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Abstract 

Hillslope hydrology involves the examination of processes in the soil that influences water flowing 

downslope. A consensus on how water is displaced on hillslopes is still lacking, because processes 

involved with hillslope hydrology are difficult to observe and understand.  

This master thesis included a model study to estimate if incomplete mixing of soil water is present on 

a hillslope. Therefore a biogeochemistry-hydrological model is used, that is parameterized with data 

of a trenched hillslope in a headwater catchment (WS10) in the H.J. Andrews Experimental Forest 

(OR, USA). With the use of quantitative and qualitative (nitrogen) measures of water transport 

through the hillslope, two model simulations were compared. Model simulation 1 contains only 

complete mixing of inorganic nitrogen and model simulation 2 contains both incomplete and 

complete mixing of inorganic nitrogen. By comparing the results of model simulations 1 and 2 there 

is no clear evidence that incomplete mixing of inorganic nitrogen occurs on the hillslope.  

Besides model improvements, future research could include improving the dataset of nitrogen 

measurements, a tighter linkage between vegetation and hydrology by incorporating actual 

transpiration rates and a focus on both nitrogen and water-isotopes.   
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1 Introduction 

Studying hillslopes is of importance to better understand the different flow paths of water in the soil, 

its impact on streamflow (e.g. Harr, 1977, Hewlett & Hibbert, 1967; Buttle, 1994) and the 

interactions between soil-water (chemistry) and vegetation (e.g. Yeakley et al., 2003; Barnard et al., 

2010). Therefore research is done by constructed field experiments, detailed numerical models that 

capture key or dominant processes, or a combination of the two. A combination creates the option 

to validate the model with field observations.  

Although there have been many field and model studies performed on hillslopes, more research 

needs to be conducted on the general behavior of hillslopes (McDonnell et al., 2007). A step in the 

right direction is the rather new interdisciplinary field of ecohydrology, bringing the knowledge of 

both the ecosystem scientist and hydrologist together (Barnard, 2009; Berry et al., 2005). 

Ecohydrological processes are also used in model studies and an important assumption for models 

that incorporate ecohydrology is that water mixes completely within the soil profile (Brooks et al., 

2009). However, a field study by Brooks et al. (2009) implies that in certain hydroclimatic regimes 

ecohydrological separation (i.e. incomplete mixing) is present in the soil profile of watersheds. As a 

result, predictions of watershed hydrology models or coupled biogeochemical models could 

significantly change for similar hydroclimatic regimes.  

This research employs a model study to estimate if incomplete mixing of soil water is present on a 

well-studied hillslope. Therefore a biogeochemistry-hydrological model is used that is parameterized 

with data of a trenched hillslope in a headwater catchment (WS10) in the H.J. Andrews Experimental 

Forest.  

1.1  The complexity of hillslope processes 

One of the aims of hillslope hydrology is to examine the processes involved in the response of a 

watershed to rainfall (Sivapalan, 2003). Much research has been conducted on hillslopes, especially 

for the understanding of subsurface processes to streamflow (e.g. Van Verseveld et al., 2008; 

McGuire & McDonnell, 2010; Graham et al., 2010). However, a consensus on how water is displaced 

on hillslopes is still lacking, because processes involved with hillslope hydrology are often referred to 

as complex, making it difficult to observe and understand (McDonnell et al., 2007). 

Hydrological models can capture key or dominant processes in the complexity of watershed 

responses (Sivapalan, 2003). However, through modeling there is an uncertainty of prediction on the 

behavior of a catchment, due to model structure, amount of parameters, parameter values and 

boundary conditions (Beven, 1989). Kirchner (2006) suggests that to accomplish reliable predictions, 

the question is to how models should be based on physical laws: “The physical laws governing water 

movement at small scales have been understood for decades. What we still don’t understand well 

enough is how to apply these physical laws to systems that are complex, heterogeneous on all scales, 

and often poorly characterized by direct measurement.” As a result, a challenge remains in making 

the right predictions for the right process reasons by describing complexity and heterogeneity in a 

simple way with not too many unknown variables are used (McDonnell et al., 2007).  
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1.2  Overview of hillslope processes 

Precipitation on a hillslope will contribute to quick flow and delayed flow. Quick flow, also referred to 

as direct runoff or stormflow, is composed of new rain (event water) and old rain (water that is 

stored in the soil prior to the rainfall event; pre-event water) (Hewlett & Hibbert, 1967). For forested 

areas quick flow is described as translatory flow (the displacement of pre-event water), because most 

forested areas generally do not have overland flow during rain events (Hewlett & Hibbert, 1967; 

McGuire, 2004). Water will only be displaced when the soil is within range of field capacity or higher. 

Connected macro pores, either biologically created or by cracks in clay, attribute to the preferential 

vertical flow or movement (Harr, 1977; McIntosh et al., 1999). In a sloping soil with soil water that 

eventually enters a stream, a perched saturation flow path can occur, which is located above an 

impermeable layer (Brown et al., 1999). This flow path can be referred to as throughflow or pseudo-

Hortonian overland flow when it rapidly flows through the organic horizon and the mineral soil 

surface acts as an impermeable layer (McDonnell et al., 1991). A perched saturated flow path can 

also occur deeper in a soil profile, for example on a soil bedrock interface (Tromp-van Meerveld & 

McDonnell, 2006; Van Verseveld et al., 2008).  

Delayed flow, also referred to as baseflow, is flow that is left after direct runoff has been separated 

or flow contributing to a stream which is from a groundwater aquifer (Hewlett & Hilbert, 1967). 

Water infiltrating in the bedrock when it is moved through the soil profile on a hillslope, is called 

deep seepage (Graham et al., 2010). Subsequently, this water will move laterally through the bedrock 

and go into the stream or will enter the groundwater. The general term for water flowing in the soil 

is subsurface flow (see figure 1.1).  

When vegetation is present on a hillslope, transpiration can affect subsurface flow by taking up water 

for transpiration and creating diel fluctuations in hillslope discharge (Barnard et al., 2010). Moreover, 

interception has an important role on the precipitation inputs to the soil, influencing subsurface flow 

(e.g. Savenije 2004; Keim et al., 2006). Results from field studies like Barnard et al. (2010) and Keim 

et al. (2006) suggest that vegetation influences should be incorporated when examining subsurface 

flow. 
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1.3  Different approaches for hillslope hydrology 

Field (e.g. Brooks et al., 2009; Harr, 1977) and model studies (e.g. Cervarolo et al., 2010; McGuire et 

al., 2007) are the main approaches used to examine hillslopes.  

Many field studies included measurements of water input and output to examine the various flow 

paths of soil water. For example hydrographs were created that shows the rate of discharge versus 

time (e.g. Brown et al., 1999; Hewlett & Hibbert, 1967; Kim et al., 1999). Isotopic signatures of water 

made it possible to gain knowledge on event and pre‐event water in the shallow soil (e.g. Buttle, 

1994; McDonnell et al., 1990) and to gain understanding on the biogeochemistry of water flowing in 

the soil (Hinckley et al., 2008). Further, isotopes can also be used  to track down the water resources 

vegetation is using (e.g. Brooks et al., 2009; Ehleringer & Dawson, 1992; Poszwa et al., 2002).  

Despite the many field studies performed on hillslopes, questions remain regarding subsurface 

structure and flow processes at the hillslope scale (e.g. Buttle, 1994; Graham et al., 2010; Woods & 

Rowe, 1996). According to Graham (2008) and McDonnell et al. (2007) the standard methods used in 

the field lack the ability to generalize results and can only be used to characterize hillslopes 

individually. A current topic of research is the storage of pre-event soil water and discharge of this 

water into the stream when rainfall infiltrates the soil (Kirchner, 2003). An example is a field study by 

Brooks et al. (2009) focusing on the mixing of soil water, which is assumed to be complete 

(McDonnell, 1990). 

The results show a different isotopic composition for stream water, soil water and water taken up by 

the vegetation. They suggested that the water came from a different source and that complete 

mixing does not occur on the subsurface of a forested hillslope in a Mediterranean climate. However, 

the field study was for a short period of time and further research is needed to see if incomplete 

mixing does occur on a hillslope in a Mediterranean climate (see also § 1.4).  

Field measurements represent the real world system and are necessary to gain knowledge on 

processes at the hillslope scale. Especially the use of tracers has created the ability to describe 

important hydrological processes (McGuire, 2004). However, most field studies seem to conduct a 

field investigation that is too detailed, describing a particular situation without making quantitative 

generalizations (Dunne, 1983). As a result, it is difficult to describe and predict how patterns and 

processes change across scale (McGuire, 2004).   

For the description of soil water movement numerical models have been developed, both physically 

and empirically based. The main aims of model studies are 1) to make assumptions about the 

processes of the real world system, 2) to predict the behavior of the real world system (Beven, 1989) 

and 3) to extrapolate (McGuire, 2004).  

Many model studies that were applied to catchment scale or hillslope scale were focusing on water 

quantity (e.g. Sayama & McDonnell, 2009; Shaman et al., 2002). Fewer model studies were 

performed on water quality, for example the flushing of nutrients (e.g. Weiler & McDonnell, 2006; 

Rebel et al., 2007) and the interaction with vegetation dynamics (Cervarolo et al., 2010; Rastetter et 

al., 2001). An important aspect of models is that certain processes can be isolated from others, which 

is not possible during a field experiment. However, by incorporating more processes in a model, the 

uncertainty of the model prediction might increase as well, because the model grows in complexity 

due to the parameterizations of the different processes (Beven, 2000; Beven, 2006). Consequently, a 
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model can be overparameterized, and many combinations of parameter values can yield the same 

final result, leading to a large degree of predictive uncertainty (Beven, 2000). Virtual model 

experiments were used to help discover the main components of complex processes (Keim et al., 

2006). Instead of focusing on the complexities of for example individual hillslopes, a virtual 

experiment is a (extreme) simplification of the processes on that hillslope (Weiler & McDonnell, 

2006; Keim et al., 2006). Consequently, no predictions can be made for parameters at a specific 

hillslope, such as the amount of discharge or nutrient flushing. Which type of model is preferred to 

describe hillslope processes has been widely debated in papers (e.g. Beven, 2000; Kirchner, 2006, 

McDonnell et al., 2007). 

In order to know if model predictions are realistic, they should be compared with field observations 

of hydrological responses and if necessary, the model structure should be adjusted (Quinn, 1991). 

However, field measurements are time and place specific, which creates uncertainty when using field 

data in models (Kirchner, 2006). For instance, a model might work well when it is calibrated with data 

from one time interval but can be unsuccessful when tested against data from another time interval. 

Therefore the unique conditions of a study area can interfere with the realism of a model (Beven, 

2000). It is a challenge to overcome these problems and create a good model that gives the right 

results (McDonnell et al., 2007). One way is to improve models and analysis tools (Kirchner, 2006), to 

use physical, chemical and isotopic approaches together (McDonnell, 2003) and to incorporate ‘soft 

data’; qualitative knowledge from the experimentalist which does not contain exact numbers but is 

valuable for indicating what the behavior is of a catchment (Seibert & McDonnell, 2002).     

1.4  Incomplete mixing of soil water on a hillslope 

Two important things can be concluded so far, 1) incomplete mixing has been observed in the field, 

which is not assumed in hydrological models that incorporate ecohydrological processes and 2) 

model studies can be used to gain knowledge on hillslope processes. 

The field study of Brooks et al. (2009) suggests that incomplete mixing occurs in a headwater 

catchment located in Mediterranean climate. The field study was performed by collecting water 

samples from the stream, bulk soil water and xylem water during the dry season of 2004 and 2005 

and rainfall during autumn 2006. The water samples were analyzed for δ2H and δ18O. Their results 

showed that isotope ratios of water samples from rainfall and stream are similar but are different 

from soil water present in smallest pores and xylem water. Their suggestion is that vegetation is 

taking up water from a different water source than water that is entering the stream. 

At the end of a dry season, the first rainfall that enters the soil profile will fill up the pores with the 

smallest body and neck size first. Water that is present in the smallest pores will not drain due to low 

matric potentials. When a soil profile has filled the smallest pores with water and new rainfall enters 

the soil profile, it is assumed that water present in the smallest pores will be replaced by event water 

(McDonnell, 1990). However, Brooks et al. (2009) points out that new rainfall will flow around the 

smallest pores through the larger pores of the soil profile and does not mix with water that is present 

in the smallest pores. As a result, water that is located in the smallest pores is ‘locked’. Then, during 

the dry season, vegetation will use low matric potentials to take up the water that is located in the 

smallest pores. Consequently, vegetation does not use the same water source during certain time 

periods as soil water that flows downslope and enters the stream.  
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Other field studies regarding water uptake by vegetation were mainly focused on the performance of 

the plants (e.g. Ehlringer & Dawson, 1992; Poszwana et al., 2002). Although it has been suggested in 

several papers that we need to reconsider our assumptions about soil water mixing (Seibert & 

McDonnell, 2002; Kirchner, 2006; Govind et al., 2009), measurements indicating that incomplete 

mixing occurs in the soil profile are rather new.  

If incomplete mixing of soil water occurs, as suggested by the field study of Brooks et al. (2009) the 

possibility arises that 1) there are time periods when vegetation takes up water from a different 

source than soil water flowing downslope to a stream and 2) nutrients, like nitrogen, may be 

transported differently in the subsurface than assumed. As a result, predictions of watershed 

hydrology models or coupled biogeochemical models could significantly change for humid regions. 

Consequently, it is necessary to conduct more research on the possibility of incomplete mixing in the 

subsurface. 

1.4.1  Research description 

This research employs a model study on a hillslope in a headwater catchment (WS10) of the H.J. 

Andrews Experimental Forest. The aim is to apply a coupled biogeochemistry‐hydrological model to a 

well studied trenched hillslope to test the occurrence of incomplete mixing obtained by Brooks et al. 

(2010), with the use of quantitative and qualitative (nitrogen) measures of water transport through 

the hillslope. Hence, the research question and hypothesis is as follows: 

Research question: Does the inorganic nitrogen loading in shallow soil‐water, as simulated with a 

model that includes and excludes incomplete mixing, confirm that incomplete mixing is present in a 

hillslope of a headwater catchment (WS10) of the H.J. Andrews Experimental Forest? 

Hypothesis: The simulated inorganic nitrogen loading of subsurface flow entering the trench of the 

hillslope shows that incomplete mixing is present in the subsurface of a hillslope in a headwater 

catchment (WS10) of the H.J. Andrews Experimental Forest. 

For this model study the WALNUTS (Water, Nutrients, Succession) model is used (Rebel et al., 2010; 

Stofberg, 2011). The model is a coupling of the MEL (Multiple Element Limitation) model (Rastetter 

et al., 1997) that simulates ecosystem functioning and the WTB (Water and Tracer Balance) model 

(Rebel et al., 2007) that simulates water fluxes. As a result, the model is able to simulate nutrient 

fluxes in the unsaturated zone on a hillslope and its effects on vegetation functioning. Further, the 

model is adjusted to incorporate incomplete mixing of soil water to test the hypothesis. 

To conduct the research, the WALNUTS model is parameterized and calibrated for a hillslope located 

in a headwater catchment (WS10) at the H.J. Andrews Experimental Forest. The study area is a well-

studied trenched experimental hillslope without a riparian zone modulation (McGuire, 2004). As a 

result, the hillslope is isolated and the response is direct, which helps to quantify the important 

processes of a hillslope (Van Verseveld et al., 2009). For the parameterization and calibration of the 

WALNUTS model pre‐existing field measurements are used. The model performance and data 

comparison indicate whether incomplete mixing of soil water in the subsurface is present or not.  
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1.5 Description of chapters 

Chapter 2 outlines the study area and the pre-existing data that is used for the input, 

parameterization and optimization of parameter values of the model. In chapter 3, the coupled 

biogeochemistry‐hydrological model (WALNUTS) and the adjustments needed to test the hypothesis 

are described. Then, the results and the performance of the model are included in chapter 4. 

Ultimately, the discussion and conclusions are covered in chapter 5. 
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2 Site description and pre-existing field data 

2.1 Site description 

The study area of this research is located in a 10.2 headwater catchment (WS10) on the western 

boundary of the H.J. Andrews Experimental Forest (HJA) (figure 2.1). The HJA is a long‐term 

ecological research site in the west-central Cascade Mountains of Oregon, USA (44.2˚N, 122.25˚W), 

and has a data record of meteorological and discharge records from 1958 to present. 

 

Figure 2.1  Aerial photograph of the H.J. Andrews Experimental Forest (H.J. Andrews webpage)  

WS10 has a Mediterranean climate with winters that have long low intensity storms and summers 

that are dry and cool; dry periods of 25 days and storms lasting 20 days come back every year 

(Graham, 2008). The average annual rainfall is 2220 mm and around 80% falls between October and 

April (Harr, 1977; Barnard et al., 2010). A gradual wet-up period of the catchment happens from 

October to December (Van Verseveld et al., 2009). From December to late spring the catchment 

experiences a high wetness. Light snow accumulations below 30 cm depth are common, but 

generally melt within 1 or 2 days and never persist longer than 2 weeks (Sollins et al., 1981; McGuire 

et al., 2007). Elevations in WS10 range from 425 m to a maximum of 680 m. The catchment was 

harvested in 1975 and is now dominated by 35-year-old Douglas-fir (Pseudotsuga menziesii). Main 

understory species are western swordfern (Polystichum munitum), bear grass (Xerophyllum tenax), 

Oregon grape (Berberis nervosa) and salal (Gaultheria shallon) (Barnard, 2009). The depth at which 

water was taken up by roots during an irrigation experiment was mainly between 0.3 to 0.6 m. 

The hillslope study area is located on the southern part of WS10, 91 m upstream from the stream 

gauging station and is 125 m long from stream to ridge (figure 2.2). The slope is slightly convex and 

elevation ranges from 480 to 565 m. It has an average gradient of 37°, from 27° near the ridge to 48° 

close to the stream (Harr, 1977; McGuire, 2004). Bedrock of volcanic origin is present beneath the 

hillslope, including andesitic tuff and coarse breccia (Swanson & James, 1975). Depth to the 

unweathered bedrock ranges from 0.3 to 0.6 m at the streamside and increases to approximately 3 

to 8 m towards the ridge (Van Verseveld et al., 2009).  



 8 

 

Figure 2.2 WS10 and the hillslope on the southern part of the catchment (McGuire, 2004) 

Soils are formed either in residual parent material or in colluvium originating from these deposits and 

are classified as Typic Dystrochrepts (Sollins et al., 1981). Surface soils have a poorly developed A and 

B horizon, are around 1 m thick and underlain by 1 to 7 m thick saprolite; a low permeability subsoil 

which is formed by the highly weathered coarse breccia (Ranken, 1974). Soil texture changes little 

with depth (Harr, 1977); surface soils contain a gravelly clay loam texture, deeper soil layers a 

gravelly silty clay loam or a clay loam texture. Subsoils have a gravelly clay or clay loam texture. 

Additionally, surface soils are well aggregated, but at lower depths (70 to 110 cm) a more blocky 

structure is present and the aggregation is less, which most likely affect the hydraulic conductivity 

and pore size distribution (Harr, 1977). The hydraulic conductivities are high (up to 10 m h-1), which 

decreases rapidly with depth (Ranken, 1974; Harr, 1977). Although the total porosity changes only 

little with depth, the pore size distribution changes significantly (Harr, 1977). Surface soils have 

around 40% of pores greater than 0.3 mm and 45% smaller than 0.03 mm. Below 1 m the soil has 

70% of pores smaller than 0.03 mm.  

Because of a significant change in pore size distribution between 30 and 70 cm and between 110 and 

130 cm, transient lateral flow can occur at these depths (Harr, 1977; Van Verseveld et al., 2008). 

When saturated conditions occur above the bedrock interface, water levels are from 10 to 15 cm 

(Van Verseveld et al., 2008) and never exceed 25 cm (McGuire et al., 2007). In the unsaturated zone, 

the drainable porosity is high and vertical flow is the main flow path (Van Verseveld et al., 2009). No 

overland flow has been observed on the hillslope (Harr, 1977; McGuire, 2004). Infiltration of water 

into the bedrock, i.e. deep seepage, was estimated by Graham et al. (2010) during an irrigation 

experiment and is assumed to be 1.1 (±0.6) mm h-1. Recent research of Gabrielli (2011) confirms that 

water infiltrates the bedrock on the hillslope in WS10 and points out the following: “Highly fractured 

regions of bedrock can act to either prevent saturation due to highly transmissive fractures that 

transport water rapidly downslope, or augment saturation at the soil bedrock interface by acting as 

an exfiltration zone which transports and concentrates water from upslope regions to downslope 

regions.” Additionally, Gabrielli (2011) suggests that water entering the bedrock upslope can be 

discharged at the base of the hillslope. Through isotopic analysis of bedrock groundwater and 
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intercepted subsurface flow in the trench, it was reconstructed that bedrock groundwater 

contributes to hillslope runoff. 

Major seeps are located at the base of the hillslope into the stream channel (Triska et al., 1984). The 

seeps are related to the local topography of the bedrock, or the presence of andesitic dikes of around 

5 m at the southern aspect of the slope (Swanson and James, 1975; Harr, 1977). A trench of 10 m 

wide was built to measure lateral subsurface flow at a natural seepage face (McGuire, 2004). The 

intercepted water was directed to a calibrated 30° V-notch weir and a roof was constructed over the 

trench to prevent the influence of direct precipitation on the measurements. By creating a trench the 

riparian zone was removed, which made it easier to quantify the hydro-biochemical expressions of 

the hillslope in the stream because there is no riparian zone accumulation (Van Verseveld et al., 

2009).  

Much research was conducted on the hillslope including hydrological (e.g. Harr, 1977; McGuire, 

2004; Graham et al., 2010) and biogeochemical (Sollins et al., 1980; Sollins et al., 1981; Van Verseveld 

et al., 2009; Van Verseveld et al., 2008) research. The data used for this model study is described 

below. 

2.2 Pre-existing data 

Pre-existing data obtained for the model study consists of 1) climate variables, including nitrogen 

concentrations in rainfall and 2) hydrological and inorganic nitrogen field measurements of the 

hillslope study area. The gathered data comprises a time period of maximum two years, from January 

2004 till January 2006, which includes an irrigation experiment in the summer of 2005.  

Climate variables, including air temperature, precipitation, vapor pressure, wind speed and incoming 

radiation were monitored at the PRIMET (Primary Meteorological Station), which is located within 

0.75 km of the study area (see figure 2.3). The Forest Science Data Bank provided the PRIMET data 

sets. When values were missing in the data set, data from the second closest weather station was 

used, CS2MET and then CENMET (see figure 2.3). The following information about the PRIMET data 

sets and can be found on the webpage of the H.J. Andrews Experimental Forest. The mean, 

maximum and minimum air temperature were measured at a height of 1.5 m at 15 seconds intervals 

and averaged over daily intervals. Precipitation was intercepted with a tipping bucket rain gage 

located on a 1 m high platform, measured every 15 minutes and averaged over daily intervals. Daily 

vapor pressure was calculated from the computed vapor pressure deficit, derived from the measured 

relative humidity and air temperature. The wind speed was measured at a height of 10 m and 

average daily intervals were calculated from hourly mean intervals. Measurements of incoming 

radiation were conducted on a 1 m high platform with a solar radiation pyranometer in Langley’s per 

15 minutes and converted to mega Joule per m2 of which daily intervals were obtained. For the 

nitrogen input of the model (see chapter 3), total nitrogen concentration was measured in rainfall 

with an automated colorimetric analysis in mg L-1. However, not for every rain event a measurement 

was conducted. Therefore monthly values were used to estimate daily nitrogen input.  

The hillslope observational data used for this model study consists of hydrometric and inorganic 

nitrogen data including soil water content dynamics and lateral subsurface flow intercepted by the 

trench. McGuire (2004) conducted soil water content measurements for a period of 531 days, 

beginning at March 8, 2004 till September 20, 2005. Water content reflectometers (WCR) were 
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installed at four different depths (just below the O-horizon, 30, 70 and 100 cm) in three soil pits that 

were located in the lower part of the hillslope at 15 m, 20 m and 25 m from the slope base. The soil 

water content measurements were corrected through the following equation based on Czarnomski 

et al. (2005): 

                                     

Intercepted subsurface water of the hillslope was routed via a calibrated 30° V-notch weir and the 

stage was recorded at a 10 minute time interval for one year beginning from July 1, 2004 (McGuire, 

2004; Van Verseveld, 2007). When a value was not recorded, the amount of intercepted subsurface 

water was predicted from the WS10 discharge. Average daily intervals were obtained from the 

measurements in order to compare them with the results of the model (see Chapters 3 and 4). 

Additionally, inorganic dissolved nitrogen was measured of the intercepted subsurface water with a 

Pt-catalyzed high-temperature combustion (Van Verseveld, 2007). Additional information about the 

hydrometric measurements can be found in McGuire (2004) and additional information about the 

nitrogen measurements in Van Verseveld (2007).   

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Map of the H.J. Andrews Experimental Forest and the meteorological stations (H.J. Andrews 

webpage) 

During the dry season of 2005, an irrigation experiment was conducted for 24 continuous days 

beginning on July 27, 2005 (Van Verseveld, 2007; Barnard, 2009; Graham, 2008). A water input of 3.6 

(±0.2) mm h-1 was applied of which the nitrogen content was measured (Van Verseveld, 2007). 

During the irrigation experiment both soil water content and intercepted subsurface water were 

measured (Graham, 2008; Van Verseveld, 2007). For the measurements of soil water content during 

the irrigation period, two of the above described WCR’s, were located in the irrigation area. 

Additionally, Graham (2008) conducted soil water content measurements at 24 locations with a time 

reflectometry (TDR) array (see figure 2.4). At every location, soil water content was measured at five 

different depths (0-15, 15-30, 30-60, 60-90 and 90-120 cm). Additional information about the 

measurements can be found in Graham (2008). In the same way Van Verseveld conducted 
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intercepted subsurface water measurements as described above for a period of 68 days, beginning at 

July 1, 2005 till September 7, 2005. 

 

Figure 2.4 The location of 24 time reflectometries (Graham et al., 2010)
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3  Model description and implementation 

3.1  Coupling of MEL and WTB 

To simulate nutrient fluxes in the unsaturated zone of a hillslope and its effects on the function of 

vegetation, I used the WALNUTS (Water, Nutrients, Succession) model (Rebel et al., 2010; Stofberg, 

2011). The WALNUTS model is a coupling of the MEL (Multiple Element Limitation) model (Rastetter 

et al., 1997) and the WTB (Water and Tracer Balance) model (Rebel et al., 2007).  

The MEL model was developed by Rastetter et al. (1992, 1997), and is focused on the responses of 

ecosystems to the limitation of the elements carbon and nitrogen (Rastetter et al., 1992; Rastetter et 

al., 1997). The MEL model is able to simulate interactions between the two-element resources 

nitrogen and carbon and vegetation on a yearly timestep, which Rebel and McGuire (2005) adjusted 

to a daily timestep. Limitation of one of the resources will result in a different carbon and nitrogen 

ratio, which affects the vegetation to gain biomass. As a result, the MEL model estimates the 

available concentrations of carbon (C) and nitrogen (N) in the environment (by including the nutrient 

cycling through the soil) and in the biomass of the vegetation. The uptake and loss of elements occur 

at a certain rate, which can vary depending on the element availability. When one or both of the 

resources are restricted, the MEL model simulates how vegetation will react by creating the most 

efficient way for vegetation to use resources and to obtain the optimal C:N ratio. Additional 

information on the MEL model is available in Rastetter et al. (1997). 

The WTB model was developed by Rebel et al. (2007) and represents a spatially explicit 

semi‐three‐dimensional hydrology‐vegetation model. It consists of a bucket approach with multiple 

soil layers to simulate water and inert solute fluxes. The simulated catchment area is divided into 

square grids that contain n soil layers, each with its own vegetation, soil and topographical properties 

(see figure 3.1). As a result, water and solutes can be transferred among neighboring grids making 

the WTB model spatially explicit. On a daily timestep the model is able to simulate unsaturated zone 

processes on a hillslope scale, where water and nonreactive solute fluxes can be transported both 

vertically and laterally. One model assumption is that the solute mixes completely with the water and 

solute already present in the cell. For more detailed information on the transportation of water and 

solute fluxes, see Rebel et al. (2007). 

In order to simulate lateral nitrogen fluxes in a forested ecosystem Van Osch (2009) coupled the daily 

MEL (Rebel & McGuire, 2005) and WTB model (Rebel et al., 2007). To accomplish the daily timesteps 

for the MEL model Rebel & McGuire (2005) used a parameterized degree-day method to simulate 

seasonal processes like the growing and falling of leaves. Additionally, Q10 functions were 

implemented for ecosystem processes that depend on air or soil temperature (Rebel & McGuire, 

2005). As a result the coupling created the WALNUTS model, which is able to simulate the impact of 

lateral nitrogen fluxes at the catchment scale (Rebel et al., 2010). Recently Stofberg (2011) expanded 

the WALNUTS model by including simulation of interception, snow and denitrification.  
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Figure 3.1 An example of a grid i, Layer k, and 

Cell i,k in the WTB model (Rebel et al., 2007). 

 

 

 

 

3.2 The WALNUTS model 

For this model study the WALNUTS model is used to identify if complete or incomplete mixing of 

inorganic nitrogen (N) occurs. For that reason I adjusted the WALNUTS model to include incomplete 

mixing. First I will describe the WALNUTS model and then the parameterization. After that I will 

explain how I included incomplete mixing.  

3.2.1 The WALNUTS model in more detail 

In the WALNUTS model a daily timestep is used and within each timestep there is a sequence of 

calculations as is shown in figure 3.2. Stage 1 and stage 2 of the WALNUTS model include calculations 

based on the WTB model and the study area is divided into grid cells with  layers and  grids (see 

figure 3.1). Stage 1 of the WALNUTS model consists of water uptake from cells where roots are 

active. Stage 2 contains vertical drainage of water and inorganic N, followed by lateral drainage. 

Afterwards, when oversaturation is present, water and inorganic N will move upwards. Stage 3 of the 

WALNUTS model includes calculations of ecosystem processes based on the MEL model. The 

inorganic N content is lumped into one value above and one value below the root zone, with equal N 

concentration for every soil layer in the two subsystems. Next, the MEL model is called to start the 

one-dimensional calculations of ecosystem processes as described in the previous paragraph. After 

one MEL timestep, the inorganic N content in the soil is updated and distributed similar to the 

original distribution over the soil layers. 

Every step of the WALNUTS model is described in more detail below.  

Input 
The input of the model consists of rainfall and, if present, irrigation. The snow part of the WALNUTS 

model is not used for this model study, because snowfall has no important input on the studied 

hillslope (see chapter 2). I adjusted the calculation of interception, based on Rothacher (1965) who 

obtained an equation for throughfall that is vegetation and area specific:  

                                                            (1) 

The amount of throughfall is the amount of water that will enter the soil. Additionally, irrigation is 

directly added to the water entering the soil, as the sprinklers were located beneath the canopy of 

the vegetation. After the input, the water content of each cell is updated. 
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Figure 3.2 An overview of the WALNUTS model consisting of stages 1,2 and 3 and SWC = saturated water content, FC = field capacity, PWP = permanent wilting point
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Stage 1: Water uptake 
The water uptake by vegetation is calculated with the potential transpiration, weighted with the root 

fraction and limited by the plant available water (volumetric water content minus permanent wilting 

point). The potential transpiration is estimated through the canopy reference evapotranspiration 

(CRET) and calculated using the Penman-Monteith equation: 

      
                     

         
  
  

 
        (2) 

where   is the change in rate of saturation vapor pressure with temperature (Pa K-1),   is the net 

radiation (W m-2),   is the ground heat flux (W m-2),   is the density of air (kg m-3),     is the heat 

capacity of air (J kg-1 K-1),      is the vapor pressure deficit (Pa),     is the average aerodynamic 

resistance of the canopy (s m-1),   is the latent heat of evaporation (J kg-1),   is the psychrometer 

constant (Pa K-1) and    is the average canopy stomatal resistance (s m-1) (Monteith & Unsworth, 

2008).  

Of the different variables,   is assumed to be 10% of the net radiation and    is 150 m s-1 (Barnard et 

al., 2010). Then,    and     are measured at the PRIMET and   is calculated with air temperature 

measured at PRIMET. Further,    is calculated using the following equation (Monteith & Unsworth, 

2008):  

    
           

     
          (3) 

Where   is the height of the canopy (m),   is the zone of zero displacement,   is the von Karman’s 

constant (0.41),    is the roughness length and      is the wind speed measured at PRIMET. 

Obtained from Barnard et al. (2010):     = 22 m,   = 0.65  and   = 0.1  . 

Stage 2a: Vertical drainage 
Vertical drainage occurs if the volumetric water content of a cell is above field capacity. The drainage 

coefficient is used to limit the amount of water above field capacity that enters the next layer located 

below. Both saturated flow and unsaturated flow can occur, which depends on the volumetric water 

content after water uptake and the amount of water that enters the cell from the layer above. It is 

assumed that all vertical drainage will occur in one timestep. For more details on the vertical 

drainage, see Rebel et al. (2007).  

To include vertical drainage into the bedrock I adjusted the WALNUTS model, which is present on the 

studied hillslope according to Graham et al. (2010) and Gabrielli (2011). However, limited 

information is available on the characteristics of the bedrock. Therefore vertical drainage into the 

bedrock is estimated through a percentage of vertical drainage in the last soil layer (see §3.3.4). The 

rest of the vertical drainage stays in the last soil layer and the volumetric water content is updated. 

Stage 2b: Lateral flow 
Lateral flow occurs when water is present in a cell above field capacity after vertical drainage. By 

using a local drainage direction map, the volumetric water content above field capacity is 

transported to the next cell and the rate of transportation is equal to the drainage coefficient times 

the slope. However, transient groundwater levels have been observed on the soil bedrock interface 

of the studied hillslope (Harr, 1977; Van Verseveld, 2007) and the rate at which water flows laterally 
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on the soil bedrock interface can be up to 5.6 m s-1 (Graham, 2008). In the WALNUTS model the 

lateral flow in the last soil layer represents the transient groundwater levels on the soil bedrock 

interface. However, the calculated lateral flow does not flow fast enough downslope. For that reason 

I assume that all lateral flow in the last soil layer enters the trench of the hillslope in one timestep, 

which is one day. 

Stage 2c: Oversaturation 
After lateral flow, the amount of water in a cell can be higher than the saturated water content and 

oversaturation is present. As a consequence, the extra water (volumetric water content – saturated 

water content) will move upward. If water appears above the first soil layer, it is considered as 

overland flow and will be added to the amount of water for vertical drainage in the next timestep.  

After oversaturation is checked, the volumetric water content of each cell has a final update in the 

timestep, which will be used as the starting volumetric water content for the next timestep.  

Nitrogen fluxes 
The assumption is that N mixes completely with water present in a cell. For that reason, the N 

content of each water flux described above is multiplied by the N activity of the cell where the water 

flux is moving from and divided by water density (Rebel et al., 2007). When the final update of water 

and N content has occurred, the N content is lumped into one value above and one value below the 

root zone, with equal N concentration for every soil layer in the two subsystems. 

Stage 3: Ecosystem processes 
This part of the WALNUTS model looks at each grid cell individually, but does not distinguish between 

soil layers and therefore a summation is used of the N content above and below the root zone. The N 

and C fluxes are calculated of uptake by vegetation and microbes, and litter loss. Also mineralization 

and respiration are calculated. The C and N content within these fluxes depend on the ‘cost’ of the 

uptake where the vegetation aims towards an optimal C:N. Additionally, the C and N fluxes are used 

to update stocks of state variables including inorganic N in the root zone, C and N in plant biomass, C 

and N in soil detritus.  

3.2.2 The WALNUTS model with incomplete mixing of inorganic nitrogen 

To test the hypothesis and verify if incomplete mixing of inorganic N occurs in the soil profile of a 

trenched hillslope, the WALNUTS model is required to run with and without complete mixing of 

inorganic N within a cell. As a consequence, there are two scenarios. Scenario 1 consists of complete 

mixing of inorganic N within a cell and scenario 2 contains incomplete mixing of inorganic N within a 

cell.  

Scenario 1 is already present in the WALNUTS model and is described in the previous paragraph. 

Scenario 2 can only be present in a cell when a certain amount of water is present; the volumetric 

water content in a cell must be above field capacity. As a result, a cell can have water below field 

capacity that is ‘locked’ and water above field capacity that is ‘mobile’ and able to flow downslope. 

To include scenario 2, I made an adjustment to the WALNUTS model as shown in figure 3.3.  

The WALNUTS model already incorporates water flowing vertically or laterally if the water content 

within a cell is higher than field capacity. However, the inorganic N content mixes completely within 
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a cell because of the assumption that water mixes completely (Rebel et al., 2007). To create 

incomplete mixing I made a distinction between water that is above and below field capacity.  

At the beginning of each timestep the volumetric water content is checked for every cell. The 

amount of water between saturated water content and field capacity (y) is calculated as well as the 

amount of water between the total volumetric water content and field capacity (x). When  

x >= 15% of y   

scenario 2 happens. As a result, the total volumetric water content is divided into water until field 

capacity, WatCont Locked and water above field capacity, WatCont Mix. During the timestep the N 

content is only updated with WatCont Mix, creating NMix. The N content located in WatCont Locked 

is called NLocked.  

For stage 3 of the WALNUTS model, I only NMix use together with WatCont Mix. Nlocked will not 

change and if the cell experiences scenario 2 again during the next timestep, NLocked will stay the 

same. However, when 

x < 15% of y  

scenario 1 happens. As a result, the total volumetric water content (WatCont) is used to update the 

N content (NCont) throughout the timestep and N is completely mixed again. Consequently, NCont at 

the beginning of the timestep will be equal to NLocked until field capacity, and if the total volumetric 

water content is higher than field capacity the N content at the beginning of the timestep will be 

equal to: 

      
                                                    

       
                                                         (4) 

By estimating how many times incomplete mixing occurs, I obtained a percentage of 15. A total of 

19% of all cells use incomplete mixing during a simulation period of 5 years. It was not possible to use 

a lower percentage than 15, because the volumetric water content above field capacity would turn 

negative during the timestep.  

Now the WALNUTS model has the ability to have two different N contents in a cell during the wet 

season. When the water content of a cell is high enough and scenario 2 takes place, vegetation does 

not have access to the N content that is below field capacity (NLocked). NLocked will be available for 

vegetation when the cell becomes drier, for example during the dry season. As a result, the 

implementation of scenario 2 is similar as suggested by Brooks et al. (2009), which includes water 

uptake by vegetation from the mobile water during the wet season and water uptake from the 

smaller pores during the dry season. In appendix A the equations are listed that I used to include 

incomplete mixing in the WALNUTS model. 
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Figure 3.3 Overview of the WALNUTS model when incomplete mixing of inorganic N can occur. 

 

3.3  Model parameterization & optimization 

The WALNUTS model is parameterized for the trenched hillslope in WS10 of the H.J. Andrews 

Experimental Forest. The parameterization is divided in a hydrological and ecological part. For a 

complete overview of the parameters, see appendix B. 

3.3.1  Drainage area 

The spatial resolution of the model is 1 by 1 m. The drainage area of the hillslope was delineated 

topographically from a total station survey of the entire hillslope and is 0.17 ha (figure 3.4) and 

verified using a water balance (McGuire, 2004).  
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Figure 3.4  Digital Elevation Map (DEM) of the hillslope in meters 

3.3.2 Soil characteristics 

The soil characteristics required for this model study include the amount and depth of soil layers and 

for each soil layer the saturated water content/porosity (SWC), field capacity (FC), permanent wilting 

point (PWP), drainage coefficient (SWCon) and the amount of active roots (RootFrac).  

Ranken (1974) and Van Verseveld et al. (2008) obtained the amount and depth of the soil layers at 

the study hillslope. Ranken (1974) examined soil cores from eleven soil pits of which the first four are 

located on the hillslope (figure 3.5). From each soil pit at least six undisturbed cores were collected at 

depths of 10, 30, 70, 110 cm of the surface soil and 130, 150 cm (and if possible also 200 and 250 cm) 

of the saprolite layer (see chapter 2, §2.1 for more details). Because long-term soil moisture data was 

available for the surface soil, the optimization of the soil characteristics was only done for the surface 

soil (from now on referred to as soil) and not the saprolite layer. As a result, five soil layers can be 

distinguished, an O-horizon and poorly developed A and B-horizons. The average depth of each soil 

layer is listed in table 3.1.  

Furthermore, the saprolite layer has similar characteristics as the bedrock with a very low 

permeability and spatial variability. That is why I will use the saprolite layer equal to bedrock where 

an amount of vertical drainage can infiltrate. 

Van Verseveld et al. (2008) showed when using a knocking pole survey that the soil thickness is 

decreasing towards the stream and the depth at the base of the slope is between 0.3 and 0.6 m. 

Because the model is spatially explicit, it was possible to vary the depth of the soil layers on the 

hillslope. The soil depth is on average 1 m. Together with the knocking pole survey I created a soil 

depth of 1.2 m at the top of the hillslope (ridge side) and 0.45 m at the base of the hillslope (stream 

side). The changing depth of each soil layer is according to: 

                                                                              (4) 
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Figure 3.5  The location of eleven soil pits in WS10. Four of the soil pits are located on the hillslope (McGuire, 

2004) 

 

Table 3.1 The average depth of each soil layer 

Soil layer 
Depth soil layer at 

ridge side (m) 

Depth soil layer at base 

of the slope (m) 

1 0.05 0.02 
2 0.20 0.10 

3 0.40 0.18 

4 0.70 0.30 

5 1.20 0.45 

 

 

Values of saturated water content, field capacity, permanent wilting point, drainage coefficient and 

root fraction I first obtained from literature or measurements and then optimized by comparing 

simulated water content in each soil layer with observational soil moisture data.  
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The saturated water content is obtained from McGuire (2004), which is an average of the soil profile. 

Values of field capacity for each soil layer in the model were from a study of Ranken (1974), who 

applied six pressure potentials (10, 20, 30, 40 60, 100 cm of H2O) to derive a characteristic curve for 

soil cores. By using observational soil moisture data conducted by McGuire (2004) and Van Verseveld 

et al. (2009) values of permanent wilting point were estimated. The measurements were performed 

on the hillslope at four depths (just below the O-horizon, 30, 70 and 100 cm) in three soil pits located 

on 15 m, 20 m and 25 from the base of the hillslope (McGuire, 2004; Van Verseveld et al., 2009). The 

drainage coefficient was difficult to obtain, because it contains a fraction of water in one cell that can 

drain per timestep. However, a high hydraulic conductivity is present in the first layers, up to 10 m h-1 

and declines rapidly with depth (Ranken, 1974). Furthermore, overland flow does not occur on the 

soil surface, but mainly on the bedrock surface and stream channel (McGuire, 2004). For that reason 

values of drainage coefficient are high for the first soil layers and decline rapidly with depth. 

According to Barnard (2009), roots are active between 0.3 m and 0.6 m depth, which means a high 

root fraction in soil layer 2 to 4 for the model. 

3.3.3 Optimization of soil parameter values 

Values of saturated water content, field capacity, permanent wilting point, drainage coefficient and 

root fraction are optimized by comparing soil moisture observational data at five different depths 

with simulated water content of each soil layer. As described in chapter 2, soil moisture was 

measured at three different locations on the lower part of the hillslope, 15 m, 20 m and 25 m 

upslope. The features of the measurements are listed in table 3.2.  

Table 3.2 Characteristics of available soil moisture data used for calibration 

Equipment 

Distance 

from base of 

the slope (m) 

Time period 
Located in 

irrigation area 

Depth(s) of 

measurements 

(cm) 

Layer used for 

parameterization 

WCR1 15 
Mar 8, 2004 – Sept 

20, 2005 
Yes 

Just below O-

horizon 

L 1: 0-5 

L2: 5-20 

WCR2 15 
Mar 8, 2004 – Sept 

20, 2005 
No 30, 70 & 100 

L3: 20-40 cm 

L4: 40-70 cm 

L5: 70-110 cm 

WCR3 20 
Mar 8, 2004 – Sept 

20, 2005 
No 30, 70 & 100 

L3: 20-40 cm 

L4: 40-70 cm 

L5: 70-110 cm 

WCR4 25 
Mar 8, 2004 – Sept 

20, 2005 
Yes 30, 70 & 100 

L3: 20-40 cm 

L4: 40-70 cm 

L5: 70-110 cm 

TDR2-4 ~15 
July 1, 2005 – 

September 7, 2005 
Yes 

30-60, 60-90, 90-

120 

L3: 20-40 cm 

L4: 40-70 cm 

L5: 70-110 cm 

TDR6-4 ~20 
July 1, 2005 – 

September 7, 2005 
Yes 

30-60, 60-90, 90-

120 

L3: 20-40 cm 

L4: 40-70 cm 

L5: 70-110 cm 

 

The WALNUTS model is spatially explicit, which makes it possible to vary the soil characteristics on 
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the hillslope. To do that I used a smaller Digital Elevation Map (DEM) than visible in figure 3.4, which 

is shown in figure 3.6. The smaller DEM is the lower part of the original DEM and has the same size as 

the irrigation area where the sprinkler experiment was conducted (see chapter 2, §2.2). I divided the 

small DEM into three sections: 1) 0-15 m upslope, 2) 15-20 m upslope and 3) 20-25 m upslope. As a 

result, each section contains observational soil moisture data. Consequently, for every section 

different soil characteristics are possible.  

 
Figure 3.6 DEM of the irrigated area (small DEM) in meters 

To obtain the soil parameter values for each section, I ran the model with the small DEM and 

compared the simulations to each of the WCR measurements individually. Together with WCR2 and 

WCR3 I used TDR measurements, because WCR2 and WCR3 were not located in the irrigation area 

and TDR measurements were only conducted for a short period of time. Because there are no long-

term measurements performed in the O-horizon, I used WCR1 measurements of just below the O-

horizon to optimize soil parameter values for soil layers 1 and 2. As a result, the two soil layers 

contain the same values. In addition, the optimized soil parameter values of soil layers 1 and 2 are 

equal for all three sections of the small DEM, because there were no long-term measurements 

available for the other two sections.  

For the higher part of the original DEM, I used the same values as for section 3 (20-25 m upslope). 

The soil parameter parameterization overview is visible in figure 3.7. 

The soil parameters are listed in table 3.3. In order to prevent over-parameterization of the model, I 

used a  transfer function to show the linear relationship between the soil parameter values for each 

soil layer and mean measured water content. Figure 3.8 shows values of saturated water content, 

field capacity, permanent wilting point and drainage coefficient plotted against mean measured 

water content. 
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Figure 3.7 A schematic overview of the parameterization of soil characteristics 

 

Table 3.3 Soil parameter values of section 1, 2 and 3 of the irrigation area. Parameter values upslope are equal 
to parameter values of section 3.   

 Layer SWC (-) FC (m3/m3) PWP (m3/m3) SWCon (-) RootFrac (-) 

Initial values       

 1 0.49 0.18 0.13 0.80 0.05 

 2 0.49 0.18 0.13 0.80 0.30 

 3 0.49 0.20 0.18 0.60 0.30 

 4 0.49 0.28 0.25 0.40 0.30 

 5 0.49 0.31 0.30 0.20 0.05 

Section 1       

 1 0.35 0.21 0.13 0.80 0.15 

 2 0.35 0.21 0.13 0.80 0.15 

 3 0.40 0.27 0.19 0.66 0.15 

 4 0.53 0.37 0.25 0.53 0.20 

 5 0.70 0.49 0.35 0.40 0.35 

Section 2       

 1 0.35 0.21 0.13 0.80 0.15 

 2 0.35 0.21 0.13 0.80 0.15 

 3 0.42 0.31 0.19 0.61 0.32 

 4 0.35 0.25 0.16 0.68 0.30 

 5 0.50 0.34 0.25 0.50 0.08 

Section 3 & upslope       

 1 0.35 0.21 0.13 0.80 0.15 

 2 0.35 0.21 0.13 0.80 0.15 

 3 0.36 0.24 0.16 0.70 0.30 

 4 0.42 0.28 0.18 0.63 0.32 

 5 0.33 0.22 0.16 0.68 0.08 
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Figure 3.8 Mean observational soil moisture data plotted against values of field capacity (FC), permanent 
wilting point (PWP), saturated water content (SWC), drainage coefficient (SWCond) 

 

3.3.4 Water entering the bedrock 

Infiltration of water into the bedrock downslope 

With the parameterization of soil parameters and active roots, the amount of infiltration into the 

bedrock was parameterized as well. The parameterization is divided into water entering the bedrock 

at the irrigation area and further upslope (area between irrigation area and ridge of the hillslope). 

The amount of infiltration into the bedrock is a percentage of vertical drainage in the last soil layer, 

which is soil layer 5.  

To obtain the amount of drainage that infiltrates the bedrock I used the small DEM, which has the 

same size as the irrigation area. A percentage of vertical drainage present in the last soil layer (soil 

layer 5) was estimated during simulation of the irrigation experiment (see chapter 2, §2.1). Graham 

et al. (2010) observed an infiltration rate of 1.1 (±0.6) mm h-1 m-2, which is similar to 4541 (±2477) 

mm day-1 for the whole irrigation area. As a result, the infiltration needed to be around 4541 (±2477) 

mm day-1 and no overland flow could be simulated, because that was not observed in that area (see 

chapter 2, §2.1).  

For all three sections I obtained a percentage of 32 that created a good fit between observed and 

simulated water content (see chapter 4, §4.1) and no simulation of overland flow. As a consequence, 

for every section a different amount of water enters the bedrock, which is visible in figure 3.9. In 

table 3.4 the amount of infiltration during the irrigation period in mm per hour is shown for each 

section. Because the irrigation area consists of sections 1,2 and 3, the amount of water infiltrating 

the bedrock for the irrigation area and during the irrigation period is 1.44 mm h-1 m-2, which is 

comparable to the findings of Graham et al. (2010).   
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Figure 3.9 Drainage that enters the bedrock of sections 1 (0-15 upslope), 2 (15-20 m upslope) and 3 (20 – 25 m 

upslope). During the parameterization of water entering the bedrock each section has the same size as the 

irrigation area to be able to perform the calibration. 

 

 

Table 3.4 Water entering the bedrock during the irrigation area for  

each section and the three sections together. 

 Water entering the 

bedrock (mm h-1 m-2) 

Section 1 1.67 
Section 2 1.52 
Section 3 1.22 

Irrigation area 1.44 

 

 

 

Infiltration of water into the bedrock upslope 

To obtain the percentage for vertical drainage that enters the bedrock upslope, I used the 

hydrograph of simulated and observed water that enters the trench. As a result, 28% of vertical 

drainage infiltrates into the bedrock. This is lower than 32% that is used downslope. With 28% more 

lateral flow was present in soil layer 5 to increase the height of simulated peaks, which is observed in 

the measured trench flow. It was not possible to decrease the percentage of 28 due to the presence 

of overland flow in the simulation, which is not observed in the field. As a result, 28% of drainage 

infiltrating into the bedrock upslope creates no overland flow during the simulation and enough 

water in soil layer 5 that is causing a high amount of lateral flow to enter the trench. The amount of 

water infiltrating into the bedrock for the hillslope is shown in figure 3.10 and the hydrograph of the 

trench is visible in chapter 4, §4.1. 
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Figure 3.10 Infiltration of water into the bedrock on the hillslope 

Bedrock water entering the trench 

As recently observed by Gabrielli (2011), water that entered the bedrock upslope can partly enter the 

trench, but up till now a specific value has not been noticed. To obtain an amount of bedrock water 

that enters the trench, a hydrograph was simulated with the WALNUTS model by using the original 

DEM. The hydrograph was compared with observational discharge data from Van Verseveld (2007) 

and McGuire (2004) with the determination of the Nash-Sutcliffe model efficiency coefficient (Nash 

& Sutcliffe, 1970). I used the natural logarithm of discharge data to prevent peak data to become too 

important and I did not take the first 183 timesteps into account, because of the start of 

observational data and to remove the influence of initial conditions.  

By adding a fixed percentage of bedrock water in the trench for each timestep, I optimized the Nash-

Sutcliffe model efficiency. The best fit is with a Nash-Sutcliffe model efficiency of 0.67 together with a 

mean absolute error of 0.47 when 6% of the infiltrated bedrock water enters the trench (see also 

chapter 4, §4.1). 

3.3.5 Parameterization of ecology 

I attained the ecological characteristics of the hillslope due to personal communication and literature 

review. I acquired parameter values that are area specific because of personal communication with 

B. McKane, who did the parameterization of MEL for WS10 before the clear-cut. In addition, I 

obtained equations to calculate initial values of parameters like the maximum and minimum C:N 

ratio (Rastetter et al., 1992; Rastetter et al., 1997). To compute the equations and acquire values for 

the remaining parameters, I consulted several studies including Binkley et al. (1992), Grier et al. 

(1974), Fogel et al. (1977), Klopatek (2001), Rastetter et al. (1997) and Tonnitto & Powell (2006). 

When possible, I used results of research conducted in a similar area containing a young Douglas-fir 

stand of similar age to the Douglas-fir on the studied hillslope. Otherwise, studies of an old growth 

Douglas-fir stand were used. See appendix B for all the parameter values, references and 

calculations. 
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4  Results 

The WALNUTS model was parameterized for the trenched hillslope located in Watershed 10 of the 

H.J. Andrews Experimental Forest. Observed and measured water content are shown in §4.1. Two 

model runs were performed, simulation 1 with only complete mixing of inorganic N and simulation 2 

where both complete and incomplete mixing of inorganic N can occur. The results of the model 

simulations are shown in §4.2. Finally, the comparison between model simulations 1 and 2 is 

described in §4.3. 

4.1 Water content  

Simulated water content and observational soil moisture data for layers 2 to 5 in sections 1, 2 and 3 

are shown in figure 4.1, 4.2 and 4.3. For the sections 1 and 2 the measurements of WCR2 and WCR3 

were taken outside the irrigation area. As a result, the measured water content does not increase 

during the irrigation period from July 27, 2005 till August 20, 2005. However, other measurements of 

soil moisture were conducted during the irrigation experiment at a similar height upslope, which are 

also included in figure 4.2 and 4.3.  

Soil layer 1 is not shown, because this layer is very instable. In figure 4.1 to 4.3 the water content of 

soil layer 2 is equal (for details see chapter 3). For the sections 1 to 3 the measured water content 

dynamics matches very well with the simulated water content (figure 4.1 to 4.3). The observed water 

content is during dry periods (e.g. July 2004) and during very wet periods (e.g. December 2004) lower 

than simulated water content, but the differences are small. The measurements taken with TDR4-2 

and TDR6-2 conducted during the sprinkler experiment are lower than simulated water content for 

the soil layers 3 to 5, but also lower than measurements of the WCR’s seen in figure 4.2 and 4.3. 

However, as mentioned by Graham et al. (2010) and Barnard et al. (2010) the probes were not 

calibrated for the specific soil type, so only relative changes in soil moisture content can be observed. 

The pattern of simulated and observed water content during the irrigation experiment is similar.  

In section 3 observed water content dynamics shows for soil layers 3 to 5 less variation than 

simulated water content (figure 4.3). It seems that the response to rainfall of observed water content 

is less compared to simulated water content, which can be seen for example during the irrigation 

period in August 2005. Note the high measured water content after the irrigation period in soil layer 

5, although this could also be an error, because the observed water content during that period is 

much higher than in other periods and the values are close to saturated water content (see table 

3.3). Measurements of TDR were not conducted in this section.  
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Figure 4.1 Simulated and observed water content of the soil layers 3, 4 and 5 of section 1; area between 0 and 
15 m upslope. 
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Figure 4.2 Simulated and observed water content of the soil layers 3, 4 and 5 of section 2; area between 15 and 
20 m upslope 
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Figure 4.3 Simulated and observed water content of the soil layers 3, 4 and 5 of section 3; area between 20 and 
25 m upslope 

 

The hydrograph is visible in figure 4.4 that shows the simulated and measured water amount 

entering the trench. To quantify the model behavior, the Nash-Sutcliffe model efficiency coefficient 

was used (Nash & Sutcliffe, 1970). The Nash-Sutcliffe model efficiency coefficient is 0.67 and the 
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mean absolute error is 0.47. This means that the pattern of the simulation matches well with the 

pattern of measured water entering the trench.  

 

Figure 4.4 Hydrograph of the hillslope. Simulated and observed water entering the trench. 

4.2 Model results  

In this paragraph the results of simulation 1 and simulation 2 of the WALNUTS model are presented. 

Simulation 1 represents a simulation run where only complete mixing of N occurs and simulation 2 

represents a simulation run where both complete and incomplete mixing of N occurs. First the 

results of simulation 1 will be presented and secondly the model results of simulation 2.  

The results represent a simulation run of 50 years, which was conducted in steps of five years 

containing equal meteorological and N deposition. Observed trench data is only present for the first 

two years. Model optimization has been performed on the 50-year simulation run. However, a 50-

year simulation is not long enough for the MEL model to acclimate to new model inputs, as can be 

seen in the results shown below. However, it was not possible to run the model longer due to a lack 

of time. A 50-year simulation run on an Apple Macbook Pro took 10 days to complete.   

4.2.1 Simulation 1 

The results of the model simulation where only complete mixing of N can occur (simulation 1) is 

presented in figure 4.9 to 4.17 and appendix C. Figure 4.5a shows the results of simulated and 

observed inorganic N concentration in the trench, figure 4.5b shows the results of simulated 

inorganic N concentration and observed total dissolved N concentration in the trench.  

Since the N concentration in the trench has not been measured regularly, it is difficult to analyze a 

trend or quantify model behavior using for instance Nash-Sutcliffe efficiency (Nash & Sutcliffe, 1970). 
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Only during the irrigation period inorganic N was measured every day for a total of 29 days (August 

2005).  

In figure 4.5a, the simulated N (blue line) is around ten times higher than observed inorganic N (red 

line and black dots), which is plotted on the second x-as. The pattern which can be seen when 

measurements are taken for several days (e.g. during the irrigation experiment in August 2005), 

shows some similarities to the simulated inorganic N in the trench, but peaks are not visible during 

the same period. A better pattern is visible in figure 4.5b, where measured total dissolved N is three 

times lower than simulated inorganic N concentration. Apparently, the amount of dissolved organic 

N is significantly higher than inorganic N. However, the simulation does only include the inorganic N.  

 

Figure 4.5a  Simulated (dark blue line) and observed (red line with black dots) inorganic N concentration that 

enters the trench 

 

Figure 4.5b Simulated inorganic N concentration (dark blue line) and observed total dissolved N concentration 

(red line with black dots) that enters the trench 
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To get a view on the processes in the soil and vegetation and the N involved, the inorganic N content 

in the root zone is shown (figure 4.6), the spatial variability of inorganic N and water content in the 

soil (figure 4.7), the N stored in biomass (figure 4.8), the N uptake by vegetation (figure 4.9) and the 

mineralization together with the N uptake by microbes and vegetation (figure 4.10). Besides the 

figures shown below, appendix C contains the rest of the results including C:N ratio of vegetation and 

detritus, C and N in soil detritus and biomass, C and N in litter fall and N uptake cost.  

Figure 4.6 shows the average inorganic N in the root zoned and for this study area the root zone is 

the whole soil profile because of the shallow soil depth (average is 1 m). At the start of the simulation 

the initial condition of 1 g N m-2 decreases rapidly to below 0.1 g N m-2. Then the amount is slowly 

increasing towards a maximum of 0.2 g N m-2. An annual pattern is developing over time, which is 

caused by lateral and vertical leaching of N during the wet season. Leaching occurs with an average 

of 4.49 g N m-2 year-1, which is calculated from the last 5 years of simulation. An equilibrium for root 

zone inorganic N has not been reached, with a longer simulation run the expectation is that the 

amount of N in the root zone will increase further, but will probably stay below the original value of 1 

g N m-2 due to the large amount of leaching.  

 

Figure 4.6 Average inorganic N of all cells in the soil of the hillslope 

The spatial variation of inorganic N in the soil over time as well as the water content is shown in 

figure 4.7a&b. Due to the steepness of the slope (average gradient of 37°) the high water content is 

concentrated downslope, with the highest water content located in the trench (red colored cells in 

figure 4.7b). With simulation 1 the highest water content is causing the highest inorganic N content 

in the soil and as a result, the highest inorganic N amount in the soil is located downslope as can be 

seen in figure 4.7a. Although the presentation of spatial variability can be improved by not taken the 

surroundings of the hillslope into account, it does give an overview that the spatial variability of 

inorganic N is not high on the hillslope.   
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Figure 4.7a The average inorganic N content (g N m-2) 

in the soil after a simulation period of 50 years. 

Figure 4.7b The average water content (m3/m-3)  

of soil after a simulation period of 50 years.  

The N stored in biomass is shown in figure 4.8. The initial value of 32 g N m-2 decreases towards an 

average of 17 g N m-2 in the last 5 years of the simulation. After about 30 years of simulation the N 

content in biomass gets into equilibrium. While figure 4.6 shows an increase in inorganic N content 

over time, N content in biomass does not get affected. The decrease in biomass could be explained 

by the higher N content in litter loss, which shows a similar pattern to the N content in biomass and 

is at the beginning of the simulation run in a range between 0.01 and 0.04 g N m-2 and decreases to a 

range between 0.005 and 0.03 g N m-2 (see appendix C). Besides that the N fixation is low, which 

fluctuates between 0.001 and 0.01 g N m-2, which is not enough to create an increase of N in 

biomass. As a result, the main input for N in biomass is N uptake, which is shown in figure 4.9. 

However, the uptake is rather low compared to the N loss in litter and fluctuates after a simulation of 

45 years between 0.0008 and 0.0065 g N m-2 .   

 

Figure 4.8 The N stored in biomass during a simulation run of 50 years. 

 

 

10 -1 10 -1 
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Figure 4.9 The N uptake by vegetation during a simulation run of 50 years. 

In figure 4.10 the mineralization together with microbial uptake and vegetation uptake is shown of 

the last 5 years of the simulation run. The amount of N uptake by microbes is much higher than the 

uptake of N by vegetation. An explanation is that the C:N ratio for vegetation is much higher than for 

microbes, meaning that for each C taken up, the vegetation needs only little N. The C:N ratio is very 

high for vegetation, with an optimum value of 319.6 a min of 47.91 and a max of 656.56. During the 

simulation, the C:N ratio of the vegetation increased from 310 to 390, the latter looks to be a stable 

new equilibrium for this system.  

 

Figure 4.10 Mineralization of N and N uptake by microbes and vegetation during the last 5 years of the 50-year 

simulation run. 

The C:N ratio for soil detritus decreases from 163 to 65 over the 50-year simulation period, due to an 

increasing amount of N in soil detritus (from 40 to 120 g N m-2). Because of the high amount of N in 

soil detritus, microbial consumption is causing N to become available again in the soil. However, due 

to drainage N is removed again from the soil. The N that enters the trench is for 96.5% from lateral 

transport of soil layer 5, causing the high concentration of inorganic N in the trench. The loss of N in 

the soil cannot be contributed to denitrification, which was identified as being low in the study area 

(0.008 g N m-2 yr-1, Binkley et al., 1992).  

4.2.2 Simulation 2 

The results of the model simulation 2, where both incomplete and complete mixing can occur, are 

shown in figure 4.11 to 4.16, table 4.1 and appendix D.  
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The number of cells that use incomplete mixing is presented in table 4.1 as a percentage of the total 

number of cells in the hillslope for the last 5 years of the simulation. Of all cells, 19% have enough 

water to experience incomplete mixing. Incomplete mixing occurs mostly during the wet season 

when 16.6% of all cells use incomplete mixing. Incomplete mixing is mainly present in soil layer 1 and 

the lowest amount of cells that use incomplete mixing is present in soil layers 4 and 5. With the high 

drainage coefficient in all soil layers (see chapter 3, table 3.3), it was expected that incomplete 

mixing would occur most in the soil layers 4 and 5. This can be explained due to the following. 

The hillslope area has a spatial difference of soil parameter values as explained in chapter 3. The 

majority of the cells have soil parameter values similar to section 3 (chapter 3, table 3.3). Field 

capacity of soil layer 4 in section 3 is higher compared to the other soil layers, which means a higher 

amount of water needs to be present in a cell before incomplete mixing can occur. In soil layer 5 no 

inflow of lateral flow occurs, because all lateral flow will enter the trench in one timestep. 

Consequently, a lower amount of water is present in the cell at the beginning of the next timestep 

and apparently not enough for incomplete mixing to occur, even with a lower field capacity than soil 

layer 4. Moreover, the soil layers 4 and 5 are thicker than the other soil layers which means a higher 

water content needs to be present in order to have incomplete mixing. 

Table 4.1 Amount of cells that use incomplete mixing compared to the total amount of cells 

% of all cells that use 

incomplete mixing 
Total Soil layer 1 Soil layer 2 Soil layer 3 Soil layer 4 Soil layer 5 

Dry season 2.4% 5.6% 2.5% 2.1% 0.9% 0.8% 

Wet season 16.6% 25% 15.4% 16.8% 12.6% 13% 

5 year total 19% 30.6% 17.9% 18.9% 13.5% 13.8% 

 

To get a view on the processes in the soil and vegetation and the N involved, the same figures are 

presented as for the results of simulation 1: the simulated and observed inorganic N content in the 

trench and the simulated inorganic N together with observed total dissolved N (figure 4.15a&b), 

inorganic N content in the root zone (figure 4.16) included with N ‘locked’ in water below field 

capacity (figure 4.17), the spatial variation of inorganic N and water content in the soil over time 

(figure 4.18a&b), N stored in biomass (figure 4.19), N uptake by vegetation (figure 4.20) and the 

mineralization together with N uptake by microbes and vegetation (figure 4.21). Besides the figures 

shown below, appendix D contains the rest of the results including C:N ratio of vegetation and 

detritus, C and N in soil detritus and biomass, C and N in litter fall and N uptake cost.  

In figure 4.15a, the simulated N (blue line) is around ten times higher than observed inorganic N (red 

line and black dots), which is plotted on the second x-as, similar to simulation 1. The pattern that can 

be seen when measurements are taken for several days (e.g. during the irrigation experiment in 

August 2005), shows a very good similar pattern compared to the simulated inorganic N in the trench 

and peaks do seem to occur during the same period. The simulated inorganic N concentration shows 

a decrease during the irrigation period. This might be a result of incomplete mixing, because of the 

high water content in the soil during that period. The decrease in inorganic N concentration is also 

visible in the measurements.  
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Shown in figure 4.11b is the measured total dissolved N, which is around three times lower than 

simulated inorganic N concentration and during the irrigation period in 2005 it even shows almost 

equal values. However, the model simulation does only include the inorganic N. Despite the fact that 

observed inorganic N is much less than observed total dissolved N, the pattern of observed inorganic 

N does seem to fit the simulated inorganic N pattern better than the pattern visible for observed 

total dissolved N.  

 

Figure 4.11a  Simulated (dark blue line) and observed (red line) inorganic N concentration that enters the 

trench 

 

Figure 4.11b Simulated inorganic N concentration (dark blue line)  and observed total dissolved N 

concentration (green line) that enters the trench 

In figure 4.12 the average inorganic N content in the root zone is shown with two different N 

contents, inorganic N that is ‘locked’ below field capacity (NLocked) and the inorganic N content that 

is used for stage 3 of WALNUTS model (ecosystem processes of the MEL model). When incomplete 

mixing occurs in a cell stage 3 of the WALNUTS model will only have access to the N content in water 
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above field capacity, which is the blue line in figure 4.12. However, when incomplete mixing occurs 

NLocked will also be present, which is the red line in figure 4.12. As a result, both N contents in figure 

4.16 represents the inorganic N content in the root zone.  

Both N contents are increasing over time and NLocked has a much higher content than inorganic N 

that is not ‘locked’, with a maximum of 1.22 g N m-2  compared to 0.375 g N m-2. This explains why a 

lower amount of N enters the trench when a high water content is present in the soil like during the 

irrigation experiment in August 2005 as seen in figure 4.11a&b. However, when the amount of water 

present in the soil is decreasing, NLocked will become completely mixed and will also be used for the 

ecosystem processes in stage 3 of the WALNUTS model. As a result, peaks are visible in the inorganic 

N content in the root zone that is not ‘locked’. 

 

Figure 4.12 Average inorganic N content in the soil (g N m-2) by showing inorganic N content that is ‘locked’ 

(NLocked) and inorganic N content 

The spatial variation of inorganic N content in the soil over time as well as the water content is 

shown in figure 4.13a&b. Figure 4.13a includes only inorganic N content that is available for 

ecosystem processes in stage 3 of the WALNUTS model. This means that NLocked is not taken into 

account for the update of inorganic N in the soil when incomplete mixing occurs in a cell. The spatial 

variability shows that the N content available for vegetation varies on the hillslope with WALNUTS 

model simulation 2. 
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Figure 4.13a The average inorganic N content (g N m-2) 

in the soil that is available for ecosystem processes 

after a simulation period of 50 years. 

Figure 4.13b Average water content (m3/m-3) in the 

soil after a simulation  period of 50 years.  

The N stored in biomass is shown in figure 4.14. The initial value of 32 g N m-2 has decreased towards 

an average of 17.5 g N m-2 in the last 5 years of the simulation and contains a similar pattern as 

simulation 1. The decrease in biomass can also be explained by the higher N content in litter loss, 

which is at beginning of the simulation run in a range between 0.01 g N m-2 and 0.041 g N m-2 and has 

decreased to a range between 0.005 and 0.03 g N m-2 (see appendix D). The main input for N stored 

in biomass is also N uptake, which is shown in figure 4.15. The uptake is similar to simulation 1, but 

varies more. After a simulation of 45 years the N uptake is between 0.001 and 0.008 g N m-2. The 

higher variation can be explained by the lower amount of N available for vegetation during the wet 

season, because incomplete mixing occurs more often and as a result N will be locked below field 

capacity and available N content for vegetation will be less.  

 

Figure 4.14 Biomass N content during a simulation run of 50 years 

10 -1 10 -1 
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Figure 4.15 Uptake of N by vegetation during a simulation run of 50 years 

Shown in figure 4.16 is the mineralization together with microbial uptake and vegetation uptake of 

the last 5 years of the simulation run. The amount of N uptake by microbes is much higher than the 

uptake of N by vegetation (similar to simulation 1), which can also be explained by the high C:N ratio 

for vegetation. However, mineralization shows more small peaks and declines compared to 

simulation 1, resulting in a change in behavior of microbial uptake and to a lesser extend vegetation 

uptake. During the simulation, the C:N ratio of the vegetation increased from 310 to 390, equal to 

simulation 1. 

 

Figure 4.16 Mineralization of N and N uptake by microbes and vegetation during the last 5 years of the 50-year 

simulation run. 

The C:N ratio for soil detritus decreases from 160 to 60 over the 50-year simulation period, due to an 

increasing amount of N in soil detritus (from 40 to 120 g N m-2). Similar to simulation 1, microbial 

consumption is causing N to become available again in the soil. However, the N concentration is 

updated with only water above field capacity, which means that the N concentration is higher, but 

the N content is lower compared to simulation 1. As a result input and uptake processes in stage 3 of 

the model will cause a higher fluctuation in N during simulation 2 compared to simulation 1, which is 

seen in figure 4.16. 

4.3 Comparison of simulations 1 and 2 

Shown in figure 4.21 is the simulated inorganic N content that enters the trench for simulation 1 and 

2 together with observational inorganic N data. Simulated inorganic N concentration is about ten 

times higher than observed inorganic N concentration for both simulations. The model 
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overestimation will be discussed later in the thesis. First I will explain the differences between 

simulation 1 and 2.  

4.3.1 N concentration entering the trench  

Simulation 2 shows higher peaks but also lower declines than simulation 1, which is visible after a 

drier period of less or no water input and during periods of high water input.  

When incomplete mixing occurs during simulation 2, NLocked is present, which is calculated using 

field capacity. The concentration of NLocked remains the same during the timestep and if incomplete 

mixing occurs again for the next timestep, NLocked will not change. However, it is possible that N 

concentration in water above field capacity (NMix) has increased or decreased, because of uptake 

and input processes. This can affect the N concentration in the trench due to the following.  

 

Figure 4.17 Simulated (simulation 1 and 2) and observed inorganic N in the trench. Simulation 1 represents the 

green line, simulation 2 the black line and the observed inorganic N is red. The water input is the blue line. 

A cell contains a high water content during several timesteps and experiences incomplete mixing 

when a high water input is present. Updates of NMix are only done with water above field capacity, 

so an increase of N in a cell due to input processes will create a higher NMix compared to complete 

mixing where updates of the N concentration in a cell are done with the total water content in that 

cell. As a result, a higher concentration of N will enter the trench, which can explain the higher peaks 

present in simulation 2 compared to simulation 1. With a higher water input, the water content in 

cells increases and more cells experience incomplete mixing, resulting in a higher N concentration in 

the trench. However, the peaks that are present during a high water input often shows a decline in N 

concentration when water input stays high, whereas the N concentration of simulation 1 declines 

less. This can be explained when incomplete mixing occurs for a longer period in cells. Compared to 

simulation 1, the N content used for ecosystem processes in stage 3 of the model is lower for 

simulation 2. As a result, the decrease in N content is faster with simulation 2 compared to 

simulation 1 when uptake is present of vegetation and microbes. Further, leaching will also results in 

a lower concentration of N during incomplete mixing versus complete mixing. Due to N uptake by 

vegetation and microbes and/or leaching a lower N concentration will enter the trench when 



42 
 

incomplete mixing occurs for cells, of which its effect is mostly visible when incomplete mixing occurs 

during more than one timestep. 

When a lower water content is present and incomplete mixing does not occur, NLocked will be 

available again, which may increase or decrease the concentration of N in solution, depending on the 

input and uptake processes that influenced NMix in previous timestep(s). A higher concentration is 

often seen in figure 4.17 when the water input decreases and incomplete mixing is less or not 

present anymore. Apparently, cells that were using incomplete mixing in previous timestep, contains 

a higher N concentration in total water content when complete mixing is present compared to 

simulation 1 where only complete mixing of N is possible.  

4.3.2 Irrigation experiment 

The irrigation experiment was present on the lower part of the hillslope, so the difference between 

simulation 1 and 2 is only for a small area. Simulation 2 shows more variation compared to 

simulation 1. This can be explained by the increasing water content in the soil profile. At the 

beginning of the irrigation experiment the wet up starts in the first soil layers and incomplete mixing 

occurs when the water content is high enough. Due to vertical drainage, soil layers located below are 

increasing in water content and incomplete mixing occurs in more soil layers. The field capacity in soil 

layers 4 and 5 downslope contain low values compared to upslope (see chapter 3, table 3.3 and 

compare section 1,2 and 3), which may create incomplete mixing to occur faster in deeper soil layers 

compared to the first soil layers. As a result, the N concentration in the trench starts to fluctuate due 

to the input and uptake processes in stage 3 of the model.  

The irrigation period was done during the dry season where uptake of N by vegetation and microbes 

is relatively high. As a result, the N concentration in trench in both simulations are decreasing, but for 

simulation 2 an increase in concentration is seen shortly after. An explanation for the higher variation 

during the irrigation experiment is that N becomes partly available again after uptake by microbes. 

This does also happen during simulation 1 but NMix of simulation 2 will increase faster in 

concentration, because the updates are only performed with water above field capacity. 

4.3.3 Incomplete mixing  

During simulation 2, only 16.6% of all cells use incomplete mixing during the wet season and the 

highest amount of cells that use incomplete mixing are present in the first soil layers. When more 

cells would use incomplete mixing, a higher fluctuation would be visible of N concentration in the 

trench and differences between simulation 1 and 2 would increase. To observe if a similar pattern of 

observed and simulated inorganic N concentration is be visible when more cells use incomplete 

mixing, more observational data is needed to be able to compare patterns.  

4.3.4 Observed versus simulated N concentration in the trench 

Both simulations contain an inorganic N concentration in the trench that is 10 times the observed 

inorganic N concentration. However, when taking the observed organic N concentration into 

account, observational data is more comparable to simulated data. Organic N is present on the study 

area in higher concentrations than inorganic N (Sollins et al., 1980; Van Verseveld et al., 2009), which 

is not assumed by the MEL model that is calibrated on the study area Hubbard Brook Experimental 

Forest (New Hampshire, USA) (Rastetter et al., 1997). The MEL model assumes that inorganic N is the 
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primary N solved in water. As a result, the rate of exchange between organic and inorganic N pools 

may differ from Hubbard Brook and the hillslope study area. 

4.3.5 N content in biomass 

Figure 4.18 shows the inorganic N content in biomass. Differences in inorganic N in the soil does not 

seem to affect the C:N ratio of vegetation for both simulation 1 and 2 because a steady state is 

starting to show after a 30 year simulation run. As a result, the amount of C and N stored in biomass 

does not respond to the increase of inorganic N in the soil.  

For simulation 2 the increase, but also the variation of inorganic N in the soil is higher compared to 

simulation 1. Although the vegetation does not seem to react to increase of available inorganic N 

during the simulation period of 50 years, the amount of N stored in biomass is slightly higher with 

simulation 2. A higher N content in biomass is caused by an increase of inorganic N content in the 

soil, which results in a lower N uptake cost shown in figure 4.19.  

For a longer simulation a steady state might occur for N content in soil detritus, which has not been 

visible after a 50-year simulation run. The steady state of inorganic N content in the soil might create 

a higher difference between simulation 1 and 2 in soil detritus causing a higher difference in N to 

occur in biomass and eventually the N concentration in trench might get affected.  

 

Figure 4.18 The N content in biomass during simulation 1 and 2 for a simulation period of 50 years. The 

difference between simulation 1 and 2 is only visible when the y-as is adjusted to a short range. 

 

Figure 4.19 Average cost when vegetation takes up N for simulation 1 and 2 during a simulation period of 50 

years. 
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5 Discussion and conclusions 

5.1 Discussion 

5.1.1 Observed and simulated N concentration  

The WALNUTS model was used to perform two different simulations. Simulation 1 contains complete 

mixing of N in the soil profile and simulation 2 can have both complete and incomplete mixing of N 

depending on the amount of water present in a cell. For simulation 1 and 2 the inorganic N 

concentration that enters the trench is much higher than the observed inorganic N. Unfortunately, 

only limited measurements were available, which made it difficult to quantitatively compare 

observations of inorganic N to simulations of inorganic N. A pattern of observed inorganic N was 

visible during the irrigation experiment, but it would have been better to be able to detect patterns 

of observed inorganic N outside the irrigation period as well.  

Furthermore, Van Verseveld et al. (2008) showed that dissolved organic N is the main component of 

N in water, except for transient groundwater levels where dissolved inorganic N was observed to be 

the main component. Dissolved organic N has not been taken into account in the WALNUTS model. 

Stage 3 of the WALNUTS model where ecosystem processes are calculated are based on the MEL 

model. The MEL model assumes that inorganic N is the main component of dissolved N due to the 

calibration of the MEL model for the Hubbard Brook Experimental Forest (New Hampshire, USA) 

where inorganic N is the main component of dissolved N (Rastetter et al., 1997).  

However, Stofberg (2011) used the WALNUTS model for a watershed located in the Hubbard Brook 

Experimental Forest and also showed that simulated inorganic N concentration was higher than 

measured N concentration. A suggestion made by Stofberg (2011) is to include the lower mobility of 

ammonium, which will result in a lower amount of vertical and lateral leaching.  

When less mobility of ammonium is added to the WALNUTS model, it will result in a decrease of 

simulated N concentration in the trench, which will improve the model performance. Furthermore, 

as dissolved organic N is the main component of dissolved N in the trench, including dissolved 

organic N would make the WALNUTS model more area specific.  

5.1.2 Implementation incomplete mixing in the WALNUTS model 

Ecohydrological separation as described by Brooks et al. (2009) contains a separation of water that  

vegetation takes up and water that is moving downslope. This is incorporated in the model by 

creating incomplete mixing of N. When incomplete mixing occurs during simulation 2, N that is 

locked (NLocked) is present. The concentration of NLocked remains the same during the timestep 

and if incomplete mixing occurs again for the next timestep, NLocked will not change. However, N in 

water above field capacity (NMix) can increase or decrease, because of uptake and input processes. 

When incomplete mixing is present in a cell, vegetation can only take up NMix. However, this is also 

the case for microbes, but microbial activity does not distinguish between water that is ‘locked’ in 

small pores and ‘mobile’ water.  

An improvement in the model would be to include microbial activity for both NMix and NLocked. As 

a result, NLocked will not change during stages 1 and 2 of the WALNUTS model, which calculates 

water and N fluxes, but will be able to change during stage 3; the calculation of ecosystem processes. 
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Both NLocked and NMix will be available for microbial activity, but only NMix will be available for 

vegetation. As a consequence, NMix will not contain all the input of N when incomplete mixing 

occurs, but will be divided over NMix and NLocked. This can result in a lower N concentration 

entering the trench.  

5.1.3 Incomplete mixing  

According to Brooks et al. (2009), winter rainfall does not replace tightly bound water, which is a 

result of the first rainfall at the beginning of the wet season. This indicates that a high amount of 

water is present in the soil during winter and causes incomplete mixing of water until the dry season. 

A high wetness was also observed on the studied hillslope (McGuire & McDonnell, 2010; Graham et 

al., 2010). However, the model shows that only 16.6% of all cells use incomplete mixing during winter 

for a simulation run of 5 years, which means that in the model the water content does not stay high 

during winter.  

It is possible that the water content during winter needs to be higher in the model. Two ways may 

result in a higher wetness. First, the parameterization might need to be improved upslope, as the soil 

characteristics of the upper section in the irrigation area is also used further upslope, to the ridge of 

the hillslope. To do this, measurements need to be conducted further upslope and for a longer 

period of time that includes both a wet and a dry season. As a result, the soil parameters are 

optimized upslope that might result in a higher wetness and consequently, more cells will experience 

incomplete mixing. Second, the model performance can be improved by adding an extra layer that 

represents transient groundwater levels as observed by Van Verseveld et al. (2008), which may 

create more cells to experience incomplete mixing in soil layer 5. Due to a high drainable soil it was 

expected that the majority of the cells that experience incomplete mixing, would be present in soil 

layer 5. However, because all lateral drainage in soil layer 5 is immediately put into the trench, 13% 

of all cells use incomplete mixing in the wet season during a 5-year simulation. The water content 

can be present above field capacity, but apparently it is too low for incomplete mixing to occur often. 

Instead of putting all lateral flow of soil layer 5 directly in the trench, an extra layer of cells can be 

created in the model with a maximum thickness of 15 cm. Van Verseveld (2008) observed transient 

groundwater levels to have a maximum of 10-15 cm, whereas soil layer 5 ranges in thickness 

between 50 and 15 cm. In the extra layer no soil characteristics are needed, only a percentage of 

water present that will infiltrate the bedrock. The rest of the water will enter the trench in one 

timestep. As a result, soil layer 5 is able to have a higher and more realistic water content, which may 

create more cells to experience incomplete mixing.  

5.1.4 Model results and incomplete mixing on a hillslope  

Despite model improvements to create a lower simulation of N, the pattern of N concentration in the 

trench, which is visible for the irrigation period of the model simulation, shows a better pattern for 

simulation 2 than simulation 1. The fluctuation shows that simulation 2 is preferred over simulation 

1. Besides that, the pattern is also better than for observed organic N, which can be explained by the 

different processes involved with dissolved organic compared to dissolved inorganic N as described 

by Van Verseveld (2009).  

However, as mentioned before, there is only one clear pattern visible of observed inorganic N in the 

trench. In order to have more reliable conclusions, more measurements of N are needed to get a 

clear view for a longer period of time. 
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5.1.5 Parameterization of ecology 

Both model simulations show a low N content in biomass, which indicates that the C:N ratios of 

vegetation should not be so high. The optimal C:N ratio of 319.6 is based on measurements 

conducted by Grier et al., (1974), which were from a similar area with a young Douglas-fir stand. Yet, 

vegetation characteristics might differ for each study area when for example nutrient availabilities 

are different (Keyes & Grier, 1980) and optimal C:N ratios might differ per study area as well. The 

best way to create a good parameterization for the ecology part of the model, would be by 

performing field measurements, because not a lot of field measurements including N contents were 

available to be able to compare. Although most consulted literature studies contained comparable 

stand age and study areas, the uncertainty of the parameter values would decrease if more field 

measurements were available. Besides that, parameter values could be optimized which can result in 

an improved model performance.  

Although optimization of certain parameters could improve the model performance, a longer model 

run than 50 years (i.e. centuries) might give a similar result. During a model run of decades biomass 

accumulation rates are shown, whereas during a model run of centuries succession rates can be 

visible with organic matter accumulating in both vegetation and soils (Rastetter et al., 1997).  

5.1.6 Future research 

Besides focusing on nutrients, isotopes (atoms of a given element) can be used as well to estimate if 

incomplete mixing occurs in the soil of a trenched hillslope. Isotopes are tracers and can be used to 

‘label’ chemical species in solution (Ward & Robinson, 2000). The field study of Brooks et al. (2009) 

that suggests occurrence of incomplete mixing in the soil was done by analyzing δ2H and δ18O in 

water samples of rainfall, streamflow, soil and tree water. If isotopes of for example δ2H and δ18O are 

incorporated into the model, equations that calculate the change in isotopic ratio from the standard 

isotopic ratio will have to be included. The calculations represent processes (for example 

evaporation) where the amount of heavy isotopes increases or decreases. As a result, it is not 

necessary to include ecosystem processes, which will make the model less complex and the model 

simulation less long. Nevertheless, by focusing on both isotopes and nutrients, more approaches can 

be used that will result in a more reliable outcome (McDonnell, 2003).  

Adjustments of the WALNUTS model were suggested by Stofberg (2011) that would improve the 

model behavior. One suggestion included a tighter linkage between vegetation and hydrology by 

incorporating actual transpiration rates. For this study area including actual transpiration rates is 

expected to improve the model behavior. A field study performed by Barnard et al. (2010) showed 

that at the same study area, the trenched hillslope, vegetation plays an important role in diel 

variation in subsurface discharge. Furthermore, Barnard et al. (2010) showed that the amount of 

influence of transpiration on discharge depends on the water content present in the soil.  

5.2 Conclusion 

The main objective of this model study is to see if incomplete mixing occurs on the hillslope in 

Watershed 10 of the H.J. Andrews Experimental Forest. To do that two model simulations were 

compared, model simulation 1 where only complete mixing occurs of inorganic N and model 

simulation 2 where both incomplete and complete mixing of inorganic N can occur. By comparing the 

results of model simulations 1 and 2 there is no clear evidence that incomplete mixing of N occurs on 
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the hillslope. However, the pattern of observed inorganic N and simulated inorganic N during the 

irrigation period shows more similarities with simulation 2 compared to simulation 1.  

For both simulations 1 and 2 the simulated inorganic N present in the trench is around ten times 

higher than observed inorganic N. The simulated inorganic N can be reduced by improving the 

WALNUTS model. First, incomplete mixing affects the uptake of N by vegetation but also the uptake 

and input of N by microbes, which is not realistic. The N concentration present in the whole cell 

should be available for microbes and only the N concentration above field capacity should be 

available for vegetation. Second, the amount of cells that use incomplete mixing is low and can be 

increased by optimizing soil parameter values with long-term field measurements conducted on the 

higher part of the hillslope and/or by adding an extra layer of cells in the model. The extra layer can 

be implemented below the last soil layer that will only consist of vertical drainage from the last soil 

layer. As a result, transient groundwater levels are implemented in the model and the last soil layer 

will be more realistic. Third, a longer model run could be performed in order to have organic matter 

accumulating in both vegetation and soils, which can result in an optimization of parameter values 

like the C:N ratio of vegetation. 

Future research could include improving the dataset of N measurements, a tighter linkage between 

vegetation and hydrology by incorporating actual transpiration rates and a focus on both N and 

water-isotopes.   
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Appendix A  

Equations that are included in the model for incomplete mixing 

 



 
 



 
 

At the beginning of the timestep an ‘if’ statement is included that looks at the amount of water in 

a cell 

Initial N content = Ncont 

Initial Water content = Water content 

IF   Water content  - Field capacity > 15%  * Saturated water content – Field capacity 

YES  Scenario 2 

NO Scenario 1 

Scenario 2 – incomplete mixing 

WatContESIni = Water content – Field capacity 

WatContES = Water content after drainage – Field capacity 

When in the previous timestep incomplete mixing occurred, Nlocked will not change: 

IF Nlocked 1 > 0 

    Nlocked = Nlocked 1 

 

NLockedCont = (Nlocked * Field capacity) / Field capacity  

 

First Update - Drainage: 

NMix = ((N flux in – N flux uit) + WatContESIni * NCont * Soil depth) / (WatContES * Soil depth)   

 

Second Update – Lateral flow: 

NMix = NMix * WatContES * Soil depth 

NMix = NMix + Lateral inflow of N – Lateral outflow of N     % The lateral transport is also 

updated with NMix  

WatContES  = WatContES * Soil depth * Water density 

WatContES = WatContES + Lateral inflow – Lateral outflow 

WatContES = WatContES / (Soil depth * Water density ) 

NMix = NMix / (Soil depth * WatContES) 

 

 



 
 

Third update – Oversaturation: 

N going Up = (Water going up / Water density) * NMix 

WatCont ES = Saturated water content – Field capacity  

NMix = (NMix * WatContES * Soil depth – N going Up) / (WatContES * Soil depth) 

 

For layer 1 oversaturation: 

Overland flow N = (Overland flow / Water density )* NMix 

IF Over saturation > 0 

    WatContES2 = Saturated Water content – Field capacity 

    NMix  = NMix * WatContES * Soil depth – Overland flow N / Soil depth * WatContES2  

 

Final update: 

N change = (NMix  * WatContES – Ncont * WatContESIni ) * Soil depth 

NLocked1  = Nlocked 

NCont = NMix 

WatCont = WatContES  % this is only for stage 3, ecosystem processes. At the 

beginning of the next timestep the total amount of water 

content will be used as initial water content  

 

Scenario 1 – complete mixing 

WatContESIni = Water content – Field capacity 

IF LockedN1  > 0  

    LockedN = LockedN1 

IF Water content > Field capacity 

NCont = (NLocked * Field capacity  + NCont * WatContESIni) / Water content 

ELSE  

NCont = LockedN 

  



 
 

Appendix B 

Parameterization of ecology 



 
 



 
 

 

 

Parameters	 Units Abbreviation Value References Calculation	or	comment

Acclimation	rate day-1	 a 0.014 Rastetter	et	al.,	2001

Maximum	active	tissue g	C	m-2 Ba_max 400 Personal	communication	B.	McKane

Allometric	parameter none c1 0.55 Personal	communication	B.	McKane

Minimum	C:N	ratio	vegetation g	C	g-1	N q_min 47.91096503 Rastetter	et	al.,	1992 q_min	=	(Leaf	C:N	*	Leaf	C/(Leaf	C	+	Root	C))	+	(Root	C:N	*	Root	C	/	(Leaf	C	+	Root	C))

Maximum	C:N	ratio	vegetation g	C	g-1	N q_max 656.646373 Rastetter	et	al.,	1992 q_max	=	q_min	*	(Biomass	C	-	Biomass	A)	/(	q_min	*	Biomass	C	/	q	-	Biomass	A)	

Leaf	area	per	unit	C m2	g-1	C bc 0.014004617 Rastetter	et	al.,	1992 bc	=	LAI/	Leaf	C

Root	length	per	unit	C m	g-1	C bn 18 Tingey	et	al.,	2006 Value	is	average	high	&	low	productivity	site	=	comment	in	the	spreadsheet

Half	saturation	for	CO2 ml	m-3 kc 350 Rastetter	et	al.,	2001

Half	saturation	for	N g	N	m-2 kn 0.4125 Personal	communication	B.	McKane

Soil	resource	extinction m2	m-1 ks 1.1424E-05 Calculated	(personal	communication	B.	McKane) ks	=	PI()*0,002^2/soildepth

N	fixation	cost g	C	g-1	N rNfix 9.12 Rastetter	et	al.,	2001

N	fixation	cost	half	saturation g	C	g-1	N kNfix 50 Rastetter	et	al.,	2001

Active	tissue	loss	rate day-1 ma 0.000342466 Calculated	(average	weight	loss	rate	of	roots	and	needles) ma	=	(mroots	+	mneedles)/2

Wood	loss	rate day-1 mw 0.000154338 Fogel	&	Cromack,	1977

Active	tissue	litter	C:N	ratio g	C	g-1	N qa 58.54956612 Rastetter	et	al.,	1992 qa	=	q	leafsen	*	Leaf	C	/	(Leaf	C	+Root	C)	+	Root	C:N		*	Root	C	/	(Leaf	C	+	Root	C)

Wood	litter	C:N	ratio g	C	g-1	N qw 277 Fogel	&	Cromack,	1977 Average	of	C:N	ratio	of	cones,	wood	and	bark

Acclimation	damping	coefficient day h 3*365 Stofberg,	2011

Maximum	Microbe	N	Eff1 unitless etha_N 0.491327344 Tonitto	&	Powell,2006 eth_N	=	humification	*	L	*	q	/(microbial	C:N)

Maximum	Microbe	C	Eff1 unitless etha_C 0.6 Hunt	et	al.,	1991	-	via	Rastetter	et	al.,	1997

Microbial	Byproduct	C:N	ratio g	C	g-1	N phi 8 Rastetter	et	al.,	1997

Microbial	N	uptake g	N	g-1	C alpha_N 0.01092 Rastetter	et	al.,	1997

Microbial	N	half	saturation g	N	m-2 kNm 1 Rastetter	et	al.,	1997

mrNup	adjustment	rate day-1 tau 0.00125 Personal	communication	B.	McKane

Max	plant	N	uptake g	N	m-2	day-1 pgn 0.2 Personal	communication	B.	McKane

Canopy	quantum	yield g	C	MJ-1 pgc 0.1 Personal	communication	B.	McKane

Active	tissue	respiration	rate day-1 pra 5.54743E-06 Rastetter	et	al.,	1997 ra	=	Rcva/(Biomass	A*Q10ra*days	above	zero)

Wood	respiration	rate day-1 prw 7.53512E-08 Rastetter	et	al.,	1997 rw	=	Rcvw/((Biomass	C	-	Biomass	A)*Q10rw*days	above	zero)

Decomposition	rate day-1 ppsi 8.86525E-05 Rastetter	et	al.,	1997 psi	=	annual	psi/days	above	zero

N	fixation	constant g^2	N	g-1	C	m-2	day-1 pgNfix 0.00000075 Stofberg,	2011

Minimum	canopy	fraction unitless fracmin 0.781246565 Calculated	(personal	communication	B.	McKane) fracmin	=	Old	Leaf	C/	(Old	Leaf	C	+	Leaf	C)

Denitrification	rate g	N	m-2	y-1 aDNtr 0.008 Binkley	et	al.,	1992	 Cascade	Head,	Conifer	stand	-	50	year	old

Half	saturation	constant g	N	m-2 kDNtr 0.2125 Spreadsheet	(inorg.	N	half	sat.	NO3	(=0.2125))

Average	fraction	N	of	total	N. fraction NitrateFraction 0.012307692 Calculated NitratieFraction	=	Denitrification	/	Total	input	N

Julian	day	start	Dday	cou day Jdegstart 2 Personal	communication	B.	McKane

Degree	Day	bud	break deg	C Ddbud 500 Personal	communication	B.	McKane

Degree	Day	full	canopy deg	C Ddfull 1000 Personal	communication	B.	McKane

Julian	day	decidious	litter	start day Jddstart 290 Personal	communication	B.	McKane

Julian	day	decidious	litter	stop day Jddend 325 Personal	communication	B.	McKane

Initial	conditions	of:

iytotal		-	1	-		Inorganic	N									 gN	m-2	 - 1 Personal	communication	B.	McKane

iytotal	-	2	-	C	in	plant	biomass	 gC	m-2 - 10226 Grier	et	al.,	1974

iytotal	-	3	-	N	in	plant	biomass	 gN	m-2 - 32 Grier	et	al.,	1974

iytotal	-	4	-	C	in	soil	detritus	 gC	m-2 - 6720 Klopatek,	2001	(for	forest	floor)	and	Grier	et	al.,	1974	(for	logs)

iytotal	-	5	-	N	in	soil	detritus gN	m-2 - 41.2 Klopatek,	2001	(for	forest	floor)	and	Grier	et	al.,	1974	(for	logs)

iytotal	-	6	-	plant	C	uptake	effort	 - - 0.535764447 Calculated	(eq	from	spreadsheet) plant	C	uptake	effort	=	Leaf	C	/	Biomass	A

iytotal	-	7	-	uptake	cost g	C	g	N-1 - 2 Personal	communication	B.	McKane

Q10	functions	of:

Q10	canopy-level	quantum	yield unitless - 2 Personal	communication	B.	McKane

Q10	active	tissue	respiration unitless Q10ra 2.1 Personal	communication	B.	McKane Metolius,	OR	Ponderosa	Pine

Q10	woody	tissue	respiration unitless Q10rw 2.2 Personal	communication	B.	McKane Metolius,	OR	Ponderosa	Pine

Q10	decomposition	rate unitless - 1.8 Personal	communication	B.	McKane Metolius,	OR	Ponderosa	Pine

Q10	maximum	plant	N	uptake unitless - 2 Personal	communication	B.	McKane

Q10	N	fixation	constant unitless - 2 Personal	communication	B.	McKane



 
 

  

Table	for	calculated	parameters

Parameter Abbreviation Units Value Reference Comments

Leaf	biomass	C Leaf	C g	C	m-2 454.85 Grier	et	al.,	1974 assume	50%	carbon	of	organic	matter

Biomass	Active Biomass	A g	C	m-2 848.97384 Personal	communication	B.	McKane Leaf	C	+	Fine	Root	C

Fine	Root	biomass	C Fine	Root	C g	C	m-2 394.12384 Klopatek,	2007 Obtained	by	using	average	Fine	Root	C	(g/kg	Biomass)	and	the	amount	of	Dry	mass	Root	biomass	(kg/ha)

C:N	ratio	leaf	biomass Leaf	C:N g	C	g-1	N 44.59313725 Rastetter	et	al.,	1992 Leaf	C	/	Leaf	N

Leaf	biomass	N Leaf	N g	N	m-2 10.2 Grier	et	al.,	1974

C:N	ratio	root	biomass Root	C:N g	C	g-1	N 51.74 Klopatek,	2007 Average	of	live	and	dead	C:N	ratio	over	three	years

weight	loss	rate	of	roots mroots day-1 8.21918E-05 Chen	et	al.,	2001

Fine	root	biomass	C Weight	roots	(t	=	0) g	C	m-2 394.12384 Klopatek,	2007 Obtained	by	using	average	Fine	Root	C	(g/kg	Biomass)	and	the	amount	of	Dry	mass	Root	biomass	(kg/ha)

Weight	roots	after	one	year Weight	roots	(t) g	C	m-2 118.237152 Calculated	(Sollins	et	al.,	1980) According	to	Sollins	et	al.,	1980	30%	of	the	roots	die	annually.	

weight	loss	rate	of	needles mneedles day-1 0.00060274 Fogel	&	Cromack,	1977 Converted	from	annually	to	daily

Average	soil	depth	on	hillslope Soildepth m 1.1 Harr,	1977

C:N	ratio	of	leaf	litter q	leafsen g	C	g-1	N 64.45 Fogel	&	Cromack,	1977;	Yano	et	al.,	2005 Took	the	average	of	both	studies.	Both	were	conducted	in	the	H.J.	Andrews	on	a	old	growht	Douglas-fir	(~450	yr)

fraction	of	available	litterfall humification fraction 0.3 Tonitto&Powell,	2006

N	in	total	litterfall/Total	plant	N L fraction 0.05125 Calculation	(Tonitto&Powell,	2006)

Biomass	N	in	total	litterfall N	in	total	litterfall g	N	m-2 1.64 Grier	et	al.,	1974

Biomass	N	in	total	tree Total	plant	N g	N	m-2 32 Grier	et	al.,	1974

leaf	and	root	respiration) Rcva g	C	m-2	day-1 2.789041096 Harmon	et	al.,	2004 Fine	roots	+	coarse	roots	+	tree	foliage	(no	understory;	young	douglas	fir	dominates	for	90%)

Biomass	C	in	total	tree Biomass	C g	C	m-2 10226 Grier	et	al.,	1974 assume	50%	carbon	of	organic	matter

C:N	ration	in	total	tree q g	C	g-1	N 319.5625 Rastetter	et	al.,	1992 Biomass	C	/	Biomass	N

Amount	of	days	when	temperature	is	above	zeroDays	above	zero day 282 Calculated

wood	respiration Rcvw g	C	m-2	day-1 0.438356164 Harmon	et	al.,	2004 Stem	sapwood	+	Live	branches	

Annual	decomposition	rate annual	psi day-1 0.025 Janisch	&	Harmon,	2002

old	foliage	biomass	C Old	Leaf	C g	C	m-2 355.35 Grier	et	al.,	1974 assume	50%	carbon	of	organic	matter

Denitrification	rate Denitrification g	N	m-2	y-1 0.008 Binkley	et	al.,	1992

Total	input	of	N Total	input	N g	N	m-2	y-1 0.65 Sollins	et	al.,	1980 Input	rain	+	N	fixation	+	unknown	input



 
 

Appendix C 

Results of simulation 1



 
 

 

  



 
 

 

 

 

 

 

 

  



 
 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

  



 
 



 
 

Appendix D 

Results of simulation 2 



 
 



 
 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 


