from surface to 1000 m depth and
50 m below 1000 m depth. Over 700 profiles were collected by three
floats from July 2014 to July 2019. The raw O2 data were calibrated
using the simultaneous shipboard oxygen samples measured by the
high-precision Winkler titration during floats deployment (Fig. S2). The
float-measured temperature, salinity, and oxygen were interpolated
linearly into 1 m depth resolution and then smoothed over time using a
five-point running-mean filter to remove the short-term fluctuation
(Huang et al. 2022).

We constructed a simplified 1-D twilight zone oxygen mass balance
model (Eq. (1), Fig. S3) by neglecting the lateral transport following
Hennon et al. (2016) and Billheimer et al. (2021):

∂O2

∂t = FBio + Fκznet (1)

where ∂O2
∂t is the float observed O2 change in the seawater, FBio is
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biological oxygen consumption, Fκznet is net diapycnal eddy diffusion,
resulting from the difference of fluxes between the top and bottom
boundaries at each isopycnal layer (Eq. (2)).

Fκznet = Fκztop − Fκzbottom = Kztop ×
∂O2

∂z top
− κzbottom ×

∂O2

∂z bottom
(2)

∂O2
∂z and κz represent vertical oxygen gradient, and diapycnal diffusivity
coefficient, respectively. The oxygen mass balance model was imple-
mented alongside the isopycnal surface (σθ) to eliminate the oxygen
change induced by the vertical displacement (Billheimer et al. 2021;
Wang and Fennel 2022). The density intervals were set to 0.35 kg m− 3

when σθ ≤ 26.0 kg m− 3 and 0.1 kg m− 3 when σθ > 26.0 kg m− 3 (Fig. S4).
∂O2
∂t was computed as a slope (fitted by the least squares linear regression)
of the seasonal oxygen evolution (Hennon et al. 2016; Wang and Fennel
2022). κz was set to 10− 5 m2 s− 1, following the values reported by Shang
et al. (2017) and He et al. (2022), which were directly measured using

the Turbulence Ocean Microstructure Acquisition Profiler in our study
region.

In most of the time, the deployed floats were parked at a depth of
1000 m and can generally be considered as quasi-Lagrangian drifters
that follow the same water mass (Lacour et al., 2019). Therefore, the
oxygen changes observed by the floats is less affected by the horizontal
advection. To further minimize this error, we visually inspected the float
data and discarded the periods that experiencing the notable fluctuation
in spice anomalies (Klymak et al. 2015; Long et al. 2016) (Fig. S4d–4f).
Finally, 30 profiles (from February 4, 2016 to June 28, 2016, spanning
145 days) from F0347, 67 profiles (from September 3, 2015 to April 29,
2016, spanning 239 days) from F0348, and 44 profiles (from August 10,
2017 to March 28, 2018, spanning 230 days) from XMU-001b were
retained for FBio calculation (Fig. 1a, Fig. S4g–4i). To facilitate the
comparison, the oxygen-based respiration was converted into the carbon
unit using the respiration quotient (RQO2:C) of 1.45 (Anderson and

Fig. 1. Study region in the South China Sea (SCS) basin. (a) sampling sites of the twilight zone remineralization; (b) the compiled dataset of multiple carbon supply
sources from historical studies. The yellow numbers in panel a represent the sample period of the BGC-float used in this study (mm/dd/yy). The background color
shows the climatology of annual export production from the satellite estimate (Supplementary Methods). BGC-float: biogeochemical profiling floats; in vivo INT: the
reduction of tetrazolium salt by the cellular electron transport system; PR: prokaryotic respiration; ZR: zooplankton respiration; FPOC: particulate organic carbon
sinking flux; DOC: dissolved organic carbon; DCF: dark carbon fixation; POCLT: lateral transport of POC; AFZoo: active flux by zooplankton diel vertical migration.
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Sarmiento 1994).

2.2.2. In vivo INT
The reduction rate of the tetrazolium salt 2-(p-iodophenyl)-3-(p-

nitrophenyl)-5-phenyltetrazolium chloride (INT) to INT formazan
(INTF) by electron transport system dehydrogenase enzymes can be
indicative of planktonic respiration. This method has become increas-
ingly popular for measuring respiration in the oligotrophic ocean and
twilight zone because of its high sensitivity and precision (Martínez-
García et al., 2009; García-Martín et al. 2019). Samples for measuring
the INT reduction were collected aboard the R/V Tan Kah Kee from two
cruises (KK2004 cruise: 30 August 2020 to 30 September 2020; KK2102
cruise: 27 July 2021 to 30 August 2021; the red dot in Fig. 1a) using
Niskin bottles attached to a Sea-Bird conductivity-temperature-depth
(CTD) rosette sampler at eight depths (100, 150, 200, 300, 400, 600,
800, 1000 m).

We adopted a modified approach described by Martínez-García et al.
(2009) to measure in vivo INT reduction rates. We performed time-
course experiments to determine the optimum incubation time, which
was four hours, to ensure a linear increase of reduced INT within the
incubation period and to avoid the toxicity of INT and INTF to the living
cells (Fig. S5). At each depth, we set up four replicates (incubation
volume: 500 mL), one of which was immediately killed by adding
formaldehyde (2%w/v final concentration) as a control. Fifteen minutes
later, all replicates were inoculated with a sterile solution of INT (0.2
mmol L− 1 final concentration, Sigma, USA) and incubated in
temperature-controlled (in situ temperatures, ±1 ◦C) chambers for four
hours. After incubation, samples were fixed by adding formaldehyde
(2% w/v final concentration) and filtered through 47 mm diameter 0.2
μm pore size polycarbonate membrane filters (Millipore, USA). After a
15-minute stand, the reduced INT (formazan, INTF) retained on each
filter membrane was extracted and stored frozen in 2 mL cryovials at
− 20 ◦C until further processing. Back in the lab, the INTF was extracted
from the filters using propanol, and its concentration was determined by
a microplate reader (Perkin Elmer, USA). We used the empirical ratio of
12.8 mol O2 mol INTF

− 1 suggested by Martínez-García et al. (2009) to
convert the reduction rate of INT into the oxygen consumption rate.

2.2.3. Synthesis of prokaryotic and zooplankton respiration (PR + ZR)
TZR can be computed as a sum of respiration attributed by the pro-

karyote and zooplankton, following Giering et al. (2014). PR was esti-
mated from the prokaryotic production measured by radioactive leucine
(3H-leucine) uptake, in the combination with the prokaryotic growth
efficiency (Smith and Azam 1992). The PR samples were collected from
eight depths, consistent with the sampling depth of in vivo INT approach.
For each depth, triplicate samples (3.6 mL unfiltered seawater in a 5 mL
centrifuge tube) and one replicate blank (fixed with 200 μL of 100%
trichloroacetic acid, TCA) were inoculated with 3H-leucine (specific
activity of 40–60 Ci mmol L− 1, Perkin Elmer, USA; final concentration of
10 nmol L− 1) and incubated in the dark at in situ temperatures (±1 ◦C)
for 4 h. After incubation, samples and blanks were all fixed with 200 μL
of 100% TCA to terminate the reaction and then were kept at − 20 ◦C
until further processing. The thawed samples were filtered by 0.2 μm
polycarbonate membranes (25 mm diameter, Millipore, USA), and the
centrifuge tubes were washed sequentially with ice-cold 5% TCA and
80% ethanol 2–3 times. The filters were placed in 3.5 mL scintillation
cocktail (Perkin Elmer, USA) and stood for 48 h. The radioactivity
incorporated into cells was counted in a liquid scintillation counter (Tri-
Carb 2800TR, Perkin Elmer, USA). The leucine incorporation rates were
calculated by differencing the mean disintegrations between the control
and incubation samples. PR was estimated using the following equation
(Eq. (3)),

PR = leucineincorporation× LeuCF ×
(1 − PGE)
PGE

(3)

where the LeuCF is the leucine-carbon conversion factor, and PGE is the
prokaryotic growth efficiency. In the global ocean, LeuCF and PGE have
been reported to exhibit a significant spatial variability, which is closely
linked to the availability of nutrients and organic carbon in the seawater
(del Giorgio and Cole, 1998; Giering et al., 2014; Smith et al., 2021). To
ensure the accuracy of our regional estimates, we conducted a
comprehensive review of the existing literature to determine the
appropriate values for our study. For LeuCF, we adopted a value of 0.41
± 0.09 kg C mol− 1 leu, which is derived from local incubation experi-
ments conducted in previous study (Shen et al. 2020). This regional
value is closely aligned with the median LeuCF of 0.54 for the global
mesopelagic zone reported by a recent synthesis study by Giering and
Evans (2022). Due to the lack of direct measurements of PGE in our
study site, we compiled historical data on PGE from the twilight zone
across the global ocean and used the global median PGE of 0.07 in our
study (Fig. S6). We further use the global PGE interquartile range of
0.03–0.09 to simulate the uncertainty (Table S2). Additionally, to
evaluate the sensitivity of our PR estimation to LeuCF and PGE, we
reconstruct PR with 1281 combinations of LeuCF (range from 0.30 to
0.50 with increments of 0.01) and PGE (range from 0.03 to 0.09 with
increments of 0.001) (Fig. S7).

Zooplankton samples were collected aboard the R/V Tan Kah Kee
from 19 June 2019 to 26 June 2019 (KK1906 cruise) at stations M4 and
SEATS using MultiNet (0.25 m2, 200-μmmesh, HYDRO-BIOS, Germany)
(green cross in Fig. 1a). At each station, we carried out repeated vertical,
high-resolution net tows at five depth horizons (0–50 m, 50–100 m,
100–200 m, 200–400 m, 400–700 m) during both day and night (four
times at station M4 and six times at station SEATS, the daytime is
defined as the period between 6:00 and 18:00). Samples were split into
two parts: half for biomass and elemental analysis, and the other half for
taxon and abundance analysis. ZR (μg C m− 3 h− 1) was empirically
estimated from samples as a function of zooplankton nitrogen weight
(NW, mg m− 3) and seawater temperature (T, ◦C), following Al-Mutairi
and Landry (2001):

ZR = exp(1.74+ 0.85× ln(NW) + 0.064× T ) ×
1

RQO2:C
×

12
22.4 (4)

where RQO2:C = 1.45 is the respiratory quotient and 12/22.4 is the molar
conversion factor (Anderson and Sarmiento, 1994). The NW and T were
measured by the elemental analyzer (2400 CHN Analyzer, Perkin Elmer,
USA) and CTD sensor, respectively. To obtain ZR profiles matching the
depths of PR, we extrapolated the ZR observation by using a power law
function (Fig. S8). Subsequently, we combined these two mean profiles
to generate an overall mean profile for bulk respiration (PR + ZR) in the
SCS. It’s worth noting that the magnitude of ZR is approximately only
10% of that of PR, as indicated in Fig. S9. Consequently, the bulk
respiration estimate obtained through this method is predominantly
influenced by the PR values. Therefore, the spatial mismatch between
the sampling stations for ZR and PR has a relatively limited impact on
the final bulk respiration estimate.

2.3. Compilation of potential carbon supply

To constrain the possible range of TZR and reconcile the regional
carbon budget in the SCS basin, we synthesized and reanalyzed a variety
of possible carbon sources from the literature following the framework
proposed by Giering et al. (2014). These sources include upper partic-
ulate organic carbon (POC) sinking flux, DOC input, active carbon
transport via zooplankton diel vertical migration, DCF by chemo-
autotrophs, and lateral transport of POC. For each carbon source, we
computed the ensemble mean and standard deviation (as an uncer-
tainty) of the compiled dataset.

2.3.1. POC sinking flux, DCF, and lateral transport of POC
Upper layer 234Th-based POC sinking flux was compiled from a set of
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historical studies (Cai et al. 2008; Zhou et al. 2013; Cai et al. 2015). The
pooled dataset consists of 72 stations sampled in four seasons, providing
good spatial coverage of the SCS basin (Fig. 1b). DCF in the twilight zone
was derived from snapshot measurements in 8 stations (Fig. 1b)
compiled from prior studies by Shen et al. (2020), which was deter-
mined by radioactive 14C incorporation rates.

The amount of lateral transport POC originating from the northern,
productive shelf has been indirectly estimated in the prior study by Shen
et al. (2020). The authors compared the difference in POC sinking flux
between theoretical and in situ observation frommoored sediment traps.
The theoretical POC sinking flux at various horizons was inferred from
the POC flux at the base of the euphotic zone using the Martin Curve
applying an attenuation coefficient b of 0.95 (a value derived from the
location in the absence of lateral transport influence, see details in
section 2 in Shen et al. 2020). Given that no significant lateral transport
was found in the southern SCS basin (Shen et al. 2020), we set the lateral
transport of POC to 1.1 ± 0.2 mol C m− 2 yr− 1 (half of the lateral
transport of POC obtained in the northern SCS) to approximate the
average shelf-to-basin transport of POC in the entire SCS basin.

2.3.2. DOC supply
The fraction of TZR fueled by the DOC portion (TZRDOC ) can be

calculated as follows (Arístegui et al. 2002; Emerson 2014; Giering et al.
2014)

TZRDOC =

∫ 1000 m

100 m
TZR dz× RQO2 :C ×

DOC
AOU

(5)

where DOC
AOU is the slope of the linear regression between DOC and AOU

derived from three historical cruises (including 6 sampling stations
during summer, fall, and winter seasons, Fig. 1b, Table S1) (Hung et al.
2007), and

∫ 1000 m
100 m TZRdz is the depth-integrated respiration rate (here

we used average TZR determined by BGC-float and PR + ZR given they
provide more reasonable constraints, see Discussion section).

2.3.3. Active carbon transport by zooplankton diel vertical migration
Another source of DOC is the active flux by zooplankton diel vertical

migration. The active flux may be not included in the calculation of the
DOC-AOU method mentioned above because it is often regarded as an
episodic event and thus calculated separately (Emerson 2014; Giering
et al. 2014). Active carbon transport was estimated by assuming that
DOC excretion by migrating zooplankton is roughly equivalent to 31%
of their respiration (Steinberg et al. 2000; Giering et al. 2014). The
fraction of zooplankton associated with migration was distinguished by
comparing the difference between samples collected during the day and
night (Fig. S10). We excluded carbon transport induced by defecation
and mortality due to the large uncertainties in their estimation (Giering
et al. 2014).

2.4. Uncertainty estimates and statistical analysis

Propagated error for each TZR method consists of spatial variability
(σv) among the sampling stations (calculated as a standard error) and
the aggerated error (σa) inherited from a range of sources such as the
instrument (e.g., oxygen sensor), and parameterization (e.g., uncer-
tainty in diapycnal κz, LeuCF, and PGE, etc.). The σa was quantified
using the Monte Carlo approach interaction with the magnitude of error
assignment presented in Table S2. The propagated error was calculated
as

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σv2 + σa2

√
. Power law functions were selected to fit the discrete TZR

measurement, as they better described the remineralization profiles
(Table S3). The mean and standard error of the scaling exponent b was
estimated through log–log linear regression on the log-transformed data,
which is the standard approach for fitting power law models. The sig-
nificance was satisfied if the p-value < 0.05. Data analysis and visuali-
zation were performed using R 4.1.2 (R Core Team 2021).

2.5. Caveats and limitations

In our study, we considered the SCS basin as a whole and linked TZR
and multiple carbon supply pathways collected from various stations
and sampling periods. This analysis might be somewhat confounded by
the spatiotemporal mismatches and uncertainty inherited from each
methodology. For example, TZR estimated from BGC-float observation is
based on the oxygen drawdown over the seasonal scale, whereas in vivo
INT and PR + ZR were snapshot measurements during the summer and
autumn. Nonetheless, the twilight zone is generally characterized by
weak seasonality (Fig. S11), as the seasonal forcing gradually diminishes
with increasing depth. Despite our sampling efforts spanning different
seasons and locations, the coefficients of variation (CV = standard de-
viation/mean × 100%) of respiration rates determined by BGC-float, in
vivo INT, PR and ZR are 25.8%, 30.0%, 48.6% and 29.8%, respectively
(Fig. 2). The low CVs indicate a relatively spatial and temporal homo-
geneity in the twilight zone of the central basin. The large-scale upper
layer net primary production and carbon export (background color in
Fig. 1 and Fig. S13) predicted by the remotely sensed algorithm also
reveals a relatively spatiotemporal uniform in the sunlit ocean within
the central basin, supporting the rationale to treat the South China Sea
central basin as an entirely for an integrated analysis. Moreover, we
found that methodological discrepancies for TZR measurements, the
focus of our study, are the primary factor causing the observed differ-
ence in the TZR, rather than spatiotemporal mismatches (see Results and
Discussion section).

Our compiled dataset of POC sinking flux covers four seasons,
generally providing a representative annual flux (Fig. 1b, Fig. S12). For
other carbon supply terms, such as DCF, lateral transport, DOC input and
active transport flux, the compiled dataset only one or two seasons.
Despite these caveats, it should be noted that to date, only a few field
studies have achieved co-located, simultaneous measurements of these
complex processes (Giering et al., 2014). Our study provides a feasible
basin-scale example and demonstrates how field observations and his-
torical measurements can be leveraged to advance our understanding of
the TZR and regional carbon budget. The methodological discrepancy
and critical carbon supply pathways to sustain the regional carbon
budget identified from our analysis can also help guide future fieldwork.

3. Results

3.1. Comparison of TZR among three approaches

TZR depth profile determined from three approaches generally
exhibited exponential decay over depth (Fig. 2, Fig. 3a), with 80%
remineralization occurring in the upper 400 m (Fig. 3b, c). Albeit there
are some subtle differences in the respiration profiles among the three
methods, the power-law fitting curves based on normalized TZR show
high degree of consistency (Fig. 3b). The attenuation coefficients (b
value) of TZR were found to be the same within the uncertainty for all
three approaches, with the respective value of 1.00 ± 0.11 (mean ± SE)
for BGC-float observation, 0.87 ± 0.10 for in vivo INT, and 0.90 ± 0.13
and for PR + ZR (Fig. 3b, Table S3).

The volumetric TZR determined from the seasonal oxygen draw-
down via the BGC-float observations, ranged between 0.002 mmol C
m− 3 d− 1 and 0.06 mmol C m− 3 d− 1 (Fig. 2a). In contrast, volumetric
rates measured by in vivo INT approach was approximately one order
magnitude higher than the BGC-float estimates, displaying exponential
decrease from amaximum of 0.6 mmol Cm− 3 d− 1 at the base of euphotic
zone to a minimum of 0.0003 mmol C m− 3 d− 1 around depths of
800–1000 m (Fig. 2b). Our third approach to calculate bulk respiration
involves summing the contributions of respiration by prokaryotes and
zooplankton, with prokaryotes being the predominant contributors to
bulk respiration (as illustrated in Fig. 2c and 2d). Overall, the volumetric
rates of PR fall within a similar range as the TZR obtained from BGC-
float measurements. ZR, on the other hand, constitutes less than 10%
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of bulk respiration and varies between 0.0003 mmol C m− 3 d− 1 and 0.03
mmol C m− 3 d− 1. The depth-integrated TZR between 100 m and 1000 m
determined by BGC-float (5.1 ± 0.5 mol C m− 2 yr− 1) was also close to
that of PR + ZR (6.4± 3.0 mol C m− 2 yr− 1); while depth-integrated TZR
determined by in vivo INT (30.0 ± 6.1 mol C m− 2 yr− 1) was one order of
magnitude higher than the counterparts determined by the other two
approaches (Fig. 3d).

3.2. Carbon supply from multiple sources

Overall, the total carbon supply to the twilight zone estimated from
our compiled dataset was 4.8 ± 1.3 mol C m− 2 yr− 1 (Fig. 4, Table 1),
which is close to the TZR determined by BGC-float observation (5.1 ±

0.5 mol C m− 2 yr− 1) and PR + ZR (6.4 ± 3.0 mol C m− 2 yr− 1) within the
uncertainty. Among carbon sources, POC flux export from the base of the
euphotic zone accounts for ~40% of the total carbon supply, with an
estimated value of 1.9 ± 1.2 mol C m− 2 yr− 1. The amount of TZR sus-
tained by the DOC portion and POC input through lateral transport
contributed nearly equally, yielding values of 1.1 ± 0.4 mol C m− 2 yr− 1

and 1.1 ± 0.2 mol C m− 2 yr− 1, respectively. The ammonia-oxidizing

archaea and nitrite-oxidizing bacteria-mediated DCF supply 14.6% of
the total organic carbon sources (0.7± 0.4 mol C m− 2 yr− 1). By contrast,
the active flux via the zooplankton diel vertical migration contributes
minimally to the total carbon supply (0.01 ± 0.02 mol C m− 2 yr− 1)
(Fig. 4, Fig. S10).

4. Discussion

To our knowledge, this is the first study to apply three independent
approaches to constrain the TZR in the same ocean basin. By further
combining with the integrated analysis of multiple carbon supply
sources, we provide more insight into the potential methodological
discrepancy in TZR measurements. In the following sections, we first
compared our TZR estimates to those from the global ocean and then
discussed possible reasons for the observed differences in TZR among
the three approaches. Finally, we analyzed the regional carbon budget in
the SCS basin by examining the balance between carbon supply and
demand.

Fig. 2. Depth-resolved profiles of bulk respiration measured by (a) biogeochemical profiling floats (BGC-float), (b) the reduction of a tetrazolium salt by the cellular
electron transport system (in vivo INT), (c) prokaryotic respiration determined by radiolabeled leucine incorporation (PR), and (d) zooplankton respiration
empirically estimated from the biomass (ZR). The numbers in parentheses in panels a, b, and c represent years of sampling. The numbers in parentheses in panel
d represent times of zooplankton net tows.
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4.1. Comparison of TZR estimate in the SCS basin with the global ocean

Vertical profiles of TZR measured by three approaches cohesively
decline exponentially with depth (Fig. 2, 3), which is well-fitted by the
power law function. The average TZR attenuation coefficient is around
0.87–1.0, comparable with the prior studies of 0.56–0.94 in Terrace Bay
(20.2◦S–20.3◦S, 8.0◦E–12.3◦E, in vitro INT approach) (Osma et al. 2014)
and 0.87–1.22 off the northern Chilean coast (20.1◦S–24.0◦S,
70.0◦W–72.5◦W, in vitro INT approach) (Fernández-Urruzola et al.
2021).

TZR measured by PR + ZR in the SCS basin was 6.4 ± 3.0 mol C m− 2

yr− 1, ~23% higher than the upper bound of the estimates in other re-
gions (1.8–5.2 mol C m− 2 yr− 1, Table 2) determined by the same
approach. But this finding aligns with high prokaryotic respiration (5.6
mol C m− 2 yr− 1) reported by Shen et al. (2020) in the SCS basin, which
accounts for over 90% of total TZR (Fig. 2, Fig. S9). Similarly, the TZR
derived from the seasonal oxygen drawdown based on BGC-float

observation (5.1 ± 0.5 mol C m− 2 yr− 1), is also at the high end of the
range (2.0–5.1 mol C m− 2 yr− 1) of oxygen utilization rate in the sub-
tropical oceans (Table 2), but comparable to those in the subpolar North
Atlantic (4.5 mol C m− 2 yr− 1) and subantarctic Southern Ocean (4.4 ±

2.9 mol C m− 2 yr− 1). Using the isotope of 3H and 3He to track the
seawater age, Xie et al. (2021) obtained a relatively low subsurface
apparent oxygen utilization rate (1.96 ± 0.2 mol C m− 2 yr− 1) in the SCS
basin. This discrepancy might be partly attributed to the different time
scales of TZR captured by the two approaches. The isotopes-based
approach tends to reflect the oxygen consumption rate corresponding
to the residence time of 3H (typically 3–50 years, depending on the
depth) (Xie et al. 2021), providing a measure close to a steady state. By
contrast, our float estimate based on the seasonal oxygen drawdown
reflects a more instantaneous signal that integrates the impact inherited
from episodic carbon supply events (Hennon et al. 2016; Billheimer
et al. 2021). Similarly, Koeve and Kähler (2016) recently reported that
the AOU-over-age approach may lead to an underestimation of the

Fig. 3. Twilight zone remineralization (TZR) determined by three approaches in the South China Sea basin. (a) Depth profiles; (b) the fits of power law function of
TZR normalized to the base of the euphotic zone (100 m); (c) depth-cumulative fraction; (d) depth integration. The horizontal dashed line in panels a-c indicates the
euphotic zone depth. The annual depth-integrated TZR in panel d is computed by integrating daily TZR in shown panel a, and then multiplying the results by the day
length of each year (365 days) assuming a steady flux throughout the year. The shading in panels a and c, and the horizontal bar in panel d represent the propagated
error. BGC-float: biogeochemical profiling floats; in vivo INT: the reduction of a tetrazolium salt by the cellular electron transport system; PR + ZR: synthesis of
prokaryotic respiration and zooplankton respiration; b: attenuation coefficient of TZR fitted by the power law function.
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respiration by a factor of 3 due to the nonproportional diffusive mixing
of AOU and water age (i.e., the proportions of AOU and water age
changed by advection and mixing processes).

TZR measured by the INT reduction approach in the global ocean
varies widely, ranging from 3.8 mol C m− 2 yr− 1 to 28.2 mol C m− 2 yr− 1

(Table 2). In our study region, in vivo INT reduction approach yields a
value of 30.0± 6.1 mol C m− 2 yr− 1 (Fig. 3d), approximating the maxima
historical estimate in the subtropical North Atlantic (28.2 ± 4.9 mol C
m− 2 yr− 1) (Arístegui et al. 2020). Yet, it is important to note that the
compiled dataset of INT-based TZR estimates differs in techniques used
to derive the INT reduction rate: in vivo INT and in vitro INT (depending
on the respiration measurement whether in the living cell, see more
details in Martínez-García et al., 2009). In principle, in vivo approach is
thought to provide a more realistic estimate of TZR whereas in vitro INT
tends to reflect the maximum potential respiration rates (Martínez-
García et al., 2009). Nevertheless, no systematic difference is observed
between the two approaches, probably due to the limited number of data
points (Table 2). Overall, three independent approaches applied in our
study, despite the existing methodological discrepancy, seem to imply a
relatively high TZR in the SCS basin, for possible mechanisms we will
discuss in the following sections.

4.2. The discrepancy among the three approaches

In general, BGC-float observation (5.1 ± 0.5 mol C m− 2 yr− 1) and PR
+ ZR (6.4± 3.0 mol C m− 2 yr− 1) show amore consistent estimate of TZR
in the SCS basin, yielding values that can balance the amount of known
carbon supply within the uncertainty bounds (Fig. 4, 5.7 ± 1.5 mol C
m− 2 yr− 1). By contrast, in vivo INT approach gave rise to an extremely
high TZR, reaching up to 30.0 ± 6.1 mol C m− 2 yr− 1. Similar paradoxes
were also identified at the North Pacific subtropical gyre (station
ALOHA) and North Atlantic subtropical gyre, in which the INT reduction
approach gave rise to a value 6–7 times higher than the counterpart
estimated by the other two approaches (Table 2). Despite this difference,
the vertical pattern of TZR determined by in vivo INT collaborates well
with the other two approaches (Fig. 2b, 3b), suggesting in vivo INT is
capable of accurately capturing the vertical attenuation of TZR but
might misrepresent results in the terms of magnitude.

In our study, we applied a scaling factor of 12.8 mol O2 mol INTF
− 1 to

convert the INT reduction rate into oxygen consumption (Table 2),
which is recommended by the original methodology article of Martínez-
García et al. (2009) and subsequently adopted by another study in the
twilight zone of North Pacific subtropical gyre (Martínez-García 2016)
(Table 2). Recently, García-Martín et al. (2019) proposed a new linear
relationship based on the global dataset of paired measurements of in
vivo INT and direct oxygen consumption rates derived from the 24-hour
bottle incubation in the upper ocean (<200 m). However, applying this
empirical equation results in a higher TZR in our study region (52.2 ±

8.7 mol C m− 2 yr− 1). Some studies have shown evidence that the oxygen
consumption rate from bottle incubation might be considerably over-
estimated as a result of the artificial stimulation of bacterial growth and
enhanced DOC cycling in the enclosed space (Martínez-García et al.,
2009; Huang et al. 2019a). As such, the conversion factor (12.8 mol O2
mol INTF

− 1) scaled from the bottle incubation-based oxygen consump-
tion rate might be overestimated. Additionally, INT reduction is not cell-
specific for the respiration system and sensitive to many substances such
as ascorbic acid, cysteine, and glutathione, depending on the microbial
community (Maldonado et al. 2012). It’s worth noting that previously
reported scaling factors for INT reduction have been derived from either
laboratory cultures containing a single eukaryotic species (e.g., Iso-
crhrysis galbana, Martínez-García et al., 2009) or seawater samples from
the upper layer, which consist of a mixture of eukaryotic and prokary-
otic organisms (Martínez-García, 2016). In contrast, the microbial
community in the twilight zone is predominantly composed of pro-
karyotic groups. Additionally, a recent study conducted by Baños et al.
(2020) has raised concerns regarding the potential toxicity of INT on the
microbial community. This concern adds a layer of complexity to our
interpretation of the relationship between INT reduction and the true
biologically-induced oxygen consumption rates in the twilight zone.
Alternatively, we attempt to recompute the conversion factor by linking
in vivo INT reduction rates with TZR measured from BGC-float and PR +

ZR approaches and derive a reduced scaling factor of 2.4 mol O2 mol
INTF

− 1. Applying this new factor to prior studies in the North Pacific
subtropical gyre, we obtain a revised TZR of 2.5 mol C m− 2 yr− 1, which
is well in line with the TZR estimated by the PR + ZR approach (1.8 mol
C m− 2 yr− 1) (Steinberg et al., 2008). However, further studies are

Fig. 4. (a) Schematic diagram illustrating the different processes contributing to the regional carbon budget, and (b) synthesis of estimated carbon supply and
demand in the South China Sea basin. Carbon demand is estimated from the average remineralization rates in the twilight zone determined by biogeochemical
profiling floats and the synthesis of prokaryotic respiration and zooplankton respiration. The percentage in the parentheses in panel a denote the fractional
contribution of each process to the total carbon supply. The active carbon transport by the zooplankton migration (AFzoo) is not included in panel b due to its minimal
contribution. The bar in panel b represents propagated uncertainty. FPOC: upper layer sinking flux of particulate organic carbon; DOC: dissolved organic carbon input;
DCF: dark carbon fixation by chemoautotrophs; POCLT: lateral transport of particulate organic carbon.
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needed to explore whether the large scaling factor previously reported is
due to the distinct microbial assembly between the upper layer and
twilight zone or systematic biases associated with the INT reduction
approach itself or oxygen consumption rates derived from bottle
samples.

Despite BGC-float observation and PR + ZR providing more
reasonable constraints in TZR, we still need to be cautious when inter-
preting the data and choosing future methodologies. For example, the
BGC-float approach indicates the highest vertical attenuation of TZR
among the three approaches (Fig. 3b), which might reflect a reduced
ability of BGC-float to capture the TZR over the depth, particularly in the
horizons where TZR is close to the instrument signal-to-noise ratio of the
oxygen sensor (typically 3 μmol kg− 1, Maurer et al. 2021). Instead, two
other approaches, which rely on the respiration-relevant substrates,
have a higher sensitivity, and thereby do a better job of characterizing
the vertical trend of TZR. Given that the majority of respiration (>80%)
occurs in the upper 400 m (Fig. 3c), the BGC-float can still robustly
capture the magnitude of depth-integrated TZR. While we have used the
spice as a proxy to rule out the periods affected by water mass in-
teractions, other abiotic processes, such as the lateral diffusion and
spatial heterogeneity of the preformed oxygen signal, remain uncon-
strained in the oxygenmass balancemodel (Billheimer et al. 2021; Wang
and Fennel 2022). Furthermore, since many DCF processes are aerobic
(Hügler and Sievert, 2011), neglecting oxygen consumption induced by
DCF may result in an overestimation of respiration derived from total
oxygen utilization (e.g., respiration rates estimated from BGC-float ob-
servations in our study). However, it remains a significant challenge to
directly rule out the effect of DCF on oxygen change due to the lack of
accurate information on the stoichiometric ratio of O2:C alongside DCF.
Nonetheless, it is worth noting that the observed O2 consumption rates
are approximately an order of magnitude higher than the DCF (Fig. 3d,
Fig. 4b). In this regard, DCF seems unlikely to significantly affect the
oxygen-based respiration estimates. Improving our knowledge in the

parametrization of complex physics is the most straightforward solution
to minimize uncertainty. The oxygen sensor has now become the most
essential biogeochemical sensor carried by BGC-float (Claustre et al.
2020). The progressive increase in spatial coverage can also help partly
reduce the TZR uncertainty by averaging sufficient float data to coun-
terbalance the positive and negative biases induced by the complex
physical processes (Hennon et al. 2016; Su et al. 2022).

For PR+ ZRmethod, the largest error sources are associated with the
choice in the conversation factors including LeuCF and PGE, as
demonstrated by the sensitivity analysis (Fig. S7). To address this
challenge, we assigned reasonable errors and ranges to LeuCF and PGE
by analyzing data obtained from local and global experimental studies
(see Method section). Furthermore, the agreement between TZR values
from PR + ZR and BGC-float approaches, along with the carbon supply,
further validates our choice of conversion factors.

4.3. Regional carbon budget

We succeed in balancing the carbon demand (the average values
indicated by BGC-float observation and PR+ ZR) with the carbon supply
after comprehensively considering the multiple sources (Fig. 4, Table 1).
Our analysis reveals that the POC sinking flux from the upper layer,
determined by the 234Th-238U disequilibrium, accounts for only 33% of
the total carbon demand, with a value of approximately 1.9 ± 1.2 mol C
m− 2 yr− 1. Other processes, such as DOC portion, lateral transport, and
DCF, also play important roles in counterbalancing carbon demand.

Approximately 19% of the total carbon demand is met by the later-
ally transported POC (1.1 ± 0.2 mol C m− 2 yr− 1), which is inferred from
the apparent excess of POC sinking flux from sediment trap observations
relative to the theoretical attenuation. The most probable source of this
lateral transport POC is from the productive northern shelf through the
river discharge and large-scale circulation (Liu et al. 2014; Shen et al.
2020), with enhanced transport during extreme weather conditions
(Shih et al. 2019). Such an active lateral transport POC in the SCS basin
has been captured by the high-resolution observations from the bio-
optical sensor equipped with BGC-float (Shen et al. 2020). The re-
searchers found that episodic elevation of POC concentration in the
intermediate layer is not usually accompanied by the simultaneous in-
crease of POC in the upper layer, implying the possible source from the
lateral transport instead of vertical export. A similar mechanism of
substantial shelf-to-basin POC transport has been also identified in the
Barents Sea by Rogge et al. (2023) using field observations and numeric
model simulations.

The portion of TZR fueled by DOC, scaled from the oxygen con-
sumption rate and the empirical relationship between DOC and AOU, is
equivalent to ~19% total carbon demand (1.1 ± 0.4 mol C m− 2 yr− 1,
Fig. 4, Table 1). This finding is in agreement with the previous estimates
of ~20% across the global ocean (Hansell and Carlson 1998; Roshan and
DeVries 2017). Notably, a unique feature of the SCS basin DOC budget is
the influence from the adjacent western Pacific. Compared with the SCS
basin, the western Pacific water holds a higher DOC concentration and
active Kuroshio intrusion via Luzon Strait leads to a net DOC import to
the SCS basin on an order of ~10 Tg C yr− 1 in the upper 500 m over the
annual cycle (Wu et al., 2015). Many studies have further confirmed that
such laterally transported DOC can stimulate prokaryotic activity in the
SCS basin because of elevated nutrient concentration (compared with
western Pacific water) and distinct microbial community structure (Xu
et al. 2018; Huang et al. 2019b; Li et al. 2021). Therefore, our estimate of
DOC-associated TZR might reflect a combined contribution of down-
ward mixing and unique lateral transport. The final source of DOC is the
active flux by zooplankton diel vertical migration. In our study region,
the estimated contribution of active DOC transport to the total carbon
supply was found to be very limited (<1%); consistent with the recent
finding (0.02 mol C m− 2 yr− 1) in the same region, possibly due to the
shallow depth of the deep chlorophyll maximum and strong stratifica-
tion in the upper layer which impedes the amplitude of zooplankton

Table 1
Summary of different carbon sources and demand in the South China Sea Basin.

Budget Processes Values
(mol C m− 2

yr− 1)

Data
Sources

Notes

Supply Upper layer POC
sinking flux

1.9 ± 1.2 Cai et al.,
2008; Zhou
et al., 2013;
Cai et al.,
2015

Measured by 234Th-238U
disequilibrium

DOC input 1.1 ± 0.4 Hung et al.,
2007; This
study

Estimated from twilight
zone remineralization
rate and the empirical
ratio of DOC
concentration to oxygen
utilization rates

Dark carbon
fixation

0.7 ± 0.4 Shen et al.,
2020

Measured by radioactive
14C incorporation rates

Lateral transport of
POC

1.1 ± 0.2 Shen et al.,
2020

Derived from the
difference of POC
sinking flux between
theoretical and in situ
observation from
moored sediment trap

Active transport
via zooplankton
migration

0.01 ± 0.02 This study Empirically estimated
from migration
zooplankton biomass
and allometric
equations

Sum 4.8 ± 1.3
Demand Twilight zone

remineralization
5.7 ± 1.5 This study Average values of BGC-

float and PR + ZR
estimates

POC: particulate organic carbon; DOC: dissolved organic carbon; BGC-float:
biogeochemical profiling floats; PR + ZR: synthesis of prokaryotic respiration
and zooplankton respiration.
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migration (Ge et al. 2021).
Another significant carbon source that supports the carbon demand

in the SCS basin is DCF, accounting for ~12% of TZR. The magnitude of
global DCF relative to the upper carbon export (here we assume this
value is 10 Pg C yr− 1, Boyd et al. 2019) remains under debate, with
estimates varying from 1–3% (Middelburg 2011; Meador et al. 2020) to
20–70% (Saxena et al. 2022). In our study region, DCF corresponds to
~30% upper layer POC flux. The relatively high oxygen concentration in
the twilight zone (>70 μmol kg− 1, Fig S4) might provide a favorable
condition to facilitate the DCF (Saxena et al. 2022). Additionally, the
active DCF might be associated with the lateral transport of DOC as
aforementioned. Ammonia microbial assemblages, the main contributor
to DCF in the SCS basin (Zhang et al. 2020), were found to be substan-
tially stimulated in the response to Kuroshio intrusion, as the newly NH4

+

regeneration via decomposition of laterally transported DOC provides
the substrate for the subsequent oxidation (Xu et al. 2018).

5. Conclusion

In this study, we applied three approaches, including BGC-float
observation, in vivo INT and PR + ZR, to quantify the TZR in the SCS
basin. We also compiled and reanalyzed multiple carbon supply sources
from the literature to provide another independent constraint in TZR.
We found that BGC-float observation and the PR + ZR provide more
reliable estimates of TZR that are consistent with known carbon supply
within the error range. In contrast, in vivo INT appears to considerably
overestimate TZR, with the exact causes meriting further investigation

and analysis. The regional carbon budget indicates the important
contribution of multiple carbon supply pathways to sustain the high
carbon demand in the twilight zone. Overall, this study provides in-
depth view into methodological discrepancy and main uncertainties
associated with various methods used for estimating TZR. It also em-
phasizes the significance of multi-disciplinary and integrated process
studies in constraining biogeochemical processes in twilight zone
research. However, owing to the limited dataset and techniques, our
present work mainly relied on complications of historical data to close
the regional budget. Future work should focus on improving spatial-
temporal matching to reduce estimation uncertainties. Additionally,
consideration of the seasonality of carbon supply and demand terms and
their potential time lag are necessary for a more comprehensive un-
derstanding of the regional carbon cycle.
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Table 2
The estimation of twilight zone remineralization (TZR) in the global ocean.

Method Region TZR
(mol C m− 2

yr− 1)

Integrated Depth
(m)

Notes References

Oxygen utilization
rate

North Atlantic Subtropical
Gyre

4.5 100–1000 3He-3H-dating approach Jenkins 1982

North Atlantic Subtropical
Gyre
(Station BATS)

3.5 100–1000 3He-3H-dating approach Stanley et al., 2012

South China Sea basin 1.96 ± 0.2 100–1000 3He-3H-dating approach Xie et al., 2021
Sargasso Sea 4.2 100–400 BGC-float observation Billheimer et al., 2021
Subantarctic Southern Ocean
(Drake Passage)

4.4 ± 2.9 70–600 BGC-float observation Hennon et al., 2016

Sargasso Sea 3.9 ± 2.3 70–600 BGC-float observation Hennon et al., 2016
Southern Indian Ocean 3.8 ± 1.1 70–600 BGC-float observation Hennon et al., 2016
Western Pacific 3.8 ± 1.8 70–600 BGC-float observation Hennon et al., 2016
South Pacific 3.9 ± 0.7 100–900 BGC-float observation Martz et al., 2008
Southern Ocean 0–4.3 100–500 BGC-float observation Arteaga et al., 2019
Southern Ocean 1.9–5.1 100–1000 BGC-float observation Su et al., 2022
South China Sea basin 5.1 ± 0.5 100–1000 BGC-float observation This study

INT reduction North Atlantic Subtropical
Gyre

28.2 ± 4.9 200–1000 in vitro, R/ETS of 1.1 mol O2/mol e− 1 Arístegui et al., 2020

Northern Chilean Coast 8.8 ± 10.3 31–1000 in vitro, R/ETS of 0.58 mol O2/mol e− 1 Fernández-Urruzola et al.,
2021

South Atlantic Gyre
(Terrace Bay)

3.8 60–400 in vitro, R/ETS of 0.26–0.48 mol O2/mol
e− 1

Osma et al., 2014

North Pacific Subtropical
Gyre
(Station ALOHA)

13.2 200–1000 in vivo, R/INT of 12.8 mol O2/mol INTF Martínez-García, 2016

South China Sea basin 30.0 ± 6.1 100–1000 in vivo, R/INT of 12.8 mol O2/mol INTF This study
PR + ZR North Atlantic Ocean

(Porcupine Abyssal Plain)
2.6 50–1000 PGE of 8% Giering et al., 2014

North Pacific Subtropical
Gyre
(Station ALOHA)

1.8 150–1000 PGE of 1%–15% Steinberg et al., 2008

North Pacific Subarctic Gyre
(Station K2)

5.2 150–1000 PGE of 1%–15% Steinberg et al., 2008

South China Sea basin 6.4 ± 3.0 100–1000 PGE of 7% This study

BGC-float: biogeochemical profiling floats; in vivo/in vitro INT reduction: the reduction of a tetrazolium salt by the cellular electron transport system, depending on the
respiration measurement whether in the living cell (see more details fromMartínez-García et al., 2009). PR+ ZR: synthesis of prokaryotic respiration and zooplankton
respiration; R/ETS: oxygen consumption to electron transport system activity ratio; R/INT: oxygen consumption to INT reduction ratio; PGE: prokaryotic growth
efficiency.
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