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Surface water quality is a growing concern in the Willamette River Basin and elsewhere. 

The region’s growing population is dependent on the availability of clean water for 

drinking water, irrigation, wastewater dilution, and wildlife habitat. Watershed 

management to produce economic goods and environmental services requires an 

understanding of basic hydrologic processes in addition to tools that accurately represent 

the interactions between human activity, biophysical processes, and climate change. In 

this study we developed a plug-in for the Envision modeling framework to explore where 

interactions between climate change and human activities are most likely to result in 

impaired water quality.  

This study has two primary objectives. The first is to develop a plug-in for Envision that 

can accurately simulate the effect of agricultural practices (e.g. fertilizer application rates 



 

 

 

and timing, crop selection, etc.) on the system’s nitrogen budget. The second objective is 

to explore the landscape response to three future scenarios of changing climate, 

agricultural practices, and conservation actions as measured by nitrogen loading to 

surface waters in the Calapooia River Basin. 

The model we developed for this study was created by integrating algorithms from two 

widely used models: a conceptual hydrologic model and a nitrogen dynamics model. A 

number of changes were required to merge the two models and the accuracy of 

streamflow predictions suffered. The result of the scenario analysis was consistent with 

our expectations beginning the study: warmer and wetter climate scenarios were 

associated with higher annual nitrogen export rates, and policies that resulted in lower 

fertilizer application led to a decrease in annual nitrogen export rates. 
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1. INTRODUCTION 
Surface water quality is a growing concern in the Willamette River Basin and elsewhere 

(Wentz et al. 1991). The region’s growing population is dependent on the availability of 

clean water for drinking water, irrigation, wastewater dilution, and wildlife habitat. 

Agriculture is an important sector of the regional economy and culture; however, 

agricultural production practices can have profound effects on water quality. In order to 

ensure adequate water quantity and quality to meet human and environmental demands, 

land managers require tools to assess the effectiveness of management practices across 

the landscape. 

Scenario analysis provides a method for using scientific, quantitative methods to inform 

resource management decision-making in the presence of deep uncertainty (Bolte et al. 

2006). The spatially explicit representation of a scenario’s land use/land cover (LULC) 

over time is called an alternative future (Hulse et al. 2009). Alternative futures are 

evaluated according to their ability to provide important goods and services (i.e. clean 

drinking water, crop yields, etc.).  Alternative future analyses that feature nitrogen 

models most frequently look to assess the impacts of changing climate, changing LULC, 

and management activities on things people care about (e.g. nitrogen export from fields 

and water scarcity).  

The diffuse nature of nitrogen pollution in many areas has been an obstacle to effective 

management (Novotny and Olem 1994). Using only measurements to build a complete 

understanding of the nitrogen dynamics at the watershed scale would be prohibitively 

expensive (Arheimer and Brandt 1998). Models can be useful for estimating the amount 

of nitrogen being delivered to streams over a period of time, and how loading is affected 

by changing climate, land use, and land management (Li et al. 2011; Vaché, Eilers, and 

Santelmann 2002). Modeling of some sort is therefore desirable to simulate the 

effectiveness of management activities on reducing nitrogen export to water bodies at a 

wide range of spatial and temporal scales (Breuer et al. 2008).  
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A wide range of models have been developed to simulate nitrogen dynamics at the 

catchment scale (Breuer et al. 2008). While existing models have been used successfully 

to model water quality for alternative future landscapes, they do not have the capacity to 

represent landscape change over time. We set out to develop a model, hereafter called 

Flow-Solute, with the capacity to represent policy-driven landscape change through the 

Envision modeling platform and whose simulated streamflow and rates of nitrogen 

transformation and export match observed data with a degree of accuracy approaching 

other generally accepted models. To do so, we adapted algorithms from two models—the 

Hydrologiska Byråns Vattenbalansavdelning model (HBV) and the Soil & Water 

Assessment Tool (SWAT)—and compared the accuracy of simulated streamflow and 

nitrogen transformations against observations. 

The novel contribution of this study was the development and application of nitrogen 

modeling techniques in Envision. Developing Flow-Solute to interface directly with 

Envision allowed us to explore the effects of the policies on NO3
- loading to streams over 

time. The costs associated with interfacing directly with Envision stemmed from the large 

time investment that was required to write the code for the model in C++. In order to fit 

within the available time, we chose to make a number of simplifications to the algorithms 

used in the model.  

Finally, we used Flow-Solute to explore how changing climate, land use, and crop choice 

affect nitrogen loading to surface waters in three alternative future scenarios: 1) 

Reference, 2) Water Quality Plus, and 3) Agriculture Expansion. Our decision to simplify 

the hydrologic and nitrogen dynamics models meant that our study was primarily a 

heuristic exercise to explore the linkages in the nitrogen system of the Calapooia River 

Basin.  

1.1. THE NITROGEN CYCLE 

Nitrogen is one of the most abundant elements in the earth’s crust and atmosphere. 

Nitrogen cycles throughout many of the earth’s systems and can be found in many 
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different chemical forms (species). Nitrogen dynamics in soil play an important role in 

controlling the rate and timing of nitrogen transport to surface and ground water. Three of 

the most important nitrogen species in the soil system are organic nitrogen (OrgN), 

nitrate (NO3
-), and ammonium (NH4

+) (Figure 1). Most of the nitrogen in soil exists in 

the form of organic nitrogen from decaying plant and animal matter (Robertson and 

Groffman 2007). Inorganic forms of nitrogen—NO3
-
 and NH4

+—are found in 

atmospheric deposition, chemical fertilizers, and they are also produced through 

mineralization of organic nitrogen. Nitrate is often a limiting factor for primary producer 

growth in aquatic ecosystems and NO3
- inputs exceeding the system’s assimilative 

capacity can lead to problematic algae growth. 

 

Figure 1. A conceptual diagram of soil nitrogen dynamics (Robertson and Groffman 2007).  

Figure 1 presents a simplified conceptual diagram of the soil nitrogen system. After 

nitrogen enters the soil from the atmosphere, decomposing plant matter, or fertilizer 

application, two processes control its fate: advective flow and chemical transformations. 

Advective flows transport nitrogen in solution, in the case of leaching, or bound to the 

surface of soil particles transported in overland flow. Chemical transformations such as 

mineralization, nitrification, volatilization, plant uptake, and denitrification result in a 

change from one species to another. 
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Mineralization is a process in which soil microbes transform organic nitrogen into plant-

available forms of inorganic nitrogen (Neitsch et al. 2011; Arnold et al. 1998). The rate of 

mineralization is positively correlated with the amount of organic nitrogen in the soil and 

soil temperature, but negatively correlated with soil water content (Evans et al. 2011; 

Robertson and Groffman 2007).  

Nitrification and volatilization are both transformations that affect ammonium. 

Nitrification is the transformation of NH4
+ into NO3

- by nitrifying bacteria while 

volatilization is the loss of NH3 gas to the atmosphere. Both transformations can occur 

rapidly after NH4
+ fertilizer is applied to the soil surface, especially under warm and dry 

soil conditions. Agricultural practices such as tilling and field drainage create favorable 

conditions for nitrification and mineralization. 

Denitrification, the bacterial reduction of NO3
- to N2 or N2O, is represented as a flow 

from the NO3
- pool out of the system. Denitrification is a function of soil temperature, 

soil water content, and the abundance of carbon and nitrate in the soil layer. Denitrifying 

bacteria thrive in an anaerobic environment, so water content of 60% or greater is usually 

required to observe denitrification in the soil (Neitsch et al. 2011). Temperature is an 

important factor in the denitrification process because oxygen diffusion slows as 

temperature increases, creating more favorable conditions for denitrifying bacteria. 

Typically, 10-20% of applied nitrogen fertilizer is lost to denitrification (Neitsch et al. 

2011). 

Plant uptake of nitrogen occurs as plants add biomass throughout the growing season. 

Plant uptake is commonly the largest flux in the system, especially for agricultural lands, 

in which nitrogen uptake by plants is frequently as much as 144 kg/ha of the 200 kg/ha of 

fertilizer applied (Sullivan, Hart, and Christensen 1999; J M Hart et al. 2011; J. M. Hart 

et al. 2013; Griffith et al. 1997).  

Advective fluxes transport nitrogen from the soil to groundwater and surface water 

bodies. Nitrate leaching can be a major driver in water quality impairment and its 

mitigation is a primary concern for land managers. While organic nitrogen and NH4
+ can 
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be bound to the surfaces of soil particles by their positive charge, NO3
- is negatively 

charged and does not attach to soil particles. This characteristic makes NO3
- susceptible 

to leaching.  

1.2. WATER QUALITY AND LAND USE 

Water quality impairment occurs when the amount of pollutants added to the system over 

a period of time exceeds the system’s assimilative capacity. Nutrient pollution is a 

common cause of water quality impairment that is associated with a variety of human 

activities. Nutrients such as nitrogen are often a limiting factor of productivity in aquatic 

ecosystems, and increased nitrogen availability can lead to problematic eutrophication in 

surface waters. Sources of nitrogen in soils and surface water include atmospheric 

deposition, chemical fertilizer application, plant residue, animal waste, and municipal 

wastewater effluent (Novotny and Olem 1994).   

The LULC composition of a watershed has direct and indirect effects on the amount of 

nitrogen that is transported from the land surface to water bodies. Effective land 

management to improve water quality requires an understanding of the relationship 

between nitrogen export and management activities. Nitrate is commonly the focus of 

water quality studies because it is easily transported as a solute in runoff. Numerous 

studies have observed elevated nitrate concentration in stream flow from agricultural 

catchments compared to similar catchments with forested or developed LULC (Poor and 

McDonnell 2007; Evans et al. 2011). Agricultural practices such as crop selection, tilling, 

fertilizer application, and harvest can strongly influence water quality by modifying 

surface runoff, soil erosion, and nutrient budgets (Mueller-Warrant et al. 2012). LULC 

types with extensive root structures such as riparian forest are capable of removing 

significant quantities of nitrogen from subsurface runoff through plant uptake (Griffith et 

al. 1997; Wigington et al. 2003). Impacts from urban land use on nitrogen export are not 

as dramatic as those from agriculture; however, decreased soil infiltration capacity and 

accelerated storm runoff in urban catchments can also result in impaired water quality 

(Poor and McDonnell 2007).  
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Restoration of riparian forests and careful management of agricultural practices can be 

effective methods of reducing the amount of nitrogen transported from fields to streams 

and lakes; however, there does not appear to be a singe approach that works in all settings 

(Osmond et al. 2012; Wigington et al. 2003; Mueller-Warrant et al. 2012). The National 

Institute for Food and Agriculture—Conservation Effects Assessment Project (NIFA–-

CEAP) studied the effects of modifying tillage practices, fertilizer application, crop 

rotation, and riparian buffer width on surface water quality (Osmond et al. 2012). In the 

Willamette Valley, the effectiveness of different management activities was dependent on 

catchment geomorphologic characteristics, such as the types of soils found throughout the 

basin (Osmond et al. 2012). A number of studies have observed strong negative 

correlations between in-stream nitrate concentration and percentage of the study area 

covered by woody vegetation (Floyd et al. 2009; Allan, Erickson, and Fay 1997; Tufford, 

McKellar, and Hussey 1998). The strength of the correlation was equally strong at the 

basin-wide and near-stream spatial scales, indicating that woody vegetation coverage is 

an important factor in water quality, but not the only important factor. 

The effectiveness of riparian forests as a tool for removing nitrogen from runoff is 

strongly affected by local soil drainage properties. The flow path from fields to streams 

plays a critical role in determining the extent of nutrient uptake by plant roots (Wigington 

et al. 2003). Riparian vegetation is ineffective at removing nitrate from runoff in areas 

were subsurface flow limits contact between runoff, soil microbes, and plant roots 

(Wigington et al. 2003).  
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2. LITERATURE REVIEW 

2.1. NITROGEN MODELING 

A review of the literature focused on nitrogen modeling by Breuer et al. (2008) 

determined that there is no single accepted model. Instead, there are many models that 

differ in complexity and spatial resolution depending on the questions they are designed 

to address. Some, like HBV-N, come from a hydrological background and generally 

feature simple conceptual routines to represent elements of the nitrogen cycle. HBV-N is 

a semi-distributed conceptual model that was designed to simulate nitrogen outflow from 

the root-zone to the catchment outlet (Arheimer and Brandt 1998). HBV-N is a relatively 

simple model that relies on the user to calibrate a number of free parameters in order to 

produce acceptable results.  

More l nitrogen models, such as SWAT and SWAT-N, feature representations of the 

relevant nitrogen transformations within the soil system (Arnold et al. 1998; Pohlert, 

Huisman, et al. 2007). SWAT simulates nitrogen transformations using algorithms 

adapted from the CREAMS model (Knisel 1980), plant growth and nitrogen uptake, as 

well as phosphorus dynamics and their impact on the decay of fresh organic nitrogen. 

SWAT-N adapts SWAT’s representation of the nitrogen system by adding a pathway for 

plant uptake of NH4
+, gaseous losses during nitrification, NH4

+ adsorption to clay 

particles, and by replacing the organic nitrogen routine with a more complex suite of 

stocks (Pohlert, Huisman, et al. 2007).  

Finally, fully distributed nitrogen models offer the most physically-based representation 

of the nitrogen system, in which the catchment is represented as a grid or mesh of 

interacting polygons. For example, the VELMA model utilizes a distributed soil 

framework to simulate the storage and flow of water and nutrients (organic carbon, 

organic nitrogen, dissolved inorganic nitrogen, dissolved organic nitrogen, dissolved 

organic carbon, and gaseous forms of carbon and nitrogen) within the soil, between the 

soil and vegetation, and between vegetation and the atmosphere (Abdelnour et al. 2013). 
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Fully distributed models allow the user to directly investigate the impact of changing 

climate, land use, and land management on the movement of chemicals through the 

ecosystem. These models are the most computationally expensive, but such an approach 

is necessary to simulate the impacts of some management actions, such as riparian 

buffers, that alter flow paths to facilitate plant uptake of nitrogen in runoff from 

agricultural fields.   

Using nitrogen models to conduct scenario analyses (i.e. LULC change, climate change, 

and land management change) requires additional processes than those required to 

capture the catchment’s hydrological dynamics (Breuer et al. 2008). In order to be an 

effective tool for exploring the impacts of various types of changes on nitrogen dynamics, 

models must adequately represent the processes that are changing. In the case of LULC 

change, it is only appropriate to use a model that includes a LULC-specific 

evapotranspiration routine. When conducting a scenario analysis that includes climate 

change, Breuer et al. (2008) recommend using models that represent changes in canopy 

conductance due to increased CO2 partial pressure. Other models are still frequently used, 

but it should be recognized that they have a high degree of predictive uncertainty. 

Many scenario-based studies have been conducted to predict the impacts of changing 

climate, land use, and land management on nitrogen loading to surface water bodies (Li 

et al. 2011; Vaché, Eilers, and Santelmann 2002). Frequently, a current landscape is 

compared against an alternative future landscape, without modeling the trajectory 

between the two. Another scenario approach uses current LULC composition with 

modified climate data inputs (e.g. increasing temperature uniformly by 1°C) (Li et al. 

2011). 

2.2. ENVISION & ALTERNATIVE FUTURE SCENARIOS 

The most common approach to scenario analysis has been characterized as the predict-

then-act paradigm (Hulse et al. 2009). The goal of a predict-then-act assessment is to 

identify the strategies and policies that are optimal against a small set of future scenarios. 
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The accuracy of such an assessment is strongly influenced by the validity of the 

assumptions about future conditions.  

A new paradigm in modeling complex coupled human and natural systems has emerged 

in recent years. The new paradigm called explore-then-test uses models to explore the 

linkages that exist among biophysical and human systems in alternative future landscapes 

and then test the effects of different policy scenarios on the basin’s ability to generate 

valued landscape productions (Bolte and Vache 2012; Hulse et al. 2009; Bolte et al. 

2006).  

Policy scenarios in the explore-then-test approach are designed to test the system’s 

response to perturbations. Although some alternative future analyses have dedicated 

substantial effort to generating the highly plausible scenarios, it is required in all cases. 

Because the goal in our study was to explore a range of possible trajectories, we chose to 

use three scenarios that represented a very simple set of assumptions about how land 

cover and nitrogen management might change over time. Evaluative models are then 

used to quantify the policies’ effects through metrics of valued landscape productions 

(i.e. percent change in wetland area and NO3
- export to surface waters).  

The Envision modeling framework is a GIS-based tool that was designed to facilitate the 

explore-then-test approach. Envision is uniquely capable of integrating biophysical and 

multi-agent models to simulate alternative future scenarios for regional planning and 

environmental assessment (Bolte et al. 2006). Envision is a particularly useful platform 

for scenario-based alternative future studies because it allows users to explore the range 

of possible landscape change trajectories resulting from any single future scenario (Bolte 

and Vache 2012). To do so, Envision couples various “plug-in” models, including 

hydrologic models, nutrient dynamics models, and vegetation dynamics models to 

represent autonomous biophysical processes. User-defined policies define the constraints 

and actions that represent land use management decision-making (e.g. crop choice, 

timber harvest, fertilizer application, etc.).  
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Envision has been used to generate alternative future scenarios in a number of projects 

over the past ten years, including the Puget Sound Nearshore Ecosystem Restoration 

Project (PSNERP) (Bolte and Vache 2012), Big Wood Basin Alternative Futures (Inouye 

2014), and the Willamette Water 2100 project (WW2100) (Bolte 2015). The complexity 

of the scenario development process and the number of autonomous process models 

employed varied across Envision projects according to project goals and limitations.  

The most common approach to alternative future studies, and the one we chose to use in 

this study, is for expert scientists to design the policies and constraints that will be used to 

generate future scenarios. This is not, however, the most common approach for studies 

using Envision. In fact, most Envision projects include a robust element of stakeholder 

engagement during the scenario development process. For example, the WW2100 project 

convened numerous meetings with basin stakeholders, including the Technical Advisory 

Group (TAG), which was composed of stakeholders with expertise in various elements of 

the coupled human and natural systems of the Willamette River Basin. A comparison of 

the two approaches by Hulse et al. (2009) concluded that stakeholders can be reluctant to 

envision a drastically different future, and that expert-informed models are more likely to 

push the envelope of plausibility. While stakeholders may be less likely to explore more 

radical scenarios, the stakeholder engagement process provides a powerful venue for 

affected parties to discuss the issues at hand and work as a team to create a shared vision 

for the future. 

The number and character of the policies included in each scenario is a function of the 

type of exploration that the research group wishes to conduct. Two types of scenarios are 

used in the WW2100 project; one type includes a large number of policies that vary many 

elements of the system simultaneously and the other varies one parameter at a time (i.e. 

dam operation rules). The scenarios we used in this study follow the model of the latter 

approach because it allowed for us to explore the sensitivity of the system to fertilizer 

inputs and LULC composition. The drawback of a simpler scenario design is that it is not 

very realistic. When faced with resource scarcity, it is unlikely that society would 

implement a single policy to remedy the issue.  
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3. STUDY AREA 
The Calapooia River is a major tributary to the Upper Willamette River situated in 

northwestern Oregon (Figure 2). The total area of the Calapooia River Basin is 96,263 ha 

(963 km2) (Floyd et al. 2009). The main stem of the Calapooia River flows 116 km from 

its headwaters in the Western Cascades to its confluence with the Willamette River near 

the city of Albany. Elevation in the basin ranges from 1580 m (5185 ft) at the summit of 

Tidbits Mountain in the basin headwaters to 55 m (180 ft) at the Calapooia’s confluence 

with the Willamette River. The Calapooia River Basin was selected for this study for two 

reasons. First, its composition of multiple land uses and poorly drained soils is 

representative of patterns found throughout the Willamette Valley (Evans et al. 2014). 

Second, a number of studies have been conducted in the basin to understand local 

relationships among water quality, land-use, and soil drainage in the basin, producing 

data which can serve as validation for the new model.  

3.1. TOPOGRAPHY & CLIMATE 

The Calapooia Basin’s proximity to the Pacific Ocean and exposure to the prevailing 

westerly winds produces a modified temperate marine climate (Uhrich and Wentz 1999). 

Mean monthly air temperature ranges from a low of 3-5 °C in January to a peak of 17-20 

°C in August (Uhrich and Wentz 1999). Approximately 75 percent of annual 

precipitation falls during the wet season from October through March, and events are 

predominantly long-duration and low-intensity.  

Topography has a strong influence on precipitation in the Willamette Basin. At elevations 

below 1500 m (5000 ft), most precipitation occurs as rain. Average annual precipitation 

in the headwaters of the Calapooia Basin is 1500 – 1700 mm (60 – 70 in) and 1084 mm 

(43 in) at the Oregon State University climate station near the Calapooia River’s 

confluence with the Willamette (Daly et al. 2008).  
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Figure 2. Topography of the Calapooia River Basin and USGS stream gages (red triangles). 

3.2. LAND-USE/LAND COVER 

The Calapooia Basin is comprised of two distinct zones—Upper and Lower—with 

distinct assemblages of climate, geology, LULC, and water quality (Figure 3). Geologic 

and LULC patterns have a considerable effect on catchment nitrogen dynamics and water 

quality. For example, soils from alluvial deposits with high clay content tend to have low 

permeability. Once clayey soils become saturated, the rate of infiltration slows 

dramatically and causes additional water inputs to runoff as overland flow (Griffith et al. 

1997). 

The geology of the Upper Basin is dominated by weathered volcanic rock that is typical 

of the Western Cascades, including basalt, andesite, and tuff. The Upper Basin is 

characterized by steep hillslopes with well-drained soils (entisols) (Evans et al. 2011). 

LULC in the Upper Basin is dominated by privately-owned coniferous forests. 
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The Lower Basin is underlain by alluvial deposits and poorly drained soils referred to by 

Evans et al. (2011) as the Willamette Silt layer (alfisols and molisols). Non-irrigated 

agriculture is the predominant land use, mostly in the form of pasture, and grass seed 

production (Evans et al. 2011a). The most common crop types in the Lower Basin are 

pasture (30,000 ha), grass seed (14,500 ha), and wheat (1,450 ha) (Boryan et al. 2011). 

LULC in the transition zone between upper and lower parts of the Calapooia Basin is 

primarily hobby farms and livestock. 

  

Figure 3. LULC in the Calapooia River Basin. The stream network is represented by white lines to 
provide a reference. The distinct LULC patterns in the Upper and Lower zones are clearly evident. 

3.3. HYDROLOGY 

Two United States Geological Survey (USGS) gages measured streamflow at locations—

Albany and Holley—on the mainstem of the Calapooia River. The records at the Albany 
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and Holley gages extend from 1941 – 1980 and 1936 – 1990 respectively. Flows in the 

Calapooia River express a strong seasonal pattern; nearly 90% of annual discharge occurs 

during the wet season from November through March and the average monthly flow at 

Albany in January is nearly 55 times greater than the average monthly flow in August 

(Runyon, Andrus, and Schwindt 2004). 

The hydrologic regime of the Calapooia River is typical of a rain-dominated system 

commonly found in western Oregon. Streamflow responds rapidly to precipitation inputs 

due to the combined effects of low soil permeability throughout the lower basin and the 

predominance of rainfall as the dominant form of precipitation (Davis, Griffith, and 

Wigington 2011). Low soil permeability limits the amount of water that can infiltrate to 

groundwater. As a result, contributions from groundwater account for approximately 1% 

of streamflow during the wet season (Wigington et al. 2003; Craner 2006). 

Stream drainage density in the Calapooia Basin can increase by as much as two orders of 

magnitude during the wet season, corresponding with the large increase in precipitation 

and limited groundwater connectivity (Wigington, Moser, and Lindeman 2005). Stream 

network expansion into fields increases the potential for NO3
- export to surface waters. 

Increased drainage network density was particularly apparent in the lower basin where 

poorly drained soils encompass larger portions of the catchment. Most ephemeral 

channels dry out during the summer and reappear in autumn following extended periods 

of rainfall. 
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Figure 4. Mean streamflow (cfs) throughout the year at the Albany and Holley USGS gages. 
Averages were calculated for each station’s entire period of record. 

The hydrologic regime of the Calapooia River is typical of rainfall-dominated systems in 

the region. Evidence of rapid streamflow response to rainfall can be seen in the sharp 

spikes present in the hydrograph Figure 4). The above figure of mean daily streamflow 

gives a general sense of the hydrologic patterns of the system; however, the response to 

individual storms is made less apparent as a result of taking an average over the entire 

time period. The hydrograph from an individual year with peakflows approximately equal 

to the mean is provided below to show the hydrologic characteristics of a “normal” year 

(Figure 5). 
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Figure 5. Streamflow (cfs) at the Albany and Holley gages for the year 1958. 

3.4. NITROGEN DYNAMICS & MANAGEMENT  

A number of studies over the past 20 years have examined water quality in the Calapooia 

River Basin, including a number of investigations into the relationship between land use 

and nitrogen export (Wentz et al. 1991; Floyd 2005; Mueller-Warrant et al. 2012; 

Mueller-Warrant et al. 2005; Evans et al. 2014; Evans et al. 2011). Diffuse sources of 

nitrogen in the Calapooia Basin include atmospheric deposition, chemical fertilizer, plant 

residue, and animal waste.  

Atmospheric N deposition in the Willamette River Basin is small (1–3 kg N/ha/yr), and 

some studies consider its role to be negligible (Evans et al. 2011b; Poor and McDonnell 

2007; Evans et al. 2014). Fertilizer application rates vary by crop type and management 

objective from 0 to 90 kg N/ha/yr (0-120 lb N/acre/yr) (Hart et al. 2011). Organic 

nitrogen inputs from plant residues include naturally deposited leaf litter and debris left 

over from harvest (e.g. plant roots and chaff). Organic nitrogen inputs from animal waste 

can be significant if livestock are present in large numbers. Sheep are common in the 

Lower Calapooia and there are also a handful of cattle operations, but the degree that 

their waste affects nitrogen dynamics in the system is unknown (Evans et al. 2014).  
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A basin-wide study of the spatial and temporal patterns of dissolved nitrogen (DN) in the 

Calapooia River Basin was conducted over three water years (2004–2006) (Evans et al. 

2014; Mueller-Warrant et al. 2012). Observations from 44 independent subbasins within 

the Calapooia River Basin revealed that nitrogen export peaks during the fall and winter, 

with the highest levels observed in the lower basin. The majority of DN in streams 

throughout the basin tends to be in the form of NO3
-, although this trend is weaker in the 

upper basin than in the lower basin (Mueller-Warrant et al. 2012; Evans et al. 2014). 

Previous studies have observed a strong correlation between landscape characteristics and 

in-stream DN concentration (Evans et al. 2011; Evans et al. 2014; Floyd 2005; Mueller-

Warrant et al. 2012; Wigington et al. 2003; Wigington, Moser, and Lindeman 2005). DN 

concentrations in the lower main stem of the Calapooia River tended to be lower than 

neighboring subbasins, suggesting a dilution effect from water originating in the upper 

portion of the basin (Evans et al. 2014). Basin-wide DN concentrations in surface water 

ranged from 0.1 – 43 mg/L, with an average minima of 0.6 mg/L and an average maxima 

of 10.3 mg/L (Mueller-Warrant et al. 2012). 

Sub-basins with a high percentage of woody vegetation tend to have low DN 

concentrations, whereas sub-basins with high percentages of agriculture and/or poorly 

drained soils have high DN concentrations (Evans et al. 2014; Mueller-Warrant et al. 

2012; Floyd et al. 2009). Observed mineralization rates in sub-basins throughout the 

Calapooia Basin ranged from -13.5 kg N/ha/yr to 234.0 kg N/ha/yr with an average of 

50.1 kg N/ha/yr (Evans et al. 2011). Evans et al (2011) observed higher values of net 

mineralization at sites located in the lower and middle portions of the basin. Two site 

characteristics—amount of hardwood basal area and percent coverage in grass—were 

positively correlated with net mineralization rates per hectare (Evans et al. 2011).  
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4. METHODS 

4.1. MODEL STRUCTURE 

In this study we developed a plug-in for Envision to explore the potential impacts of 

changing climate and land management on nitrogen in the Calapooia River Basin. Based 

on Flow-HBV and SWAT, Flow-Solute adds in the capability to interface directly with 

Envision. 

4.1.1. SPATIAL REPRESENTATION 

The landscape of the Calapooia River Basin is represented in Flow-Solute as 3,770 

polygons, called Integrated Decision Units (IDUs). IDU geometries were determined 

using parcel-level LULC information in combination with stream catchment boundaries 

derived from the National Hydrography Dataset (NHDPlus Version 2) (U.S. 

Environmental Protection Agency and the U.S. Geological Survey 2012). 

Flow-Solute is a semi-distributed model like its predecessors SWAT and Flow-HBV. In 

semi-distributed models, landscape elements with shared characteristics relevant to the 

model (soil properties, land use, vegetation type, etc.) are grouped into Hydrologic 

Response Units (HRUs). HRUs serve as the model’s fundamental unit of spatial 

representation. HRUs do not interact with one another except through a channel network 

routing structure. For example, runoff from an HRU that is not directly adjacent to a 

stream is added to the reach in the stream network and not the downslope HRU. For this 

reason Flow-Solute is not suitable for exploring policies that alter flow paths, such as 

riparian buffers. A fully distributed model, on the other hand, simulates the movement of 

water and nitrogen downslope from one spatial unit to another and can capture the spatial 

heterogeneity of the landscape better than a semi-distributed model. 

The model setup we used in this study consisted of 537 HRUs, classified by unique 

combinations of catchment and crop type. The IDU attributes that were selected to define 

HRUs in this study were catchment ID and medium resolution LULC class. Catchment 
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ID was used to define HRUs to ensure that runoff was routed to the proper reach of the 

stream network. Crop type, as indicated by medium resolution LULC class, was also used 

to define HRUs to create a linkage between changing crop type and fertilizer application. 

Only catchment ID was used to define HRUs in an early iteration of the model, with the 

result that changes in crop type which occur at the IDU level were not always represented 

in the amount of fertilizer applied to the HRU, which corresponded to the crop type 

representing the majority of the HRU area. Only medium resolution LULC classes that 

corresponded with crops were used to define HRUs. LULC types that did not interact 

with the model’s representation of the nitrogen system (i.e. developed and forested) were 

lumped to avoid creating more HRUs than necessary in the forested and urban portions of 

the basin. The result of this decision is a larger number of HRUs in the agricultural 

Lower Calapooia than the forested upper reaches of the basin. 

 

Figure 6. HRUs and coarse land use representing the Calapooia River Basin 



  20 

 

 

The stream network is a node-based line network that was adapted from the NHDPlus 

Version 2 (U.S. Environmental Protection Agency and the U.S. Geological Survey 2012). 

Each node has a unique value that is associated with the contributing HRUs. 

4.1.2. HYDROLOGY: FLOW-HBV 

The hydrologic modeling component of Flow-Solute was adapted from the model Flow-

HBV (Inouye 2014; Seibert and Vis 2012). Flow-HBV simulates surface water hydrology 

using inputs from datasets of three daily climate variables: precipitation, temperature, and 

potential evapotranspiration. A complete description of the Flow-HBV model can be 

found in Inouye (2014); an adapted conceptual diagram is presented here for comparison. 

 

Figure 7. Conceptual diagram of Flow-HBV adapted from Inouye (2014) 
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Figure 8. Conceptual diagram of Flow-Solute's hydrologic model 

Flow-Solute’s hydrologic modeling component is almost identical to Flow-HBV except 

for two alterations: 1) HRUs in Flow-Solute each represent the hydrologic system as 

three virtual reservoirs instead of five, and 2) the uppermost soil layer in Flow-Solute is 

allowed to act as a source as well as a sink for runoff. In both models, the uppermost soil 

layer is the first to receive inputs from precipitation; however, the infiltration process 

differs greatly. In Flow-HBV, incoming precipitation is partitioned between the soil box 

and the upper groundwater box (Inouye 2014). In Flow-Solute, all water moves by 

infiltration from the soil box to the upper groundwater box. We elected to alter Flow-

HBV’s model structure to allow the movement of NO3
- in solution from the soil to 

groundwater because NO3
- contamination of groundwater is a concern for rural drinking 

water supplies and future applications of Flow-Solute will benefit from having a more 

realistic representation of NO3
- leaching. 

Flow-Solute utilizes nine parameters from Flow-HBV and six parameters from the 

SWAT. While the parameters share the name of the physical property that they represent, 

it is important to remember that they are not measured values (Table 1). The suggested 
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range for calibrating each parameter was used as the upper and lower bounds in the 

Monte Carlo simulation (Table 1, Table 4) (Seibert and Vis 2012; Neitsch et al. 2011). 

 Table 1. A list of the parameters used in the hydrologic component of Flow-Solute; many of these 
parameters are from Flow-HBV included. 

Parameter 
Name 

Definition Value Min 
Value 

Max 
Value 

Units 

FC Field capacity, maximum soil 
moisture content 

248.2 50 500 mm 

LP Threshold for reduction of 
ET (SM/FC) 

315 0.3 1 -- 

BETA Shape coefficient 2.28 1 6 -- 
PERC Maximal flow from upper to 

lower box 
0.75 0 6 mmd-1 

UZL Threshold for runoff 
generation from soil box 

0.74 0 100 mm 

K0 Recession coefficient  
(upper box) 

0.36 0.05 0.5 d-1 

K1 Recession coefficient  
(upper box) 

0.51 0.01 0.3 d-1 

K2 Recession coefficient  
(lower box) 

0.03 0.001 0.1 d-1 

WP Wilting point, threshold for 
halting ET and runoff 

50 1 100 mm 

KSoil Recession coefficient from 
soil box 

0.59 0.01 1 d-1 
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4.1.3. NITROGEN DYNAMICS: FLOW-SOLUTE 

 

Figure 9. A conceptual diagram of Flow-Solute's representation of the soil nitrogen system. 

The SWAT model as described by Neitsch et al. (2011) was used as the basis for Flow-

Solute’s nitrogen model structure; however, a number of simplifications were made to fit 

the scope of the project. Nitrogen is represented in Flow-Solute as three stocks/state 

variables that fall into two categories for each soil layer: mineral or organic. The two 

species of mineral N in the soil are NH4
+ NH4

+ and NO3
-. The stock of nitrogen 

represents organic N. Nitrogen is added to the surface layer of an HRU as applied 

fertilizer, atmospheric deposition in rainfall, or as plant residue (kg/ha). Nitrogen 

transformations are calculated in Flow-Solute as a rate of kg N/m3/d. Plant uptake, 

volatilization, and denitrification are three transformations that cause nitrogen to leave 

the system. Additionally, leaching is represented as an advective flux that moves nitrogen 

from one layer to another or out of the system. 

Nitrogen in the soil can move from one pool to another (i.e. from NH4
+ to NO3

-) as the 

result of a transformation. The transformations represented in the model use algorithms 

from SWAT to simulate mineralization, nitrification, volatilization, and denitrification 
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(Figure 9). Atmospheric deposition is added to the layer as a fraction of rainfall (RNO3). 

The value of RNO3 (mg/L) was assumed to be a constant value of 1 mg/L across rainfall 

events throughout the year (Wise and Johnson 2011). 

Neither the Neitsch et al. (2011) nor Flow-Solute representations of the nitrogen system 

(Figure 1) are accurate. In reality mineralization does not transform organic nitrogen to 

nitrate. Instead, organic nitrogen is first transformed to ammonium, which is then 

transformed to nitrate by nitrification. The result of the simplifications made by Neitsch 

et al. (2011) and accepted for usage in Flow-Solute is increased emphasis on nitrate 

uptake by plants in agricultural fields at the expense of accuracy in representing 

ammonium uptake by forested lands in the upper basin. 

4.1.4. ASSUMPTIONS AND LIMITATIONS 

A number of simplifying assumptions about the nitrogen cycle were made to facilitate 

model development. Further limitations and constraints were imposed during the data 

development phase of the project. These are summarized below: 

• The extent of the SSURGO Soil Dataset did not cover the small portion of the basin 

headwaters that is located in the Willamette National Forest. IDU attributes in the un-

surveyed area were populated using values from nearby polygons with similar 

physical characteristics (i.e. distance from channel). 

• The three different pools of organic nitrogen—fresh, active, and stable—represented 

in the SWAT model were merged into a single pool called OrgN. The single organic 

nitrogen pool was represented using algorithms from the Active OrgN pool in SWAT 

(Neitsch et al. 2011). The result of this simplification is an increase in the quantity of 

organic nitrogen available for mineralization, especially following crop harvest when 

plant residue is added directly to the OrgN. This decision was made when it became 

clear that it would not be feasible to include all the nutrient dynamics equations from 

SWAT (including the phosphorus cycle) within the available time.  
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• Neither phosphorus nor carbon stocks are represented in the model. Early iterations of 

the code for Flow-Solute included phosphorus routines, but it became apparent that it 

would not be feasible to include them in the final iteration. Decomposition rates of 

plant residue are represented in SWAT as a function of the phosphorus-to-carbon 

ratio in the soil, soil temperature, and soil moisture content. Had the full organic 

nitrogen decomposition routine from SWAT been included in Flow-Solute, the 

absence of phosphorus in the model would result in an increase in the transformation 

rate of fresh organic nitrogen (plant residue) to active organic nitrogen, and 

eventually NO3
- through mineralization.  

• LAI was assumed to be constant. SWAT includes algorithms to simulate changing 

LAI as crops grow and are harvested; however, these were omitted for the time being. 

• Each IDU contains a single soil layer, even though the SSURGO database contains 

horizon-specific soil properties for most polygons. A thickness-weighted average was 

used to determine attribute values. Although SWAT is equipped to simulate many 

soil layers, the conceptual framework of the HBV model only accounted for a single 

“quick response” layer to represent surface and shallow subsurface runoff. 

• Fertilizer composition was assumed to be the same for all applications (15% NO3
- and 

85% NH4
+) representing the composition of ammonium nitrate fertilizer.  

• Flow-Solute does not include a representation of snow hydrology. The decision to 

exclude snow was made for two reasons: 1) the Calapooia River Basin is a rain-

dominated system not strongly influenced by snow and 2) the additional complexity 

of simulating snow accumulation and melt would have required too much time to 

complete. 

• Plant growth and uptake are only simulated for agricultural lands and harvest removes 

80% of biomass for all crop types. The timing and amount of biomass removed 

during harvest varies across different crops. The default used by SWAT is 100% 

removal, not counting root structures. We chose a value of 80% to reflect the amount 

for common perennial crops such as grass seed in the study area. 
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• Although Flow-Solute is capable of simulating losses from the organic nitrogen stock 

due to erosion, the setup used for this study does not include a sediment transport 

model. As a result, simulated losses from the organic nitrogen stock under-predict 

actual losses and may cause an unrealistic accumulation of organic nitrogen in the 

soil. 

4.1.5. FERTILIZER APPLICATION 

Fertilizer inputs can be either mineral or organic. Mineral N fertilizer is partitioned into 

the NH4
+ and NO3

- pools according to the user-specified chemical composition of the 

fertilizer. The model can also simulate organic nitrogen fertilizers such as plant residues 

and manure. Fertilizer application rates are crop-specific and can be adjusted for different 

scenarios. In our application, we selected to use the fertilizer application rates specified 

by the OSU Extension Service (J. M. Hart et al. 2013; J M Hart et al. 2011; J M Hart et 

al. 2012). When crops are harvested on DOY 305, all biomass is removed from the HRU 

and 0.085% of the biomass (kg) is added to the organic nitrogen stock. The value of 

0.085% was chosen based on recommendations in Neitsch et al. (2011), but it is 

essentially an adjustable parameter. 

Table 2. Fertilizer application timing and rates (kg N/ha) for crops planted in the Calapooia River 
Basin. DOY signifies the day of year when fertilizer is applied. 

Crop Name Min Rate Recommended 
Rate Max Rate DOY 

Tree crops 0 0 0 1 
Grass seed 50 110 132 121 

Pasture 40 60 72 244 
Wheat 50 110 132 121 
Fallow 0 0 0 1 
Corn 50 110 132 121 

Clover 0 0 0 1 
Hay 50 110 132 121 

Other crops 50 110 132 121 
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4.1.6. NITROGEN TRANSFORMATION PROCESSES 

Algorithms from SWAT were used to simulate nitrogen transformations in the system 

(Neitsch et al. 2011). The process equations were unmodified from SWAT, but a number 

were excluded corresponding with the simplifications made to the model structure. 

4.1.6.1. Mineralization 
Mineralization is expressed as a flow from the organic N pool to NO3

-. The rate of 

mineralization is a function of soil water content, soil temperature, and organic nitrogen 

content. Mineralization can only occur if the soil temperature is above 0°C (Neitsch et al. 

2011).  

𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 𝛽!"# ∗ 𝛾!" ∗ 𝛾!"#$
!.! ∗ 𝑂𝑟𝑔𝑁 

Where βmin is the rate coefficient of mineralization (βmin = 0.0003), γsw is the water factor, 

and γtemp is the temperature factor.  

The nutrient cycling water factor is the ratio of soil water content (SW, mm H2O) to field 

capacity (FC, mm H2O): 

𝛾!" =
𝑆𝑊
𝐹𝐶  

The nutrient cycling temperature factor (γtemp) is a function of soil temperature (Tsoil): 

𝛾!"#$ = 0.9 ∗
𝑇!"#$

𝑇!"#$ + 𝑒!.!"!!.!"#∗!!"#$
+ 0.1 

γtemp has a maximum value of 1, which it approaches as Tsoil approaches 8 °C. 

4.1.6.2. Nitrification & Volatilization 
Volatilization is represented as a flow from the NH4

+ stock out of the system. The rate of 

nitrification is a function of temperature and available water content, while the rate of 

volatilization is a factor of soil temperature, depth, and cation exchange capacity (Neitsch 

et al. 2011). Four coefficients are used to capture the effects of these parameters in the 
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SWAT algorithms. The total amount of ammonium transformed via nitrification and 

volatilization is calculated: 

𝑁!"#,!"# = 𝑁𝐻! ∗ (1.0− 𝑒!!!"#!!!"#) 

where NH4
+ is amount of ammonium in the soil (kg), ηnit is the nitrification regulator and 

ηvol is the volatilization regulator. The nitrification regulator (ηnit) is calculated: 

𝜂!"# = 𝜂!"#$ ∗ 𝜂!" 

where ηSW, the soil water factor, is calculated: 

𝜂!" = 1.0  if  𝑆𝑊   ≥   0.25 ∗ 𝐹𝐶 − 0.75 ∗𝑊𝑃 

𝜂!" = !"!!"
!.!"∗(!"!!")

  if  𝑆𝑊   <   0.25 ∗ 𝐹𝐶 − 0.75 ∗𝑊𝑃 

where SW is the soil water content (mm H2O), FC is the soil water content at field 

capacity (mm H2O), and WP is the soil water content at the permanent wilting point (mm 

H2O). Nitrification will only occur if the soil temperature is above 5°C. The temperature 

factor is calculated: 

𝜂!"#$ = 0.41 ∗ !!"#$!!
!"

 if Tsoil > 5 

The volatilization regulator (ηvol) is calculated: 

𝜂!"# = 𝜂!"#$ ∗ 𝜂!"#! ∗ 𝜂!"! 

where ηcec is the cation exchange factor (ηcec = 0.15) and ηmidz is the volatilization depth 

factor. ηmidz is calculated: 

𝜂!"#$ = 1.0−
𝑧!"#

(𝑧!"# + 𝑒!.!"#!!.!"!#∗!!"#
 

where zmid is the depth of the middle of the soil layer (mm).  
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The net loss from the NH4
+ pool via nitrification and volatilization is calculated as a 

single number (Nnit,vol, kg). The fraction of NH4
+ lost to each process is estimated by the 

following equations: 

𝑓𝑟!"# = 1.0− 𝑒!!!"# 

𝑓𝑟!"# = 1.0− 𝑒!!!"# 

The rate of NH4
+ transformation by nitrification is then calculated: 

𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = !!!"#
!!!"#!!!!"#

∗ 𝑁!"#,!"#  if  𝑓𝑟!"# + 𝑓𝑟!"# ≠ 0 

The rate of NH4
+ loss to volatilization is calculated: 

𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = !!!"#
!!!"#!!!!"#

∗ 𝑁!"#,!"#  if  𝑓𝑟!"# + 𝑓𝑟!"# ≠ 0 

4.1.6.3. Denitrification 
Denitrification is represented as a flow from the NO3

- pool out of the system and it is 

calculated: 

𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑁𝑂! ∗ (1.0− 𝑒!!!"#$%∗!!"#$∗!"#$)  if  𝛾!" >   𝛾!",!!! 

where NO3
- is equal to the amount of nitrate in the soil (kg), βdenit is the rate coefficient 

for denitrification, γtemp is the nutrient cycling temperature factor, γsw is the nutrient 

cycling water factor, and γsw,thr is the threshold value of nutrient cycling water factor for 

denitrification to occur. The default value for γsw,thr is 1.1 to prevent denitrification from 

occurring unless soil water content is 1.1 times larger than field capacity (Neitsch et al. 

2011). 

4.1.6.4. Plant Growth and Nitrogen Uptake 
Plant growth is represented using a growing degree-day method (Schwartz and Inouye 

2014). After a crop-specific planting date or temperature threshold is exceeded, 

cumulative growing degree-days (GDD)—called heat units (HU) in SWAT—cause the 
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crop coefficient to increase from a reference value for emergence to its maximum value 

at maturity (Schwartz and Inouye 2014). GDD are calculated as: 

𝐺𝐷𝐷 = max
𝑇!"# + 𝑇!"#

2 − 𝑇!"#$ , 0  

where Tmax is the maximum air temperature on a given day (ºC), Tmin is the minimum 

temperature on a given day (ºC), and Tbase is the crop-specific base temperature required 

for crop growth (ºC).  

Biomass accumulation is calculated as: 

𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = ∆𝑏𝑖𝑜𝑚𝑎𝑠𝑠!

!

!!!

 

∆𝑏𝑖𝑜𝑚𝑎𝑠𝑠! = 𝑅𝑈𝐸 ∗ 𝐻!!!"!#$%"! 

where RUE is the radiation use efficiency (RUE=0.65), Hphotosynth is the amount of solar 

radiation intercepted by a plant’s leaf area on a given day (MJ m-2), change in biomass 

(∆biomass) is the potential increase in total plant biomass on that day (kg/ha)—assuming 

that the photosynthetic rate of a canopy is a linear function of radiant energy (Neitsch et 

al. 2011). 

𝐻!!!"!#$%"! = 0.5 ∗ 𝐻!"# ∗ (1− 𝑒 !!!∗!"# ) 

𝑏𝑖𝑜𝑚𝑎𝑠𝑠!,!"#$%&' = 𝑓𝑟! ∗ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 

where biomassN,optimal is the optimal mass of nitrogen stored in plant material (kg N/ha), 

biomass is the total plant biomass on a given day (kg/ha), and frN is the fraction of plant 

biomass that is nitrogen on a given day. frN is calculated as follows: 

𝑓𝑟! = 𝑓𝑟!! −   𝑓𝑟!! ∗ 1  −   
𝑓𝑟!!!

𝑓𝑟!!! +   𝑒 !!  !  !!∗!"!"#
+   𝑓𝑟!! 
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where frN1 is the normal fraction of nitrogen in the plant biomass at emergence and frN3 is 

the normal fraction of nitrogen in the plant biomass at maturity. Two shape coefficients 

(n1 and n2) are used to represent the change in uptake rate as the plant develops from 

emergence to maturity. 

𝑛! = 𝑙𝑛
𝑓𝑟!"#,!"%

1−
𝑓𝑟!,! − 𝑓𝑟!,!
𝑓𝑟!,! − 𝑓𝑟!,!

+ 𝑛! ∗ 𝑓𝑟!"#,!"% 

𝑛! =

𝑙𝑛
𝑓𝑟!"#,!"%

1−
𝑓𝑟!,! − 𝑓𝑟!,!
𝑓𝑟!,! − 𝑓𝑟!,!

+ 𝑙𝑛
𝑓𝑟!"#,!"%

1−
𝑓𝑟!,! − 𝑓𝑟!,!
𝑓𝑟!,! − 𝑓𝑟!,!

− 𝑓𝑟!"#,!""%

𝑓𝑟!"#,!""% − 𝑓𝑟!"#,!"%
 

Nitrogen uptake by plants is regulated by the phase of plant growth and the amount of 

NO3
- in the topsoil layer. Plant uptake is represented as a flow from the NO3

- pool in the 

soil layer out of the system (Neitsch et al. 2011). Nitrate-N uptake increases as plants 

grow from emergence to maturity—estimated as a function of cumulative growing degree 

days (Neitsch et al. 2011). Potential plant nitrate uptake (Nuptake) is calculated: 

𝑁!"#$%& = 𝑀𝑖𝑛
𝑏𝑖𝑜𝑚𝑎𝑠𝑠!,!"#$%&' − 𝑏𝑖𝑜𝑚𝑎𝑠𝑠!

4 ∗ 𝑓𝑟!! ∗ ∆𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 

𝑁!"#$!%,!"#$%& = 𝑀𝑖𝑛
𝑁!"#$%&
𝑁𝑂!

 

Plant growth and uptake continue until the crop is harvested on a date specified by the 

user. After harvest, a fraction of biomass (default=0.01) is added to the organic nitrogen 

stock as a fertilizer input to represent harvest efficiency—the portion of plant residue that 

is left behind. Harvest efficiencies vary between a value of 1.0 and 0.0 depending on the 

crop type and available technology (Neitsch et al. 2011). For our study, we selected a 

harvest efficiency 0.0085 (0.85%). 
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4.1.7. ADVECTIVE FLUXES 

Algorithms from SWAT were used to solve for both lateral subsurface flow and surface 

runoff together (Neitsch et al. 2011). Leaching can occur as a downward flux from the 

soil layer, representing percolation to groundwater, or as a lateral flux to the channel, as 

surface runoff and subsurface flow. The nitrate percolation coefficient (𝛽!!! = 0.2) 

controls the rate of percolation. The concentration of nitrate in the mobile water fraction 

is calculated: 

𝐶𝑜𝑛𝑐!!!,!"#$%& =
𝑁𝑂! ∗ 1− 𝑒!

!!"#$%&
!!!!

∗!"#

𝑤!"#$%&
 

where NO3
- is the amount of nitrate in the soil (kg), wmobile is the amount of mobile water 

in the soil (mm H2O), and SAT is the saturated water content of the soil (mm H2O). The 

amount of mobile water in the soil is calculated: 

𝑤!"#$%& = 𝑄!"# + 𝑤!"#$ + 𝑄!"#$ 

where Qlat is the water discharged from the layer by lateral flow (mm H2O), wperc is the 

amount of water percolating to the upper groundwater box (mm H2O), and Qsurf is the 

surface runoff generated on a given day (mm H2O). 

The amount of nitrate exiting the soil by advective flow on a given day is calculated by 

the sum of three equations: 

𝑁𝑂!!"#$%"! = 𝐶𝑜𝑛𝑐!!!,!"#$%& ∗ 𝛽!!! ∗ 𝑄!"# 

𝑁𝑂!!"#$ = 𝐶𝑜𝑛𝑐!!!,!"#$%& ∗ 𝛽!!! ∗ 𝑄!"#$ 

𝑁𝑂!!"#$ = 𝐶𝑜𝑛𝑐!!!,!"#$%& ∗ 𝑤!"#$ 

The total daily flux of nitrate in the soil, SoilFluxNO3 (kg), is the sum of advective flows 

and transformations. SoilFluxNO3 is calculated: 
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𝑆𝑜𝑖𝑙𝐹𝑙𝑢𝑥!!!
= 𝑁𝑂!!"#$%"&& + 𝑁𝑂!!"#$%&%'"# + 𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 − 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

+𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ∓ 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒  𝑓𝑙𝑢𝑥𝑒𝑠  − 𝑝𝑙𝑎𝑛𝑡  𝑢𝑝𝑡𝑎𝑘𝑒 

4.2. DATA INPUTS 

Data inputs required to run Flow-Solute fall into four categories: climate parameters, soil 

properties, fertilizer application rates, crop nitrogen contents, and AgriMet crop 

coefficients. Daily climate data required to run the model include temperature (minimum, 

maximum, and mean average), precipitation, and potential evapotranspiration from the 

MACA down-scaled global climate model (Abatzoglou 2013). The METDATA subset of 

the Multivariate Adaptive Constructed Analogs (MACA) dataset for the period 1979–

1989 was used in the calibration and validation process. Values for concentration of 

nitrate and ammonium in rainfall (RNO3 and RNH4, mg/L) were estimated using annual 

rates of atmospheric deposition (Poor and McDonnell 2007). Soil properties include bulk 

density, composition (percent organic matter, clay, silt, and sand), layer depth and 

thickness, and available water content (Table 3). Soil properties were extracted from the 

Natural Resource Conservation Service (NRCS) SSURGO database (Soil Survey Staff, 

Natural Resources Conservation Service). Input data for crop nitrogen content as a 

fraction of biomass came from Neitsch et al. (2011). 
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Table 3. A list of the soil properties required by Flow-Solute. All parameter values were taken from 
the SSURGO database. 

Parameter 
Name 

Description 

OM Organic matter content (%) 
WP Water content at wilting point, 15 bar (mm H20) 

AWC Available water content, field capacity (mmH20) 

ALBEDO Ratio of the incident short-wave (solar) radiation that is 
reflected by the soil surface 

SAT Saturated water content of the layer (mmH20) 
THICK Soil layer thickness (mm) 
CLAY Clay content (%) claytotal_r in SSURGO 

BD Bulk density (Mg/m3), dbovendry in SSURGO 

4.3. MODEL ASSESSMENT 

Flow-Solute, like many other mechanistic models, requires that parameters be calibrated 

and validated against observations to identify behavioral sets of parameters—ones that 

produce simulated results with an acceptable degree of accuracy. As the degree of model 

complexity increases, so does the degree of uncertainty in model results. The parameters 

used in Flow-Solute represent physical processes, but are not measurable in the 

environment (Table 4). Therefore, accurately representing streamflow requires the user to 

adjust parameter values based on a comparison of observations and simulated model 

outputs. Flow-Solute’s model performance—it’s ability to accurately simulate 

observations—was compared with Flow-HBV after both models were calibrated. 
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Table 4. The names, descriptions, and range of accepted values for parameters used in the nitrogen 
dynamics component of Flow-Solute 

Parameter 
Name 

Description Default Value 

B_NO3 Nitrate percolation coefficient 0.2 1.0 

B_denit Rate coefficient of denitrification 1.4 0.1–3.0 

n_cec Volatilization cation exchange factor 0.15 0.15 

B_min Rate coefficient of mineralization 0.0003 0.008 

theta_e Fraction of porosity from which anions are 
excluded 

0.5 0.5 

y_sw_thr Threshold value of water content for 
denitrification to occur 

1.1 0.28 

4.4. HYDROLOGIC MODEL CALIBRATION, VALIDATION, & PARAMETER 

IDENTIFIABILITY 

We performed a Monte Carlo simulation to test model performance across a large 

number of parameter sets (n=500) (Beven and Freer 2001; Wagener and Kollat 2007). 

The Nash-Sutcliffe Efficiency (NSE) objective function was used to calculate model 

performance and identify best-performing parameter sets (Nash and Sutcliffe 1970). The 

NSE is a widely used assessment of the predictive power of a hydrologic model (Pohlert, 

Breuer, et al. 2007; Wagener and Kollat 2007). The value of the NSE for streamflow is 

calculated: 

𝑁𝑆𝐸 = 1−
𝑂! − 𝑃! !!

!!!

𝑂! − 𝑂 !!
!!!

 

where Oi is observed streamflow at time=i, Ō is mean streamflow, and Pi is predicted 

streamflow at time=i. A NSE value of 1 indicates that predicted streamflow exactly 

matches observed streamflow exactly and a value of zero indicates that the model’s 

predictive capacity is equivalent to the mean observed streamflow. If the model 
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efficiency meets or exceeds the threshold value for being a feasible representation of the 

natural system, the model is considered behavioral (Jin et al. 2010; Blasone et al. 2008; 

Wagener and Kollat 2007). 

We calibrated the hydrologic model using observations from the USGS streamflow gage 

at Holley—located at the approximate mid-point between the Calapooia River’s 

headwaters and its confluence with the Willamette River—over the 5-year period 1979–

1984. We validated model performance over the 5-year period 1985–1990. If model 

performance remained at an acceptable level over the validation period, we assumed that 

the current set of parameters was adequate to simulate streamflow in the system. 

Output from the Monte Carlo simulation—parameter values and corresponding model 

performance (NSE)—was used to conduct a simple parameter identifiability analysis. 

Parameter identifiability was estimated with a “dotty plot” in which parameter values 

were plotted against the NSE objective function (Wagener and Kollat 2007). Dotty plots 

are a useful tool to observe relationships between parameter values and model 

performance. 

4.5. NITROGEN DYNAMICS MODEL ASSESSMENT 

The nitrogen model parameters were calibrated directly to observed values using input 

from the calibrated hydrologic model for the period 1979–1983. Our ability to assess the 

model’s predictive power for nitrogen export was limited because observations of 

nitrogen transformation rates in the study area were limited to mineralization, 

denitrification, plant uptake and NO3
- export. Where no observations in the Calapooia 

River Basin were available, observations from similar basins were used. Therefore, we 

accepted the model setup if NO3
- export (kg N/ha) and each of the transformation rates 

was within the same order of magnitude as observations. An order of magnitude was 

chosen as the basis for accepting the model because observations for many of the 

nitrogen processes were not available for the study area and the heuristic nature of our 

study did not require the same level of accuracy as a predictive modeling study would. 
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Although correctly representing nitrogen transformations is not required to make accurate 

predictions at the catchment scale (e.g. annual basin-wide NO3
- export), it is generally 

accepted that representing internal processes is required for scenario analysis (Pohlert, 

Huisman, et al. 2007). It is true that a calibrated model can accurately predict streamflow 

without accurately capturing the internal processes of the system. However, should 

physical conditions change in the future, the statistical relationships represented by the 

parameterization of the model could break down and make the model’s predictions 

uncertain. 

Table 5. Observations of nitrogen transformations and advective fluxes represented in Flow-Solute 

Process Observation Citation 

Plant Uptake 1.1 - 7.8 (kg/ha/d), 144 
(kg/ha/yr) 

Sullivan et al. 2011 and 
Griffith et al. 1997 

Nitrification 0.14 - 1.06 (kg/ha/d) Cardoso et al. 2011 

Volatilization 2.4 - 12 (kg/ha/d) Hermanson et al. 2000 

Denitrification 
0.3 - 0.9 (kg/ha/yr) (forested), 

20 - 60 (kg/ha/yr) (poorly 
drained agricultural) 

Abdelnour et al. 2013 
and Davis et al. 2008 

Mineralization -13.5 - 234.0 (kg/ha/yr) Evans et al. 2011 

NO3
- Export 0.1 - 3.0 (kg/ha/yr) Smith et al. 2003 

4.6. DEVELOPMENT AND COMPARISON OF ALTERNATIVE FUTURE SCENARIOS 

USING FLOW-SOLUTE 

The second objective of this project was to explore the impacts of plausible future land 

management actions and climate change on nitrogen dynamics in the Calapooia River 

Basin. We developed three scenarios to explore the combined effects of changing climate 

and land use on annual and seasonal nitrogen export from HRUs to the Calapooia River. 

We placed special emphasis on agricultural management actions. Previous studies 
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observed a strong positive correlation between agricultural land use and nitrogen export 

(Floyd 2005; Evans et al. 2014; Mueller-Warrant et al. 2012). Agricultural management 

practices like tile drainage and tillage create conditions that are favorable for 

mineralization and nitrification, which together with chemical fertilizer inputs result in 

substantially elevated levels of inorganic nitrogen export to streams. Land management 

actions included crop choice, rates of fertilizer application, and land use conversion (i.e. 

forest to urban). 

4.7. CLIMATE SCENARIOS 

In order to explore the influence of climate change on nitrogen export from the basin, we 

ran each scenario with downscaled climate data inputs from three different global climate 

models (GCMs) representing different trajectories of climate change. The models 

selected include the following: 1) the HadGEM-2ES (HadGEM) from the Met Office 

Hadley Centre in the United Kingdom, 2) the Model for Interdisciplinary Research on 

Climate (MIROC) from the Center for Climate System Research in Japan, and 3) GFDL-

ESM2M (GFDL) from the National Oceanic & Atmospheric Administration Geophysical 

Fluid Dynamics Laboratory in the United States. The GCMs were downscaled by 

researchers from the Willamette Water 2100 project—a large interdisciplinary project 

using Envision to study the effects of climate change on future water scarcity in the 

Willamette River Basin—using the MACA method (Abatzoglou 2013; Inouye 2014). 

We chose to use Representative Concentration Pathway (RCP) 4.5 from the GFDL model 

to represent a trajectory with the least amount of change because its output was most 

similar to current climatic patterns. For both the MIROC and HadGEM models we 

selected RCP 8.5 in order to explore scenarios with more extreme climate change. The 

HadGEM scenario represents the trajectory with the most extreme increase in average 

annual temperature. All three of the climate scenarios simulate an annual increase in 

temperature resulting from rising levels of carbon dioxide in the atmosphere (Figure 10, 

Table 6). 
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Figure 10. Simulated average annual temperature from the three GCMs used for the study: GFDL, 
HadGEM, and MIROC. The solid black line represents the historic median daily temperature over 
the 30-year historic period (1979-2008). The dotted lines represent one standard deviation on either 
side of the historic mean. 

Table 6. Median daily temperature from each GCM over the period 2000-2050 

GCM Median Annual 
Temp 2000s (°C) 

Median Annual Temp 
2040s (°C) Change (°C) 

GFDL 10.28 11.15 +0.87 

HadGEM 11.22 15.83 +4.61 

MIROC 11.51 14.44 +2.93 

 

Precipitation increased over the simulation period for two of the GCMs, HadGEM and 

GFDL, and essentially remained the same (-2 mm/yr) for the GFDL climate scenario 

(Table 7). Median annual precipitation increased in the HadGEM and MIROC scenarios 

by 85 mm and 195 mm, respectively. Standard deviation across decades over the 30-year 

historic period was 101 mm. 
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Table 7. Median annual precipitation from each GCM over the period 2000-2050 

GCM Median Annual Precip 
2000s (mm) 

Median Annual Precip 
2040s (mm) 

Change 
(mm) 

GFDL 1472 1470 -2 

HadGEM 1300 1385 +85 

MIROC 1298 1494 +195.52 

 

 

Figure 11 Annual precipitation for each GCM over the simulation period (2000-2050). Years in 
which total precipitation was greater than the historic mean by at least one standard deviation were 
colored blue. Years in which total precipitation was less than the historic mean by at least one 
standard deviation were colored red. 

Inter-annual variation in precipitation from the GFDL model did not change substantially 

over the simulation period; wet and dry years alternated regularly with some stretches of 

consecutive wet and dry periods lasting 3-5 years (Figure 11). Annual rainfall patterns 
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from the HadGEM and MIROC models had substantially longer dry and wet years 

(Figure 11). 

4.8. LAND MANAGEMENT SCENARIOS 

Three land management scenarios were developed for this study: Reference, Water 

Quality Plus (WQ Plus), and Agriculture Expansion (Ag Expansion) (Table 8). As 

described in the literature review, each scenario comprises a suite of policies to 

accomplish a clearly defined set of goals. Other projects using Envision have dedicated 

considerable efforts to developing realistic policies and constraints, but for the purpose of 

this project, we decided to use a highly simplified set of policies commensurate with 

model complexity.  

In all cases, scenarios were represented in Envision as a set of policies reflecting possible 

trajectories for agricultural management in the Willamette River Basin. Each scenario 

was run three times with climate inputs from each GCM for a total of nine policy-climate 

combinations. 

Table 8. Alternative future scenario names and descriptions. 

Policy 
Scenario 

Fertilizer Application LULC Conversion 

Reference OSU recommended rates None 

WQ Plus OSU recommended rates  
No fertilizer applied to HRUs with 
poorly drained soils (clay content 
> 28%)  

2% chance that agricultural IDUs 
adjacent to streams will be 
converted to woody vegetation 
 

Ag 
Expansion 

Conventional rates (20% higher 
than OSU recommendations) 

Forest and shrub IDUs adjacent 
to agricultural land has a 0.2% 
probability of conversion to 
agriculture (pasture)  
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Reference Scenario 

The Reference scenario represented a continuation of current LULC and nitrogen 

management practices, allowing us to isolate the effects of changing climate patterns 

(Figure 12). Neither LULC nor fertilizer application rates were changed from the year 

2000 (Table 9). Because climate inputs were the only changing factors in the Reference 

scenario, changes in NO3
- export and transformation rates can be interpreted as the result 

of climate change. 

 

Figure 12. Coarse basin-wide LULC in the year 2000. Since no LULC change occurs over the 
reference scenario, the LULC composition presented here is the same as in the year 2050. 

Table 9. Average fertilizer application for agricultural lands (LULC class = 2) per year. 

  Fertilizer Applied (kg/ha) 

Decade Reference Ag Expansion WQ Plus 
2000 108.4 128.1 107.9 
2010 107.8 129.4 101.1 
2020 107.8 129.4 98.2 
2030 107.8 129.4 96.0 
2040 107.8 129.4 96.5 

 

 

 

2%	  

48%	  

1%	  
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2%	  
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	  Wetlands	  (6)	  
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Water Quality Plus Scenario 

The WQ Plus scenario included policies for changing LULC and nitrogen management to 

prioritize enhanced water quality. Output from the WQ Plus scenario was analyzed to 

determine if the reduction in fertilizer application carried over to a proportional decrease 

in NO3
- export. 

Each year, agricultural IDUs adjacent to a stream channel had a 2% probability of being 

converted to woody vegetation, which would no longer receive fertilizer application. This 

policy was chosen to simulate adoption of large riparian buffers and removal of 

agricultural land from production. Fertilizer application rates remained at the level 

recommended by the OSU Extension Service with the exception of HRUs with poorly 

drained soil (clay content > 28%), which did not receive fertilizer inputs. Reducing the 

amount of fertilizer applied to crops on poorly drained fields was selected to represent 

efforts to mitigate elevated nitrogen export from frequent surface runoff episodes of 

throughout the wet season. Flow-Solute does not have the capability to simulate the 

different hydrologic conditions associated with poorly drained soils. Therefore, removing 

fertilizer entirely was chosen as a simple representation of a hypothetical action that 

would mitigate NO3
- export from poorly drained HRUs.  

Agricultural land use in the WQ Plus scenario decreases from 48% to 36% and wetlands 

land use increases from 2% to 14% over the simulation period (2000-2049) ( 

Figure 13). The corresponding reduction in average fertilizer application was 11.4 kg/ha 

(Table 9). 
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Figure 13. Coarse LULC in the year 2049 for the WQ Plus scenario. 

The Ag Expansion scenario represented a shift from current LULC patterns to one in 

which maximizing agricultural production is prioritized. Output from the Ag Expansion 

scenario was analyzed to determine if the increase in fertilizer application corresponded 

with a proportional increase in NO3
-
 export. 

Fertilizer application rates were all increased by 20% to represent growers’ preferences to 

maximize yield to the potential detriment of water quality. We expected that this is a 

conservative estimate of current conventional practices based on previous work studying 

NO3
- export patterns in the Willamette Valley, which reported that actual fertilizer 

application rates for grass seed in the area are sometimes as high as 200 kg/ha (80% 

higher than OSU recommended rates) (Griffith et al. 1997).  

Policies affecting LULC change over the simulation period were aimed at expanding 

agricultural land use. At the beginning of each year, non-urban IDUs (shrubs and 

forested) adjacent to agricultural land had a 0.2% probability of being converted to 

agriculture. Since most of the arable land in the lower and middle sections of the 

Calapooia Basin are already in agricultural land use, this scenario is perhaps the least 

realistic; however, it was still used in the project to test the cumulative effect of replacing 

forests and undeveloped lands with agricultural fields. 
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	  Wetlands	  (6)	  
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LULC in the Calapooia Basin, as mentioned in the study area description, is split between 

agriculture and forest with a small fraction in urban, wetlands, and other vegetation 

(Figure 12). In the Ag Expansion scenario, agricultural land use increases to 50% and 

forested land use decreases to 45% (Figure 14). 

 

Figure 14. Coarse LULC in the year 2049 for the Ag Expansion scenario 

4.9. SCENARIO ANALYSIS & COMPARISON 

The effect of land use and climate change on NO3
- export (kg/ha) was assessed by 

calculating the difference between average annual export during the first and last decades 

of the simulation period. Decadal averages were selected for comparison because the 

large inter-annual variability made it difficult to observe change over the entire 

simulation period. Nitrate export was lowest for the WQ Plus scenario across all three 

GCMs. Change in NO3
- export was then plotted against the change in precipitation and 

increase in temperature for each scenario.  
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5. RESULTS 
The key findings of our study were as follows:  

• The NSE for predicted daily streamflow was 0.44. As such, streamflow modeling 

was considered acceptable for heuristic exploration, but not predictive modeling  

• Higher values of two parameters, KSoil and PERC, were associated with more 

accurate streamflow modeling 

• Nitrogen processes were consistent with observed rates  

• The results of the scenario analysis were also consistent with our expectations; 

nitrate export was highest in the Ag Expansion scenario and lowest in the WQ 

Plus scenario. Nitrate export decreased over the WQ Plus scenario, but did not 

change substantially over the Reference and Ag Expansion scenarios.  

• Warmer and wetter climate scenarios were associated with higher nitrate export 

5.1. MODEL ASSESSMENT  

Model performance for streamflow was assessed using a Nash-Sutcliffe Efficiency (NSE) 

test (Nash and Sutcliffe 1970). In the case of nitrogen, the number of observations was 

too small for NSE to provide useful insight, and simulations were considered acceptable 

if the simulated value was the same order of magnitude as observed. 

5.1.1. PARAMETER IDENTIFIABILITY 

All but two of the fourteen hydrologic parameters had poor identifiability, meaning that 

model performance could be equally high or low for parameter any parameter value 

within the sampled range. The two parameters with moderate identifiability, KSoil and 

PERC, were plotted against the NSE for predicted streamflow (Figure 15 and Figure 16). 

In both cases, model performance was improved when larger parameter values were used. 

KSoil regulates the rate of water movement from the uppermost layer to the shallow 

groundwater box and PERC regulates the rate of downward flow from the upper 

groundwater box to the lower groundwater box.  Therefore, it can be inferred that model 
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performance was superior for parameterizations that resulted in faster runoff response 

from the soil and upper groundwater boxes. 

 

Figure 15. A “dotty plot” showing NSE values for parameter sets with different values of PERC. 

 

Figure 16. A “dotty plot” of NSE values for parameter sets with different values of KSoil.  

5.1.2. STREAMFLOW CALIBRATION AND VALIDATION 

Model efficiency for daily streamflow predictions over the calibration and validation 

periods was NSE = 0.42 and NSE = 0.29, respectively. Flow-Solute consistently under-

predicted peak flows and slightly over predicted low flows (Figure 17 and Figure 18). By 
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comparison, the unmodified version of Flow-HBV had a much better daily model 

efficiency (NSE = 0.71). Flow-Solute’s model efficiency for monthly streamflow 

predictions was much better than daily: NSE = 0.67 for the calibration period and 

NSE=0.44 for the validation period.  

 

 

Figure 17. Comparison of observed and simulated streamflow over the calibration period (1/1/1979-
12/31/1984) 

 

Figure 18. Comparison of observed and simulated streamflow over the validation period (1/1/1984-
12/31/1990) 
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5.2. NITROGEN FLUXES 

5.2.1. NITROGEN SOIL STORAGE & BIOMASS 

The amounts of NO3
- and NH4 in the soil peaked following fertilizer application and then 

quickly declined as transformations and advective fluxes affected the stocks of each 

nitrogen species (Figure 19). Two separate peaks are visible around DOY 120 (May 1st) 

and 244 (September 1st) each year, reflecting two major fertilizer applications. The 

seasonal pattern of NO3
- storage in the soil was consistent with the pattern that previous 

studies have used as a gauge for model assessment, with peaks in spring and autumn 

(slightly higher in spring) (Krysanova, Müller-Wohlfeil, and Becker 1998).  

 

Figure 19. Fertilizer application and daily content of NO3
- and NH4 (kg/ha) for agricultural HRUs 

over the calibration period. NH4 is represented by the green line and NO3
- by the orange. 

Biomass accumulated in agricultural HRUs over the course of the year until 

harvest on DOY 305, at which point 80% was removed ( 

Figure 20). 
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Figure 20. Mean daily biomass (kg/ha)in agricultural HRUs over the calibration period 

In early versions of Flow-Solute, an initial value for soil organic nitrogen content of 0 

kg/ha was used. Inputs of biomass following harvest overwhelmed removal by 

mineralization because the organic nitrogen content of the layer largely controls 

mineralization rates. This led to an accumulation of organic nitrogen in the soil and 

monotonically increasing mineralization rates. A model NH4
+ period of 100 years (the 

extent of our climate data inputs) gave the model time for plant residue inputs and 

mineralization outputs to approach equilibrium. However, the year-on-year increase 

evident in Figure 21 indicates that the initialization technique did not completely produce 

the desired outcome. The organic nitrogen content at the end of the 100-year period was 

used as the initial condition for organic nitrogen content in the soil. In SWAT, initial 

organic nitrogen content is calculated as a function of the soil organic carbon content. It 

may be the case that using the SWAT algorithm would produce an initial value closer to 

the equilibrium point; further testing was beyond the scope of this project. 
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Figure 21. Soil layer organic nitrogen content (kg/ha) for agricultural HRUs over the calibration 
period. The units on the x-axis are days counting up from the arbitrary date January 1st, in the year 
0 AD. Organic nitrogen inputs from crop residues exceeded mineralization each year. 

5.2.2. PLANT UPTAKE 

Simulated plant uptake (Figure 22) was about two times larger than observed rates for the 

most common crops in the Calapooia Basin. The highest observed values for plant 

nitrogen uptake following spring fertilizer application range from 1.1 – 7.8 kg N/ha/d for 

broccoli; however, for grass seed and pasture observed rates range from 1 – 4 kg N/ha/d. 

(Sullivan, Hart, and Christensen 1999; J M Hart et al. 2011; Hermanson et al. 2000).  

 

Figure 22. Daily plant uptake of NO3
- (kg/ha) for agricultural HRUs over the calibration period 
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The timing of plant uptake in relation to fertilizer application corresponded well with 

observed patterns. In agreement with observations, the rate of uptake quickly declined 

following fertilizer application as the stock of NO3
- was lost to plant uptake, leaching, 

and a very small amount to denitrification (Sullivan, Hart, and Christensen 1999). The 

bimodal pattern of plant uptake is associated with the availability of nitrate in the soil. 

5.2.3. NITRIFICATION 

Simulated nitrification rates peaks were of the same order of magnitude, but substantially 

larger than observations (Figure 23). Nitrification in Flow-Solute exceeded 5 kg/ha/d, 

whereas the maximum observed rate was 1.06 kg/ha/d (Cardoso et al. 2011). Except for 

the few days following fertilizer application, nitrification rates were within the observed 

range (0.14–1.06 kg/ha/d). 

 

Figure 23. Mean daily nitrification (kg/ha/d) for agricultural HRUs over the calibration period 

5.2.4. VOLATILIZATION 

Maximum rates of volatilization in Flow-Solute were approximately half of those 

observed. Whereas simulated volatilization following fertilizer application equaled ~1.25 

kg/ha/d, observed volatilization ranged from 2.4 to 12 kg N/ha/d (Hermanson et al. 



  53 

 

 

2000). S.L. Neitsch et al. (2011) indicate that ~15% of applied fertilizer is frequently lost 

to volatilization. 

 

Figure 24. Mean daily volatilization (kg/ha/d) for agricultural HRUs over the calibration period 

5.2.5. DENITRIFICATION 

Denitrification only occurred on one day during the validation period (DOY 343) and 

rates on that day varied from 0.07 – 14.1 kg N/ha. Observed rates of denitrification in an 

upland forested catchment ranged from 0.3 – 0.9 kg N/ha/yr (Abdelnour et al. 2013). At 

an agricultural site in the Lower Calapooia, observed annual denitrification losses ranged 

from 20 – 60 kg N/ha (Davis et al. 2008).  

5.2.6. MINERALIZATION 

Organic nitrogen storage and mineralization rates were highly sensitive to the parameter 

value used to determine the fraction of biomass converted to organic nitrogen. Parameter 

values that were too large resulted in organic nitrogen accumulation, which continued 

until mineralization rates effectively caught up and the organic nitrogen content in the 

soil reached equilibrium. 
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Simulated mineralization rates increased from 48.6 to 52.7 kg N/ha/yr over the 

calibration period (Figure 25). Only agricultural HRUs are shown in Figure 25 because 

Flow-Solute’s model structure did not include a mechanism for inputs of organic nitrogen 

on HRUs with a non-agricultural LULC type, and almost certainly under predicted 

mineralization rates in non-agricultural HRUs. Observed mineralization rates in sub-

basins throughout the Calapooia Basin ranged from -13.5 kg N/ha/yr to 234.0 kg N/ha/yr 

with an average of 50.1 kg N/ha/yr (Evans et al. 2011). Evans et al. (2011) found that 

mineralization rates were higher in the lower portion of the basin than uplands across all 

seasons.  

 

Figure 25. Mean annual mineralization (kg/ha/yr) for agricultural HRUs over the calibration and 
validation periods. 

Daily mineralization rates peaked at the end of the dry season around DOY 230 when 

low soil moisture content and warm air temperatures created favorable conditions for 

mineralization (Figure 26). The seasonal trend in simulated mineralization is similar to 

that observed by Evans et al. (2011). Flow-Solute’s characterization of low 

mineralization in fall and winter was consistent with observations; however, observed 

mineralization rates peaked in spring rather than summer (as in simulations from Flow-

Solute).  
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Figure 26. Average daily mineralization (kg/ha/d) for agricultural HRUs over the calibration period. 

5.2.7. NITRATE EXPORT 

Simulated NO3
- export ranged from 2.5 to 5.0 kg/ha/yr for agricultural HRUs and 0.3 to 

0.5 kg/ha/yr for forested HRUs. These results agreed with observed and modeled export 

rates of annual nitrogen yields in the Willamette River Basin range from 0.1 to 3.0 

(kg/ha/yr) (Smith, Alexander, and Schwarz 2003; Compton et al. 2003). Annual NO3
- 

export varied substantially over the calibration period (Figure 27).  
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Figure 27. Annual NO3
- export (kg/ha) for agricultural  LULC types over the calibration period. 

In order to identify the potential causes of inter-annual variation, average soil moisture 

content (mm) (Figure 28) and annual precipitation (mm) (Figure 29) were also plotted. 

The variability in NO3
- export might be the result of the timing of fertilizer application, 

which was fixed and did not account for soil moisture or rain conditions.  

 

Figure 28. Soil water content (mm) in agricultural HRUs averaged annually over the calibration 
period. 
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Figure 29. Precipitation during the calibration period. The solid grey line represents the historic 
mean annual precipitation and the dashed lines represent one standard deviation above and below 
the mean. The final year is colored blue to indicate that precipitation was greater than one standard 
deviation above the mean. 

Simulated daily NO3
-
 export (Figure 30) peaked twice during the year; the smaller peak 

occurred in late spring and the larger peak occurred in late October. This pattern was not 

consistent with observed seasonal trends in export, which peaked in the wet months of 

November and December (Mueller-Warrant et al. 2012; Evans et al. 2014; Floyd 2005). 

 

Figure 30. Average daily NO3
- export for the period (1979-1988) from agricultural (brown) and 

forested (green) HRUs. 
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5.3. FUTURE SCENARIO ANALYSIS 

5.3.1. COMPARISON OF ANNUAL NITRATE EXPORT ACROSS SCENARIOS 

The average annual rate of NO3
- export (kg/ha) was calculated by dividing the total 

annual NO3
- export (kg) by the total basin (ha) area. Annual NO3

- export for each 

combination of GCM and scenario is shown in Figure 31. A linear regression was plotted 

to give an overall impression of the trends in NO3
- export over time.  

Annual NO3
- export increased over the simulation period in the Reference and Ag 

Expansion scenarios, and decreased in the WQ Plus scenario (Figure 31). The average 

increase for the Ag Expansion scenario across all three GCMs was 0.23 kg/ha from 5.75 

to 5.98 kg/ha. For the Reference scenario, average NO3
- export increased by 0.05 kg/ha 

from 4.69 to 4.75 kg/ha. In the WQ Plus scenario, average NO3
- export decreased by 0.80 

kg/ha from 4.65 to 3.85 kg/ha.  
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Figure 31. Average annual NO3
- export (kg/ha) under each policy scenario. Each color represents the 

results from different climate data inputs, identified by the GCM name. 

Differences among scenarios in fertilizer application undoubtedly had an effect; however, 

the magnitude of the change in NO3
- export was larger than the change in fertilizer 

application (Table 10). 

Table 10. Percent change in annual NO3
- export and fertilizer application 

Scenario NO3
- Change (%) Fertilizer Change 

Reference -0.6% -0.5% 
WQ Plus -19.3% -10.5% 

AG Expansion 2.5% 1.0% 
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5.3.2. CHANGE IN NITRATE EXPORT VS. CHANGE IN CLIMATE 

Change in the average annual NO3
- export rate from the 2000s to the 2040s was plotted 

against temperature increase and precipitation change for each combination of scenario 

and GCM (Figure 32). A summary of the findings from research projects using nitrogen 

models to predict the impacts of climate change on nitrogen indicated that rising 

temperature and precipitation were both correlated to increased nitrogen export and 

decreased nitrogen storage (Breuer et al. 2008). In this study, there were too few GCMs 

used to perform a robust statistical analysis against changing climate factors; however, 

there was a very weak positive relationship between NO3
- export and temperature 

increase (R2 = 0.06).  Nitrification, volatilization, denitrification, mineralization, and 

plant uptake are all directly influenced by temperature. Temperature increase also has an 

effect on NO3
- export because increased evapotranspiration removes more water from the 

soil box, reducing runoff. 

There were noticeable differences in NO3
- export across GCMs (Figure 27). The change 

in NO3
- export from the Reference scenario with input from MIROC was 0.25 kg/ha less 

than HadGEM and 0.15 kg/ha less than GFDL. For the Ag Expansion scenario, the 

change in NO3
- export with input from MIROC was 0.25 kg/ha less than GFDL and 0.35 

kg/ha less than HadGEM. Change in NO3
- export from the WQ Plus scenario with input 

from MIROC was 0.07 kg/ha greater than HadGEM and 0.05 kg/ha less than GFDL. 
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Figure 32. Change in annual NO3
- export (kg/ha) vs. temperature increase (°C) for each combination 

of GCM. 

Annual rates of volatilization (kg) increased in both the Reference and Ag Expansion 

scenario for all GCM inputs; however, the increase associated with GFDL was smaller 

(3% and 4% respectively) (Figure 33). Averaged across the three GCMs, volatilization 

increased by 5% in the Ag Expansion scenario and 4% in the Reference scenario. Annual 

volatilization rates decreased by 22% over the WQ Plus scenario.  
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Figure 33. Annual basin-wide volatilization rates (kg). At the end of the simulation period, 
volatilization rates for the Ag Expansion scenario were almost twice as large as the WQ Plus scenario 

Plant uptake of NO3
- increased in the Reference and Ag Expansion scenarios by 4% and 

3% respectively, and decreased by 18% in the WQ Plus scenario (Figure 34). There was 

little variation among outputs from different GCMs, with plant uptake rates from GFDL 

climate inputs being slightly lower than those for MIROC and HadGEM.  
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Figure 34. Plant uptake (kg) for each year of the simulation period. Uptake rates increased in both 
the Reference and Ag Expansion scenarios, and decreased over the duration of the WQ Plus 
scenario. 

Change in NO3
- export and precipitation were positively correlated, although the 

relationship was very weak (R2 = 0. 02). This finding is consistent with the pattern 

observed in Breuer et al. (2008).  
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Figure 35. Change in annual NO3
- export (kg/ha) vs. change in precipitation (mm). 

Average daily NO3
- soil storage (kg/ha) stayed at the same level in the Reference and Ag 

Expansion scenarios and decreased in the WQ Plus scenario (Figure 36). Although the 

lack of change in NO3
- storage was the same for both the Reference and Ag Expansion 

scenarios, storage in the Ag Expansion scenario was ~0.5 kg/ha greater than in the 

Reference scenario. In the WQ Plus scenario, NO3
- storage decreased by 25% over the 

simulation period. 
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Figure 36. Average NO3
- storage (kg/ha) in the soil. Although storage varies considerably from year 

to year, there was no discernable increase or decrease for the Reference and Ag Expansion scenarios. 
In the WQ Plus scenario, NO3

- storage decreased. 

Annual mineralization increased logarithmically at approximately the same rate in the 

Reference and Ag Expansion scenarios. In the WQ Plus scenario, annual mineralization 

increased over the first 25 years and then decreased slightly so that the net increase over 

the simulation period was 14%. In both the Reference and Ag Expansion scenarios, 

mineralization increased by 22%. Agreement among GCMs decreased over the 

simulation period; mineralization was lowest in GFDL climate scenarios and HadGEM 

was slightly higher than MIROC (Figure 37).  
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Figure 37. Annual mineralization (kg) increased substantially (~20%) over the study period 
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6. DISCUSSION 
This effort successfully used Flow-Solute to explore nitrogen dynamics in alternative 

future landscapes. The model’s integration with Envision was effective to all the creation 

of alternative future landscapes that reflected policy intentions and track land use and 

management through time.  

Except for the initial fertilizer application rate being elevated by 0.5% due to an error in 

model setup, conditions remained constant over the Reference scenario, allowing for an 

assessment of the impacts from climate change alone. In the WQ Plus scenario, 

agricultural LULC decreased from 48% to 36% of total basin LULC and was replaced by 

wetlands over the course of the simulation period. Removing that area of land from crop 

production resulted in a 10.5% reduction in the amount of fertilizer applied annually. On 

the other hand, agricultural land use expanded from 48% to 50% in the Ag Expansion 

scenario. 

6.1. SUMMARY OF FINDINGS 

Although the accuracy of Flow-Solute’s representation of daily streamflow is limited 

(NSE = 0.44)—it is less than the unmodified Flow-HBV (NSE = 0.71)—and does not 

meet the threshold of NSE = 0.50 that has been accepted in the literature as the lower 

bound for a model to be considered satisfactory for predictive modeling (Moriasi et al. 

2007). Daily it is an adequate tool for usage in an explore-then-test approach to scenario 

analysis, especially at coarser monthly or annual time scales (Moreover, decreased 

hydrologic model performance was intentionally accepted in order to add the relevant 

flow paths necessary to simulate nitrogen accumulation and transport in the system. 

Our choice to integrate the HBV hydrologic model with SWAT nitrogen algorithms may 

have been to blame for Flow-Solute’s under prediction of denitrification rates. Soil 

moisture rarely exceeded the threshold required for denitrification to occur. In contrast to 

our finding of low denitrification, implementations of SWAT in other basins found that 

the predicted rate of denitrification was substantially higher than observed (Pohlert, 



  68 

 

 

Breuer, et al. 2007). It is also possible that denitrification rates are localized and our 

semi-distributed representation of the basin did not capture denitrification occurring in 

wetter areas. 

We observed that nitrogen dynamics in the Calapooia River Basin were sensitive to 

climate data inputs in ways that were largely consistent with expected results. Our 

findings were consistent with previous modeling studies, in which temperature increase 

resulted in higher rates of plant uptake, gaseous N2 losses, and reduced nitrogen 

storage/elevated export (Breuer et al. 2008). Precipitation was also negatively correlated 

with nitrogen storage. 

 Increased NO3
- export was positively correlated with rainfall and temperature. Higher 

temperatures created favorable conditions for nitrogen transformations that added to the 

NO3
- stock: mineralization, nitrification, and plant growth (which resulted in more 

biomass being added to the organic nitrogen stock after harvest). Volatilization rates at 

the beginning of the simulation period did not vary greatly across GCMs, but by the final 

decade volatilization rates from the GFDL climate model (which predicts the smallest 

increase in temperature) were approximately 5% lower than the MIROC and HadGEM 

models. Volatilization increases as a function of temperature and availability of NH4. If 

the NH4
+ supply were fixed, we would expect for increased volatilization to correspond 

with decreased NO3
- export and storage. In the case of the GFDL climate scenario, it is 

possible that the smaller temperature increase predicted by this GCM resulted in lower 

volatilization rates.  

The predicted increases in plant uptake followed expected patterns for the Reference and 

Ag Expansion scenarios. Since plant growth in the model is not limited by water or 

nitrogen availability, plant growth in a warmer future was elevated and added more 

biomass than at the beginning of the simulation period. Adding the SWAT algorithms to 

limit plant growth when either nitrogen or water availability are scarce would likely 

result in reduced organic nitrogen inputs after the harvest, reduced annual mineralization 

rates, and lower nitrate export. 
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The scenario policies also resulted in changes that were consistent with the expected 

effects on NO3
- export and nitrogen transformations. However, the magnitude of change 

in export was inexplicably larger than the change in input. Over the WQ Plus scenario, 

NO3
- export, NO3

- storage in soil, volatilization rates, and plant uptake all decreased. In 

the Ag Expansion scenario on the other hand, NO3
-
 export, NO3

- soil storage, 

volatilization, and plant uptake were all substantially greater than the Reference scenario. 

The change in NO3
- export across the three scenarios was particularly interesting because 

both decreases and increases in fertilizer application were amplified in NO3
- export. This 

would suggest that a positive feedback exists in the system, but it is not clear which 

interactions are responsible. It would have been unsurprising if the signal passed from 

changes in fertilizer application to NO3
- export were slightly muted since elevated NH4

+ 

content in the soil would favor higher rates of volatilization. Similarly, if warmer climate 

conditions were responsible for an amplified signal, we would also expect to see a similar 

degree of amplification occur in the WQ Plus scenario. 

6.2. RECOMMENDATIONS FOR FUTURE RESEARCH 

The results of this study suggest future research along two lines of study: adjustments to 

the model structure and increased stakeholder involvement in the scenario development 

process.  

In this study we elected to use a semi-distributed model instead of a fully distributed one 

for two reasons: 1) modeling the entire Calapooia River Basin using a fully distributed 

approach would have stretched our computing resources to their maximum and 2) we 

wanted to start with the simplest model possible to explore some simple questions about 

the effects of different nitrogen management techniques on the system. Our semi-

distributed representation of the system with 537 HRUs took approximately 1.5 hours to 

complete a 50-year simulation. A fully distributed representation of the basin would have 

likely required thousands of additional spatial units and would have taken much longer to 

run. 
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Changing the model structure from semi-distributed to fully distributed using the 

algorithms from the VELMA model (Abdelnour et al. 2013) would enhance the model’s 

representation of nitrogen and hydrologic processes. Improving the model’s hydrologic 

representation of soil moisture storage would resolve the current tendency to under 

predict denitrification rates. Restructuring the model’s representation of the nitrogen 

cycle after the conceptual model shown in Figure 1 slow the transformation of organic 

nitrogen to nitrate, lengthen the time that nitrogen is stored in the soil, and lead to higher 

denitrification rates in winter. It is also possible that our under-predicted denitrification 

rates were the result of changes made to the soil moisture routing in the semi-distributed 

model. Using a fully distributed approach would have possibly predicted lower rates of 

nitrogen loading because moister conditions in the riparian zone would promote 

denitrification. In order to understand these linkages in the system better, it would be 

good to apply the model to a basin with more nitrogen data (i.e. inorganic and organic 

nitrogen content in the soil, denitrification rates, etc.) and doing a more complete analysis 

of both the hydrology and nitrogen cycling components.  

Such a model could enable future projects to explore the effect that management actions, 

such as riparian buffers, have on site scale hydrology and nitrogen transport to streams. 

The current model structure does not represent surface runoff and lateral subsurface flow 

between spatial units. Previous research indicated that riparian buffers located on poorly 

drained soils—where the dominant wet-season flow path is overland flow—were less 

effective at removing nitrogen through plant uptake (Griffith et al. 1997; Evans et al. 

2014). In order to represent plant uptake by wetlands and woody riparian buffers, it 

would be important to expand the calculation of plant growth and uptake to include all 

LULC types, instead of just agriculture. 

Finally, the addition of a crop yield model would enable users to directly assess the lost 

production from reducing fertilizer application and removing land from agricultural 

production. Providing information about the effects of nitrogen management policies on 

crop yield would provide decision-makers with information about another landscape 

product that people value. An accurate representation of crop yields would require 
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algorithms from SWAT or another model to simulate the limiting effects of nitrogen and 

water stress on plant growth.  

6.3. CONCLUSIONS DRAWN BY RESULTS 

In light of the results, land managers should be aware that warming climate over the 

coming decades may lead to elevated NO3
- loading to streams. As such, steps should be 

taken to reduce NO3
- loading to streams where feasible.  

At least two organizations have already made steps to enhance water quality in the 

Calapooia River Basin in recent years. The Calapooia Watershed Council manages a 

number of projects to restore riparian habitat and the OSU Extension Service publishes 

nutrient management guides for a wide variety of crops grown in the Willamette Valley. 

Guides include recommended rates and timing for fertilizer application, which farmers 

take into account with their expert knowledge about local conditions when making farm 

management decisions. Managing agricultural production to mitigate negative impacts on 

ecosystem function remains a critical task and there are many unanswered questions 

about the appropriate approach to create a desirable future.  
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