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ABSTRACT 

Potholes are features with no evident natural outlet, formed in hydric landscapes, such as 

the Prairie Pothole Region (PPR). Potholes are commonly under cropland management, which is 

not consistent with their hydrological patterns since periodic flooding during the growing season is 

frequent. Although there are studies investigating undisturbed and/or restored potholes, there is 

limited information about the hydrology of features that are farmed and artificially drained, a 

common situation in the Des Moines Lobe, the Iowan part of the PPR. The estimation of pothole 

hydroperiod and water balance variations would allow their hydrological classification and 

estimation of their potential environmental impacts. To estimate pothole hydrology, Annualized 

Agricultural Non-Point Source model (AnnAGNPS), was used in this project to model two 

potholes located in Story County, IA, for which we had two years of periodic measurements of 

inundation depth. For a better understanding of the features, a high-resolution DEM was used to 

study their potential volume storage, before overflowing. A conserved scenario, in which the 

potholes were consider to be retired from cropland production and from artificial tile drainage was 

also simulated to estimate potential hydrological impacts of pothole conservation. After model 

calibration, AnnAGNPS was used to estimate pothole water volume and depth variations in the 

features under both current and conserved conditions, for 23 years of historical weather data. It was 

proved that AnnAGNPS can provide reliable representations of the observed data, particularly for 

water depth variations. Results include pothole hydroperiod, consecutive days of inundation, 

average water depth during ponding events, and frequency of overflow. In the current condition, 

the potholes water regimen suggests that these potholes are classified as semipermanent. Most 

ponding occurred in early stages of the growing season, and mostly lasted from one to two days, 

barely overwhelming their storage capacity. Nevertheless, crop failure is common within their 

extent, which indicates that their management does not agree with their hydrological patterns. In 

the conserved condition, potholes flooded more often, held water for longer periods, and exceed 

their maximum storage capacity more frequently than in the current scenario. Further research 

includes the assessment of potholes under different management conditions, improvement of 

AnnAGNPS tools to address wetland features, and investigation of the reliability of the results of 

pothole conservation.
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 GENERAL INTRODUCTION 

1.1. Motivation for Prairie Pothole Assessment 

Prairie potholes consist of common features in the Des Moines Lobe landscape, in Iowa 

(Roth and Capel 2012; Logsdon 2015). This landscape, which is a part of the Prairie Pothole 

Region (PPR), was recently glaciated, and is characterized by an undulating topography with 

enclosed depressions that induce depressional infiltration and groundwater recharge (Rosenberry 

and Hayashi 2013; Hayashi et al. 2009; Sloan 1972). In Iowa, since most of the landscape is 

drained in order to allow agricultural production, little is known about the hydrology of drained and 

farmed potholes, their volume storage capacity, or their role in the watershed hydrology (Schilling 

and Drobney 2014; Schilling and Helmers 2008; Du et al. 2005). 

One of the reasons to study pothole hydrology is that even with the use of subsurface 

drainage, potholes provide temporary water storage after high intensity rainfall events, commonly 

during the growing season, which compromise management operations, and crop yields (Logsdon 

2015; Westbrook et al. 2011). Another motivation for the study is the fact that Iowa is one of the 

main responsible for the hypoxia in the Gulf of Mexico (Schilling and Spooner 2006; Schilling and 

Helmers 2008), and the potential ecological benefits of the potholes in the improvement of water 

quality. Therefore, the conservation of some features can be justified as a conservation practice, to 

increase water quality.  For instance, isolated depressions can perform as nutrient sinks, and have 

other ecological benefits (Whigham and Jordan 2003). Nevertheless, the main focus of this thesis is 

to study pothole hydrology, while their potential impacts in water quality are left for further 

research because the lack of data.  

Most of the information available about potholes investigate restored and/or features in 

their natural state, or about their impact in the watershed. For instance, potholes were previously 

attempted to be simulated with SWAT watershed model, with little success. SWAT was used to 

model systems with potholes and surface inlets in Walnut Creek watershed, and it performed 

poorly in the assessment of daily flows, which indicate a difficulty in the assessment of these 

feature with hydrological models, and a need for improvement (Du et al. 2005). Here, we will 
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attempt to simulate the hydrology of individual features, with a model that can be delineated for 

small scale watersheds, and leave for further research their impact in larger ones. 

To increase the knowledge about pothole hydrology, the Iowa Department of Natural 

Resources (IDNR) invested in the study of this feature, in partnership with Iowa State University 

(ISU). Here, two potholes located in Walnut and Worrell Creek (HUC 12) watersheds, in the de 

Des Moines Lobe were assessed (figure 1-1) in order to simulate their hydrology. Both watersheds 

have a high density of prairie potholes, and are broadly farmed and drained (Schilling and Spooner 

2006).  

 

Figure 1-1: HUC-12 Walnut and Worrell Creek watershed locations in relation to the Des 

Moines Lobe. 
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Figure 1-1 illustrates the location of Walnut and Worrell HUC-12 watersheds in relation to 

the Des Moines Lobe, and figure 1-2 illustrates the location of the potholes in relation to the HUC-

12 watersheds. 

 

Figure 1-2: Potholes location in relation to Walnut and Worrell Creek watersheds. 

The two features illustrated in figure 1-2 were selected due the existence of water depth 

variation data, used for calibration of the hydrological model. The hydrological model is used to 

determine if it is possible to simulate pothole hydrological patterns. This information can be used 

to estimate the pothole hydrology of some features in the Des Moines Lobe, and in the prairie 

pothole region, with more study. Then, if the model is able to simulate observed conditions, it is 

used to study different conservation scenarios, and the potential impacts in pothole hydrology. This 

information is useful to increase the knowledge about the feature, and for the estimation 

management and land cover modifications in the hydrology. 
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This report is divided into different sections. First, data about watershed characteristics 

were collected and processed to allow characterization of the drainage areas of the potholes. 

Because of their small size, drainage areas of potholes are referred as microwatersheds in this 

document. Second, based in model characteristics, assumptions are made to represent hydrological 

conditions observed. Third, model performance is estimated with the comparison of observed and 

simulated data, collected in the years of 2010 and 2011 (Logsdon 2015), and in 2014, collected for 

the scope of this project. For last, if the model is able to simulate observed conditions with a certain 

level of accuracy, it will be used to estimate the hydrological impacts of the retirement of the 

potholes. The hydrology associated with the potholes is discussed in the last two sections.  

The focus at this point is to study pothole hydrology, which correspond to the hydroperiod 

and the water balance within these features for the period weather data is available for the area, the 

consecutive days the features are flooded for, and the investigation of the average water depth in 

the features during inundation events. Their frequency of inundation will be estimated once it gives 

insights of their nexus with the watershed outlet, and whether their current management is 

consistent with their use.  

1.2. Objectives 

The specific objectives of this project were to: 

a) To determine the maximum surface storage associated with two potholes after runoff 

events, before the features overflow; 

b) To investigate hydrology patterns of two prairie potholes through several years of 

agricultural production with the use of AnnAGNPS. Results include the determination of: 

i) frequency of inundation during the growing seasons from 1992 through 2014; 

ii) frequencies of consecutive days of inundation; 

iii) intensity of inundation, or how often water reaches different depths in the potholes; 

iv) frequency the potholes exceed their maximum storage capacity. 

c) To simulate prairie potholes hydrology patterns in current and conserved conditions, to 

estimate the potential effects of the conversion of these features. 
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1.3. Structure of the Thesis 

First, general information about potholes, such as definitions, history, among other 

information, is available in Chapter 2 as a literature review. Then, the potholes under study are 

discussed, as well as the way data was collected, in Chapter 3. Chapter 4 and 5 will provide 

information about AnnAGNPS, and how the data was collected and organized to characterize the 

watersheds of the potholes. The topography assessment of the potholes is discussed in Chapter 6, 

and the calibration and performance of the model are discussed in Chapter 7. The results are 

available in Chapters 8 and 9, and the conclusion of the thesis in Chapter 10. The Annexes A and B 

discuss data collected about soil and water quality during the year of 2014. 

1.4. Summary 

The introductory chapter provides general information about prairie potholes and the 

motivation for their assessment, which is the focus of this Master’s thesis. The potholes assessed in 

this thesis are located in the Des Moines lobe, in Walnut and Worrell watersheds, and were 

selected once there water balance data available for these features, which is essential for 

hydrological model calibration and performance assessment. 
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 LITERATURE REVIEW 

2.1. Introduction 

Enclosed depressions are commonly observed features throughout the landscapes of Iowa 

(Roth and Capel 2012; Gleason et al. 2011; Richardson and Arndt 1989). Particular characteristics 

of these features are their disconnection from the stream flow, and their lower elevation in 

comparison to the surroundings, that enables water to be stored under wet conditions and during 

precipitation events (Winter and Rosenberry 1995; Brunet and Westbrook 2012; Frei and 

Fleckenstein 2014).  

These depressions are formed in hydric landscapes, especially in the Upper Midwestern 

United States, where the Prairie Pothole Region (PPR) is located. This region is known by its 

hydric soils, grass prairie as original land cover, river systems, and isolated wetlands or potholes in 

undisturbed conditions (Gleason et al. 2008). It extends from Alberta, in Canada, to United Stated, 

in a total of 700,000 km2. In the US it is observed in five stated, North Dakota, South Dakota, 

Nebraska, Minnesota, and Iowa (Wright and Wimberly 2013). In Iowa, this region is denominated 

Des Moines Lobe, which is located in the upper and central part of the state, is the southern extent 

of the PPR (Roth and Capel 2012; Creed et al. 2013).  

Potholes commonly represent an issue for farmers in the PPR, because to their frequency of 

inundation and difficulty to use machinery in its surroundings (Brunet and Westbrook 2012). A 

current practice to deal with this situation is to install subsurface drainage, and sometimes surface 

intakes, devices designed to promotes the removal of water ponded in specific areas in the surface 

(Blann et al. 2009; Schilling 2005).    

Hydric soils are formed under conditions of saturation, flooding, and when there is 

ponding until anaerobic conditions develop in the soil upper part (63 Federal Register 133, 1994, 

Vepraskas 2013). The presence of hydric soils is one of the factors analyzed in order to identify 

wetlands in the field (Vepraskas 2013; Collins et al. 2014; Gusman, Voigt, and Forman 2001; 

Galatowitsch and Valk 1996). In the Midwest, however, because the soils were largely drained, 

some are no longer considered to be hydric, and it is unclear how well, and how long it takes for 

potholes to revert to hydric conditions and full function if left to return to their natural state. If 



7 

 

 

hydric soils show to perform the same way before drainage was installed, it would be an important 

argument for conservation and restoration of farmed potholes, especially if their conservation is 

proven to be beneficial to water quality in the watershed.  

The majority of these features have no evident inlet or outlet, in other words, the main 

sources of water recharge and discharge cannot be easily identified. For this reason, it has been 

discussed whether these are disconnected from the rest of the stream in a watershed or not (Winter 

and Rosenberry 1998). Nevertheless, under wet conditions these features were observed to connect 

to each other (Marton, Fennessy, and Craft 2014). There is minor groundwater communication for a 

great amount of them once these features are underlain by glacial till (Winter and Rosenberry 

1995). As a result, the water balance in their natural state mainly happens through the atmosphere, 

by evaporation and precipitation (Winter and LaBaugh 2003), and sporadically shallow, in some 

situations where wetlands have been noted to receive groundwater discharge or contribute with 

water recharge (Winter and Rosenberry 1995). 

Pothole hydroperiod vary according the length of time water is stored in the depression 

during the growing season (Galatowitsch and Valk 1996). For example, temporary, seasonal, and 

semi-permanent potholes are defined as those that are ponded with rain from one to three weeks, 

three weeks to ninety days, and throughout the complete growing season or more, respectively, 

depending on weather conditions. During wet periods, temporary potholes can look and perform as 

seasonal ones. On the other hand, during dry years, semi-permanent potholes can dry out and 

function as seasonal or temporary drainage areas. Temporary potholes correspond to 60, seasonal to 

35 and around 5% of the potholes present in the PPR are permanent (Johnson, Oslund, and Hertel 

2008). 

Even though potholes are considered to be separated from main flow in the watershed 

(Sloan 1972), the behavior of these features play a role in its hydrology. Especially after the 

occurrence of intense precipitation events, many potholes exceed their storage capacity and the 

connectivity between them is established (Roth and Capel 2012). Potholes provide storage during 

precipitation events, and habitat for bird species. They are also recognized as “wet spots,” 

problematical geographies that drain without a sophisticated drainage system. Potholes flood 

frequency favors the occurrence of a unique habitat, with a high agricultural potential when the 

excess of water is removed from the system (Johnson, Oslund, and Hertel 2008). 
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However, the practice of drainage can compromise the environment balance, or the habitat 

characteristics. This circumstance represents a significant conflict between farmers, whose aim to 

drain these depressions in order to optimize yield, and wild life protectors, that wish to protect 

these features (Winter and Rosenberry 1995). The dilemma is aggravated with the fact that the 

impacts of the drainage in pothole dynamics in the watershed, and its impacts in the downstream 

flow are not well known yet in the larger scale (Schilling and Drobney 2014). 

Because a significant quantity of these features was drained, little is known about their 

hydrological impact in the watersheds, especially in agricultural areas (Schilling and Drobney 

2014). However, some research has been done. For example, according to Richardson & Arndt 

(1989), the physical and chemical characteristics of enclosed depressions are very similar to the 

hydrology of a wetland. In fact, according the USGS, potholes are considered seasonal inland 

wetlands, that can hard to identify because of their seasonality (National Wetland Research Center, 

2014).  

For this reason, some wetland characteristics must be discussed in order to predict impacts 

of pothole management. For example, conserved wetlands provide some hydrological 

services, such as: abating floods, improving water quality, and enhancing biodiversity 

(Zedler 2003;Gleason et al. 2008; Euliss, Mushet, and Johnson 2001; Gleason et al. 

2011). Considering these facts, if potholes are proven to behave the same way, their 

preservation will be considered beneficial for the environment . From a regulatory 

standpoint, however, wetlands are protected by Section 404 of the Clean Water Act, and isolated 

topographies such as prairie potholes, that are already being drained, are not (Ross 2009).  

   As a consequence of the intense drainage in the hydric soils of Iowa, some consequences 

of landscape transformation has been observed, such as in wildlife community (Schilling and 

Drobney 2014); increase in the baseflow in some rivers in the state; increase in the nitrate flux 

reaching the Gulf of Mexico (Whigham and Jordan 2003); and consequently, a higher cost in the 

water treatment because excessive quantities of nitrate are some examples of the impacts (Johnson, 

Oslund, and Hertel 2008; Schilling 2005). 

Given these circumstances, research is needed to determine the impact of management 

practices in the pothole region in the downstream flow, and the most appropriated approach, such 
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as farming practices, to deal with these features (Brunet and Westbrook 2012). More information is 

needed about the detention time in these depressions, the water quality flowing into and from them, 

and the impact of these features on the water balance. 

For a future scenario, equilibrium must be set between conservation and agriculture before 

any management decision (Johnson, Oslund, and Hertel 2008). To achieve this balance, government 

tools, such as the Iowa Nutrient Reduction Strategy were created in order to increase the number of 

conservational practices implanted in a more effective way (Iowa Nutrient Reduction Strategy, 

2014).     

2.2. Prairie Pothole Region 

 The Prairie Pothole Region (PPR) is an unique ecosystem, that is placed in the 

United Stated and Canada in the states of Montana, Minnesota, Iowa, North and South Dakota, 

Alberta, Saskatchewan and Manitoba (Sloan 1972). In Iowa, the PPR corresponds to the landform 

region denominated Des Moines Lobe, with silty and loamy soils formed in glacial till in an area of 

3.5 million hectares (Miller, Crumpton, and van der Valk 2009; Schilling, Jones, and Seeman 

2013). Other landforms observed in Iowa, are the Northwest Iowa Plains, the Southern Iowa Drifty 

Plain, and the Iowan surface, that surround the lobe, among others (Department of Natural 

Resources, 2014). 

The dominant geomorphic surface of the region is hummocky, formed by knolls and 

depressions, shaped after ice mass melt of the Winsconsinan ice sheet (Pennock et al. 2010).  Since 

glaciation, around 12,000 years BCE, the region has primarily had arid to sub-humid climates, and 

is characterized by undeveloped natural drainage networks (Sloan 1972; Winter and Rosenberry 

1995). That is consequence of insufficient runoff, low energy or reduced time for fluvial erosion to 

develop a system that is similar to that in more temperate regions, as less intense weathering and 

relatively young landscape formations are observed (Hayashi et al., 1998; Johnson et al., 2008; 

Schilling et al., 2013). However, its hydrology varies according to the season, climatic conditions, 

and with the agricultural management of the area (Winter and Rosenberry 1995; Winter and 

Rosenberry 1998). 
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Much of the prairies in the PPR are internally drained to small ‘prairie potholes’, features 

that consist of seasonal wetlands, where ponding is sometimes observed in just part of the year. 

The great majority were formed by melting glacial ice (Sloan 1972). The behavior of the potholes 

is strongly related with the landscape delineation, in this case, the Western Glaciate Plains. This 

region was covered by lacustrine sediment or till, and, if not fractured or biologically modified, 

presents lower hydraulic activity (Lennox, Maathuis, and Pederson 1988).This landscape has low 

permeability, which favors runoff when field capacity is exceeded, and leads to limited aquifer 

recharge rate (van der Kamp and Hayashi 1998; Shaw, Pietroniro, and Martz 2012; Winter and 

Rosenberry 1995). Some examples of glacial formations located in the PPR are the Missouri and 

the Prairie Coteau (Gleason et al. 2011). 

The composition of the glacial deposit undelaying the PPR will have some impacts in water 

dynamics, since flow patterns will vary according rock and soil formations, and its structure. In 

situations in which a high quantity of clay is observed, the till behaves in a plastic way in the 

presence of water. On the other hand, in the absence of it the behavior is the opposite (Sloan 1972). 

Therefore, the content of water and consequent impact in the glacial deposit have impacts of the 

depressional storage, as well as in the water quality, and volume on the downstream flow. To 

predict downstream flow water patterns, the pothole role in the watershed must be assessed. This 

topic is relevant especially after the floods of 2008, which caused a significant amount of 

destruction in the state of Iowa (Buchmiller and Eash 2010). 

Pothole shape will vary according to the glacial processes responsible for its formation, and 

weathering will continue to affect it. Their length can vary from less than an acre up to 40 acres, in 

which they are denominated lakes. On the other hand, the depth tends to be shallow; most are less 

than two feet deep (Sloan 1972; W. C. Johnson et al. 2010). For this reason, we hypothesize that 

potholes have the characteristic of providing temporary hydrological storage for small to moderate 

precipitations and minimal storage to the more intense ones, since they will tend to overflow, and 

therefore to connect with each other (Winter and Rosenberry 1995; Winter and LaBaugh 2003). 

Additionally, it is likely that over time, accumulation of sediments changes the depth and volume 

of farmed wetlands (Preston, Sojda, and Gleason 2013; Robert A Gleason and Euliss 1998; Lenhart 
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et al. 2012; Gleason et al. 2011). In this situation, apart from the water that will infiltrate, most of 

the water will overflow and reach the outlet of the watershed. 

The soils in the PPR are generally characterized by humid conditions combined with high 

organic matter. As a consequence, anaerobic conditions transform this habitat in ways important in 

the N cycles, enabling denitrification, and reducing available nitrogen of the soil solution (Brunet 

and Westbrook 2012). According to a conservation program held by the United States Department 

of Agriculture (USDA), in the year of 2011, just the areas in the PPR involved in the Conservation 

Reserve Program were responsible for the reduction of 24, 117 and 12 million tons of sediment, 

nitrogen, and phosphorus, respectively (USDA 2011). 

The hydrological dynamics of potholes depends weather patterns, which is extremely 

variable in the PPR, because its extent (W. C. Johnson et al. 2010; Millett, Johnson, and 

Guntenspergen 2009). The climate is divided into ecoregions, areas in which specific biotic and 

abiotic characteristics are observed, and has influence of three air masses: Continental Polar, 

Maritime Tropical and Maritime Polar. Complex interactions of these masses proportionate an 

extreme and dynamic environment is characterized, with temperatures ranging from 40 to -40 ◦C 

(Millett, Johnson, and Guntenspergen 2009; Niemuth, Wangler, and Reynolds 2010).  For this 

reason, analyses of potholes in one ecoregion may not be directly transferrable to potholes in 

another ecoregion; therefore, a close assessment of the characteristics of individual sites must be 

taken into consideration. 

2.3.  Hydrology 

Pothole hydrology has impacts in the water chemistry, biodiversity, and crop productivity 

in a watershed in the watershed (Gleason et al. 2011), which justifies the investigation of these 

features. The PPR has a different behavior in relation to its surroundings. Its characteristics include 

a comparatively flat landscape, marked by the presence of features such as moraines, flutings, 

drumlins, outwash plains, glacial outburst valleys, sand dunes and glacially dammed lake beds that 

were formed though ice age conditions of the Pleistocene (Sloan 1972). These consist of glacial 

and post- glacial characteristics of landscape formation (Shook et al. 2013). Potholes are 

glaciogenic landforms that can provide an idea of ice movement and when deposition occurred. For 
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instance, flutings and drumlins are composed of till, and bedrock core (Heikkinen and Tikkanen 

1989). 

In most watersheds, water flows from higher to lower altitudes. However, in the PPR, it is 

commonly observed a lack of integrated drainage, in other words, the lack of rivers or an evident 

water path, which causes water to be stored in upper areas in the watershed (Sloan 1972; Johnson, 

Oslund, and Hertel 2008). This enables the occurrence of ponding in depressions, the potholes 

(Winter and Rosenberry 1995; Winter and LaBaugh 2003; Oslund, Johnson, and Hertel 2010; van 

der Kamp and Hayashi 1998). The presence of these features is a consequence of the combination 

of the cold-semiarid climate, that is a characteristic of most the PPR, with the clay-rich glacial 

deposits, that cover most of the region (van der Kamp and Hayashi 2008). However, connections 

between potholes can exist when events of spillage occur, when the features exceed their maximum 

storage capacity (Leibowitz and Vining 2003; Rosenberry and Winter 1997; Winter 1999; van der 

Kamp and Hayashi 2008). Once their volume is filled, a stream is created, and a wetland 

connection can be formed. This allows the water to travel through the watershed, and as a 

consequence, the contributing area downstream, and the load of some pollutants, is likely to be 

higher (Schilling, 2005; Shook et al., 2013).  

In regards to pothole characteristics, van der Kamp and Hayashi (2008) stated that these 

features can be divided into segments that can be classified as hydrological units, as seen in Figure 

2-1. The wetland is the variable area in which the soil is saturated most of the year; the riparian 

zone, usually counting with dense vegetation, is the transaction between upland and wetland; and 

the upland is the rest of the basin, located in a higher altitude in comparison with the other units. 

However, this classification is likely to be directly applied to potholes in their natural state, since 

most studies were undertaken in conservation areas. 

It is possible to observe that the water balance is mainly composed by the sum of the 

evaporation and lateral subsurface flows, when overflow is not observed (Nachshon et al. , 2013; 

van der Kamp & Hayashi, 1998, 2008). 
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Figure 2-1: Major hydrologic units in a pothole (after Nachshon et. al. 2013). 

Water can remain ponded in the wetland in different time scales. During the growing 

season, when generally higher density of rainfall events is observed, water can be stored from 

weeks to years, and this specific characteristic determines pothole regime classification (Miller, 

Crumpton, and van der Valk 2009; Rover et al. 2011). Temporary potholes are not able to store 

water for more than 3 weeks; the ones that can hold water for up to three months are seasonal; and 

the ones that keep surface water for years are semipermanent (Euliss and Mushet 1996). Size may 

be related with water retention, in which larger potholes can store water for longer periods 

(Johnson, Oslund, and Hertel 2008). 

As discussed, most hydrological processes are related with variations in climate, position of 

the feature in the landscape, water table, and type of underlying material. Some potholes are highly 

ephemeral, and others only dry up after years of drought (Winter and Rosenberry, 1995). The water 

balance in the pothole was described by Du et al. (2005) in Equation 2-1 (Du et al. 2005): 

V = Vpcp + Vflowin + Vstored − Vevap − Vseep – Vflowout Equation 2-1 

In which V: volume of water in the impoundment in a given day (m3); Vpcp: volume of 

precipitation (m3); Vflowin: surface runoff and lateral soil flow in the pothole (m3); Vstored: volume of 

water stored in the water body at the beginning of the measurement (m3); Vevap: water volume 
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removed by evaporation (m3); Vseep: volume of water lost by seepage (m3), and Vflowout: volume of 

water flowing out of the water body during the day (m3). 

In the paper in which this equation was proposed, the aim was to model potholes with the 

non-point source model Soil and Water Assessment Tool (SWAT), used to estimate nutrient and 

sediment load in water resources. However, their conclusion was that further work was needed in 

order to model this feature with a higher level of precision (Du et al. 2005). 

The riparian zone, or the intermitent area between the bottom of the pothole and upland, 

plays a role in the water loss and infiltration. In a study developed in North Dakota, seepage loss 

was higher in vegetated wetlands in comparisson to bare ones, even with a smaller 

evapotranspiration (Sloan 1972). The riparian zone also can have an effect in groudwater recharge 

patterns. Van der Kamp and Hayashi (1998) pointed out that local groundwater recharge in the 

PPR likely depends on the maintanance of the vegetation in this area, even though wetland 

drainage as a whole has a minimal impact on regional groundwater recharge (van der Kamp and 

Hayashi 1998). Pothole plant communty provide an idea of the length in which water is stored in 

the wetland. Whereas the water ponds for more time, more stable plant communities are usually 

observed (Aronson et al. 2008). It happens since a great positive fluctuation can be fatal for  plant 

community (Gleason et al., 2011).  

In farmed potholes it varies as a funtion of landscape disturbance, and dynamic change in 

cover (Schilling and Drobney 2014). In a study of pothole classification, it was observed that some 

small wetlands that were worked on for several years might have lost a great store of their storage 

capacity (Gusman, Voigt, and Forman 2001). Therefore, the small depressions are more vulnerable 

to effects of agricultural activities because of their shallow depth and typically dry conditions in 

part of the year (Niemuth et. al. 2010). Figure 2-2 illustrates an example of ground water dynamics 

of small depressions a in the landspace. 
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Figure 2-2: Groundwater flow systems with prairie wetlands. The arrows indicate the direction of 

the groundwater flow. The symbol V, located in the left, stands for the avarage position of the 

water table. The shaded area indicates the glacial till and the dots layer the aquifer. Lastly, the non-

shaded region indicates the oxidized and fractured till or clay (van der Kamp and Hayashi 1998). 

Pothole location in relation to other features has some influence in the groundwater 

hydrologic function, i.e. recharge, discharge, and flow-through. As seen in Figure 2-2, in which A 

is considered a recharge and B a discharge wetland, as the water table varies, the water flux in the 

potholes A and B are different. In depressions located in higher landscapes, like in A, once water 

infiltrates, it can flow either to the boarder of the wetland, where it will likely be evaporated; or it 

can flow down, until it reaches an impervious layer. On the other hand, in lower elevation B, 

groundwater tends to follow the opposite direction, in the direction of the impoundment, recharging 

the wetland. Apart from this movement, in this wetland water can also flow to the margins, alike 

the behavior observed in A (Gleason et al., 2011; van der Kamp & Hayashi, 1998; Winter & 

Rosenberry, 1995).  

Flux directions determine the water table of the region, and as a consequence, help govern 

the lifespan of the pond in the depression (Roth and Capel 2012). This information refer back to the 

nexus of potholes in the relation to watershed hydrology and water quality in the outlet. If these 

features have impact in their surroundings, they might as well impact watershed hydrology as a 

hole, in particular in wetlands with a high density of these fearures. 

Since pothole location influence their hydrology, the best management to be adopted when 

these features are observed in the landscapes vary. Potholes located inner in the watershed can be 
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used as sedimentation basins and to hold water (Tomer, Crumpton, et al. 2013; Tomer et al. 2015), 

while potholes in the surroundings can be used for a different purpose. 

Wetland interaction with the watershed hydrology can happen through two ways. First, 

through shallow flux, as in case of overflow or increase of water table, and through deep vertical 

fluxes with the aquifers, when a connection is observed, i.e. the presence of fracturing (Frei and 

Fleckenstein 2014). When artificial drainage is observed, the interaction can also take place 

through ditches formed in the construction of the drainage system (Westbrook et al. 2011). 

Frei & Fleckenstein (2014) summarize the behavior and effects of depressional features in 

terms of surface, surface/ subsurface couplings, and subsurface effects. Some of these are listed 

below.  

- Surface: 

o Buffering of incoming rainfall; 

o Attenuates and delays surface flow; 

o Threshold controlled surface flow activation (storage up to a point, and outflow 

above that threshold); 

o Surface flow networks and micro-channeling effects (usually designated by the 

interconnection of smaller depressional features). 

- Surface/ Subsurface Couplings: 

o Non-linear and hysteretic feedback mechanisms; 

o Shifts between surface and subsurface flow dominance for wetlands. 

- Subsurface: 

o Small scale variations of the water table -  reported for wetlands; 

o Small scale variations of biochemical transformation processes – reported for 

wetlands; 

o Complex hydraulic head distributions – reported for wetlands and streambed 

topographies. 
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Since micro-topographies involve a high range of sizes, some of this effects might not 

represent the actual effect of the potholes. Because of that, studies have to be developed in order to 

evaluate these potential effects. 

A classifying model designed by Gray, 1984 for the PPR in Canada, determined infiltration 

potential of frozen soils, and divided them into three groups, according to their infiltration pattern. 

The groups were: (1) Restricted: low infiltration and high runoff potential; (2) Limited: Infiltration 

governed by ice content of soil layer from 0 to 30 centimeters during melt; (3) Unlimited: soil with 

a relatively high content of large, air-filled, noncapillary pores, therefore, increasing chances of 

infiltration.  

2.4.  Water Quality 

Runoff flow can reach the streams through different paths in the landscape, which have 

direct impact in the water quality of a watershed. Figure 2-3 illustrates some of the potential water 

paths.  

 

Figure 2-3: Potential pathways of surface runoff: A) surface runoff, B) wetland storage, C) 

drainage of wetlands D) drainage of runoff flow (Source: Westbrook et al. 2011). 

In most situations, tile drainage water reaches the streams with low or no processing, the 

runoff water quality reaches the depressions with surface intakes has a direct impact on the quality 
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of the streams (Smith and Livingston 2013). In addition, depending on the management of the area, 

surface runoff can as well contribute with high nutrient loads.  

 Enclosed depressions are known as nutrient sinks (Whigham and Jordan 2003), and 

also can trap bacteria and salt from runoff flow (Johnson, Oslund, and Hertel 2008). It is known 

that oxygen availability, nutrient cycling, biochemical transformations, as well as chemical 

variances in water can be observed in prairies wetlands (Winter and Rosenberry 1995; Frei, 

Lischeid, and Fleckenstein 2010; Westbrook et al. 2011; Pennock et al. 2010). However, the 

relation between downstream water quality and the hydrology of these features, the duration in 

which water is accumulated, and their density within the watershed is still not completely 

understood (van der Kamp and Hayashi 1998; Schilling and Drobney 2014). 

 Since the PPR is generally rich in sulfate, the dynamics of this salt can influence 

water quality and soil acidification (Nachshon et al. 2013). Salts are highly soluble, being 

transported by surface and subsurface fluxes (Nachshon et al. 2013; Hayashi, van der Kamp, and 

Rudolph 1998), and salinity is a measure of the quantity of total dissolved solids in water (Sloan 

1972). Therefore, despite limited exchanges between wetland and groundwater as a whole, the 

nature and direction of flow determines whether salts accumulate in the wetland or are leached out 

(Westbrook et al. 2011). Salinity is directly related to the ponding dynamics. When stored water is 

not renewed for long periods, it can have a higher salt concentration (Sloan 1972). However, 

impacts of salinity in water quality downstream were not commonly investigated in depth in the 

literature. Generally, this parameter is measured in order to estimate the amount of time water is 

kept in the depression. 

 Hydroperiod, the number of days potholes flood during the growing season, has 

shown to have impacts in pollutant dynamics. Seasonal wetlands have been shown to have higher 

phosphorus concentrations in relation to other wetland types because of leaching from riparian 

zones surrounding the potholes (Westbrook et al. 2011). Therefore, an alternative to reduce the 

phosphorus load from drained wetlands might be to replace surface inlet installation by blind inlets, 

which filters the water before it reaches the stream network, as stated previously (Smith and 

Livingston 2013).   
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 In Iowa, where most of the landscape is now agricultural, the effect of the pothole in 

the water quality deserves special attention since agriculture is considered the main source of 

nutrient loads to water bodies, especially in the Mississippi/Ohio River watersheds (Singh, et al., 

2009).  This fact is especially relevant considering the recommendations of the Watershed Nutrient 

Task Force, in which the states would have to reduce their nutrient load in order to reduce the size, 

duration and severity of hypoxia in the Gulf (Iowa Nutrient Reduction Strategy, 2014).  

The recent Iowa Nutrient Reduction Strategy framework was created as an attempt to direct 

the efforts to reduce nutrient load in a scientific, reasonable and cost effective way in the state. 

Conservation practices such as implantation of wetlands are proposed to reduce the load (Tomer, 

Porter, et al. 2013). However, the challenge is to identify areas that should be assessed, and which 

other conservation practices should be offered to the farmers in order to achieve this goal.  Potholes 

were not specifically addressed in the Nutrient Reduction Strategy. 

2.5.  Drainage 

Drainage is an important component in the hydrology of potholes since it is a common 

practice in North America prairies, where the natural habitat was replaced by croplands (Blann et 

al., 2009; Johnson et al., 2008; Millett et al., 2009). The ecological and downstream economic 

impacts of this practice in potholes were not yet known by the agricultural community (Westbrook 

et al. 2011; Schilling and Drobney 2014). However, studies show that in permanent wetlands, 

drainage modifies water dynamics, structure, function, quantity, among other characteristics (Blann 

et al. 2009). 

This practice modifies original hydrologic conditions, and causes habitat loss (Westbrook et 

al. 2011; Blann et al. 2009). However, it is adopted because of the agricultural potential of the PPR, 

and their seasonality (Gleason et al. 2011; Blann et al. 2009). To farm, to prevent delay in seeding 

rates, and to allow optimal agricultural production in the potholes, drainage is used in some areas 

of the PPR (Du et al. 2005). In the state of Iowa, the state of higher prairie conversion to cropland 

within the PPR extent, wetland loss is estimated to be around 89 % (Drum et al. 2015; Gleason et 

al. 2011; Schilling and Drobney 2014). 
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Figure 2-4 illustrates an example of how artificial drainage can be applied to potholes. To 

remove ponded water, inlets, or vertical surface intakes, are commonly installed. These structures 

are usually an extension from the subsurface pipes (Blann et al. 2009). Drainage can occur from the 

surface of the soil, or below it. In the Midwest, where subsurface drainage systems started to be 

installed in the early 1800s, the main objective was to drain ponded areas. However, nowadays the 

systems are also designed to decrease the water table of agricultural areas (Blann et al. 2009). The 

installation of a surface inlet usually assumes that the water within the depression arrived as runoff, 

however, the water table has been shown to increase during wet periods (Roth and Capel 2012). 

 

Figure 2-4: Example of a drainage system in a pothole (Gleason et al. 2011). 

As discussed, since the use of these inlets in enclosed depressions are considered to be a 

contributor to water quality problems downstream, the adoption of blind inlets can be an alternative 

to reduce the nutrient loads into the streams. Blind inlets, also known as French drains, allow water 

to filtrate before reaching the drainage system (Smith and Livingston 2013). 

The effects of drainage on the environment involve a large number of factors, connected 

through complex interactions. For instance, these relevant factors include hydrological condition, 

chemical properties, cycling of nutrients, organic matter content, among others (Blann et al. 2009). 

An example of drainage impacts is documented in Smith Creek, Canada. In this location, an 

increase in the flow contributing area is being observed as a consequence of the increase in 

agricultural land area. Additionally to the increase in downstream flow, eutrophication is being 

observed in the lake into which Smith Creek drains (Westbrook et al. 2011).  
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This phenomenon results in low oxygen content in the region it is observed because of high 

algae growth as a consequence of high nutrient availability, in particular nitrogen and phosphorus 

(Turner, Rabalais, and Justic 2008). When drainage systems are installed, continuous inundations 

in the field are observed less frequently (Roth and Capel 2012; Logsdon 2015), however the peak 

runoff in the outlet of the watershed tends to be higher. We believe that the most realistic scenario 

for Iowa would be the use of artificial drainage systems in the fields, but in the pothole extent. This 

management would potentially allow agricultural production and enhancement of environmental 

benefits, such as water quality improvement and flood control (Drake 2014; Manale 1997).  

As wetland drainage connects stored pothole water to the drainage network and hastens its 

arrival to downstream water bodies, the excessive nutrient load, in particular dissolved nitrogen, 

can compromise the water quality. Likewise, as reported in Smith Creek watershed, eutrophication 

took place once there was less chance for nutrient reduction in the soil solution (Westbrook et al. 

2011; Leibowitz and Nadeau 2003; Whigham and Jordan 2003). Moreover, conservation programs 

in which cropland is replaced by perennial vegetation, has shown a significant reduction in nutrient 

transport as well as nutrient loss for upland zones. Nevertheless, the downstream benefits were not 

yet accurately evaluated (Gleason et al. 2011). 

The hypoxia in the Gulf of Mexico is another example of the impacts of the nutrients 

flowing from drainage systems in a bigger scale (Blann et al. 2009). As an attempt to reduce the 

hypoxia in this area, programs such as ‘Mississippi River/ Gulf of Mexico Watershed Nutrient 

Task Force’ were created in order to involve the main contributing states in the development of 

potential solutions to improve water quality of the Mississippi river. In Iowa, the ‘Iowa Nutrient 

Reduction Strategy’ was created (Iowa State University of Science and Technology 2014). 

As stated, the intense adoption of this practice compromised the wetland habitat in the 

United Stated. To revert some of the negative impacts, some initiatives were taken in order to 

minimize the consequences. For instance, the Wetland Reserve Program (WRP) was created in 

1992 as an attempt to provide conservation and protection of the environment and create a balance 

between social benefits related to the environment in relation to private ones (USDA). Landowners 

can voluntary enroll in the program through different contracts that can be permanent or with a 

settled length. Before the implantation of this program, in 1985, the Food Security Act included a 
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provision that determined that farmers would not have some Farm Bill benefits if wetlands were 

drained or filled (Aronson et al. 2008). However, there is still economic pressure to increase corn 

acreage in order to produce ethanol, and consequently, the use of drainage to optimize corn 

production (Voldseth et al. 2009). 

The conservation of the original landscape, and as consequence, drainage control, is 

important since wetlands are among the most biologically productive ecosystem in the world. For 

instance, in the United States, around five percent of the landscape consist of wetlands, while more 

than half of North American birds nest in these areas. In addition, one-third of the endangered and 

threatened species rely on them (USDA). Apart from these facts, some ecological functions, such 

as water quality improvement, flood prevention, fish and wildlife habitat, can be attributed to these 

sites. 

Consequently, as potholes are usually located in areas where agrochemical residues and 

eroded soils are deposited, drainage is likely to have impacts in the water quality and regime in the 

watershed downstream, since it will impact in their capacity to trap nutrients, ions, and bacteria 

(Westbrook et al. 2011). The regime might change with combination of management practices, 

such as drainage and tillage. 

Research shows that land use has a significant effect on sedimentation of wetlands in the 

PPR. In a study developed in Montana, soil erosion was observed in higher rates in the upland 

catchments of wetlands surrounded by cropland in relation to native prairie. Also, recent land use 

change in the Western Corn Belt threatens grasslands and wetlands (Wright and Wimberly 2013). 

Thus, potholes in agricultural areas can be expected to have different sediment loading compared to 

those in prairie or grassland areas.  

Because of agricultural conversion, drainage practices are broadly used in the PPR. It has 

shown positive effects, such as increase in agricultural production, and negative ones, like loss of 

habitat, compaction, lower water table, and decrease in water quality (Galatowitsch and Valk 

1996). For better understanding in the impacts of potholes, more research is needed to determine 

the consequences of drainage in field and watershed scale, the management that would be most 

suitable for these areas, and if conservation is suitable. 
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2.6.  Restoration 

Different wetland types have specific benefits, and because of it, restoration of a range of 

wetlands is considered as a way to revert the negative impacts of drained areas and wetland loss. 

Because pothole short hydroperiod for the majority of years, these features cannot sustain predators 

as fish, and for the same reason are nests for amphibian reproduction, they might not allow water to 

pound enough time to permit nutrient uptake, and represent medium change in the landscape 

hydrology (Fennessy 2011). Therefore, one of the major objectives of restoration would be to 

increase the number of days the features stay inundated in order to allow chemical and sediment 

transformation, which will provide environmental benefits. Some benefits are the settlement of 

sediments and denitrification, the transformation of dissolved nitrogen (nitrate) in water into 

nitrogen gas. Phosphorus transformations in wetland environment consist of sorption onto soil 

particles, incorporation into organic matter and plant uptake (Marton, Fennessy, and Craft 2014). 

Apart from hydroperiod, water balance dynamics and disturbance regimes will play a role 

in the wetland capacity to provide environmental benefits (Marton, Fennessy, and Craft 2014). For 

instance, in a study developed by Marton et. al. (2014), it was observed that surface soils, from 5- 

to 10-year-old restored wetlands provided less water quality benefits, such as N and P removal by 

denitrification and sorption, respectively, in comparison to natural features.  

Wetlands with higher hydrological connectivity, that overflow more frequently, will have a 

higher change to provide environmental benefits, and a higher change to influence the hydrology 

downstream than features that are more hydrologically disconnected (Marton, Fennessy, and Craft 

2014).  With the use of artificial drainage, small temporal depression such as pothole tend to be 

considered hydrologically disconnected once the water load is removed from the depressions 

before these have the chance to overflow. 

Research in restored prairie has shown that the impacts of potholes in the environment are 

better observed in field, rather than large scale. Results of conservation of prairie landscape in the 

Neal Smith National Wildlife Park (NSNWP), Iowa, have shown progress in the understanding of 

infiltration, reduced nitrate and P concentration, and decrease in sediment transport in plot scale 
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(Schilling and Drobney 2014). However, more research is necessary in the assessment of watershed 

scale. 

Restored native grassland has shown to have a higher capacity to mineralize carbon and 

perform denitrification in relation to corn-soybeans vegetation, according with a study in the 

NSNWP (Iqbal et al. 2014). In the study, denitrification and carbon fixation of a 19-year restored 

grassland was compared with scenarios corn-soybeans rotation with and without buffers. 

2.7.  Hydrological Models 

Hydrological models are important tools to improve the quantitative understanding of the 

hydrological cycle in different scales and scenarios (Yuan, Bingner, and Rebich 2003; Taguas et al. 

2012; Que et al. 2015). These generally simulate observed conditions with the use of empirical 

equations, but some aspects vary from model to model (Moriasi and Wilson 2012). There are 

several models available, and the selection of one is a function of the application, data availability, 

scale of analysis, ability to model special features (i.e. buffers, wetlands), level of complexity, the 

watershed under assessment, among others.  

Calibration and validation consist of important steps to test whether models are able to 

generate consistent data, in other words, if their results that replicate conditions observed in the 

reality. In these two steps, observed data is compared with simulated, and some inputs of the 

models are changed to until the best fit is observed. There is not an universally accepted method of 

calibration and validation, these vary according with the quality and extent of observed data, 

hydrological model used, among other factors (Moriasi and Wilson 2012). 

For this project AnnAGNPS was selected. More information about the model is available in 

Chapter 4. 
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 SITE MONITORING AND DEM ANALYSIS 

3.1. Objectives 

In this chapter site investigations and data collection developed will be discussed, in prior to 

pothole modeling. The objective is to describe the study-area, to illustrate how the observed data of 

water depth variations were collected during 2014; and to describe the methodology used to 

compute pothole volume and area as a function of pothole depth-elevation. In 2014, data was 

collected to generate more information about pothole hydrology, to potentially be used in the 

calibration of the hydrological model used in pothole assessment. The methodology developed to 

estimate the volume-area-depth relationship required the assessment of a high-resolution DEM, 

which its source is also discussed here, and the results will be discussed in chapter 6. 

3.2. Site Monitoring 

Two potholes located in a single farm field straddling adjacent watersheds just outside of 

Ames, IA were assessed to quantify their surface water storage potential. The field site is located in 

the Des Moines lobe region, located in Story County, and is conventionally managed in a corn-

soybeans rotation. The original vegetation consists of prairie, a vegetation with a higher biomass 

production in relation to corn and soybeans. There is no accurate record of the date of conversion 

from prairie to agricultural systems of the field, but records suggests that Story County was one of 

the first counties to be converted to agriculture land (Hewes and Frandson 1952). It suggests that 

this region is far from its original conditions, with several decades without a diverse vegetation, 

and through intense soil disturbance and compaction. Potholes might me one of the few 

components of the pre-settlement PPR region that are still present in the field. 

The location of the Walnut and Worrell Creek HUC-12 watersheds in relation to the Des 

Moines Lobe is available in figure 1-1. For reference in this project, we named the potholes 

according the watersheds in which these are located. These two watersheds were selected for the 

study because their high concentration of potholes, and the existence of observed data of water 
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depth variation for the years of 2010 and 2011 in two potholes in the area. This data will be used 

for the validation of the model, more information is available in Chapter 4. 

As illustrated in figure 1-2, the potholes are located near the boundaries of their respective 

HUC-12 watersheds. Because of the flat landscape, the drainage area of potholes tend to merge as 

their distance of the watershed boundary increases, which is expected once the drainage area of a 

pothole located downstream may include other potholes upstream, and their respective drainage 

area. This is related with the “fill and spill” mechanisms of in the PPR (Winter and LaBaugh 2003; 

Huang et al. 2011), caused by the subtle variatons in the DEM. Furthermore, potholes near the 

boundaries of the watershed are likely to receive water from precipitation and runoff, while 

features towards the center will probably be more prone to changes in ground water fluctuations 

(Whigham and Jordan 2003; Sloan 1972; Leibowitz 2003). 

In the 2010 and 2011 growing seasons, a pressure transducer was installed at or near the 

bottom of each pothole, and the depth of ponded water was derived from the transducer data on an 

hourly basis (Logsdon 2015).  In 2014, the features were visited from April to August of 2014, 

following rainfall.  When observable standing water was present, the perimeter of the flooded area 

was walked with a GPS unit (Magellan 210), and translated to an inundation map with ArcGIS 

(ESRI 2015). The inundation map was used to estimated volume storage and surface area of the 

collected data.  Later than August, data collection was compromised by the dense vegetation in the 

field.   

The data collected in the years 2010 and 2011 were on a continuous basis, whereas the 2014 

data was collected at a single time at a daily frequency when ponded, if possible. Because of 

consecutive days of rainfall, it was not possible to collect data in the following day of the 

precipitation event in some situations. The great advantage of the transducer dataset is that it was 

possible to capture the maximum water storage of each ponding event, since the transducers 

measured hourly water variation. In the GPS data, since observations were collected after rainfall 

events, it is likely that some volume was lost by evapotranspiration and drainage before the site 

was visited. Observed data collected during 2010 and 2011 were converted from hourly to daily to 

allow comparison with data generated by the model, which has a daily timestep. Figure 3-1 

illustrates a picture of when these are filled with water, taken in 2014. In all the three years in 
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which observed data was collected, standing water was observed in the features at some point 

during the growing season.  

 

 

Figure 3-1: Example of potholes surface water storage after intense rainfall events. A) Worrell 

and B) Walnut potholes. The red circle notes the surface inlet in the Worrell pothole. 

A)

B)
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Figure 3-1 illustrates Walnut and Worrell potholes in two different stages of plant 

development. Figure 3-1A illustrates Worrell pothole in early July, when the plants had already 

started to grow. In this image, it is possible to see the surface inlet in the Worrell pothole, with 

detail in the surface intake, represented by the red circle. In figure 3-1A, it is possible to affirm that 

the drainage system was not able to maintain high rates of infiltration, since surface water was 

observed in the pothole for consecutive days. In figure 3-1B, Walnut is shown in late May, when 

the plants had been planted in the field not long before this inundation event.   

The Worrell pothole is comprised of two depressions, referred to as “Worrell-Road”, and 

“Worrell-Field”, as shown in figure 3-2. These are frequently distinct, but merge under high 

ponded depth.  Two surface inlets connected to the drainage system are presented in the Worrell-

Field pothole. During data collection, it was observed that Worrell-Road would constantly be 

inundated for longer periods in relation to Worrell-Field, probably as a consequence of the inlets in 

Worrell-Field. The Worrell-Road pothole does not have a surface inlet, nor does the Walnut 

pothole, but both are known to be underlain by subsurface drainage lines.  

 

Figure 3-2:  Location of Worrell-Field (W-F), Worrell-Road (W-R). 
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Subsurface tile drainage systems are installed to keep soil moisture below field capacity and 

consequently enable a better plant development. The use of tile drainage can decrease the time it 

takes for water to leave the field, reducing field-scale inundation problems but potentially 

increasing flood problems in the drainage districts, because water from different locations are 

drained there. There was no record of subsurface tile lines location in the field, therefore, aerial 

photos were investigated to infer their potential location, and to understand and estimate the 

potential impacts of artificial drainage in the potholes. Figure 3-3 illustrates the potential location 

of the tiles according to aerial photo interpretation.  

 

Figure 3-3: Potential tile locations. A) Aerial photo taken in 2014 as a part of a project in which 

the objective was the identification of tile drains with the use of aerial photos; B) mapped 

potential position of the tiles in the field. 

In figures 3-2 and 3-3, the potholes are visible in aerial photos taken near the beginning of 

the growing season of the years of 2014 and 2013, respectively, before significant development of 

the plants. In the pictures, it is possible to observe darker areas in the middle of the features, which 

A) B) 
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indicate higher moisture content in the soils. In the volume storage assessment, Worrell Field and 

Worrell Road will be assessed separately and together, since these tend to start storing water 

separately, but shortly connect in the case of higher runoff generation. 

In addition to water depth in the potholes, soil and water quality data were collected, to 

estimate potential soil detachment and deposition, and water quality effects in the potholes. Soil 

samples were collected in different locations in the microwatersheds (Appendix B). Water quality 

data was collected when water was accumulated in the surface, which results in the collection of 

water quality data was collected for multiple days in a row, after some intense rainfall events 

(Appendix A).  

3.3. Observed Pothole Hydrology   

In this section, the number of inundation days, or hydroperiod, during the growing season 

of 2014 will be discussed. This data was collected for potential model calibration or validation, and 

to collect more information about pothole hydrology. The features were constantly visited, in 

particular after rainfall events of different intensities and durations. Generally, the potholes 

accumulated water after intense rainfall events. However, during wet conditions, water ponded 

with less intense precipitation, as discussed in previous papers (Roth and Capel 2012; Sloan 1972).  

In the observed data collected for this project, there were 18 and 13 days of inundation for 

Walnut and Worrell potholes respectively, occurring at different growth stages of the plants within 

the pothole. For instance, some of the main events observed happened in early May, and late June. 

Figure 3-4 show the water extent in early May.  
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Figure 3-4: Example of consecutive inundations in the potholes collected in the days 21-23 May 

2014. 

As illustrated in Figure 3-4, in some of the events water would stay ponded for multiple 

days. For instance, in the Walnut pothole, from the 18 days in which water was observed in the 

feature, 9 represented the first visit, 4 the second, and the rest for the third, fourth and fifth visit. It 

indicates that the potholes held water for consecutive days, but for most times it would infiltrate/ 

evaporate within one day.  

For the Worrell pothole, from the 18 days in which water was observed in the feature, 6 

represented the first visit, 3 the second, and the rest for the third, fourth and fifth visit.  There was 

one event that water lasted for more than 3 days in both potholes, following the July 30th rainfall of 

about 40 mm. After this event, water stayed in the same elevation for two days, which indicates 

that the tile lines were overloaded, and the drainage system was not effective. As discussed 

3
1

2

313

313.1

3
1
3
.2

311

313.3

313.4

3
1
1

.9

311.8311.5

3
1
1

.4

312.3

31
2.

4

312.5

312.6

312.9

312.7

312.8

3
1
1

.3

3
1
4

3
1

0
.9

310.8

313.5

3
1
3
.6

31
3.

7

31
3.

8

313.9

3
1
4
.1

3
1
4
.4

31
4.

3

3
1
4
.5

314.6

3
1
4
.2

31
0.

5

310.4

310.3

315
314.7

3
1
1

.1

310

314.8

3
1

0
.6

3
1

2
.1

3
1
4
.9

312.2

311.2

311.7

3
1
1

.6
3

1
0

.7

309.9

3
1

5
.1 31

5.
2

3
1

0
.1

315.3

3
0
9
.8

3
1
0
.2

3
1
5
.4

315.5

3
1
5
.6

3
1
0

3
1
1

.7

310.7

312.2

311.2

312.6

312.2

313.7

311.1

311.5

313.8

3
1
0
.6

312.2

311.1

315

3
1
2
.2

3
1
4
.1

311.2

314

31
3.

6

312.2

314.4312.1
311.9

3
1
2
.1

310.5

3
1
0
.1

3
1

2
.7

311.1

311.4

3
1

0
.7

3
1

3
3

1
2

311.7

311.7

3
1
4
.2

311.4

3
1

3

3
11

.6

310.6

3
1
1

.1

3
1

2
.5

312.2

311.7

3
1
1

.7

3
0
9
.9

3
1

0
.7

3
1
1

.6

3
1
2
.2

310.5

3
11

.6

3
1
1

.7

312.5

310.2

312.2

3
1

0
.1

310.8

3
1

0
.1

315.2

3
1

3
.1

3
1
1312.1

311.2

31
2.

1

3
1

2
.3

313.6

310.6

3
1
3
.9

311.8

310.6

3
1
1
.2

3
1
5

3
1
4
.9

3
1
2
.1

3
11

.1
310.7

3
1

0
.7

3
1
2
.1

313.1

312.1

3
1
0
.7

311.7

3
1

3
.1

312.5

3
1
1

.2

311
.4

313.8

31
4.

4

3
1
1

.6

310.6

311.6

3
11

.1

3
1

3
.5

311.1

314.7

311.2

3
1
4
.3

31
3.

6

3
1

2
.6

31
1.

9

314.4

311.6

3
11

.6
314.2

311.7

311.3

312.6

31
2.

2

312.2

3
1

3
.4

313.5

312.8

312.1
3
1
4
.3

3
1

4
.1

312.1

310

3
1
0
.4

311.1

311.1

311.1

311.5

311
.8

312.9

311.6

311.4

3
1
1

311.7

3
1
2
.2

312.1

315.1

3
1
1
.6

311.7

31
2.

5

3
1
3
.2

3
1
2
.2

311.2

3
1
2

314

310.3

313.4 3
1

3
.2

312.2

3
1
3
.3

312.1

312.1

310.1

311.8

311.6

31
2.

3

312.4

3
1
2
.2

313.3

310.3

314.5

311.7

3
1
2
.8

311.2

3
1

3
.5

311

313.1

313.9

314.5

312

313

311.2

310.7

311.1

312.2

3
1
2
.1

311.1

310.6

3
1
2
.2

313.3

3
1
0
.6

311.3

311.1

314.1

31
2.

2

313.7

311.4

312.4

3
11

.2

312

311.5

310.1

310.9
3

1
1

.7

31
2.

7

Legend

Worrell May 21st

Walnut May 21st

Walnut May 22nd

Worrell May 22nd

Worrell May 23rd

Walnut May 23rd

Depressions¯
0 0.1 0.20.05 Miles



37 

 

 

previously, the Worrell pothole is expected to drain faster due the presence of the surface inlet, 

which explains the fewer days of ponding in this feature despite of a higher drainage area. 

Regarding water depth variation, water elevation reached 0.4 and 0.6 meters in Walnut and Worrell 

pothole, respectively. Table 3-1 gives the number of days of ponding, as well as the maximum 

depth and volume stored in the growing season of 2014.  

Table 3-1: Summary of data collected in 2014. 

 Inundated days Maximum elevation in m (in) 

Walnut 18 0.6 (23.6) 

Worrell 13 0.4 (15.7) 

In respect of the observation collected in 2014, it is possible to say that the potholes 

inundated enough time to compromise plant development in the area (according with site visits it 

was possible to confirm that no crops were harvested in the area). Inundation usually starts in 

March and can occur in December, depending of the year. However, the illustration of the collected 

data is available from May to July. Later in the year, it was not possible to collect points with the 

GPS due the development of the plants.  

As discussed, points were collected with a GPS by walking in the surroundings of the 

potholes. Based in the elevation of the points in relation to the topography, the depth of water was 

visually estimated according the location of the points, and the volume computed. The following 

section gives explanation of the procedures involved in the computation of elevation depth, surface 

water, and volume accumulated in the potholes. 

Information about the data collected in 2010 and 2011 will be discussed during the 

calibration of the model, in Chapter 8. 

3.4. DEM-based assessment of maximum storage volume: 

Pothole connectivity is observed when potholes exceed their maximum storage capacity and 

overflow (Marton, Fennessy, and Craft 2014). To address the maximum storage capacity of 

potholes before overflow, a high-resolution Digital Elevation Model (DEM) was assessed. This 

information gives insights about the volume potholes can retain, which is not part of the volume 
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loaded into the outlet or part of the peak flow rate. Retained water can be released at lower rates 

(Drake 2014), or infiltrated. Ideally, maximum storage capacity should be assessed frequently 

because of DEM changes caused by sedimentation (Euliss and Mushet 1996; R. A. Gleason et al. 

2007; R. A. Gleason and Euliss 1998).  

The topography of the area is relatively flat, with mean slopes of 2.1 and 2.2% for the 

Walnut and Worrell drainage areas respectively. The elevation varied from 309.8 to 315.8 for both 

microwatersheds, indicating a 6 meters variation. More detail about the generation of the DEM and 

the microwatersheds by the model is discussed in Chapters 4 and 6 respectively. 

3.5. Summary  

In this section, the site in which the potholes are located, and the procedures used for 2014 

data collection were described. Three important components of the assessment were discussed, site 

description, data collection, and DEM assessment, used to estimate pothole maximum volume 

storage capacity, and discussed in further chapters. This information is useful for a better 

understanding of the site, and will be used for the calibration of the model. 
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 MODELING WITH ANNAGNPS 

4.1. Objective 

The objective of this section is to describe and to discuss some relevant components of the 

AnnAGNPS  hydrological model, as well as some particular considerations for the study of prairie 

potholes. The first step of the hydrological assessment, which consists of the DEM analysis by 

AnnAGNPS and generation of hydrological units and reaches, consists of the most important 

output of this section. This created data will represent the input with the topography information in 

the modeling process. The description of the inputs required are available here, however, accurate 

information will be described in further sections (Chapter 5). 

4.2.  AnnAGNPS Model 

The model selected for this project was Annualized Agriculture Non-Point Source 

(AnnAGNPS). This watershed evaluation tool was developed through a collaboration between the 

USDA Agriculture Research Service (ARS), and the USDA Natural Resources Conservation 

Services (NRCS) (Yuan et al., 2003). AnnAGNPS is a watershed scale, continuous simulation, 

daily time step model, and was selected for this project because its applicability to small scale 

watersheds, and for being able to produce satisfactory results for the Midwest United States (Yuan 

et al. 2011).  

In this project, the model is used to estimate the hydrology associated with the potholes. 

Some of the generated information include: pothole hydroperiod, water balance, depth variation, 

water volume storage, and connectivity analysis. 

4.3.  AnnAGNPS Assessment 

The first step of the modeling process consists in the assessment of the DEM of the 

microwatersheds, and the generation of the hydrological units, also referred as cells.  For this step, 

the model uses the Topographic ParameteriZation program (TOPAZ), which is run by an 

application called TOPAGNPS. Apart from the generation of the cells, this model will generate 

geographical files, useful for hydrological assessments. These include the study of runoff flow 
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representation, flow accumulation, etc. These files are generated in the “.ascii” extension, which 

can be opened in ArcGIS. Nevertheless, AnnAGNPS has a GIS interface in which it is possible to 

open the files generated by TOPAZ, and to add information about soil, land use and weather of the 

study area. Figure 4-1 illustrates the AGNPS input graphical editor provided by the model. In this 

figure, it is possible to observe an example of the cells file generated by the model for Walnut and 

Worrell microwatersheds. 

 

Figure 4-1: AGNPS GIS tool representation of the files generated in Walnut and Worrell 

watersheds, with TOPAZ, the program in AnnAGNPS responsible to process the DEM.  

In figure 4-1 the DEMs overlap because the AGNPS GIS tool created the files based in the 

DEM uploaded into the model, therefore, all the files created will have the same extent as the 

DEM. Other files created include flow network of the entire DEM, and within the 

microwatersheds. Then, once the hydrological units are generated, it is possible to import soil and 

management layers, which the model will overlap with the geographical information of the cells, 

and update the inputs in an automated way into the folder describing the generated cells. More 

detain about the  



41 

 

 

To capture the detail of these microwatersheds, the model allows the user to enter the 

maximum AnnAGNPS cell area, which will be treated as a homogeneous unit by the model, and 

maximum reach length for uniform surface flow. These are denoted “Critical Source Area” (CSA) 

and “Minimum Source Channel Length” (MSCL). The division of the cells by the model happens 

according the DEM hydrological patterns suggested by AnnAGNPS, and the user enters CSA and 

MSCL values according the size of the watershed, and the level of spatial detail desired.  The 

selection of these thresholds are important once all water load is produced by the cells, and is 

transported by the reaches.  

Here, the CSA was 1 hectare (2.5 acres), or the maximum cell generated had 1 ha, and the 

MSCL was 10 meters (33 feet). Higher CSA and MSCL values would not generate cells/reaches, 

and smaller values would produce a high number of them, which would not add much in the 

characterization of the area, since the microwatersheds are within field boundaries, with little 

variability. In larger watersheds, cells can amount to several acres, and the reaches will often 

correspond to the rivers or continuously flowing channels. For this project, however, all the cells 

are within field boundaries and the reaches will indicate the preferential paths of surface water 

flow. The objective of the division of the drainage area into cells is to represent the runoff spatial 

variability, since different sections in the watershed will have different runoff patterns. For each 

cell, parameter values describing soil, land cover and weather are attributed according to input data 

to be described in further sections.  

The model will generate different drainage areas depending on the selected outlet.  Because 

the outlet of the pothole is not obvious, we used an iterative process to select the final outlet, 

having AnnAGNPS generate different drainage areas, and then visually assessing whether or not 

this was reasonable for our application.  The criteria for outlet selection was microwatershed size 

and pothole location, since the objective was to create the minimum drainage area, in which all the 

pothole was included. Figure 4-2 illustrates the watersheds generated by TOPAZ. These were 

converted into a shapefile, to be opened in the ArcGIS software. In this figure, it is possible to 

observe the hydrological units associated with the microwatersheds of each pothole.  
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Figure 4-2: Microwatersheds generated by AnnAGNPS. Grey lines represent the cells within the 

microwatersheds. 

Eleven and 49 cells were generated for Walnut and Worrell potholes respectively. As 

discussed, the drainage areas computed by AnnAGNPS for Walnut and Worrell potholes 

correspond to about to 9.5 and 40 hectares (24 and 100 acres) respectively. AnnAGNPS generated 

6 and 22 reaches for Walnut and Worrell, respectively. The output generated consists of comma-

separate-values (csv) files, one for the cells and one for the reaches. The csv files containing the 

cells generated, will have the attributes about the topography of each cell (i.e. area, slope, average 

elevation, etc), information about the reach in which the generated runoff will be loaded, and with 

no information about soil and management. These will be filled by the model in a further step, 

based in the information about soil and land cover. In relation reach csv files, these will mainly 

contain topography information, and will not be required to be updated by the user. 

Legend

Potholes

Walnut Watershed

Worrell Watershed

0 0.15 0.30.075 Miles¯
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The cell and reach files will be responsible for accounting for the topography in the runoff 

estimation by AnnAGNPS. After this point, it is possible to start the characterization of other 

aspects of the microwatersheds. More information about the inputs is available in Chapter 5.  

The model requires inputs such as runoff curve values, and management. Some input 

samples are available when the model is downloaded and can be used in case the user does not 

have access to data of his/hers area of study. Figure 4-3 presents the necessary inputs for 

AnnAGNPS.  

 

Figure 4-3: AnnAGNPS input data (Yuan et al. 2011). 

Figure 4-3 illustrates some options of inputs that are required in the simulation, and some 

that can be simulated by AnnAGNPS if observed in the site, such as feedlots and gullies. For this 

project, the only optional featured discussed is the wetland. More information about AnnAGNPS 

inputs and computations is available in Bingner, 2011.   
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4.4. Hydrological Components 

Runoff generation happens through an algorithm based in the SCS curve number model 

(“Urban Hydrology for Small Watersheds TR-55” 1986), with an extension in relation to its 

original application, once it is computed in a continuous basis, and accounts for a variable soil 

moisture content in AnnAGNPS simulation. The mathematics and quantitative effects can vary 

somehow, but the estimation of water retention after runoff initiation (S), and runoff (Q) are 

internally computed by the model. AnnAGNPS computes runoff, percolation, evapotranspiration, 

lateral subsurface flow, and tile drainage flow separately, then updates daily soil moisture estimates 

using a water balance approach, as given in equation 4-1. 

SMt+1 = SMt +
WIt − Qt − PERCt − ETt − Qlat − Qtile

Z
 

Equation 4-1 

where SMt+1 = moisture content for each soil layer at end of time period (fraction); WIt = 

water input, consisting of precipitation or snowmelt plus irrigation water (mm); Qt = surface runoff 

(mm); PERCt = percolation of water out of each soil layer (mm); ETt = potential evapotranspiration 

(mm); Qlat = subsurface lateral flow (mm); Qtile = tile drainage flow (mm); Z = thickness for soil 

layer (mm); and SMt = moisture content for each soil layer at the beginning of time period 

(fraction). 

Surface runoff consists of the amount of soil moisture leaving the soil in a given day, and 

remaining soil moisture can be lost by ET or be added to soil moisture for the next day 

computation. Soil moisture of a given day determines the effect of curve number (CN) values in the 

area; therefore, it is directly related with surface and subsurface runoff patterns. The CN is adjusted 

every day, based in soil fraction of saturation.  The CN for average conditions (CN2) is defined by 

the user, and, based in soil moisture conditions, the one for dry (CN1) and wet (CN3) conditions is 

computed internally by the model according soil moisture values of a given day. For each moisture 

condition, the model will compute different retention values. CN values will vary in two different 

situations, when i) a new value is given in the management schedule, and ii) newly planted 

vegetation is in its active growth phase. 
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The main difference is that adaptations were included to account for the fraction of 

saturation of the soil top two layers, as well as their wilting point. Then, the variation from a higher 

water retention (S1) varies smoothly to lower retention values (S3). The retention is considered the 

minimum when the soil is frozen (S3). After the estimation of S for a given day, the runoff will be 

computed according equation 4-2. 

𝑄 =
(𝑊𝐼 − 0.2𝑆)2

WI + 0.8S
 

Equation 4-2 

where Q = runoff (mm); S = water retention in the soil (mm); and WI = water input to soil 

(mm). Case WI < 0.2S, runoff will be considered zero. Runoff volume generated by the cell is then 

computed by multiplying the computed Q to the cell area. 

Subsurface flow consists of the lateral subsurface flow and tile drain flow. It will only occur 

when either an impervious layer, or a subsurface tile drainage system is indicated by the user. 

AnnAGNPS assumes that surface runoff and subsurface flow produced by the cells will merge in 

prior to be loaded into the features. It consist of a limitation because it was not possible to simulate 

scenarios in which the cells are artificially drained, once the load in the outlet would be higher, 

since annAGNPS assumes that the water load produced by the watershed will be drained to the 

outlet of the watersheds. It can be true for larger watersheds, but is not consistent with the 

assessment of pothole microwatersheds, in which drained water flows to the drainage districs, 

outside the extent of the microwatersheds. 

Reference evapotranspiration (ETO) is computed on a daily basis with the Penman-Monteith 

equation, and is then adjusted for crop evapotranspiration (ET) through a crop coefficient 

procedure. More information about equations used in the computation ET parameters can be found 

in the model documentation included in the model download, and in FAO (1998). 

4.5. Scenarios  

In this thesis, two scenarios were assessed: the current condition, corresponding to the 

actual conditions observed in the field, and a conserved scenario investigating the potential effects 

of the potholes if tiles were removed, and crops replaced by grass vegetation. Calibration and 

model efficiency are discussed for the current condition, since there is observed data for 
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comparison. The calibration parameters (discussed in Chapter 6) were retained in the conserved 

scenario. In this field, the known subsurface drainage is within or near the potholes, therefore in the 

conserved condition, there is no drainage system in the field.  

Ideally, other scenarios including drainage in the microwatersheds were proposed, however, 

since the model considers drained water produced by the cells to merge with surface runoff, it does 

not capture the real impact of microwatershed drainage, a reduction in the load into the potholes. 

4.6.  Summary 

In this section, the aim was to describe relevant aspects of the modeling process with 

AnnAGNPS, list some of the assumptions used in the first phase of the simulation, and to briefly 

describe the scenarios proposed in the pothole modeling process. Here, the microwatershed 

topographies were assessed to generate cells and reaches of each microwatershed. Until this point, 

the only input analyzed was the DEM. 

Runoff volume is generated by the cells, and its flow path on the watershed is determined 

by the location of the reaches. It is estimated by the model based in the water content of the soil, 

and the CN method is used to for the estimation of runoff of areas of different runoff generation 

patterns. Two scenarios were investigated: current, for which the model was calibrated, and 

conserved, to estimate the impact of landscape conversion from crop land to wetland vegetation in 

pothole hydrology. 
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 DEVELOPMENT OF MODEL PARAMETERS FOR 

THIS STUDY 

5.1. Objectives 

The objective of this section is to provide an overview of the inputs and assumptions used 

in the watershed characterization to investigate pothole hydrology. Some relevant calculations 

computed by the model in the pothole assessment will be discussed, for a better understanding of 

the results generated by AnnAGNPS, and discussed in Chapter 7. Detailed information about the 

model procedures can be found in the Technical Documentation file, downloaded with the 

program. 

5.2. Climate 

Complete daily climate data is necessary to perform the simulations, and the quality of this 

data will determine the reliability of model results, since it is the main driven force of the 

hydrological cycle. The detailed weather data was obtained from the USDA ARS for most years, 

from station IAWC702, located within 5 kilometers from the site, as illustrated in Figure 5-1. 
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Figure 5-1: Location of weather stations surrounding the site. 

Though station IAWC701 is closer to the field site, as seen in figure 5-1, this station logs 

rainfall and temperature only, whereas IAWC702 includes the full set of meteorological data 

required for the model. There was 25 years with complete data, from 1992 to 2014 (USDA 2014). 

Table 5-1 illustrates the weather data required by the model, and its respective unit.  

Table 5-1: AnnAGNPS weather data required for simulation. 
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For 2010, the precipitation data used was collected at the field site through another project on 

which Amy Kaleita was a co-PI (Logsdon 2015).  Overall, the precipitation records between the 

stations on site and 702 were similar, but usually with a lag in the beginning of the rainfall, 

probably because of the distance between stations. The 2010 weather was useful in the comparison 

of observed and simulated water-balance. No rainfall data in the field station was available for 

2011. Figure 5-2 illustrates the precipitation variation for the assessed years. 

 

Figure 5-2: Precipitation variation data from 1992 to 2004. 

None of the available weather data included sky cover, required by the model.  Sky cover 

information was therefore generated by a weather generator included in the AnnAGNPS (agGEM). 

This impacts the ET computed by the model, and is one source of potential errors in the results.  

5.3. Soils  

As discussed in Chapter 4, soil information was downloaded from the SSURGO website, 

and updated into AnnAGNPS GIS interface for determination soil variability in the 

microwatersheds. Soil properties influence the water volume stored in the landscape, and therefore, 

the runoff generation. Here, we discuss the hydrologic soil group, and the percentage of each soil 

observed in the microwatersheds, in relation to the soil distribution according AnnAGNPS. 

Hydrologic soil group is related with the runoff potential of the soils, which is divided into four 

groups, A, B, C, and D. Soils classified as “A” will tend to have a high infiltration rate, and low 
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runoff potential, while “D” soils will likely have a very slow infiltration rate, with a potential high 

of runoff generation. Table 5-1 illustrates the soils observed in Walnut microwatersheds, their 

hydrologic soil group, and the comparison between the actual watershed soil characterization in 

relation to the interpolation computed by the model.  

Table 5-2: Walnut microwatershed soils current condition. Source: Web Soil Survey website 

(http://websoilsurvey.sc.egov.usda.gov/). 

Map 

Symbol 

Soil Hydrologic 

Soil Group 

AnnAGNPS 

Percentage Area (%) 

Actual Percent 

Area (%) 

6 Okoboji silt clay 

loam, 0 to 1 percent 

slopes 

B 4.5 14.6 

55 Nicollet loam, 1 to 3 

percent slopes 

C 39.7 25.7 

95 Harps loam, 1 to 3 

percent slopes 

B 2.8 7.3 

138C2 Clariom loam, 5 to 9 

percent slopes, 

moderately eroded 

B 10.5 7.4 

507 Canisteo clay loam, 

0 to 2 percent slopes 

C 27.9 27.2 

L138B Clarion loam, Bemis 

moraine, 2 to 6 

percent slopes 

B 14.7 17.7 

In comparison to the actual soil distribution in the watershed, there are more areas classified 

as Nicollet, and less areas classified as Okoboji. It might cause a higher volume generation by the 

model, since a higher fraction of the area will be classified with “C” hydrological group instead of 

“B”, which has a higher runoff generation potential. Soils of Worrell microwatersheds are available 

in table 5-3. 
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Table 5-3: Worrell microwatersheds soils current condition. Source: Web Soil Survey website 

(http://websoilsurvey.sc.egov.usda.gov/). 

Map 

Symbol 

Soil Hydrologi

c Soil 

Group 

AnnAGNPS 

Percentage Area 

(%) 

Observed 

Percent Area 

(%) 

6 Okoboji silt clay loam, 0 to 

1 percent slopes 

B 5.6 5.2 

55 Nicollet loam, 1 to 3 

percent slopes 

C 27.1 23.8 

95 Harps loam, 1 to 3 percent 

slopes 

B 6.2 6.6 

107 Webster clay loam, 0 to 2 

percent slopes 

B 3.2 6.3 

138C2 Clariom loam, 5 to 9 

percent slopes, moderately 

eroded 

B 19.9 11.2 

507 Canisteo clay loam, 0 to 2 

percent slopes 

C 14.8 22.1 

L138B Clarion loam, Bemis 

moraine, 2 to 6 percent 

slopes 

B 23.2 24.9 

The main differences between observed and simulated in Worrell pothole is the Clariom 

soil, in which the model practically doubles its size; and in Canisteo, that is missrepresented. It 

indicates that the model will consider more areas classified as “B” hydrological soil group than the 

reality, therefore, the microwatershed simulation results might indicate the generation of less runoff 

in relation to the reality. The actual percentage of each soil in each of the microwatersheds was 

determined by uploading the shapefiles of the microwatersheds, in the Web Soil Survey website. 

Figure 5-3 illustrates the soil characterization of Walnut and Worrell microwatersheds by the 

model.  
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Figure 5-3: Soil characterization by AnnAGNPS. In the figure it is possible to observe the soil 

attributed to each in the microwatersheds. 

Overall, AnnAGNPS was able to characterize the soils of microwatersheds at this scale, 

which can be seen by similar percentages of soils observed in the basin, and the soils determined 

by AnnAGNPS. Nevertheless, potential misrepresentations can be addressed in the calibration 

process, to improve basin characterizations.  

5.4. Management 

This field site is owned and operated by Iowa State University, so field boundaries and crop 

rotations are known. Detailed management schedule records were not promptly available, so we 

consulted the State Agronomist of Iowa, who shared the usual schedule of Story County, which we 

then assumed for this project. For the study area, while the entire area is under a corn-soybeans 

management, there are two portions of the field; when one is in corn the other is in soybeans (the 

divide can be seen in figure 4-2).   
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Each operation listed in the schedule must be detailed in an additional management file.  In 

this file, the potential effects in the soil caused by each operation was listed. Ten types of effects 

can be selected, some examples are disturbance of the soil, and removal of residue from the field. 

AnnAGNPS has a default file available regarding the impacts of the operations, which can be 

changed by the user according observed conditions. In this project, we used the default operations 

file.  This information is not listed in this thesis, but can be found in the AnnAGNPS 

documentation.  Table 5-4 gives the land management schedule we assumed for this project.  The 

year listed in the date refers to the year within the rotation, spanning a total period of three years.   

Table 5-4: Management schedule used in the watershed characterization. 

Year Date (m/d/y) Operation Vegetation 
Yield 

(bushels/acre) 

1 Nov. 1 Fertilizer application   

2 May 1 Cultivator   

2 May 2 Sprayer pre-emergence   

2 May 3 Planter Corn, grain 125 

2 Jun. 7 Sprayer; post emergence   

2 Oct. 20 Harvest   

2 Nov. 1 Chisel plow; disk   

3 Apr. 28 Disk; tandem light   

3 May 1 Cultivator   

3 May 10 Sprayer; pre-emergence   

3 May 11 Planter; double disk Soybeans 25 

3 Jun. 7 Sprayer; post emergence   

3 Aug. 1 Sprayer; insecticide   

3 Oct. 10 Harvest   

Table 5-2 begins with a corn year.  Some sections of the field began with a soybean year, 

for which the schedule is adjusted accordingly. Because the model considers the cells to have 

homogeneous properties, management and soils of the microwatersheds can be missrepresented. 

For instance, a cell with 20% corn, 20% soybeans, and 40% retire will be considered 100% retire 



54 

 

 

by AnnAGNPS, since it is the predominant condition. Therefore, in project, we tried to attribute in 

AnnAGNPS similar areas for each management, in relation to the observed condition. Table 5-5 

illustrates the percentage attributed to each different schedules in the study area according with 

AnnAGNPS, and to the observed conditions. 

Table 5-5: Area corresponding to different managements in the field for the current condition. 

Management Area in m2 (acres) AnnAGNPS 

Percentage Area (%) 

Observed Percentage Area (%) 

CSCS 64409 (15.9) 12.9 17.13 

SCSC 433213 (107.0) 87.1 80.46 

In the simulation of the current conditions, the cell management classificarion was simpler, 

which was not the same in the assessment of the conserved scenario. For the conserved conditions, 

the potholes are considered to “retire”, in other words, to be taken out of production.  In this 

scenario, no agricultural crop is planted within the extent of the potholes, and no field operations 

take place in that area. Instead, potholes are considered to have a weedy wetland vegetation, and 

subsurface tiles are considered to be disconnected. The area of the potholes are 3 and 5 hectares, 

respectively for Walnut and Worrell potholes. In AnnAGNPS, we attempted to consider the 

pothole area as conserve. Table 5-6 illustrates the percentage of the microwatershed area attributed 

to each management of Walnut and Worrell for the conserved condition. 

Table 5-6: Walnut and Worrell Management distribution for the conserved condition. 

Pothole Management Area (acres) AnnAGNPS Percentage Area (%) 

Walnut Retire 33189 (8.2) 34.6 

SCSC 62866 (15.5) 65.4 

Total 96055 (23.7) 100 

Worrell CSCS 64409 (15.9) 16.1 

Retire 52957 (13.1) 13.2 

SCSC 283773 (70.1) 70.7 

Total 401139 (99.1) 100 
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In table 5-5 the observed percentage area is not represented, because the conserved 

condition consists of a proposed scenario for the estimation of pothole conservation. It was not 

possible to retire the exact area of the potholes because the cells have fixed format, which not 

allowed taking in consideration the shape and size of the potholes. Figure 5-4 illustrates the spatial 

distribution of the management in the field in the current and conserved management condition.  

 
 

Figure 5-4: Spatial distribution of the management in A) current and B) conserved conditions for 

both potholes. 

In figure 5-4B, it is possible to observe that in the Walnut conserved scenario, the retired 

cells are distant from the actual location of the pothole. Because of the shape of the cells of this 

microwatershed, it was not possible to classify cells in the middle as retire, without losing a 

consistent proportion of the pothole area and the retired cells. Unlike in Worrell microwatershed, 

there are fewer cells, and these commonly extent from the boundary of the watershed to its center. 

Therefore, it was assumed that the converted cells would be located toward the outlet, where soil 

moisture is likely higher than in upper areas. 

The assumption of the retirement of the potholes is more realistic, once the natural 

vegetation would likely need several years to re-stablish in the area (Brown and Bedford 1997). For 

instance, in study of pothole restoration, it was observed a low colonization from the native species 

B) A) 
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in comparison with invasive perennials. In this study, the main challenges of prairie vegetation 

recovery was isolation from other wetlands, infrequent flooding, and invasive species (Aronson et 

al. 2008). As observed in site visits in October of 2014, agricultural crop did not survive the flood 

frequencies, and the area was invaded by invasive plants. Here, a wetland vegetation was 

simulated, but it is possible to simulate pothole hydrology with other types of grass. 

Additionally to modification in the management, we changed the infiltration rate in the 

AmmAGNPS wetland feature, as well as the curve number for the pothole extent. These 

modifications aim to account for the natural condition, without artificial subsurface tile drainage. 

More information about the wetland feature in current and conserved conditions are discussed in 

the following section of the thesis. 

5.5. Wetland and Runoff Volume Generation 

In this project, we considered the potholes to be wetlands, so the simulation in AnnAGNPS 

would be possible. The model, however, does not account for common features of farmed pothole 

wetlands, such as subsurface drainage systems nor their associated surface inlets. The wetland 

component operates at a point in a specific reach, intercepting upland, and shallow subsurface flow. 

A water balance will be computed according with wetland characteristics entered in the model. 

There is no relationship between the wetland and the cells in which the wetland is located.  In other 

words, the cells will generate the same runoff with or without the wetland. Figure 5-5 illustrates the 

interpretation of the wetland features by the model, along with examples of how other types of 

features can be accounted for.  Note that this figure describes the model structure generally, rather 

than specifically for our study site, which does not have gullies, feedlots, or point sources. 
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Figure 5-5: Wetland simulation in AnnAGNPS. Wetlands are located on AnnAGNPS reaches, 

and the effluent from wetland goes back to the same AnnAGNPS reach where the wetland is 

constructed. For the simulation of pothole microwatersheds, the wetlands are located in the reach 

before the outlet (Bingner, 2011). 

AnnAGNPS considers the wetland to behave as a rectangular pool, assuming fixed surface 

area and weir (outlet) height, as well as constant infiltration throughout its extent, as shown in 

figure 5-6. 

 

Figure 5-6: Example of wetland topography according to A) AnnAGNPS, and to B) the reality, 

in which the surface area of water varies according its elevation depth within the pothole. 

As observed in figure 5-6, AnnAGNPS does not model a realistic representation of 

potholes, since their area and infiltration rates vary according the elevation depth. Furthermore, in 
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the case of a surface inlet, the corresponding outlet height is non-constant. AnnAGNPS uses a mass 

balance approach to simulate both hydrologic and water quality process. The wetland water 

balance is presented in Equation 5-1.  

Vi =  V(i−1) +  Qinflow − Qoutflow + P − ET − I Equation 5-1 

where Vi   = volume of the water per unit area of wetland at the end of the day, [mm]; V(i-1) 

=  volume of the water per unit area of wetland at the beginning of the day, [mm]; Qinflow = volume 

of the water generated by the cells as runoff flow and added to the wetland during the day per unit 

area of wetland [mm],; Qoutflow = volume of the water released from the wetland per unit area of 

wetland, case its maximum storage capacity is exceeded [mm]; P = precipitation, from climate data 

information a user supplied, [mm]; ET = daily evaporation or evapotranspiration, calculated by the 

model based on the climate data and vegetation a user supplied, [mm]; and I  = daily infiltration, by 

the model based on the soil properties a user. [mm/day]. 

Water depth reaching the wetland after rainfall events is a function of the upland area, 

supplied in the cells file. There are some precipitation events for which no water will be 

accumulated in the depression. First, because ET and infiltration rate will be subtracted from the 

water depth loaded into the features, and there will be no water in the wetland by the end of the 

day; and second because some events are not intense or long enough to produce runoff. It is 

consistent with the reality, since just some of the rainfall events would generate surface water to be 

held in the potholes. The inflow reaching the wetland can be computed as the equation 5-2. 

Qinflow =
1000 ∗  Qvolume_inflow

Awetland
 

  Equation 5-2 

 

where: Qinflow = depth of the water added to the wetland during the day per unit area of 

wetland, [mm]; Qvolume_inflow = total depth of the water added to the wetland, [m3]; and Awetland = 

wetland surface area, [m2]. 

Weir properties simulate the natural outlet of the features. In the potholes, the outlet is large 

and shallow because of the subtle terrain in which these are located. The calculations used in the 
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computation of the water behavior in the wetland and its relation with weir properties are listed in 

Equations 5-2 and 5-4. 

Qoutflow = Bc x L x HBe  Equation 5-3 

where Bc = Weir coefficient, determined by user; L = Width of opening (m); H = Head (m); 

and Be = Weir exponent, determined by user. 

H =  
V

1000
− Hweir 

Equation 5-4 

where H = Hydraulic head on a given day (m); V = Volume of the water per unit area of the 

wetland on a given day (m); and Hweir = Height of weir (m). 

We first attempted to account for the surface inlet in the Worrell pothole by setting an 

appropriate elevation for the weir that the model assumes is the wetland outlet. However, by 

assuming that the pothole outlet was the inlet, the maximum depth water would reach was the 

inlet’s height, which is not representative of the observed water depth variation, since water would 

reach higher depths then the height of the surface inlet, which corresponds to about 30 cm. When 

the surface inlet was considered the outlet of Worrel pothole, the maximum water-depth height 

would be the height of the inlet, which is about 30 cm. For this reason, the inlet was accounted 

mainly through the calibration of infiltration rate in this pothole. There was no surface inlet in 

Walnut, however, the existence of artificial tile drainage was accounted by the infiltration rate.  

Ideally, the “weir” of Worrell-field pothole in the model should operate as the surface inlet, 

since part of the water that reaches the Worrell wetland will flow through the inlet before reaching 

the actual outlet of the microwatershed. However, not only is the model incapable of having a 

variable-height weir outlet, but also, the surface inlet is not capable of draining all water above it in 

reality, and water reaches high depths into the feature.  Thus as mentioned earlier, the surface inlet 

component will instead be accounted as infiltration.  That is, we set an infiltration rate for the 

wetland that incorporates both the natural and subsurface drainage, and the surface flow into the 

inlet to the subsurface drainage system. On the other hand, for the conserved condition, only 

natural infiltration of the soils is considered, assumed to be12.5 mm/day, which corresponds to the 
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default infiltration rate in the model for wetland systems, in AnnAGNPS 5.42 version. On the other 

hand, in the recently new version, when no infiltration rate is indicated by the user, the default rate 

will be considered the mean infiltration of the soils in the watershed. This scenario will not be 

discussed in this thesis. 

As discussed, the water balance computed by the model does not account for subsurface tile 

drainage within the pothole. Thus, we have the model compute it as infiltration. All of the potholes 

at this site, and indeed many farmed potholes in the Des Moines Lobe, have subsurface drainage 

underneath or very nearby. For this reason, in the assessment of current conditions, the infiltration 

will be considered high. Water balance of potholes under current and conserved scenarios will be 

simulated. 

The outflow consist of the water leaving the wetland though a weir, going to the 

downstream reaches. The user specifies the properties of the weir, such as height in relation to the 

bottom of the wetland and width. Water flowing from the cells of the watershed will continue in 

the system through the reaches until it reaches the outlet, as observed in figure 5-5. Hence, we 

considered the potholes to be located in the reach that leads into the outlet because there will not be 

outflow most times, since water from their microwatersheds impounds in the potholes. Outflow 

will be simulated when the potholes exceed their storage capacity. 

5.6. Summary 

Two phases of the modeling were completed.  In the first phase, weather data from 2010 

and 2011 were used to drive the model, conventional land management as described above were 

assumed, and model output of ponded water volume in each pothole was generated.  These output 

data were compared to the observed inundation data in order to confirm that the model is capable 

of generating satisfactorily realistic hydrology output.  More information about model validation is 

available in “Model Performance Assessment” section. 

In the second phase of modeling, once the performance of the model was determined to be 

acceptable, a longer record of weather data (1992-2014) was used in the model to simulate the 

microwatershed and pothole hydrology under a larger range of conditions.  In this phase, we also 
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simulated a conservation scenario in order to assess the potential hydrology effects of different 

pothole management.  

Table 5-7 illustrates a summary of the data required by AnnAGNPS, as well as driving data 

type and our sources.  

Table 5-7: AnnAGNPS data sources used for this project. 

Data layer Type Source 

Digital 

Elevation 

Model 

(DEM) 

Raster 

1 x 1 m 

resolution 

Iowa Lidar Mapping Project 

(http://www.geotree.uni.edu/lidar/) 

Soils Vector – 

polygon 

SSURGO (USDA NRCS) 

The soils were downloaded according AnnAGNPS 

documentation (Justice and Bingner 2015). 

Vegetation Raster 

30 x 30 m 

resolution 

CropScape (ARS project): 

http://nassgeodata.gmu.edu/CropScape/ 

aerial photo; USDA/ ARS personnel; State Agronomist 

advice 

Weather 

Station 

Vector – point USDA ARS, USDA Stewards 

http://www.nrrig.mwa.ars.usda.gov/stewards/stewards.html 

Data from 702 station, in the Walnut watershed was used.  

This station is located 5 km from the site. 
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 TOPOGRAPHY ASSESSMENT 

6.1. Objectives 

In this section we illustrate the results of the DEM assessment necessary to estimate the 

volume and surface area related to each 0.1 m depth in elevation of Walnut and Worrell pothole. 

This assessment is important for a better understand of the pothole storage, which is then used for 

the pothole calibration with AnnAGNPS. Here we illustrate the relationship between depth-area-

volume of Walnut and Worrell potholes through graphs and tables. First Walnut is described, then 

Worrell. 

6.2. DEM Generation and Pothole Identification 

To generate a high resolution DEM, Light Detection and Ranging (LiDAR) data with a 1-m 

horizontal resolution was downloaded, and processed in ArcGIS 10.1 (ESRI, 2014). The DEM 

available by Iowa GIS Library is a 3-m DEM, however, is not appropriate for the assessment of 

surface depressions such as potholes for its associate error, that can vary from 7 to 15 meters (Liu 

and Wang 2008). The conversion from LiDAR points to the DEM requires several operations; the 

final DEM used in this project was provided by ISU staff, Dr. Brian Gelder. The methodology he 

used can be found in Gelder (2015), the difference is that here a 1-m DEM was used, instead of a 

3-m one (Gelder 2015). 

The exact location and extent of the potholes was estimated by subtracting the raw DEM 

from the filled DEM. A filled DEM consists of a DEM without the depressions. The process of 

filling the DEM is generally done to eliminate sinks and imperfections in the data for use in 

hydrologic modeling, to guarantee the water will flow from the top of the watershed to the outlet. 

In most hydrological models, water flow is considered to stop every time a depression is observed 

in the flow path, and there are a limited number of computational tools for routing the flow from 

the depression. Consequently, the most common practice is to fill the depressions in the DEM and 

thus ignore them, which is a misrepresentation of the runoff generated by a watershed (Fennessy 

and Craft 2011). By running the filling procedure then subtracting the bare DEM from the filled 

one, the reminder is the depressions. The location representing the bottom of each pothole was then 
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identified, and the area and volume of the pothole were computed in 10 centimeter elevation 

increments using ArcGIS, until the top of the depression. 

For the computation of the ponded volume and surface area associated with each elevation 

within the potholes, the extension tools “Spatial Analyst”, and “3D Analyst” were used in ArcGIS. 

After this step a file with the information of the DEM of the potholes is created, and the area and 

volume of each feature is calculated based in the created file with the “Area and Volume Statistics” 

tool. This tool will calculate volume and area based in the perpendicular reference plane in relation 

to the DEM file, and estimation of the volume above or below the plane can be studied. The result 

consist of a text file containing the information of depth, area, volume, and location of the plane is 

generated by ArcGIS. 

After the DEMs are generated, the extent of the potholes is determined by the subtraction of 

the filled DEM by the bare (generated with Lidar data) one. The filled DEM corresponds to the 

representation of the landscape without the depressions, such as potholes. Therefore, when we 

subtract the filled DEM by the bare one, the result will be the DEM of the depressions, or potholes. 

Then, we generate shapefiles that correspond to the extent of the DEM generated by the operation 

of subtraction. We suspect that shapefile generated to Walnut and Worrell is overestimated in 

relation to the actual extent of the feature. However, since there is not a documented approach to 

determine pothole area, this was the approach adopted for this project. With this assessment, 

Walnut and Worrell will have respectively approximately 5 and 3 ha in area. 

The volume associate with each depth will be valuable for the estimation of the volume of 

water in the potholes from the data collected in 2014, and for the conversion of the observed data, 

collected in depth, to volume. A script in Python was used to compute the area and volume for each 

10 centimeters above the bottom of the DEM of each of the potholes. More information is available 

in further sections of this chapter. 

6.3. Walnut Pothole Depressional Storage 

Walnut pothole is the single depression, located in the Walnut Creek side of the site. It is 

smaller in size in relation to the union of the depressions of Worrell pothole, and has 0.7 meters in 
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depth, ranging from 311.4 to 312.2 meters in elevation. Table 6-1 shows the elevation-volume-

surface area data for the Walnut pothole. 

Table 6-1: Walnut volume variation.  

Plane Height 

(m) 

Pothole 

Depth (m) 

Area (m2) Volume (m3) 

311.4 0 46 0 

311.5 0.1 5458 250 

311.6 0.2 9764 1027 

311.7 0.3 14022 2210 

311.8 0.4 17881 3810 

311.9 0.5 21545 5782 

312.0 0.6 25067 8112 

312.1 0.7 28572 10794 

The information available in figure 6-1 is illustrated graphically in figure 6-1. The 

equations generated from the relationship between volume and elevation will be used to convert 

observed depth data to volume, in order to allow volume storage calibration in the potholes.  
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Figure 6-1: Graphical representation of A) volume storage and B) surface area of Walnut pothole 

as a function of the elevation depth. 

6.4. Worrell Pothole Depressional Storage 

Worrell pothole is composed by two depressions that frequently inundate concomitantly. 

For this reason, the volume associated with the pothole considering the union of both depression is 

estimated, as well as the volume of them individually. The assessment of the union of the 

depressions is important for the computation of the equation relating water depth and volume in the 

Worrell pothole. Table 6-2 illustrates the volume and area variation for different depths for the 

Worrell field, that corresponds to the larger depression within the Worrell pothole. 
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Table 6-2: Worrell Field volume variation. 

Plane Height (m) Pothole Depth (m) Area (m2) Volume (m3) 

309.8 0 204 0 

309.9 0.1 6482 386 

310.0 0.2 11988 1282 

310.1 0.3 18774 2840 

310.2 0.4 22639 4913 

The illustration of the volume and area variation for different depths for the Worrell road 

pothole is presented in table 6-3. 

Table 6-3: Worrell Road volume variation. 

Plane Height (m) Pothole Depth (m) Area (m2) Volume (m3) 

309.9 0 0 0 

310 0.1 1277 76 

310.1 0.2 2115 245 

310.2 0.3 2960 504 
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 Figure 6-2 illustrates the volume storage in both depressions of Worrell pothole, field and 

road. Polynomial equation is not available because is not used for volume assessment.  

 

 

Figure 6-2: Graphical representation of volume storage of A) Worrell road B) Worrell field 

potholes. 

As it is possible to observe in tables 6-2 and 6-3, Worrell-Field is deeper, with the bottom 

depth around 309.8, which causes water will to accumulate there first. Nevertheless, considering 

that the lower depth of Worrell-Road is 309.9, it will start filling almost simultaneously, and merge 

when surface water rises more. Table 6-4 illustrates the volume and area variation for different 

depths for the Worrell pothole, which represents the union of road and field depressions.   
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Table 6-4: Volume Variation of the Union of Worrell Road and Field. 

Plane Height 

(m) 

Pothole Depth 

(m) 

Area 

(m2) 

Volume 

(m3) 

309.8 0 204 0 

309.9 0.1 6481 386 

310.0 0.2 13131 1334 

310.1 0.3 21016 3058 

310.2 0.4 26274 5420 

310.3 0.5 31967 8319 

310.4 0.6 38707 11841 

310.5 0.7 45517 16071 

310.6 0.8 48810 20861 

310.7 0.9 48845 25744 

310.8 1 48857 30630 

With table 6-4 it is possible to observe that the pothole considering the union of both 

depressions will have a higher depth, in relation to the individual depressions. It is consistent with 

the reality, in which Worrell pothole reached depths higher than one meter. More information 

about the observed data is discussed in further sections. Figure 6-3 illustrates the volume storage 

and surface area related to each elevation in depth in the Worrell pothole. 
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Figure 6-3: Graphical representation of A) volume storage and B) surface area of Worrell pothole 

as a function of the elevation depth. 

6.5. Summary 

Here, the storage volume capacity of the features were computed through the assessment of 

a high resolution DEM. Walnut and Worrell potholes, can store 10793 (8.8 acre-ft), and 34461 m3 

(27.9 acre-ft), of water respectively, before overflowing. Also, in their maximum storage, their 

surface area will correspond to approximatelly 28 and 49 thousand m2, respectively. Later, the 

information of surface area and depth will be used to investigate the intensity of ponding. 
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 MODEL CALIBRATION AND PERFORMANCE 

7.1.  Objectives 

In this section, the objective was to analyze the data generated by AnnAGNPS for the 

simulation of the water balance in Walnut and Worrell potholes, and compare with the observed 

data, from the growing seasons of 2010 and 2011 for model calibration. The calibration process 

and statistical analysis were described for better understanding of the steps used in pothole 

calibration for this project. Then, the efficiency of the model in the simulation of data was 

estimated for both potholes, with the use of different efficiency models, according the best-fit 

calibration. The results indicate the level of reliability of the model to simulate pothole hydrology. 

Additionally, elevation depth data collected during 2014, which was supposed to be used in 

the calibration, is available to illustrate how it is different from the dataset collected in 2010 and 

2011. 

7.2. Calibration Process 

There is not a specific procedure for watershed model calibration (D. Moriasi and Wilson 

2012). It depends on the quality and extent of observed data, hydrological model used, among other 

factors. Ideally, good model performance assessment accounts with observed data in wet, average, 

and dry years, which generally varies from 3 to 5 years of data for calibration, which is not the case 

for this project, since there were just two years of observed data, 2010 and 2011, for a short span, 

the growing season of both years, Additionally, these years were considerably different among 

themselves, since more rainfall was observed in 2010, in relation to 2011, as illustrated further.  

Here, CN values and pothole infiltration rate were modified in order to find the calibration 

in which the model would generate the best results, according the Nash-Sutcliffe Efficiency (NSE) 

index model. CN and infiltration rate were the selected parameters for the calibration because the 

CN has direct effect in the runoff generation, therefore, in the volume load into the features; and 

the infiltration rate controls the rate in which water leaves the system. As a result, the user would 

be able to control the main sources, in and out, within the wetland system. The NSE model was 
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selected due its broad use in the assessment of model efficiency. Nevertheless, other efficiency 

models are also tested for an estimation of the reliability of the model in estimating observed 

conditions. 

However, AnnAGNPS was not able to generate consistent results for pothole hydrology in 

elevation depth and volume load variations with the same calibrations because the model considers 

the wetland feature to be flat, and therefore to have a linear relationship between volume storage 

and water depth elevation, as discussed in section 5.5. For this reason, the model was calibrated for 

volume and depth differently, as discussed in further sections of this chapter. First, the depth was 

calibrated, then the volume variations in the pothole. In each of the calibrations, the volume stored 

in the potholes is discussed and compared with the volume computed in the topography 

assessment, for a better understanding of the differences between the volume stored in the features 

with AnnAGNPS, and according with the reality. The Efficiency of the model in the simulation of 

both calibrations is discussed after the calibration process is explained. 

In both depth and volume analysis, the CN was calibrated first, to identify its effects in the 

elevation depth and volume rise in the potholes. Then, once the CN selected was able to generate 

consistent water rise in the potholes, the infiltration rate would be calibrated to identify the rate in 

which water leaves the potholes. Because the infiltration of Worrell is likely higher because of the 

existence of the surface inlet, Walnut was calibrated first, and once the most suitable infiltration 

was observed, Worrell would be calibrated, starting from the value adopter for Walnut.  

The comparison between observed and simulated datasets started on the 10th of June in 

2010, and on the 9th of June in 2011, and lasted until September 10th in 2010, and June 27th in 2011, 

according the span in which there is observe data. The limited window of comparison between 

observed and simulated data is reduced to the span in which observed data was collected because 

the exact date in which the pressure transducers were installed or removed from the fields is not 

known. The device had to be installed after the field was planted, and removed before harvest or 

any other field operations, once these could be destroyed by farming machinery, during field 

operations. Additionally, field conditions had to be dry enough to allow the installation of the 

devices, which could have caused more delay in the installation of the pressure transducers, 

shortening the span of comparison between observed and simulated.  



72 

 

 

There were some variations in the simulation length of depth and volume analysis, since the 

events starting before the last day in which ponding was observed, and lasting to over the date the 

last observed data was recorded to last until the water depth or volume in the simulated dataset was 

zero.  The calibration length corresponds to about 110 days of comparison, including both years.  

7.3. Statistical Analysis 

In this section, the evaluation metrics used to measure AnnAGNPS performance in the 

simulation of observed data are discussed. The performance assessment was based on the water 

balance in the potholes during the growing season of 2010 and 2011. Data were also collected in 

2008 and 2009, but because of the delay in the installation of the pressure transducers, or problems 

with the reliability of the data, these were discarded. For comparison, observed data, collected 

hourly, was converted into daily data by considering the last hourly record in the day to be the 

water depth of the assessed day. This approach is more compatible with the simulated data, which 

computes the water into the features by the end of the day, after accounting for all water balance 

components of a given day.  

Two comparisons between observed and simulated were made: one in which all days in the 

simulation period were considered, and another in which only days in which there was inundation 

in either the observed or simulated data. Performance analysis considering all length of observed 

data were named GS, and the one considering just days in which runoff was observed in any of the 

datasets, observed or simulated, were named VS. Just values greater than 0.05 m in the simulated 

data were considered in the calibration process because the pressure transducer would barely read 

values smaller than 0.05 m because water showed to rise fast. Therefore, we assumed 0.05 m to be 

the threshold of the values generated by AnnAGNPS. Nevertheless, if a value smaller than the 

threshold was observed as a part of consecutive days of ponding, it would be included in the 

calibration analysis. 

There are several efficiency criteria that can be used in hydrological model studies. The 

selection of the criteria to be used depends on its sensitivity and on the assessed data (Krause, 

Boyle, and Bäse 2005). For this project, the Nash-Sutcliffe Efficiency index method (NSE) is used 

for calibration of the model, and percentage bias (PBIAS), root mean square error observations 
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standard deviation ratio (RSE), and R2 were be also computed after the determination of the best-fit 

calibration. These were selected because of their broad use in model evaluations. 

The Nash-Sutcliffe efficiency (NSE) method consists of an empirical index used to estimate 

the agreement between observations and predictions, for a given day. It is widely used in hydrology 

studies and in related sciences to evaluate model outputs such as discharge flow and 

evapotranspiration estimates (Nash and Sutcliffe 1970; Meek, Howell, and Phene 2009). Equation 

7-1 illustrates the equation of the Nash-Sutcliffe efficiency. 

NSE =  1 − [
(∑ (Yi

obs − Yi
sim)

2n
i=1 )

(∑ (Yi
obs − Yi

mean−obs)
2n

i=1 )
] Equation 7-1 

Where Yi
obs = observed data, Yi

sim = simulated data, and Yi
mean-obs = mean of observed data. 

NSE values can vary from -∞ to 1, in which reasonable models will have a NSE higher than zero, 

and perfect models will have a NSE equal to one. One limitation of NSE models is that it measures 

the difference between observed and simulated data in squared values, then, it over estimates of 

high values and neglects smaller ones (Parajuli et al. 2009). When we assess depth variations, it is 

mainly composed by smaller values, and for this reason, it is important to evaluate the results of the 

other tests, described below. 

PBIAS is an error index that measures the average tendency of the model to simulate higher 

or smaller values in relation to the observed data on a given day (Moriasi et al. 2007). Perfect 

estimates would give a PBIAS of 0.0, and it can measure positive and negative values. Positive 

values indicate an underestimation, and negative values an overestimation of the observed data 

(Parajuli et al. 2009). PBIAS computation is illustrated in equation 7-2. 

PBIAS =  [
∑ (Yi

obs − Yi
sim) x 100n

i=1

∑ (Yi
obs)n

i=1

] 
Equation 7-2 

Similar to PBIAS, RSR is an error index, and consists of the ratio between the average error 

between observed and predicted variables and the standard deviation of the measured data. It was 

generated from the Root Mean Square Error (RMSE) index, in which the RMSE is divided by the 
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standard deviation of the observed data. The better the model, the closer it will be from 0. The RSR 

computation is illustrated in equation 7-3. 

RSR =  
√∑ (Yi

sim − Yi
obs)2n

i=1
n

STDEVobs
 

Equation 7-3 

Where Yi
obs = observed data, Yi

sim = simulated data, Yi
mean-obs = mean of observed data, n = 

number of events; STDEVobs = standard deviation of observed data. 

Lastly, R2 values describes how much the observed dispersion is captured by the predicted 

values. Because this model does not predict the amount of error or difference, it should not be used 

alone in the decision of the best-fit calibration (Parajuli et al. 2009; Krause, Boyle, and Bäse 2005). 

Visual comparison between observed and simulated data is crucial for a good judgment in the 

calibration process (Moriasi et al. 2007), and was also used in the calibration process. 

After the final calibration is defined with NSE, other efficiency indexes are used to evaluate 

the data. Table 7-1 illustrates the quality class range associated with the NSE, R2, PBIAS, and 

RSR, the efficiency models used to evaluate the performance and patters of the model. The 

performance range of the models vary according the parameter in study, like runoff flow, sediment 

or nutrient transport and load. Here, the model ranges were classified according runoff flow 

generation because water in the depressions is directly related with runoff generated by the cells.  

Table 7-1: Classification of model efficiencies for streamflow. 

Class NSE and R2 PBIAS RSR 

Excellent < 0.9 < ±10 0.0 – 0.25 

Very Good 0.75 – 0.89 ± 11 ≤ ± 15 0.26 – 0.50 

Good 0.50 – 0.74 ± 16 ≤ ± 25 0.51 – 0.60 

Fair 0.25 – 0.49 ± 26 ≤ ± 30 0.61 – 0.70 

Poor  0.00 – 0.24 ± 31 ≤ ± 35 0.71  - 0.89 

Unsatisfactory < 0.0 ≥ ± 36 > 0.90 

Source: Parajuli et. al. 2009, Table III, classification of model efficiencies considering flow 

(Parajuli et al. 2009). 
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7.4. Pothole Depth Calibration Process  

The calibration assessment started by assuming that the entire watershed was under one 

CN, and the potholes were considered to have the area computed with ArcGIS, as the subtraction 

of the bare DEM from the filled one. This assessment provides an overestimation of the area of the 

potholes. The first step was to regulate the water load generated by the microwatersheds and 

therefore the rise in elevation depth in the potholes, by calibrating the CN value. Then, once a 

consistent water depth rise was observed, the infiltration rate would be calibrated to estimate the 

rate in which water was leaving the system.  

The initial CN considered in the assessment was the “Straight Row Crop” for poor 

conditions. It was considered that the watershed would be prompt for less infiltration and more 

runoff generation because, during site visits, humid conditions were observed toward the potholes. 

Also, the approach was to simulate the most humid condition, and then decrease the CN until 

simulated values were consistent with observed. For both potholes, the default CN value in the 

SSURGO dataset was able to capture elevation depth dynamics in the potholes, in other words, 

water depth in simulated and observed data would be similar. Table 7-2 illustrates values for the 

final calibrations for depth analysis. 

Table 7-2: CN values according depth calibration. 

Curve Number Classification* A B C D 

Row Crop – Poor Condition 72 81 88 91 

Brush – Poor Condition 48 67 77 83 

The brush condition represent the CN used in the areas converted to a grass vegetation, in 

the assessment of the conserved conditions. The term “Brush” is used because it is the 

nomenclature adopted in the CN dataset downloaded from the SSURGO website. Nevertheless, 

there will not be areas classified as “Brush” in the assessment of the current scenario. We also 

simulated the load with addition and reduction of one unit from the CN value. By decreasing one 

unit, NSE values would decrease, and by adding one, the results were almost the same, so we 

decided to keep the values available in the SSURGO dataset. 
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Before the regulation of the infiltration rate, the water depth would stay high for longer 

periods, therefore, the infiltration rate was calibrated to identify the rate that would cause a 

consistent drop in the water depth in the potholes, consistent with the reality.  As discussed, Walnut 

infiltration was calibrated first, then Worrell calibration would start from the value assumed for 

Walnut because of the surface inlet. Here, we started the calibration with lower infiltration values 

and increased the values until the simulated dataset was representing the observed one. The final 

calibration for wetland properties according the depth analysis is illustrated in table 7-3.  

Table 7-3: Wetland properties adopted for the calibrations of depth variations in the potholes. 

Wetland ID Wetland Area 

(ha) 

Daily 

infiltration 

(mm/day) 

Max 

Water 

Depth (m) 

Weir 

Width (m) 

Weir Height 

(m) 

Walnut 3 25 1 20 0.7 

Worrell 5 60 1.2 10 1.0 

The constraint of simulating the pothole to have the area computed in the DEM assessment 

is the difference between the volume related with each elevation depth according to AnnAGNPS, in 

relation to the actual volume, computed with the DEM analysis. Figure 7-1 illustrates the difference 

between the volume estimated by the model, and the volume computed according the DEM 

assessment. It illustrates a graph of comparison between the volume stored in Walnut and Worrell 

potholes according AnnAGNPS computations (volume has a linear relationship with depth), and 

according the DEM computed with the assessment of the DEM, discussed in Chapter 6. 
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Figure 7-1: Volume Comparison Assessment for A) Walnut and B) Worrell potholes in the depth 

calibration. 

With figure 7-1, it is possible to observe that for the same elevation depth, the volume 

estimated by the model is higher than the volume computed with the DEM. When we reduced the 

size of the potholes, keeping the same calibrations, the rise in depth would be higher, because all the 

water generated by the microwatersheds would be stored in smaller areas; which is not consistent 

with the reality. Figure 7-2 illustrates the results of depth calibrations for both potholes, according 

CN values and wetland properties available in tables 7-1 and 7-2. 
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Figure 7-2: Total simulation of water depth variation, Walnut (A) and Worrell (B) potholes. 

For depth calibrations, there were 111 and 110 days of simulation for Walnut and Worrell 

potholes considering the GS assessment. The comparison length was not the same because, in 

Walnut, one of the events started before the last day of observed data, and continued for few more 

days. Also, there was more observed data for Worrell in relation to Walnut. The number of days of 

the VS assessment was respectively 72 and 70 for Walnut and Worrell. In this calibration, the 

microwatersheds will generate more runoff, which will be stored in the potholes, which, here, are 

considered to store more water than the reality. More discussion about the performance of the 

model is available in the end of this chapter.  

0

10

20

30

40

50

60

70

80

900

0.2

0.4

0.6

0.8

1

1.2

May-10 Jul-10 Oct-10 Dec-10 Mar-11 Jun-11 Aug-11

P
re

ci
p

it
at

io
n

 (
m

m
)

D
ep

th
 (

m
)

Date

Observed

Simulated

0

10

20

30

40

50

60

70

80

900

0.2

0.4

0.6

0.8

1

1.2

May-10 Jul-10 Oct-10 Dec-10 Mar-11 Jun-11 Aug-11

P
re

ci
p

it
at

io
n

 (
m

m
)

D
ep

th
 (

m
)

Date

Observed

Simulated

A)

B)



79 

 

 

7.5. Pothole Volume Calibration Process 

The observed data, collected in depth, was converted to volume by equations generated 

with the relationship between depth and volume, discussed in Chapter 6. The results simulated by 

AnnAGNPS will compute the depth in the potholes in mm, then this value will be converted to 

volume by multiplying the depth by the end of a given day by the area of the potholes. This extra 

step of conversion from depth to volume consist of another source of error in this assessment, 

which can impact the reliability of the model in simulating the observed data. 

 Here, the maximum volume stored according the topography was the same as the volume 

stored according AnnAGNPS representation of the wetland. In this assessment, Walnut and 

Worrell potholes were considered to have respectively 1.5 and 2.8 hectares in area. After this value 

is determined, the CN and then the infiltration rate of the potholes were calibrated. Figure 7-3 

illustrates the relationship between elevation depth, and volume stored in the potholes according 

the assessment of the topography, and with AnnAGNPS.  
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Figure 7-3: Volume Comparison Assessment for A) Walnut and B) Worrell potholes for 

volume calibration. 

In the calibration of the volume loaded into the potholes, the calibration was started with 

the same infiltration rate as reported in the depth analysis, but we have changed the area in the 

potholes, so the volume capacity of the AnnAGNPS representation of the wetland would be similar 

to the volume stored according the DEM analysis, as illustrated in figure 7-3.  

First, the same CN value assumed in the depth analysis were attributed for the volume 

analysis calibration. However, it was observed that in this simulation the potholes would exceed 

their volume storage capacity continuously, and the water level was higher than the observed for all 

the growing seasons of 2010 and 2011, which does not correspond to the reality. Therefore, it was 
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decided to attribute different CN values for different sections in the microwatersheds, based in the 

position of the cells in relation to the potholes. The CN basis value was the “Row Crop”, as 

attributed for the depth analysis. The difference was that here, there was the “Row Crop” for poor, 

good and medium hydrological conditions, in which medium hydrological condition corresponds to 

the mean of the poor and good values of CN.  

Therefore, for the volume variation analysis in the potholes, there was three values of CN, 

in which higher values were assumed for cells toward the potholes. It was assumed because a 

higher clay content was observed in the middle of the potholes, indicating transport of sediments in 

the watershed and potentially less infiltration in these areas. More information about soil samples is 

available in Appendix A. The CN classification cells is available in figure 7-4.  

 

Figure 7-4: CN values for microwatershed cells according the volume calibration. 

As observed in figure 7-4, and also illustrated in figure 5-2B, in the management 

distribution of the cells in the conserved condition, the cells classified as poor correspond to the 

cells to be considered to be conserved in the assessment of the conserved scenario. Table 7-4 

illustrates the areas attributed to each CN for Walnut and Worrell for the volume calibration. 



82 

 

 

Table 7-4: Areas attributed to each CN according volume calibration. 

Pothole CN Area (m2) Area (acres) Area(ha) Area (%) 

Walnut Good 62866.00 15.53 6.29 64.44 

Med 0.00 0.00 0.00 0.00 

Poor 34691.00 8.57 3.47 35.56 

Worrell Good 190387 47.0 19.0 47.5 

Med 149399 36.9 14.9 37.2 

Poor 61353 15.2 6.1 15.3 

After the determination of different CN values to different sections in the watershed, , 

however, the watershed was still generating great amounts of runoff, and the CN was reduced in 

order to identify the CN values that would replicate the volume variations in the microwatersheds. 

The CN values were decreased in 10, 25, 30, 35, and 40% of the real values.  

As in the calibration of the depth, Walnut pothole was calibrated first, and then Worrell. 

With the calibrations, it was possible to observe that the most suitable CN values for this pothole 

corresponded to a reduction of 30% in the CN values, according poor and good hydrological 

conditions, since there was no cell classified as medium in Walnut microwatershed. Then, the 

calibration of infiltration rate started by assuming the same infiltration rate determined by the depth 

calibration.  

Because the area of the potholes was smaller, the infiltration rate had to be higher, to 

compensate for the smaller volume infiltrated, in relation to the depth analysis. Once Walnut was 

calibrated, Worrell calibration started. As tested for Walnut, the CN values evaluated for Worrell 

corresponded to “Row Crop”, in good, medium, and poor hydrological conditions, and by 

decreasing 10, 25, 30, 35, and 40% of the real values. The CN values that represented better 

Worrell microwatershed were the CN values representing a decrease in 25% of the original values. 

The values attributed to CN classification for the volume analysis for Walnut and Worrell potholes 

is illustrated in table 7-5. 
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Table 7-5: CN values for Walnut and Worrell potholes according volume calibration. 

Pothole Curve Number Classification* A B C D 

Walnut Row Crop – Straight Row – Good Condition 46.9 54.6 59.5 62.3 

Row Crop – Straight Row – Poor Condition 50.4 56.7 61.6 63.7 

Row Crop – Straight Row – Medium Condition 48.3 55.3 60.2 63 

Brush – Poor Condition 33.6 46.9 53.9 58.1 

Worrell Row Crop – Straight Row – Good Condition 50.3 58.5 63.8 66.8 

Row Crop – Straight Row – Poor Condition 54 60.8 66 68.3 

Row Crop – Straight Row – Medium Condition 51.8 59.3 64.5 67.5 

Brush – Poor Condition 36 50.3 57.8 62.3 

The CN values for Walnut and Worrell were slightly difference, since CN values for 

Walnut were smaller, indicating that this watershed will generate less runoff than Worrell 

watershed. The calibration of Worrell infiltration rate started by the value attributed in the depth 

analysis. For the calibration of the volume into the potholes, the watersheds are considered to 

generate less runoff, with the use of lower CN values in relation to the depth analysis, and the 

infiltration rates within the potholes were higher, to compensate smaller potholes. Additionally, it 

is important to emphasize that in the current assessment there will be no “Brush” classification, and 

in the conserved, there will be no CN in poor condition, since these will be replaced by the grassy 

vegetation (“Brush”) 

Values of Walnut and Worrell potholes for volume calibration are illustrated in table 7-6. 

Table 7-6: Wetland properties adopted for the calibrations of volume variations in the potholes. 

Wetland ID Wetland 

Area (ha) 

Daily 

infiltration 

(mm/day) 

Max Water 

Depth (mm) 

Weir Width 

(m) 

Weir Height 

(m) 

Walnut 1.54 55 1000 20 0.7 

Worrell 2.8 70 1400 10 1.1 
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Figure 7-5 illustrated the results of depth calibrations, according CN values and wetland 

properties available in tables 7-5 and 7-6. 

 

 

Figure 7-5: Total simulation of water volume variation, (A) Walnut and (B) Worrell potholes. 

In for the volume calibrations there were 104 and 109 days of simulation for Walnut and 

Worrell potholes. It is a little less than the simulation of the depth because the microwatersheds 

calibrated for the volume analysis had a better hydrological condition, therefore, the last day in 

which data was recorded was the last day of the simulation. The number of days of the simulation 

considering just days in which there was water in the potholes was respectively 40 and 49 for 

Walnut and Worrell. 
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Several calibrations were tested in order to generate better results for Walnut simulation 

(figure 7-5A). Higher NSE values were observed by increasing the volume generation of the 

microwatershed, however, it would over-estimate the volume generated in most observed data, but 

the highest value of volume accumulated in this pothole. Visual comparison was also used in the 

calibration of Walnut pothole in the volume analysis because it was observed that when the CN 

was higher, the model would over estimate all volume fluctuations in the simulation, but one of the 

events observed in 2010, in which the potholes accumulated.  Therefore, it was decided to calibrate 

the model according the most observed conditions. Model efficiency of both calibrations is 

presented and discussed in the following section of this chapter. 

7.6. Model Efficiency Assessment 

As discussed, the NSE efficiency index was used to calibrate the model. For a better 

analysis of its performance, the results of the NSE index approach were investigated considering 

the entire growing season (NSE-GS) of the years 2010 and 2011, and considering just the days in 

which there was volume stored in the potholes (NSE-VS), which number of days of comparison 

varied according with calibration pothole assessment. Both analysis were investigated once the 

efficiency of the model was directly dependent of the number of days in which runoff was 

observed in the potholes. Figures 7-2 and 7-5 illustrate observed and simulated data for the best 

performance of the model for Walnut and Worrell according depth and volume calibration, 

respectively. The results of the NSE-GS and NSE-VS index for the simulation of depth and volume 

are illustrated in table 7-6. 

Table 7-6: Simulation performance by pothole considering the NSE efficiency model. 

Analysis Pothole - year NSE - GS Performance NSE - VS Performance 

Depth Walnut 0.50 Good 0.48 Fair 

Worrell 0.72 Very Good 0.64 Good 

Volume Walnut 0.02 Poor -0.33 Unsatisfactory 

Worrell 0.67 Good 0.56 Good 

Models with NSE > 0.5 are considered to represent the observed data (Table 7-1). Using 

this standard, it is possible to affirm that AnnAGNPS results of depth and volume are acceptable 
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for their respective calibrations, except for the runoff-only simulation of volume in the Walnut 

pothole.  

As reported by the NSE index results, the model is more efficient in the estimation of the 

water depth variation of Worrell pothole than in Walnut, which is clear to observe when daily 

observed and simulated data are plotted together (figures 7-2 and 7-5). It was probably because the 

surface inlet in Worrell pothole, which allowed the user to have a higher control through the 

infiltration rate component in this pothole. On the other hand, in Walnut, the feature was subjected 

to more natural environmental variations. The higher values in the NSE-GS assessment were likely 

a consequence of a drier year in 2011, in which there were a number of days in which no runoff 

was observed nor simulated in the field. 

By comparing figures 7-2 and 7-5, it is possible to observe that the depth analysis was able 

to represent better the hydrological variations in the potholes in relation to the volume analysis. For 

instance, in the simulation of the two consecutive events in which water reached higher elevation 

depths and volume stored into the potholes, after 10th of August 2010, the depth simulation 

captured a higher elevation depth in the first event in relation to the second, as seen in the observed 

condition. It is possible to see that in 2010, the rise in water depth in the potholes was not directly 

related with rainfall depth, since the first large rainfall after the 10th of August was smaller (67 mm) 

than the second (79 mm), that happened by the end of August.  However, this pattern was not 

observed in the volume simulation, since the water load into the potholes was directly related with 

precipitation depth for the assessed days in 2010 and 2011. The differences between volume and 

depth calibrations were likely due a previous wet condition of the soil, which was captured by the 

depth, and not for the volume calibration.  

Volume calibration required more critical thinking since the observed data was collected in 

extreme years (2010 being much wetter than 2011), which resulted in variations that could not be 

represented by the model. It would generate higher efficiency results for calibrations of a higher 

runoff generation, to account for the intense rainfall events, in particular the high peak in 2010. 

Given the better hydrological condition of the system created for the estimation of the volume in 

the potholes, the volume generated in the potholes by AnnAGNPS was directly related with the 

precipitation depth, which is not the case under wet conditions, according with the observed data.  
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As discussed before, other efficiency tests were also used to investigate the simulation 

performance of the model, for instance, to potentially infer if AnnAGNPS overestimates or 

underestimates observed data, PBIAS efficiency model is computed for both potholes, for both 

calibrations. Table 7-8 illustrates the efficiency of the model according the PBIAS efficiency models. 

Table 7-7: Simulation performance by pothole considering the PBIAS efficiency model. 

Analysis Pothole - year PBIAS - GS Performance PBIAS - VS Performance 

Depth Walnut -29.3 Poor -33.6 Poor 

Worrell -18.2 Good -20.8 Good 

Volume Walnut 14.5 Good 65.2 Unsatisfactory 

Worrell 5.1 Excellent 5.16 Excellent  

Walnut and Worrell presented different signs for PBIAS values for depth and volume 

analysis, which indicates that the model is overestimating depth values (negative PBIAS), and 

underestimating volume values (positive PBIAS) (D. N. Moriasi et al. 2007). For both analysis, 

AnnAGNPS performed better in the simulation of Worrell pothole than of Walnut, as observed in 

NSE results. Tables 7-8 illustrates the efficiency of the model according with the RSE, and R2 tests.  

Table 7-8: Simulation performance by pothole considering the RSE and R2 efficiency models. 

RSE Pothole - year RSE - GS Performance RSE - VS Performance 

Depth Walnut 0.70 Fair 0.72 Poor 

Worrell 0.52 Very Good 0.62 Fair 

Volume Walnut 0.52 Good 1.13 Unsatisfactory 

Worrell 0.57 Good 0.56 Good 

R2 Pothole - year R2 - GS Performance R2 - VS Performance 

Depth Walnut 0.54 Good 0.54 Good 

Worrell 0.73 Good 0.67 Good 

Volume Walnut 0.10 Poor 0.0 Unsatisfactory 

Worrell 0.67 Good 0.51 Good 

In the RSE, the root mean square error of the simulated data is divided by the standard 

deviation. The lower the root-mean square of the data, or the squared difference between predicted 
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and observed, the lower the RSE and the best the model is. On the other hand, R2 represents the 

percent of the variation explained by the model.   

An example of AnnAGNPS performance is discussed in a 45-months simulation developed 

in two watersheds in the state of Kansas. It was observed that AnnAGNPS underestimated the 

extreme events of runoff generation in comparison to the observed data and other watershed model 

(Parajuli et al. 2009). This situation was also observed in another project, in Ontario, in the 

occurrence of high peaks of runoff generation (Das et al. 2008). Considering that 2010 amounted 

several peaks of runoff flow, AnnAGNPS probably would not be able to generate consistent 

results. Ideally, more data would be necessary in more “normal” years for calibrate and validation. 

In general, the model was able to capture the occurrence of ponding, as well as the initial 

depth of ponding, though in a few events of deeper maximum depth than the model simulated were 

observed.  This is likely due to the observed data reflecting the influence of short-duration, high-

intensity events, whereas the model operates on a daily basis and will assume less intense rainfall 

events over a 24-hour period, potentially dividing the rainfalls across multiple days when a single 

event spans midnight.  The model tends to simulate slower drainage or contraction of the ponding 

than was observed in reality, estimating longer duration of ponding for larger events than was 

observed. For the smaller rainfall events, AnnAGNPS was more likely to simulate ponded water in 

the pothole even when none was observed.  This could be due difficulties with the equipment, or 

the water depth was not high enough to be read by the equipment. Overall, potential reasons for 

lower performance in the assessment of Walnut pothole include (1) poor calibration of the model, 

(2) inaccurate measured data (3) more detailed inputs required (4) model is not able to accurately 

represent observed data. 

The performance of the models tend to be better in the evaluation of the entire growing 

season than in the evaluation of only runoff-days, due to the inclusion of the days in which both the 

model and the observations show no water in the potholes.  This is especially true in the assessment 

of Walnut pothole. With the analysis of tables and graphs illustrated in this chapter, we concluded 

that AnnAGNPS is an efficient tool for the determination of water-depth in the potholes, but 

further research is necessary for a better estimation of the runoff generation in the microwatershed.  
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7.7. Model Efficiency with GPS collected data 

As discussed in other sections of the thesis, data collected in 2014 was intended to be used 

for calibration of the model. However, it was observed that the data collected with the GPS was not 

as effective representing the observed data in comparison to the pressure transducers. In this 

section, observed data collected in 2014 was compared with simulated data, according to both 

depth and volume calibrations discussed in sections 7.4 and 7.5 to illustrate the difference between 

simulated values, and data collected with a GPS in 2014. Depth and volume observed in 2014 is 

compared with simulated data according with both depth and volume simulation. Figure 7-6 

illustrates the results for Walnut pothole. 

 

 

Figure 7-6: A) Walnut depth and B) volume analysis during 2014 data collection. 
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For the depth assessment, 20 days of flooding were simulated. On the other hand, for 

volume assessment, AnnAGNPS generated just two occasions in which volume is observed in the 

pothole, which does not correspond to the reality, 18 days of inundation. Figure 7-7 illustrates the 

results for Worrell pothole. 

 

 

Figure 7-7: Worrell A) depth and B) volume during 2014 data collection. 
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data (surface water determined by the user was not consistent with the reality), GPS error, and 

visual determination of volume storage. 

7.8. Summary 

Here we have proved that AnnAGNPS is able to simulate pothole hydrology, however, was 

not able to simulate water depth and volume concomitantly because it considers a linear 

relationship between volume and elevation depth, not consistent with the reality. Therefore, 

AnnAGNPS was calibrated in different ways, to capture depth and volume variations in the 

potholes. CN values and pothole infiltration rate were the components used for model calibration 

because CN would influence water rise in the pothole, and the infiltration the rate in which water 

leaves the system.  

The calibration process was significantly different for volume and depth analysis, in which 

the former required more critical thinking and assumptions than the latter. For depth calibration, 

just one CN was adopted for the entire microwatershed areas, and the model was able to represent 

observed data better. It has been reported that when data is collected in worst case conditions, 

model performance should be relaxed to reflex the limitation (D. N. Moriasi et al. 2007), which can 

be a justification for some of the low values of model efficiency in simulating the observed data. 

For depth calibration, more runoff is generated by the microwatersheds, the infiltration rate 

is lower, and the potholes had a larger area. On the other hand, in the calibration of the volume 

storage into the features, the area of the potholes was changed, so the volume load computed by 

AnnAGNPS was consisted with the pothole topography. In this calibration less runoff is generated 

by the microwatersheds, and the infiltration rate was higher to compensate for the reduced size of 

the potholes.  
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 DEPTH SIMULATION RESULTS 

8.1. Objectives 

In this section, the results of pothole hydrology according the depth calibration for current 

and conserved conditions are illustrated for both potholes. Discussions about frequency of 

inundations, consecutive days of inundations and its intensity are available in addition to the long-

term results for pothole hydrology. 

8.2. Simulated Long-Term Depth Variation under Current 

Conditions 

After the calibration of the potholes discussed in Chapter 7, it is possible to simulate the 

long-term water depth variation of the potholes. Figure 8-3 presents the water depth variation in the 

current condition, for the all simulated years for Walnut and Worrell potholes.  
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Figure 8-1: A) Walnut total depth simulation and B) Worrell total depth simulation. 
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generated because of snowmelt, as discussed by other authors (Das et al. 2008) 
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features stay flooded, and the intensity of inundation. In following assessments, just the depths 

higher than 0.05 m were considered. Figure 8-2 shows the hydroperiod, or total number of 

inundated days for the simulated years, from 1992 to 2014, and the number of inundations during 

the growing season for both potholes.  

 

Figure 8-2: Simulated inundated days from 1992 to 2014 for current conditions in Walnut and 

Worrell potholes. 

In the current condition, Walnut and Worrell potholes had similar patterns through the 
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Table 8-1: Worrell and Walnut frequencies of consecutive inundations in the current condition. 

 Walnut Worrell 

Days of consecutive inundations  (%)  (%) 

1 26 30.2 36 32.4 

2 19 22.1 25 22.5 

3 10 11.6 19 17.1 

5 9 10.5 11 9.9 

7 7 8.1 9 8.1 

10 4 4.7 4 3.6 

15 4 4.7 1 0.9 

20 3 3.5 5 4.5 

20 + 4 4.7 1 0.9 

Sum 86 100 111 100 

2 to 20+ 60 69.8 75 67.6 

In table 8-1 we have assessed all the inundation events simulated by AnnAGNPS. The 

length of the inundation event will last from the first day to the last day water is observed in the 

features. The number of days the potholes stayed flooded during the simulation can be computed 

by multiplying a specific number of consecutive inundations by its frequency. For instance, Walnut 

had 10 events of 3 days of consecutive inundations, which consists of 30 days of flooding in this 

pothole, for events lasting 3 days during the simulation. Percentage frequency corresponds to the 

number of events in which water stayed in the potholes during a specific consecutive number of 

inundations, in relation to all inundation events, from one to more than 20 days of consecutive 

inundation. According this table, over 30% of the events in which the potholes filled with water 

lasted for one day in the current condition.  

In table 8-1 we have added the sum of the consecutive inundations lasting from two to more 

than 20 days because when the potholes hold water for more than two days, the higher the chance 

of negative impacts in the yields. With these results we have that almost 70% of the inundation will 

some negative impacts on the plants. The effect of consecutive days of inundation in the crops is 

also a function of the development stage of the plant. However, since the objective of the project 
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was to address the water balance of the potholes; here we considered that any inundation event 

lasting more than two days will cause negative impacts for crops. Additionally, because this 

analysis was made considering the total simulation, some consecutive events might have happened 

outside the growing season, which would not impact the crops. Nevertheless, this study can provide 

a better understanding of pothole hydrology. The water quality impact as a consequence of multiple 

days of inundation is not discussed due the limitation of data. 

 Figure 8-2 illustrates the information of frequency percentage, available in table 8-1, in a 

histogram format, for the assessment of consecutive inundations in the current conditions. 

 

 

Figure 8-3: Consecutive inundations in the potholes A) Walnut and B) Worrell in the current 

condition. 
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In figure 8-2 and table 8-1, it is possible to observe that for most of the inundation events, 

water will stay flooded for fewer consecutive number of days, probably as a consequence of the 

high infiltration rate of the potholes in the current condition. According to the median of the results 

of consecutive inundations of both potholes, these will stay flooded for two days in a row in both 

potholes. The median was used instead of the average because the percentage of occurrences is 

higher for fewer consecutive days of inundation. 

The average number of inundations per month for each pothole is shown in table 8-2 along 

with the corresponding estimated plant growth stage for corn and soybeans. The plant growth 

stages are: Initial, Development, Maturation, and Senescence, and correspond respectively to 15, 

40, 30 and 5% of the growing season, according to FAO documentation (FAO, 1998). 

Table 8-2: Inundation in the potholes in a monthly basis. 

Plant 

Stage 
Initial/Develop. Develop. 

Develop. / 

Mat. 
Mat. Senesc. 

 

Month May June July August September October Total 

Walnut 5 6 6 4 3 1 25 

Worrell 4 6 5 3 3 1 22 

According the results available in table 8-2, it is possible to affirm that the simulations from 

1992 to 2014 have shown that the potholes tend to flood more frequently in early stages of plant 

development, during May, June, and July, which can also represent a delay in operation dates. 

The potholes are considered to overflow when water exceeds their maximum elevation 

depth, which corresponds to 0.7 and 1 meter for Walnut and Worrell, respectively. No events of 

overflow were observed in Walnut for the depth analysis in the current condition. On the other 

hand, Worrell exceeded its holding capacity once during the simulation period, in November of 

2008.  Nevertheless, in April of 2014, overflow was observed in the site as a consequence of 

snowmelt, which was not simulated by the model. Then, it is likely that AnnAGNPS will generate 

better results of pothole inundation for rainfall events, in relation to snowmelt.   

Because of the few occurrences of overflow in both potholes in the depth calibration, it is 

likely that the water stored in the features is drained by tile inlets, and overflow will likely be 
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generated only under limited circumstances of a combination of wet conditions and high intensity 

precipitation events.  

Intensity of inundation illustrates the average water depth during the simulation period, and 

the corresponding area ponded with water. This analysis will give an idea of the average area not 

suitable for agricultural purposes in the field as a function of the depth of water. Table 8-3 

illustrates the frequency water was accumulated in each depth of the potholes, for a better 

understanding of the average depth of the inundations. 

Table 8-3: Intensity of inundation in Walnut and Worrell potholes for the current condition. 

 Walnut Worrell 

Depth Area (m2) Frequency Frequency (%) Area (m2) Frequency Frequency (%) 

0.1 5458 256 41.4 6481 159 29.3 

0.2 9764 214 34.6 13131 164 30.2 

0.3 14022 88 14.2 21016 82 15.1 

0.4 17881 29 4.7 26274 55 10.1 

0.5 21545 22 3.6 31967 38 7.0 

0.6 25067 5 >1 38707 14 2.6 

0.7 28572 4 >1 45517 17 3.1 

0.8  0 0 48810 6 1.1 

0.9  0 0 48845 4 >1 

1  0 0 48857 4 >1 

Total  618 100  543 100 

Here, the frequency represents the number of days water was in the specific depth, 

occupying a specific surface area, computed in ArcGIS, and discussed in Chapter 6. With this 

assessment, it is possible to observe that Walnut and Worrell potholes have similar hydrology, and 

both of them will accumulate shallow depths of water, from 0 to 0.2 depth of surface water for 

most times. Worrell has a higher variation of frequencies within depths because it has a broader 

depth range. Figure 8-4 illustrates the representation of the results of table 8-3 in a histogram 

format.  
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Figure 8-4: Intensity of inundation in the potholes A) Walnut and B) Worrell in the 

current condition. 
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8.3. Simulated Long-Term Depth Variation under Conserved 

Conditions 

Under conserved condition, pothole infiltration is considered to be reduced to 12.5 mm/day, 

which is considered the default wetland infiltration according AnnAGNPS documentation; and 

some extent of the microwatersheds converted to bushy vegetation, as discussed in section 5-4. 

Figure 8-5 illustrates the comparison between conserved and current conditions for Walnut and 

Worrell current and conserved variations according the depth analysis for the calibration period 

(2010 and 2011 growing seasons). Summary data for the longer record is presented afterwards. 

 

 

Figure 8-5: Pothole depth comparison in current and retired conditions for the calibration period 

for A) Walnut and B) Worrell potholes. 
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In figure 8-5 it is possible to see the differences between current and conserved conditions, 

in particular for wet years. In drier years, the difference between current and conserved is reduced, 

which is observed in the results of 2010 (wet) in relation to 2011 (dry). In Worrell (8-5B) the 

difference between current and conserved is higher because of the higher reduction in the infiltration 

rate, in relation to Walnut. Figure 8-6 illustrates the comparison between current and conserved for 

the entire simulation for both features. 

 

 

Figure 8-6: A) Walnut and B) Worrell total simulation comparison between current and conserved 

conditions. 
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area, and a higher infiltration rate in the conserved condition. Figure 8-7 illustrates a comparison 

between the number of days of inundation in the current and conserved conditions for Walnut and 

Worrell potholes. 

  

Figure 8-7: Comparison between the number of days of inundation between current and 

conserved conditions for A) Walnut and B) Worrell pothole. 
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of conservation. The assessment of the number of days of consecutive days of flooding for the 

conserved condition is illustrated in table 8-4. 
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Table 8-4: Worrell and Walnut frequencies of consecutive inundations for the Conserved condition. 

 Walnut Worrell 

Days of consecutive inundations  (%)  (%) 

1 11 12.8 5 7.6 

2 16 18.6 8 12.1 

3 11 12.8 3 4.5 

5 11 12.8 3 4.5 

7 9 10.5 2 3.0 

10 2 2.3 6 9.1 

15 7 8.1 11 16.7 

20 1 1.2 2 3.0 

20 + 18 20.9 26 39.4 

Sum 86 100 66 100 

Differently from the current condition, in the conserved, the potholes will spend more 

consecutive days inundated. As observed in table 8-4, about 21 and 40% of the consecutive days of 

the inundation events will last for more than 20 days, for Walnut and Worrell, respectively. In the 

conserved condition, there will be fewer inundation events, but the features will hold water for 

longer periods. The number of inundation events lasting more than two days is not available in 

table 8-4 because in this scenario there will be no crops within the potholes. Figure 8-8 illustrates 

the histogram related with each of the potholes, in the assessment of consecutive inundations for 

the conserved condition for both potholes. 
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Figure 8-8: Consecutive inundations in the potholes A) Walnut and B) Worrell in the conserved 

condition. 

In the comparison between the consecutive number of inundations in the current (figure 8-

2), and conserved condition (figure 8-8), it is possible to observe a higher variation in the later in 

relation to the prior. In the conserved condition, the median will increase from two consecutive 

days of inundation to 5 and 14 consecutive days of inundation for Walnut and Worrell potholes. 

The number of consecutive days of inundation in Worrell in relation to Walnut can be a 

consequence of the higher drainage area of this pothole, and larger difference between the 

infiltration in the current and conserved conditions. 

0

5

10

15

20

25

30

35

40

1 2 3 5 7 10 15 20 More

%
 o

f 
o

cc
u

rr
en

ci
es

Consecutive Days of Inundation

0

5

10

15

20

25

30

35

40

1 2 3 5 7 10 15 20 More

%
 o

f 
o

cc
u

rr
en

ci
es

Consecutive Days of Inundation

A)

B)



105 

 

 

In the conserved condition, there were eight occurrences of overflow for Walnut pothole, all 

during 2008 and 2010. For Worrell, there were 34 events of overflow, in several years. It suggests 

that by retiring the potholes these will flood and inundate more frequently if no other 

conservational practice is used in the fields. Considering that the drainage system in the fields are 

located in the specific to the potholes, in other words, if the drainage systems are unplugged, there 

will not be any other system to drain the fields. Therefore, the drainage system is removed, it is 

very likely that the field would be under high humid conditions, which would impact crop yields. 

Therefore, some practices might be necessary in order to keep the pothole surrounds drier, and 

leave the potholes to store the extra volume generated by the microwatersheds. Table 8-5 illustrates 

the frequency water was accumulated in each depth of the potholes in the conserved conditions. 

Table 8-5: Intensity of inundation in Walnut and Worrell potholes for the conserved condition. 

 Walnut Worrell 

Depth Area (m2) Frequency Frequency (%) Area (m2 Frequency Frequency (%) 

0.1 5458 453 28.3 6481 475 13.4 

0.2 9764 457 28.5 13131 708 20.0 

0.3 14022 227 14.2 21016 505 14.3 

0.4 17881 154 9.6 26274 385 10.9 

0.5 21545 132 8.2 31967 246 7.0 

0.6 25067 120 7.5 38707 260 7.4 

0.7 28572 58 3.6 45517 262 7.4 

0.8    48810 233 6.6 

0.9    48845 186 5.3 

1    48857 273 7.7 

Total  1601 100  3533 100.0 

As predicted, the conversion to conserved conditions had a higher impact in Worrell than in 

Walnut, because of the higher drainage area, and a higher infiltration rate in the conserved 

condition. Most times, in the occurrence of inundation, the water depth in Walnut will be around 

0.1 and 0.2 m, and the frequency it reaches higher depths decrease as the elevation in the potholes 

increase, similarly to the current conditions. On the other hand, water depth varies more in the 
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Worrell pothole, since it spreads out more through the pothole profile. Figure 8-9 illustrates the 

information available in table 8-5 of each pothole in the conserved scenarios.  

 

 

Figure 8-9: Intensity of inundation in the potholes A) Walnut and B) Worrell in the conserved 

condition. 

By comparing the intensity of the inundation in the current and conserved conditions 

(figures 8-4 and 8-9), it is possible to observe that in the conserved conditions, the potholes will 

have a smoother variation in the surface water depth in the potholes, while in the current 

conditions, during an inundation events, the water in the potholes will be likely around 0.1 and 0.2 

m. The median of the depth in elevation of the inundation for Walnut and Worrell potholes in the 

current condition is 0.23 and 0.40 m, that will occupy an area of 0.84 and 2.14 ha respectively, 
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which corresponds to 30%  and 44% of the surface area for Walnut and Worrell potholes when 

these are in their maximum storage capacity. In the conserved scenario, the hydrology of the 

potholes will no longer be similar, since Worrell will inundate for longer periods and water will 

reach higher depths in this pothole, in relation to Walnut. 

8.4. Summary 

In this chapter, the results of the depth calibration for the current and conserved conditions 

are available. With the results, it is possible to affirm that the potholes will inundate more during 

early stages of the growing season, and for more consecutive days in the conserved condition in 

relation to the current. Additionally, in the current condition, the surface water will mainly be 

around 0.1 and 0.2 m in the potholes, while, in the conserved condition, the water depth will have a 

higher variation in the profile of the potholes, which suggests that the surface water will be higher 

in the current condition in relation to the conserved, as expected.  
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 VOLUME SIMULATION RESULTS 

9.1. Objectives 

Here, the objective is to discuss the results of AnnAGNPS simulations according the 

volume calibration for current and conserved conditions, and illustrate the differences in volume 

variations in the comparison of both scenarios. Because the objective of the project was to 

investigate water balance variations in the potholes, the results of this section do not include the 

assessment of the hydroperiod, as the results in the depth analysis. The results of both potholes are 

available, although AnnAGNPS had unsatisfactory results in the volume calibration. 

9.2. Simulated Long-Term Volume Variation under Current 

Conditions 

As discussed in previous sections, calibrations for the volume analysis were different, in 

which the microwatesheds had a better hydrological condition of in the volume analysis in relation 

to the depth, resulting in less water accumulation in the features. The objective of this analysis was 

to capture volume variations, when the objective of the depth analysis was to capture depth 

variations.  Figure 9-1 illustrates the volume storage for the total simulation for Walnut pothole, for 

the current condition. 
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Figure 9-1: A) Walnut and B) Worrell volume variation for the total simulation. 

Because of the different hydrological conditions between simulations, the graphs of the 

total simulation were different for depth and volume analysis. The number of days in which the 

features flooded in the growing season is not applicable in this analysis since calibration of Walnut 

pothole did not have satisfactory results.  

The dynamics of volume were different from depth simulations. The potholes reached a 

higher volume storage in the year of 2004, not 2008 or 2010, in which the higher depth was 

observed in the previous calibration, probably due the high rainfall depth of 131.5 mm/day in 2004, 

the highest of the 23 years of data. For the volume analysis, the volume stored in the potholes was 

directly related with rainfall depth, while in the depth analysis, the moisture conditions played a big 
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role in the dynamics of water table. Therefore, it is likely that the depth were higher in 2008 and 

2010 in the depth analysis because of continuous rainfall events, while, in the volume analysis, the 

event itself has higher influence. For this calibration, the potholes did not overload in any 

circumstance of the growing season.  

9.3. Simulated Long-Term Volume Variation under Conserved 

Conditions 

In this section, the differences between the volume loaded in the microwatersheds in the 

conserved scenarios are discussed. As performed for the depth analysis, the conversion to 

conserved conditions happened through the conversion of a certain percentage of the watershed to 

bushy vegetation and the reduction of the infiltration in the wetland, from 55 and 70 mm/day for 

Walnut and Worrell, to 12.5 mm/day. The differences between current and conserved are expected 

to be smaller for the volume analysis since the microwatersheds are considered to generate less 

runoff, and discussed in Chapter 7.  

In the estimation of the number of inundation events, the potholes exceed their volume 

capacity more often than in the current condition. Walnut and Worrell overflow one and eight 

times, during the entire simulation, mainly in the wet years of 2004, 2008, and 2010. 

Graphical representation of volume loaded into the features in current and conserved 

conditions, as well as the volume difference are available in figure 9-2, for Walnut pothole. 
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Figure 9-2: A) Current and conserved comparison and B) volume difference for Walnut pothole. 

For Worrell, the graphical representation of volume loaded into the features in current and 

conserved conditions, and the volume difference are available in figure 9-3. 
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Figure 9-3: A) Current and conserved comparison and B) volume difference for Worrell pothole. 

9.4. Summary 

As observed in the results of the depth calibrations, in the conserved scenario, the potholes 

will store more water. Nevertheless, because the microwatershed generates less runoff under the 

volume calibration, here, the potholes will exceed their volume storage capacity fewer times in 

relation to the depth calibration. 

More research is needed to identify better analysis in the volume storage variation in the 

potholes that can contribute for the understanding of their hydrological patterns, and therefore what 

would be their best use.  
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 CONCLUSIONS AND FURTHER RESEARCH 

10.1. Conclusions 

The objective of this thesis was to increase the understanding of pothole hydrology in the 

Des Moines Lobe with the use AnnAGNPS watershed model. It estimates watershed runoff by the 

characterization of physical processes in the watershed, which required diverse inputs, such as 

topography, climate, soil, and land cover. Two features in Story County were investigated, and to 

improve their assessment with AnnAGNPS, pothole volume capacity was estimated with the a 

assessment of a high-resolution DEM, which allowed the estimation of the volume and surface area 

related with each 0.1 m in elevation depth of the features. Results of the potential volume holding 

capacity of the feature suggests that they can be used for other purposes apart from agriculture 

land, such as flood control structures. Also, the area of surface water was related with model results 

of water depth variations in the potholes, to estimate the area in the fields covered by water, when 

the potholes are flooded. 

Two management conditions were investigated and simulated by AnnAGNPS. First current 

management, in which the potholes are under corn-soybeans rotation, was characterized; and the 

conserved condition, in which the artificial drainage was removed and no cropland was considered 

in the potholes extent. The model was calibrated with a limited number of observed data, which 

suggests that the results could be relaxed to account for the limitation of a reduced span of 

calibration. Because the model considers a linear relationship between the volume stored and water 

depth in the potholes, it was not able to simulate depth and volume variations in the potholes with 

the same calibration, and for this reason AnnAGNPS was calibrated twice, according depth and 

volume variations in the features. Through simulations and comparisons, it was observed that 

AnnAGNPS watershed model was able to assess the hydroperiod of prairie potholes in the current 

condition with a certain level of reliability according depth calibrations, with fair NSE indexes. 

Currently, the model was successfully able to capture water depth variations, not the same for 

volume storage assessment, because NSE values were smaller, and unsatisfactory in the assessment 

of Walnut pothole.  
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Simulations indicate that potholes will have similar hydrological patterns. Both will flood 

during the growing season, having a semipermanent water regime, which is contradictory with their 

current use, lands designated to agricultural production. In the occurrence of inundations, these will 

mostly stay flooded for two consecutive days, and will accumulate water in shallow depths, 

occupying about 20% of their surface area in their maximum storage.  Results also show that these 

features commonly inundate early in the season, potentially causing problems to farmers by 

interfering in the dates of field operations, and also in crop yields.  

 Under the current condition, potholes were barely observed to overflow. When drained, 

potholes tend to flood less often, however, drained water merges with other sources of flow in the 

drainage districts, which suggests an indirect influence and nexus downstream. On the other hand, 

under the conserved scenario, the potholes will have different hydrological patterns, in which 

Worrell will flood more often, for a higher number of consecutive days, and for more consecutive 

days in relation to Walnut pothole. For instance, Walnut will mostly inundate for five consecutive 

days, and during the inundation will inundate about 30% of its surface area, while Worrell will 

inundate for 14 consecutive days, reaching 44% of its surface area. Both features will overflow 

more often, in particular Worrell, having direct effects downstream, but less indirect impact. The 

higher impact of in Worrell in relation to Walnut is because its higher reduction in the infiltration 

rate in relation to the current condition, and its larger drainage area. Therefore, the higher the 

pothole drainage area, the higher the impact in its hydrology. 

With the disconnection of the tiles in the potholes, soils in the field will store more water, 

which has shown to cause flood in the fields for both depth and volume analysis. For this reason, 

with the disconnection of the tiles, it is important to consider the use of conservation practices to 

reduce runoff production by the watershed. Nevertheless, more research is necessary to affirm 

whether pothole conservation will provide significant storage for flood control and have similar 

effects to the simulated by the model.  

The main contribution of this project is that it is possible to model farmed and drained 

pothole microwatersheds. Then, it is possible to simulate the hydrology of other features, in other 

places and with other models, to investigate if similar patterns are observed. Here, the hydrology of 

the potholes suggests that these are not being used according their potential, which might not be the 
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pattern to other features in the PPR. Results of this project can be used as a justification to policy-

makers in the new legislations to decide the future of this feature and its most suitable 

management, consistent with their hydrological patterns. 

10.2. Further Research 

Since it was proved that it is possible to model potholes, the next step is to improve 

modeling techniques to understand its hydrological dynamics. For instance, to improve 

AnnAGNPS model to account for the topography of the features, so it would not be necessary to 

calibrate the model according depth and volume variations. Additionally, if tiled water were not 

loaded into the reaches along with surface water, it would be possible to simulate the impact of 

tiled microwatersheds with AnnGNPS. 

If drained water was not loaded into the features with surface water, it would be possible to 

simulate tilled microwatersheds, instead of potholes. This scenario would be more realistic for the 

state of Iowa, in relation to no artificial drainage, as simulated in the conserved condition. A further 

step in the improvement of the model would be the computation of the water balance in an hourly 

basis, to capture the maximum water level and volume in the potholes in a given day. Also, the 

model would generate better results if it was possible to simulate common features in potholes, 

such as artificial tile drainage, and surface intake. 

Future research include the collection of observed data to be used in the calibration and 

validation of the model, and simulation of potholes under diverse scenarios in order to assess the 

most suitable management for potholes, compatible with their hydrology. Also, the assessment of 

the impacts of potholes in the transport of pollutants in the watershed, and assessment of their 

potential environmental services. Observed data of water quality must be collected to understand 

the dynamics of pollutants in the potholes, and whether watershed models are able to simulate their 

behavior. 

During the development of this project, a new version of AnnAGNPS (Version 5.43) was 

released. In the newer version, instead of assuming infiltration rate in the potholes to be equal to 

12.5 mm/day when the user does not include any infiltration rate value, it assumes that the 
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infiltration will be equivalent to the average infiltration of the watershed, based in its soils. The 

results of this scenario for the depth calibration is shown in figure 10-1. 

 

 

Figure 10-1: Comparison between current and conserved conditions considering average 

infiltration in the watersheds for A) Walnut and B) Worrell potholes. 

In this simulation, the infiltration rate computed by the model was minimum for the 

watershed soils, which caused the potholes to flood all year long. It is probably not the case for the 

potholes investigated for this project, but was the case of some potholes in Story County in prior to 

settlement. This simulation arises the question of whether pothole conservation would cause some 

features to store water all year long, and what would be the impacts in the watershed. 
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For last, more research is necessary in the determination of the best approach to determine 

pothole extent, with DEM assessment. Here, we have determined the pothole extent according the 

subtraction of the original DEM by its filled version. It gives a good notion of the location of the 

feature, but not its actual extent. In this project we believe that the pothole area was overestimated.  
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A. APPENDIX: WATER QUALITY 

A.1. Data collection 

Potholes were observed to have some impacts in water quality downstream, and undesirable water quality 

impacts when disturbed (Winter and Rosenberry 1995a; Winter and Rosenberry 1998; Winter and Rosenberry 1995b). 

For this project, water samples were collected after precipitation events, when water was accumulated by the surface of 

the potholes during the year of 2014. Information about Total N, P and sediments from the samples were investigated, 

as well as nitrate, nitrite, ammonia, and dissolved P. Tables A-1, A-2, and A-3 below illustrate the results found for 

Walnut, Worrell Field and Worrell Road potholes.  

Table A-1: Water quality values for Walnut pothole 

Sample ID Sample Date 
Ammonia 

(mg/L N) 

Nitrate + 

nitrite 

(mg/L 

N)* 

Dissolved 

reactive P 

(mg/L P) 

TSS (g/L) TP (mg/L) TN (mg/L)** 

WAP 5/1/2014 0.0514 4.2073 0.380 6.4900 32.5 33.7** 

WAP 5/21/2014 0.2374 0.9004 0.329 1.5750 9.3 14.3 

WAP 5/22/2014 0.0270 0.7648 0.268 0.9000 5.3 8.2 

WAP 5/23/2014 0.0546 2.3516 0.401 1.3867 6.0 12.7 

WAP 6/17/2014 0.1563 0.623 0.299 0.1820 0.67 3.9 

WAP 6/18/2014 0.0471 0.7241 0.357 0.3680 5.0 3.0 

WAP 6/20/2014 0.0257 0.3657 0.213 0.4550 6.2 6.8 

WAP 6/23/2014 0.3566 0.0478 0.363 0.0292 0.55 3.4 

WAP 6/24/2014 0.4581 0.0770 0.348 0.0183 0.56 1.6 

WAP 6/25/2014 1.3814 0.0288* 0.590 0.3900 10.6 11.0 

WAP 6/28/2014 0.0635 0.0741* 0.109 0.1200   

WAP 7/1/2014 0.0953 0.1313 0.044 0.0450 0.30 3.8 

WAP 7/2/2014 0.1075 -0.0085* 0.068 0.0467   

WAP 7/3/2014 0.1614 0.1268 0.055 0.0400 0.24 10.9 

WAP 7/6/2014 0.2823 -0.0708* 0.109 0.0150   

* values in red indicate results lower than the standard of 0.02 mg/L of N; **High range TP tests (1-33 mg/L 

P) are reported to the 1.0 mg/L P level; low range TP tests (0-1 mg/L P) are reported to the 0.01 mg/L P level. 



124 

 

 

To improve the visualization of the results, the values total P and N are presented in a graphical representation 

(figs A-1, A-2, and A-3). Sediment is not plotted in the graphs once values collected are in a different scale. 

 

Figure A-1: Nutrient Load in the Walnut pothole. 

Table A-2: Water quality values for Worrell Field pothole 

Sample 

ID 

Sample 

Date 

Ammonia  

(mg/L N) 

Nitrate + 

nitrite  (mg/L 

N)* 

Dissolve

d reactive 

P (mg/L 

P) 

TSS 

(g/L) 

TP 

(mg/L)** 

TN 

(mg/L)** 

WOF 5/22/2014 0.0391 1.8346 0.344 7.6143 79.4**  44**  

WOF 5/23/2014 0.0545 1.4911 0.348 11.2200 45.6 50.2**  

WOF 6/17/2014 0.0955 0.7585 0.434 0.0875 0.93 4.6 

WOF 6/20/2014 0.0622 0.3431 0.250 0.1538 1.9 1.0 

WOF 6/23/2014 0.3480 0.4013 0.373 2.7000 26.0 3.0 

WOF 6/28/2014 0.0467 0.4608 0.215 0.1067 2.3 3.0 

WOF 6/29/2014 0.0946 0.1938 0.210 0.0333 0.43 6.8 

WOF 7/1/2014 0.0380 0.3142 0.134 0.3567 4.4 -1.1** 

WOF 7/2/2014 0.0502 0.0069* 0.145 0.2133   

WOF 7/3/2014 0.0430 0.2967 0.131 0.1420 0.55 4.9 

WOF 7/6/2014 0.1272 0.6213 0.217 0.3900 4.7 8.3 

* values in red indicate results lower than the standard of 0.02 mg/L of N; **High range TP tests (1-33 mg/L 

P) are reported to the 1.0 mg/L P level; low range TP tests (0-1 mg/L P) are reported to the 0.01 mg/L P level. 
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Figure A-2: Nutrient Load - Worrell Field pothole 

Table A-3: Water quality values for Worrell Road pothole 

Sample 

ID 
Sample Date 

Ammonia  

(mg/L N)* 

Nitrate + 

nitrite  (mg/L 

N)* 

Dissolved 

reactive P 

(mg/L P) 

TSS 

(g/L) 

TP 

(mg/L) 

TN 

(mg/L) 

WOR 5/21/2014 0.0096* 5.9621 0.641 1.6200 14.4 19.8 

WOR 5/22/2014 0.0238 7.5371 0.594 0.4000 4.9 9.8 

WOR 5/23/2014 0.0164* 8.3939 0.612 0.3731 5.2 9.4 

WOR 6/17/2014 0.0854 1.4207 0.319 0.4125 0.90 5.6 

WOR 6/20/2014 0.0328 0.426 0.295 0.1867     

WOR 6/23/2014 0.2208 0.3974 0.272 0.0333 0.43 1.0 

WOR 6/28/2014 0.1642 0.0065* 0.171 0.0250 0.33 2.6 

WOR 7/1/2014 0.0393 0.14* 0.227 0.0467     

WOR 7/2/2014 0.0470 0.3199 0.233 0.7333 4.0 14.8 

WOR 7/3/2014 0.0132* 0.0665 0.223 0.0106 0.34 8.8 

WOR 7/6/2014 0.1013 -0.1066* 0.204 0.0075     

*values in red indicate results lower than the standard of 0.02 mg/L of N 
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Figure A-3: Nutrient Load in the Worrell Road pothole. 

More inundation events were observed in Walnut pothole, which justifies the higher number of water quality 

samples. It was expected larger pollutant loads just after high intensity rainfall events, and a reduction in the following 

days. This behavior was observed in some equations, but due the limited data, more research is needed in the topic. 

Research has shown that the water quality aspect is largely variable through enclosed wetlands (Whigham and 

Jordan 2003). For this reason, considering there was not observed data for calibration of the model, water quality 

aspect was not broadly discussed in this thesis. 

A.2. Further Research 

Water quality data was collected with the aim to monitor water quality aspect of the potholes. However, not 

enough data was available to calibrate the model, and assess nutrient load in the potholes, and therefore its dynamics. 

Further research include the collection of nutrient and sediment data in order to estimate the load of pollutants in the 

potholes. With more collection of this type of data, it will be possible to calibrate and validate the model to simulate 

these parameters, and understand more pothole role in water quality. 
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B. APPENDIX: SOIL SAMPLES 

B.1. Data collection 

Soil samples were analyzed for a better estimation of soil textures in pothole microwatersheds. The impact of 

intense use of drainage in the PPR has been related to soil erosion in the area (Karlen, Dinnes, and Singer 2010; Freeland, 

Richardson, and Foss 1999). Our hypothesis is that sail erosion also happens in a small scale, and will probably be 

observed in the assessment of microwatersheds. Therefore, sediments with smaller sizes would likely be found in the 

bottom of the potholes, once more energy is necessary to transport bigger particles, while upper areas in the potholes 

would have sandier soil. In figure B-1, it is possible to observe the distribution of the points collected for assessment of 

soil variability in the microwatersheds.  

 

Figure B-1: Location of soil samples collected from Walnut and Worrell microwatersheds. 

Our hypothesis was confirmed by higher contents of clay towards the center of the potholes, by the outlet of the 

watersheds. Table B-1 illustrates the results of texture for the collected points. 
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Table B-1: Results of soil texture in the watersheds 

Message pH Sol Salts 

(mmho/cm) 

Texture P M3 

(ppm) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Texture 

(%) 

Wal_Center 6.7 0.34 Clay Loam 66 25 38 37 25-38-37 

Wal_Pot_Bound 7.9 0.49 Loam 14 39 36 25 39-36-25 

Wal_Hill_Eros 6.5 0.16 Sandy Clay 

Loam 

6 53 26 21 53-26-21 

Wal_Surf_Eros 6.1 0.12 Sandy Clay 

Loam 

6 54 26 20 54-26-20 

Wo_Hill_Eros_Int 7.8 0.46 Loam 33 47 30 23 47-30-23 

Wo_Hill_Eros 7.7 0.5 Loam 28 45 28 27 45-28-27 

Wo_Surf_Eros 6.4 0.22 Loam 10 49 28 23 49-28-23 

Wo_Cen 7.8 0.63 Clay Loam 66 27 38 35 27-38-35 

Wo_Cen_Intake 7.2 0.75 Clay 102 17 32 51 17-32-51 

B.2. Further Research 

For a better understanding of soil transport and deposition in prairie pothole microwatersheds, it is important 

collect more representative data points of soil in the microwatershed, and investigate other sites in the PPR, to confirm 

whether the patterns are repeated or not. 
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