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INTRODUCTION
The deep sea, defined as the ocean lying be-

low 200 m depth, is a highly connected environ-
ment; however, it remains undersampled, par-
ticularly in the southern hemisphere (Levin et al., 
2019; Frazão et al., 2021). A recent review on 

microbial ecology in the ocean reported that there 
are only 38 studies in the ocean basins of the 
southern hemisphere, compared with 290 studies 
conducted in the North Atlantic Ocean (Frazão et 
al., 2021).

The deep ocean plays a critical role in global 
biogeochemical cycles and hosts key marine eco-
system functions and services (Levin et al., 2019). 
While carbon fixation through photosynthesis has 
been always in the spotlight, the light-independent 
process of carbon fixation has been increasingly 
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Dark carbon fixation (DCF) is a source of new and labile carbon in the deep ocean, while heterotrophic microbial 
production (HMP) promotes organic matter transfer through the microbial loop. Despite their ecological relevance, 
there is a scientific gap regarding the estimates of DCF and HMP in the Southwestern Atlantic Ocean. Thus, the 
aim of this study was to investigate the spatial distribution of DCF and HMP; their relevance to the ocean carbon 
cycle; their relationship with environmental parameters and amongst themselves on the upper slope of Santos 
Basin. The samples were collected at three different water depths and sediment layers aboard the R/V Alpha 
Crucis in November 2019. DCF and HMP rates were measured by 14C-bicarbonate and 3H-leucine incorporation, 
respectively, and incubated in the dark. In the water column, DCF rates varied from 1.51 x 101 to 3.24 x 102 µg C 
m-3 h-1, which were one to two orders of magnitude lower than the HMP rates, from 1.26 x 102 to 1.48 x 104 µg C m-3 
h-1. In the sediments, the DCF ranged from 1.15 x 104 to 1.83 x 105 µg C m-3 h-1, while HMP was one to four orders 
of magnitude lower, 3.22 x 101 to 1.56 x 103 µ gC m-3 h-1. DCF rates were significantly higher in the sediments, due 
to a higher availability of energy sources than in the oligotrophic water above. The HMP had higher rates in the 
water column as it is deeply dependent on organic matter derived from photosynthesis. This is the first study to 
investigate DCF and HMP considering the water column and sediments of the Southwestern Atlantic Ocean, thus 
contributing to a better understanding of the microbial role in the marine carbon cycle and ecosystem functioning.
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studied and has proved to be relevant for the car-
bon cycle in the water column (Reinthaler et al., 
2010; Bergauer et al., 2013; Zhou et al., 2017; La 
Cono et al., 2018), in deep-sea sediments (Das et 
al., 2011; Molari et al., 2013), hydrothermal vents 
and cold seeps (Pimenov et al., 2000; McNichol et 
al., 2018; Savvichev et al., 2018).

Not only phytoplankton are able to carry out 
primary production, but also bacteria and archaea 
through chemosynthesis (Baltar and Herndl, 
2019). Chemoautotrophic prokaryotes fix inor-
ganic carbon by oxidizing reduced inorganic com-
pounds, e.g. NO2

-, NH4
+ and S2 (Middelburg, 2011; 

Dyskma et al., 2016; Pachiadaki et al., 2017), with 
five distinctive CO2 assimilation pathways, e.g. 
Calvin-Benson-Bassham (CBB) cycle, reductive 
tricarboxylic acid (rTCA) cycle, Wood-Ljungdahl 
(WL) pathway, 3-hydroxypropionate bi-cycle (3-
HP) and 3-hydroxypropionate/4-hydroxybutyrate 
cycle (3-HP/4-HB) (Hügler and Sievert, 2011). The 
chemoautotrophic process results in the produc-
tion of new and labile organic carbon in environ-
ments otherwise dominated by refractory organic 
carbon (Middelburg, 2011), influencing the overall 
nitrogen, sulfur and carbon cycles in the oceans, 
and should be seen as an integral part of global 
primary production, since its addition would in-
crease total oceanic primary production by 5-22% 
(Baltar and Herndl, 2019).

In the water column of the dark ocean, chemo-
autotrophy depends on the oxidation of nitrogen 
compounds mainly by nitrite-oxidizing bacteria 
and ammonia-oxidizing archaea (Middelburg, 
2011; Pachiadaki et al., 2017), with a small con-
tribution of oxidation of reduced sulfur compounds 
(Middelburg, 2011; Bendia et al., 2021). According 
to Hügler and Sievert (2011), the most common 
carbon fixation pathways in the euphotic zone are 
through CBB and 3HP/4HB, and in the mesophotic 
zone are CBB, 3HP/4HB and rTCA.  In sediment, 
chemoautotrophy is mostly due to the oxidation of 
sulfur compounds, in particular sulfide by sulfur-
oxidizing Gammaproteobacteria (Middelburg, 
2011; Dyskma et al., 2016), with a lower impact 
of the oxidation of nitrogen compounds (Dyskma 
et al., 2016), mostly represented by archaea of the 
Nitrososphaeria class in the surface sediments of 
the Southwestern (SW) Atlantic Ocean (Bendia et 

al., 2021; Bendia et al., 2022, this issue). The few 
studies on the preferential metabolic pathway of 
chemoautotrophs in sediments focus on regions of 
deeply buried marine sediments and point to rTCA 
and WL as a primorial carbon fixation pathway 
(Hügler and Sievert, 2011).

Heterotrophic bacteria and archaea, known 
to depend on the energy of organic matter in the 
microbial loop, consume  the dissolved organic 
carbon derived from the primary production, which 
otherwise would be lost, and reincorporate it into 
the food chain (Azam et al., 1983), thus promoting 
organic matter transfer and energy flow from the 
bottom of the microbial loop. However, the hetero-
trophs can also fix CO2 through pathways involved 
in anaplerotic reactions of the tricarboxylic acid 
(TCA) cycle, synthesizing fatty acids, nucleotides 
and amino acids (Alonso-Sáez et al., 2010). The 
extent of anaplerotic reactions is largely deter-
mined by the availability of labile organic carbon 
(Reinthaler et al., 2010), as key anaplerotic en-
zymes increase proportionally by sudden input of 
organic matter (Baltar et al., 2016). Measurements 
of CO2 fixation by heterotrophic bacterioplankton 
are scarce; however, previous studies suggest that 
about 1–8 % of the biomass production in hetero-
trophic bacteria is derived from anaplerotic reac-
tions (Romanenko, 1964; Sorokin, 1993).

In the marine environment, the recent focus of 
chemoautotrophic studies has been in the water 
column and mainly concentrated in the northern 
hemisphere. Only a few studies combining che-
mosynthetic production (herein referred to as dark 
carbon fixation, DCF) and heterotrophic microbi-
al production (HMP) have been done in the SW 
Atlantic Ocean. However, these published stud-
ies are only related to tropical estuarine systems 
(Signori et al., 2018; Signori et al., 2020).  Thus, 
there is a need to increase the efforts in studies on 
these metabolic processes to better understand 
their impact on biogeochemical cycles as a whole. 
The aim of our study was to determine rates of 
DCF and HMP in the Santos Basin (SW Atlantic 
Ocean), and to test the hypothesis that DCF is a 
relevant process of the carbon cycle in the water 
column and sediments by comparing both pro-
cesses throughout the pelagic and benthic zones, 
and between the ecological regions. Additionally, 
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we explored the spatial variability of DCF and HMP 
in relation to several environmental parameters.

METHODS

Study area and sampling strategy
Sampling was carried out by the R/V Alpha 

Crucis of the Oceanographic Institute of the 
University of São Paulo (IOUSP), during 
November 11-24th, 2019 (Table S1) as part of the 
Bioil Project - Biology and Geochemistry of Oil and 
Gas Seepages, Southwest Atlantic (Sumida et al., 
2022), coordinated by IOUSP and funded by Shell 
Brasil Petróleo LTDA. The study area comprises 
isobaths from 400 to 800 m depth on the upper 
slope of Santos Basin (SW Atlantic Ocean) (Figure 
1), which is strongly influenced by the poleward 
flowing Brazil Current (BC), carrying the Tropical 
Water (TW) and South Atlantic Central Water 
(SACW) (Silveira et al., 2000). Below the BC 
flow, the Intermediate Western Boundary Current 
(IWBC), with a flow towards the equator, carries 
the Antarctic Intermediate Water (AAIW) (Boebel 
et al., 1997).

The 12 selected stations were strategically di-
vided into three areas with different geomorpho-
logical features: Area 1 (A1, stations  ST 681, ST 
682, ST 683 and ST 684) with greater potential 
for active pockmarks (Maly et al., 2019); Area 
2 (A2, stations ST 685, ST 686, ST 687 and ST 
688) associated with the Alpha Crucis Carbonate 
Mound (Maly et al., 2019); and Area 3 (A3, sta-
tions ST 690, ST 691, ST 692 and ST 693) asso-
ciated with pockmarks and salt diapirs (Schattner 
et al., 2016; de Mahiques et al., 2017; Schattner 
et al., 2018; Ramos et al., 2019). In total, 186 wa-
ter samples and 187 sediment samples were col-
lected. However, due to logistical problems, HMP 
was not analyzed for station ST 688 in A2, nor for 
the stations included in A3 (ST 690, ST 691 and 
ST 692).

Water samples were collected at three different 
depths, corresponding to surface (~40 m), inter-
mediate (~250 m) and deep water (~600 m), using 
a Sea-Bird CTD/Carrousel 911 system equipped 
with 12 10 L Niskin bottles for the determination of 
DCF and HMP and nutrient analyses. 

Sediment samples were collected with a box cor-
er (50 cm x 50 cm x 50 cm, Ocean Instruments ®). 
The overlying water was drained before opening the 
box corer; the cores were subsampled at 0-5, 5-10, 
and 10-15 cm layers for onboard DCF and HMP 
incubations. In addition, separate cores were also 
subsampled for geochemical analysis (total organic 
carbon, total nitrogen, carbonate content and the 
δ13C). Sediments from the surface of each box corer 
were sampled for granulometric analysis and stored 
at -20°C.

Environmental parameters
Seawater temperature and salinity were mea-

sured in situ using the Sea-Bird CTD/Carrousel 911 
system. For inorganic nutrients (phosphate, silicate, 
nitrate, nitrite and ammonium), approximately 20 L 
of each water sample were filtered onboard using a 
peristaltic pump and 0.22 µm-membrane SterivexTM 
filters. The filtered water samples used for chemical 
analyses were stored in amber flasks (for ammonium) 
and in 100 mL bottles (for other nutrients), which were 
immediately frozen at -80˚C (adapted from Bertini 
& Braga, 2022). The nutrient analyses were per-
formed in the “Nutrientes, Micronutrientes e Traços 
no Mar’’ laboratory at the Oceanographic Institute 
of the University of São Paulo (IOUSP). According 
to Grasshoff et al. (2009), phosphate, silicate and 
ammonium were analyzed using a spectrophotom-
eter (Thermo Scientific Spectrophotometer Evolution 
200), while nitrate and nitrite were determined using 
an autoanalyzer (SEAL Analytical AutoAnalyzer II). 

Sediment granulometry was determined by a 
Malvern Mastersizer 2000 Laser Analyzer at the 
“Geologia de Margens Continentais” laboratory at 
IOUSP as described in the ISO system (ISO13320, 
2009). Total organic carbon (TOC), total nitrogen 
(TN), and δ13C (reported in ‰ PDB) were determined 
by an elemental analyzer (EA - Costec) coupled to 
an isotopic ratio mass spectrometer (IRMS - Delta 
Advantage – Thermo Scientific) after acidification of 
samples with 2M HCl. The calcium carbonate content 
(reported in % of dry weight) was determined by grav-
imetric analyses before and after this acidification. 
Analyses of TOC, TN, δ13C and calcium carbonate 
were performed in the “Química Orgânica Marinha ‘’ 
laboratory at IOUSP.

https://doi.org/10.5281/zenodo.7429830
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Figure 1. Map showing the location of sampling areas along the Santos Basin upper slope (SW Atlantic).

Dark carbon fixation
Rates of DCF in the water column and sedi-

ments were estimated using radiolabeled-inor-
ganic carbon incorporation (14C-bicarbonate), pro-
posed by Steemann-Nielsen (1952) and Teixeira 
(1973), with slight modifications (Reinthaler et al., 
2010). Three samples, one blank and two sample 
replicates, of 50 ml (water) and 5 g (sediment) 
were incubated with 10 μCi 14C-bicarbonate (spe-
cific activity 56 mCi mmol−1, Perkin Elmer, USA) 
in the dark at in situ temperature for 12 h. Before 
incubating, the sediment samples were combined 
with filtered water (0.22 µm-membranes) and then 
homogenized to form a slurry; water samples were 
incubated without this step. At the end of the incu-
bation, the water samples were filtered into 0.22 
µm-membranes using a vacuum pump and mani-
fold, and the sediment samples were fixed with 
formaldehyde (2 % final concentration). To remove 
the remaining 14C-bicarbonate, the membranes 
and the fixed sediment were then exposed to 
concentrated HCl. Afterwards, at the “Laboratório 
Multiusuários de Radioisótopos do Departamento 
de Oceanografia Biológica” of IOUSP, each sam-
ple (membrane or sediment) was placed into 

scintillation vials with 5 mL of scintillation cocktail 
(Optiphase Hisafe 3, Perkin Elmer). After being 
left in the dark for at least 24 h, the samples were 
counted for 30-60 minutes per sample, respec-
tively, with the use of a liquid scintillation counter 
(Perkin Elmer Tricarb 2810 TR). The production 
rate of carbon per volume and time (µg C m-3 h-1) 
was calculated as follows (Steemann-Nielsen, 
1952; Teixeira, 1973):

 .
,DCF t

C1 05DMP
DMP

2 44
12

add ) ) )R
=              (1)

where, DPM and DPMadd are the disintegra-
tions (min-1) of the sample and of the added 
14C-bicarbonate, respectively; 1.05 is the isotopic 
effect 14C/12C; ƩCO2 x 12/44 is the concentration of 
carbon from CO2 in the ocean, ƩCO2 considered to 
be 90,000 µg L-1 (Steemann-Nielsen, 1952); and t 
is the total incubation time (h).

Heterotrophic microbial production
The HMP in the water column and sediments 

was estimated using the 3H-leucine incorporation 
method from Kirchman et al. (1985), and modified 
by Smith and Azam (1992), Svensson et al. (2001) 
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and Santoro et al. (2013). Five samples, two blanks 
and three sample replicates, of 1 ml (water) and 1 
g (sediment) were placed into Eppendorfs with 10 
nM 3H-leucine (specific activity 125.6 Ci mmol−1, 
Perkin Elmer, USA), and incubated in the dark at 
in situ temperature for 6 h. Before incubating, the 
sediment samples were combined with filtered wa-
ter (0.22 µm-membranes) and then homogenized 
to form a slurry; water samples were incubated 
without this step. All incubations were terminated 
by the addition of formaldehyde (2 % final con-
centration). At the “Laboratório Multiusuários de 
Radioisótopos do Departamento de Oceanografia 
Biológica”, the samples were treated with 5 % 
trichloroacetic acid, Milli-Q water and ethanol 
through successive steps of centrifugation for pro-
tein extraction. Subsequently, 1.5 ml of scintillation 
cocktail (Optiphase Hisafe 3, Perkin Elmer) was 
added to the Eppendorf, and after being left in the 
dark for at least 24 h, the water and sediment were 
counted for 30-60 minutes per sample, respec-
tively, with the use of a liquid scintillation counter 
(Perkin Elmer Tricarb 2810 TR). The resulting dis-
integrations per minute (DPM) were converted into 
production rate of carbon per volume and time (µg 
C m-3 h-1), using the equations 2 and 3. The moles 
of exogenous leucine incorporated was calculated 
as follows (Wetzel and Likens, 1991):

.
,nmol

E
DPM DPM

2 22 10inc
rep c

6) )T=
-                      (2)

where DPMrep and DPMc are the disintegra-
tions (min-1) of the replicate and the control, re-
spectively; ∆E is the radioisotope specific activity 
(Ci nmol-1); and 2.22 x 106 equals to the DPM in 1 
Ci. To calculate the Bacterial Protein Production 
(BPP) from leucine incorporation, the following 
equation was used (Simon and Azam, 1989):

. . ,BBP V t
nmol ID7 3

100 131 2inc

) ) ) )=        (3)

where V is the volume (L) of the sample; t is the 
time of incubation (h); 100/7.3 is the 100/% of leu-
cine in one protein molecule; 131.2 is the atomic 
weight of leucine; and ID is the intracellular iso-
tope dilution of 3H-leucine, considered 2 by Smith 
and Azam (1992). Finally, BPP was converted into 

HMP by considering the theoretical protein/car-
bon conversion factor of 0.86 (Simon and Azam, 
1989).

Statistical analysis
The statistical differences in DCF and HMP 

rates between each area, water depth and sedi-
ment layer were tested using an analysis of 
variance (ANOVA) followed by Tukey’s post hoc 
multiple-comparison test. Normality of residu-
als was tested using the Shapiro-Wilk test, and 
a log(x) transformation was applied when the 
data did not fit normality. The Levene’s test was 
used to test the homogeneity of variances using 
the “car 3.0-10” package (Fox and Weisberg, 
2019). To analyze the relationship between 
DCF and HMP, a simple linear regression analy-
sis on a log scale was performed. Additionally, 
a principal component analysis (PCA) was per-
formed to the Pearson’s correlation matrix to 
reduce the dimensionality of the dataset and 
possibly ordination of the samples. Also, to 
validate the ordination observed in the PCA, a 
permutational multivariate analysis of variance 
(PERMANOVA) was carried out using the “veg-
an 2.5-7” package (Oksanen et al., 2020). All 
data analysis was conducted using R software 
(version 4.0.3; R core team, 2020).

RESULTS

Environmental parameters
Seawater temperature and salinity decreased 

with depth, ranging from 4.6 to 24.7 °C and 34.3 to 
37.2 psu, respectively (Table 1). According to the 
T-S diagram (Figure 2), we were able to observe 
the presence of the TW, SACW and AAIW, the lat-
ter only at the A1 (at the bottom of stations ST 683 
and ST 684). In general, inorganic nutrient con-
centrations increased with depth, with phosphate, 
silicate and nitrate varying from 0.05 to 1.92 µmol 
L-1, 0.64 to 20.25 µmol L-1 and 0.33 to 27.51 µmol 
L-1, respectively (Table 1). Concentrations of nitrite 
and ammonium showed a different trend, reach-
ing their maximum at the intermediate depth, and 
ranging from 0.01 to 0.05 µmol L-1 and 0.02 to 0.42 
µmol L-1, respectively (Table 1).
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Table 1. Environmental parameters of the water samples, including zones of water column, depth (m), temperature 
(oC), salinity (psu), and the nutrients phosphate, silicate, nitrate, nitrite and ammonium, all represented as µmol L-1. 
Station Zone Depth Temperature Salinity Phosphate Silicate Nitrate Nitrite Ammonium
ST 682 Surface 45 24.5 37.2 0.05 0.69 0.36 0.02 0.14

Intermediate 263 14.6 35.4 0.61 2.83 3.66 0.03 0.21
Deep 701 5.4 34.3 1.83 15.91 21.67 0.02 0.11

ST 683 Surface 44 23.1 36.9 0.07 1.16 0.40 0.01 0.07
Intermediate 283 12.9 35.1 0.58 5.55 06.04 0.03 0.16

Deep 811 4.7 34.3 1.36 13.77 24.68 0.02 0.11
ST 684 Surface 40 23.5 36.9 0.09 5.61 1.48 0.02 0.05

Intermediate 280 12.8 35.1 0.80 3.99 07.02 0.04 0.28
Deep 804 4.6 34.3 1.92 20.25 27.51 0.02 0.14

ST 685 Surface 46 23.9 36.9 0.11 0.64 0.52 0.01 0.07
Intermediate 282 13.3 35.2 0.88 3.47 9.00 0.04 0.38

Deep 551 7.6 34.5 1.37 8.73 19.28 0.02 0.11
ST 686 Surface 40 24.6 37.2 0.05 0.98 0.33 0.02 0.11

Intermediate 278 13.6 35.3 0.65 11.34 07.06 0.05 0.42
Deep 530 8.4 34.6 1.58 6.74 21.37 0.02 0.16

ST 687 Surface 48 23.9 36.9 0.11 0.75 0.49 0.02 0.05
Intermediate 280 12.5 35.1 0.89 3.93 9.21 0.03 0.30

Deep 560 6.7 34.4 1.41 10.87 19.51 0.02 0.14
ST 688 Surface 45 23.8 36.8 0.20 1.10 0.74 0.02 0.11

Intermediate 280 13 35.2 0.85 3.59 8.12 0.04 0.24
Deep 530 8 34.5 01.09 6.88 13.15 0.02 0.09

ST 690 Surface 41 23.9 36.8 0.95 3.70 11.11 0.04 0.16
Intermediate 280 12.6 35.1 0.17 0.87 0.59 0.02 0.11

Deep 740 5.8 34.4 1.78 16.37 24.28 0.02 0.11
ST 691 Surface 49 24.5 37.2 0.18 0.64 0.62 0.02 0.14

Intermediate 282 14.2 35.3 0.71 2.72 7.76 0.03 0.24
Deep 513 10.5 34.8 1.26 6.77 17.47 0.02 0.16

ST 692 Surface 45 24.7 37.2 0.09 0.69 0.40 0.01 0.02
Intermediate 280 13.7 35.3 0.72 3.70 6.96 0.02 0.14

Deep 480 10.7 34.9 1.15 5.90 16.90 0.02 0.07
ST 693 Surface 45 23.5 36.6 0.09 1.10 0.42 0.02 0.05

Intermediate 160 18.3 36 0.33 2.37 1.43 0.03 0.11
Deep 380 11.5 35 01.08 5.32 11.87 0.03 0.25

Most stations sampled were characterized 
by sandy mud sediment, with A1 presenting the 
lower sand content among them. TOC and TN de-
creased with sediment depth, ranging from <LOD 
(limit of detection) to 1.74 % and <LOD to 0.17 
%, respectively (Table 2). Carbonate content and 
the δ13C were similar throughout the sediment lay-
ers, from 3.38 to 13.78 % and -22.35 to -20.64 ‰ 

(Table 2). Additionally, the A1 and A2 revealed a 
higher carbonate content.

Microbial processes
In the water column, the DCF rates varied from 

1.51 x 101  to 3.24 x 102  µg C m-3 h-1 (Table S2), 
showing no spatial pattern (p > 0.05) in relation to 
depths (Figure 3A) or areas (Figure 3B). However, 

https://doi.org/10.5281/zenodo.7429830
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Figure 2. Temperature-salinity (TS) diagram in 800 m water 
depth in the Santos Basin during a spring cruise in November 
2019. Water masses are labeled: Tropical Water (TW), South 
Atlantic Central Water (SACW) and Antarctic Intermediate 
Water (AAIW).

DCF rates were one to two orders of magnitude 
lower than the HMP rates, which ranged from 1.26 
x 102 to 1.48 x 104  µg C m-3 h-1 (Table S2), and also 
did not show a spatial pattern (p > 0.05) (Figure 
3C and 3D).

The DCF rates in the sediments ranged from 
1.15 x 104 to 1.83 x 105 µg C m-3 h-1 (Table S3), 
with no significant difference (p > 0.05) between 
layers (Figure 4A). A2 presented significantly hi-
gher means of DCF than A3 (p < 0.05) throughout 
all sediment layers, but A1 was not significantly di-
fferent (p > 0.05) from the other areas (Figure 4B). 
The DCF rates were one to four orders of magnitu-
de higher than the HMP rates, which ranged from 
3.22 x 101 to 1.56 x 103 µg C m-3 h-1 (Table S3). No 
spatial pattern (p > 0.05) was observed for HMP 
rates in sediments (Figure 4C and 4D).

When comparing microbial processes between 
water column and sediment, DCF rates were much 
higher in the sediment, with a difference of two or-
ders of magnitude, while HMP rates were an order 
of magnitude higher in the water column than in 
the sediment.

Regulation of the microbial process-
es

The principal component analysis (PCA) was 
carried out in all our dataset to elucidate the varia-
tion of our samples, including environmental pa-
rameters and measured rates. The results for the 
water column revealed that two principal compo-
nents explained 74.18 % of the sample variability. 
The first component (PC1) explained 55.64 % of 
the total variation and was more strongly corre-
lated with depth (r = 0.41), phosphate (r = 0.41), 
temperature (r = -0.41), nitrate (r = 0.40), salinity 
(-0.40) and silicate (r = 0.37). The second compo-
nent (PC2) explained 18.54 % of the total varia-
tion, being more strongly correlated with nitrite (r 
= 0.69) and ammonium (r = 0.68). Neither DCF 
nor HMP rates were shown to be significantly rel-
evant to the overall sample variability shown in the 
PCA, as they were not strongly associated with 
the PCs. Figure 5 projects the data onto the span 
of the principal components and shows how the 
variables relate to the PCs. It shows an apparent 
separation between the surface, intermediate and 
deep water samples in the PC1-axis. The PC1 
was associated with depth dependent variables, 
such as temperature and salinity (decreased with 
depth) and phosphate, silicate and nitrate (in-
creased with depth). However, the variance of the 
intermediate water was mainly in the PC2-axis, 
which is associated with nutrients with peak con-
centration in this depth, like nitrite and ammonium. 
Yet, the ordination observed in Figure 5 was not 
confirmed by a permutational multivariate analysis 
of variance (PERMANOVA, R2 = 0.005, p = 0.97). 
There was no apparent ordination observed re-
garding the areas (Figure 5), which was verified by 
the PERMANOVA (R2 = 0.02, p = 0.57).

Regarding the sediments, the PCA revealed 
that two principal components explained 64.89 
% of the sample variability. The first component 
(PC1) explained 36.92 % of the total variation and 
was more strongly correlated with TOC (r = 0.53), 
TN (r = 0.5), HMP (r = 0.48) and δ13C (r = 0.30). The 
second component (PC2) explained 27.96 % of 
the total variation, being more strongly correlated 
with sand (r = 0.62), mud (r = -0.62) and CaCO3 (r 
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Station Layer Sand Mud CaCO3 TOC δ13C TN
ST 681 0-5 12.967 87.033 11.390 0.450 -20.860 0.070

5-10 19.800 80.200 8.150 0.310 -21.360 0.050
10-15 10.400 89.600 9.070 0.160 -22.150 0.020

ST 683 0-5 10.567 89.433 9.585 0.510 -21.070 0.035
5-10 20.050 79.950 9.070 0.270 -21.650 0.010

10-15 24.667 75.333 12.420 <0.01 - <0.01
ST 684 0-5 14.625 85.375 8.883 0.4967 -21.063 0.070

5-10 23.750 76.250 9.230 0.1500 -21.560 0.020
10-15 22.700 77.300 9.640 <0.01 - <0.01

ST 685 0-5 23.850 76.150 6.430 1.740 -20.820 0.170
5-10 - - - - - -

ST 686 0-5 29.233 70.767 6.485 0.475 -21.495 0.055
5-10 44.450 55.550 7.820 0.240 -20.970 0.050

10-15 32.100 67.900 5.120 0.320 -20.900 0.020
ST 687 0-5 13.750 86.250 4.990 0.540 -20.640 0.050

5-10 25.050 74.950 13.780 0.300 -21.300 0.020
10-15 28.433 71.567 8.270 0.190 -22.350 0.010

ST 688 0-5 34.700 65.300 7.275 0.565 -21.235 0.055
5-10 47.450 52.550 5.220 0.450 -21.280 0.040

10-15 45.200 54.800 - - - -
ST 690 0-5 21.767 78.233 3.710 0.440 -22.130 <0.01

5-10 29.850 70.150 3.530 0.420 -21.250 <0.01
10-15 31.133 68.867 3.600 0.410 -21.830 <0.01

ST 691 0-5 26.633 73.367 4.635 0.380 -21.260 <0.01
5-10 26.650 73.350 3.380 0.360 -22.280 <0.01

10-15 - - - - - <0.01

Table 2. Environmental parameters of the sediment samples, including layer (cm), sand and mud content, total 
organic carbon (TOC) (%), total nitrogen (TN) (%), carbonate content (CaCO3) (%) and the δ13C (‰). Lines 
containing a dash signify the absence of data in the corresponding layers.

= -0.32). The DCF was not significantly relevant to 
the overall sample variability shown in the PCA, as 
it was not strongly associated with any PC. Figure 
6 plots the data in function of the PCs and how 
the variables relate to them. Figure 6 shows that 
the variation occurring along the PC1-axis is as-
sociated with variables related with organic matter, 
such as TOC, TN, HMP and δ13C. Further, there 
is an apparent separation of A1 from the other ar-
eas along the PC2-axis, which is mainly dictated 
by grain-size and carbonate content. This ordina-
tion between areas in Figure 6 has shown to be 
significant (PERMANOVA, p = 0.03), representing 
25.17 % (R2 = 0.25) of the variation. In addition, no 

ordination among layers was observed (Figure 6, 
PERMANOVA, R2 = 0.005, p = 0.94).

A Pearson correlation coefficient was deter-
mined to assess the relationship between the 
measured rates and the environmental parame-
ters. For the water column, neither DCF nor HMP 
significantly correlated with the environmental 
parameters (Table S4). In addition, there was no 
significant correlation between DCF and HMP (r 
= -0.069, p = 0.79) (Figure 7), and the simple li-
near regression showed that the HMP explained 
only 2 % (R2 = 0.02) of the DCF variation. For the 
sediments, there was only a significant correlation 
between DCF and TOC (r = 0.41, p = 0.05), HMP 

https://doi.org/10.5281/zenodo.7429830
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Figure 3. Average dark carbon fixation (DCF) (µg C m-3 h-1) of the water column per depths (A) and 
areas (B). Average heterotrophic microbial production (HMP) (µg C m-3 h-1) of the water column per 
depths (C) and areas (D). Points represent individual observations and the letters (a) indicate significant 
differences tested with ANOVA, same letters represent no significant difference (p > 0.05). Data are 
expressed as mean +/- standard deviation.

Figure 4. Average dark carbon fixation (DCF) (µg C m-3 h-1) of the sediment per layer (A) and areas (B). 
Average heterotrophic microbial production (HMP) (µg C m-3 h-1) of the sediment per layer (C) and areas 
(D). Points represent individual observations and the letters (a, b, ab) indicate significant differences 
tested with ANOVA, same letters represent no significant difference (p > 0.05). Data are expressed as 
mean +/- standard deviation.

Figure 5. Principal component analysis (PCA) of the water samples on a factor plane and the vectors 
for dark carbon fixation (DCF), heterotrophic microbial production (HMP), depth, temperature, salinity, 
phosphate, silicate, nitrate, nitrite and ammonium.
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Figure 6. Principal component analysis (PCA) of the sediment samples on a factor plane and the vectors 
for dark carbon fixation (DCF), heterotrophic microbial production (HMP), sand, mud, calcium carbonate 
(CaCO3), total organic carbon (TOC), δ13C, total nitrogen (TN).

Figure 7. Scatter plot of the Pearson’s correlation coefficient between the DCF and HMP (µg C m-3 h-1>) 
for water column and sediment.
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and TOC (r = 0.75, p = 0.0007) and TN (r = 0.71, 
p = 0.0023) (Figure 8, Table S5). In addition, the 
correlation between DCF and HMP rates was not 
significant (r = 0.36, p = 0.15) (Figure 7), with HMP 
explaining 18% (R2 = 0.18) of the DCF variation.

DISCUSSION

Spatial distribution patterns of 
abiotic variables

Even though the PERMANOVA did not confirm 
the ordination between water depths observed in 
the PCA, the overall variation of the samples in 
the water column, including both the measured 
rates and environmental parameters, was based 

on the latter, mostly the variables associated with 
the PC1. Vertical distribution of temperature and 
salinity matched with the typical T-S diagrams for 
the SW Atlantic Ocean (Cirano et al., 2006). The 
vertical distribution of phosphate, nitrate and sili-
cate are explained by the high intake of nutrients 
by primary producers during photosynthesis in the 
photic layer (Suzuki et al., 2015; Bristow et al., 
2017). Overall, the nutrient concentration was typi-
cal for the oligotrophic waters of the SW Atlantic 
Ocean, as those observed by Suzuki et al. (2015). 
The author reported phosphate, nitrate and silicate 
concentrations varying from undetected values to 
1.9 µmol L-1, 5 to 27 µmol L-1  and 1.3 to 22 µmol 
L-1 , respectively; there were no disclosed values 

Figure 8. Scatter plot of the Pearson’s correlation coefficient between the DCF (µg C m-3 h-1) and TOC 
(%); HMP (µg C m-3 h-1) and TOC and TN (%).
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for nitrite, but the ammonium concentration was  
mostly undetected.

Although the use of the PCA was useful in re-
ducing the dimension of our dataset, it was not 
enough to explain the variation of the DCF and 
HMP, as expected, since the environmental param-
eters did not influence the measured rates. Even 
though, in the water column, the chemoautotrophy 
relies on nitrogen compounds (Middelburg, 2011; 
Pachiadaki et al., 2017), this lack of correlation 
was also observed by Reinthaler et al. (2010) and 
Zhou et al. (2017). In the oxygenated dark ocean, 
there are other possible energy sources for the 
chemosynthesis, such as molecular hydrogen, 
nitrous oxide (Reinthaler et al., 2010), reduced 
sulfur compounds and methane (Swan et al., 
2011), but these were not measured in this study. 
Additionally, it would have been relevant to mea-
sure the photosynthetic production or TOC in the 
water column, as they are most likely to affect the 
HMP (Azam et al., 1983).

In the SW Atlantic Ocean, the overall variation 
of sediment samples between areas was mostly 
dictated by variables associated with the PC2, in-
cluding a separation of area A1 from the others 
due to a distinct sand and mud content. As ex-
pected, the areas comprising pockmarks and the 
carbonate mounds (Maly et al., 2019) revealed a 
higher carbonate content. Furthermore, the varia-
tion of the samples was also influenced by the or-
ganic matter in the sediments. The heterotrophic 
microorganisms are known to use organic matter 
as an energy source (Azam et al., 1983; Fukami 
et al., 1983), thus the observed effect of the TOC 
and TN in the HMP. Additionally, the TOC concen-
trations were low when compared with Santos et 
al. (2020); who obtained mean values of 1.02 ± 
0.49 %, while we had means of 0.4 ± 0.33 %. The 
authors studied the continental margin of the SW 
Atlantic, with depths ranging from 10 to 300 m, 
which are shallower regions than ours. The dis-
tribution of TOC in deep sediments is usually at-
tributed to photosynthetic production (Seiter at el., 
2004), thus the lower TOC in deeper regions could 
be explained by the remineralization of the organic 
carbon in the water column (Middelburg, 1989; 
Wakeham et al., 1997; Del Giorgio and Duarte, 
2002). Further, the δ13C value is also related with 

the organic matter, as it provides an insight into 
its origin, since different sources of carbon have 
contrasting values of 13C (Meyers, 1994). Values 
of -22 and -20‰, such as those of this study, are 
related to marine organic matter, thus indicating 
that the organic matter that reaches the sediments 
could have its origin in the phytoplankton (Meyers, 
1994).

One sampling location stood out from the oth-
ers, the ST 685 (area A2), which can be consid-
ered an outlier, however, we have chosen to keep 
it in our data. This station presented higher val-
ues of TOC, TN and HMP, representing an influ-
ential outlier for the correlations mentioned above 
(Figure 8). We argue that this is a naturally occur-
ring variation because the ST 685 is located on 
the eastern section of the Alpha Crucis Carbonate 
Ridge (ACCR) near the Besnard Mound, which is 
the highest peak of the ridge system (340 m above 
the seafloor) (Maly et al. 2019, Bendia et al., 2021). 
The ACCR is heavily influenced by the strong flow 
of the IWBC, which, combined with the BC, is the 
dominant mechanism of sediment transportation 
along the ocean floor off SE Brazil (Maly et al., 
2019). Besides sediment, the ocean currents are 
capable of transporting nutrients and dissolved or-
ganic matter (Moriarty et al., 1995; Hansell et al., 
2002; Schattner et al., 2020), which are closely 
related with TOC and TN, and consequently HMP.

A correlation between DCF and HMP could al-
lude to the utilization of the labile organic matter 
from the DCF by the HMP or could also represent 
the fixation of inorganic carbon by heterotrophs. 
There are some uncertainties in the relevance of 
the DCF by heterotrophs to the carbon cycle due 
to methodological limitations in its measurement 
(Braun et al., 2021). Despite that, some studies 
associate this heterotrophic carbon fixation with 
anaplerotic reactions in the oligotrophic water 
column (González et al., 2008; Alonso-Sáez et 
al., 2010) and deep sea sediments (Braun et al., 
2021), but this metabolism is linked with episodic 
events of increased input of organic matter (Baltar 
et al., 2016). The lack of a significant relationship 
between DCF and HMP may suggest that DCF 
by heterotrophs was not occurring at the time of 
sampling. However, remains unclear whether 
anaplerotic reactions were taking place, because 
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Table 3. Comparison of dark carbon fixation (DCF) and heterotrophic microbial production (HMP) rates of SW 
Atlantic Ocean from the present work and other studies.

Location Type DCF1 HMP1 Reference
Southwest Atlantic Water 4.2 x 10-4 4.8 x 10-3 Present study
Southwest Atlantic Sediment 4.7 x 10-2 3.9 x 10-4 Present study
Mediterranean Sea Water 9.3 La Cono et al., 2018
NW Mediterranean Sea Water 8.7 x 10-5 Lemée et al., 2002
South China Sea Water 1.4 x 10-4 3.0 x 10-5 Zhou et al., 2017
North-east Atlantic Water 15 La Cono et al., 2018
Tropical Atlantic Water 3 Bergauer et al. 2013
North Sea Sediment 3.4 x 103 Van Duyl et al., 1993
Coral and Solomon Sea Sediment 72 Alongi et al., 1990
North Atlantic Water 1.3 Reinthaler et al., 2010
North Atlantic Mesopelagic Water 2.4 x 10-1 Baltar et al., 2016
Island of Sylt (Germany) Sediment 24 Evrard et al., 2008
Norwegian Sea Sediment 2.0 x 10-6 Pimenov et al., 2000
Southern Pacific Ocean Water 3.9 x 10-7 Van Wambeke et al., 2008

1DCF and HMP unit rates are μg C m-3 h-1 for water samples and μg C m-2 h-1 for sediment samples.

our data is not sufficient to make affirmations in 
this regard, as TOC in the water column was not 
measured and the method utilized in this study 
measures the total dark carbon fixation, without 
differentiating the pathways used.

Spatial distribution of microbial pro-
cess in the pelagic and benthic sys-
tems

There is a wide variation in the rates of mi-
crobial processes across the ocean; Middelburg 
(2011) stipulates that the chemoautotrophy in the 
water column occur mainly in the open ocean. 
However, in our study, the DCF rates found in the 
water column of the continental slope showed to 
be similar to those found in the Northwest Pacific 
Ocean (Zhou et al., 2017) and two to five orders 
of magnitude higher than the open ocean of the 
Tropical and North Atlantic (Reinthaler et al., 
2010; Berguauer et al. 2013; Baltar et al., 2016; 
La Cono et al., 2018) (Table 3). Clark et al. (2008) 
measured nitrite and ammonium concentration of 
the euphotic zone of the central North Atlantic and 
Tropical Atlantic. The author observed concentra-
tions of nitrite to be fairly constant and less than 
0.005 µmol L-1 for both areas; and concentrations 
of ammonium were ~0.02 and ~0.08 µmol L-1, 

respectively. We observed higher concentrations 
in our study, particularly for nitrite, and considering 
that, in the ocean, nitrite-oxidizing bacteria has a 
great impact in the chemosynthesis (Pachiadaki et 
al., 2017), these differences seen above could be 
in reference to the concentrations of nutrients. 

To compare chemosynthesis in sediments 
with other studies, we integrated DCF rates for 
the entire sediment layer (0 - 15 cm), resulting 
in values of 5510.69 to 19366.25 µg C m-2 h-1. 
When compared with deep sea sediments of the 
Northeast Atlantic Ocean (Pimenov et al., 2000), 
our rates were three to four orders of magnitude 
higher (Table 3). Chemoautotrophy in sediments 
relies mainly on the oxidation of reduced me-
tabolites produced during anaerobic degradation 
of organic matter (Jørgensen, 1982; Middelburg, 
2011), which could be the reason for the signifi-
cant correlation between DCF and TOC. Coastal 
and slope sediments have already shown to have 
a higher organic carbon input (Deininger and 
Frigstad, 2019), for this reason they are the prin-
cipal location of chemoautotrophy in ocean sedi-
ments (Middelburg, 2011). Another factor to be 
considered is the difference of temperature, as 
it affects the rate of metabolic processes in the 
ocean (Brown et al., 2004). However, there are 
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still few studies on microbial processes in marine 
sediments in order to make a broader comparison 
between DCF rates in the SW Atlantic Ocean and 
other ocean regions.

The A2, where we observed relative higher 
rates of DCF in the sediments, include the Alpha 
Crucis Carbonate Ridge (ACCR) described by 
Maly et al. (2019). Although no active cold seep 
has been found in the Santos Basin, their study 
suggests that the ACCR is a unique feature likely 
influenced by the occurrence of recent to sub-
recent active seepage, which can create an envi-
ronment rich in methane and reduced sulfur com-
pounds, potentially leading to higher DCF (Levin 
et al., 2016). Even in non-seep areas, such as the 
usual benthic environment the chemosynthetic 
processes are intensified due to the naturally oc-
curring reduced compounds in marine sediments 
(Whiticar, 1990; Orcutt et al., 2011), which may 
explain the higher overall DCF rates when com-
pared to the water column. This pattern is corrobo-
rated by the global estimates made by Middelburg 
(2011), where DCF rates in the continental slope 
sediments are higher than those of the water col-
umn above.

Heterotrophic production in the water column 
found in this study were one to two orders of mag-
nitude higher than in the the Northwest Pacific 
Ocean (Zhou et al., 2017) and one to six orders 
higher than the Subtropical and North Atlantic 
(Arístegui et al., 2005; Reinthaler et al., 2010; 
Baltar et al., 2016; La Cono et al., 2018) (Table 3). 
To compare the HMP rates in sediments globally, 
we integrated HMP rates for all sediment layers 
(0 - 15 cm), resulting in values of 22.31 to 90.82 
µg C m-2 h-1. This rate was similar to those of the 
deep sea in the Southwest Pacific Ocean (Alongi 
et al., 1990), but two orders of magnitude lower 
than coastal sediments of the Northeast Atlantic 
Ocean (Van Duyl and Kop, 1994) (Table 3). This 
pattern is probably because HMP is highly associ-
ated with organic matter, and coastal sediments 
have much greater input due to its proximity to 
the continent, which is a major source of the or-
ganic matter (Suzuki et al., 2015; Deininger and 
Frigstad, 2019).

The distribution of HMP exhibited an opposite 
trend to the DCF, with higher rates in the water 

column than in the sediments, probably because 
the heterotrophic processes are mainly driven 
by the organic matter input (Azam et al., 1983; 
Fukami et al., 1983). Since the continental input 
of organic matter is rather low in the Santos Basin 
(de Mahiques et al., 2004), the HMP would be 
strongly affected by the local photosynthetic pro-
duction. This is reflected by a higher HMP in the 
surface and lower in the sediment, as only a lim-
ited amount of organic matter reaches the seafloor 
due to its remineralization in the mesopelagic zone 
(Del Giorgio and Duarte, 2002). Hence the lower 
TOC found in the sediment and consequently the 
lower HMP rates. In addition, the δ13C values of 
the sediments support phytoplankton production 
as the main source of organic matter.

Relative importance of chemosynthe-
sis in the deep sea

Kutner et al. (2023) estimated the primary pro-
duction for three areas of the Santos Basin: shelf, 
transition zone and open ocean; in which, the last 
two cover our study area. The production in the 
transition zone and open ocean were 1260 and 
1020 µg C m-3 h-1, respectively, and they observed 
that the DCF represented, on average, 10.2 % 
of the total primary production. In our study, we 
estimated that the average DCF in the epipelagic 
was 73.76 ± 65.89 µg C m-3 h-1, which represents 
2.9 to 3.2 % of the primary production reported 
by (Kutner et al., 2023). Although our study did 
not measure photosynthetic rates and this com-
parison is somewhat speculative, these values 
are amongst the estimates of 2.5 to 22 % for the 
global epipelagic ocean (Baltar and Herndl, 2019). 
Thus, not only the DCF can be relevant to the epi-
pelagic primary production, but also for meso- and 
bathypelagic zones, since the DCF can represents 
about 15 to 53 % of the carbon derived from phy-
toplankton production exported to the seafloor 
(Reinthaler et al., 2010).

CONCLUSION
To our knowledge, it is the first study to inves-

tigate the spatial distribution of DCF and HMP 
both in pelagic and benthic microbial communi-
ties of an oligotrophic marine system. In this study, 
though it is not clear which metabolic pathway is 
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predominantly used in the fixation of dark carbon, 
the DCF can represent a significant percentage of 
the total primary production in the euphotic water 
column. The DCF rates are relatively high in the 
Santos Basin, with patterns of higher rates in the 
sediments than in the water column above, which 
are aligned with higher amounts of reduced com-
pounds in the sediment; the HMP had an oppo-
site pattern, likely due to the decrease of available 
organic matter with depth. What drives the che-
mosynthesis in the ocean remains to be investi-
gated; in further studies, it would be important to 
investigate the influence of different parameters 
related with DCF, such as the concentration of oth-
er reduced compounds associated with this me-
tabolism. The oligotrophic South Atlantic Ocean 
is amongst the least known ocean basins, and, 
although a geographically broader set of mea-
surements is required to refine the estimates in 
the region, this study provides important new data 
regarding the microbial processes herein studied. 
Finally, we reinforce the need for DCF rates to be 
included in ecological studies that assess the car-
bon balance in the SW Atlantic Ocean, as it repre-
sents an important aspect of primary production in 
both the water column and sediments.
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