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1.  Introduction
Marine dissolved organic matter (DOM) in the dark ocean (>200  m) contains a large refractory DOM 
(RDOM) pool (∼615 Pg carbon) similar in magnitude to the atmospheric CO2-C pool (Hansell, 2013). The 
RDOM pool is primarily formed during heterotrophic degradation of labile organic matter, which has a pro-
nounced sensitivity to temperature (Brewer & Peltzer, 2017; Jiao et al., 2010; Shen & Benner, 2020). Since 
the 1960s, the ocean has exhibited an accelerated warming at all depths, with a discernable temperature 
increase in the global dark ocean (Cheng et al., 2017; Levitus et al., 2012). Thus, determining the tempera-
ture effect on microbial regulation of the oceanic RDOM pool is essential as its carbon exchange with the 
atmosphere is a potentially sensitive feedback mechanism to global climate change (Lønborg et al., 2020). 
However, detailed knowledge concerning the temperature sensitivity of the RDOM pool is still lacking 
(Lønborg et al., 2018).

The semi-enclosed nature and distinctive geomorphology of dark marginal basins create unique ventilation 
and circulation patterns relative to the open ocean interior that strongly alter the export flux of degrada-
ble organic matter and oxygen utilization (Kim et al., 2011; Qu et al., 2006; Santinelli, 2015; Shen, Jiao, 
et al., 2020). Thus, marginal basins may have distinctly different warming effects on microbial transforma-
tion of RDOM components compared with the dark open ocean (Catalá, Reche, Fuentes-Lema, et al., 2015). 

Abstract Oceanic absorption of heat generated by greenhouse gas emissions has resulted in warming 
of the dark ocean (>200 m) that contains a large refractory DOM (RDOM) pool. However, changes in 
microbially mediated production and degradation dynamics for RDOM components in response to 
warming of dark marginal basins remain unclear. Herein, we integrated data from the dark South China, 
Mediterranean and Japan Seas (temperature range: 0.09–15.1°C) to demonstrate that in situ production 
efficiency of two ubiquitous humic-like fluorophores increased at higher dark ocean temperature, whereas 
chromophores at a wavelength of 325 nm (aCDOM(325)) changed from production to degradation at higher 
temperature. Increased oxygen consumption and a reduction of labile substrates in future warmer dark 
ocean environments may initiate the final degradation of some semi-refractory components, thereby 
increasing the recalcitrance of RDOM, but decreasing the DOM inventory in dark basins and creating a 
positive feedback to rising atmospheric CO2.
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an accelerated warming with a discernable temperature increase. Thus, determining the importance of 
temperature on microbial regulation of the oceanic RDOM pool is of great significance. This study utilized 
the ocean interior of the marginal South China, Mediterranean and Japan Seas as natural basin-scale 
enclosed incubators along with optical DOM characterization methods to reveal a production-degradation 
reaction series for RDOM components. A decrease in the DOM inventory by enhanced microbial 
mineralization (producing CO2) in a warmer dark ocean may create a positive feedback in response to 
global climate change.
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We posit that the response of RDOM cycling dynamics to warming in dark marginal basins could be highly 
sensitive as future temperature increases in some dark marginal basins are projected to be higher than in 
the dark open ocean (Soto-Navarro et al., 2020).

In situ specific transformation efficiency of RDOM per unit oxygen consumption can be estimated by rela-
tionships between chromophoric DOM (CDOM) and its fluorescence components (FDOM) with apparent 
oxygen utilization (AOU), after accounting for water mass mixing signals (Swan et al., 2009). Once oxygen 
utilization rates (OUR) in the dark oceans are available, in situ transformation rates of RDOM components 
can be quantified and their turnover times determined (Catalá, Reche, Álvarez, et al., 2015; Catalá, Reche, 
Fuentes-Lema, et al., 2015). Herein, we investigated vertical profiles of CDOM (aCDOM(254); aCDOM(325)), 
tryptophan-like peak T (FDOMT), and humic-like peaks A and M (together FDOMH) in the dark northern 
South China Sea (SCS) and integrated our data with literature data from the dark East/West Mediterranean 
(Med) Sea, Japan Sea and global ocean (Catalá et al., 2018; Kim & Kim, 2016; Martínez-Pérez et al., 2019; 
Tanaka et al., 2014). The ocean interiors of the three marginal basins provide natural basin-scale enclosed 
‘incubators’ comprising a suitable temperature range (0.09–15.1°C) to evaluate temperature effects on in 
situ turnover rates and production-degradation dynamics for RDOM components. The future change of in 
situ FDOMH production efficiency/rates in the dark marginal basins under the moderate greenhouse gas 
emission scenario (RCP4.5) by the end of the 21st century was projected to illustrate the potential impacts 
on RDOM components.

2.  Materials and Methods
2.1.  Dark South China Sea (SCS)

Water samples were collected at 33 stations using 10-L Niskin bottles attached on a Rosette sampler from 
May 20 to June 5, 2016 and June 20 to July 9, 2018 for the northern SCS, Luzon Strait and adjacent North-
west Pacific (Figure S1a). Temperature and salinity profiles were obtained using a calibrated SBE 911plus 
CTD unit. Apparent oxygen utilization (AOU) was calculated as the difference between the saturation and 
measured DO concentration using Winkler methods (Benson & Krause, 1984).

Samples for CDOM and FDOM analyses were filtered through precombusted 0.7 μm GF/F filters (What-
man) and the filtrate stored at 4°C until analysis back on land within three weeks from the beginning of 
sampling (Coble et al., 2014). CDOM absorption was determined from 240 to 800 nm using a 2310 UV-Visi-
ble spectrophotometer (Techcomp, China) against an ultrapure Milli-Q water blank (Wang et al., 2017). Flu-
orescence excitation-emission matrices (emission scan: 280–600 nm, excitation scan: 240–450 nm) normal-
ized to Raman Units (RU) were measured using a Varian Cary Eclipse spectrofluorometer (Agilent, USA) 
for May–June 2016 samples and a F-7100 spectrofluorometer (Hitachi, Japan) for June–July 2018 sam-
ples (Wang et al., 2017). The ubiquitous two humic-like (peak A, ex/em: 260/456 nm, and peak M, ex/em: 
320/400 nm) and one protein-like component (peak T, ex/em: 275/340 nm) were determined in this study 
(Coble, 1996; Wang et al., 2021) (Figure S2). The coefficients of variation for RU-normalized fluorescent 
intensities of the three peaks between the two spectrofluorometers for 5 samples collected during July 2018 
cruise were <4%. Dissolved organic carbon (DOC) data from the SCS are available from Wu et al. (2015).

The net (Δ) non-conservative changes (i.e., biogeochemical addition or removal) of AOU, CDOM, and 
FDOM in the dark SCS was estimated based on a diapycnal three-end-member mixing analysis (Cao & 
Dai, 2011; Chen et al., 2001; Karstensen & Tomczak, 1998; Zhu et al., 2019) (Text S1, Figures S3 and S4). 
OUR (μmol kg−1 yr−1) at a given depth is the oxygen consumption magnitude during the water renewal 
time (Liu & Gan, 2017) (Text S1). The positive or negative slopes of the linear relationship between ΔC-
DOM and ΔFDOM with ΔAOU were taken as the microbial production or degradation efficiency during 
mineralization-related transformations. The net in situ production or degradation rates of CDOM or FDOM 
components in the intermediate and deep SCS (m−1 yr−1 for CDOM and RU yr−1 for FDOM) were quantified 
from the calculated efficiencies and OUR. The turnover time for DOM optical components (ΓC, in years) 
in the dark SCS was defined as the time required to produce the actual inventories by in situ production 
processes (Text S1).
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2.2.  Literature and Open-Source Data for the Dark Med and Japan Seas

Potential temperature and salinity data for the Med and Japan Seas are available from the WOA13 and 
GLODAPv2 data sets (https://odv.awi.de/data/ocean/). AOU and DOC in the Med Sea are extracted from 
Santinelli et  al.  (2010), while CDOM and FDOM data are from Catalá et  al.  (2018) and Martínez-Pérez 
et al. (2019) (Figure S1b). AOU and FDOM data in the Japan Sea are from Tanaka et al. (2014) and Kim and 
Kim (2016) (Figure S1c), while DOC data are from Kim et al. (2017). Data acquisition and reprocessing are 
described in Text S2.

OUR data in the Med Sea are calculated as the ratio of AOU and water mass age, which was estimated by 
multiple transient tracers (Stöven & Tanhua, 2014). OUR data for the Japan Sea are extracted from Min 
et al. (2002) and Kim et al. (2010) (Text S2), while OUR data for the dark global ocean are directly sourced 
from Catalá, Reche, Álvarez, et al. (2015). The in situ production/degradation efficiencies, rates and turno-
ver times of CDOM and FDOM for the intermediate and deep waters in the dark Med Sea and global ocean 
were recalculated based on literature data by Catalá, Reche, Fuentes-Lema, et al.  (2015), Catalá, Reche, 
Álvarez, et al. (2015), Catalá et al.  (2018), and Martínez-Pérez et al. (2019) (Text S2, Table S1). The in situ 
production/degradation efficiencies, rates and turnover times for FDOM in the dark Japan Sea were calcu-
lated using an OUR-inversed method (Text S2, Table S1).

Future warming of three dark marginal basins and the global dark ocean (except Arctic) was estimated as 
the potential temperature anomaly between the 2096–2100 and 2006–2010 time periods (Text S3, Table S2). 
Based on the projected magnitude of warming, changes in OUR and in situ FDOMH production efficiency 
and rates for the three dark marginal basins and global ocean were estimated (Table S3).

3.  Results
3.1.  Basin Differences in Distribution of Temperature, AOU, and OUR

The dark SCS had the largest vertical gradients of potential temperature (3.3°C km−1) due to weak ventila-
tion. In contrast, strong downward ventilation resulted in the dark Med and Japan Seas having little temper-
ature variation (0.2–0.7°C km−1), and the highest and lowest average potential temperatures, respectively 
(Figure 1a, Table S1) (Kim et al., 2004). The dark SCS had the largest AOU range and mean value compared 
with the dark Japan Sea and West/East Med Sea (Figure 1b, Table S1). Contrary to the small AOU variation 
in the Med Sea, the intermediate layer of the SCS and Japan Sea had a significantly larger AOU gradient 
than in the deep layer (t-test, p < 0.05). The maximal AOU values in the SCS occurred at the oxygen mini-
mum layer (1,200–1,500 m). The ΔAOU in the dark SCS increased rapidly from 1.6 ± 7.9 μmol kg−1 at 200 m 
to a maximum of 35.9 ± 4.3 μmol kg−1 at ∼800 m, and then decreased to 17.8 ± 1.3 μmol kg−1 at 3,818 m 
(Figure S5).

The OUR monotonously decreased with depth in the three basins (Figure 1c), with significantly higher av-
erage OUR in the intermediate layer than in the deep layer (t-test, p < 0.05, Table S1). The OUR in the SCS 
was significantly lower than in the Japan Sea in both layers (t-test, p < 0.05), while being generally higher 
than in the Med Sea (Table S1). Except for the West Med Sea, the OURs of intermediate layers in marginal 
basins were higher than in the global ocean (0.8 ± 0.4 μmol kg−1 yr−1, t-test, p < 0.05). The OUR in deep lay-
ers of all marginal basins was higher than in the global ocean (0.28 ± 0.09 μmol kg−1 yr−1, t-test, p < 0.05).

3.2.  Variation of DOM Quantity and Quality Among the Three Marginal Basins

The DOC in dark SCS was generally higher than in dark Med Sea, but ∼50% lower than in dark Japan Sea 
(Figure 1d). However, DOC at depths >2,800 m in the Med Sea was higher than in the SCS (Santinelli 
et al., 2010; Wu et al., 2015). The lowest minimum DOC (∼36 μM) in the deep East Med Sea was slightly 
lower than those of the deep SCS and adjacent deep Atlantic, and ∼30% lower than the minimum DOC 
(∼55 μM) in the deep Japan Sea (Kim et al., 2017; Santinelli et al., 2010). The aCDOM(254) in the SCS was 
higher than the Med Sea, but its decreasing tendency with depth was distinctly weaker than in the Med Sea 
(Figure 1e). FDOMT showed a similar decreasing trend with depth in the three basins (Figure 1f). However, 
FDOMT in the dark SCS and Med Sea were significantly lower than in the Japan Sea, which also contained 
high concentrations of labile dissolved amino acids (Kim et al., 2017).

https://odv.awi.de/data/ocean/
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The aCDOM(325) showed an increasing trend with depth in the SCS and was higher than in the adjacent 
Northwest Pacific (Figure S3g). In contrast, aCDOM(325) sharply decreased in the Med Sea (Figure 1g). Thus, 
aCDOM(325), DOC, aCDOM(254), and FDOMT in the deep layer of the Med Sea were generally lower than in 
the adjacent Northeast Atlantic (Hansell et al., 2009; Lønborg & Álvarez-Salgado, 2014). Similar to the open 
ocean, FDOMH increased with depth in the SCS and Japan Sea. Conversely, FDOMH showed a decrease with 
depth in the Med Sea (Figures 1h and 1i). Peak M in the SCS and Med Sea and peak A in deep SCS and Med 
Sea were significantly lower than in the Japan Sea (Figure 1i). However, peak A in the intermediate Med 

Figure 1.  Profiles of hydrological, oxygen, and DOM parameters in dark South China Sea, West and East 
Mediterranean (Med) Seas and Japan Sea. (a) Potential temperature θ, (b) apparent oxygen utilization (AOU), (c) 
oxygen utilization rate (OUR), (d) DOC, (e) aCDOM(254), (f) peak T, (g) aCDOM(325), (h) peak A, and (i) peak M. Error 
bands represent standard deviations. Data sources are described in Text S1–S3.
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Sea was higher than in the intermediate layers of the SCS. The aCDOM(325) and FDOMH in the West Med Sea 
were consistently higher than in the East Med Sea (p < 0.05, Figures 1g–1i, Table S1).

3.3.  Relationships Between Net AOU and DOM Optical Components

Strong positive relationships between ΔFDOMH and ΔAOU or archetypal FDOMH and archetypal AOU 
occurred for the intermediate SCS (200–1,000 m) (p < 0.05) (Figures 2a and 2b), as well as the intermediate 
Japan Sea (Figures 2f and 2g), Med Sea (except deep east basin, >1,000 m) (Figures 2i and 2j) and open 
ocean (Catalá, Reche, Álvarez, et  al.,  2015; Catalá, Reche, Fuentes-Lema, et  al.,  2015; Lønborg & Álva-
rez-Salgado, 2014). The positive relationships between ΔFDOMH and ΔAOU were also significant in the 
deep SCS (p < 0.05) (Figures 2a and 2b). However, this contrasted with the accumulation pattern in the 
deep Japan Sea (Kim & Kim, 2016; Tanaka et al., 2014), and degradation pattern in the deep East Med Sea 
(Figures 2i and 2j). Similar to the open ocean (Catalá, Reche, Álvarez, et al., 2015), strong linear relation-
ships between net CDOMUVA (ΔaCDOM(325)) and ΔAOU were observed in both the intermediate and deep 
SCS (p < 0.05) (Figure 2c). Notably, aCDOM(325) showed a negative correlation with archetypal AOU in the 
entire dark Med Sea (Figure 2k) (Catalá et al., 2018). Strong negative correlations between archetypal values 
of aCDOM(254), peak T and AOU were also observed in the intermediate Med Sea and deep West Med Sea 
(p < 0.05) (Figures 2l–2m). Similar strong negative correlations between Δpeak T and ΔAOU were observed 
in the intermediate Japan Sea (p < 0.05) (Figure 2h) and deep SCS (p < 0.05) (Figure 2e). There were no 
significant relationships between ΔaCDOM(254), Δpeak T and ΔAOU in the intermediate SCS (p > 0.05) (Fig-
ures 2d and 2e).

The slopes of linear relationships between ΔFDOMH, ΔCDOMUVA, and ΔAOU (or between archetypal 
FDOMH, CDOMUVA, and archetypal AOU) represent the in situ production efficiency (or degradation if neg-
ative slopes) for FDOMH or CDOMUVA per unit of oxygen consumption (Catalá, Reche, Álvarez, et al., 2015; 
Catalá, Reche, Fuentes-Lema, et al., 2015; Hayase & Shinozuka, 1995; Yamashita & Tanoue, 2008). Notably, 
the slopes of the two FDOMH components showed a general increasing trend with increasing dark ocean 
temperature when including the marginal basins and open ocean data together. However, there was a slight 
positive deviation in the dark Japan Sea, and an abrupt reversal (i.e., from production to degradation) in the 
warmer deep east Med Sea (Figures 3a and 3b). In contrast, the slopes between aCDOM(325) and temperature 
were negative, and all dark Med Seas displayed consistent negative values for in situ production efficiency 
(Figure 3c).

3.4.  In Situ Production/Degradation Rates and Turnover of FDOMH and CDOMUVA in Dark 
Marginal Basins

Net annual in situ production rates for FDOMH (except the deep East Med Sea) and aCDOM(325) (except 
the Med Sea) were quantified as the product of the specific production efficiency and OUR. Production 
rates showed large variations in marginal basins, but were all higher than that of the global ocean (t-test, 
p < 0.05, Table S1). In both intermediate and deep layers (assuming the deep Japan Sea has the same pro-
duction efficiency as its intermediate layer), FDOMH production rates were highest in the dark Japan Sea, 
followed by the dark SCS and dark Med Sea (Table S1). This variation trend was generally opposite to that 
of the specific production efficiency.

Net annual in situ degradation rates for aCDOM(325) were quantified as the product of the specific degra-
dation efficiency and OUR. In situ aCDOM(325) degradation rates were higher in the East Med Sea than in 
the West Med Sea for both intermediate and deep layers (t-test, p < 0.05, Table S1). Notably, the FDOMH 
degradation rates in the deep East Med Sea were higher than the FDOMH production rates in the West Med 
Sea (t-test, p < 0.05, Table S1).

For in situ production processes, turnover times for FDOMH and aCDOM(325) were defined as the time re-
quired to produce the actual inventories. Turnover times were shorter in intermediate marginal basins 
(46 ± 16–370 ± 92 years) than those in the intermediate global ocean (352 ± 113–546 ± 185 years) (t-test, 
p  <  0.05, Table  S1). The intermediate Japan Sea had the shortest turnover times, followed by the SCS, 
East and West Med Seas (Table S1). Turnover times in deep marginal basins (222 ± 40–710 ± 124 years) 
were shorter than those in the deep global ocean (Catalá, Reche, Álvarez, et  al.,  2015; Catalá, Reche, 
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Figure 2.  Comparisons of relationships between net (Δ) FDOM, CDOM, and AOU in the SCS (a–e) and Japan Sea 
(f–h) and between archetypal (Arc.) FDOM, CDOM, and AOU in the Mediterranean (Med) Sea (i–m). In panels (i–m), 
green triangles represent data of intermediate Med Sea and deep West Med Sea, and blue circles represent data from 
the East Med Sea. Points represent the averages at the specific depths for three individual regions of SCS (a–e), the 
dark Japan Sea (f–h), and for archetypal water types of Med Sea (i–m). Error bars represent the standard deviations. 
Solid lines represent the linear regressions with the 95% confidence intervals indicated by light shading. The ΔAOU 
data at the 200 m depth in the Japan Sea were excluded from the linear regression analyses (Text S2). Data source and 
reprocessing are described in Text S1–S3. OMZ, oxygen minimum zone.
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Fuentes-Lema, et al., 2015) (1,160 ± 150–1,557 ± 168 years) (t-test, p < 0.05, Table S1), with much faster 
turnover times in the deep SCS and Japan Sea than in the deep West Med Sea. In the dark Japan Sea, turno-
ver times for FDOMH were much lower than the water renewal time (∼1,000 years) (Watanabe et al., 1991). 
Conversely, turnover times for FDOMH and CDOMUVA in the dark SCS and Med Sea were longer than the 
water renewal times for the dark SCS (<50 years) and Med Sea (<150 years).

For in situ degradation processes, the turnover time for aCDOM(325) was defined as the time required to 
consume the entire inventory. The aCDOM(325) turnover times were shorter in the East Med Sea (126 ± 69–
133 ± 47 years) than in the West Med Sea (243 ± 87–386 ± 122 years) in both intermediate and deep layers 
(t-test, p < 0.05, Table S1). Turnover times for FDOMH in the deep East Med Sea were also relatively fast 
(153 ± 25–191 ± 54 years, Table S1).

Figure 3.  Relationships between the in situ production efficiency of (a) humic-like peak A, (b) peak M, (c) aCDOM(325) 
with potential temperature θ (unit: °C), and (d) Van't Hoff/Arrhenius relationships between OUR (unit: μmol kg−1 yr−1) 
and potential temperature θ (unit: K) in the dark South China Sea (SCS), Mediterranean (Med) Sea, Japan Sea, and 
global ocean (>200 m). The in situ production efficiencies (unit: 10−5 RU/(μmol kg−1 O2) for peak A and peak M; 
10−4 m−1/(μmol kg−1 O2) for aCDOM(325)) are the slopes of linear relationships between net or archetypal DOM optical 
parameters with AOU (Figure 2, Text S1–S3). The number associated with each point in panel (a) represents the 
average OUR (unit: μmol kg−1 yr−1) for the specific layer. Negative in situ production efficiency means net degradation. 
Error bars represent the standard deviations.
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4.  Discussion
Water mass movement conveys FDOMH, CDOMUVA, and AOU signals from source areas to intermediate 
and deep layers of the dark marginal basin or global ocean along the hydrologic transport pathway. Thus, 
it is necessary to determine only the net in situ consumption of oxygen and in situ production/degradation 
signals for CDOMUVA and FDOMH to quantify their in situ production/degradation efficiencies in the dark 
layers (Catalá, Reche, Álvarez, et al., 2015; Catalá, Reche, Fuentes-Lema, et al., 2015). In the SCS and Japan 
Sea, net AOU and the net CDOMUVA and FDOMH signals were identified by a three-end-member mix-
ing model and an OUR-inversed method, respectively (Text S1 and S2). In the Med Sea and global ocean, 
only archetypal AOU, CDOMUVA, and FDOMH were reported (Catalá et al., 2018; Catalá, Reche, Álvarez, 
et al.,  2015; Catalá, Reche, Fuentes-Lema, et al.,  2015; Martínez-Pérez et al.,  2019). As archetypal AOU 
represents the basin-scale magnitude of oxygen consumption between the source area and study sites in the 
global ocean and Med Sea, the in situ production/degradation efficiencies revealed by linear relationships 
between archetypal AOU and archetypal CDOMUVA and FDOMH were comparable to those estimated in the 
SCS and Japan Sea.

Differences in geomorphology controlled specific hydrological transport patterns within each dark margin-
al basin (Table S1). Strong downward ventilation in the Med and Japan Seas resulted in the warmest and 
coldest dark ocean temperatures, respectively. Importantly, ventilation also regulates the downward and lat-
eral supply of labile carbon substrates (Lazzari et al., 2012; Ramondenc et al., 2016; Shen, Jiao, et al., 2020). 
For example, strong ventilation supplied a large DOC flux (9.2–13.8 g C m−2 yr−1) to the deep East Med Sea, 
although POC export (0.5 g C m−2 yr−1) was quite low from this area (Table S1). The negative relationships 
between net or archetypal aCDOM(254), peak T and AOU in the intermediate Japan and Med Seas reflect 
the existence of degradable DOM components in the two dark basins (Figures 2h, 2l, and 2m). In contrast, 
weak ventilation in the SCS results in rapid cycling of aCDOM(254) and FDOMT in the upper ocean instead 
of export to the intermediate layer (Hung et al., 2007; Liu et al., 2002). This results in a lack of correlations 
between ΔaCDOM(254), Δpeak T, and ΔAOU in the intermediate SCS (Figures 2d and 2e). Deeper sill depths 
permit a large vertical temperature gradient and input of oxygen from the deep Northwest Pacific into the 
deep SCS. Therefore, hydrological transport processes in marginal basins regulate three key factors related 
to deep ocean organic matter transformations: temperature, supply of labile substrates and oxygen.

The generally positive relationship between the slope of ΔFDOMH/ΔAOU with dark ocean temperature 
(Figures 3a and 3b) infers the production of more recalcitrant FDOMH components at the expense of more 
degradable (labile) components when the temperature of the dark ocean increased. This finding is con-
sistent with the classical Van't Hoff-Arrhenius relationship describing the influence of temperature on bi-
ochemical reaction rates (Arrhenius, 1889, Figure 3d). A higher supply of degradable substrates and/or 
higher average temperature contribute to faster turnover of FDOMH in the intermediate dark ocean than 
in the deep layer, and in dark marginal basins than in the open ocean. The positive shift of the slope (i.e., 
in situ production efficiency) relative to the low temperature in the dark intermediate Japan Sea may be 
ascribed to a substantially higher supply of labile/semi-labile substrates with a low apparent activation en-
ergy (Figures 3a and 3b, Table S1). For example, the apparent activation energy of microbial mineralization 
at 200 m in the Japan Sea estimated by ln(OUR)‒1/θ relationship was the lowest value (Ea: 67.2 kJ mol−1) 
among the three basins (Figure 3d). The rapid utilization of these non-recalcitrant substrates is consistent 
with the highest OUR (i.e., highest mineralization rate) among the three basins. This in turn could enhance 
the production efficiency of FDOMH in the cold dark Japan Sea.

At the lower temperature of the SCS and open ocean, both aCDOM(325) and FDOMH indicated a production 
pattern. When the temperature in the dark ocean became as high as the West Med Sea and intermediate 
East Med Sea (Table S1), the aCDOM(325) pattern indicated a change from production to degradation in the 
SCS and global ocean, whereas FDOMH retained its production signal. In the deep East Med Sea (>1,000 m), 
both aCDOM(325) and FDOMH were degraded and the DOM became extremely recalcitrant based on molec-
ular-level indicators (Catalá et al., 2018; Martínez-Pérez et al., 2019). In total, these results reveal a tem-
perature-related microbial degradation series for DOM components in the dark ocean, that is, aCDOM(325) 
was less recalcitrant than FDOMH. In the dark SCS and open ocean, the lack of aCDOM(325) and FDOMH 
degradation implies that the availability of labile substrates does not limit microbial mineralization. This is 
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consistent with the low apparent activation energy in these two areas (Ea of intermediate SCS: 128 kJ mol−1; 
Ea of open ocean: 138–165 kJ mol−1, Figure 3d).

In the West Med Sea and intermediate East Med Sea, the higher apparent activation energy (258–1,733 kJ 
mol−1, Figure 3d) and degradation of less recalcitrant DOM components (i.e., aCDOM(325)) suggest rapid 
consumption (depletion) of labile substrates at higher temperatures, resulting in a “dark ocean labile-car-
bon limitation” status. This implies that a portion of the more recalcitrant carbon pool became a substrate 
for metabolism. The simultaneous degradation of aCDOM(325) and FDOMH and the high apparent activation 
energy (1,235 kJ mol−1, Figure 3d) in the deep East Med Sea (>1,000 m) indicate a stronger deficit in the 
labile carbon pool. The supply of POC to the deep East Med Sea is rather negligible as POC export at 200 m 
was relatively small (Table S1). In contrast, there was downward input of DOC to the bottom layer of the 
deep East Med Sea (Figure 1d). The priming effect resulting from this DOC input might stimulate degrada-
tion of FDOMH in the dark ocean, contributing to the low DOC concentration (∼36 μM) in the older, deep 
Med Sea waters (Santinelli et al., 2010). Thus, the integrated effects of temperature and substrate supply 
(quantity & quality) regulate the DOM reaction series in the dark ocean. Accompanying the increase of 
temperature and limitation of labile-carbon substrates was an increased recalcitrance of the remaining 
DOM pool in the dark ocean.

5.  Implications
Climate model projections using a mid-range mitigation emissions scenario (RCP4.5) forecast temperature 
increases by 2,100 that are higher in the intermediate dark Japan Sea, SCS, and global ocean (0.79 ± 0.13°C, 
0.57  ±  0.07°C, and 0.71  ±  0.05°C) than their respective deep layer (0.09  ±  0.04°C, 0.07  ±  0.05°C, and 
0.18 ± 0.04°C) (Table S2). Hence, the response of DOM cycling to ocean warming will be most prominent in 
the intermediate layer. The projected increase in the net in situ FDOMH production rate was more strongly 
influenced by the projected increase in OUR rather than the projected increase of in situ FDOMH produc-
tion efficiency (Table S3). Increases in both OUR (37% ± 9%) and in situ FDOMH production efficiency 
(peak A: 4.3% ± 0.7%, peak M: 2.6% ± 0.4%) were highest in the intermediate Japan Sea. As a result, the 
highest increase in microbial FDOMH production rates (43% ± 9% for peak A and 41% ± 9% for peak M) are 
projected to occur in the colder dark Japan Sea. Given the nonlinear relationship between ln(OUR) and 1/θ 
(Figure 3d), this response of DOM production efficiency/rates to ocean warming was highly sensitive in this 
enclosed (sill depth <140 m), strongly ventilated, and high latitude dark marginal basin that contains ample 
semi-labile and semi-refractory DOM substrates (Kim et al., 2017). The warming response on FDOMH pro-
duction efficiency in the deep Japan Sea could not be assessed due to the absence of temperature sensitivity 
data.

A simple mass balance model showed that rapid in situ production of FDOMH in the SCS is delivered to 
the open Pacific through the 2,500-m deep Luzon Strait along the intermediate layer (Tables S4 and S5), 
that is, the dark SCS acts as an “accelerated reactor” that increases the refractory carbon storage capacity 
of the global ocean interior. The projected temperatures in the dark SCS and global ocean at the end of 21st 
century do not approach the existing warm temperature status already present in the dark Med Sea, and 
therefore will not likely exceed the threshold to reverse the degradation signal for aCDOM(325) and FDOMH. 
As the OUR is projected to increase by 12% ± 1%–16% ± 1% and 3% ± 2%–5% ± 1% in the intermediate and 
deep layers, respectively, there could be higher in situ FDOMH production rates in the intermediate layer 
(16% ± 1%–23% ± 1%) of the dark SCS and global ocean than in the deep layer (3% ± 2%–7% ± 1%) (Table 
S3). This would result in enhanced turnover and an increased inventory of these recalcitrant components in 
both the SCS and open ocean. While aCDOM(325) might show increased production at higher temperature, 
its inventory might not increase due to concomitant enhanced degradation (Figure 3c). Therefore, increased 
oxygen consumption and decreased labile carbon pools (e.g., 4% decrease of downward POC fluxes until 
2090) in a future, warmer dark ocean (Yool et al., 2017; Lønborg et al., 2020), may initiate degradation of 
some semi-refractory components at longer timescales, thereby reducing total DOM storage.

The projected temperature increases through the end of the 21st century in the already warm dark West and 
East Med Seas (intermediate: 1.26 ± 0.08°C, 1.13 ± 0.10°C; deep: 0.21 ± 0.13°C and 0.25 ± 0.07°C) were 
much higher (Table S2). As a result, the projected OUR in the dark West and East Med Seas could increase 
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by 178% and 23%. This outcome is unlikely due to the ultra-refractory nature of the DOM (i.e., compounds 
with a significant increase in molecular weight, oxygenation, and degradation index) in the current Med 
Sea. Thus, microbial metabolism will become substrate limited due to the low availability of degradable 
organic matter in a future, warmer Med Sea (Martínez-Pérez et al., 2017). However, this could induce en-
hanced degradation of more recalcitrant components resulting in a decrease of the RDOM inventory in a 
future, warmer Med Sea. For example, the in situ degradation rate of aCDOM(325) in a future, warmer dark 
Med Sea and FDOMH in the deep East Med Sea could increase 37% ± 9% and 17% ± 7% by 2100 (Table S3), 
if assuming the in situ degradation efficiencies of these components remain at their current levels. This 
emphasizes the critical role of organic carbon cycling in the warm dark ocean during past climate altera-
tions regardless of its oxygen state, as mineralization-related FDOMH accumulation was independent of the 
oxidizing agent (i.e., oxygen or sulfate) (Margolin et al., 2018). Thus, a decrease in the DOM inventory by 
enhanced microbial mineralization (producing CO2) in a warmer dark ocean may create a positive feedback 
in response to global climate change.
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