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Abstract
Stream carbon fluxes are one of the major components in the global C cycle, yet the dis-
crimination of the various sources of stream carbon remains to a large extent unclear and 
less is known about the biogeochemical transformations that accompany the transfer of C 
from soils to streams. Here, we used patterns in stream water and groundwater δ13C values 
in a small forested tropical headwater catchment to investigate the source and contribution 
from the soil carbon pools to stream organic and inorganic carbon behavior over seasonal 
scales. Stream organic carbon (DOC and POC) comes mainly from the upper rich soil 
organic carbon horizons and derived from total organic carbon (TOC) of biogenic source. 
The isotopic compositions δ13CTOC, δ13CDOC and δ13CPOC of these carbon species were 
very close (− 30‰ to − 26‰) and typical of the forested C3 vegetation. The relationship 
observed between DOC and log  pCO2 and δ13CDIC indicated that besides the considerable  
CO2 evasion that occurs as DIC is transported from soils to streams, there were also other 
processes affecting the stream DIC pool. In-stream mineralization of DOC and mixing of 
atmospheric carbon had a significant influence on the δ13CDIC values. These processes 
which varied seasonally with hydrological changes represent the main control on DOC 
and DIC cycling in the wet tropical milieu. The rapid turnover of carbon on hillside soils, 
the transformation of TOC to DOC in wetland soils and further mineralization of stream 
DOC to DIC favor the evasion of C, making the zone a source of carbon to the 
atmosphere.
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1 Introduction

Terrestrial carbon export via inland aquatic systems is a key process in the global 
carbon cycle that include sources of carbon to the atmosphere via outgassing from 
rivers and or reservoirs and carbon fixation in the water column as well as in 
sediments (Marx et  al. 2017). Much studies on terrestrial carbon export balances 
have focus on large size rivers (Bird et al. 1998; Richey et al. 2002; Brunet et al. 
2005; Crawford et al. 2014). However, much remains to be done with respect to 
headwater streams that are even very important because their biogeochemistry 
directly reflects carbon input from soil and groundwater (Amiotte-Suchet et al. 
1999; Lambert et al. 2011; Huang et al. 2013; Campeau et al. 2018). The soil–stream 
interface is known to be a site for biogeochemical and physical transfor-mation for 
the cycling of carbon and the major driver of terrestrial dissolved inorganic, organic 
and particulate organic carbon (DIC, DOC and POC) influxes (Öquist et al. 2009; 
Ledesma et al. 2017; Marx et al. 2017; Zhong et al. 2018). The close connectivity 
between soils and headwater streams therefore justifies much of their contribution to 
inland stream water carbon.

Soil organic carbon (SOC) is a main control on DOC and POC supply to headwater 
streams (Coynel et  al. 2005; Lambert et  al. 2014). Stream DOC and POC loads gener-
ally increase with increasing discharge, notably after the onset of precipitation (Morel 
et al. 2009; Brunet et  al. 2009) because the rise in water table leads to the increase in 
runoff that leaches the soils. This is consistent with supply of SOC from topsoil 
horizons of wet-land areas, which is different from that of deeper hillside soil horizons 
(Billett et al. 2006; Evans et al. 2007; Sanderman et al. 2009; Lambert et al. 2014). 
DOC transport from soils to the stream network is governed by the interactions between 
soil carbon reservoirs and catchment hydrology (Lambert et al. 2011).A positive 
correlation has been found between stream DOC fluxes and the percentage of wetland 
area of headwater (Andersson and Nyberg 2008; Billett et al. 2006; Lauerwald et al. 
2012). This relationship, which is con-sistent with flow regimes, justifies the correlation 
between DOC concentrations and the seasonal variability of stream discharge 
(Strohmeier et al. 2013). Mineralization of DOC to  CO2 and DIC controls the fate of 
carbon from soils to stream networks (Palmer et al. 2001; Bengtson and Bengtsson 
2007). Thus, stream  CO2 and DIC concentrations are closely linked to DOC 
concentration patterns and compositions (Amiotte-Suchet et al. 2007; Bru-net et al. 
2009; Lapierre et al. 2013). Generally, DIC is considered the most abundant car-bon 
specie in rivers and streams, mostly supplied by groundwater (Marx et al. 2017). DIC is 
made of the different inorganic carbon species  (CO2(aq) and  H2CO3,  HCO3

− and  CO3
2

−) whose relative proportion in water depends on pH and temperature (Dickson et al. 
2007). Hence, the relative distribution of DIC species in groundwater and streams is 
different in catchments with silicate (dominated by  CO2(aq),  H2CO3 and  HCO3) and 
carbonate bedrock (dominated by CO2

3) (Ludwig et  al. 1996). Water from catchments 
with strictly silicate basement can have pH values below 4.5, being oversaturated in  
CO2(aq) and leading to  CO2 outgassing (Campeau et  al. 2017; Zhong et  al. 2018). This 
rapid evasion of soil-derived carbon dioxide to the atmosphere upon delivery to streams 
is the main contributor for the cycling of DIC (Brunet et al. 2009; Marx et al. 2017). 
Although  CO2 exchange drives cur-rent understanding of DIC cycling between soils 
and headwater streams (Leith et al. 2015; Campeau et al. 2018), the relative 
contributions of DIC production processes remain gen-erally unclear. In headwater 
streams, DIC originates mostly from soil-respired  CO2 that is produced by root and 
microbial respiration, including the decomposition of organic matter (Amundson et al. 
1998). The  CO2 produced is involved in mineral weathering; thus, the 



DIC export from headwater streams is strongly related to lithology (Probst et  al. 1994; 
Telmer and Veizer 1999; Wallin et al. 2013). In-stream aquatic biodegradation and photo-
degradation (Opsahl and Zepp 2001; Porcal et al. 2015) and fixation of atmospheric  CO2 
in headwater catchments may also regulate DIC and influence the interpretation of the DIC 
cycling (Marx et al. 2017; Campeau et al. 2018).

Previous studies have highlighted the fact that variable physical and biogeochemi-
cal mechanisms and hydrological connectivity control the carbon dynamics in headwa-
ter streams. These studies highlight the fact that water fluxes alone would not permit the 
understanding of seasonal changes of carbon dynamics in streams without taking into 
account the processes governing the transformation of carbon at the soil–stream interface. 
This interplay of biological, chemical and physical processes influencing carbon dynamics 
in headwater streams is, however, complex and often causes high spatiotemporal variabil-
ity. Some studies (Feller and Beare 1997; Wynn et al. 2006) have used the stable C isotope 
ratio (13C/12C) to trace these different biogeochemical transformations in both stream water 
and groundwater. Studies on the variation of the DOC and POC isotopic signature in soil 
waters, groundwaters and stream waters have shown that the variation in the isotopic com-
position of SOM strongly influences that of DOC and POC (Lambert et  al. 2011). The 
δ13C has been successfully used to distinguish between in situ aquatic production and soil-
derived POC (Balakrishna and Probst 2005; Caroni et al. 2012). The interpretation of δ13C 
values of DIC in stream water and groundwater was successfully applied to distinguish 
between the biogenic and the geogenic source of DIC (Deines et al. 1974). δ13CDIC val-
ues have recently been considered a potential measure of the degree of atmospheric  CO2 
evasion from groundwaters and streams (Polsenaere and Abril 2012; Venkiteswaran et al. 
2014), but this patterns in δ13CDIC values simultaneously reflect a larger range of sources 
and processes (Campeau et al. 2017).

While several studies have used the δ13C values to interpret the organic and inorganic 
carbon dynamics in large river systems, few studies have focused on headwater systems 
(Amiotte-Suchet et al. 1999; Palmer et al. 2001; Doctor et al. 2008; Lambert et al. 2011, 
2014; Campeau et al. 2018). Moreover, only few of these studies have been conducted in 
strictly silicate catchments where the influence of geogenic DIC sources can be ignored 
(Amiotte-Suchet et al. 1999; Campeau et al. 2018).

The Nsimi Small Experimental Watershed (NSEW) has been under investigation for 
hydrology and biogeochemistry for the last 20 years. This catchment is a local unit which 
forms part of the Nyong River Basin Network, the second largest river in Cameroon and 
one of the rare environmental observatory sites for climate and hydrochemical studies in 
the Central African tropical region. The close connectivity between soils and headwater 
streams justifies much of their contribution to inland stream water carbon at local scale and 
to the transfer of soil carbon to the ocean at regional scale. The NSEW is developed on a 
granito-gneissic basement and is under two geomorphologically controlled systems: (1) a 
hillside lateritic system and (2) a hydromorphic swamp system. Previous studies on hydro-
chemical transfer and water dynamics have provided knowledge on water pathways and 
outlined a hydrological model for the catchment. The mineralogy and geochemistry of the 
solid phases and the water chemistry have been extensively studied within both systems. 
(Ndam 1997; Olivié-Lauquet et al. 1999, 2000; Viers et al. 2000, 2001; Boeglin et al. 2003; 
Ndam Ngoupayou et al. 2005a; Braun et al. 2005; Maréchal et al. 2011). Flux studies have 
reported the organic carbon dynamics and contemporary fluxes for major (Ca, Na, Mg, K, 
Fe, Al, Ti) and for selected trace elements (Th, Zr) at the outlet of the NSEW (Viers et al. 
1997; Olivia et al. 1999; Ndam Ngoupayou et al. 2005b; Braun et al. 2005). These studies 
showed that the organic-rich surface waters draining the swamp system, in which DOC 



represented almost 50% of dissolved load, enhanced the mobilization and transfer of Al, 
Fe and transition metals such as Th, Ti and Zr (Braun et al. 2005). However, the contri-
bution of each system to organic and inorganic carbon sources and the determination of 
factors controlling carbon chemistry and temporal changes in carbon pools with seasons 
remains poorly understood in this headwater catchment. Nkoue Ndondo (2008) and Brunet 
et al. (2009) used the distribution of stable isotopes in river water to constrain and quantify 
the flux of organic and inorganic carbon from the river to the ocean and atmosphere. This 
study showed the role of swamps as source areas of DOC, but did not, however, 
highlight the native processes that link the soil carbon sources to stream carbon and 
their relative evolution throughout the hydrological cycle.

This study aims to use the δ13C, to link the vertical distribution of total organic carbon 
(TOC) in both ferrallitic and hydromorphic soil systems to groundwater and stream water 
DOC, POC and DIC, highlighting the biogeochemical processes that control the seasonal 
shift of carbon species in the catchment and their seasonal variation in response to hydro-
logical changes.

The specific objectives were: (1) to trace the main sources of dissolved organic and 
inorganic carbon in the soil–stream system, (2) to investigate the processes that control 
the carbon transformation and (3) to ascertain the seasonal variation of different carbon 
components in order to assess the contribution of different carbon pools with hydrological 
changes.

2  Site Description

The 60 ha Nsimi Small Experimental Watershed (NSEW) is a first-order headwater catch-
ment located in southern Cameroon (3° 10′ N, 11° 51′ E) and forms part of the Nyong 
river basin (Fig. 1). This site belongs to a long-term monitoring program of hydro-bioge-
ochemical cycles within the rainforest of Central Africa, as part of the French network of 
Environmental Research Observatories (ORE), jointly set up and managed by the “Institut 
de Recherche pour le Development” (IRD) and the “Centre National de la Recherche Sci-
entifique” (CNRS) (Braun et al. 2005; Boeglin et al. 2005; Brunet et al. 2009).

NSEW is characterized by convexo-concave rounded hills that ranges from 669 m at the 
outlet to 703 m at the top of the hill, separated by flat swamps zone. Soils in the catchment 
have developed from granites and granitoid basement belonging to the Congo shield (Mau-
rizot et  al. 1986; Takam et  al. 2009). The hillside regolith is composed of a 15-m-thick 
saprolite and complex polygenetic lateritic soil that consists of four main horizons, namely 
the mottled clay horizon, the carapace, the nodular ferruginous horizon and the soft clayey 
topsoil, which is overlain by a thin organic layer (Braun et al. 2005). The thickness of the 
soil cover decreases progressively toward the flat swamp, in which the poor drainage 
leads to the development of hydromorphic soils. A thick dark-brown organic-rich horizon 
com-posed of dead and living roots and other plant residues overlies the hydromorphic 
soils. Semideciduous rainforest covers 60% of the rounded hills, and cultivated food crops 
cover the remaining 40%. Semiaquatic plants of the Araceae family, Gilbertiodendron 
dewevrei and Raffia monbuttorum (raffia palm trees) comprise most of the swamp 
vegetation. The current regional humid tropical climate is marked by two dry and two 
wet seasons of une-qual length and intensities.

The rainfall regime amounts to an average of 1742 ± 124 mm/year between 1995 and 
2015. The NSEW is drained by the Mengong stream, whose annual average discharge 



Fig. 1  a Location of the Nyong river basin in the southern Cameroon and b location of the Nsimi Small 
Experimental Watershed (SEW) in the Nyong river basin and c map of the Nsimi SEW showing the 
swampy area (shaded area), the L6 soil catena, the spring, the outlet and the sampling sites alongside the 
main L6 catena



during the period 1995–2015 was 7.8 ± 5 L/s at the outlet. The hydrological functioning 
of the catchment is governed by two main systems depending on water-table fluctuations: 
(1) a hillslope, with deeper water table, associated with essentially vertical water pathways
and (2) a wetland where the water table usually reaches the soil surface during the wet
season. A part of the water from deeper hillside aquifer emerges at specific seepage points
and springs and is conveyed to the stream. The stream is adjacent to the wetland domain
whose extent is highly variable between 8 and 20% of the total surface area of the catch-
ment depending on hydroclimatic conditions (Braun et  al. 2005). Maréchal et  al. (2011)
established the hydrological model for the catchment highlighting that the main contribu-
tion to streamflow is through the hillside aquifer which represents 64% of total stream flow.
The second contribution of about 25% is from swamp overland flow during storm events.
The groundwater flow from the swamp aquifer contributes to about 11% of streamflow.

3  Methods

The locations of the watershed sampling and the recording equipment have been described 
in Braun et  al. (2005). A schematic cross section was generated along the L6 catena, in 
which some weathering profiles of the north hillside and of the swamp were selected for 
soil and groundwater sampling, as shown in Fig. 1.

3.1  Soil/Litter Sampling and Preparation

Bulk soil samples of 1 kg were collected in each sampling point from the surface toward 
depth, in four open pits (F1, F3, L6-470 and L6-510) along the northern slope of the L6 
catena (Fig. 1). Pit FI was at the top of hill and pit F3 at the middle of hill. Pit L6-470 was 
at the hill–swamp transition, while pit L6-510 was in the saturated swampy area. Sam-
ples of the lateritic soil were collected in the soft clay topsoil horizon, within the first 2 m 
depth at pit F1 and 1 m depth at pit F3. In the hydromorphic soil, sampling was done in 
the organic-rich horizon, the clayey organic horizon and the sandy organic horizon within 
1.5 m depth at pits L6-470 and 1 m depth at pit L6-510. The sampling depth was adapted 
to the thickness of the soil horizons, responding to the observed decrease in soil cover from 
the top of the hill toward the flat swamp. Considering that the horizon is constituted of lay-
ers with different material and different color, two to three samples were collected in each 
layer, depending on its thickness. After manual removal of large roots and gravels, soil 
samples were oven-dried at 45 °C for 5 days, separated with a sample divider, thoroughly 
homogenized and ground to fine powder. Bulk litter was collected at the vicinity of every 
soil sampling point, rinsed with distilled water, oven-dried at 45 °C for five days and then 
ground to fine powder.

3.2  Water and TSS Sampling

Groundwater samples were collected monthly for a year from the hillside through piezome-
ter installed at the bottom of the pit F3 at 8.5 m depth. Samples of wetland from the swamp 
aquifer were also collected monthly using two soil solution collectors implanted at depths 
of 0.4  m (surface low bottom—SLB) and 1.6  m (deep low bottom—DLB). The spring 
water was also sampled monthly, and discharge was measured continuously using a OTT 
water level recorder. These water samples were assumed to represent the main contributors 



to streamflow in the catchment. Water from pit F3 and the springs represented the hillside 
aquifer, and that of DLB and SLB, respectively, represented the swamp aquifer and the 
saturated soil water of overland flows. Stream water was sampled fortnightly for a year at 
the outlet and discharge measured continuously using an OTT Thalimedes data logger. pH 
(pH 330i/SET probe, manufactured by WTW), temperature and conductivity (LF 325-B/
SET probe, manufactured by WTW) were measured in the field.

Water samples were filtered in the field through 0.7-µm filters (glass-fiber filters What-
man GF/F). The filters and the filtration unit were pre-rinsed with distilled water and then 
with a few mL of the sampled water. A 60-mL opaque glass vial was used for determining 
the concentration of DOC. Samples for stable carbon isotope analyses of DOC (δ13CDOC) 
were collected in 40-mL Trace Clean EPA vials, and samples for stable carbon isotope 
analyses of DIC (δ13CDIC) were collected in 500-mL glass bottles. Sealed high-density 
polyethylene bottles of 125 mL of raw water were collected for alkalinity titration. All the 
samples were treated with  HgCl2 to prevent microbial activity. TSS was determined by fil-
tering 500 mL of stream water through 0.7-µm pre-combusted glass-fiber filters (Whatman 
GF/F). Filters were weighed before use, and after filtration, they were oven-dried at 60 °C 
during 6 h and then re-weighed. The TSS (mg L−1) is given as the difference between the 
two weights. POC and stable carbon isotope of POC (δ13CPOC) were analyzed on total sus-
pended sediment.

3.3  Soil and Water Analysis

The dry mass of total organic carbon (TOC), particulate organic carbon (POC) and total 
nitrogen (TN) was analyzed by combustion using a Carlo Erba analyzer (EA-CE 1500 
NA), coupled with a Micromass Isochrom (EA-MS) continuous flow mass spectrometry 
for δ13CTOC, δ13CPOC and δ15NTN determination at “Centro de Energia Nuclear na Agri-
cultura Piracicaba Brazil. Soil, litter and TSS samples were prepared as follows. About 
10 g of grounded or sieved sample was acidified by adding a solution of 1 N HCl, with a 
soil/solution ratio of 1:10. After agitation for 1 h, sample were rinsed with distilled water, 
then dried at 60 °C for 24 h and finally crushed. Thin capsules were used for sample load-
ing in the elemental analyzer.

The TOC content was expressed as % of dry mass of ground sample. The average con-
tent of each layer was considered as the mean of its corresponding samples in the sampled 
pits. The δ13C and δ15N values are reported in the conventional delta notation as per mil 
deviation between the measured 13C/12C and 15N/14N ratios and the 13C/12C and 15N/14N 
ratios of the international standard Vienna Pee Dee Belemnite (V-PDB) and air, respec-
tively, as follows (Craig 1957; Nier 1950):

Each sample was analyzed in duplicate, and the accuracy was ± 0.2‰ for δ13C 
and ± 0.001‰ for δ15N.

The Alkalinity titration using the Metrohm 716 DMS titrator was done within 24 h of 
sampling by Gran method with a 0.02  M HCl solution. The partial pressure  pCO2 and 
the inorganic carbon species  (H2CO3,  HCO3

− and  CO3
2−) were calculated from field pH 

(1)δ13C(‰) =
[(

(

13C/12C
)

sample
∕
(

13C/12C
)

standard

)

− 1
]

∗ 1000 and

(2)δ15N(‰) =
[(

(

15N/14N
)

sample
∕
(

15N/14N
)

standard

)

− 1
]

∗ 1000.



and alkalinity following Weiss (1974) after correction for temperature. DIC concentra-
tions were derived by adding the inorganic carbon species. The accuracy of this calcu-
lation strongly depends on the quality of the pH measurements, for which field pH was 
used, the measurement having uncertainties of ± 0.04 pH units. Thus,  pCO2 and DIC val-
ues calculated here characterize upstream catchments in non-carbonate environments, with 
low ionic strengths and low pH values, having errors of approximately ± 11% according to 
Marx et al. (2017).

DOC concentrations were determined using Pt-catalyzed, high-temperature combus-
tion (680 °C) followed by infrared detection of  CO2 using a Shimadzu TOC-5000 at Geo-
sciences Lab, Toulouse, and δ13CDOC was analyzed using a Finningan MAT DeltaPlus 
isotope ratio mass spectrometer at the G.G. Hatch Isotope Lab, Ottawa. Before DOC and 
δ13CDOC analysis, filtered water samples were acidified by adding 1  mL of 1  N HCl to 
remove all traces of inorganic carbon, and then finally frozen and freeze-dried. For δ13CDIC 
analysis, 20 mL of water sample was injected into 200-mL septum-sealed pre-combusted 
glass vials connected to a vacuum line. The glass vials were prefilled with 2 mL of con-
centrated phosphoric acid (85%) in order to convert all DIC species to  CO2(g). According 
to the procedure outlined by Kroopnick et  al. (1970), the evolved  CO2 was successively 
purified with a precision of 0.3‰ with liquid nitrogen and transferred into a glass tube by 
cryogenic trapping. The so-extracted  CO2(g) samples were analyzed for δ13C composition 
using a VG OPTIMA mass spectrometer at the “Centre de Géochimie de la Surface” Lab, 
Strasbourg. The δ13CDOC and δ13CDIC are reported in the conventional delta notation as per 
mil with a precision of ± 0.2‰ (Eq. 1).

3.4  Determination of DIC Sources

The Keeling and Miller-Tans plot analyses were used to test the influence of soil-respired 
 CO2 and DOC mineralization to the source of stream water DIC (Keeling 1958; Miller and 
Tans 2003). These approaches are particularly suitable for approximating the integrated 
δ13C of the DIC source when including multiple observations scattered in time or space. 
These models assume linearity, with simple mixing of carbon sources without further frac-
tionation processes. Violation of these assumptions can occur as a result of nonlinear frac-
tionation processes, such as kinetic fractionations (e.g.,  CO2 evasion), Rayleigh distilla-
tion processes (e.g., photosynthesis) or biodegradation and photodegradation of DOC. This 
method is based on the mixing of isotopically distinct carbon sources and the combination 
of the principle of conservation of mass, presented as follows:

where δ13Cobs and  Cobs are the observed carbon isotopic composition and concentration, 
respectively, in each sample, resulting from a mixture of the carbon isotopic composition 
and concentration of the source. The suffix “S” represents the DIC source (δ13CS × CS) and 
suffix “B” (δ13CB × CB), atmospheric  CO2.

The Keeling and Miller-Tans regression plots (Eqs. 4 and 5, respectively) can be derived 
from Eq. (3) as the linear form (y = ax + b):

(3)δ13Cobs ∗ Cobs = δ13CS ∗ CS + δ13CB ∗ CB

(4)δ13Cobs = CB

(

δ13CB − δ13CS

)

∗

(

1

Cobs

)

+ δ13CS



In stream water and groundwater with poor buffering capacity,  CO2 evasion can shift 
the δ13CDIC value by 1–4‰. Consequently, the interpretation of the δ13CS derived from 
these mixing equations must be made with caution.

4  Results

4.1  Seasonal Variations of Rainfall, Stream Discharge and Water‑Table Levels

Precipitation from rainfall occurred frequently throughout the year (Fig.  2a). There was 
no significant rainfall from mid-July to late August during the short dry season (SDS) and 
from late January to mid-February during the long dry season (LDS). Between early Sep-
tember and late October during the long rainy season (LRS), 54% of the total amount of 

(5)δ13Cobs ∗ Cobs = δ13CS ∗ Cobs − CB

(
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Fig. 2  a Rainfall (bars) and stream discharge (solid line) showing the instantaneous hydrological reaction 
of the watershed (high discharge is correlated with high rainfall) and b water-table levels during the studied 
period



rainfall was observed. From mid-March to mid-July during the short rainy season (SRS), 
46% of total rainfall was recorded. High amounts of rainfall (greater than 30 mm/day) were 
recorded during the months of March, May, June and July (Fig. 2a). It should be noted that 
the hydrological year considered in this study has been particular, characterized by a rainy 
season that extended until January, with an early return of precipitation as early as mid-
February. This atypical hydrological profile has resulted in maintaining near-permanent 
wetness in the watershed throughout the hydrological cycle. Stream discharge from the 
Mengong was generally in sync with the rainfall. High discharge rates greater than 30 L/s 
corresponded to high rainfall events in early May and late October.

Fluctuations in water levels were low but in sync with seasonal variations of rainfall in 
the swamp. (Fig. 2b). The swamp was mostly saturated during the rainy seasons overflow-
ing into the stream. These fluctuations were more pronounced in hillslope, with a delay 
of the peaks compared to that of precipitation, thus reflecting a 1-month average recharge 
period. Water levels dropped during the dry seasons, with lowest water levels observed 
during the LDS on the hilltop, while remaining below ground level in the swamp location.

4.2  TOC and TN Contents and δ13CTOC and δ15NTN Composition in Soil Profiles

The TOC and TN concentrations and δ13CTOC and δ15NTN values are summarized in 
Table 1.

TOC in ferrallitic soil from F1 and F3 (Fig. 3a) decreased with depth. In the thin humus 
layer (5–10 cm), the average TOC was 7.0 ± 1.0 wt % and decreased sharply in the clayey 
overlay to an average of 0.5 wt % at 100 cm. The hydromorphic soil (Fig. 3c) had higher 
TOC contents of 14.4 wt % on average in the first 0–10 cm of the organic-rich layer. The 
TOC remained higher at L6-510 and decreased steadily in the clayey organic layer and the 
sandy organic layer where TOC content was up to 3.0 wt % at 70 cm depth. At L6-470, 
TOC decreased sharply to 0.8–35 cm depth. The TOC content in litter ranged between 24.9 
and 26.0 wt % under forest. Litter under fallow vegetation had TOC content of 16.7 wt %, 
and that under aquatic grass at the shallow swamps was 22.5 wt %. The profiles of the hill-
side ferrallitic soils had no measurable TN. Nitrogen contents in hydromorphic soils of the 
shallow swamps at L6-510 were relatively low between 1.3 wt % at 5 cm in the organic-
rich layer and 0.1 wt % at 70 cm in the clayey and sandy organic layer. TN in litters ranged 
between 0.7 and 2.4 wt %.

In the ferrallitic soil profiles, δ13CTOC varied between − 19.8‰ and − 30.8‰ (Fig. 3b). 
Surface litter sampled around F1 and F3 was more enriched with δ13CTOC values of 
− 21.1‰ and − 19.8‰, respectively. Below the surface, the thin humus layer between 0
and 10 cm depth was most depleted with δ13CTOC between − 30.8 and − 28.4‰. Deeper
in the clayey overlay, δ13CTOC was enriched by up to 5‰ and then stabilizes to around
− 25 ± 0.7‰ on average. In hydromorphic soil profiles, δ13CTOC varied between − 17.9 and
− 31.1‰ (Fig.  3d). Surface litter from both L6-470 and L6-510 was relatively depleted
with δ13CTOC of − 31‰. In the organic-rich layer, between 5 and 10 cm in L6-470, there
was a further increase in δ13CTOC to − 20.5‰. In L6-510, the observed δ13CTOC increase
was more pronounced to − 17.9‰ and extended to the clayey and sandy layers at 50 cm
depth. Between 10 and 150 cm and 70 and 100 cm in L6-510 and L6-470, respectively,
δ13CTOC decreased to values averaging -28 ± 0.7  ‰. Litter under forest and fallow at F1,
F3 and L6-470 had TN content between 0.7 and 1.9% and δ15NTN between 3.6 and 8.2‰.
TN content was not measurable in these soil profiles. In hydromorphic soil of the shallow
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swamps (pit L6-510), TN content in litter was 2.4% and declined with depth from 1.3% in 
the organic-rich layer at 10 cm depth to 0.1% in the clayey and sandy layer at 70 cm depth.

4.3  DOC and POC Concentrations, and δ13CDOC and δ13CPOC Compositions in Soil 
and Stream Water

DOC and POC concentrations, and δ13CDOC and δ13CPOC in water sampled from hillside 
groundwaters (pit F3 and spring), groundwater of swamps (DLB), saturated soil water 
of swamps (SLB) and stream water are presented in Table 2. DOC concentrations in all 
groundwaters were low and varied between 0.3 and 4.5 mg/L, showing just a slight positive 

(a) (b)

(c) (d)

Fig. 3  Variation of total organic carbon content (TOC) and the values of TOC stable carbon isotope 
(δ13CTOC) with soil depth (m) for the hillside soils (a, b) and for the wetland soils (c, d)



Ta
bl

e 
2 

 R
an

ge
s 

(m
ax

im
um

, m
in

im
um

, m
ea

n 
an

d 
st

an
da

rd
 d

ev
ia

tio
n)

 o
f t

em
pe

ra
tu

re
 (T

 °
C

), 
pH

, a
lk

al
in

ity
, l

og
 p

ar
tia

l p
re

ss
ur

e 
of

 c
ar

bo
n 

di
ox

id
e 

(lo
g 

 pC
O

2)
, D

O
C

 a
nd

 D
IC

 
co

nt
en

t, 
δ13

C
D

IC
 a

nd
 δ

13
C

D
O

C
 is

ot
op

ic
 si

gn
at

ur
es

 in
 so

il 
w

at
er

 (S
LB

), 
gr

ou
nd

w
at

er
 (P

it 
F3

 a
nd

 D
LB

), 
sp

rin
g 

w
at

er
 a

nd
 st

re
am

 w
at

er
 o

f t
he

 N
SE

W

Sa
m

pl
in

g 
si

te
T 

°C
Fi

el
d 

pH
A

lk
 (µ

eq
/L

)
lo

g 
 pC

O
2

D
IC

 (m
g/

L)
δ13

C
D

IC
 (‰

)
D

O
C

 (m
g/

L)
δ13

C
D

O
C
 (‰

)
PO

C
 (m

g/
L)

δ13
C

PO
C
 (‰

)

Sp
ri

ng
M

ax
26

.7
6.

6
78

.5
−

 2.
0

25
.6

−
 7.

4
1.

2
−

 26
.3

na
na

M
in

22
.7

4.
7

55
.9

−
3.

0
1.

3
−

 20
.9

0.
3

−
 28

.6
na

na
M

ea
n

23
.6

5.
1

66
.4

−
 2.

5
16

.9
−

 14
.2

0.
4

−
 27

.0
na

na
SD

1.
2

0.
6

6.
8

0.
4

8.
4

5.
0

0.
2

0.
6

na
na

Pi
t F

3
M

ax
25

.9
6.

1
81

.5
−

 2.
1

29
.2

−
 9.

1
4.

5
na

na
na

M
in

22
.6

4.
5

35
.8

−
 3.

0
2.

8
−

 20
.4

0.
4

na
na

na
M

ea
n

23
.5

5.
0

50
.3

−
 2.

5
10

.6
−

 14
.5

1.
4

na
na

na
SD

1.
0

0.
5

15
.0

0.
3

7.
6

4.
4

1.
2

na
na

na
D

LB
M

ax
26

.3
6.

8
16

8.
9

−
 2.

0
40

.8
−

 6.
6

3.
0

na
na

na
M

in
22

.4
4.

9
13

4.
0

−
 2.

9
2.

3
−

 20
.2

0.
5

na
na

na
M

ea
n

23
.7

5.
6

15
5.

7
−

 2.
5

20
.1

−
 12

.5
0.

9
na

na
na

SD
1.

1
0.

6
13

.6
0.

3
12

.3
5.

5
0.

7
na

na
na

SL
B

M
ax

26
.3

6.
6

21
6.

0
−

 2.
1

39
.2

−
 8.

8
18

.2
na

na
na

M
in

21
.9

4.
9

50
.7

−
 2.

9
1.

8
−

 22
.2

1.
7

na
na

na
M

ea
n

24
.2

5.
5

12
2.

6
−

 2.
5

17
.2

−
 16

.3
8.

0
na

na
na

SD
1.

4
0.

6
47

.3
0.

3
10

.7
4.

0
5.

9
na

na
na

St
re

am
M

ax
28

.8
6.

2
14

0.
8

−
 1.

5
15

.7
−

 14
.2

29
.6

−
 29

.0
4.

8
−

 28
.0

M
in

21
.2

5.
1

25
.6

−
 2.

7
1.

0
−

 23
.0

12
.7

−
 29

.5
0.

1
−

 29
.9

M
ea

n
23

.9
5.

5
81

.0
−

 2.
0

6.
1

−
 20

.0
21

.7
−

 29
.3

1.
8

−
 29

.0
SD

1.
7

0.
3

31
.3

0.
3

3.
2

2.
4

4.
5

0.
2

1.
2

0.
7

na
 n

ot
 a

na
ly

ze
d



shift at the beginning of the SRS (Fig.  4b). In SLB and stream water, DOC concentra-
tion varied between 1.7 and 18.2 mg/L and 14.6 and 30.5 mg/L, respectively, with peaks 
observed most often during rainy seasons (SRS and LRS). POC was low in the stream 
samples (Table 2), with concentration ranging between 0.1 and 4.8 mg/L, representing on 
average 24.8 ± 5.4% of total suspended sediment (TSS). The stream POC variation was in 
sync with TSS, increasing slightly at the beginning of the rainy seasons (Fig. 4c). The nota-
ble peak of POC was observed during the LDS.

δ13CDOC in stream water of the Mengong brook was − 29.3 ± 0.2‰, generally 2.3‰ 
units lighter than that of the spring (− 27.0 ± 0.6‰ on average, Table 2). Little temporal 
variation of the δ13CDOC was observed for the spring with more depleted values observed 
during LRS and heavier values during LDS. Slight shift was observed for δ13CPOC that fluc-
tuated between − 29.9 and − 28.0‰ during the sampling period, with increases observed at 
the beginning of the rainy periods.

4.4  T°, pH,  pCO2, DIC Concentrations and Stable Carbon Isotope Composition 
(δ13CDIC)

Temperature ranged from 22.3 to 26.7  °C, averaging 23.8 ± 1.4  °C. In general, tempera-
ture decreased between March and August and increased slightly between September and 
February. All the pH of the samples was acidic, ranging between 4.5 and 6.8, the lowest 
pH values being observed for hillside groundwaters (pit F3 and spring). Generally, pH was 
less acidic at the beginning of the SRS. Alkalinity ranged from 25.6 to 216.0 µeq/L, and 
samples from SLB and DLB were more alkaline than those of hillside groundwaters (pit 
F3 and spring). All samples were saturated in  CO2, with log  pCO2 ranging from − 2.98 to 
− 1.46 atm and averaging − 2.3 ± 0.4 atm (Table 2). Higher values of  pCO2 were observed
for stream water.  pCO2 was low during the SRS and the SDS and high during the LRS and
the LDS.

The DIC concentrations from the SLB, DLB and the spring were comparable 
(17.2 ± 10.7 mg/L; 20.1 ± 12.3 mg/L; 16.9 ± 8.4 mg/L on average, respectively) but higher 
than that in samples from the pit F3 (10.6 ± 7.6 mg/L on average). Stream DIC concen-
trations were relatively low (6.1 ± 3.2 mg/L on average), compared to that of groundwa-
ter samples. DIC concentrations dropped during the rainy seasons and increased during 
the dry season, with lowest DIC values recorded during the SRS (Fig. 5b). This pattern is 
observed for both stream and groundwater.

δ13CDIC isotopic compositions were similar in groundwaters (spring, F3 and DLB), var-
ying between − 20.9 and − 6.6‰ and generally enriched with regard to saturated soil water 
of swamps (SLB between − 22.2 and − 8.8‰) (Table 2). The δ13CDIC of stream water sam-
ples was more depleted than those of groundwaters and soil water, varying between − 14.2 
and − 23.0‰. In general, δ13CDIC exhibited similar patterns in all the sampling locations. 
The δ13CDIC of groundwaters and soil water was enriched during the SRS and SDS and was 
depleted during the LRS and LDS (Fig. 5c). The seasonal shift of stream water δ13CDIC 
was comparable to that of samples from SLB. A general decrease in δ13CDIC was observed 
at the beginning of the SRS. This depletion was more pronounced during the LRS reaching 
the most depleted values at the end of the LDS (Fig. 5c).



5  Discussion

This section explains the surface water, groundwater and stream water δ13C of DOC, DIC 
and POC values, highlighting the sharp linkage between soil organic carbon and stream 
DOC, demonstrating that DIC transformations are regulated by different biogeochemi-
cal processes other than atmospheric  CO2 evasion. We also highlight the main processes 
that control carbon transformation in soils and stream of this headwater catchment. The 
dependence of carbon sources to the seasonal water changes and the relationship with dif-
ferent carbon pools to the stream are also discussed.

5.1  Linkage Between Soil Organic Carbon and Stream DOC, POC and DIC

The distribution of TOC and δ13CTOC in the NSEW displayed a vertical and lateral vari-
ation along the slope between the hillside and the swamp wetland. These variations are 
ideal in linking soil organic material sources to stream DOC and POC and for detecting 
potential temporal changes in stream DOC and POC sources (Balesdent and Mariotti 1996; 
Amiotte-Suchet et  al. 1999; Lambert et  al. 2011). TOC content decreases sharply with 
depth in hillside ferralitic soil, suggesting a high rate of organic carbon turnover with depth 
and leading to soil-derived carbon dioxide  (CO2) and DIC. In contrast, the accumulation 
of rich TOC content in saturated soil water of swamps might justify the high DOC con-
centration observed in both the soil water of the swamps and stream water, and the poor 
DIC delivery to the stream. Earlier studies in this catchment show that two types of water 
can be distinguished depending on DOC and DIC concentrations: (1) clear water (spring 
water, deep groundwater from pit F3 and DLB) with low DOC concentration and signifi-
cantly high DIC concentration, representing about 20% of the stream flow and (2) dark tea 
water (saturated soil waters from wetland and stream water) with high DOC concentration 
and relatively low DIC concentration (especially for the stream water) (Ndam Ngoupayou 
et al. 2005b; Viers et al. 1997; Olivia et al. 1999; Boeglin et al. 2005; Brunet et al. 2009). 
This notable difference of DOC and DIC contents between groundwater of deeper horizon 
and saturated soil water of wetland and stream has equally been observed in several catch-
ments (Amiotte-Suchet et  al. 2007; Sanderman et  al. 2009; Lambert et  al. 2011; Huang 
et al. 2013; Campeau et al. 2018). This suggests that processes that convert initial organic 
material to DOC and DIC are different in both the hillside and wetland soils. Although 
the DIC content was a bit higher in the springs with respect to the stream outlet which 
justifies carbon evasion in the transfer process in both studies. We observe, however, that 
δ13CDIC for our study was more depleted at the outlet of the river with regard to the spring, 
which is contrary to what was observed by Brunet et al. (2009). The hydrological model 
of this catchment (Ndam Ngoupayou et  al. 2005a, b; Braun et  al. 2005; Maréchal et  al. 
2011) shows that spring water originates from hillside aquifers. This justifies the compara-
ble enriched δ13CDIC from hillside aquifer and spring water. Our depleted δ13CDIC observed 
in spring water could be related to water supplied from swampy areas which has more 
depleted δ13CDIC with high DOC concentrations. As a consequence, carbon evasion cannot 

Fig. 4  a Seasonal variation of rainfall and discharge plotted with b the seasonal shift of DOC, c TSS and 
POC concentrations in stream water and d the seasonal shift of δ13CDOC and δ13CPOC values in spring water 
and stream water. The shaded lines represent the separations of the four major seasons (SRS small rainy sea-
son, SDR small dry season, LRS long rainy season, LDS long dry season)

▸



(a)

(b)

(c)

(d)



(a)

(b)

(c)

Fig. 5  a Seasonal variation of discharge plotted with b the seasonal shift of DIC concentrations and c the 
seasonal shift of δ13CDIC values in soil waters and stream water. The shaded lines represent the separations 
of the four major seasons (SRS small rainy season, SDR small dry season, LRS long rainy season, LDS long 
dry season)



be used alone to justify the variation of isotopic composition between the spring and the 
stream outlet.

In the NSEW, the isotopic composition of SOM, the primary source of DOC and POC 
in the stream water, is typical of C3 plant cover, with δ13C of − 30.8 to − 26.6‰ for the 
thin humus layer in ferralitic soil and an enrichment by 1–6‰ in δ13C values with increas-
ing depth. These types of depth trends where TOC decreases while δ13CTOC is enriched are 
common to a number of environments, with stable C3 ecosystem (Balesdent and Mariotti 
1996; Koutika et al. 1997; Powers and Schlesinger 2002; Wynn and Bird 2007). Previous 
studies show that, in well-drained and undisturbed soil profiles, as observed on the hillside, 
decomposer organisms would prefer labile 13C-depleted molecules for respiration, while 
residual 13C-enriched molecules tend to be used in the production of biomass and the end-
products of the metabolism (Ngao and Cotrufo 2011; Krüger et al. 2014). This observation 
is consistent with the positive relationship between δ13CTOC versus 1/TOC (Fig.  6) indi-
cating a high rate of mineralization of SOM in accordance with the intense faunal activi-
ties observed in these hillslope soils (Diochon and Kellman 2008). This could lead to the 
observed enrichment of the δ13CTOC of termite mounds with values of − 27‰ (Table 1) 
relative to the initial SOM components. The hydromorphic soil of the saturated area shows 
a clearly different pattern with no relationship observed for δ13CTOC versus 1/TOC (Fig. 6). 
As previously reported by Day et al. (1988), water retention in the swamp maintains a per-
manent soil saturation, limiting the activity of the soil aerobic microorganisms, leading to 
low mineralization rate of soil organic matter. This therefore promotes the accumulation 
of organic matter in this zone. In addition, the average isotopic enrichment of 7‰ units 
in the organic-rich horizon of hydromorphic soils cannot be entirely explained by the iso-
topic fractionation during the mineralization processes of SOM. This isotopic enrichment 
might also be due to mixing from plant materials supplied from 13C-enriched vegetation 
such as C3 plant and plant component from maize crop of C4 type (Wynn et  al. 2006). 
This observation could be explained by the aquatic grassland of C4 type which has been 
developed in this shallow swampy area, coupled with maize crop cultivation. The current 
heavier δ13CTOC of − 19.8 to − 21.1‰ observed for hillside litters could be a result of this.

δ13CTOC values of hillside soils were comparable (showing just a little shift of 1‰) 
with relatively enriched δ13CDOC values of groundwater (springs). This result is consistent 
with several studies from small forested catchments, in which upland DOC was found to 
drop with increasing depth, with an accompanying increase in δ13CDOC (Amiotte-Suchet 
et  al. 2007; Sanderman et  al. 2008, 2009; Huang et  al. 2013). However, δ13CTOC values 
of the swampy rich TOC soils were generally higher than δ13CDOC values of rich DOC 
stream water, which calls for attention in the interpretation of DOC drivers in stream water. 
Regarding POC, the relatively constant δ13CPOC values observed in this catchment suggest 
a first-order conservative behavior that occurs during the delivery of SOC to stream (Gao 
et al. 2007). The predominance of a biogenic source is evident in the sampled waters with 
depleted δ13CDIC accompanying a lower DIC concentration (Shin et al. 2011). As observed 
by Campeau et al. (2018), the low DIC and high  pCO2 values observed in stream relative 
to adjacent groundwaters indicate that substantial gas losses to the atmosphere occurred 
during transport from soils to streams. Furthermore, despite the observed gas losses to 
the atmosphere, the δ13CDIC values of stream water remain low compared to groundwater, 
demonstrating that DIC transformation in soils and stream is regulated by several different 
biogeochemical processes and not strictly by atmospheric  CO2 evasion.

In this study area, the tropical hot and wet climate will favor the intense decomposition 
of native SOC which will lead to production of DOC; soil  CO2 and residuals (from which 
POC derives). Increasing precipitation could lead to dilution of the resulting DOC in soil 



water and to dissolution of gaseous  CO2 to DIC, thereby increasing the DIC and lowering 
the DOC concentration of spring water (Huang et al. 2013). Additionally, the higher clay 
and silt content in the soft clayey topsoil horizon might lead to higher adsorption capacity 
of DOC in the soil, resulting in lower export of soil DOC (Nelson et al. 1993). Figure 7 
represents the relationship of δ13CDOC versus 1/DOC and explains the trend of decreas-
ing DOC with a corresponding increase in δ13CDOC. According to Lambert et al. (2011), 
such relation may occur in cases where DOC is transported mostly laterally through 
microbial active soil horizons. Such transportation enhances the biodegradation of soil 
DOC associated with the removal of 12C, which could result in the increase in residual 
δ13CDOC in spring water (Opsahl and Zepp 2001). However, the low soil DOC with heav-
ier δ13CDOC values from the hillside did not constrain the stream DOC, which remained 
higher with more depleted δ13CDOC. The δ13CDOC (− 29.1 to − 29.5‰) and δ13CPOC (− 28.0 
to − 29.9‰) for stream water are consistent with δ13C values measured for TOC in the 
organic layer and the litters under swampy forest (− 28.4 to − 31.0‰). Both δ13CDOC and 
δ13CPOC show no significant seasonal shift, because the main source of organic carbon in 
the stream is limited to the subsurface soils of the shallow swampy area. The absence of 
seasonal fluctuations in δ13CDOC could explain a single process of stream DOC, almost 
exclusively limited in this case, to the leaching of the upper soil layers of the swamp. As 
concerns POC, in-stream remobilization of organic carbon from plant materials and the 
leaching of swamp would be important, since constant values of δ13CPOC could indicate a 
single dominant source.

5.2  Identification of Drivers of δ13CDIC

In freshwater catchment, the variability of DIC content and δ13CDIC values depends on the 
large equilibrium fractionations that exist within the carbonate system (Zhang 1995; Zeebe 
and Wolf-Gladrow 2001) driven by pH and alkalinity. Acidic freshwaters where alkalinity 
and pH are low are almost related to small isotopic fractionations, because the influence 
of  CO2 evasion on δ13CDIC values remains low (Doctor et al. 2008; Venkiteswaran et al. 
2014). In this study, the δ13CDIC values observed in the stream water and groundwater of 
the NSEW were remarkably negative, reflecting the biogenic sources from mineralization 
of organic carbon. Despite the observed low alkalinity and pH for the water samples in the 
headwater catchments, we observed a larger variability in δ13CDIC values (ranging from 
− 6.6 to − 23.0‰) far above the typical isotopic fractionations of < 4‰ expected for such

Fig. 6  δ13CTOC versus 1/TOC 
in soil profiles of hillside and 
swamps (the mineralization of 
SOM with depth caused the 
decrease in TOC and the increase 
in δ13CTOC in hillside profiles. 
This pattern was not found in 
swampy soils where the shift of 
δ13CTOC was due to the vegeta-
tion change between C3 and C4 
plants)



waters. This suggests several processes modulating the DIC (Mayorga et al. 2005; Hotch-
kiss et al. 2015; Campeau et al. 2017, 2018). In other to circumscribe the DIC source and 
to understand the drivers on δ13CDIC values, we used the Keeling and Miller-Tans plots 
analysis which are suited to test the influence of soil-respired  C O2 on DIC source. The 
results shows no significant relationship in the Keeling plots (δ13CDIC as a function of 1/
DIC), either by combining all sampling points or individual points (Fig. 8a). Despite the 
lack of relationship in the Keeling plots, we observed a decrease in stream water DIC 
which come along with low δ13CDIC values compared to groundwater. This suggests that 
the isotopic effect of  CO2 evasion is mixed with additional processes. The Miller-Tans plots 
(δ13CDIC × DIC as a function of DIC concentration) revealed a highly significant linear 
relationship for the stream water δ13CDIC values, but a poor linear relationship for ground-
water (Fig. 8b). The δ13CDIC source, approximated by the slope in the Miller-Tans plot, was 
− 22.5‰ for stream water and between − 11.0 and − 17.0‰ in groundwater, showing two
major groups.

These discrepancies support the contention that  CO2 evasion alone could not explain 
the observed patterns in stream water δ13CDIC values in this headwater catchment. While 
hillside groundwater δ13CDIC values could be explained by the combined influence of 
terrestrial biogenic DIC sources followed by atmospheric  CO2 evasion, data from stream 
water δ13CDIC could suggest an additional contribution of in-stream DOC mineraliza-
tion. These different processes can be separated and further quantified using the patterns 
in δ13CDIC values. As defined by Amiotte-Suchet et al. (1999), Brunet et al. (2005, 2009) 
and Campeau et  al. (2017), the range in δ13CDIC observed in this study incorporated 
the three DIC end-members which are biogenic and geogenic sources and atmospheric 
 CO2. However, studies on the geochemistry of the NSEW have not identified the pres-
ence of carbonate minerals (Braun et  al. 2005, 2012). As such positive δ13CDIC value 
above − 12‰ assumed to indicate a certain degree of geogenic DIC influence (Deines 
et al. 1974) observed in groundwater from hillside could be interpreted as gas exchange 
across the soil–atmosphere interface, since deep penetration of atmospheric  CO2 in 
these poor DOC groundwater could be associated with more positive δ13CDIC values 
(Cerling et al. 1991; Davidson 1995; Liang et al. 2016). The importance of atmospheric 
DIC sources in hillside groundwater was further supported by the relationship between 
the calculated  CO2/alkalinity versus δ13CDIC, plotted on theoretical δ13CCO2 equilibrium 
lines, calculated according to Amiotte-Suchet et al. (1999) (Fig. 9a) and the relationship 
between the calculated  pCO2 versus δ13CDIC (Fig. 9b). Theoretical δ13CCO2 trajectories 

Fig. 7  δ13CDOC versus 1/DOC 
in stream water and spring water 
(microbial biodegradation and 
DOC fixation on silt leads to the 
decreases in DOC and increases 
of δ13CDOC in spring water)



showing δ13CDIC values in equilibrium with both biogenic and atmospheric  CO2 demon-
strated a shift in DIC sources between these two end-members. Furthermore, in forested 
catchment on silicate basements, the  pCO2 of the stream would be mainly controlled by 
the transformation between inorganic and organic forms of carbon (Wang et  al. 2015; 
Zhong et  al. 2018). This can be supported in the NSEW by the negative relationship 
between  pCO2 and δ13CDIC values (Fig. 9b), showing two main sources of carbon in this 
catchment which corroborates our interpretations of the approximated  CO2 source from 
the Miller-Tans plot.

The significance of biogenic DIC sources was supported by the relationship between 
the calculated  pCO2 values and DOC concentration across all sampling points (Fig. 10a) 
and the relationship between DOC concentration and δ13CDIC values (Fig.  10b). This 
relationship is evident in rich DOC surface waters from the SLB and the stream, indicat-
ing that high DOC concentration could be related to the consistent  CO2 oversaturation 
of the stream. The approximated stream water source of δ13CDIC (− 22.5‰), demon-
strated by the Miller-Tans analysis, represents a significant deviation from the isotopic 
composition of stream water DOC, although subject to a certain degree of uncertainty 
(median δ13CDOC = − 29.2‰; Table 2b). This indicates that in-stream DOC mineraliza-
tion was dominant but not likely the unique source of stream DIC. This contention was 
supported by the observation of poor DOC water with  CO2 oversaturated (Log  (pCO2) 
between − 2.5 and − 2.0; Fig. 10a) and low δ13CDIC values from groundwater (Fig. 10b), 
which is instead more representative of soil respiratory  CO2 (Liang et al. 2016; Cam-
peau et al. 2017).

5.3  Response of Carbon to Hydrological Change

The ranges of variation of DIC and δ13CDIC in groundwater were quite wide at low dis-
charge, but drop considerably with increasing discharge (Fig.  11a, b showing DIC and 
δ13CDIC versus discharge). The observed trend of increasing δ13CDIC accompanied by 
decrease in groundwater DIC with increasing discharge supports the shift in DIC source 
within the hydrological cycle. It can be noted for spring water and groundwater that during 

(a) (b)

Fig. 8  Keeling plot and Miller-Tans plot analysis for δ13CDIC values (a, b). The Keeling plots (a) show the 
relationship between δ13C values as a function of 1/C, while the Miller-Tans plots (b) present the relation-
ship between δ13CDIC × DIC as a function of DIC. The regression lines are plotted for each individual sam-
pling point with the equations listed in the legend



the SRS, SDS and LDS, δ13CDIC (− 6 to − 22‰) seems to be in equilibrium with both 13C 
depleted gaseous  CO2 and 13C-enriched gaseous  CO2. During the LRS, δ13CDIC of ground-
water gets closer to equilibrate only with 13C-enriched gaseous  CO2. This result suggests 
that both soils respiratory  CO2 from which low δ13C values are derived and atmospheric 
 CO2 invasion from which high δ13C values are obtained should be driven by seasonal water 
changes. The influence of soil-respired  CO2 declines gradually with increasing drainage at 
the beginning of the SRS and during the LRS, leading to low DIC concentration and high 
δ13C values. This observation, described here for the first time, can be considered typical 
of humid tropical areas. Molecular diffusion of atmospheric gaseous  CO2 through the soil 
pores (Cerling et al. 1991; Atekwana and Krishnamurthy 1998; Marx et al. 2017) and min-
eralization of soil organic matter are competitive and quite pronounced in the dry seasons, 
leading to a wide range of δ13CDIC. During the rainy seasons, the saturation of the soil 
pores limits soil respiration and diffusion of gaseous  CO2; thus, DIC is mainly brought by 

(a) (b)

Fig. 9  Evolution of δ13CDIC versus  CO2/alkalinity ratio, compared to theoretical δ13CCO2 equilibrium lines 
(shaded lines) (a) and relationship of δ13CDIC versus log(pCO2) (b) showing the equilibrium of δ13CDIC 
between two sources end-members (biogenic and atmospheric sources)

log pCO2 (atm)

(a) (b)

Fig. 10  DOC (mg/L) versus log  pCO2 (atm) (a) and δ13CDIC (‰) versus DOC (mg/L) (b) in soil waters and 
stream water, showing the dominance of DOC controls on δ13CDIC and log  pCO2 in stream water



dissolved atmospheric  CO2 in rainwater. As a result, the δ13CDIC values were high, above 
the range of that of dissolved atmospheric  CO2 (Wang et al. 2015). Although the range of 
stream water DIC and δ13CDIC were quite close with regard to groundwater, seasonal vari-
ations of the δ13CDIC and DIC in the stream at the outlet of the catchment were observed, 
showing slight decreases in the δ13CDIC that accompanied the decreases in groundwater 
DIC with increasing discharge (Fig. 11c, d). Given that the measured stream δ13CDIC val-
ues were more 13C-depleted, it is likely that biologically sourced carbon (probably from the 
turnover of wetland soil-sourced or in  situ aquatic organic matter) mainly contributes to 
the riverine DIC pool. Though such biological influences are less pronounced during the 
rainy seasons due to the saturation of wetland soil, the shrinkage of swamps within the dry 
seasons may have increased soil respiration, leading to the observed 13C-depleted values. 
These processes that controlled the carbon pools in the different water sources which con-
tribute to the stream flow, could be explained using the hydrological model of the catch-
ment described by Maréchal et  al. (2011). According to this study, stream water comes 
mainly from (1) the surface flow from the swamp during storm events, (2) the subsurface 
groundwater flow from the swamp and (3) the seepage from hillside soil and bedrock. Dur-
ing the dry seasons (SDS and LDS), the swamp shrinks, promoting soil respiration and 
the diffusion of gaseous atmospheric  CO2 to a lesser extent. At this time, stream water is 
mainly supplied by discharge from the hillside aquifer, which flows through the swampy 
area, being subsequently enriched in organic carbon on contact with rich organic soils. As 
a result, stream δ13CDIC equilibrates with respired  CO2 (Zhong et  al. 2018). During the 

(a) (b)

(c) (d)

Fig. 11  Cross plots of concentration versus river discharge (a, c) and δ13C versus river discharge (b, d) for 
groundwater and stream water of the NSEW



rainy seasons (SRS and LRS), stream water is supplied by surface and subsurface ground-
water flow from the swamp. The saturation of this area limits soil respiration and the dif-
fusion of gaseous atmospheric  CO2. As reported by Lee et al. (2017), the corresponding 
mechanism of the resulting 13C-depleted DIC in the stream water could be the accumula-
tion of dissolved organic matter that was subsequently discharged to the river and then 
transformed into DIC through in-stream DOC oxidation. This explanation could be sup-
ported by the positive relationship between DOC concentration and discharge. This is con-
sistent with a flushing of the DOC and POC in the uppermost soil horizons of the wetland 
zones, thus indicating that overland and soil flows are important sources of riverine DOC 
and POC during precipitation events and resulting high runoff (Wilson et al. 2013). In fact, 
as reported in many other catchments (Inamdar and Mitchell 2006; Sanderman et al. 2009; 
Lambert et al. 2011), the isotopic record provides good support of this mechanism since 
the wetland upper soil horizons are the only catchment DOC reservoirs with sufficiently 
negative δ13CDOC to account for the decrease in stream δ13CDOC values during the rise in 
water level.

6  Conclusion

In this study, we presented a comparative data set of soil δ13CTOC to stream water, soil 
water and groundwater δ13CDOC, δ13CPOC and δ13CDIC values, highlighting their potential 
to trace both carbon sources and processes with seasonal water changes in a tropical head-
water catchment with contrasting soil systems and water pathways. Stream δ13CDOC and 
δ13CPOC were comparable and more depleted than spring water δ13CDOC, without show-
ing any remarkable shift as the hydrological conditions changed, reflecting a unique SOC 
source and indicating that processes that converted SOC to DOC were distinct in both 
hillslope and wetland soils. Although hillslopes represent more than 20% of the catchment 
surface area, the swamp zones appear to be the main source area of the stream DOC, from 
which a great proportion of DIC is derived through in-stream mineralization. This is con-
sistent with a flushing model whereby the rise in water table caused by rainfall enhances 
the surface flow into the uppermost soil horizons of the wetland swamp zone, which rep-
resents the predominant DOC and POC reservoir at the catchment scale. We demonstrated 
that the export of DIC from soil to stream results in  CO2 evasion to the atmosphere, with 
additional DIC sources from in-stream mineralization of DOC and molecular diffusion of 
gaseous  CO2. These processes which are driven by seasonal water changes play a con-
siderable role in the catchment DIC budget, as interpreted from their imprint on stream 
water and groundwater δ13CDIC values. The stream water and groundwater δ13CDIC values 
reported here have revealed distinct patterns, highlighting the rich complexity of biogeo-
chemical processes controlling soil–stream carbon linkages, demonstrating that wetland 
soils are the dominant source of stream carbon during storms in this catchment. The result 
of this study shows that the swamp wetland zones play a so far underestimated role in the 
global estimates of the carbon cycle.
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