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1. INTRODUCTION 

Soil organic carbon (SOC) is important in all soil processes and is both a sink for carbon 

sequestration and a source of carbon release under varying circumstances. Understanding its 

dynamics is thus essential because of its role in soil functioning, mitigating soil degradation, 

ensuring food security, and improving the global environment. SOC directly affects soil 

chemical, physical, and biological properties and plays a crucial role in sustaining soil fertility 

and environmental quality (Lal, 2009). In addition, SOC has implications in pollutant transfers to 

air and water bodies; it has a strong impact on the local and global carbon cycles, and even small 

changes in the soil organic carbon pool may change the global carbon cycle (Johnston et al., 

2004). The expected increase in precipitation and temperature associated with climate and land 

cover changes in tropical regions can reduce the soil organic carbon storage through the export 

of DOC from lands into aquatic ecosystems, especially in high altitude ecosystems. The resulting 

DOC increase in aquatic ecosystems will potentially affect their functioning. A better 

understanding of DOC dynamics in forest and agriculture dominated lands and streams is needed 

because the cycling of other important crop nutrients is linked to the quantity and quality of DOC 

(Baker et al., 1999). In addition, a fully integrated and more spatially explicit prediction of DOC 

fluxes within watersheds is needed to help management of soil carbon stocks and mitigate 

nutrients fluxes to watercourses. 

 

2. SOIL CARBON 

2.1. Global carbon pools and fluxes 

There are five global carbon pools: (1) the oceanic pool (38400 Pg), (2) the geological pool 

comprising fossil fuels (4130 Pg) of which 85% is coal, 5.5% is oil and 3.3% is gas; (3) the 

pedologic pool (2500 Pg) comprising soil organic carbon (SOC) pool (1550 Pg) and soil 

inorganic carbon (SIC) pool (950 Pg); (4) the atmospheric pool (760 Pg) and (5) the biotic pool 

(560 Pg)  (Lal, 2008). The pedologic and biotic carbon pools together are called the terrestrial 

carbon pool (3060 Pg) (Lal, 2008). Soil carbon represents 80% of the carbon found in terrestrial 

ecosystems of the planet (Lal, 2008). The soil carbon pool is 3.1-4 times larger than the 

atmospheric pool (Oelkers and Cole, 2008; Lal, 2008) and nearly 12.5 times less than the ocean 

pool of about 38,400 GT of carbon (Houghton, 2007; Lal, 2008). The SIC pool includes 
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elemental carbon and carbonate minerals (e.g. calcite, dolomite and gypsum, etc) derived from 

the weathering of parent materials or  formed through the reaction of atmospheric CO2 with Ca
+2

 

and Mg
+2

 brought in from outside the local ecosystem (e.g. calcareous dust, irrigation water, 

fertilizers, and manures). The pedologic carbon pool is interacting with atmospheric, oceanic and 

biotic pools. Terrestrial and atmospheric pools interact through photosynthesis (+120Pg of 

carbon per year), plant respiration (- 60 Pg of carbon per year), soil respiration (- 60 Pg of carbon 

per year).  

 

 

 

Figure 1: Principal global carbon pools and fluxes between them (Lal, 2008). 
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2.2. SOC pools and dynamics 

SOC is the main constituent of soil organic matter (SOM) (Victoria et al., 2012); it is 

mainly stored in the top three meters of soil (2344 Gt) whose 1500 Gt (54%) in the first meter of 

soil and about 615 Gt stored in the top 20 cm (Stockmann et al., 2013).  

SOC is produced through litterfall, decomposition and humification processes (Grigg and 

Mulligan, 1999) and through internal transfer of organic matter from leaves to roots and from 

roots to soils through the rhizodeposition process (Luyssaert et al., 2007).  Root exudates 

represent 5–33% of daily photo-assimilate (Jones et al., 2009) and affect SOC stocks through a 

rhizosphere priming effect (Stockmann et al., 2013). The removal of soil carbon is by emission 

of greenhouse gases such as carbon dioxide (CO2) and methane (CH4) to the atmosphere or 

through erosion and leaching processes. When carbon inputs and outputs are in balance with one 

another, there is no net change in SOC levels; SOC levels increase over time when carbon inputs 

exceed carbon losses. 

 

Figure 2: Processes affecting SOC dynamics (Lal, 2004). 

Different criteria such as acid hydrolysis, microbial function, and separation methods 

divide the SOC into different pools. The acid hydrolysis procedure divides SOC into labile and 

recalcitrant pools (Silveira et al., 2008). The labile carbon pool consists of organic compounds 

which can be rapidly decomposed, whereas the recalcitrant carbon pool consists of physically 
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and chemically stabilized carbon (Cochran et al., 2007; Wang et al., 2013).  According to 

microbial functions action open the SOC store, SOC is divided into fast-active, slow-

intermediate and very slow pools (Trumbore, 2009; Stockmann et al., 2013). The particle size 

separation method enables the separation of SOC into dissolved organic carbon (DOC, <0.45μm 

of diameter), particulate organic carbon (POC, >53μm of diameter), humus or humified organic 

carbon (HOC) and inert organic matter (IOC) (Sleutel et al., 2009). POC is also defined as 

organic matter larger than 0.7μm (Dawson et al., 2004) or as particles >0.45μm (Zsolnay, 2003).  

Using density separation, the POC is further separated into litter, macro-organic matter 

(150 µm - 2 mm size) (Sitompul et al., 2000), and light fraction. The light fraction is a dynamic 

fraction with high carbon concentration (Tan et al., 2007) and relatively short turnover time 

(Gregorich et al., 1996). It is an early indicator of management-induced changes in soil quality 

(Bending and Turner, 2009; Wang et al., 2009). 

 

3. SOIL DOC  

3.1. Environmental significance  

Soil DOC is a natural part of soil solution (Schwalm and Zeitz, 2014) and its labile 

fraction is 10-85% depending on soil depth and land use (Boyer and Groffman, 1996). It may 

contain carbohydrates, proteins, fats, hydrocarbons and their derivatives, fractions of humic acids 

of low molecular weight as well as other numerous simple organic compounds (Gonet and 

Debska, 2006). It is produced by microbial decay of humus rather than of recent litter (Zsolnay, 

1996) and it has an environmental significance. Indeed, it plays a role in soil aggregation and 

erosion control, mobilization and export of nutrients, bioavailability and ecotoxicology of heavy 

metals, transformation and transport of organic contaminants, gaseous emission and atmospheric 

pollution.  

As with other DOMs, DOC promotes and stabilizes aggregations of soil particles (Deurer 

et al., 2009) and influences the mobility and bioavailability of nutrients that interact with organic 

matter and undergo mineralization and immobilization processes. The mineralization process 

involves the conversion of plant unavailable organic forms of nutrients such as nitrogen, sulphur 

and phosphorus into plant available inorganic forms by soil microorganisms. Immobilization is 

the reverse process in which the plant available nutrients are converted to plant unavailable 

organic compounds. 
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DOMs form soluble and insoluble complexes with metals, modify their affinity for 

sorptive surfaces in the soil matrix or their uptake, accumulation, and eventual toxicity to 

organisms and thereby strongly influence their transport and bioavailability (Boyd et al., 2005; 

Arnold et al., 2010). DOMs have also a high affinity for non-ionic hydrocarbons and organic 

pesticides and tcan alter their sorption onto the soil matrix, transformation, degradation, and 

mobility.  DOMs control also gaseous emission in soils and water. For example, nitrogen 

addition to soils through biological fixation, fertilizer and manure application, or deposition of 

dung and urine during grazing will be denitrified (Zhang et al., 2009). This denitrification can be 

enhanced by the oxygen depletion resulting from the consumption of oxygen through 

decomposition of carbon substrate in soils (Dodla et al., 2000). 

Soil DOC plays an important role in carbon cycling, acid-base and trace-metal chemistry 

in catchments. It causes 25% - 50% of the annual loss of carbon in forest-floor and plays a role in 

the acid-base balance and exchange capacity in the soil (Kalbitz et al., 2000). In addition, DOC 

complexes with  many nutrients and trace elements and its increase in soil means not only a loss 

of terrestrial carbon store but leads to increasing levels of secondary environmental degradation 

(Wallage et al., 2006). 

 

3.2. Factors influencing dynamics of soil DOC 

The nature and amount of DOC in soils depends on a number of factors including 

edaphic factors (soil type, clay mineralogy, and metal oxides), type of vegetation, land 

management practices (cultivation; crop rotation; and lime, fertilizer, and organic manure 

applications), and environmental factors (temperature and rainfall).  

 

3.2. 1. Edaphic factors 

Soil DOC concentration is the net result of the processes that release DOC such as 

leaching from litter and desorption from the solid phase, and processes that remove DOC such as 

adsorption and decomposition (Kalbitz, 2000). DOC dynamics in soil organic horizons is related 

significantly to the amount of recent litter and organic matter present in the soils (Kalbitz et al., 

2000). Relatively high fluxes of DOC are caused by either high relatively rates of decay or by 

high litterfall fluxes (Currie and Aber, 1997).  Tipping et al. (1999) found that soil with the 

highest organic matter content exported more DOC. Regarding the substrate quality (C/N ratio), 
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it is determined largely by the dominant vegetation, which thus plays an essential part in 

controlling concentrations of dissolved organic matter in soil solutions (Kalbitz et al., 2000).  

Concerning the decomposer community, it is composed of bacteria, fungi, Protista, and 

invertebrates. Among these organisms, microorganisms are agents of decomposition of organic 

matter (Lundquist et al., 1999), whereas fungi are agents in the process of DOC production 

(Møller et al., 1999). In addition, microbial biomass itself provides an important pool of potential 

DOM. Soil fauna influences the rate of DOC release by enhancing the rate of turnover of 

microbial biomass and through the release of organic compounds at death (Whalen et al., 1999).  

In mineral horizons, DOC can be strongly adsorbed in mineral soil to Al and Fe oxides 

and hydroxides and clay minerals. Fe and Al oxides and hydroxides are the most important 

sources of variable charge in soils (Kalbitzt et al., 2000). For example, 72 to 92% of DOC is 

sorbed to iron oxides under natural soil conditions (Gu et al., 1994). In addition to Fe and Al 

oxides and hydroxides, clay minerals are important adsorbents for soil DOC (Kalbitz et al., 

2000). Anions such as sulfate and phosphate compete with DOC for adsorption sites (Kalbitz et 

al., 2000), but DOC shows a greater affinity for soil than sulfate (Kaiser and Zech, 1998). In soil 

solution, the DOC is controlled by the pH and the ionic strength. The pH affects soil physico-

chemical and biological soil processes.  The soil pH controls the microbial activity; high acidity 

inhibits microbial activity and therefore reduces mineralization leading to higher accumulation of 

SOC (Kemmitt et al., 2006; Lowe et al., 2009). In soils, due to solubility dynamics, an increase 

of 0.5 pH units can lead to about a 50% corresponding increase in DOC release and increases in 

pH have also been shown to enhance the mobilization of DOC as a result of increased enzyme 

activities (Pind et al., 1994). DOC mobilization can be reduced with increased ionic strength of 

the soil environment, though anions like sulfate can compete with DOC for soil adsorption sites, 

thus partially increasing DOC mobility (Kalbitz et al., 2000). DOC released from organic soil 

horizons is positively correlated to pH in laboratory experiments (Hajnos et al., 1999; You et al., 

1999).  Also, in experiments, DOC mobilization was enhanced in spodosol mineral horizons with 

decreasing Ph, decreasing pH increases adsorption (Kalbitz and al., 2000). However, in field 

studies, the soil acidity did not show an effect on DOC concentrations or fluxes (Michalzik and 

Matzner, 1999). 

Regarding ionic strength in soil solution, DOC adsorption to acid soils diminished with 

increasing ionic strengths up to 0.05 M (up to 0.03 M for alkaline soils) but remained constant at 

http://gateway.ut.ovid.com.offcampus.lib.washington.edu/gw1/ovidweb.cgi#373#373
http://gateway.ut.ovid.com.offcampus.lib.washington.edu/gw1/ovidweb.cgi#373#373
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higher electrolyte levels, up to 0.2 M (Fotovat and Naidu, 1998). In organic horizons, DOC 

release from litter and soils is not always consistent; but increasing ionic strength seems to 

reduce mobilization of DOC due to reduced solubility of organic matter by polyvalent cations 

such as Al
3+

, Fe
3+

, Ca
2+

, or Mg
2+

, and trace metals such as Cu
2+

, Mn
2+

, Pb
2+

, Cr
3+

, or Cd
2+

 

(Kalbitz et al., 2000).  

Anions can affect also the adsorption of DOC by displacing DOC from sorption sites 

(Kalbitz et al., 2000). The displacement is related to the valence of the anion, with PO
3-

4 > SO
2-

4 

> Cl
-
 (Reemtsma et al., 1999). The role of phosphate in displacing DOM from sorption sites has 

been confirmed by Beck et al., (1999). It has observed that there is competition between SO4
2 - 

and DOC for sorption sites (Kooner et al., 1995). More DOC is released in the presence of SO4
2 - 

than NO
-
3 at the same pH and SO4

2 - 
displaces DOC from adsorption sites only when present in 

concentrations > 10 mmol L
-1

 (Kaiser and Zech, 1998). 

 

3.2. 2. Environmental controls 

Soil DOC is also controlled by environmental factors such as precipitation, water flow, 

soil moisture and temperature. DOC release increases with high water fluxes after large rainfall 

events (Michalzik et al., 1998) and during high precipitation events, DOC leaching and dilution 

is high in organic horizons (Easthouse et al., 1992). In contrast, the level of rainfall had no effect 

on the concentration of DOC in the soil solution in sandy soils (Dosskey and Bertsch, 1997). 

Additionally, precipitation and water fluxes are greatly responsible for seasonal changes in 

concentrations and fluxes of soil DOC. In summer, high concentrations of DOC are observed 

because of the long contact time and low soil water content. In spring, there are low 

concentrations of DOC because of the short contact time and high soil water content (Kalbitz et 

al., 2000).  In mineral subsoil horizons, high concentrations and fluxes of DOC are observed 

under distinct preferential flow paths, large accumulations of potential water-soluble organic 

compounds in the soil, and very intensive rainfall (Kalbitz et al., 2000). The effects of 

precipitation are however affected by the soil structure and the hydraulic soil properties. The 

pore size distribution in soils controls the macropore velocity and contact time. DOC adsorption 

is more pronounced at lower than at higher pore water velocity (Weigand and Totsche, 1998). 

The hydraulic soil properties control soil DOC, especially percolation and evaporation.  
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Regarding soil moisture, in summer, the microbial processing of organic matter produces 

potential DOC, and percolating water penetrates relatively deeply into the soil and DOC 

adsorption maintains low soil solution concentrations. In fall, the soil wets up, soil DOC 

concentrations increase mainly due to reduced microbial utilization of DOC in dry periods, 

enhanced turnover of microbial biomass and condensation of microbial products by rewetting, 

and disrupted soil structure making previously sequestered carbon more available as DOC 

(Lundquist et al., 1999). 

The temperature plays an important role in availability of the soil DOC. Higher 

temperature and higher precipitation are commensurate with higher decomposition (Davidson et 

al., 2006) and thereby high soil DOC. In addition, all chemical and biochemical reactions are 

temperature-dependent. Therefore, soil processes involved in DOC dynamics such as 

decomposition and root respiration are affected by the temperature. The temperature affects also 

the chemical processes of SOM adsorption and desorption onto mineral surfaces (Bolan et al., 

2011).  

 

3.2. 3. Vegetation and land management practices 

The type of vegetation and land management influence DOC dynamics by changing the 

input of organic matter, changing the substrate quality, and altering the rates, extent, and 

pathways of microbial degradation and synthesis of organic matter (Cronan et al., 1992). In 

general, changes in DOC upon management practices are of short duration, whereas long-term 

effects are more related to vegetation type and the amount of plant litter (including organic 

amendments) returned to the soil (Ward et al., 2007; Gibson et al., 2009). Conversion of native 

forest to arable and pasture farming decreases DOC due mainly to net loss of carbon resulting 

from decomposition (Celik, 2005). Compared to native forests, cultivated lands have low DOC 

contents (Ward et al., 2007; Chen et al., 2009). Cultivation of a forest soil led to increase in DOC 

concentration due to intensified mineralization during the first stage of cultivation but DOC 

concentrations decrease with increasing time of cultivation (Delprat et al., 1997). Cultivation 

influences DOC in soils by providing oxygen and thereby accelerating the decomposition of 

organic matter (Bueno and Ladha, 2009). 

Concerning nitrogen fertilization, in field nitrogen experiments, concentrations and fluxes 

of DOC from the forest floor remained unchanged (McDowell et al., 1998).  However, in a field 
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study, Cronan et al. (1992) showed that the DOC release rate decreased by 20% after nitrogen 

fertilization by NH4Cl of a forest soil due, in part, to decreasing pH and increasing ionic strength 

(Kalbitz et al., 2000).  No changes in DOC concentrations and fluxes have been observed in the 

forest floor or the A horizon after nitrogen addition to conifer forests in Sweden (Stuanes and 

Kjønass, 1998) and Wales (Emmett et al., 1998). Also, Gundersen and others (1998) found no 

consistent long-term response in DOC leaching after nitrogen addition, and no clear relationship 

between DOC flux and the nitrogen status of control sites. A few laboratory experiments show 

that DOC production in soils can be sensitive to nitrogen status (Gödde et al., 1996; Boyer and 

Groffman, 1996), but the results are not consistent.  

Fertilization of arable soils with organic compounds has been shown to increase the 

content of water-extractable organic carbon by a factor of 2.7 to 3.2 (Gregorich et al., 1998). The 

effect of inorganic fertilizers on DOC can vary with the amount and type of fertilizer added 

(Bolan et al., 2003). Application of manure and organic farming resulted in increase of DOC 

(Lundquist et al., 1999). DOC flux from the A horizon of an arable soil decreases with increasing 

lime amendment due to an enhanced decomposition of dissolved organic matter, a reduced 

solubility by increased ionic strength and Ca
2+

 concentration or both (Chantigny, 2003).  The 

water-soluble organic carbon levels in fallow are less high under crop conditions rather than 

arable soils (Campbell et al., 1999). The water-extractable organic carbon contents of various 

crop plants are considerably different (Zsolnay, 1996). 

 

3. DOC IN NATURAL WATER 

3.1. Species, sources and production  

All organic carbon species found in natural water taken together constitute total organic 

carbon (TOC). Dissolved organic matter (DOM) refers to dissolved organic substances and the 

term is often used interchangeably with DOC in the literature, even if DOC is a fraction of the 

DOM (Pagano et al., 2014). DOC is categorized as organic compounds that can pass through a 

0.45 μm filter (McDonald et al., 2004). Any particulates that do not filter through are designated 

particulate organic carbon (POC) (McDonald et al., 2004). DOC is divided into humic and non-
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humic fractions and is controlled by diverse processes including primary production, microbial 

breakdown, sorption to particles and photodegradation (Pagano et al., 2014). 

A main source of DOC in natural waters is the terrestrial landscape through the leaching process 

of soil DOC (allochthonous source) (Kalbitz et al., 2000). Autochthonous sources include the 

breakdown of aquatic organisms, the aquatic heterotrophic production, the release of organic 

matter via the breakdown of the microbial biomass itself and the abiotic degradation of biomass 

(Kalbitz et al., 2000).  

 

 

Figure 3: Simplified Venn representation of the various forms of organic matter found in natural 

waters (Pagano et al., 2014). 

 

3.2. Environmental concern of DOC in natural water 

DOC plays a role in the global carbon cycle (Battin et al., 2009) and its high 

concentration can affect surface water pH and acid neutralizing capacity (Munson and Gherini, 

1993). It affects processes such as metabolism, the balance between autotrophy and 

heterotrophy, nutrient uptake and bioavailability of toxic compounds (Fernandez-Perez et al., 

2005). Additionally, it affects water quality, transparency and thermal stratification (Delpla et al., 

2009), and growth of microorganisms (Moris et al., 1995). High DOC concentrations reduce 

light penetration in water and this affects the aquatic productivity and thereby aquatic food chain 

TOM: Total Organic Matter

TOC: Total Organic Carbon

DOM: Dissolved Organic Matter

DOC: Dissolved Organic Carbon

POC: Particulate Organic Carbon

DON: Dissolved Organic Nitrogen

DOP: Dissolved Organic Phosphorus
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(Erlandsson et al., 2011). An increase in DOC is generally beneficial for aquatic biota (Sucker 

and Krause, 2010). The increased DOC leaching is associated with an increased leaching of an 

increased leaching of metal ions and their transport into surface water (Monteith et al., 2007).  

DOC has a significant role in aquatic ecosystem functioning (Pagano et al., 2014). 

Therefore changes in DOC levels and composition in waters are of environmental concern. 

Several studies have reported an apparent trend of increasing DOC concentrations in inland 

surface waters and indicated possible responsible factors. These potential drivers of increased 

DOC are: changes in air temperature (Freeman et al., 2001), increased precipitations (Worrall 

and Burt, 2008; Worrall et al., 2008; Sucker and Krause, 2010), land use changes (Findlay et al., 

2001; Sucker and Krause, 2010), increased atmospheric carbon dioxide (Harrison et al., 2008; 

Sucker and Krause, 2010 Kane et al., 2014) and decreased atmospheric sulphur deposition 

(Fowler et al., 2005; Sucker and Krause, 2010; Rowe et al., 2014). Pagano et al. (2014) suggest 

also the combined effect of combined effect of increased atmospheric CO2 concentration and 

temperature. 

Changes in air temperature may influence DOC export from peat soils by altering 

decomposition and mineralization of organic matter (Worrall et al., 2003). Increased 

precipitation alters the water budget and discharge, which then increases DOC concentrations 

(Hongve et al., 2004). Land use changes can influence the retention and the export of organic 

carbon from catchments (Johnson et al., 2009). Increased atmospheric CO2 stimulates primary 

plant production (Freeman et al., 2004). Atmospheric Sulphur deposition increases soil acidity 

and ionic strength and this reduces soil solution DOC concentrations (Kalbitz et al., 2000). In 

contrast, the decline of deposited sulphur increases DOC concentrations in water (Monteith et al., 

2007). The accumulation of atmospherically deposited nitrogen can increase ecosystem 

productivity and litter production. Higher rates of soil microbial decomposition of this litter can 

increase DOC concentrations (Findlay, 2005).  

 

3.3. DOC export into water 

The export of soil DOC from the terrestrial system to aquatic ecosystem is fundamental 

for the global carbon cycle because it is an interface between terrestrial and marine carbon 

cycling (Richey et al. 2004). The allochthonous aquatic DOC production is mainly produced in 

the terrestrial landscape and leached into freshwater systems depending on hydrology, 
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temperature, and land-use/cover (Mattsson et al., 2009; Williams et al., 2010). This DOC export 

is largely controlled by microbial transformation and hydrological transport in the terrestrial 

system (Tranvik and Jansson, 2002). DOC export from land is also regulated by mineral soil 

absorption and the amount of water that passes through the soil (Olefeldt et al., 2012). The DOC 

transport is also controlled by environmental parameters such as dry-wet cycle of hydrological 

conditions and climate parameters such as temperature and nitrogen saturation (Yang, 2013). It is 

also influenced by the surface and sub-surface runoff that transports carbon laterally, and reduces 

the time for microbiological degradation of organic matter in the upper soil horizons (Cooper et 

al., 2007).  

Landscape position along a hillslope affects biophysical processes such as infiltration, 

erosion, sedimentation and insolation that, in turn, affect DOC inputs and losses (Balkcom et al. 

2005). The summit and the floodplain are zones of high infiltration of DOC; the shoulder, the 

backslope and toeslope are zones of high DOC removal through erosion; floodplains are 

characterized by high DOC sedimentation whereas high DOC production fit with zones of high 

insolation (shoulder, backslope and toeslope).  

Process-based models are used to simulate DOC export into rivers. Some ones focus on 

soil absorption (Yurova et al. 2008), hydrological rainfall-runoff processes (Xu et al. 2012), 

DOC production (Wu et al. 2013), or a combination of DOC production, soil absorption and 

leaching functions (Futter et al., 2009). Yang (2013) used an eco-hydrological process-based 

model combining ecological and hydrological processes to simulate DOC export at watershed 

level. 

 

4. WATERSHED HYDRO- ECOLOGICAL MODELLING 

The term hydro-ecology refers to the intricate link between ecological systems and water; 

it integrates the physical processes of hydrology with the biological processes of ecology 

(Palmer and Bernhardt, 2006). Whereas hydrological processes interact with climate and 

terrestrial vegetation to determine water availability for humans and their ecosystems at global 

and regional scales, they control species distribution at regional and local scales. In addition, 

flow regimes and their interaction with the soils and aquatic sediments influence ecological 

processes such as nutrient cycling, reproductive success of organisms, food webs, etc. In return, 

ecological processes and patterns influence water availability, quality, extractions and transfers 
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(Palmer and Bernhardt, 2006). Hydro-ecology studies climatic, hydrological, biogeochemical 

and ecological processes in their interrelations in soil and water (Krysanova et al., 2005). Hydro-

ecological models consider these interactions and are therefore important tools for studying the 

mechanisms of ecological patterns and processes and for assessing the effects of environmental 

change on hydrological and ecological processes, providing solutions to issues of water 

management (Chen et al., 2014). 

River catchments represent an appropriate scale for hydro-ecological modelling: one-way 

coupling models consider only the impact of vegetation on the hydrological models without 

simulating the dynamic change of vegetation whereas mutual coupling models simulate the 

mutual interactions between vegetation and hydrology. One way models include, for example, 

the DHSVM model (Wigmosta et al., 1994), and VIC model (Liang et al., 1994), and describe 

biophysical such as canopy interception, rainfall interception, infiltration, and evapotranspiration 

to simulate hydrological processes. The one-way coupling models do not consider the impact on 

the physiological or biochemical processes and dynamic growth of the vegetation by 

hydrological processes. The mutually coupling watershed scale hydro-ecological models 

consider vegetation dynamic change in the leaf, root depth and litter layer to simulate 

hydrological processes and the hydrological modeling provides the dynamic changes in the soil 

moisture for ecological processes simulation (Chen et al., 2014).  

According to the complexity of the interaction between the vegetation and hydrological 

processes, mutually hydro-ecological catchment models can be subdivided into conceptual 

models, semi-physical process based models, and physical process based models. The conceptual 

models couple hydrological models with parametric models such as light-use efficiency models 

or empirical crop growth models. The typical representative models include the Soil and Water 

Assessment Tool (SWAT) (Arnold and Fohrer, 2005), the SWIM model (Krysanova et al., 

1998), and the EcoHAT model (Yang et al., 2009). 

Physically based models describe the natural systems using mathematical representations 

of the flows of mass, momentum and energy (Krysanova et al., 2005). Semi-physical process 

based models discretize the watershed into fully distributed space units and describe interaction 

between the dynamic growth of the vegetation and hydrology (Chen et al., 2014). The TOPOG 

(Vertessy et al., 19996) is the representative model of this category of models. Process-based 

eco-hydrological models couple mathematical descriptions of physical, biogeochemical and 
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hydrochemical processes in order to include important interactions and feedbacks between the 

processes such as plant growth, plant transpiration, nutrient transport with water, etc (Krysanova 

et al., 2005). They describe physiological processes and mechanisms such as photosynthesis, 

couple vegetation biochemical processes and hydrological processes and characterize finally 

hydrological processes particularly the effects of soil moisture on the vegetation biochemical 

process. This type of models can also simulate impacts of the vegetation’s dynamic growth on 

hydrological processes, such as the seasonal dynamics of leaves (Chen et al., 2014). This type of 

model includes RHESSys (Band et al., 1993), Macaque (Watson et al., 1999), VIP (Mo et al., 

2004; Mo et al., 2007), tRIBS-VEGIE (Ivanov et al., 2008a; Ivanov et al., 2008b), and BEPS-

TerrainLab (Chen et al., 2005; Govind et al., 2009). RHESSys is the representative model of the 

group. 

The RHESSys model was achieved by coupling the TOPMODEL and the Forest-BGC 

first and then  improved to simulate the carbon cycle process of a variety of vegetation types 

using the Biome-BGC model and the nitrogen cycle of the ecosystem using the Century model 

(Mackay and Band, 1997; Band and Tague, 2001). The RHESSys model simulates coupled 

water, carbon and nutrient cycling, and the resulting growth and aggradation of vegetation 

canopies over complex terrain (Band et al., 2001; Tague et al., 2004) at time scales ranging from 

sub-diurnal through decades. In watersheds, the model quantifies local water, carbon and nutrient 

mass balance at each grid cell or patch, grows the canopy, stems and roots, litter, soil water, 

carbon and nutrient stores, transformations and fluxes. The elements of the simulation system are 

a set of GIS tools that build a landscape hierarchy and parameterize a set of process modules 

(Band et al., 2012). Incomplete understanding of the complex interaction mechanism between 

vegetation and hydrology is one of the key problems of eco-hydrological models. 

Ecological and hydrological processes significantly depend on the scales and specific 

processes happen on specific scales (Bloschl and Sivapalan, 1992). Therefore, unreasonable 

discretization of the watershed will lead to significant mischaracterization of eco-hydrological 

processes. The watershed partition is performed by grid-based partition, functional-based 

partition and mixed partition. The grid-based partition is arbitrary and therefore meaningless and 

can separate the intrinsic relationship among grids. The functional-based partition divides 

watersheds into hydrological response units (HRU) delineated using a unique combination of 

land use, soil, and slope. HRUs may be too coarse for detailed simulation. RHESSys model, 
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using a hierarchical landscape representation to partition the watershed, allows different 

processes to be modeled at different spatial scales (Chen et al., 2014). 

 

6. RESEARCH PROJECT 

6.1. Justification 

DOC in soil defines the capacity of soil to supply nutrients (Delpla et al., 2009; Sucker 

and Krause, 2010) but its export to natural water may cause both land and natural water 

degradation. The land degradation is the result of depletion of soil nutrients because DOC is the 

vehicule of other soil nutrients. The increased DOC and nutrients such as nitrogen and 

phosphorus content in natural water may cause brownification and eutrophication processes 

Respectively. Soil DOC is exported to water depending on hydrology, temperature and land 

use/cover (Mattsson et al., 2009; Williams et al., 2010) and the world’s climate is changing by 

rising temperature and altering precipitation patterns.  

Climate change effects depend on current climatic and soil conditions (Olesen and Bindi, 

2002). There is a large variation of climatic conditions, soil conditions and land use all over the 

world. This means that any change in climate factors including temperature, precipitation, water 

balance, and seasonality and CO2 stimulation of net primary productivity (NPP) or land use will 

affect the mechanisms that control soil biogeochemical carbon cycling. In addition, land 

management can influence soil DOC dynamics by changing the input of organic matter, the 

substrate quality, the rates, the extent and the pathways of microbial degradation. Practices such 

as monoculture, high harvest index, use of fallow fielding, burning of crop residues, removal of 

crop residues, tillage, drainage, decrease SOM and therefore affect soil DOC production.  This 

may affect soil DOC not only its export to water but also its production and mobilization. There 

is a need of quantitative data on effect of temperature and precipitation variability and land use 

change on the soil DOC production and export to natural water. These data are necessary for 

predicting future changes in both terrestrial and aquatic ecosystem functioning.  Since climate 

factors,  land use change and land management practices  do not act upon soil carbon dynamics 

in isolation but interact closely with each other (Dawson and Smith, 2007), there is another need 

to understand these complex interactions.  
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Some studies on effect of climate change and land use on DOC dynamics have been 

conducted but most of them focused on forested watersheds or peatlands in temperate 

environment (e.g. Freeman et al., 2004; Dilon and Malot, 1997; Pastor et al., 2003; Inamdar et 

al., 2004; Creed et al., 2003; Inamdar and Mitchell, 2006; Nieminen, 2004).  Few studies have 

been done on agricultural watersheds or agriculture and forest mixed watersheds (Liu et al., 

2006).  There is a need of research to quantify effect of climate variability and land use on 

dynamics of DOC in tropical regions where temperatures and precipitations are projected to 

continue to increase (Paeth et al., 2009).  For example, in Rwanda,  temperatures have increased 

about 1.4°C since 1970 and this increase is projected at 1.5 to 3 ºC by the 2050s (Downing et al., 

2009); the increase of rainfall intensity led to flash flooding and landslides in 1997, 2006, 2007, 

2008, and 2009 (Downing et al., 2009). This increase of temperature and rainfall intensity may 

alter the water budget and discharge characteristics, and therefore increase DOC concentrations 

in streams.  

Despite the importance of DOC in soil and stream functioning, soil DOC can serves as a 

sensitive indicator of impacts of land use and management practices. Its incorporation as a major 

management criterion restoration and management activities, remains rare. There is a need of 

spatial and temporal data to manage affected ecosystems and to protect non-affected ecosystems. 

In addition, there is a need of quantitative predictions of stream DOC loads at watersheds level 

for land and water management decision-making.  

 

6.2. Aims and goals 

There are still uncertainties in how different mechanisms combine under different climate 

and land cover scenarios to give a particular DOC signature. This research project wants to 

understand the spatial and temporal soil DOC production and export into streams in forest and 

agriculture mixed watersheds and predict the impact of climate variability on these processes. 

The specific objectives of the research are: (1) investigating spatial and temporal distribution of 

soil DOC (Paper I), (2) identifying controlling factors of soil DOC (Paper I), (3) estimating DOC 

content in soil solution and its retention in soils (Paper II), (4) assessing the effect of rainfall on 

soil DOC release and stream DOC loads (Paper II and III) and (5) estimating DOC discharge into 

streams and simulating its loads (Paper IV). 
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6.3. Publishing plan 

Paper I: Soil dissolved organic carbon in tropical forest and agriculture dominated 

watersheds: identifying controlling factors 

Soil DOC is influenced by changes in land use, land cover and land management (Zhu et 

al., 2010), and environmental factors such as soil moisture, soil temperature, soil pH, initial SOC 

content, rainfall (Davidson et al., 2006), nitrogen amendment (McDowell et al., 1998), etc. In 

general, soil DOC controlling factors are known but not well especially at specific site. For 

example, the storage capacity and distribution patterns of SOC (and consequently of soil DOC) 

remain little known and largely uncertain in high altitude regions (Yang et al., 2008). In addition, 

effects of some variables such as nitrogen amendment, field measurements and laboratory 

experiments contradict (for (McDowell et al., 1998; Kalbitz et al., 2000). There is a need of 

better understanding of the soil DOC controlling factors in specific watersheds for a better 

management of land and water resources. 

This study aims at investigating spatial and temporal patterns of soil DOC within high 

altitude tropical agriculture and forest dominated watersheds. In Rukarara River watershed in 

Rwanda, this study will specifically (i) identify landscape, chemical and hydrological controls of 

soil DOC and (ii) estimate the effect of land use/ cover on soil DOC content.  

 

Paper II: Dissolved organic carbon in tropical agricultural dominated watersheds: the role of 

intensive agriculture and variability of rainfall intensity 

Crop intensification programs have been adopted and implemented in many African 

countries in order to increase production and food security, thanks to increase of fertilizers, water 

use and a high level of land use (Cantore, 2013). Mineral fertilizers have the advantage of 

increasing plant biomass production and  stimulating soil biological activity (Mahdi et al., 2008) 

but they positively effect CO2 emissions (Krishna, 2009). That is to say that increased use of 

chemical fertilizers increases mineralization of soil organic matter (Krishna, 2009).  

Additionally, soil tillage increases also biomass mineralization (Martens, 2000). The combined 

effect of increased biomass production and mineralization my lead to high production and export 

of soil DOC.  This could result in land degradation and water pollution in the long term 

(Takeshita and Akaya, 2006). There is a need for the evaluation of the effects of intensive 
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agriculture on stream DOC for long-term management and sustainability of land and water 

resources.  

This study aims to determine the impact of agricultural intensification on stream DOC in 

highlands watersheds and assess whether the flow paths of DOC are changing as a function of 

rainfall. Within the study area, the research will specifically (i) estimate seasonal and annual 

stream DOC loads as a function of land management, and (ii) assess the effect of rainfall on 

stream DOC loads. 

 

Paper III: Dissolved organic carbon export across the soil in an agriculture and forest 

dominated watershed: sensitivity to soil moisture patterns 

DOC is an important transitional stage between soil organic carbon (SOC) and carbon 

dioxide (CO2) in terrestrial ecosystems (Don and Schulze, 2008). Despite small annual losses of 

DOC relative to respiratory losses, DOC leaching plays a significant role in transporting carbon 

from surface horizons and stabilizing it within the mineral soil. DOC can be mineralized, 

stabilized or further leached to the groundwater. Whether DOC is leached or mineralized 

depends on soil characteristics such pH, texture, aggregation, moisture, accessibility for 

microbial community, composition of the decomposer community and the contact time between 

DOC and decomposer community (Don and Schulze, 2008). Moisture and temperature are the 

most important environmental factors that affect microbial processes in soils (Rodrigo et al., 

1997) and their effects often co-vary in the field (Rey et al., 2005). However, moisture limitation 

can suppress microbial activity, regardless of temperature, which should decrease the 

temperature sensitivity of heterotrophic respiration (Davidson and Janssens, 2006) and therefore 

the DOC production. Understanding the sensitivity of carbon mineralization to soil moisture is 

important for the reliable prediction of carbon dynamics under future climate scenarios (Rey et 

al., 2005). There is a need to analyze the effect of soil moisture on soil DOC production to 

understand and predict effects of climate change in terms of precipitation increase. 

Leaching of DOC may account for a significant carbon flux in terrestrial ecosystems 

(Siemens, 2003). However, most studies on DOC fluxes were carried out in forest or peatland 

ecosystems where the organic layer and organic horizons are the major source of DOC (Don and 

Kalbitz, 2005). In agriculture dominated ecosystems, organic layers are small or totally missing 

due to regular ploughing and other agricultural practices with negative or positive effect on soil 
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organic matter (e.g. such harvesting, removing harvest residues and weeds, fires, manures, 

organic fertilizers, etc.). Both such practices influence DOC production and transport. Estimates 

of carbon leaching losses from different land use systems are few and their contribution to the 

net ecosystem carbon balance is uncertain (Kindler et al., 2011).  

This study aims at investigate the spatial and seasonal dynamics of DOC leaching in 

natural forest and agricultural dominated lands. This is important for a better understand of their 

carbon balances and role of leaching process in DOC export into rivers and streams in such 

ecosystems. At global scale, DOC fluxes from these ecosystems can be incorporated into global 

carbon models to understand the DOC dynamics since the complexity of DOC production, 

consumption and transport in soils cannot be simulated appropriately in laboratories (Don and 

Schulze, 2008). Within the research area, the study will (i) estimate DOC content in soil solution, 

(ii) estimate DOC retention rates in soils and (iii) analyze the sensitivity of soil DOC release to 

soil moisture. 

 

Paper IV: Eco-hydrological modelling of export of dissolved organic carbon in the Rukarara 

River watershed, Rwanda 

Nowadays, there is growing evidence of rising DOC concentrations in central and 

northern Europe and North American rivers (Dawson et al., 2009; Hruška et al., 2009) due to 

increased primary productivity in catchments as a result of elevated atmospheric CO2 (Freeman 

et al., 2004), increased mobility of DOC within soils (Evans et al., 2006), and organic carbon 

loss from top soils (Bellamy et al., 2005).These changes have implications for the dynamics of 

DOC in catchments (Mattsson et al., 2009), considered as basic units for water resources 

management (Zalewski, 2000). There is a need for monitoring DOC in soils and streams within 

watersheds for their effective management (Normani and Thomas, 2014). In addition, even if 

drivers of increased DOC in aquatic ecosystems are now understood, there is a strong need of 

quantitative data on their effect on DOC production and transport into aquatic ecosystems at 

local, regional and global scale. These data are necessary for predicting future changes in both 

terrestrial and aquatic ecosystem functioning. 

This study aims at evaluating the performance of the RHESSys model to simulate DOC 

and stream discharge in tropical high altitude watersheds based on DOC production and export 

processes under ongoing environmental change. Within Rukarara River watershed in Rwanda, 
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the study will specifically (i) estimate DOC loads into water streams and (ii) simulate DOC 

discharge in streams. 

 

6.4. Methodology  

6.4.1. Study area 

This research will be carried in the Rukarara River Watershed, a catchment with a total area 

of 493 km
2
. The catchment is in a high altitude region, with elevation ranging from 1544 m to 

2924 m, and with slopes ranging from 0° to 68°. Annual precipitation ranges from 1300 mm to 

1450 mm per year, and the temperature from 15°C to 25°C. The soils are mainly of the Ultisol, 

Entisol, and Inceptisol types, and the soil pH ranges from 3.6 to 5. This leads to a less productive 

soil for agricultural purposes, unless mineral and organic fertilizers are added in croplands. 

The watershed includes a part of the Nyungwe Natural Forest, as well as cultivated forests 

and croplands with annual or perennial crops. The cultivated forests are mostly found in high 

altitude degraded soils, where agriculture is not practically possible. Annual crops include, for 

example, common beans, maize, and banana plantations; the perennials are primarily tea and 

cassava. All crops, except tea, are food crops used by small farmers who still use simple 

handheld tools like a hoe to prepare their croplands. The farmers rotate groups of crops, for 

example common bean and sorghum, and also mix in others like common bean and maize. The 

industrial fertilizers are normally used for tea plantations; most of farmers use organic manure 

for other crops. As is the case for most Rwandans, the primary source of energy for inhabitants 

in Rukarara River Watershed is mostly biomass in form of wood, branches, leaves and crop 

residues. 

 

6.4.2. Data collection 

Data are collected at 4 sites, namely a forest site, a tea plantation site, a small farm site and a 

site at the outlet of the watershed. The forest site is located in the natural forest with an 

abundance of plant life. The tea site is located in the agricultural area with tea plantations and 

food crops such potatoes and maize intensively gown. The small farm site is also found in 

agricultural area characterized by food crop small farming.    
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6.4.2.1. DOC concentration in stream water and soil water 

Samples of stream water and soil solution are collected in polyethylene bottles of 25 ml, 

not totally filled in order to allow the addition of 1ml of sulfuric acid to reduce the microbial 

activity before laboratory analysis.  Soil water is extracted by the stainless steel suction 

lysimeters SW-074 in collecting holes made at the toeslopes. Stream water and soil water 

samples are collected every two weeks and analyzed in the chemistry laboratory of the College 

of Science of University of Rwanda, Huye campus. The collected samples are filtered to remove 

large particles using nylon membrane filters of pore size of 0.8µm. The filtered water is again 

filtered to remove particulate organic carbon using nylon membrane filters of pore size of 

0.45µm. Analysis of concentration of DOC is performed using a TOC analyzer (the Sievers 

InnovOx Laboratory TOC Analyzer). The analyzer oxidizes organic compounds to CO2 at high 

temperatures in a sealed reactor, using an oxidizing agent. The concentration of DOC in filtered 

water samples is the difference between the total carbon and the inorganic carbon concentrations. 

 

6.4.2.2. DOC discharge in stream water  

At each site, an automatic pressure transducer is installed for recording the water level, as 

a function of pressure and temperature every 15 minutes. Water level data will allow the 

calculation of water discharge at the same 15 minute frequency through the use of rating curves. 

The discharge is estimated by: Q = U.A (Dingman, 2008) where Q is the discharge (m
3
 s

-1
), U is 

average velocity through the cross section; A is the area of the cross section.  

The area of each subsection (Ai) is determined by the mid-section method,  known to 

give the most precise calculation of the flow between two verticals in a cross section of a water 

course (Hipolio and Loureiro, 1988).:  𝐴𝑖 = 𝑌𝑖 .
∣𝑋𝑖+1−𝑋𝑖−1∣

2
  (Dingman, 2008) where Yi are depths 

at each vertical, Xi are cross stream distances to successive verticals. The average cross section 

area (A) is given by the following mathematical expression: 𝐴 =  
1

𝑁
∑ 𝐴𝑖

𝑖=𝑁
𝑖=1  (Dingman, 2008) 

where N is the total number of subsections. 

The average velocity in a vertical will be estimated by the Six-Tenths-Depth method. 

This method measures the average velocity at a distance of 0.368Yi (nearly 0.4 Yi) above the 

bottom (Dingman, 1984); this is to say 0.6 Yi below the surface in the cross section. The Six-

Tenths-Depth method or the 0.6-depth method assumes the velocity to be logarithmically related 



 Fabien Rizinjirabake _DOC spatio-temporal variation and export from forest and agriculture dominated tropical watersheds  

22 
 

to the distance above the bottom and gives reliable results (Dingman, 1984). The average 

velocity (U) is given by the following mathematical expression: 

𝑈 =  
1

𝑁
∑ 𝐴𝑈𝑖

𝑖=𝑁

𝑖=1

 

where N is the total number of verticals. 

The stage-discharge relation or rating curve is often represented by an equation of the 

form: Q = a (H- H0)
b
 (Munyaneza et al., 2014) where H is the water level in the river in m, H0 is 

the gauge reading at zero level, and a and b are constants. The value of H0 is determined by trial 

and error while the values a and b are found by a plot on logarithmic paper and fit of a straight 

line or by a least square fit using the measured data. 

6.4.2.3. DOC loads in water stream 

Stream DOC concentrations and mean monthly velocity values will be used to estimate 

total annual seasonal and annual loads using the approach introduced by Walling and Webb 

(1985): 𝐿𝑜𝑎𝑑 = 𝐾. 𝑄𝑟 . ∑ [𝐶𝑖. 𝑄𝑖]/ ∑ 𝑄𝑖
𝑛
𝑖=1

𝑛
𝑖=1   

where K is the conversion factor to account for period of record and area, Qr is the mean daily 

discharge for the period of record, and Ci and Qi are the instantaneous flow and concentration, 

respectively. 

 

6.4.2.4. Soil chemical concentrations 

Soil samples will be collected from two depths: 0.20m and 0.65m (Billett et al., 2006) at each 

site. The soil samples will be collected using soil sample rings at natural forest, tea plantation, 

and small farm sites. At each site, sampling points are randomly selected and soil samples 

collected during the four seasons found in the study region. In total, 132 soil samples will be 

collected. All samples will be clearly labelled by indicating the sample’s GPS location, date of 

sampling and sample depth. Once collected, the soil samples will be stored at 4ºC to minimize 

microbial degradation and have a holding time of up to 28 days. The collected samples will be 

used for analysis of TOC, DOC, Fe and Al
3+

, ions and sulfates. 
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The soil subsamples for TOC will be air-dried for 48 hours and passed through a 2-mm 

mesh sieve to remove larger particles of organic matter. TOC concentration will be quantified 

using the Heanes wet oxidation method (Nelson and Sommers, 1982).  

The soil sulfates content in the soil solution will be determined by the gravimetric method 

which is based on the principle that SO4
2-

 ions are precipitated as barium sulfate and assessed by 

measuring the mass of the precipitate after the proper treatment (Carter and Gregorich, 2006). 

Regarding iron and aluminum ions, air-dried soil samples will be crushed with a mechanical 

device and screened to pass a 20-mesh sieve. A 0.05N HCl in 0.025N H2SO4 solution will be 

used to extract iron whereas Al
3+

 will be extracted by a solution of 1M KCl, 0.5M CaCl2, or 

0.5M BaCl2 (Carter and Gregorich, 2006). The determination of iron aluminum ions will be 

conducted to the atomic absorption spectrophotometer (Carter and Gregorich, 2006). 

6.4.2.5. H
+
 (pH) 

The pH is the negative log of the hydrogen ion (H
+
) concentration in the soil water 

solution. The pH will be measured using electrometric method. The pH device will be immerged 

in soil, stream water or soil water and the device will record the results.  

 

6.4.2.6. Soil moisture data 

Soil moisture data will be collected using an automatic Theta Probe designed to measure 

volumetric soil water content (ratio between the volume of water present in the soil and the total 

volume of the sample). Soil moisture measurements will be recorded seasonally at soil surface. 

These data are necessary to analyze the sensitivity of soil DOC mobilization to soil moisture. 

 

6.4.2.7. Precipitation 

Daily depths of precipitation, determined by four tipping rain gauges within the catchment 

will be collected. The rain gauges are installed in surrounding areas of the four water sampling 

sites in open places to avoid rainfall interception. The gauge top is approximately at 60 cm of the 

ground to improve gauge catch by reducing wind speed. Each rain gauge generates an electric 

signal for each 0.2mm of precipitation collected, and allows automatic observation with a 

recorder. These precipitation data will be aggregated to two weeks periods to establish water 

input into the catchment and relationship between rainfall intensity and the DOC stream content. 
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6.4.3. RHESSys model 

The RHESSys model will be used to simulate DOC loads and discharge in stream water.  

RHESSys model has a component of GIS and remote sensing techniques that deal with 

vegetation, topography and soil variables. The component will be used to represent DOC and 

hydrologic processes and microclimate variability. Measured variables will be interpolated by 

using spline method to represent their spatial variability within the study area.  

The GIS component will be also used to assess catchment condition for land use 

management, hydrological and landscape related matter based on land cover data (Wilson et al., 

2000). Indicators for land use management include patch size, number of patches, contagion and 

fractal dimension (Turne, 1990). Indicators for watershed condition are mainly the discharge-

area and precipitation-discharge relationships and are informative about water catchment 

integrity, landscape stability and resilience, and biotic integrity and diversity (EPA, 1994).  

The RHESSYs model uses spatial data, soil data, land use data, vegetation data, and 

stream networks (see figure 4).  

 

Figure 4: RHESSys simulation structure (Tague and Band, 2004). 
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The spatial data will be derived from a DEM of 1.5 m for spectral information and four 

bands: blue (450 to 520nm), green (530 to 590nm), red (625 to 695nm) and NIR (760 to 890nm). 

Spatial data will be used to create flow paths and partition the landscape into sub-basins, 

hillslopes, patches, and zones necessary for the analysis of, respectively, stream routing, lateral 

flux, soil moisture vertical flux and nutrient and climate processing. The land use data are 

categorized into three land use types: forest, tea plantation, and small farms. The soil data will 

derive from soil map of Rwanda and will be used to define the patches. Regarding the 

meteorological data, the study will use precipitation data that are measured in the field at four 

different sites using rain gauges.  
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