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Abstract
Carbon dioxide  (CO2) emission from fluvial systems represents a substantial flux in the global carbon cycle. However, vari-
ation in fluvial  CO2 fluxes at the air–water interface as well as its drivers are poorly understood, especially in non-forested 
headwaters. Here, we measured  CO2 concentration and fluxes in 14 lowland open-canopy streams (Pampean region, Argen-
tina) that cover a wide range of land use and water quality. We also analyzed drivers of  CO2 concentration and fluxes, includ-
ing factors related to metabolism, gas solubility, alkalinity, and gas transfer. Metabolic rates varied considerably among the 
study sites, but most streams (i.e., 8 out of the 11 where we were able to estimate ecosystem metabolism) were net hetero-
trophic. Metabolic differences among sites were mostly driven by the aromatic carbon content and the percent of the stream 
reach covered by primary producers. All streams, even those that were not net heterotrophic were  CO2 supersaturated. Alka-
linity combined with in-stream primary production explained 52.3% of the variance in the partial pressure of  CO2 (pCO2), 
but our observations suggest that pCO2 might be controlled by external groundwater inputs of dissolved inorganic carbon 
rather than by internal metabolism. All streams were net emitters of  CO2 to the atmosphere. Significantly more variance in 
 CO2 flux was explained by gas transfer velocity (63.7%) than by pCO2 (21.9%). We also observed high spatial heterogeneity 
in  CO2 fluxes within each stream, which was associated with flow variation and the presence of different macrophyte and 
algae patches. Overall, our results indicate that  CO2 emission in these extremely low turbulence streams is controlled by a 
combination of external and internal biogeochemical processes and limited atmospheric exchange.
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Introduction

Fluvial ecosystems play a central role in the global carbon 
cycle (Cole et al. 2007; Aufdenkampe et al. 2011; Raymond 
et al. 2013; Regnier et al. 2013). Despite occupying < 1% of 

the terrestrial surface (Allen and Pavelsky 2018), streams 
and rivers can release ~ 1.8 Pg C  y−1 in the form of carbon 
dioxide  (CO2) to the atmosphere, exceeding the  CO2 emis-
sions from lakes and reservoirs (Raymond et al. 2013). In 
particular, the contribution of small streams to  CO2 emission 
is not completely understood, but conservative estimates 
suggest that 36% of total fluvial  CO2 outgassing may be 
accounted for by these systems (Marx et al. 2017).

The exchange of  CO2 across the air–water interface 
depends on the gas transfer velocity and the partial pres-
sure of  CO2 (pCO2) at the water surface (Alin et al. 2011; 
Raymond et al. 2013). The gas transfer velocity is con-
trolled by surface water turbulence that, in turn, is strongly 
related to geomorphic and hydraulic variables, such as 
stream channel slope and stream flow velocity (Raymond 
et al 2012; Hall and Ulseth 2020). The magnitude of pCO2 
relies on both external and internal dissolved inorganic car-
bon (DIC) sources (Hotchkiss et al. 2015). External DIC 
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sources include soil respiration and weathering of minerals 
in the catchment that enter streams via groundwater inputs, 
whereas internal DIC sources include in-stream photochemi-
cal mineralization and ecosystem respiration. In general, 
external sources contribute more than internal sources to 
 CO2 emissions from low-order streams, which tend to be 
supersaturated with  CO2 compared to the overlying atmos-
phere (Hotchkiss et al. 2015; Marx et al. 2017; Demars 
2019). Net ecosystem production (NEP) may increase pCO2 
in the stream water when ecosystem respiration exceeds 
gross primary production, and thus, NEP is negative (Jones 
and Mulholland 1998; Duarte and Prairie 2005; Hotch-
kiss et al. 2015). However, internal metabolism typically 
accounts for < 20% of total  CO2 evasion from streams to the 
atmosphere, and this contribution may increase with stream 
order (Butman and Raymond 2011; Hotchkiss et al. 2015; 
Gómez-Gener et al. 2016; Hill et al. 2017; Demars 2019).

Knowledge on  CO2 dynamics in streams is based mostly 
on data from forested headwaters of the northern hemi-
sphere, whereas other stream types and regions remain 
understudied (Lauerwald et al. 2015). In South America, 
for instance, there are few studies on  CO2 dynamics from 
lowland streams (except for Amazonian fluvial systems). 
These prevalent freshwater ecosystems are characterized by 
slow-flowing waters, lack of riparian forest, high irradiance, 
dense assemblages of macrophytes, and high primary pro-
duction, especially in summer (Feijoó and Lombardo 2007; 
García et al. 2017). These features, which resemble those of 
nutrient-rich, lowland streams elsewhere in the world, may 
strongly affect the dynamics of  CO2. Low water turbulence 
strongly reduces  CO2 exchange by decreasing the gas trans-
fer velocity between water and atmosphere (Hall and Ulseth 
2020). This effect is enhanced in the presence of floating 
macrophytes, which further diminish physical gas exchange 
(Attermeyer et al. 2016; Peixoto et al. 2016). In addition, 
primary production and respiration of macrophytes strongly 
influence stream metabolism in lowland streams, leading to 
high ecosystem metabolic rates (García et al. 2017; Alnoee 
et al. 2021). Thus, the physical and metabolic consequences 
of macrophyte presence are expected to significantly influ-
ence pCO2 and  CO2 exchange (Attermeyer et al. 2016; Pei-
xoto et al. 2016; Pu et al. 2017). Finally, high irradiance can 
also influence  CO2 dynamics by enhancing the photochemi-
cal mineralization of organic matter and primary production 
(Lu et al. 2013).

In this study, we examined the magnitude and drivers 
of  pCO2 and  CO2 exchange at the air–water interface in 
lowland Pampean streams covering a wide range of catch-
ment land uses, water physicochemical characteristics, and 
rates of ecosystem metabolism. We predicted that the study 
streams would be saturated with  CO2 compared to the over-
lying atmosphere, and that metabolism would contribute 
significantly to pCO2. We further predicted that, despite 

high pCO2, slow current velocities and low water turbulence 
would strongly restrict  CO2 exchange between water and 
atmosphere. Finally, we predicted that low current velocities 
and high abundance and diversity of emergent, submerged, 
and floating macrophytes would enhance the spatial hetero-
geneity of  CO2 exchange within stream reaches.

Materials and methods

Study sites

We sampled 14 streams of the Pampean region (Buenos 
Aires province, Argentina) (Fig. 1). The region is covered by 
a sequence of sands and loess deposited during the Tertiary 
and the Quaternary (Sala et al. 1983). Relief is flat (0–200 m 
above sea level) in most parts of the province. Climate is 
temperate humid, with a mean annual temperature between 
13 and 17 °C and a mean annual rainfall between 700 and 
1200 mm evenly distributed throughout the year (Matteucci 
2012). Due to the expansion of agriculture and cattle breed-
ing, natural vegetation (mostly grasslands) is confined to small 
patches in less-productive lands and in riparian zones. Stream 
sediments consist mainly of fine materials (silt and clay).

To cover a wide range in physicochemical conditions, we 
selected streams from three ecoregions of the Buenos Aires 
province: Salado River and tributaries, tributaries of the Par-
aná and Río de la Plata Rivers, and tributaries of the Atlantic 
Ocean [regions A, C, and D, respectively, according to Feijoó 
and Lombardo (2007)]. Ecoregions differ in geomorphologic 
and hydrological features (Frenguelli 1956). The Salado River 
system runs along a tectonic depression forming wandering 
meanders. Tributaries of the Paraná and Río de la Plata Riv-
ers have well defined drainage networks and steeper banks 
compared to the other systems. Tributaries of the Atlantic 
Ocean are characterized by scarcely marked channels in the 
upper and middle reaches that become deeper downstream, 
forming steep banks close to the mouth. Rivers of this region 
tend to run separately, without forming common branches.

The catchments of the selected streams differed sig-
nificantly in cropland (cropland = 5.8–92.6%) and cattle 
(0.4–72.6%) land use (Supplementary Table 1). Land-use 
data were derived from Landsat V Thematic Mapper (TM) 
satellite images (provided by the Instituto Nacional de Pes-
quisas Espaciais, INPE, Brazil).

Stream reach characterization

We sampled between February and March 2019 (austral 
summer). Each stream was visited on one occasion and 
sampled between 12 and 16 h, when metabolic activity is 
highest (Martí et al. 2020).
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We selected a 100-m reach at each stream. At the end 
of the reach, we measured stream cross-sectional area 
with a ruler and tape measure as well as current velocity 
with a Schiltknecht MiniAir20 anemometer (Schiltknecht 
Messtechnik, Gossau, Switzerland) to estimate stream dis-
charge by the velocity–area method (Gordon et al. 1992). 
We measured wetted width in ten transects separated 10 m 
away to determine reach surface area. In each transect, we 
also measured depth in triplicate (at the center and close 
to the margins) to calculate mean reach depth.

We mapped macrophyte abundance by visually estimat-
ing the percent of the stream reach covered by each plant 
species in 5-m sub-reaches. These data were then used to 
calculate the percent of reach surface covered by differ-
ent life forms (macroalgae and emergent, submerged, and 
floating macrophytes) (Feijoó et al. 2011).

Water physicochemistry

We measured water temperature, conductivity, and pH 
in situ at the middle of the reach of each stream with a 

Hach HQ40D multiprobe (Hach Company, Loveland, CO, 
USA). We calibrated the probes following the manufactur-
er’s instructions at the start of the sampling camping and 
checked them before every visit to the field. In the same spot, 
we also collected three water samples (250-mL acid-washed 
polyethylene bottles), which were stored in an ice chest and 
transported to the laboratory for later analyses.

We used one unfiltered sample to determine alkalinity 
(carbonates and bicarbonates) by titration (APHA 2005, 
method code 2320 B) within the same day of collection.

We filtered the second sample through pre-ashed glass 
fiber filters (Whatman GF/F, nominal pore size = 0.7 μm) 
preserved it with 0.1% chloroform, and stored it at 4 °C until 
nutrient analysis (Gardolinski et al. 2001). We estimated sol-
uble reactive phosphorus (SRP) and ammonium concentra-
tions by the molybdate–ascorbic method and the indophenol 
blue method, respectively (APHA 2005). We determined 
nitrate and nitrite concentrations with a FUTURA Autoana-
lyzer (Alliance Instruments, Frepillon, France) through a 
reaction with sulfanilamide with a previous Cu–Cd reduc-
tion for nitrate (APHA 2005).

Fig. 1  Location of the 14 sam-
pled streams in three ecoregions 
of Buenos Aires province, 
Argentina. a Salado River and 
tributaries, c Tributaries of the 
Paraná a Río de la Plata Rivers, 
and d Tributaries of the Atlantic 
Ocean
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We filtered the third sample through pre-ashed glass fiber 
filters (Whatman GF/F, nominal pore size = 0.7 μm), and 
divided it into two subsamples. We stored the first subsample 
in amber-colored glass bottles to minimize light exposure, 
acidified it with HCl 10% to reach pH 2, and analyzed it for 
dissolved organic carbon (DOC) by high-temperature cata-
lytic oxidation on a Shimadzu TOC-V CSH Analyzer (Shi-
madzu Corporation, Kyoto, Japan). We filtered the second 
subsample through 0.2-µm nylon membrane filters (GVS 
Magna, Bologna, Italy) and kept it in cool and dark con-
ditions for the spectroscopic analysis of dissolved organic 
matter (DOM) composition (Spencer et al. 2014).

We measured the absorbance spectra (200–800 nm) on a 
Shimadzu UV-1800 spectrophotometer (Shimadzu Corpo-
ration, Kyoto, Japan) using a 1-cm quartz cuvette. We used 
Milli-Q water as blank and subtracted the average sample 
absorbance between 700 and 800 nm from the spectrum to 
correct for offsets due to instrument baseline drift (Green and 
Blough 1994). We determined the specific UV absorbance at 
254 nm (SUVA, L  mg−1  m−1) by dividing the UV absorbance 
measured at 254 nm by the DOC concentration (Weishaar 
et al. 2003). The SUVA index is associated with bulk aroma-
ticity in the sample, with higher values being indicative of a 
high content of aromatic carbon. We determined the spectral 
slopes for the interval 275–295 and 350–400 nm (S275–295 
and S350–400, respectively) by fitting the single absorbance 
spectra to an exponential decay function. We calculated the 
slope ratio (SR) as the ratio of S275–295 to S350–400, with 
high values of the index indicative of low molecular weight 
compounds (Helms et al. 2008).

We further analyzed DOM composition via Excita-
tion–Emission Matrices (EEMs) using a Perkin Elmer LS 
55 fluorescence spectrophotometer (Perkin Elmer, Waltham, 
MA, USA) with a 1-cm quartz cuvette. We measured fluo-
rescence intensity across the excitation range set from 240 
to 449 nm (3 nm increments) and the emission range set 
from 250 to 598 nm (3 nm increments). Before measuring 
the samples, we calibrated the fluorometer with a Rhoda-
mine B solution to correct instrument-specific biases. We 
allowed water samples to warm to room temperature prior to 
measurements. EEMs were blank subtracted using the EEM 
of Milli-Q water, determined every ten samples. We cor-
rected spectra for inner filter effects using UV–Vis absorb-
ance spectra (Kothawala et al. 2013). We calculated three 
DOM descriptors: (i) humification index (HIX), with higher 
values indicating higher humification degree (Fellman et al. 
2010); (ii) biological index (BIX), related to the propor-
tion of recently produced DOM, for which higher values 
are indicative of a higher contribution of recently produced 
DOM (Hughet et al. 2009); and (iii) fluorescence index (FI), 
related to DOM sources, with values ranging between ~ 1.2 
for higher plant DOM sources to ~ 1.8 for microbial DOM 
sources (Cory and McKnight 2005).

Whole‑stream metabolism

We estimated whole-stream rates of gross primary produc-
tion (GPP) and ecosystem respiration (ER) with the open-
channel one-station technique (Odum 1956; Uehlinger and 
Naegeli 1998). The day before the sampling, we installed a 
field-calibrated oximeter (HQ40D, Hach, Loveland, Colo-
rado; miniDOT, PME, Vista, California) at the end of the 
stream reach. We measured changes in dissolved oxygen 
(DO) concentration (mg  L−1) and water temperature (˚C) 
in 5-min intervals for 24 h. For all sites situated in the 
north of the province (all A and C sites, except C8; Fig. 1), 
we obtained photosynthetically active radiation (PAR, 
400–700 nm, μmol  m−2  s−1) from the meteorological station 
in Lujan. For the rest of the sites (C8 and all D sites; Fig. 1), 
we modeled light based on latitude and longitude (Appling 
et al. 2017). We also obtained barometric pressure (mb) from 
nearby meteorological stations (Lujan for the A and C sites 
in the north, Balcarce and Miramar for the D sites in the 
south of the province). The distance from the meteorological 
station to the furthest stream was 194 km. We used baromet-
ric pressure together with water temperature to estimate the 
DO saturation concentration (i.e., the theoretical concentra-
tion of DO if the air and water were at equilibrium; mg  L−1) 
(García and Gordon 1992; Colt 2012). Mean stream depth 
(m) was obtained from transects (see above).

We estimated GPP (g  O2  m−2  d−1), ER (g  O2  m−2  d−1) and 
 K600 (i.e., the gas exchange rate coefficient after normaliza-
tion for molecular properties and temperature to a Schmidt 
number of 600, corresponding to DO at 17.5˚C;  d−1) fitting 
models of DO dynamics to DO data, using inverse fitting and 
Bayesian inference (Holtgrieve et al. 2010). The gas transfer 
velocity (k600, m  d−1) was calculated multiplying K600  (d−1) 
by mean stream depth (m). The model we used corresponded 
to the model variant b_np_oipi_tr_plrckm.stan in the stream-
Metabolizer R package (Appling et al. 2017), which accounts 
for both observation and process errors in diel DO dynamics 
using a state space formulation. The most likely sources of 
process error in our streams are inputs of low-O2 ground-
water, the high patchiness of primary producers and light-
associated misspecifications (in particular, cloudiness at sites 
C8 and D15-D20, where we modeled light based on latitude 
and longitude). The process error accounts for these mis-
specifications and besides, including both observation and 
process errors, which provides lower bias and more accurate 
estimates of parameter error than assuming either process 
error or observation error alone (Appling et al. 2018).

Prior probability values for parameters were based on 
literature range from Hall et al. (2016), following Appling 
et al. (2018). Priors were GPP ~ Ɲ (3.1,6.0), ER ~ Ɲ(7.1,7.1), 
and K600 ~ Lognormal(2.48,1.0). Tests on subsets of the data 
showed that the posterior parameter distribution was robust 
to varying these priors.
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We solved for model parameters using program Stan, a 
Markov chain Monte Carlo (MCMC) simulation program 
(Stan Development Team 2016). This method was embedded 
in streamMetabolizer version 0.11.4 and R version 3.6.3. We 
ran four MCMC chains in parallel on four cores, with 1000 
warmup steps and 500 saved steps on each chain.

To assess model fit, we ensured parameter convergence 
as the Gelman-Rubin Rhat < 1.1. We also checked how well 
modeled DO fitted observed DO. Although all models con-
verged, we excluded estimates at A3, A4, and D16 because 
of poor model fit.

pCO2 and  CO2 exchange

We measured the partial pressures of  CO2 in water and air 
(pCO2,w and pCO2,a, respectively) in three points along 
the stream reach. To capture stream reach heterogeneity, 
each selected point presented different biological commu-
nity composition (algae, macrophytes, or open water) and 
hydraulic conditions (current velocity, measured with a 
Schiltknecht MiniAir20 anemometer).

We made measurements by triplicate at each location 
using an infrared gas analyzer (EGM-4, PP-Systems, USA). 
For pCO2,w measurements, we circulated water samples at 
a rate of ~ 300 mL  min−1 through a membrane contactor 
(MiniModule, Liquid-Cel, USA) coupled to the gas ana-
lyzer (Gómez-Gener et al. 2016). For pCO2,a, we circulated 
atmospheric air approximately 1 m above the water surface 
through the gas analyzer.

We determined  CO2 exchange across the water–air inter-
face (mmol  m−2  d−1) using an indirect and a direct approach. 
The  CO2 exchange estimated with the indirect approach 
 (CO2  exchange(indirect)) provided an average estimation of the 
 CO2 exchange at reach scale, whereas the  CO2 exchange esti-
mated with the direct approach  (CO2  exchange(direct)) allowed 
exploring the spatial heterogeneity in  CO2 exchange along 
the reach. Positive values of  CO2 exchange indicate that the 
stream behaved as a net  CO2 emitter (i.e., there is an efflux of 
the gas to the atmosphere), whereas negative values indicate 
that the stream was a  CO2 sink.

We determined  CO2  exchange(indirect) using Fick’s law of 
gas diffusion

where kCO2
  (m  d−1) is the specific gas transfer velocity for 

 CO2, Kh (mmol µatm−1  m−3) is Henry’s constant for  CO2 
adjusted for salinity and temperature, and pCO2,w (µatm) 
and pCO2, a (µatm) are the partial pressures of  CO2 in water 
and air, respectively. We made measurements of pCO2 by 
triplicate at each location. We estimated kCO2

 using the k600 

(1)CO2exchange(indirect) = kCO2
Kh

(

pCO2,w − pCO2,a

)

,

estimated with the metabolism model and the Schmidt num-
ber of  CO2 at the stream water temperature during pCO2,w 
measurements (Raymond et al. 2012).

We determined  CO2  exchange(direct) using the enclosed 
chamber method (Goldenfum 2010) at the same locations 
where we measured pCO2,w and pCO2,a. We made measure-
ments by triplicate at each location. We monitored the  CO2 
gas concentration inside an opaque floating chamber every 
4.8 s with the infrared gas analyzer. Exchange measurements 
lasted until we observed a change in  CO2 of at least 10 µatm, 
with a minimum duration of 120 s and a maximum of 240 s. 
We estimated  CO2  exchange(direct) (mmol  m−2  d−1) from the 
rate of change of  CO2 inside the chamber as

where 
(

dCO2

dt

)

 is the slope of the relationship between  CO2 
concentration and time (µatm  s−1), V and S are the volume 
and the surface area of the chamber (3.37  dm3 and 4.14  dm2, 
respectively), T is the air temperature (K), and R is the ideal 
gas constant (0.08206 L atm  K−1   mol−1) (Bodmer et al. 
2016; Gómez-Gener et al. 2016).

Statistical analyses

We performed all statistical analyses using the R software 
version 3.6.3 (R Core Team 2021).

We used a principal component analysis (PCA) to identify 
stressor gradients in the data, detect the main environmental 
differences among the study streams, and analyze correla-
tions between variables (Johnson and Hering 2009). Before 
conducting the PCA, we reduced the number of variables. 
For land use, we used percent agriculture, because together 
with cattle, it is the main land use in all the catchments and 
both were inversely related (i.e., the higher the cover of agri-
culture, the lower the cover of cattle, and vice versa). For 
nutrient status, we used dissolved inorganic nitrogen (DIN; 
the sum of  NH4,  NO3, and  NO2), SRP, and DOC. For hydro-
morphology, we used discharge, which strongly correlated 
with both water depth and current velocity. For primary 
producers, we used the percent of the stream reach covered 
by primary producers (i.e., the sum of the percent of algae 
and emergent, submerged and floating macrophytes). For 
physicochemical properties, we used conductivity, pH, and 
water temperature, and excluded concentration of DO and 
 CO2, because they strongly relate to the main response vari-
ables of interest (i.e., stream metabolism and  CO2 exchange). 
Finally, for DOM quality, we used SUVA, FI, HIX, and BIX. 
We did not include SR, because it was strongly correlated 
with BIX (r = 0.89), and we had to reduce the number of 
variables from this and further analyses. All variables were 

(2)CO2exchange(direct) =

(

dCO2

dt

)

(

V

RTS

)

,
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scaled to unit variance and the PCA was performed using the 
rda() function in the vegan package (Oksanen et al. 2020).

We analyzed differences in stream metabolism using lin-
ear mixed-effect models with GPP, ER, and NEP as depend-
ent variables, environmental variables as fixed factors, and 
ecoregion as the random factor to account for potential spa-
tial autocorrelation. We first reduced the number of variables 
by selecting variables known to affect the response vari-
able based on the literature (Tank et al. 2010; Hoellein et al. 
2013; Bernhardt et al. 2018; Marzolf and Ardón 2021). For 
GPP, the selection included DIN, SRP, water temperature, 
discharge, and the percent of the stream reach covered by 
primary producers. For ER, the selection included DOC, 
water temperature, discharge, SUVA, HIX, BIX, GPP and 
the percent of the stream reach covered by primary producer. 
For NEP, the selection included DIN, SRP, DOC, water tem-
perature, discharge, SUVA, HIX, BIX, and the percent of 
the stream reach covered by primary producers. Then, we 
selected the best model using backward elimination of fixed-
effect terms in the linear mixed-effect models. More specifi-
cally, we used the lmer() and step() functions in the lmerT-
est R package, using Satterthwaite's method for degrees of 
freedom and t-statistics (Kuznetsova et al. 2017). We also 
analyzed the Variance Inflation Factor (VIF) for the fixed 
factors to avoid high multicollinearity between predictors.

We analyzed differences in pCO2,w and  CO2 
 exchange(indirect) following the same procedure described for 
stream metabolism. For pCO2, w the fixed factors were the 
ones related to metabolic activity (GPP, ER), gas solubility 
(water temperature), alkalinity, and gas transfer (discharge and 
percent of the stream reach covered by macrophytes); and the 
random factor was again ecoregion. For  CO2 exchange (indirect), 
the fixed factors were k600 and pCO2 and the random effect 
was ecoregion. In this latter case, we also analyzed the vari-
ance explained by each predictor, using the partR2() function 
in the partR2 R package (Stoffel et al. 2021).

Finally, we examined the spatial heterogeneity in  CO2 
exchange within each stream using linear mixed-effect 
models with  CO2 exchange (direct) as the dependent variable, 
habitat type as fixed factor [five levels: open water with high 
(i), medium (ii), or low (iii) current velocity, and emergent 
(iv) and submerged (v) macrophytes], and stream as random 
factor.

In all cases, we analyzed the distribution of the residuals 
visually inspecting the histograms and performing Shap-
iro–Wilk test, accepting normality only when p > 0.05. We also 
analyzed homogeneity of variances by plotting the model's 
residuals against fitted response values. These model assump-
tions (i.e., normal distribution of the residuals and homosce-
dasticity) were violated by the pCO2, w and  CO2 exchange (direct) 
models, so these variables were log-transformed. Additionally, 
when models included predictor variables on very different 

scales (i.e., models for ER and NEP), variables were standard-
ized using a z-score normalization.

Results

Physicochemical characteristics

The study streams differed widely in water physicochemi-
cal characteristics, with ecoregion driving some of these 
differences (Table 1, Fig. 2). The first component of the 
PCA explained 28.8% of the variance. This PCA compo-
nent was largely driven by site D18, which appeared far 
from the rest of the sites mainly because of its extremely 
high DIN concentration and maximum values of FI, BIX, 
and macrophyte cover. The second component of the PCA 
accounted for 27.8% of the variance. According to this 
PCA component, the tributaries of the Atlantic Ocean (D 
sites) were characterized by higher discharge, higher per-
cent of agricultural land use in their basin, and higher SRP 
concentration with respect to the streams from the Salado 
basin (A sites) and tributaries of the Paraná and Río de la 
Plata (C sites).

Metabolism

Metabolic rates varied considerably among the study 
sites (Fig. 3 and Supplementary Table 2). GPP ranged 
from 0.4 to 6.7 g  O2  m−2  d−1 and ER from 2.1 to 11.9 g 
 O2  m−2  d−1. NEP ranged from – 10.2 to 1.6 g  O2  m−2 
 d−1, with 8 sites being net heterotrophic, two sites (A4 
and C5) in balance, and only one site (D15) being net 
autotrophic.

Environmental drivers of metabolism differed among 
processes (Table  2). None of the explanatory fixed 
variables had a significant effect on GPP. However, 
there were differences among ecoregions, GPP being 
higher in the Paraná & Río de la Plata region (C sites). 
These differences explained 65.5% of the variance in 
GPP (Table 2). For ER, the best model (75.5% vari-
ance explained) included SUVA and the percent of the 
stream reach covered by primary producers (Table 2). 
Both were positively related to ER: the higher the 
content of aromatic carbon and the cover by primary 
producers, the higher the ER. Overall, ER was highest 
in the tributaries of the Atlantic Ocean (D sites) and 
lowest in the Salado River and tributaries (A sites), 
ecoregion accounting for 16.4% of the variance. Results 
for NEP were consistent, the final model (74.8% vari-
ance explained) including SUVA and the percent of the 
stream reach covered by primary producers (Table 2). 
In this case, the higher the content of aromatic carbon 
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and the cover by primary producers, the lower the NEP 
(i.e., the higher the degree of heterotrophy). There were 
no significant differences among ecoregions (variance 
explained < 3%).

Fig. 2  Principal component analysis (PCA) of selected variables. 
The percent values on each axis represent the amount of variance 
explained by each PCA component. See Table 1 and Supplementary 
Table 1 for a more detailed description of the variables included in 
the PCA

Fig. 3  Ecosystem respiration (ER) and gross primary production 
(GPP) in the 11 streams in which we could estimate metabolism. The 
solid 1:1 line describes the shift from net heterotrophy (ER > GPP) to 
net autotrophy (GPP > ER)

Table 2  Mixed-effects model results for metabolic rates (GPP, ER, 
and NEP), pCO2,w, and  CO2  exchange(indirect)

Bold value indicates the p <0.01
SE standard error of each coefficient estimates, DF degrees of free-
dom based on the Satterthwaite’s approximation, σ2 residual variance, 
τecoregion variance explained by the random factor ecoregion, Marginal 
R2 proportion of variance explained by the fixed factors, Conditional 
R2 proportion of variance explained by both the fixed and random 
factors
a Conditional R2  is NA, because the random factor explains no vari-
ance

Estimate SE DF t Value p Value

GPP
 (Intercept) 2.83 1.048 2.0 2.70 0.114
 σ2/�

ecoregion 1.49/2.83
 Marginal R2/conditional 

R2
0.000/0.655

ER
 (Intercept) 0.097 0.322 1.5 0.30 0.800
 Macrophytes 0.526 0.193 6.3 2.72 0.033
 SUVA 0.830 0.203 7.3 4.08 0.004
 σ2/�

ecoregion 0.31/0.21
Marginal R2/conditional 

R2
0.591/0.755

NEP
 (Intercept) – 0.158 0.185 1.4 – 0.85 0.513
 Macrophytes – 0.521 0.169 7.5 – 3.09 0.016
 SUVA – 0.811 0.169 7.8 – 4.81 0.001
 σ2/�

ecoregion 0.25/0.03
 Marginal R2/conditional 

R2
0.721/0.748

log(pCO2,w)
 (Intercept) 6.987 0.359 8.0 19.44  < 0.0001
 Alkalinity 0.127 0.046 8.0 2.75 0.025
 GPP – 0.112 0.044 8.0 – 2.57 0.033
 σ2/�

ecoregion 0.06/0.00
 Marginal R2/conditional 

R2
0.523/a

CO2  exchange(indirect)

 (Intercept) 0.521 0.198 8.0 2.63 0.030
 k600 0.815 0.137 8.0 5.97  < 0.001
 pCO2 1.520 0.435 8.0 3.50 0.008
 σ2/�

ecoregion 0.19/0.00
 Marginal R2/conditional 

R2
0.821/a

 k600 R2/pCO2 R2 0.637/0.219
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pCO2 and  CO2 exchange

All streams were  CO2 supersaturated, with pCO2,w values 
ranging from 1255 to 9999 µatm (Fig. 4a and Supplementary 
Table 2). Both alkalinity and GPP had a significant effect 
on pCO2,w: the higher the alkalinity the higher the pCO2,w, 
and the higher the GPP the lower the pCO2,w (Table 2). This 
model explained 52.3% of the variance, ecoregion account-
ing for none of it.

Supersaturation was reflected in positive  CO2 exchange 
(i.e., all streams were net emitters of  CO2 to the atmos-
phere), with  CO2 exchange (indirect) values ranging from 
29.1 to 367.6 mmol  m−2  d−1 (Fig. 4b and Supplementary 
Table 2). As expected, both predictor variables introduced in 
the model (k600 and pCO2,w) had a significant positive effect 
on  CO2 exchange (Table 2, Fig. 5). However, k600 explained 
a higher proportion of the variance than pCO2,w (63.7% and 
21.9%, respectively).

The spatial variability in  CO2 exchange within stream 
reaches was substantial (Fig. 6).  CO2  exchange(direct) tended 

Fig. 4  Mean and standard devi-
ation of a the partial pressure 
of  CO2 in water (pCO2,w) and 
b the  CO2 exchange estimated 
with the indirect approach  (CO2 
exchange indirect)) in the sampled 
streams. Note that some streams 
(A3, A4, and D16) have no  CO2 
efflux due to the lack of k600 
estimates. Also, note that some 
standard deviations are so small 
that they are hidden in the bar 
charts
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to be higher in sub-reaches with high current velocity and 
lower in sub-reaches with presence of emerged macrophytes, 
variability being higher within other sub-habitat types (i.e., 
medium and low current velocity, and submerged macro-
phytes; Table 3, Fig. 6).

Discussion

Our results confirmed that all study streams were  CO2 super-
saturated and net emitters of  CO2. Internal metabolism con-
tributed to  CO2 dynamics, although external DIC inputs 
via groundwater were likely important drivers of pCO2,w. 
Despite generally high pCO2,w, the slow current velocities 
and low water turbulence characteristic of these streams 
restricted  CO2 exchange with the atmosphere. Moreover, 
variability in both current velocity and coverage of pri-
mary producers enhanced the spatial heterogeneity of  CO2 
exchange within streams.

The fact that the study streams were  CO2 supersaturated 
relative to the atmosphere and thus net emitters of  CO2 was 
expected, as most streams and rivers behave in this manner, 
resulting in a substantial contribution to the global carbon 
cycle (Raymond et al. 2013; Lauerwald et al. 2015). Our 
model showed that pCO2,w increased with alkalinity and 
decreased with GPP, providing evidence that both external 
and internal sources of DIC drive pCO2,w variation in the 
study streams. On the one hand, the positive relationship 

between pCO2,w and alkalinity suggests that mineral weath-
ering in the catchment is an important source of DIC, which 
enters streams via groundwater (Feijoó et al. 2018), and 
probably contributes to  CO2 supersaturation in stream water 
(Marcé et al. 2015; Stets et al. 2017). In fact, alkalinity in the 
study streams varied between 3.79 and 11.08 meq  L−1. On 
the other hand, the negative relationship between pCO2,w and 
GPP suggests that  CO2 uptake via photosynthesis by primary 
producers (e.g., macrophytes and algae) can reduce to some 
extent the concentration of  CO2 in stream water (Wallin 
et al. 2020). We might have expected  CO2 undersaturation in 
streams that were net autotrophic (GPP > ER). However, all 
study streams except three were net heterotrophic, and even 
the only net autotrophic stream (D15) was  CO2 supersatu-
rated (pCO2,w = 2561 µatm) compared to the atmosphere. 
These observations suggest that relative to external sources 
(i.e., groundwater DIC inputs originated from soil respi-
ration and mineral weathering in the catchment), internal 
metabolism might be a minor driver of  CO2 concentration 
and exchange in these streams. This supposition is in line 
with previous studies, showing that internal metabolism 
typically accounts for a minor proportion of  CO2 outgas-
sing from streams to the atmosphere (Butman and Raymond 
2011; Hotchkiss et al. 2015; Gómez-Gener et al. 2016; Hill 
et al. 2017; Demars 2019).

Results from metabolism models showed that there 
was a positive relationship between ER (and NEP) and 
the cover by primary producers. Thus, and contrary to our 

Fig. 5  Relationship between a  CO2 exchange estimated with the indirect approach  (CO2  exchange(indirect)) and the partial pressure of  CO2 in 
water (pCO2,w), and b  CO2  exchange(indirect) and gas transfer velocity (k600) in the 11 streams in which we could estimate metabolism and k600
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expectations, streams with a higher abundance of macro-
phytes showed a higher degree of heterotrophy. This could 
be explained by the presence of dense bacterial communi-
ties in benthic and epiphytic biofilms. Punctual estimations 
made in one of the study streams indicated that bacterial 
density in the epipelon and in the epiphyton–macrophyte 
complex can be high (2.17E + 08 and 1.37E + 07 cell  L−1, 
respectively) (Ana Torremorell, pers. comm.). In addition, 
macrophytes tend to accumulate fine organic matter, which 
together with the decomposition of macrophyte tissues may 
enhance benthic respiration (O’Brien et al. 2014). Moreo-
ver, shading by macrophytes may limit algal productivity on 
sediments (Sand-Jlnsen et al. 1989). Together, these different 
macrophyte-linked processes could explain the heterotrophic 
character of the study streams despite the high irradiance 
and the abundance of primary producers.

ER was also positively related to the SUVA index, an 
indicator of the aromatic carbon content (Helms et al. 2008). 

Several studies have shown that aromatic compounds of 
high molecular weight can contribute to the pool of reac-
tive DOC, representing a relevant component of the carbon 
cycle in streams (Kaplan and Cory 2016). Complex mol-
ecules with aromatic groups can be photodegraded to simple 
compounds, increasing the bioavailability of residual DOC 
that is not converted into  CO2 (Fasching et al. 2014; Fovet 
et al. 2020). In addition, Jones et al. (2016) observed that 
DOM composed of humic materials is more sensitive to 
photodegradation. In Pampean streams, the relative contri-
bution of humic materials to DOM is high (Messetta et al. 
2018), and high irradiance conditions may favor the photo-
degradation of humic compounds that may be bioavailable 
to microbial communities. This could explain the strong 
relationship between ER and SUVA found in our study, and 
suggests that the presence of aromatic dissolved organic 
compounds in water fueled microbial respiration in these 

Fig. 6  Fine-sale spatial hetero-
geneity of  CO2 exchange esti-
mated with the direct approach 
 (CO2  exchange(direct)) in a all 
streams, b within A2, and c 
within C7. CV current velocity, 
OW open water
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streams. Macrophytes may have contributed to the release of 
at least part of this colored DOM (Lürig et al. 2021).

Regarding  CO2 exchange across the air–water interface of 
streams, as expected, we observed a significant effect of both 
k600 and  pCO2. However, in our case, k600 explained signifi-
cantly more variance than  pCO2. This result was likely due 
to the extremely low turbulence of these low-gradient and 
slow-flowing streams (Feijoó and Lombardo 2007). The k600 
values modeled in our study streams (0.61 to 4.47 m  d−1) are 
in the lower range of k600 values reported in a recent review 
of gas exchange in streams (range = 0.100 to 4117.8 m  d−1, 
mean = 45.0 m  d−1, n = 718; Ulseth et al. 2019). Addition-
ally, macrophytes can form dense mats, further hampering 
gas exchange with the atmosphere (Attermeyer et al. 2016). 
Under these conditions of extremely slow gas exchange, 
water pCO2 can be far from equilibrium with the atmos-
phere. The  CO2 in the stream, which might be fueled by 
groundwater DIC inputs and, to a lesser extent, by inter-
nal ER, is not compensated by the output via turbulence-
limited  CO2 exchange with the atmosphere. Accordingly, 
as stated earlier, stream water becomes supersaturated with 
 CO2, even in the net autotrophic streams. Thus, overall vari-
ation in  CO2 is mostly governed by differences in turbulence, 
which is the limiting factor. In fact, changes in turbulence 
did not only explain variation among study sites, but also 
variation within sites. In each stream, current velocity and 
the presence of macrophytes controlled the spatial heteroge-
neity in  CO2 exchange. Consequently, we observed highest 
 CO2 exchange values in open water areas with the highest 
flow velocity, and lowest  CO2 exchange values in areas with 
emergent macrophytes.

Several studies have reported that macrophyte mats, and 
especially floating species, act as important sinks of  CO2 
(O’Brien et al. 2014; Attermeyer et al. 2016; Peixoto et al. 
2016). However, although generally lower than in other parts 
of the streams, we always observed net emission of  CO2 
above macrophyte mats. In our study, macrophytes were 
predominantly submerged (Myriophyllum sp., Elodea nut-
talli, and Stuckenia striata) and emergent (Ludwigia pep-
loides, and Hydrocotyle ranunculoides) species, and only 
in one spot of one stream (D18), we measured  CO2 flux on 
a floating species (Lemna minima). As stated earlier, mac-
rophytes may have strongly contributed to in-stream pCO2 
in the studied streams through their attached heterotrophic 
epiphytic biofilms, their shading effect on benthic algae, 
and the enhancement of benthic respiration via decompos-
ing organic matter (Sand-Jlnsen et al. 1989; O’Brien et al. 
2014; Levi et al. 2017). It is worth mentioning here that the 
contribution of macrophytes to  CO2 emissions may be even 
larger after their senescence, when large quantities of their 
organic tissues are decomposed within these streams.

The relative abundance of the different primary produc-
ers could also determine  CO2 fluxes. Although it was not 
included in the analysis, because it was a single case, we 
observed that in one spot of the A2 stream, where algae 
and cyanobacteria were dominating,  CO2 was negative, sug-
gesting that uptake was higher than release because of pho-
tosynthesis. Consequently, the dynamics of  CO2 exchange 
in the air–water interface would also be influenced by the 
type (algae vs. macrophytes) and specific composition (in 
the case of macrophytes) of the dominant autotrophic com-
munity in the stream reach.

In conclusion, our findings provide interesting insights 
on the role of Pampean streams in  CO2 fluxes, which could 
be representative of other lowland streams elsewhere in the 
world. Overall, our results indicate that  CO2 emission in 
these extremely low turbulence streams is controlled by a 
combination of external and internal biogeochemical pro-
cesses and limited atmospheric exchange (Aho et al. 2021). 
External groundwater inputs of DIC might be more impor-
tant than internal metabolic processes in determining  CO2 
concentration and fluxes at the air–water interface in these 
lowland streams. However, more detailed studies consider-
ing mass–balance approaches and groundwater contributions 
are needed to elucidate the relative importance of these and 
other processes (e.g., anaerobic metabolism and calcite pre-
cipitation) for controlling  CO2 dynamics in these ecosys-
tems. Second, open-canopy streams with dense macrophyte 
cover may not necessarily act as net sinks of  CO2. Primary 
production by macrophytes may not be able to counteract 
the effect of external DIC inputs. In addition, the degree of 
heterotrophy and the presence of abundant microbial com-
munities may also determine whether they are net sinks or 
emitters of  CO2 to the atmosphere. Finally,  CO2 exchange 

Table 3  Mixed-effects model results for the spatial heterogeneity of 
 CO2 exchange

Bold value indicates the p<0.01
CV current velocity, SE standard error of each coefficient estimates, 
DF degrees of freedom based on the Satterthwaite’s approximation, 
σ2 residual variance; �ecoregion variance explained by the random factor 
ecoregion, Marginal R2 proportion of variance explained by the fixed 
factors, Conditional R2 proportion of variance explained by both the 
fixed and random factors

Estimate SE DF t Value p Value

log(CO2  exchange(direct))
 High CV (intercept) 6.51 0.405 19.5 16.07  < 0.0001
 Medium CV – 1.17 0.481 17.6 – 2.43 0.026
 Low CV – 1.34 0.532 21.8 – 2.52 0.020
 Emergent macrophytes – 1.88 0.667 18.8 – 2.81 0.011
 Submerged macro-

phytes
– 1.05 0.570 20.8 – 1.85 0.079

 σ2/�
ecoregion 0.66/0.13

Marginal R2/Conditional 
R2

0.284/0.402
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does not only vary significantly among different streams 
but also within the same stream reach. In this study,  CO2 
exchange was greatly influenced by reach heterogeneity, 
which is generated by flow variability and by the different 
algal, bacterial, and macrophyte communities. This high-
lights the need of measuring  CO2 fluxes in multiple sites 
within the same reach to represent the hydrological and 
biological heterogeneity. Similarly, it is fundamental that 
future studies cover broader time scales. There is a strong 
seasonal and diel variability in the metabolic activity of bio-
logical communities in Pampean streams (García et al. 2017; 
Martí et al. 2020), which, together with temporal changes in 
external sources, is expected to also generate high temporal 
variability in  CO2 concentrations. In this study, we meas-
ured  CO2 fluxes between 12 and 16 h on 1 day of the most 
productive season in each stream, when  CO2 concentration 
could be expected to be lowest in these streams. Therefore, 
it is crucial that future studies more accurately account for 
both spatial and temporal variability to better understand the 
role of these ecosystems in the carbon cycle.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00027- 022- 00852-9.
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