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Abstract:

Storage and fluxes of dissolved organic carbon (DOC) are triggered by 

interactions between hydrological and biogeochemical processes in the landscape. 

However, the relationship between DOC sources and catchment water storage is 

poorly understood due to uncertainties about the interactions between shallow 

groundwater (GW) dynamics and soil organic carbon (SOC). To investigate the 

relationships between catchment functioning and the spatiotemporal variability 

of DOC concentrations in shallow GW, we monitored a network of 12 shallow 

GW wells in a 0.24 km² catchment in Southern Brazil using DOC analysis and 

SOC measurements together with GW and stream gauging and statistical analyses. 

The greatest DOC concentration was observed in wells in the zero-order basin 

with highly dynamic saturation of the soil profi le (50% with water table level 

below 0.5 m, mean DOC = 4.83 ± 2.53 mg L-1), where GW was characterized by 

a fast rise and slow decay during storm events. In these areas, the relationship 

between DOC concentration and GW level followed a decay with soil depth and 

higher DOC concentrations were found when GW level was within 0.1 m of the 

soil surface (ranging from 2.00 to 14.8 mg L-1). Wells in mid-slope locations 

were characterized by the lowest SOC content and DOC concentration in GW 

(1.96 ± 0.91 mg L-1). During the driest period, lower slopes showed higher DOC 

concentrations than riparian zones due to the persistent near saturation of GW 
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and the occurrence of DOC-enriched water due to the high SOC content in superfi cial layers. When the riparian 

zone and hillslopes showed a low water storage defi cit and a quasi-permanent hydrological connectivity, DOC 

produced between rainfall events was transported continuously from saturated areas in hillslopes to riparian zones, 

with a higher DOC concentration in wells near streams. This study demonstrates that spatial sources of DOC in a 

subtropical headwater system are linked to streamfl ow generation processes and GW dynamics.

Resumo: 

O armazenamento e os processos de transferência de carbono orgânico dissolvido (DOC) são governados pelas 

interações entre os processos hidrológicos e biogeoquímicos na paisagem. Entretanto, a relação entre as fontes 

de DOC e o armazenamento de água nas bacias hidrográfi cas são parcialmente compreendidas em função de 

incertezas sobre a interação entre a dinâmica do aquífero raso e o carbono orgânico no solo (SOC). Para investigar 

a relações entre o comportamento hidrológico da bacia e a variabilidade espaço-temporal da concentração de DOC 

no aquífero raso, uma rede de 12 piezômetros foi implementada para monitoramento do aquífero raso em uma bacia 

de 0,24 km², na região sul do Brasil, em conjunto com análises de concentração de DOC e SOC, monitoramento 

fl uviométrico e análises estatísticas. As maiores concentrações de DOC foram observadas nos poços localizados 

na bacia de zero-ordem em uma área de saturação dinâmica do solo (50% do tempo com nível do aquífero inferior 

a 0,5m, DOC médio = DOC = 4.83 ± 2.53 mg L-1), onde o aquífero raso é caracterizado por uma rápida ascensão 

e lento decaimento durante eventos pluviométricos. Nestas áreas, a relação entre a concentração de DOC e o nível 

do aquífero segue padrão de decaimento com relação a profundidade do solo e as maiores concentrações de DOC 

foram observadas quando o nível do aquífero raso estava até 0,1m abaixo da superfície (variando entre 2,00 e 

14,8 mg L-1). Poços na porção intermediária da encosta apresentam as menores concentrações de SOC e DOC no 

aquífero (1,96 ± 0,91 mg L-1). Durante o período de estiagem, as porções inferiores das encostas apresentaram as 

maiores concentrações de DOC em comparação a zona ripária devido a um estágio persistente próximo a saturação 

do solo e a ocorrência de escoamento subsuperfi cial enriquecido com DOC próximo da superfície e em horizontes 

do solo com alto teor de SOC. Quando a zona ripária e as encostas apresentam um baixo défi cit de armazenamento 

e conectividade hidrológica quasi-permanente, o DOC produzido entre os eventos pluviométricos é transportado 

de forma contínua das áreas saturadas nas encostas para as zonas ripárias, com as maiores concentrações de DOC 

sendo observadas em poços próximo ao canal. Este estudo demonstrou que as fontes de DOC em uma bacia de 

cabeceira subtropical estão relacionadas com os mecanismos de geração de escoamento e a dinâmica do aquífero raso.

1. INTRODUCTION

Dissolved Organic Carbon (DOC) is a key com-

ponent of not only the global carbon cycle but also 

surface water quality as it connects sources of organic 

matter in the soil to carbon cycling and sequestration 

in aquatic ecosystems (Cole et al., 2007; Tranvik et al., 

2009; Chaplot & Ribolzi, 2013). Thus, describing how 

hydrological and biogeochemical processes interact 

across landscapes is critical to understanding shifts 

in DOC concentration in shallow groundwater (GW) 

and streams (Siefert & Santos, 2018). Previous studies 

have shown that catchment functioning, in terms of the 

spatial and temporal variation of GW contributions to 

runoff  generation, and DOC fl uxes can exhibit evidence 
of threshold-mediated and connectivity-controlled pro-
cesses (McGlynn & McDonnell, 2003; Dick et al., 2015; 
Solomon et al., 2015), creating uncertainties about DOC 

spatiotemporal dynamics and their movement across 
landscapes to streams.

The mobilization and fl ux of DOC is governed by 
complex interactions, including biogeochemical and 
hydrological processes that connect landscapes and riv-
erscapes (Billet et al., 2006; Ågren et al., 2014). These 
connections facilitate the production and transport of 
DOC due to runoff  generation processes and hydrologi-
cal connectivity between riparian zones and hillslopes, 
thus controlling DOC concentrations in stream water 
(McGlynn & McDonnell, 2003; Morel et al., 2009; 
Sanderman et al., 2009; Winterdahl et al., 2011; Birkel 
et al., 2014; Dick et al., 2015; Peralta-Tapia et al., 2015; 
Tunaley et al., 2017). Landscape units (i.e., hillslopes 
and riparian zones) show distinct storage–discharge re-
lationships and shallow groundwater connectivity due to 
water table continuity. As such, they represent the links 
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between the dominant catchment landscape elements 

and streams (Jencso et al., 2009; Camporese et al., 2014; 

Blumstock et al., 2016). However, the implications of 

DOC production and connection to catchment-scale 

hydrological functioning are poorly understood in terms 

of the hydrological responsiveness of landscape units, 

specifi cally in subtropical environments. These issues 

are particularly important for headwater catchments due 

to the relationship among runoff  processes, spatial pat-

terns of soil organic carbon (SOC), and the heterogene-

ity of DOC production and its fl ow into streams (Lyon 

et al., 2011; Lambert et al., 2011; Laudon et al., 2011; 

Chaplot & Ribolzi, 2013; Lambert et al., 2013; Wallin et 

al., 2015). Moreover, previous studies have shown that 

SOC pools and soil solution DOC concentration could 

be used as predictors of streamwater DOC concentration 

(Aitkenhead et al., 1999; Billet et al., 2006; Mei et al., 

2012; Mineau et al., 2016).

Temperature, runoff processes, and physical 

characteristics of catchments have been identifi ed as 

the main drivers of varying DOC concentrations in 

streams (Davidson et al., 2006; Dawson et al., 2008; 

Winterdahl et al., 2011; Wu et al., 2014; Oswald & 

Branfi reun, 2014; Mengitsu et al., 2014). Land use also 

infl uences DOC quality and quantity (Oni et al., 2013). 

DOC is produced across the landscape with higher 

concentrations related to SOC pools particularly due 

the adsorption that regulates the fl ux of carbon from 

soil organic horizons and transferring DOC with runoff  

across the landscape to streams (Aitkenhead et al., 1999; 

Dawson et al. 2011). Given the importance of runoff  

generation processes to catchment functioning, it is 

crucial to document the GW dynamics linked to DOC 

source behavior for a hydrological and biogeochemical 

process-based understanding of DOC production and 

movement across the landscape.

Generally, shallow GW fl ow paths are the primary 

source of runoff  in headwater catchments (O’Driscoll & 

DeWalle, 2010; Shaw et al., 2014; Gannon et al., 2014). 

Topographically driven lateral redistribution of water 

from upland hillslopes across riparian zones leads to 

spatially and temporally relative contributions of water 

and DOC sources to streams (Sanderman et al., 2009; 

Strohmeier et al., 2013; Gannon et al., 2015).    Topo-

graphic features (i.e., slopes, hillslope curvatures, and 

catchment areas) are some of the main drivers behind 

the spatial patterning of SOC pools across the landscape 

(Schwanghart et al., 2011; Fissore et al., 2017). DOC 

is mobilized from the most superfi cial organic-rich 

soil horizons with higher hydraulic conductivity, thus 

increasing DOC in the runoff  generation process due to 

spatial variability of GW level dynamics (Lyon et al., 

2011; Wallin et al., 2015).

Conceptual models based on GW dynamics and 

nutrient fl uxes suggest that saturation of the soil profi le 

by rising water levels mobilizes DOC stored in soil 

organic layers, which then increases DOC concentra-

tions in shallow GW (Lyon et al., 2011; Winterdahl et 

al., 2011a). While DOC fl uxes from saturated areas in 

headwater catchments contribute up to 84% of the total 

DOC transported to streams and shallow GW provides 

a stable source of DOC to streams dominant in driest 

periods, the most dynamic contribution of DOC comes 

from hillslopes (Dick et al., 2015), underscoring the 

importance of the landscape’s spatial heterogeneity 

in runoff  generation processes for DOC sources in 

catchments.

Furthermore, information about DOC spatial and 

temporal sources across the landscape are required to 

estimate changes in streams during and between rainfall 

events. Attention must be given to areas where the water 

table levels occur near to surface soil organic horizons 

in low lying areas and riparian zones where organic-rich 

soils   can develop immediately adjacent to stream chan-

nels (Billet et al., 2006; Singh et al., 2015). Previous 

fi eld studies in temperate and cold, humid catchments 

have shown the major role quasi-permanently saturated 

riparian zones play as a zone for mixing water sources 

and controlling DOC dynamics in streams (Grabs et al., 

2012; Tetzlaff  et al., 2014; Dick et al., 2015; Tunaley et 

al., 2016; Lessels et al., 2016). Some studies have also 

highlighted that hillslopes may act like DOC sources 

when enriched DOC water from organic soil horizons 

are delivered to streams due to hydrological connections 

across hillslopes, valley bottom saturated areas, and 

streams (McGlynn & McDonnell, 2003; Terajuma & 

Moriizumi, 2013; Mei et al., 2014).

In this study, we monitored a headwater catchment 

located in Southern Brazil through a network of 12 

GW wells to determine the links between GW DOC 

spatial patterns during low fl ows and SOC content in 

the soil profi le. Multivariate statistical (Hierarchical 

Cluster Analysis) and correlation analyses were used to 

describe spatiotemporal DOC source behavior, as well 

as identify landscape units based on the catchment’s 

physical characteristics and GW dynamics.   Through a 
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combination of these analyses, we describe the interac-

tions between runoff  generation processes, SOC content, 
and the spatial heterogeneity of DOC concentration in 
shallow GW as a function of water table fl uctuations 
and the catchment’s wetness conditions. Furthermore, 
we address the following questions to better understand 
the role of runoff  processes in the sources and fl uxes of 
DOC: 1) How are DOC production and mobilization 
in riparian zones and hillslopes linked to shallow GW 
spatiotemporal dynamics?; 2) How does SOC spatial 
distribution and runoff  generation processes interact to 
determine spatial heterogeneity of shallow GW DOC 
concentrations in a headwater catchment?

2. METHODS

 2.1 Study Site

The Sagui stream is a headwater catchment (Lon-
gitude - 49°31’55.23”; Latitude - 26°29’38.31”) of the 
Iguaçu Basin (70,800 km²) with an area of 0.24 km², 
located along the border between Paraná and Santa 

Catarina States, Southern Brazil (Figure 1). Elevations 
range from 926 to 982 meters above sea level, with 
the highest point located at the southern edge of the 
catchment (Figure 1b). The mean slope gradient is 6.3°, 
with values that range from 0.35° in the bottomland to 
35° on steep slopes nearest the outlet.  The climate is 
classifi ed as Cfa (humid subtropical) (Köppen, 1948) 

in a tropical/humid subtropical transition zone, usually 

with cool summers, mild winters, and no dry season. 

The mean annual air temperature ranges from 15.5 °C 

to 17 °C, with daily means between 12 °C and 21 °C in 

winter and summer, respectively. Frosts are common in 

winter (June and July). Mean annual rainfall (30-year) is 

1685 mm/year with 138 to 164 rainy days per year and 

limited seasonality. Of the annual precipitation, 20% 

falls during events of less than 10 mm d-1; 40% falls 

during low-intensity and high-frequency events of less 

than 20 mm d-1; and 25% occurs during rainfall events 

> 40 mm d-1. Mean daily evapotranspiration is ~4 mm 

(Uda et al., 2014). Mean discharge at the outlet of the 

Sagui River was 3.83 L s-1± 5.68 L s-1 between March 

and December 2015.

Figure 1 - Location and topography of Sagui catchment and of DOC sampling points at GW wells by HCA group and stream (a) and elevation (b). 

The geology of the region consists of horizontal 

layers of sandstone and shale of the Itarare Supergroup, 

a glacial and periglacial sedimentary group. Land cover 

in the Sagui catchment shows a predominance of for-

ests with Pinus taeda spp. (< 5 years) on hillslopes and 

Mixed Ombrophilous Forest in riparian zones. 

The Sagui catchment is characterized by three 

hydropedological units that aff ect shallow GW dy-
namics.  Soils on Sagui’s hillslopes are characterized 
as Cambisols (WRB/FAO) derived from sedimentary 
rocks, with low fertility, medium/high organic matter 
content in a humic A horizon (< 50cm) that overlays a 
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free-draining mineral subsurface horizon, and medium 

to high silt/clay ratio (Bognola, 2013). Steeper hillslopes 

are characterized by a deep soil-bedrock interface (> 

300 cm), well-drained soils whose vertical drainage 

facilitates GW recharge, and a water table level that 

is rarely passes 0.5 m below the surface on mid- and 

upper slopes. The soil profi le on lower slopes includes 

an organic horizon in the upper 15 cm with areas of 

quasi-permanent saturation; GW is higher than 0.5 m 

below the surface for most of the year, thus generating 

excess overland fl ow in organic horizons in the upper 

soil profi le. Riparian zones are characterized by organic 

soils with poorly developed horizons and a shallow soil-

bedrock interface (< 100 cm) (Histosols, WRB/ FAO). 

Soils have a well-structured porous media (on average 

>60% of soil particles greater than 0.002 mm from 0-70 

cm in depth; measured at 0-10, 10-30, 30-50, and 50-70 

cm for each GW well) resulting in greater permeability 

and quick GW response during rainfall events, with a 

fast-rising and falling limb, and an associated reduced 

water storage defi cit.

2.2 Discharge, precipitation, and shallow groundwater 

monitoring

Beginning in 2007, stream stage height (10 min) 

was measured at the catchment outlet using a conven-

tional Parshall fl ume coupled to a pressure transducer 

(GE - Druck PTX 1030) and recorded with a data log-

ger (model Waterlog H500XL). Stream discharge was 

calculated based on a stage-discharge equation.

Precipitation was measured ~3 km away from 

the Sagui catchment using a Waterlog H-340 Tipping 

Bucket Rain Gauge (considering a 0.254 mm increment) 

coupled to a Waterlog H500XL data logger. The tipping 

bucket was previously calibrated in the laboratory to 

correct for underestimated measurements associated 

with extreme rainfall events. 

We installed a network of 12 wells (Figure 1) 

across the hillslopes and riparian zones in the fi rst-order 

Sagui catchment. Wells were placed in landscape units 

that present a range of topographic positions relative to 

stream, elevation, topographic wetness index (TWI), LS 

factor (slope length and steepness), and slope gradient 

(Table 1). The monitoring thus encompassed a catena 

sequence in the zero-order basin from mid-slope to val-

ley bottom (P1 - P7) and the riparian zone (P8 – P12). 

 GW wells were installed to measure water table 

level and collect water samples for DOC analysis. Wells 

were dug with a 7.5 cm hand auger to varying depths 

(90 cm up to 440 cm) until reaching soil-bedrock in-

terface and were monitored with water level sensors. 

GW levels were measured with pressure transducers 

and recorded with a Global Water GL-500 7-2 capaci-

tance logger at 10-minute intervals  and each well was 

analyzed in terms of GW water level dynamics, mean, 

median, range (i.e., the diff erence between maximum 
and minimum water level), and standard deviation from 
March to December 2015.

2.3 DOC water sampling, SOC soil sampling, and 

laboratory analyses

Field measurements were carried out from August 
2014 to June 2015. Water samples from shallow GW 
were simultaneously collected from each well (Aug 
23, 2014; Jan 20, Feb 11, Mar 31, and Jun 26, 2015) 
with a synthetic Bailer sampler and from the stream 
at the catchment outlet using grab sampling. Samples 
were stored in 300 ml high-density polyethylene bottles 
(previously washed with acid and rinsed with deionized 
water) and held in cold storage (Buff am et al., 2007; 
Tiwari et al., 2014) for less than three days until labora-
tory analysis. The 12 wells distributed along the study 
area were sampled for DOC analysis, resulting in 3 to 
11 samples from each well (73 samples) and 18 stream 
samples at the catchment outlet.

Samples were fi ltered through 0.45 µm cellulose 

ester membranes and acidifi ed with a solution of H
2
SO

4
 

P.A. (2%) to remove free inorganic carbon. In the la-

boratory, DOC concentrations (three repetitions per 

sample) were analyzed using a Shimadzu TOC-V
CPH

 

(SHIMADZU Corporation®). DOC concentrations in 

water samples were determined using the combustion 

catalytic oxidation method (680 °C), while the resulting 

CO
2
 was detected using a non-dispersive infrared sensor 

(Matilainen et al., 2011).

In February 2015, disturbed soil samples (~200 g) 

were collected using a soil auger at fi ve depths across 

the soil profi le to estimate vertical distribution of SOC 

(i.e., 0-10 cm, 10-30 cm, 30-50 cm, 50-70 cm, 70-100 

cm). We collected 59 samples at 12 points near to each 

monitored GW well. In the laboratory, moisture was 

removed from the soil using a drying oven (40 °C for 

48 hours). After sieving the soil samples (2 mm sieve), 

the samples were acidifi ed with 10 ml HCl 1 mol L-1 
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and heated (150 °C, until completely dry) to eliminate 

inorganic compounds. SOC contents (three repetitions 

per sample) were analyzed using a Shimadzu TOC-V
CPH

 

and the combustion catalytic oxidation method (1000 

°C), as described above for water samples.

2.4 Data processing and statistical analysis

We based our statistical analysis on hydrological 

data from August 2014 to June 2015, DOC samples (n= 

91), and SOC contents (n= 59). Descriptive statistics 

(i.e., minimum, mean, median, coeffi  cient of variation 

(CV), and standard deviation (SD)) were calculated for 

GW, DOC, and SOC data. Furthermore, GW dynamics, 

DOC and SOC data were grouped and analyzed accor-

ding to the landscape position.

An individual run of Hierarchical Cluster Analy-

sis (HCA) was conducted together with correlation 

analyses based on GW data (mean/median GW level, 

standard deviation, and range), well characteristics 

(depth and saturated hydraulic conductivity), and 

landscape properties (elevation, topographic wetness 

index, and LS factor) to identify groups with similar 

spatiotemporal GW dynamics and evaluate the DOC 

storage relationship in each HCA group.

HCA was applied to identify similarities in GW 

dynamics with distinct landscape characteristics using 

the k-means method  “k.means function” and the Eucli-

dean distance as a method to calculate the similarity (R 

Development Core Team, 2009). Correlation analyses 

were performed to assess DOC storage and fl uxes in 

order to understand and describe the main landscape 

characteristics of each HCA group in relation to GW 

dynamics, SOC content, and DOC behavior.

3 RESULTS AND DISCUSSION

3.1 Groundwater dynamics in the Sagui catchment

During the study period, total precipitation was 

1752.6 mm, with a wet spring season due to intense 

and frequent rainfall events (45% of total rainfall after 

September). The Sagui catchment presented elevated 

discharge rates (up to 155.6 L s-1) and GW levels close 

to the surface in the spring. Time series for discharge 

rate, precipitation, and GW levels for sites P1 and P10 

are shown in Figure 2.

Figure 2 - a) Discharge (Q) and precipitation (P); GW levels at b) groundwater well P1 and c) groundwater well P10.
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The hierarchical cluster analysis (HCA) of the 12 

wells was based on GW data (mean, median, range, and 

SD of water table level) and landscape properties (eleva-

tion, TWI, Ks, LS, and soil depth to bedrock interface) 

(Figure 3). This approach was used by Blumstock et al. 

(2016) to organize the spatiotemporal response of GW 

in a montane catchment but with some diff erences in the 
data used. This method enabled us to diff erentiate three 
major groups based on the spatial distribution of wells 
and main landscape characteristics in the catchment 
(Figure 1): HCA1 – wells located close to the stream 
(P8, P9, P10, P11, and P12); HCA2 – wells in the dy-
namic saturation area on low slopes of the zero-order 
basin (P1, P2, and P7); and HCA3 – wells located on 
mid-slopes (P3, P4, P5, and P6).

GW levels diff ered according to landscape position 
and distance to stream (Figure 4). Dynamic saturation 
areas in the zero-order basin (P1, P2, and P7) with the 
highest TWI values showed water table levels close to 
the surface (mean of -36, -51, and -80 cm, median of -3, 

-24, and -62 cm below the surface, respectively) (Table 
1). These wells (P1, P2, and P7) also showed Ks values 
greater than 15 m/d and soil depth to bedrock up to 3.5 
m, with shallow GW often close to the soil surface. As for 
wetness conditions, P1, P2, and P7 regularly presented 
GW levels close to the surface (water level was in the 
upper 20 cm of the soil profi le 64%, 26%, and 40% of the 
time), with P1 and P7 showing indications of saturation-
-excess overland fl ow (water table level > 0 cm 46% and 
34% of the time; Figure 5).    This was also evident in the 
fi eld through the observation of overland fl ow when GW 
occurred permanently in the upper soil layers at P1, P2 
and P7, resulting in higher discharge rates from May to 
July and after September 2015. Dynamic soil saturation 
was identifi ed in the zero-order basin along with the ri-
parian zone wells through shallow lateral fl ow triggered 
by precipitation. In these situations, hillslopes and the 
riparian zone were intermittently hydrologically connec-
ted to the stream (as indicated by GW level on hillslopes 
and riparian zone wells, and also observed in the fi eld).

Fig ure 3 - Dendrogram of HCA based on groundwater data and landscape properties.

Figure 4 - Ranges in groundwater levels between March to December/2015.
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In contrast, the zero-order basin wells showed 

discontinuous periods of soil profi le saturation in drier 

conditions. Shallow GW level presented rapid rising 

limb and gradual falling limb at soil depths below 2 

m, with an increase in catchment water storage during 

precipitation events above 15 mm. This resulted in a 

water table level close to the surface (> -10 cm) between 

rainfall events and during re-wetting conditions (i.e., 

the transition from autumn to winter; an example of P1 

levels in Figure 2b). These results are similar to those 

found by Detty & McGuire (2010) who found that the 

C horizon in lower sites remained at or near saturation 

and only small inputs of water were required to saturate 

the soil profi le even during events with low antecedent 

moisture.

Wells closer to the stream (P8, P9, P10, and P12) 

had a broadly similar response showing Ks > 9 m/d 

and soil depths < 1.2 m (Table 1). At these sites, GW 

levels showed a prompt response to precipitation inputs 

with rising and falling limbs that were steeper than the 

zero-order basin GW levels. These wells showed low 

standard deviation for GW levels (Table 1) and were 

not fully saturated, while the water table was in the 

upper 40 cm of the soil profi le for 41%, 15%, 1%, and 

1% of the time and in the upper 60 cm for 79%, 42%, 

17%, and 35% of the time for P8, P9, P10, and P12, 

respectively (Figure 5). When GW levels rise to near 

saturation (> -20 cm) during precipitation events, lateral 

near-surface fl ow is triggered at valley bottoms, even 
with a low topographic gradient (i.e., riparian zones 
composed of highly permeable, shallow organic soils, 
with macropores). The studies by Tetzlaff  et al. (2014) 
and Blumstock et al. (2016) support the assumption 
that soils with dominant lateral fl ow paths and little 
recharge to depth are strictly correlated with low water 
storage capacity and location in the landscape. For ri-
parian zone wells in the Sagui catchment, the increase 
in fl ow accumulation and drainage area also led to an 
increase in lateral fl ow paths in the organic layer and 
were inversely correlated with soil depth. Although P11 
is located near a low hillslope–riparian zone transition 
(low TWI value and high slope), water table behavior 
at this point rarely reached levels in the upper 1 m of 
the soil profi le even in wetness conditions.

For P3, P4, P5 and P6, a very similar GW beha-
vior was observed even though these wells are located 
on diff erent mid-slopes with greater slope and lower 
drainage area than HCA1 and HCA2 wells. P4 exhi-

Figure 5 - Exceedance probability of groundwater levels between March to December/2015 for a) HCA1 wells, b) HCA2 wells and c) 

HCA3 wells.



35

Linking Dissolved Organic Carbon Spatial Heterogeneity to Groundwater Dynamics and Soil Organic Carbon

Rev. Bras. Geomorfol. (Online), São Paulo, v.22, n.1, (Jan-Mar) p.27-46, 2021

bited anomalous GW behavior with the water table at 

levels below 3 m even in drier conditions. Mid-slope 

wells showed a deeper water table level in the Sagui 

catchment (mean of -137.0, -232.7, 134.3, and -188.5 

cm below surface) and high variability of GW levels 

(Table 1). In comparison with low slopes in the zero-

-order basin, P3 and P6 showed slower rising and falling 

limb on the hydrographs during rainfall events when 

the water table rarely rose above -60 cm from the soil 

surface (i.e., 4%, 1%, 10%, and 1%, respectively), and 

a confi ned drawdown by the soil-bedrock interface until 

the re-wetting season in May to July 2015.

 3.2 Spatial heterogeneity and vertical distribution of soil 

organic carbon

For the three identifi ed clusters based on GW 

and landscape data, SOC concentration showed clear 

diff erences in the soil profi le and spatial distribution 

across the landscape (Table 2). Figure 6 shows the 

relationship between SOC content by depth (0-100 

cm) and fl ow duration curves for water table level data 

per GW well. The highest SOC content was found in 

riparian zone wells (HCA1), mostly in the more per-

meable near-surface soil (0-10 cm) with a mean SOC 

value of 127.74 ± 71.24 g kg-1 (average value ± standard 

deviation), and showing a limited relationship between 

depth and decay after a soil depth of 0 - 30 cm (P8, P9, 

and P11, shown in Figure 6h, Figure 6i, and Figure 6k, 

respectively). In general, organic soils in riparian zones 

(i.e. Histosols) show low of SOC content in depth due 

to the eff ects of successive high wetness conditions 
that prevent the incorporation of organic matter into 
the deeper soil causing a depletion of SOC content in 
depth (Drouin et al., 2011; Saint-Laurent et al., 2013; 
Saint-Laurent et al., 2017).

Figure 6 - Vertical distribution of soil organic carbon (g kg-1) in the soil profi le per groundwater well (P1 to P12). Dashed lines in black 

and grey represents, respectively, mean and median of shallow groundwater water table level. Yellow line represents the fl ow duration curve 

(%) for each groundwater well for 0 - 100 cm depth range.
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A broad pattern was observed in HCA2 wells (P1 

and P2, Figure 6a and Figure 6b; mean SOC at 0 – 10 

cm, 65.91 ± 3.33 g kg-1) showing lower variability of 

SOC content than in the riparian zone soils (Table 2). 

The lowest SOC content by soil horizons were recorded 

in HCA3 wells. In fi ve out of seven sites in the zero-

-order basin we found a clear relationship between soil 

depth and SOC decay: P1 and P2 with a decrease in SOC 

content below 0 – 30cm; and P3 (Figure 6c), P4 (Figure 

6d), and P7 (Figure 6g) with a continuous decrease with 

depth (0-100 cm). In hillslope soils, SOC accumulates in 

surface horizons with the mineral material remaining as 

a well-defi ned layer (Billet et al., 2006). Litter (i.e. dead 

leaves, twigs, stems) and decomposition of organic matter 

are the main sources of SOC, ensuring a constant input in 

superfi cial layers of riparian soils (i.e., Figure 6c, Figure 

6d and Figure 6e) (Rieger et al., 2004; Saint-Laurent 

et al., 2017). SOC content in reforestation areas is also 

aff ected by the transfer rate of organic carbon from litter 
to soil (i.e., litter quality and humidifi cation rate), with 

an increase in SOC accumulation as a consequence of 

increased wetness conditions (Paul et al., 2002).

We found a major infl uence of topography on SOC 

content (0-100 cm) for wells on two transects consisting 

of P4 - P3 - P1 and P6 - P5 - P1 (concave slope), where 

upland areas have less SOC than soils in lowland areas 

(Table 2). These results are similar to those found by 

Ritchie et al. (2007), Hancock et al. (2010), and Li et 

al. (2013), suggesting that soil redistribution patterns 

and topographic gradient contribute to spatial patterns 

of SOC across the landscape.

  Vertical redistribution of SOC in the soil profi le 

can be triggered by water infi ltration and nutrient lea-

ching during rainfall events (Dosskey & Bertsch, 1997; 

Jobbagy & Jackson, 2000) whilst lateral redistributions 

can be related to the fl ushing of organic carbon by 

shallow groundwater in the upslope soils (Gannon et 

al., 2015). Consequently, we found an increase in SOC 

content in subsurface soil horizons as observed in the 

hillslope (i.e., P6, Figure 6f) and in the riparian zone 

soils (i.e., P8, P9, P10, and P12, Figure 6h, 6i, 6j, and 6l, 

respectively). Here, there was a clear relation between 

shallow soils in the riparian zone and organic carbon 

content (SOC > 80 g kg-1) with higher TWI values, low 

soil moisture defi cits, and quick water drainage due to 

macropores (Ks > 6 m d-1). Furthermore, landscape SOC 

patterns can be derived from the soil water regime where 

higher TWI values show larger biomass production and 

lower rates of mineralization (Terra et al., 2004). 

Simple relationships between SOC content (0-30 

cm), groundwater data (mean and median), and landscape 

properties (TWI and LS factor) were tested (Figure 7). We 

found a strong linear correlation for mean GW (r= 0.82; r= 

0.93; r= 0.81 for HCA 1, HCA2, and HCA3) and median 

GW (r= 0.84; r= 0.95; r= 0.88 for HCA 1, HCA2, and 

HCA3) for the three groups: GW closer to the surface led 

to greater SOC contents.  Thus, the persistence of high GW 

levels in organic-rich soil horizons may cause shifts from 

an anaerobic to an aerobic condition.  GW at or very near 

saturation results in a lack of available CO
2
 in the soil pro-

fi le allowing an increase and maintenance of SOC in soil 

surface horizons (Meersmans et al., 2008). This is due to 

limited levels of microbial activity because water obstructs 

organic matter decomposition in the soil (Reichstein et al., 

2005). As a consequence, we can assume that with higher 

moisture content in the soil profi le, more SOC is preserved 

and DOC produced (Birkel et al., 2014). The infl uence of 

topography on SOC was evident through a signifi cant and 

negative relationship with LS factor. In contrast, the lowest 

correlation was found with TWI values (r= 0.45; r= 0.5; 

r= 0.35 for HCA 1, HCA2, and HCA3). GW behavior and 

topographic characteristics of hillslopes and riparian zones 

show distinct SOC patterns through the transient saturation 

of the soil profi le (i.e., time and frequency) as shown for 

the HCA groups (Figure 7).

 3.3 Spatial and temporal dynamics of DOC production in 

diff erent landscape units (hillslopes, riparian zones, and 

stream) related to GW dynamics and SOC vertical content

The average DOC concentration for the Sagui Ri-

ver was 2.46 ± 1.34 mg L-1 (n= 18) with low variability 

(0.80 mg L-1 – 6.2 mg L-1). Other studies in headwater 

systems have shown slightly higher DOC concentrations 

in streams, ranging from 2.7 to 4.7 mg L-1 (Liu & Sheu, 

2003; Chaplot & Ribolzi, 2014). However, the mean 

DOC for the Sagui River could be underestimated as 

it was collected mainly during low fl ows (1.77 L s-1 to 

46.47 L s-1). We found a non-linear relationship between 

DOC and discharge, which is similar to the results pre-

sented by Dawson et al. (2008), Oswald & Beanfi reun 

(2014), and Kasurinen et al. (2016). In general, this 

non-linear behavior could be related to runoff  source 
areas which gradually extend from the riparian zone 
to the hillslope area and considering that storm fl ow 

chemistry dynamics are associated with GW dynamics 

(Katsuyama et al., 2001).
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GW DOC data also diff ered widely in terms of 
time, landscape position (Figure 8), and HCA group 
(Figure 11). The highest mean concentration of DOC 
in GW was observed in the dynamic saturation area on 
low slopes in the zero-order basin, P1, P2, and P7 (4.83 
± 2.53 mg L-1, n= 25). Higher variability was observed 
in HCA1 wells in the riparian zone (3.86 ± 2.93 mg L-1, 
n= 25), which is consistent with the spatial heterogeneity 
of SOC in the landscape. Our data (Table 3) suggest 
that due to the spatial heterogeneity of DOC in GW, 
subsurface DOC enrichment processes could be related 
to: I) SOC redistribution processes across the landscape 
following topographic patterns (i.e., upland areas to 
valley bottom areas) (Ritchie et al., 2007; Schwanghart 
& Jarmer, 2011); and II) the interception between GW 
level with organic rich horizons on the soil surface (Win-
terdahl et al., 2011a; Winterdahl et al., 2011b; Lambert 
et al., 2013); thereafter, the breakdown of SOC for DOC 
production and pathways for its transformation. Other 

studies have shown changes in GW DOC could be ex-
plained by soil/air temperature, CO

2
 concentration in 

the atmosphere, microbial activity, water storage in the 
soil profi le, and runoff  generation processes (Kalbitz, et 

al., 2000; Erlandsson et al., 2008; Laudon et al., 2011; 
Grabs et al., 2012; Birkel et al., 2014).

Wells clustered by hydrological behavior and 
landscape characteristics also presented similar DOC 
patterns (i.e., HCA2 and HCA3; Figure 8). HCA1 and 
HCA2 showed a high temporal variability of GW DOC. 
Enrichment of DOC in a dynamic saturation area or ri-
parian zone can originate from: I) leached organic matter 
in the soil profi le during rainfall events; II) DOC transfer 
from upland soils and runoff  generation processes; and 
III) hyporheic fl uxes between the riparian zone and 
streams (Grabs et al., 2012). In Sagui’s catchment, zero-
-order basin soils which remained fully or almost fully 
saturated (P1, P2, and P7) showed higher DOC contents 
providing a stable source of DOC downslope by lateral 

Figure 7 - a) Groundwater mean levels; b) Groundwater median levels; c) Topographic Wetness Index (TWI) and d) LS factor versus soil 

organic carbon (0-30 cm) for each groundwater well.
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fl ow. The relationship between dynamic saturated areas, 

organic matter decomposition, and DOC production and 

fl uxes was modeled by Birkel et al. (2014) and Dick et al. 

(2015) for peat-dominated catchments. Their analysis is 

consistent with the results found herein for groups HCA1 

and HCA2 in the Sagui catchment demonstrating that 

hydrological hotspots can control DOC production and 

mobilization from landscapes to riverscapes.

Figure 8 - Ranges in groundwater DOC concentrations for groundwater wells (P1 – P12).

DOC concentrations in GW wells changed according 

to the water table level on low slopes and in the riparian 

zone (Figure 9). This is consistent with Lyon et al. (2011) 

who emphasized a decrease in total organic carbon con-

centration with depth of the soil profi le for riparian zones. 

As for HCA2 and HCA3, GW DOC concentration tended 

to show higher values when the water table level was 

nearer to the surface (> -10cm). There was also a strong, 

exponential decrease in DOC concentration with depth in 

the soil profi le (Figure 9). However, there was less of a 

pattern for HCA1 wells, as shown for SOC content in the 

soil profi le, where DOC concentrations ranged from 0.28 

mg L-1 to 12.68 mg L-1 and a water table level between 

0-50 cm in the soil profi les. These fi ndings support the 

evidence that DOC concentration in headwater streams is 

highly correlated with the nutrient fl ushing mechanism in 

which DOC peak occurs before discharge peak (Boyer et 

al., 1996; Inamdar et al., 2004; McGlynn & McDonnell, 

2003; Mei et al., 2014). The main hypothesis underlying 

this mechanism is based on catchment residence time and 

the spatial heterogeneity of saturated areas in the landsca-

pe. Water table rising at or close to the surface increases 

GW DOC concentration in areas with higher SOC labile 

fractions (i.e., riparian zones and dynamic saturated areas), 

which is then transported laterally into streams through 

runoff  processes (Mei et al., 2014) that are driven by the 

degree of hydrological connectivity between DOC sources 

on hillslopes and riparian zones (Tunaley et al., 2017).

Figure 9 - DOC concentration versus groundwater water table position for HCA groups.
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As for HCA2 wells, DOC production was increased 

when the catchment presented wetter conditions due to 

the signifi cant active water storage in the catchment and 

persistent GW level in the upper (0-30 cm) soil layers 

(i.e., highest SOC content). This is highlighted by mean 

DOC concentrations for P1 (5.44 mg L-1), P2 (4.18 mg 

L-1), and P7 (4.59 mg L-1) that showed greater DOC con-

centration limits when the water table level was above -30 

cm from the soil surface. Moreover, for HCA1 wells we 

found evidence of a continuous DOC mobilization in GW 

due to permanent wet conditions (i.e., low water defi cit) 

and SOC content in riparian soils. Thus, DOC enrichment 

of GW was observed even in the driest conditions for 

the riparian zone wells due to intermittent leaching of 

organic carbon from the soil profi le mixed with DOC-

-enriched water from upslope dynamic saturation areas. 

The role of wet conditions in DOC-enriched water storage 

has been presented elsewhere; Oswald & Beanfi reun 

(2014) showed an accumulation of potentially mobile 

DOC in the organic soil layer during the warm and dry 

summer period. As the catchment became wetter in the 

autumn, the authors found an increase in soil water DOC 

concentrations which were subsequently fl ushed during 

rainfall events. The nature of this relationship (DOC 

concentration and GW) is associated with highly dynamic 

GW behavior triggered by rainfall inputs on low slopes 

and in riparian zones. The soil profi le in these locations 

could be eventually leached during wet conditions due 

to upland (HCA1) or local (HCA2) saturation-excess 

overland fl ow.

Several studies, including those by McGlynn & 

McDonnell (2003), Billet et al. (2006), Grabs et al. 

(2012), and Dick et al. (2015), have shown the infl uence 

of landscape characteristics on DOC dynamics. We also 

tested simple regression models for correlation analysis 

to describe the major factors aff ecting DOC hetero-
geneity in the Sagui catchment through mean DOC 
concentration for each well versus mean and median 
GW level and TWI (Figure 10). We found a clear rela-
tionship between DOC concentration and mean (r= 0.8) 
and median (r= 0.81) GW level (Figure 10a and Figure 
10b). A moderate statistical correlation between DOC 
concentration and TWI (r= 0.66) (Figure 10c) was also 
found. Thus, the wetter the well (high TWI and mean/
median GW level close to the soil surface), the higher 
the mean DOC production at the hillslope scale. Even 
though hillslopes and riparian zones showed distinct 
hydrological behavior and landscape characteristics, 
DOC concentration dynamics in the catchment were 
linked to spatiotemporal GW dynamics. This is consis-
tent with Grabs et al. (2012), who used a combination 
of TWI values and GW levels to improve a modeling 
framework used to describe DOC dynamics in temperate 
riparian zones.

Figure 10 - DOC concentration for each well versus a) Groundwater level (mean), b) Groundwater level (median), c) Topographic Wetness Index (TWI).
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Mean DOC values for GW on hillslopes and ripa-

rian zones in the Sagui catchment were slightly lower 

than other studied catchments in temperate climates 

(McGlynn & McDonnell, 2003) or peat-dominated 

headwaters (Dawson et al., 2008; Lyon et al., 2011; 

Grabs et al., 2012; Dick et al., 2015). Landscape cha-

racteristics (Thomas et al., 2004; Buff am et al., 2007) 
and catchment hydrological and biochemical behavior 
(Aitekenhead et al., 1999; Laudon et al., 2011) have 
been identifi ed as the major drivers of allochthonous 
DOC inputs to streams. Thus, we found that in dyna-
mic saturation areas (HCA1 and HCA2), mean DOC 
concentration in GW is 60% and 95% higher, respec-
tively, than the stream during low fl ows (Figure 11). 
The mobilization of DOC-enriched GW to streams is 
triggered by precipitation events and transfer of DOC 
between source areas and streams. However, GW is 

constantly transferred to streams during low fl ows 
and has a more stable and lower DOC concentration 
(Tiwari et al., 2014; Dick et al., 2015) than other 
compartments of streamfl ow generation processes (i.e. 
overland fl ow, streamfl ow, and soil water) (Chaplot & 
Ribolzi, 2014).

We observed a shift in spatial patterns of GW 
DOC concentration (Figure 12) as a function of GW 
levels and precipitation events, as described by Dawson 
et al. (2008) and Van den Berg et al. (2012). During 
the August 2014 and June 2015 sampling surveys, a 
higher mean GW DOC concentration was observed in 
the near-stream riparian zone (HCA1: 6.54 mg L-1 and 
4.23 mg L-1) in comparison with HCA2 (4.18 mg L-1 
and 3.27 mg L-1, for GW level above -90 cm for P1, -50 
for P2, and -130 cm for P7), and HCA3 wells (1.54 mg 
L-1 and 1.55 mg L-1).

Figure 11 - Groundwater mean level for Sagui’s catchment, DOC minimum, mean and maximum production for each Groundwater well 

and ranges in DOC concentration for each HCA group
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In these situations, riparian zone wells (i.e., P8, P9, 

and P12 )  showed a low soil moisture defi cit and rapid 

water table fl uctuations during rainfall events refl ecting 

the ability of landscape and connectivity to control 

near-surface runoff  generation processes (Tetzlaff  et 

al., 2007), where hydrological behavior is associated 

with interactions with dynamic saturation zones on 

hillslopes (Tetzlaff  et al., 2008). These fi ndings may 

complement results found by Boyer et al. (1996) and 

Mei et al. (2014) who described DOC dynamics as a 

function of the fl ushing hypothesis, where DOC deli-

vered to streams originates primarily from DOC stored 

during low fl ows in near-stream riparian soils. In short, 

pre-rainfall event water stored in riparian soils that have 

been enriched with DOC can be quickly transferred 

during rainfall events due to the rising and lateral fl ow 

of GW (Bishop et al., 2011), connecting soils from 

dynamic saturated areas to streams (Grabs et al., 2012).

In contrast, for sampling surveys in January, Fe-

bruary, and March 2015, the mean DOC concentration 

in HCA2 wells (4.04 mg L-1, 5.12 mg L-1, and 6.43 mg 

L-1, for a GW level above -20cm for P1 and P2) were 

up to 100% greater than HCA1 riparian wells (3.01 

mg L-1, 3.39 mg L-1, and 3.16 mg L-1) and up to 320% 

greater than mid- and upslope HCA3 wells (1.92 mg L-1, 

1.92 mg L-1, and 1.53 mg L-1 for GW level below -90 

cm for P3, P4, P5, and P6). This result could indicate a 

quasi-permanent hydrological connection across DOC 

sources in hillslopes, riparian zones, and streams that 

is triggered in precipitation events due to the near or 

full saturation of the soil profi le in a dynamic saturation 

area of the zero-order basin (P1, P2, and P7). Fractions 

of the produced DOC could be mobilized downslope 

during rainfall events due to lateral GW fl ow, generating 

the movement of DOC enriched water from hillslopes, 

across the riparian zone, to the adjacent stream.

Chaplot & Ribolzi (2014) argued that the main 

reason for lower DOC concentrations in riparian zones 

could be related to the slow downslope movement of 

water from hillslopes and loss of DOC due to micro-

biological interactions with soils (i.e., organic matter 

decomposition and DOC absorption of inorganic frac-

tions). Although a dynamic saturated area in a zero-order 

basin shows higher relative DOC concentrations due to 

a large production of DOC and storage characteristics 

of the landscape (Dick et al., 2015), water and DOC 

transfer from hillslope soils is related to the occurrence 

of precipitation events when hydrological connectivity 

enables DOC transfer across the landscape to streams 

(Gannon et al., 2015).

Figure 12 - DOC concentration for each well for simultaneous sampling in August/2014 (left) and March/2015 (right).
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4. CONCLUSIONS

Our results suggest the critical importance of dy-

namic saturation areas for DOC production and storage 

that are linked to GW level dynamics. In addition, the 

results showed that mobilization of DOC fractions in the 

landscape is strictly related to hydrological connectivity 

between runoff  and DOC source areas with streams, as 
dynamic saturation areas demonstrated higher DOC 
production that may be transferred downslope due to la-
teral GW fl ow during precipitation events. Higher SOC 
contents (0 – 1 m) exhibit a strong, positive correlation 
with mean and median GW level near the surface due 
to shifts from anaerobic to aerobic conditions, allowing 
an increase in SOC storage in the soil profi le and, as a 
consequence, DOC production and mobilization. Al-
though there was slightly less SOC in the soil profi le, 
DOC concentration in GW in the zero-order basin wells 
was greater than in the near-stream riparian zone wells, 
particularly when GW level was within 0.1 m of the soil 
surface. For mid- and bottom slopes, the relationship 
between GW level variations and DOC concentration, 
which showed an exponential decrease with depth, is 
highly aff ected by soils with lower SOC contents wi-
thin 0.5 m of the surface. Moreover, we also observed 
changes in DOC production patterns on hillslopes and 
riparian zones as a function of GW levels and precipi-
tation patterns. 

This study highlights the role of GW dynamics 
linked to SOC content and DOC sources in a subtropical 
headwater catchment with a highly dynamic saturated 
area, thus improving our understanding of how DOC is 
produced and mobilized across the landscape.   The ap-
proach presented herein can be applied to other geogra-
phical settings and supports conceptual or quantitative 
analyses of hydrological functioning within catchment 
areas, particularly in terms of runoff  generation, shallow 
GW fl uctuations, and vertical distribution of SOC con-
tent in the soil profi le, and how they are linked to DOC 
sources and exportation from headwater systems into 
the broader landscape.

REFERENCES

ÅGREN A.M., BUFFAM, I., COOPER, D.M., TIWARI, 

T., EVANS, C.D., LAUDON, H. Can the heterogeneity in 

stream dissolved organic carbon be explained by contributing 

landscape elements? Biogeosciences, v. 11, n.4, 1199–1213, 

2014. DOI:10.5194/bg-11-1199-2014. 

AITKENHEAD, J.A., HOPE, D., BILLET, M.F. The relationship 

between dissolved organic carbon in streamwater and soil 

organic carbon pools at diff erent spatial scales. Hydrological 

Processes. v. 13, 1289–1302, 1999. DOI: 10.1002/(SICI)1099-

1085(19990615)13:8<1289::AID-HYP766>3.0.CO;2-M

BILLETT, M. F., DEACON, C.M., PALMER, S.M., DAWSON, 

J.J.C.,  HOPE, D. Connecting organic carbon in stream water and 

soils in a peatland catchment, J. Geophys. Res., v. 111, G02010, 

2006. DOI:10.1029/2005JG000065.

BIRKEL, C., SOULSBY, C., TETZLAFF, D. Integrating 

parsimonious models of hydrological connectivity and 

soil biogeochemistry to simulate stream DOC dynamics. 

J. Geophys. Res. Biogeosci., v. 119, 1030–1047, 2014. 

DOI:10.1002/2013JG002551.

BISHOP, K., SEIBERT, J., NYBERG, L., RODHE, A. Water 

storage in a till catchment. II: Implications of transmissivity 

feedback for fl ow paths and turnover times. Hydrological 

Processes, v. 25, n. 25, 3950-3959, 2011. DOI: 10.1002/hyp.8355

BLUMSTOCK, M., TETZLAFF, D., DICK, J. J., NUETZMANN, 

G., SOULSBY, C. Spatial organization of groundwater dynamics 

and streamfl ow response from diff erent hydropedological units 

in a montane catchment. Hydrological Processes, v. 30, n. 21, 

3735-3753, 2016. DOI: 10.1002/hyp.10848

BOGNOLA, I.A. Unidades de manejo para Pinus taeda L. 

no planalto norte catarinense, com base em características 

do meio físico. PhD. Thesis, Univerisidade Federal do Paraná. 

180p., 2004 (in portuguese).

BOYER, E. W., HORNBERGER, G. M., BENCALA, K. 

E., MCKNIGHT, D. Overview of a simple model describing 

variation of dissolved organic carbon in an upland catchment. 

Ecological Modelling, v. 86, n. 2-3, 183-188, 1996. DOI: 

10.1016/0304-3800(95)00049-6

BUFFAM, I., LAUDON,H., TEMNERUD, J., MÖRTH, 

C.M., BISHOP, K. Landscape-scale variability of acidity 

and dissolved organic carbon during spring fl ood in a boreal 

stream network, J. Geophys. Res., v. 112, G01022, , 2007. 

DOI:10.1029/2006JG000218.

CAMPORESE, M., PENNA, D., BORGA, M., PANICONI, C. A 

fi eld and modeling study of nonlinear storage- discharge dynamics 

for an Alpine headwater catchment. Water Resources Research, 

v. 50 n. 2, 806–822, 2014. DOI:10.1002/2013WR013604

CHAPLOT, V., RIBOLZI, O. Hydrograph separation to improve 

understanding of Dissolved Organic Carbon Dynamics in 



43

Linking Dissolved Organic Carbon Spatial Heterogeneity to Groundwater Dynamics and Soil Organic Carbon

Rev. Bras. Geomorfol. (Online), São Paulo, v.22, n.1, (Jan-Mar) p.27-46, 2021

Headwater catchments. Hydrological Processes, v. 28, n.21, 

5354-5366, 2014. DOI: 10.1002/hyp.10010

COLE, J.J., PRAIRIE, Y.T., CARACO, N.F., MCDOWELL, 

W.H., TRANVIK, L.J., STRIEGL, R.G., DUARTE, C.M., 

KORTELAINEN, P., DOWNING, J.A., MIDDELBURG, J.J. 

MELACK, J. Plumbing the global carbon cycle: Integrating 

inland waters into the terrestrial carbon budget, Ecosystems, 

v. 10, n. 1, 171–184, 2007. DOI: 10.1007/s10021-006-9013-8

DAVIDSON, E.A., JANSSENS, I.A. Temperature sensitivity 

of soil carbon decomposition and feedbacks to climate change. 

Nature, v. 440, n. 7081, 165-173, 2006.

DAWSON, J.J., TETZLAFF, D., SPEED, M., HRACHOWITZ, 

M., SOULSBY, C. Seasonal controls on DOC dynamics in nested 

upland catchments in NE Scotland. Hydrological Processes, v. 

25, n.10, 1647-1658, 2011. DOI: 10.1002/hyp.7925

DAWSON, J.J .C.,  SOULSBY, C.,  TETZLAFF, D., 

HRACHOWITZ, M., DUNN, S.M., MALCOLM, I.A. Infl uence 

of hydrology and seasonality on DOC exports from three 

contrasting upland catchments. Biogeochemistry, v. 90, n. 1, 

93-113, 2008. DOI: 10.1007/s10533-008-9234-3

DETTY, J. M., MCGUIRE, K. J. Topographic controls on 

shallow groundwater dynamics: implications of hydrologic 

connectivity between hillslopes and riparian zones in a till 

mantled catchment. Hydrological Processes, v. 24, n.16, 2222-

2236, 2010. DOI: 10.1002/hyp.7656

DICK, J. J., TETZLAFF, D., BIRKEL, C. SOULSBY, C. 

Modelling landscape controls on dissolved organic carbon 

sources and fl uxes to streams, Biogeochemistry, v. 122, n. 2, 

361–374, 2015. DOI:10.1007/s10533-014-0046-3.

DOSSKEY, M. G. BERTSCH, P. M. Transport of dissolved 

organic matter through a sandy forest soil. Soil Science Society 

of America Journal, v. 61, n. 3, 920-927, 1997.

DROUIN, A., SAINT-LAURENT, D., LAVOIE, L., OUELLET, 

C. High-precision elevation model to evaluate the spatial 

distribution of soil organic carbon in active floodplains. 

Wetlands, v. 31, n. 6, 1151-1164, 2011. DOI: 10.1007/s13157-

011-0226-z

ERLANDSSON, M., BUFFAM, I., FÖLSTER, J., LAUDON, 

H., TEMNERUD, J., WEYHENMEYER, G. A., BISHOP, 

K. Thirty‐five years of synchrony in the organic matter 

concentrations of Swedish rivers explained by variation in fl ow 

and sulphate. Global Change Biology, v. 14, n. 5, 1191-1198, 

2008. DOI: 10.1111/j.1365-2486.2008.01551.x

FISSORE, C., DALZELL, B. J., BERHE, A. A., VOEGTLE, M., 

EVANS, M., WU, A. Infl uence of topography on soil organic 

carbon dynamics in a Southern California grassland. Catena, v. 

149, 140-149, 2017. DOI: 10.1016/j.catena.2016.09.016

GANNON, J. P., BAILEY, S. W., MCGUIRE, K. J., SHANLEY, 

J. B. Flushing of distal hillslopes as an alternative source of 

stream dissolved organic carbon in a headwater catchment. 

Water Resources Research, v. 51, n. 10, 8114-8128, 2015. 

DOI: 10.1002/2015WR016927

GANNON, J.P., BAILEY, S.W., MCGUIRE, K.J. Organizing 

groundwater regimes and response thresholds by soils: A 

framework for understanding runoff  generation in a headwater 

catchment. Water Resources Research, v. 50, n.11, 8403-8419, 

2014. DOI: 10.1002/2014WR015498

GRABS, T., BISHOP, K., LAUDON, H., LYON, S. W., 

SEIBERT, J. Riparian zone hydrology and soil water total 

organic carbon (TOC): implications for spatial variability and 

upscaling of lateral riparian TOC exports. Biogeosciences, v. 9, 

n. 10, 3901-3916, 2012. DOI: 10.5194/bg-9-3901-2012, 2012.

HANCOCK, G. R., MURPHY, D., EVANS, K. G. Hillslope 

and catchment scale soil organic carbon concentration: An 

assessment of the role of geomorphology and soil erosion in an 

undisturbed environment. Geoderma, v. 155, n. 1, 36-45, 2010. 

DOI: 10.1016/j.geoderma.2009.11.021

INAMDAR, S. P., CHRISTOPHER, S. F., MITCHELL, M. J. 

Export mechanisms for dissolved organic carbon and nitrate 

during summer storm events in a glaciated forested catchment 

in New York, USA. Hydrological Processes, v. 18, n. 14, 2651-

2661, 2004. DOI: 10.1002/hyp.5572

JENCSO, K.G., MCGLYNN, B.L., GOOSEFF, M.N., 

WONDZELL, S.M., BENCALA, K.E., MARSHALL, L.A. 

Hydrologic connectivity between landscapes and streams: 

Transferring reach‐and plot‐scale understanding to the catchment 

scale. Water Resources Research, v. 45, n. 4, 2009. DOI: 

10.1029/2008WR007225

JOBBÁGY, E. G. JACKSON, R. B. The vertical distribution of 

soil organic carbon and its relation to climate and vegetation. 

Ecological applications, v. 10, n. 2, 423-436, 2000. DOI: 

10.1890/1051-0761(2000)010

KALBITZ, K., SOLINGER, S., PARK, J. H., MICHALZIK, B., 

MATZNER, E. Controls on the dynamics of dissolved organic 

matter in soils: a review. Soil Science, v. 165, n. 4, 277-304, 2000.

KASURINEN, V., ALFREDSEN, K., OJALA, A., PUMPANEN, 

J., WEYHENMEYER, G. A., FUTTER, M. N., LAUDON, H. 

BERNINGER, F. Modeling nonlinear responses of DOC transport 

in boreal catchments in Sweden. Water Resources Research, 



44

Siefert C. A. C. & Santos I.

Rev. Bras. Geomorfol. (Online), São Paulo, v.22, n.1, (Jan-Mar) p.27-46, 2021

v. 52, n. 7, 4970-4989, 2016. DOI: 10.1002/2015WR018343

KATSUYAMA, M., OHTE, N., KABEYA, N. Eff ects of bedrock 

permeability on hillslope and riparian groundwater dynamics in 

a weathered granite catchment. Water Resources Research, v. 

41, n. 1, 2005. DOI: 10.1029/2004WR003275

KÖPPEN W. Climatología: con un estudio de los climas de la 

tierra. Fondo de Cultura Económica: México, 1948.

LAMBERT, T., PIERSON‐WICKMANN, A. C., GRUAU, 

G., JAFFREZIC, A., PETITJEAN, P., THIBAULT, J. N., 

JEANNEAU, L. Hydrologically driven seasonal changes in the 

sources and production mechanisms of dissolved organic carbon 

in a small lowland catchment. Water Resources Research, v. 

49, n. 9, 5792-5803, 2013. DOI: 10.1002/wrcr.20466

LAMBERT, T., PIERSON-WICKMANN, A. C., GRUAU, G., 

THIBAULT, J. N., JAFFREZIC, A. Carbon isotopes as tracers 

of dissolved organic carbon sources and water pathways in 

headwater catchments. Journal of Hydrology, v. 402, n. 3, 

228-238, 2011. DOI: 10.1016/j.jhydrol.2011.03.014

LAUDON, H., BERGGREN, M., ÅGREN, A., BUFFAM, 

I., BISHOP, K., GRABS, T., JANSSON, M., KOHLER, S. 

Patterns and dynamics of dissolved organic carbon (DOC) in 

boreal streams: the role of processes, connectivity, and scaling. 

Ecosystems, v. 14, n. 6, 880-893, 2011. DOI: 10.1007/s10021-

011-9452-8

LESSELS, J.S., TETZLAFF, D., BIRKEL, C., DICK, J. 

SOULSBY, C. Water sources and mixing in riparian wetlands 

revealed by tracers and geospatial analysis, Water Resources. 

Research, v. 52, 456–470, 2016. DOI:10.1002/2015WR017519

Li, M., Zhang, X., Pang, G., Han, F. The estimation of soil 

organic carbon distribution and storage in a small catchment 

area of the Loess Plateau. Catena, v. 101, 11-16, 2013. DOI: 

10.1016/j.catena.2012.09.012

LIU, C. P.,  SHEU, B. H. Dissolved organic carbon in 

precipitation, throughfall, stemfl ow, soil solution, and stream 

water at the Guandaushi subtropical forest in Taiwan. Forest 

Ecology and Management, v. 172, n. 2, 315-325, 2003. DOI: 

10.1016/S0378-1127(01)00793-9

LYON, S. W., GRABS, T., LAUDON, H., BISHOP, K.H., 

SEIBERT, J. Variability of groundwater levels and total organic 

carbon in the riparian zone of a boreal catchment, J. Geophys. 

Res., v. 116, G01020, 2011. DOI:10.1029/2010JG001452.

MATILAINEN, A., GJESSING, E.T., LAHTINEN, T., HED, 

L., BHATNAGAR, A.,  SILLANPÄÄ, M. An overview of 

the methods used in the characterisation of natural organic 

matter (NOM) in relation to drinking water treatment. 

Chemosphere, v. 83, n. 11, 1431-1442, 2011. DOI: 10.1016/j.

chemosphere.2011.01.018

MCGLYNN, B. L., MCDONNELL, J. J.  Role of discrete 

landscape units in controlling catchment dissolved organic 

carbon dynamics. Water Resources Research, v. 39, n. 4. 1090, 

2003. https://DOI.org/10.1029/2002WR001525

MEERSMANS, J., DE RIDDER, F., CANTERS, F., DE BAETS, 

S., VAN MOLLE, M. A multiple regression approach to assess 

the spatial distribution of Soil Organic Carbon (SOC) at the 

regional scale (Flanders, Belgium). Geoderma, v. 143, n. 1, 

1-13, 2008. DOI: 10.1016/j.geoderma.2007.08.025

MEI, Y., HORNBERGER, G. M., KAPLAN, L. A., NEWBOLD, 

J. D., AUFDENKAMPE, A. K. Estimation of dissolved 

organic carbon contribution from hillslope soils to a headwater 

stream. Water Resources Research, v. 48, n. 9, 2012. DOI: 

10.1029/2011WR010815

MEI, Y., HORNBERGER, G. M., KAPLAN, L. A., NEWBOLD, 

J. D., AUFDENKAMPE, A. K. The delivery of dissolved 

organic carbon from a forested hillslope to a headwater stream in 

southeastern Pennsylvania, USA. Water Resources Research, 

v. 50, n .7, 5774-5796, 2014. DOI: 10.1002/2014WR015635

MENGISTU, S. G., CREED, I.F., WEBSTER, K.L., ENANGA, 

E. BEALL, F.D. Searching for similarity in topographic controls 

on carbon, nitrogen and phosphorus export from forested 

headwater catchments, Hydrological Processes, v. 28, n. 8, 

3201-3216, 2014. DOI:10.1002/hyp.9862

MINEAU, M.M., WOLLHEIM, W.M., BUFFAM, I., FINDLAY, 

S.E., HALL, R.O., HOTCHKISS, E.R., KOENIG, L.E., 

MCDOWELL, W.H. PARR, T. B. Dissolved organic carbon 

uptake in streams: A review and assessment of reach‐

scale measurements. Journal of Geophysical Research: 

Biogeosciences, v. 121, n. 8, 2019-2029, 2016. DOI: 

10.1002/2015JG003204

MOREL, B., DURAND, P., JADDREZIC, A., GRUAU, G. 

MOLENAT, J. Sources of dissolved organic carbon during 

stormfl ow in a headwater agricultural catchment. Hydrological 

Processes, v. 23, n. 20, 2888-2901, 2009. DOI: 10.1002/

hyp.7379

O’DRISCOLL, M.A. DEWALLE, D.R., Seeps regulate stream 

nitrate concentration in forested Appalachian catchments. 

Journal of Environmental Quality, v. 39, n. 1, 420-431, 2010. 

DOI: 10.2134/jeq2009.0083

ONI, S.K., FUTTER, M.N., BISHOP, K., KOHLER, S.J., 

OTTOSSON-LOFVENIUS, M., LAUDON, H. Long-term 



45

Linking Dissolved Organic Carbon Spatial Heterogeneity to Groundwater Dynamics and Soil Organic Carbon

Rev. Bras. Geomorfol. (Online), São Paulo, v.22, n.1, (Jan-Mar) p.27-46, 2021

patterns in dissolved organic carbon, major elements and trace 

metals in boreal headwater catchments: trends, mechanisms and 

heterogeneity. Biogeosciences, v. 10, n. 4, 2315-2330, 2013. 

DOI: :10.5194/bg-10-2315-2013

OSWALD, C. J., BRANFIREUN, B. A. Antecedent moisture 

conditions control mercury and dissolved organic carbon 

concentration dynamics in a boreal headwater catchment. 

Water Resources Research, v. 50, n. 8, 6610-6627, 2014. DOI: 

10.1002/2013WR014736

PAUL, K. I., POLGLASE, P. J., NYAKUENGAMA, J. G., 

KHANNA, P. K.  Change in soil carbon following aff orestation. 

Forest Ecology and Management, v. 168, n. 1, 241-257, 2002. 

DOI: 10.1016/S0378-1127(01)00740-X

PERALTA-TAPIA, A., SPONSELLER, R. A., ÅGREN, A., 

TETZLAFF, D., SOULSBY, C., LAUDON, H. Scale-dependent 

GW contributions infl uence patterns of winter basefl ow stream 

chemistry in boreal catchments, J. Geophys. Res. Biogeosci., 

v. 120, 847–858, 2015. DOI:10.1002/2014JG002878

R DEVELOPMENT CORE TEAM 2009. R: a language and 

environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. ISBN 3- 900051-07-0. 

<http://www.R-project.org>.

REICHSTEIN, M., SUBKE, J.-A., ANGELI, A. C., TENHUNEN, 

J. D. Does the temperature sensitivity of decomposition of soil 

organic matter depend upon water content, soil horizon, or 

incubation time?, Global Change Biol., v. 11, 1–14, 2005. DOI: 

10.1111/j.1365-2486.2005.001010.x

RIEGER, I.; LANG, F.; KOWARIKA, I.; CIERJACKS, A. 

The interplay of sedimentation and carbon accretion in riparian 

forests. Geomorphology, v. 214, n. 1, 157–167, 2014. DOI: 

10.1016/j.geomorph.2014.01.023

RITCHIE, J. C., MCCARTY, G. W., VENTERIS, E. R., 

KASPAR, T. C. Soil and soil organic carbon redistribution on 

the landscape. Geomorphology, v. 89, n. 1, 163-171, 2007. DOI: 

10.1016/j.geomorph.2006.07.021

SAINT-LAURENT, D. ,  BEAULAC-GERVAIS,  V. , 

BERTHELOT, J. S. Comparison of soil organic carbon and 

total nitrogen contents in inundated and non-inundated zones 

in southern Québec, Canada. Catena, v. 113, 1-8, 2014. DOI: 

10.1016/j.catena.2013.09.005

SAINT-LAURENT, D., GERVAIS-BEAULAC, V., PARADIS, 

R., ARSENAULT-BOUCHER, L., DEMERS, S. Distribution 

of Soil Organic Carbon in Riparian Forest Soils Aff ected by 

Frequent Floods (Southern Québec, Canada). Forests, v. 8, n. 

4, 124, 2017. DOI: 10.3390/f8040124

SANDERMAN, J., LOHSE, K.A., BALDOCK, J.A., 

AMUNDSON, R. Linking soils and streams: Sources and 

chemistry of dissolved organic matter in a small coastal 

watershed, Water Resources Research, v. 45, W03418, 2009. 

DOI: 10.1029/2008WR006977

SCHWANGHART, W., JARMER, T. Linking spatial patterns 

of soil organic carbon to topography - a case study from south-

eastern Spain. Geomorphology, v. 126, n. 1, 252-263, 2011. 

DOI: 10.1016/j.geomorph.2010.11.008

SHAW, G.D., CONKLIN, M.H., NIMZ, G.J., LIU, F. 

Groundwater and surface water fl ow to the Merced River, 

Yosemite Valley, California: 36Cl and Cl− evidence. Water 

Resources Research, v. 50,, n. 3, 1943-1959, 2014. DOI: 

10.1002/2013WR014222

SIEFERT, C.A.C.; SANTOS, I. Dinâmica do carbono orgânico 

e processos hidrológicos na escala da bacia hidrográfi ca: uma 

revisão. Revista Brasileira de Geomorfologia, v. 19, n. 1, 2018. 

DOI: 10.20502/rbg.v19i1.1248

SINGH, S., INAMDAR, S. MITCHELL, M. Changes in 

dissolved organic matter (DOM) amount and composition 

along nested headwater stream locations during basefl ow and 

stormfl ow. Hydrological Processes v. 29, 1505–1520, 2015. 

DOI: http://dx.DOI.org/10.1002/hyp.10286

SOLOMON, C. T., JONES, S.E., WEIDEL, B.C., BUFFAM, I., 

FORK, M.L., KARLSSON, J., LARSEN, S.; LENNON, J.T., 

READ., J.S., SADRO, S. SAROS, J.E. Ecosystem consequences 

of changing inputs of terrestrial dissolved organic matter to lakes: 

Current knowledge and future challenges, Ecosystems, v. 18, n. 

3, 376–389, 2015, DOI:10.1007/s10021-015-9848-y

STROHMEIER, S., KNORR, K.H., REICHERT, M., FREI, 

S., FLECKENSTEIN, J.H., PEIFFER, S. MATZNER, E. 

Concentrations and fluxes of dissolved organic carbon in 

runoff  from a forested catchment: Insights from high frequency 

measurements, Biogeosciences, v. 10, 905–916, 2013. DOI: 

10.5194/bg-10-905-2013

TERAJIMA, T., MORIIZUMI, M. Temporal and spatial changes 

in dissolved organic carbon concentration and fl uorescence 

intensity of fulvic acid like materials in mountainous headwater 

catchments, Journal of Hydrology, v. 479, 1–12, 2013. 

DOI:10.1016/j.jhydrol.2012.10.023

TERRA, J. A., SHAW, J. N., REEVES, D. W., RAPER, R. L., 

VAN SANTEN, E., MASK, P. L. Soil carbon relationships with 

terrain attributes, electrical conductivity, and a soil survey in a 

coastal plain landscape. Soil Science, v. 169, n. 12, 819-831, 

2004. DOI: 10.1097/00010694-200412000-00001



46

Siefert C. A. C. & Santos I.

Rev. Bras. Geomorfol. (Online), São Paulo, v.22, n.1, (Jan-Mar) p.27-46, 2021

TETZLAFF, D., BIRKEL, C., DICK, J., GERIS, J. SOULSBY, 

C. Storage dynamics in hydropedological units control hillslope 

connectivity, runoff  generation, and the evolution of catchment 

transit time distributions. Water Resources Research, v. 50, n. 

2, 969-985, 2014. DOI: 10.1002/2013WR014147

TETZLAFF, D., SOULSBY, C., BACON, P. J., YOUNGSON, 

A. F., GIBBINS, C., MALCOLM, I. A. Connectivity between 

landscapes and riverscapes-a unifying theme in integrating 

hydrology and ecology in catchment science?. Hydrological 

Processes, v. 21, n. 10, 1385-1389, 2007. DOI: 10.1002/

hyp.6701

TETZLAFF, D., UHLENBROOK, S., EPPERT, S., SOULSBY, 

C. Does the incorporation of process conceptualization and 

tracer data improve the structure and performance of a simple 

rainfall‐runoff model in a Scottish mesoscale catchment?. 

Hydrological Processes, v. 22, n. 14, 2461-2474, 2008. DOI: 

10.1002/hyp.6841

THOMAS, S. M., NEILL, C., DEEGAN, L. A., KRUSCHE, A. 

V., BALLESTER, V. M., VICTORIA, R. L. Infl uences of land 

use and stream size on particulate and dissolved materials in a 

small Amazonian stream network. Biogeochemistry, v. 68, n. 2, 

135-151, 2004. DOI: 10.1023/B:BIOG.0000025734.66083.b7

TIWARI, T., LAUDON, H., BEVEN, K., ÅGREN, A.M. 

Downstream changes in DOC: Inferring contributions in the face 

of model uncertainties, Water Resour. Res., v. 50, 514–525, 

2014. DOI:10.1002/2013WR014275.

TRANVIK, L.J., DOWNING, J.A., COTNER, J.B., LOISELLE, 

S.A., STRIEGL, R.G., BALLATORE, T.J., DILLON, FINLAY, 

P.K., FORTINO, K., KNOLL, L.B., KORTELAINEN, P.K., 

KUTSER, T., LARSEN, S., LAURION, I., LEECH, D.M., 

MCCALLISTER, S.L., MCKNIGHT, D.M., MELACK, J.M., 

OVERHOLT, E., PORTER, J.A.,  PRAIRIE, Y., RENWICK, 

W.H., ROLAND, F., SHERMAN, B.S., SCHINDLER, D.W., 

SOBEK, S., TREMBLAY, A., VANNI, M.J., VERSCHOOR, 

A.M., VON WACHENFELDT, E.,  WEYHENMEYER, G.A. 

Lakes and reservoirs as regulators of carbon cycling and climate, 

Limnol. Oceanogr., v. 54, n. 1, 2298–2314, 2009. DOI: 10.4319/

lo.2009.54.6_part_2.2298

TUNALEY, C., TETZLAFF, D., SOULSBY, C. Scaling eff ects 

of riparian peatlands on stable isotopes in runoff  and DOC 

mobilisation. Journal of Hydrology, v. 549, 220-235, 2017. 

DOI: 10.1016/j.jhydrol.2017.03.056

TUNALEY, C., TETZLAFF, D., LESSELS, J., SOULSBY, C. 

Linking high‐frequency DOC dynamics to the age of connected 

water sources. Water Resources Research, v. 52, n. 7, 5232-

5247, 2016. DOI: 10.1002/2015WR018419

UDA, P. K., CORSEUIL, C. W., KOBIYAMA, M. Real 

Evapotranspiration Of The Upper Rio Negro Watershed , 

in Southern Brazil, Using SEBAL (Surface Energy Balance 

Algorithm for Land) and Water Balance. Revista Brasileira de 

Recursos Hídricos, v. 19, 205-217, 2013. DOI: 10.21168/rbrh.

v19n1.p205-217 (in portuguese)

VAN DEN BERG, L. J., SHOTBOLT, L., ASHMORE, M. R. 

Dissolved organic carbon (DOC) concentrations in UK soils and 

the infl uence of soil, vegetation type and seasonality. Science of 

the Total Environment, v. 427, 269-276, 2012. DOI: 10.1016/j.

scitotenv.2012.03.069

WALLIN, M.B., WEYHENMEYER, G.A., BASTVIKEN, D., 

CHMIEL, H.E., PETER, S., SOBEK, S. KLEMEDTSSON, 

L. Temporal control on concentration, character, and export of 

dissolved organic carbon in two hemiboreal headwater streams 

draining contrasting catchments. J. Geophys. Res. Biogeosci. 

V. 120, 832–846, 2015. DOI: 10.1002/ 2014JG002814

WINTERDAHL, M., FUTTER, M., KÖHLER, S., LAUDON, H., 

SEIBERT, J., BISHOP, K. Riparian soil temperature modifi cation 

of the relationship between fl ow and dissolved organic carbon 

concentration in a boreal stream. Water Resources Research, 

v. 47, n. 8, 2011. DOI: 10.1029/2010WR010235

WINTERDAHL, M., TEMNERUD, J., FUTTER, M.N.; 

LÖGFREN, S., MOLDAN, F. BISHOP, K. Riparian zone 

infl uence on stream water dissolved organic carbon concentrations 

at the Swedish Integrated Monitoring sites. Ambio, v. 40, n. 8, 

920-930, 2011. DOI: 10.1007/s13280-011-0199-4

WU, H., PENG, C., MOORE, T.R., HUA, D., LI, C., ZHU, 

Q., PEICHL, M., ARAIN, M.A., GUO, Z. Modeling dissolved 

organic carbon in temperate forest soils: TRIPLEX-DOC model 

development and validation. Geoscientifi c Model Development, 

v. 7, n. 3, 867-881, 2014. DOI:10.5194/gmd-7-867-2014


