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A B S T R A C T   

Subpolar coastal waters are key hotspots in the global carbon cycle. However, the small-scale distribution of 
partial pressure of carbon dioxide (pCO2) in these environments and the physical and biological controls un
derlying this variability are still poorly understood. Here, we examine simultaneous high-resolution spatial 
measurements of wind speed and pCO2, temperature, salinity, and in-vivo chlorophyll-a fluorescence (chl-a fluo, 
a proxy of phytoplankton biomass) in surface waters that were obtained during an oceanographic survey in the 
Argentinian Beagle Channel (subantarctic Atlantic Patagonian) in early fall 2017. The 240 km study transect 
(centered at 55◦S - 67◦W) was divided into two zones: (A1) The Beagle Channel innermost portion, semi-enclosed 
and subject to strong continental influence and (A2) its eastern outlet towards the open Southwest Atlantic. 
Discrete seawater samples were also collected for apparent oxygen utilization (AOU), nutrients and pH mea
surements. High-resolution spatial measurements revealed the persistence of pCO2 below atmospheric equilib
rium, increasing in median (interquartile range 25–75%) from 314 μatm in the inner Beagle Channel (A1) to 348 
μatm towards the adjacent open sea (A2). A decrease in atmospheric CO2 sequestration was associated with an 
increase in water temperature from 9.5 ◦C to 10.7 ◦C, salinity from 30.8 to 32.5, and chl-a fluo from 2.24 to 2.91 
mg m− 3 along the coastal-offshore gradient. Low AOU and nutrient levels were found in regions inside the 
channel. Indeed, the relationships between CO2 and temperature or salinity were significantly different from 
those expected from the theoretical solubility effect, indicating a dominance of metabolic over physicochemical 
controls on this gas. Moreover, physical factors such as vertical stratification contributed to the variable surface 
pCO2 values. These findings reveal the existence of short-scale spatial variability of CO2 in the Beagle Channel, 
improving our understanding of the multiple controls on atmospheric carbon sequestration in extensive subpolar 
continental shelves.   

1. Introduction 

The ocean plays a critical role in global climate due to its capacity to 
incorporate atmospheric carbon dioxide (CO2) through the chemical, 

biological and physical pumps, thus reducing the atmospheric concen
tration of this greenhouse gas (Stock et al., 2020). The ocean CO2 sink 
has been estimated to withdraw about 25% of total carbon (C) emissions 
from anthropogenic sources during the last decade (Friedlingstein et al., 
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2020). Despite their relatively small area, coastal waters exhibit higher 
and spatially variable net CO2 uptake rates due to more intense physi
cochemical (e.g., the balance between dissolution and carbonation; 
Hoegh-Guldberg et al., 2007) and metabolic (e.g., the balance between 
biomass production and degradation; Breitburg et al., 2018) controls as 
compared to the open ocean. The coastal ocean CO2 sink is very sensitive 
to continental freshwater inputs, as subsequent changes in temperature 
and salinity can affect both the marine carbonate system and the 
ecosystem metabolism (Cao et al., 2020), typically associated with 
changes in pH and the availability of organic substrates and nutrients 
(Borges et al., 2005; Libes, 2011). In oceanic waters, the dominant role 
of internal metabolism over physicochemical processes on CO2 dy
namics is indicated by their negative relationships with the apparent 
oxygen utilization (AOU) (Borges et al., 2005). Furthermore, the rates of 
C uptake in coastal waters may also be substantially altered by anthro
pogenic increases in temperature and nutrient inputs, given their im
pacts on physicochemical and metabolic processes (Guan et al., 2020). 

High-latitude subpolar regions are known to show a marked sea
sonality of environmental variables and biological activity (Bianchi 
et al., 2005). Lower productivity and respiration rates increase nutrient 
availability under very cold conditions in winter, while increased light 
irradiance and temperature associated with terrestrial sources caused by 
melting during the warmer months support a stronger C pump and 
higher nutrient consumption by autotrophs (Gruber, 2014; Laruelle 
et al., 2018; Orselli et al., 2018). In southern South America, the intense 
phytoplankton blooms that take place from late spring to early fall in 
Patagonian coastal waters have been regarded as a major cause for 
lowering the sea surface partial pressure of CO2 (pCO2) below atmo
spheric equilibrium, causing a net annual C uptake (Schloss et al., 2007). 
At surface waters of the northern Antarctic Peninsula, biologically- 
mediated atmospheric CO2 uptake is commonly observed in summer 
(Monteiro et al., 2020a), while net emissions are reported in winter due 
to low primary production in response to the decrease in temperature 
and the upwelling of CO2–rich deep waters (Monteiro et al., 2020b). 

Fjords are the deepest estuaries found at high latitudes, of glacial 
origin. They receive high seasonal inputs of meltwaters, carrying 
terrigenous biomass (Silva et al., 2011) and nutrients that support 
aquatic primary production (Jacob et al., 2014). These factors, 

associated with typically sluggish water circulation, contribute to a high 
net global accumulation of organic matter in fjords (Smith et al., 2015). 
Along the Patagonian coasts, subpolar estuaries stand out for their high 
biological productivity (Behrenfeld and Falkowski, 1997), acting as a 
considerable CO2 sink (Bianchi et al., 2005, 2009; Kahl et al., 2017; 
Orselli et al., 2018) due to large phytoplankton blooms during spring 
(Bianchi et al., 2009; Garcia and Garcia, 2008). 

The Beagle Channel, located at the southern end of Patagonia 
(Fig. 1), constitutes a unique subantarctic ecosystem influenced by 
freshwater inputs from seasonal melting and rainfall (Iturraspe et al., 
1989), which contribute to significant vertical and zonal thermohaline 
gradients (Martin et al., 2019; Flores Melo et al., 2020). Dissolved and 
particulate organic compounds from multiple natural sources are 
delivered to this channel – including peat bogs, nearshore forests and 
numerous rivers and streams – adding to the autochthonous primary 
production by the marine phytoplankton (Almandoz et al., 2011; Bar
rera et al., 2017). Likewise, at certain spots like the city of Ushuaia, 
anthropogenic inputs must be taken into account (Amin et al., 2010). 
Previous evidence indicates that well-ventilated, macronutrient-rich 
oceanic Subantarctic Surface Water, that fills the inner basins of the 
Patagonian fjords and channels, shows variable O2 and CO2 saturation, 
especially due to the increased sequestration of atmospheric CO2 by the 
biological productivity during the warm summer austral months (Torres 
et al., 2011, Torres et al., 2021). Despite the large extent and complex 
hydrodynamic properties of Patagonian fjords and channels, few studies 
have addressed the potentially important small-scale spatial variability 
of pCO2 and its driving factors (Torres-Mellado et al., 2011). These few 
available studies have confirmed highly variable pCO2 over short dis
tances in subpolar coastal waters, indicating a complex interaction be
tween physicochemical and metabolic processes that still need to be 
better understood in productive regions of the Southern Ocean (Caetano 
et al., 2020). 

This study aims to assess pCO2 and the factors controlling its spatial 
variability during early fall along a transect that runs along the Beagle 
Channel into the adjacent coastal sea (Argentinian Patagonia, South 
America), with substantial temperature and salinity gradients, using the 
first high-resolution measurements reported in the region. The study 
area and methods are presented in Section 2, the observations are shown 

Fig. 1. Study area encompassing (A) a general view of South America and the schematic path of main marine currents (blue solid lines) at its southernmost end, and 
(B) a detailed region of the Beagle Channel and the adjacent sea. The red dots indicate the location of the sampling stations, while the blue line shows the cruise track 
with high-resolution spatial sampling of surface pCO2 (μatm), salinity, temperature (◦C), and chl-a fluo (mg m− 3). The map plots were created in Ocean Data View 
software (Schlitzer and Mieruch, 2021) ArcGIS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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in Section 3 and the processes behind the observed variability are dis
cussed in Section 4, closing with the conclusions in Section 5. 

2. Materials and methods 

2.1. Study area 

The Patagonian region covers a vast area between the Pacific and 
Atlantic coasts in Southern South America, extending from about 39◦S at 
the northern Colorado River to nearly 56◦S at Cape Horn (Ramos, 2008; 
Saraceno et al., 2021). Along a jagged coastline shaped by a series of 
glacial valleys, fjords, islands and channels, the climate ranges from 
temperate in the north to cold-temperate in the south (Prohaska, 1976), 
and is influenced by local factors, especially the topography and the 
wind regime (Coronato, 1993). In the eastern part of Patagonia, the 
average annual air temperature ranges from some 12 ◦C in the northeast 
to about 3 ◦C in the south, while the absolute minimum temperatures are 
below − 20 ◦C towards the southwest (Paruelo et al., 1995). 

Precipitation over eastern Patagonia is mostly produced by distur
bances embedded in the westerly winds, largely modified by the austral 
Andes. Uplift on the windward side leads to hyper-humid conditions 
along the Pacific coast and the western slope of the Andes; in contrast, 
downslope subsidence dries the eastern plains leading to arid, highly 
evaporative conditions (Garreaud et al., 2013). Hence, the high pre
cipitation in the southern Pacific coast contributes to glacier and river 
formation at high altitudes. On the other hand, the very complex geo
morphology displays a diverse and dense network of channels, embay
ments and fjords – shaped by the interplay of tectonic and glacial 
processes and sea-level fluctuations (De Muro et al., 2018) – that receive 
substantial and seasonal freshwater inputs from precipitation (Dávila 

et al., 2002). The Patagonian fjords and channels are typically charac
terized by a two-layer vertical structure composed of brackish water 
near the surface (5–10 m) and saltier homogeneous water at depth 
(Sievers and Silva, 2008). 

As part of the Fuegian system of fjords and channels of the Magellan 
region in the southern end of South America (centered near 55◦S and 
69◦W), the Beagle Channel is a succession of drowned glacial valleys 
that connects the Atlantic and Pacific oceans with an average width of 
near 5 km along a length of some 300 km (Bujalesky et al., 2004; Gie
secke et al., 2021) (Fig. 1). The ancient valley, left behind by retreating 
glaciers after the last glacial maximum, was subsequently inundated by 
the sea about 10,000 BP, forming the present interoceanic conduit 
(Bujalesky, 2011; Björck et al., 2021). This East-West trending tectonic 
lineament was deeply carved by successive glacial cycles (Rabassa, 
2008), resulting at present in a very irregular bathymetry, comprising an 
intricate succession of islands, embayments and micro-basins up to 400 
m deep separated by steep sills as shallow as 20 m. The tidal regime is 
mixed semidiurnal and meso/microtidal (average 1.1 m and maximum 
2.3 m) (D’Onofrio et al., 2016). The Beagle Channel waters belong to the 
subantarctic neritic domain (Hamamé and Antezana, 1999), which is 
mostly affected by the Pacific Ocean (Antezana, 1999). The general 
circulation is from west to east (Balestrini et al., 1998; Martin et al., 
2019), with shallow sills at both the eastern and western boundaries that 
constrain the exchange between oceanic and inland waters (Giesecke 
et al., 2021). 

The innermost zones of the Beagle Channel show a marked season
ally changing vertical structure, with a well-mixed water column in 
winter and a stratified column in spring and late fall, with its pycnocline 
located near 50–70 m (Flores Melo et al., 2020). The phytoplankton 
growth also shows a pronounced seasonality, between low biomass 

Fig. 2. Spatial distribution of (A) temperature (◦C), (B) salinity, (C) chl-a fluo (mg m− 3), and (D) pCO2 (μatm) in surface waters from the inner part of the Beagle 
Channel to the adjacent coastal sea, in fall 2017. The A1 and A2 zones are delimited by the meridian along 66◦50′W. Images were created in Ocean Data View 
software (Schlitzer, 2021). 
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during fall-winter and massive increases during spring-summer, indi
cated by minimum surface values in winter (~0.1 μg C L− 1) and peak 
values in early spring (up to 141 μg C L− 1), respectively (Almandoz et al., 
2019; Almandoz et al., 2011). Higher vertical summer stratification (i.e., 
warmer and fresher surface waters) together with more sluggish circu
lation (Cucco et al., 2022), increase the availability of plankton-derived 
organic matter, causing an increase in respiration that may cause oxygen 
depletion in bottom waters (Martin et al., 2016; Flores Melo et al., 
2020). 

2.2. Study design 

The R/V Hesperides departed from Ushuaia on April 8, 2017 and 
followed a zonal transect (west-east direction) along the central portion 
of the Beagle Channel towards the SW Atlantic (Fig. 1), totalling 27 h of 
sampling over 240 km centered at (55◦S, 67◦W). Continuous high- 
resolution spatial measurements of pCO2, temperature, salinity, and 
in-vivo chlorophyll-a fluorescence (chl-a fluo, a proxy of phytoplankton 
biomass) in surface seawater (at about 5 m depth) were coupled with 
simultaneous wind speed measurements at 1 min intervals aboard the 
ship. In addition, vertical profiles of water temperature, AOU, and chl-a 
fluo were conducted at 7 stations along the study transect (Fig. 1B) using 
a factory-calibrated SBE 911plus conductivity-temperature-depth (CTD) 
profiler. At each sampling station, discrete samples of marine surface 
waters were taken for analysis of dissolved inorganic nutrients (nitrite, 
nitrate, phosphorus and silicate), AOU and pH with a 12 L Niskin bottle 
system, while dissolved inorganic carbon (DIC) concentrations and air- 
sea CO2 fluxes were estimated from physicochemical calculations 
(further details in the Analytical Methods section). To determine the 
relationship between pCO2 and seawater properties at the sea surface, a 
principal component analysis (PCA) on the discrete sample data (N = 7) 
was performed. Then, based on the distribution of the sea surface pa
rameters and the PCA clusters, the sampling area was divided into two 
zones from west to east: (A1) the inner Beagle Channel and (A2) the 
eastern Beagle sector into the adjacent Southwest Atlantic. 

2.3. Analytical methods 

2.3.1. pCO2 in surface seawater 
The pCO2 in marine surface waters (down to about 5 m) was 

measured using an equilibrator (i.e., a Plexiglas tube with a diameter of 
8 cm and height of 43 cm filled up with marbles) in a closed system with 
a non-dispersive infrared gas analyzer (EGM-4, PP-systems), keeping the 
internal pressure equal to atmospheric using a fine plastic tube (diam
eter of 3 mm) open to the atmosphere (Frankignoulle and Borges, 2001). 
This equilibrator-infrared analyzer system for determining pCO2 in 
waters has been widely used onboard oceanographic ships (Butterworth 
and Miller, 2016; Delille et al., 2014). The water flows into the system 
showed a constant rate of 1–2 L min− 1 from the top to the bottom, 
associated with an internal air mixing by another pump (Borges et al., 
2006). The air from the equilibrator was still dried using a Drierite 
column before passing through the gas analyzer. The infrared gas 
analyzer was calibrated at the beginning and end of the sampling period 
with CO2 standards of 106, 4,061,034, and 10,037 ppmv (Messer 
Americas), showing an uncertainty of ±2 ppmv in the studied range. 

The sea surface pCO2 (pCO2_sea; μatm) was estimated from the 
pCO2_sea at the temperature of equilibration (Teq), corrected by in situ 
temperature and salinity as described by. 

The pCO2_sea at Teq (μatm) was calculated using Eq. (1): 

pCO2 sea
(
Teq

)
= Vco2eq (Patm − Pwat) (1)  

where Vco2_eq is the mole fraction concentration (ppm) of CO2 in the 
dried equilibrated carrier gas, and Patm (atm) is the internal equilibra
tion pressure, assumed to be equal to the atmospheric pressure; Pwat 
(atm) is the equilibrium water vapour pressure at the sea surface 
salinity, as determined by the ship’s thermosalinograph, and Teq (K), 
following Eq. (2): 

Pwat=(1/760)
(
1–5.368×10− 4 S

)
exp.

{
[0.0039476–(1/Teq)]

/
1.8752×10− 4}

(2) 

Fig. 3. Bathymetry along the Beagle Chan
nel, showing (A) bathymetric contours and 
(B) the depth variations along the cruise 
track in the west-east direction. The red line 
in (A) indicates the sampling transect, while 
the red dots in (B) show the location of the 
seven sampling stations. The dashed line in 
(B) represents the sea level. The bathymetric 
profile was constructed using Surfer 21 
(Golden Software, Colorado, USA; version 
2021). (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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where S is the sea surface salinity (S; dimensionless) and Teq (K) as in 
Eq. (1). 

Then, pCO2sea was estimated using Eq. (3): 

pCO2sea = pCO2sea
(
Teq

)
exp

[
0.0423

(
Tsea − Teq

) ]
(3)  

where 0.0423 is the increase rate per ◦C (%) between in situ and 
equilibrator temperature and Tsea (K) is the sea surface temperature 
measured by the ship’s thermosalinograph. The difference between Teq 
and Tsea at the time of pCO2 measurements varied from 0.5 to 0.8 ◦C, in 
the same range as reported by Takahashi et al. (1993). 

2.3.2. Dissolved inorganic nutrients 
Water samples were immediately filtered, through pre-combusted 

(450 ◦C, 4 h) 47 mm diameter glass fiber filters (Whatman GF/F, 0.7 
μm nominal pore size) in an acid-cleaned glass filtration system, under 
low N2-flow pressure. Filtered samples were kept frozen (− 20 ◦C) in 30 
mL polypropylene tubes for three months before analysis of nitrate, ni
trite, and phosphate. Dissolved inorganic silicate concentrations were 
determined on non-filtered samples. The nutrient analysis was per
formed following the spectrophotometric determination methods re
ported in Grasshoff et al. (2009)) using an AA3 HR Seal Analytical 
instrument, showing a maximum uncertainty of 0.13, 0.20, 0.20, and 
0.5% for the sum of nitrate and nitrite, nitrite, phosphate and dissolved 
silicate concentrations, respectively. 

Fig. 4. (A) Map of the Beagle Channel with the position of the sampling stations. Hydrographic sections of (B) temperature (◦C), (C) salinity (PSS-78), (D) AOU (μmol 
Kg− 1), and (E) chl-a fluo (mg m− 3) along the Beagle Channel. The location of the stations is drawn as vertical black lines, and the seafloor is indicated in grey colour, 
as obtained from the vessel echosounder and digitalization of the nautical chart H-477 (Argentinian Hydrographic Service). Blank spaces are areas of insufficient data 
from interpolation. 

Table 1 
Physicochemical variables of surface waters from discrete sampling, including pCO2 (μatm), temperature (◦C), salinity (practical scale PSS-78), chl-a fluo (mg m− 3), 
AOU (μmol Kg− 1), pH, nitrate (μM), nitrite (μM), silicate (μM) and phosphate (μM). nd = no data.  

Variables Sampling Stations 

A1 A2 

P1 P2 P3 P4 P5 P6 P7 

pCO2 333 327 329 351 348 347 379 
Temperature 8.7 8.8 8.7 9.0 9.8 9.8 10.0 
Salinity 30.9 30.9 30.8 31.3 32.3 32.4 32.9 
Chl-a fluo 0.95 0.38 0.66 0.23 0.36 0.99 2.04 
AOU 16.97 10 9.95 9.61 16.26 27.21 14.44 
pH 7.9 nd 8.1 8.1 7.9 7.9 8.2 
Nitrate (μM) 6.9 4.41 4.29 4.39 7.06 6.68 8.63 
Nitrite(μM) 0.24 0.22 0.19 0.23 0.45 0.40 0.53 
Silicate (μM) 1.26 0.83 0.83 1.12 1.80 1.14 1.20 
Phosphate (μM) 0.83 0.79 0.73 0.79 1.04 0.85 0.85  
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2.3.3. pH and AOU 
Water samples for pH were collected into 500 mL glass-stoppered 

bottles, which were fixed with 2.5 mL of a 1 g L− 1 HgCl2 solution 
(Grasshoff et al., 2009) to avoid biological activity of the samples until 
their analysis. During the calculations, the corresponding correction for 
the addition of the HgCl2 solution in the samples is done. 

pH was measured by a potentiometric glass electrode Metrohm 
Ecotrode plus using a Metrohm 888 Titrando equipped with 801 stirrer 
and controlled by Tiamo 2.5 software (Dickson et al., 2007). The system 
was periodically tested. For the pH electrode control, TRIS and AMP 
standard solutions prepared in the laboratory were used. The buffers 
were prepared in synthetic seawater according to Dickson et al. (2007). 
In addition, TRIS (batch 2) Certified Reference Materials (CRM), pro
vided by Andrew Dickson’s laboratory at the Scripps Institution of 
Oceanography, were also used to produce substandard materials for 
calibration. For this purpose, 50 L of seawater filtered with GF/F 
Whatman fiber filters were fixed with the HgCl2 solution and stored in 
the laboratory. This substandard was daily analyzed for pH (mean and 
standard deviation of 7.946 and 0.05, respectively, representing 0.6% of 
variability through all the analyses). Once the analysis was done, the 
calculations procedure of Dickson et al. (2007) were applied to obtain 
pH. 

In turn, AOU (μmol kg− 1) were estimated when quality-controlled in 
situ O2 (μmol kg− 1), temperature (T, ◦C) and salinity (S) were all 
measured at the same geographic location, time, and depth. AOU is the 
difference between the equilibrium saturation concentration for in-situ 
physicochemical conditions and the respective measured dissolved ox
ygen concentration in waters (Weiss, 1974). This variable was calcu
lated using the software Ocean Data View (version 5.6.3). 

2.3.4. Vertical profiles 
Vertical hydrographic profiles were obtained with a SeaBird 911 plus 

CTD profiler, equipped with dual temperature and conductivity sensors 
to detect any potential drift. Primary oceanographic variables were used 
to compute derived (salinity, density) variables by means of the SBE 
Data Processing Package (v. 7.26.7). The CTD was also equipped with a 
chl-a fluo sensor, calibrated with measurements of discrete water sam
ples by fluorometry (Yentsch and Menzel, 1963) in a Turner-Designs 

fluorimeter (r2 = 0.88, p-v < 0.001, n = 22), and two dissolved oxy
gen (DO) sensors, calibrated with measurements of discrete surface 
water samples (N = 300) using the Winkler titration method (Dickson 
et al., 2007). The correction factor for the DO sensors applied is 1.0746, 
with no temporal or spatial significant dependences (Orúe-Echevarría 
et al., 2020). 

2.3.5. Determination of CO2 concentrations in seawater and its physical- 
chemical and biological controls 

The CO2 concentrations observed at the sea surface (CO2-obs; μmol 
L− 1) were determined by Henry’s law (Cole and Caraco, 1998): 

CO2obs = pCO2sea Kh (4)  

where pCO2sea (μatm− 1) is estimated as in section 2.1.1 and Kh is the 
Henry’s solubility constant for CO2 at sea surface temperature and 
salinity (mol L− 1 atm− 1). 

The Kh (mol L− 1 atm− 1) was calculated as follows (Weiss, 1974) 

ln(Kh)=A1+A2 (0.01T)+A3 ln(0.01T)+S[B1+B2 (0.01T)+B3 (0.01T)2]
(5)  

where T (K) and S (dimensionless) here refer to the sea surface layer. The 
other dimensionless constants are A1 = − 58.0931, A2 = 90.5069, A3 =

22.2940, B1 = 0.027766, B2 = − 0.025888 and B3 = 0.0050578. 
In turn, the CO2 concentrations of water at equilibrium with the 

overlying atmosphere, over the range of in situ observed sea surface 
temperature and salinity (CO2_exp; μmol L− 1), were calculated from 
Henry’s law and the fugacity pressure relationship as follows (Weiss, 
1974) 
[
CO2 exp

]
= pCO2 atm(Kh exp ((1 − Patm) Vco2/(R T) ) )

where pCO2_atm (μatm) is the pCO2 in equilibrium with the overlying 
atmosphere pressure; this value is obtained from the Ushuaia coastal 
station located in the margin of the Beagle Channel (401.65 μatm in 
April 2017). data available at https://gml.noaa.gov/aftp/data 
/trace_gases/co2/flask/surface/txt/co2_ush_surface-flask_1_ccgg_month. 
txt), which were similar to the in-situ measurements without the influ
ence from the ship chimney during the sampling period.; Vco2 is the 

Fig. 5. Temperature versus salinity diagram, coloured for pCO2 (μatm). Graphs were created in Ocean Data View software (Schlitzer, 2021).  
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partial molar volume of dissolved CO2 (ca. 32 × 10− 3 L mol− 1) and R is 
the ideal gas constant (ca. 0.082 L atm K− 1 mol− 1). 

In the absence of physical mixing and metabolic control, variations 
in temperature and salinity determine the expected changes in ocean 
CO2 caused by the solubility of this gas in water (Takahashi et al., 1993). 
Then, the expected CO2 variations caused solely by physicochemical 
processes (CO2_exp) over the observed range of sea surface temperatures 
(i.e., assuming a constant salinity as the observed median) and salinities 
(i.e., assuming a constant temperature as the observed median ◦C) were 
compared with the actual relationships between the observed CO2 
(CO2_obs) and the seawater temperature or salinity. Low deviations be
tween observed and expected models indicate that the effects of solu
bility could be dominant on sea pCO2, while higher differences indicate 
the prevalence of biological over physical-chemical control (Jiang et al., 

2008; Joesoef et al., 2015). 

2.3.6. Air-sea CO2 exchange 
The air-sea CO2 flux (FCO2; mmol m− 2 d− 1) was estimated as follows: 

FCO2 = k Kh (ΔpCO2)sea− atm

)
(7)  

where (ΔpCO2)sea-atm is the difference between the observed pCO2 
observed in sea surface waters (pCO2_sea) and equilibrium pCO2 value 
with the overlying atmosphere (pCO2_atm) (see Sections 2.1.1 and 2.1.5, 
respectively). Finally, k is the CO2 transfer velocity (cm h− 1) as 
parametrized next (Wanninkhof, 2014): 

k = C U2 (Sc/660)–0.5 (8) 

Fig. 6. Comparison between zones A1 and A2: (A) temperature (◦C), (B) salinity, (C) chl-a fluo (mg m− 3), and (D) pCO2 (μatm) in surface waters. Each grey dot 
represents one measurement along the transect (N = 903 in A1 and N = 629 in A2 for all variables). Horizontal lines and vertical bars show the median and 25–75% 
interquartile range, respectively. Different letters (a and b) in each panel represent significant differences (Mann Whitney test; p < 0.05). 

Fig. 7. Principal components analyses (PCA) for surface water data in the inner part of the Beagle Channel (region A1 with stations P1, P2, P3, and P4) and its 
adjacent sea (region A2 with stations P5, P6, and P7). 
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where C = 0.251 (cm h− 1) (m s− 1) -2, U is the in-situ wind speed (m s− 1) 
at 10 m above ground, and Sc is the Schmidt number (dimensionless). 

2.4. Statistical analysis 

The transformed data did not meet the assumptions of normal dis
tribution (D’Agostino & Person test) and homogeneity of standard de
viations (Bartlet test, p > 0.05) (Zar, 2010). Thus, the non-parametric 
Mann-Whitney test was applied to assess significant differences (p < 
0.05) of high-resolution spatial variables (pCO2, salinity, temperature 
and chl-a fluo) between both study zones A1 and A2. Further, the re
lationships between sea surface pCO2 and the physicochemical variables 
(dissolved nutrient concentrations, pH, AOU and TA) in the water 
samples were assessed using a principal component analysis (PCA). With 
the purpose that all variables be considered equally scaled, and hence 
analyzed on the basis of correlations rather than covariances, data were 
normalized by autoscaling for PCA (Parente and Sutherland, 2013). 
Statistical analyses and graphs were performed using GraphPad Prism 
software (GraphPad Prism Software Inc., San Diego, USA; version 7.0), 
except the PCA that used the Statistica software (StatSoft Inc., Tulsa, 
USA; version 7.0). 

3. Results 

Continuous high-resolution measurements indicated a thermohaline 
zonal gradient in surface waters along the transect, from the central 
Beagle Channel towards the adjacent SW Atlantic Ocean (Fig. 2). Briefly, 
the inner part of the Beagle Channel presents a micro-basin about 235 m 

deep, followed in an eastward’s direction by a major topographic 
constriction at Mackinlay Strait where the channel width shrinks from 
some 5 km to only 1.5 km and the bottom depth decreases abruptly from 
over 100 m to about 15 m. Further east and beyond Picton Island, the 
bottom depth increases largely from an average depth of 50 m to >1000 
m as the channel opens to the adjacent continental slope (Fig. 3). For a 
more detailed description of the underwater features the reader is 
redirected to Bujalesky (2011) and Giesecke et al. (2021). 

The vertical hydrographic profiles showed thermohaline stratifica
tion in some of the deepest Beagle Channel stations (P1 and P2, with 
137 m and 150 m depth, respectively, and the seaward P7 with 874 m 
depth), but not in the station near the confluence of zones A1 and A2 (P5 
with 137 m depth; Fig. 4). Indeed, an oxycline was observed in the 
deepest innermost stations of Beagle Channel (P1 and P2), but not in the 
station closest to the sea (P7; Fig. 4). Discrete samples of surface waters 
showed an overall increase in AOU with increasing temperature and 
salinity from the stations of zone A1 (P1, P2, P3 and P4) to A2 (P5, P6 
and P7), while higher chl-a fluo was observed in the adjacent open sea, 
especially at P7 (Fig. 4). Surface waters of this outermost station still had 
the highest pH values and nitrate/nitrite concentrations, while the sili
cate and phosphate concentrations were slightly below the maximum 
values found in P5 (Table 1). 

Furthermore, the relatively sharp change in sea surface temperature 
(SST) and salinity (SSS) as well as pCO2 defined a boundary with l data in 
the gradient between an innermost shallow zone (A1) and an outermost 
deepest zone (A2; Fig. 5) around Picton Island. Spatial variations of 
temperature from 9.2 ◦C to 9.9 ◦C and salinity from 30.3 to 32.0 in A1 
contrasted with the warmer (9.9–10.9 ◦C) and saltier (31.5–32.9) range 

Fig. 8. CO2 concentration (μ mol L− 1) as expected from the solubility effect (black dots) and as determined from the pCO2 observations (grey circles), plotted as a 
function of the observed (A) salinity and (B) temperature (◦C) in surface waters. The data comes from the entire study area. The black solid lines represent the linear 
relation for the expected CO2 in each panel (A) CO2-exp = 0.61 T + 24.52 (R2: 1.0; p < 0.05) and (B) CO2-exp = − 0.09 S + 21.31 (R2: 1.0; p < 0.05). The grey solid 
lines represent the linear fit to the CO2 observations, (A) CO2-obs = − 0.47 T + 10.60 (R2: 0.09; p < 0.05) and (B) CO2-obs = − 0.54 S + 1.67 (R2: 0.24; p < 0.05). The 
slopes of CO2-exp and CO2-obs are significantly different (ANCOVA, p < 0.05) in both (A) and (B). 
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in A2, reflecting the influence of different surface water masses, namely 
modified Subantarctic Water and different sub-types of the so-called 
Estuarine Waters as defined by Silva et al. (1998). 

Higher median temperature, salinity, chl-a fluo and pCO2 values 
(increases by 11, 13, 6, and 32%, respectively) were observed in the 
adjacent sea (A2) as compared to zone A1 (Fig. 6). Median values 
(25–75% interquartile range) of pCO2 varied from 313 (305–337) to 348 
(346–350) μatm, temperature from 9.5 (9.4–9.5) ◦C to 10.7 (10.5–10.8) 
◦C, salinity from 30.7 (30.7–30.8) to 32.5 (32.2–32.9), and chl-a fluo 
from 2.24 (2.08–2.55) to 2.92 (2.16–3.26) mg m− 3 between A1 and A2 
(Mann Whitney test; p < 0.05; Fig. 4). Despite this variability, the 
maximum pCO2 value observed in surface waters in the study area (399 
μatm in zone A2; Fig. 6) remained below the equilibrium value with the 
overlying atmosphere (401.7 μatm as detailed in the Methods section). 
Thus, the atmospheric CO2 uptake by waters of Beagle Channel and 
adjacent sea during early fall was estimated to reach median values of 
0.7 and 1.2 mmol m− 2 d− 1 for zones A1 and A2, respectively, contrib
uting to an overall median influx of 0.9 mmol m− 2 d− 1 for the entire 
study area. 

The marked differences in pCO2 and other biological and physico
chemical variables between zones A1 and A2 were also confirmed by the 
PCA, using all discrete surface-water data from the seven sampling 
stations. This multivariate analysis identified two groups, dividing the 
innermost stations of the Beagle Channel (P1, P2, P3 and P4 in A1) from 
those in the adjacent sea (P5, P6 and P7 in A2; Fig. 7). 

Zone A1 was more related to chl-a fluo, while A2 to AOU, pCO2, 
salinity, temperature, and nutrients, confirming that the seaward waters 
were warmer, saltier, more eutrophic, and had both higher AOU and 
pCO2. According to the PCA analysis, factor 1 (pCO2) was responsible for 
63.3% of the total variance and factor 2 (SST) for 21.1%, so that both 
variables explained as 84.4% of the observed variability (Fig. 7). 
Overall, pCO2 was affected positively by temperature, salinity, nutrients, 
and AOU. In addition, a negatively relationship between chl-a fluo and 
saltier waters was indicated by factor 2. 

Finally, the observed concentrations of surface CO2 along the studied 
transect showed significant positive relationships with temperature and 
salinity (linear regression, p < 0.05; Fig. 8). These positive slopes differ 
substantially from those negative values that would be expected due to 
decreased solubility with increasing temperature (− 0.61 vs +0.47) and 
salinity (− 0.09 vs +0.54; ANCOVA, p < 0.05) (Zar, 2010). 

4. Discussion 

4.1. High-resolution spatial variations in surface waters 

The high-resolution distribution of pCO2 along the entire transect 
from the innermost part of the Beagle Channel (A1) to the adjacent 
coastal sea (A2) during early fall reveals the role of multiple spatial 
controls, associated with the persistence of undersaturation and subse
quent net sink of this gas at the sea-air interface. The surface pCO2, chl-a 
fluo (a proxy of phytoplankton biomass), and thermohaline conditions 
showed substantial variations along this transect. The A1 zone showed 
lower salinity and temperature in surface waters likely due to increased 
freshwater input as compared to A2 in the seaward side. During the 
winter months, there is a reduction of the ecosystem metabolism 
because of the reduced insolation that leads to high nutrient availability, 
which is critical to support seasonal phytoplankton blooms in subse
quent periods with higher solar radiation (Boyd, 2002). Previous work 
has demonstrated that Patagonian coast waters at the Southwest 
Atlantic (e.g., near the Beagle Channel) act as CO2 sink, whereas 
northern areas act as a source likely due to upward flux of CO2-enriched 
subsurface waters and the role of aquatic respiration (Bianchi et al., 
2009). Thus, our results support the idea that upwelling-free fjords 
(Torres et al., 2011, Torres et al., 2021) and coastal sea (Schloss et al., 
2007) in this region can be important CO2 sinks maintained by high 
seasonal primary production. 

4.2. Hydrographic gradients and the influence of geomorphological 
features 

The bathymetric contrasts along the oceanographic transect may 
pose restrictions to the water flow along the channel and hence influence 
zonal gradients in seawater properties (Giesecke et al., 2021) and water 
residence times (Cucco et al., 2022). In particular, the topographic sill at 
Mackinlay Strait (minimum depth about 15 m) has been signalled in the 
past as a physical barrier that imposes different physical and biological 
properties to the east and west (e.g. Diez et al., 2018; Martin et al., 2019; 
Presta et al., 2022). However, according to the near-surface thermoha
line signature recorded by the continuous system in our study (Fig. 2), 
this hydrographic front is shifted further east, discriminating between an 
inner (A1) domain strongly influenced by continental inputs and an 
outer (A2) domain more subject to oceanic influence. 

In high-latitude ecosystems such as the fjords and estuaries along the 
Patagonian coasts, high precipitation and ice melting during warm pe
riods induce lower sea surface salinity, contributing to vertical stratifi
cation through the formation of a halocline, an effect that can be 
reinforced through thermal stratification as the air temperature in
creases in the summer months (Dávila et al., 2002; Rignot et al., 2003). 
Such seasonal pattern has also been observed in the inner Beagle 
Channel, where vertical density stratification builds up in spring/sum
mer and persists through autumn (Flores Melo et al., 2020; Martin et al., 
2019). As a consequence of stratification, vertical mixing gets reduced 
and primary production decreases, also leading to the isolation of the 
CO2-enriched waters below the pycnocline (Ahmed et al., 2020; Torres 
et al., 2011). Here, we found thermohaline vertical stratification in the 
inner stations of the Beagle Channel (stations P1 and P2), with important 
freshwater inputs from rivers and direct runoff to the surface layers 
(Iturraspe et al., 1989), as well as in the seaward extreme of the Chanel 
(station P7), with the bottom intrusion of relatively warm and salty 
ocean water masses. In contrast, vertically unstratified waters were 
observed between stations P4 and P6, located east of the marked nar
rowing of the Beagle Channel, from 4.5 to 6.5 to 1.5–2.0 km near station 
P3 (adjacent to the Tierras del Fuego Island). This result points to the 
role of either channel constrictions or seafloor topography controlling 
the hydrodynamics and water mixing in this region (Martin et al., 2019). 

Furthermore, the inner stations of the Beagle channel also showed an 
oxycline associated with the pycnocline, which is caused by both ther
mal and haline stratifications, together with a slight decrease in chl-a 
fluo with depth. Previous evidence suggests that the vertical attenuation 
of light leads to a decrease in phytoplankton production with depth 
(Almandoz et al., 2019), and the lack of vertical mixing constrains the 
biological O2 release and CO2 pump to the photic layers above the 
pycnocline (Thomas et al., 2004). In this way, the AOU was generally 
higher in deep than surface waters along the vertical profiles, showing 
greater differences in inner regions of the Beagle Channel more influ
enced by the outflow from the catchment. Decreased oxygen levels, as 
found towards the bottom here, are typically caused by increased bio
logical degradation of organic matter in coastal waters receiving greater 
terrestrial biomass inputs (Marotta et al., 2012). 

4.3. Metabolic and physicochemical controls on sea surface CO2 

Our findings provide new insights into the drivers of atmospheric 
CO2 removal in spatially variable subpolar coastal waters during early 
fall. Lower pCO2 values and dissolved nutrient concentrations at two of 
the innermost sampling stations of the Beagle Channel (P2 and P3) could 
be attributed to the intense autotrophic activity after the spring peak 
(Amin et al., 2010; Almandoz et al., 2011). In turn, slightly higher 
salinity and pH in surface waters in the outermost station (P7) could be 
due to the decrease of acid freshwaters towards the open ocean (Cai 
et al., 2010). 

Increased runoff caused by precipitation in the western side of the 
Patagonian Andes (Smith and Evans, 2007) and glacier melting 
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contribute to the inputs of continental freshwaters enriched in a wide 
variety of limiting nutrients in the Southern Ocean (Smetacek et al., 
2012; Barrera et al., 2017). In addition to N and P, the terrestrial sources 
of silicic acid (Gonzalez et al., 2010) and dissolved iron (Gaiero et al., 
2003; Garzón-Cardona et al., 2016) can enhance the uptake of CO2 by 
phytoplankton in the fresher surface waters along the Patagonian coast. 
However, lower CO2 undersaturation in the outermost sampling station 
(P7), which points at a relatively weak atmospheric CO2 sink, contrasted 
with the observed high peaks of chl-a fluo. This appears contradictory, 
as phytoplankton biomass typically shows a negative rather than a 
positive relationship with pCO2 (Carvalho et al., 2020), especially in the 
photic zone of the Austral coastal ocean (Monteiro et al., 2020b). In line 
with this, the proxies of phytoplankton biomass (i.e., chl-a fluo) and net 
oxygen consumption (i.e., AOU) did not show a negative relationship in 
the PCA analysis for the study surface waters, also contrasting with the 
typical pattern of high algal chl-a and low AOU reported in highly 
productive seawaters (Erickson and Thompson, 2018). A potential 
explanation is that more eutrophic conditions can support both 
increased primary production and net heterotrophic state at the sea 
surface worldwide (Duarte et al., 1998), including subpolar coastal 
surface waters (Conley et al., 2007). Moreover, the physical control of 
vertical stratification together with low-chlorophyll water inputs from 
ice melting may dilute the phytoplankton near-surface concentration 
(Schwarz and Schodlok, 2009), hence decoupling the chl-a concentra
tions from the autotrophic production and enhancing CO2 removal with 
no observable algal biomass increase (Biddle et al., 2015). 

As a result of the above processes, the observed CO2 concentrations 
in surface waters were below the atmospheric equilibrium and positively 
related to temperature and salinity, instead of negatively related due to 
the solubility effect. This indicates the dominant role of metabolic rather 
than physicochemical controls in the Beagle Channel and its adjacent 
sea during early fall. This agrees with earlier reports for productive 
subpolar coastal waters (Caetano et al., 2020; Iriarte, 2018), which have 
been shown to play an important CO2 sink worldwide (Takahashi et al., 
2002). The biological controls were also indicated by the PCA results in 
the surface pCO2 (factor 1) along the transect. Regarding the SST (factor 
2), the small variation from P1 to P4 may be attributed to a high in
fluence of ice melting in zone A1 and the high horizontal thermal 
gradient between the eastern Beagle channel (station P5) and the 
adjacent sea (station P7). Hence, the dissimilar vertical stratification, 
related to basin geomorphology and cold-water input from glacier 
melting, could also explain these differences between zones A1 and A2. 
Indeed, high nutrient concentrations towards the open ocean (i.e., 
warmer and more saline waters than in the inner channel) were posi
tively related to both pCO2 and AOU. The fjord waters show intense 
biological sink of atmospheric CO2 followed by nutrient depletion due to 
phytoplankton uptake during the warm season (Torres et al., 2011), 
supporting the role of net autotrophy reducing CO2 in the coastal sea of 
Southern Patagonia (Schloss et al., 2007). 

4.4. Sea-air CO2 fluxes 

The Patagonian coastal waters have been described as an atmo
spheric CO2 sink during the warm summer months due to autotrophic 
activity, although this is potentially reduced or even reversed during 
winter (Torres et al., 2011; Vergara-Jara et al., 2019). In contrast to the 
persistent CO2 sink observed in this study (0.9 mmol m− 2 d− 1), previous 
surveys in the surface coastal waters in Northern Patagonia during the 
fall indicated a net CO2 emission of 6.5 mmol m− 2 d− 1 (Vergara-Jara 
et al., 2019). This difference may be attributed to the higher inputs of 
terrestrial organic matter that drive heterotrophy northward, likely 
related to the relatively warm annual conditions of the north temperate 
forests, located some 1500 km away from the subpolar vegetation 
around Beagle Channel (Olson et al., 2001). In addition, both CO2 sink 
(Álvarez et al., 2002) and CO2 source (Kerr et al., 2017), indicative of 
shifts between net autotrophy and heterotrophy, respectively, have been 

found in the subpolar coastal waters of the northern Antarctic Peninsula 
during the fall season. 

Our early-fall estimates of atmospheric CO2 uptake in the surface 
waters of the Beagle Channel, between its innermost portion and the 
adjacent sea, are in median ~ 75 and 60% lower than previously re
ported values for the Patagonian continental shelf sea during this season 
(Bianchi et al., 2009). Low CO2 influx in marine waters has been 
attributed to the high contribution of organic substrates (Anderson et al., 
2009), which has been confirmed in subpolar coastal waters (Kerr et al., 
2017). A fjord-like bay situated in the South Shetland Islands (950 km 
south of the Beagle Channel) reaches much higher atmospheric CO2 sink 
during late spring than reported here, between five (Ito et al., 2017) and 
12 (Caetano et al., 2020) times higher. Although we are comparing 
different subpolar coastal waters, this may indicate that the net autot
rophy diminishes during the warm summer period because of a decrease 
in nutrient availability (Torres et al., 2011; Torres et al., 2021). 

5. Conclusions 

The atmospheric CO2 uptake in the Beagle Channel and the adjacent 
sea during early fall is estimated at 0.7 and 1.2 mmol m− 2 d− 1 for zones 
A1 (innermost Beagle Channel) and A2 (adjacent Southwest Atlantic 
Ocean), respectively, contributing to an overall average influx of 0.9 
mmol m− 2 d− 1 for the entire study area. Furthermore, this study reveals 
a highly spatially variable atmospheric CO2 sink that is modulated by 
multiple spatial controls, with a predominance of metabolic (i.e., the 
balance between biomass production and degradation) over physico
chemical (i.e., solubility effect) processes. Furthermore, abrupt varia
tions in seafloor topography and coastline morphology must be 
considered as physical controls on the surface pCO2 via changes in 
vertical and horizontal mixing. 

The substantial spatial variability of pCO2 along the Beagle Channel 
during early fall is associated with higher CO2 uptake in inner regions of 
the Beagle Channel, where lower salinity and temperature are condi
tioned by the freshwater inputs from glacier melting, as compared with 
the eastern opening of the channel to the coastal waters. This study 
contributes to a better understanding of the strong sensitivity of multiple 
biological, physical, and chemical controls on the short-scale spatial 
variability in subantarctic waters. This is particularly relevant because 
of the recognized central role of the Southern Ocean as a major global 
sink of CO2. 
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