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Abstract 

Agricultural pollution is a primary source of impairment to water bodies in the US. 

In the agriculturally intensive Midwestern Region of the US, agricultural 

production is contingent upon the drainage of excess water from the landscape 

through constructed drainage networks. Drainage networks typically consist of 

horizontal subsurface tile drains and vertical surface inlets routed to drainage 

channels and streams. Surface inlets are utilized to drain topographical areas 

which often accumulate surface water. North Central Iowa is an agriculturally 

intensive area comprising the southeastern portion of the Prairie Pothole Region 

(PPR): a landscape containing a high density of enclosed topographical 

depressions known as prairie potholes. This region maintains a large number of 

surface drains in order to drain the prairie potholes and thus increase the 

productivity of the lands within them. Draining prairie potholes by the installation 

of surface drains may increase water flows as well as the loadings of agricultural 

water quality contaminants to receiving waters. This study focuses on the 

hydrology of and contaminant loading from a drained prairie pothole located in a 

39.5 ha agricultural field in North Central Iowa.  

To assess the hydrology of the drained topographical depression, water balances 

were performed using climactic and water level data. Flows of water into the 

surface tile inlet were calculated using continuous water level data obtained via 

pressure transducer located near the surface drain within the topographical 

depression. Precipitation inflows and evaporative outflows to the pond were 

calculated using climactic data.  Groundwater levels were monitored to assess 

groundwater and surface water interactions. The results of these water balances 

showed distinct differences in the inflows to and outflows from the depression 

based on antecedent conditions. In wet conditions, groundwater flow to the pond 

was significant source of water accounting for more than 20% of the total inflow. 

In drier conditions groundwater was not a source of water and infiltration 

comprised at least 30% of the outflow. Over the entire study period, the surface 

drain was the largest outflow from the pond accounting for 17160 m3, 95%, of the 
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total outflow. Evaporation from and precipitation on the pond surface proved to 

be minor components of the water budget, accounting for 2% and 4% of the total 

water budget, respectively.  

Concentrations of potential agricultural pollutants (Total Dissolved Solids, Nitrate, 

Dissolved Phosphate, Total Phosphorus, Total Suspended Solids, and Dissolved 

Organic Carbon) were determined by the analysis of grab samples obtained from 

ponded water which accumulated within the depression as the result of 

precipitation events. Chemical loads and yields were calculated using 

corresponding flows into the surface drain and constituent concentrations from 

June until Mid-August of 2008. These values were then compared to calculated 

upstream loads within the receiving drainage channel to compare the relative 

contributions of the surface tile inlet to the watershed’s effluent. The receiving 

channel drains a 3640 ha catchment containing extensive drainage infrastructure 

immediately upstream of topographical depression. Calculated yields from the 

drained depression were: Total Dissolved Solids (TDS): 168 kg ha-1, Nitrate as 

nitrogen (NO3
- -N): 8.4 kg ha-1, Orthophosphate as phosphorus (PO4

3- -P): 0.4 kg 

ha-1, Total Phosphorus as phosphorus (TP -P): 0.9 kg ha-1, Total Suspended 

Solids (TSS): 788 kg ha-1, and Dissolved Organic Carbon (DOC): 11 kg ha-1. 

Calculated yields for the receiving channel were: TDS: 722 kg ha-1, NO3
- -N: 23.2 

kg ha-1, PO4
3- -P: 0.4 kg ha-1, TP -P: 1.0 kg ha-1, TSS: 991 kg ha-1, DOC: 11 kg 

ha-1. These results suggest that the surface inlet has relatively low impacts on the 

total loads contributed receiving waters downstream.  
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1 The Hydrology of a Drained Topographical 

Depression within an Agricultural Field in North 

Central Iowa 
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1.1 Introduction 

The prairie pothole region (PPR) is a recently glaciated area (14000 - 9000 YBP) 

of North America covering 700,000 km2 spanning from central Alberta in the 

northwest to Iowa in the southeast (Evans and Freeland, 2000; Miller et al., 

2009). The PPR landscape consists of low undulating topography having 

undeveloped drainage networks comprised with an abundance of enclosed 

topographical depressions, often termed prairie potholes (Steinwand and Fenton, 

1995; Winter and Rosenberry, 1998). These topographical depressions range in 

size from several square meters to several hectares in area and from several 

centimeters to a few meters in depth (Kreymborg, 2004). In some portions of the 

PPR, topographical depressions have been reported to occupy as much as 20% 

of the landscape (Johnson and Higgins, 1997). Due to the undeveloped nature of 

the landscape, much of the PPR drains to these topographical depressions 

forming ponds within them (Johnson et al., 2008). These frequently inundated 

topographical depressions form a unique habitat providing critical ecosystem 

services and are the focal points of hydrology within the PPR. (Johnson et al., 

2008; Van Der Kamp et al., 2003). As is such, much research has been 

performed to characterize the hydrology of topographical depressions (Hubbard, 

1981; LaBaugh et al., 1998). The consensus of these efforts is that the hydrology 

of the topographical depressions within the PPR is dependent on the spatial and 

temporal variabilities of climatic, soil, and landscape characteristics (LaBaugh et 

al., 1998; Van Der Kamp and Hayashi, 1998). 

The hydrology of topographical depressions within the PPR is largely a function 

of the regional climate (LaBaugh et al., 1996). The PPR has a semiarid to sub-

humid continental type climate, prone to annual variations between floods and 

droughts (Winter and Rosenberry, 1998; Woo and Rowsell, 1993). Annual 

average precipitation and temperature within the region tends to increase from 

the northwest to the southeast (Evans and Freeland, 2000). The difference in 

precipitation within the region is due to the atmospheric moisture which is drawn 

north from the Gulf of Mexico resulting in high intensity convective storm cells in 
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the southeastern portion of the PPR (Winter and Rosenberry, 1998). Because of 

this regional gradient in precipitation, the annual difference between average 

potential evaporation and average precipitation within the PPR ranges from 10 

cm in Iowa to 60 cm in Saskatchewan (Winter and Rosenberry, 1998). Studies 

have concluded that the climactic processes of precipitation on to and 

evapotranspiration from ponds within these topographical depressions are 

integral hydrologic processes (Winter and Rosenberry, 1998; Woo and Rowsell, 

1993, Shjeflo, 1968). 

Soil characteristics also affect the hydrology of the topographical depressions 

(Evans and Freeland, 2000). The soils of the PPR are largely derived from fine 

textured glacial tills of low hydraulic conductivity (Evans and Freeland, 2000; 

Kemmis et al., 1981; Van Der Kamp and Hayashi, 2008). However, weathering of 

the upper layer of this till near the land surface by climactic, biological, and 

hydrological processes can increase its hydraulic conductivity relative to the 

unweathered till beneath (Hayashi et al., 1998; Rosenberry and Winter, 1997; 

Sloan, 1972). As a consequence of this vertical heterogeneity in hydraulic 

conductivity, water which infiltrates through the upper weathered soils 

accumulates above the less conductive unweathered till beneath; forming a 

shallow unconfined water table (Evans and Freeland, 2000). Near surface soils in 

uplands tend to lose fine particles due to erosion and leaching, while soils within 

depressions become enriched with fine particles transported via overland flow 

from surrounding uplands (Bell, 2005; Gleason and Euliss, 1998). Thus, surface 

soils in the uplands perpetually become coarser and more hydraulically 

conductive while soils in depressions become less permeable (Evans and 

Freeland, 2000). In addition, much of the glacial till in the PPR contains smectitic 

clays which shrink or swell depending on soil moisture content (Evans and 

Freeland, 2000). During wet periods these soils swell with moisture and become 

less hydraulically conductive, while during drier periods they shrink resulting in 

higher conductivity through three dimensional networks of fractures (Van Der 

Kamp and Hayashi, 1998). This shrink-swell behavior imparts a temporal 
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variability in the hydraulic conductivities of the upper weathered till as the climate 

transitions between wetter and drier seasons (Evans and Freeland, 2000; Woo 

and Rowsell, 1993). 

Topography and landscape position are also important to the hydrology of these 

depressions. Topographic factors such as slope and sub-basin areas of the 

uplands surrounding depressions combined with the timing and intensity of 

precipitation determine the extent to which overland flow contributes to the 

hydrology of a depression (Woo and Rowsell, 1993). Studies have found that 

overland flow is a larger component of the hydrology in spring when snow melts 

and precipitation events occur on soils which are either frozen or saturated 

(Derby and Knighton, 2001; Hayashi et al., 1998; Sharratt, 1992; Shjeflo, 1968; 

Woo and Rowsell, 1993) . Shallow groundwater flow is also an important 

hydrologic component dependent on landscape position. Shallow groundwater 

which has accumulated above the unweathered till, flows laterally from high 

potentials in uplands to lower potentials along the upper surface of the 

unweathered till (Evans and Freeland, 2000; Sloan, 1972; Steinwand and 

Fenton, 1995). Research suggests that much of the groundwater flow within the 

region is confined to the upper weathered till with only small amounts percolating 

into the unweathered till beneath (Jones et al., 1992). These shallow subsurface 

flows to lower potentials results in deeper water tables beneath upland 

depressions which in turn increases the infiltration capacity beneath them 

(Lissey, 1971). Shallow subsurface flows eventually converge and accumulate 

beneath lowland depressions resulting in shallow groundwater tables and 

groundwater discharge in depressions in low landscape positions (Van Der Kamp 

and Hayashi, 1998). 

The aforementioned factors determine the complex hydrology of the PPR 

(Hendry, 1982; Rosenberry and Winter, 1997; Van Der Kamp and Hayashi, 

2008) . Climate is the primary driver of this cycle but soils and geomorphic 

characteristics ultimately determine where and how water flows. A majority of the 
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research that has contributed to the characterization of PPR hydrology has taken 

place in the drier and relatively unaltered landscapes of the central and 

northwestern portions of the PPR (North Dakota, Manitoba, Saskatchewan, and 

Alberta) (Miller et al., 2009). These observations, however, may not be directly 

transferable to the more humid southeastern PPR where vast artificial drainage 

networks have been constructed to facilitate intensive agriculture production. 

Agriculture in the humid southeastern portion of the PPR (Minnesota and Iowa) 

would not be productive without the implementation of artificial drainage (Pavelis, 

1987). Initially, the shallow water tables inherent to the region inhibited crop 

respiration decreasing yields or prevented tilling which prevented cropping 

altogether (Richardson and Arndt, 1989). To address this issue, vast artificial 

drainage networks were constructed in the last 125 years to lower the shallow 

water tables (McCorvie and Lant, 1993). Today much of the agricultural lands 

within the southeastern PPR are artificially drained (Sugg, 2007). In flatter 

landscapes, drainage networks typically consist of horizontal subsurface drains 

which outfall to man-made drainage channels along the edges of fields (Pavelis, 

1987). However, in the southeastern PPR agricultural drainage frequently 

includes the installation of vertical surface drains within the numerous 

topographical depressions (Tomer et al., 2008). These vertical surface drains, 

typically routed to horizontal subsurface drains or conduits, are installed to drain 

the surface water which frequently accumulates within the topographical 

depressions (Ginting et al., 2000; Tomer et al., 2008). If water is present for too 

long within these cropped depressions, yields may be reduced or lost altogether 

(Farnham, 2001; Jaynes et al., 2005). In Iowa, it is estimated that as many as 

90% of these depressions have been drained for agricultural purposes (Bishop, 

1981). 

The hydrological impacts of agricultural drainage on the southeastern PPR is a 

subject of current research. Schilling and Libra (2003) found that subsurface 

agricultural drainage within Iowa is likely to have increased base flows of Iowan 
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Rivers over the previous half century. However, few studies have focused on the 

hydrology of drained depressions and furthermore the impacts of draining these 

features on regional hydrology (Tomer et al., 2008). It has been suggested that 

draining topographical depressions increases the propensity of storm flows and 

flooding in the streams and rivers receiving drain waters (Schilling and Libra, 

2003). This speculation may be supported by the observation that overland flow 

to depressions in agricultural settings has been found to be larger than would be 

in the natural setting (Euliss and Mushet, 1996; Van Der Kamp et al., 2003). 

Increased sedimentation of clays within topographical depressions under 

agricultural production has also been observed which may decrease the 

hydraulic conductivity of soils within them (Gleason and Euliss, 1998). It is 

therefore reasonable to infer that agriculture and drainage may significantly alter 

the hydrology of topographical depressions within agricultural landscapes. A 

wetter climate coupled with landscape modifications found in the southeastern 

PPR may confound the current hydrologic paradigm of these topographical 

depressions. 

This research aims to characterize the hydrology of a drained topographical 

depression within an agricultural field located in the southeastern PPR over the 

period of June through August of 2008. Surface and subsurface water levels 

were continuously recorded within the depression throughout the study. A mass 

balance model was developed to determine sources and sinks of water to the 

topographical depression using surface water levels, topographic survey, and 

climate data. Water balances were performed for all periods during which 

significant ponding (> 0.05 m in depth) within the depression was observed. 

Discreet hydraulic conductivity measurements were acquired within the 

depression on several instances over the study using simple bucket infiltrometers 

to assess the seasonal variability of the hydraulic conductivity at the land surface. 

Infiltration rates obtained during these discreet measurements were compared to 

infiltration rates obtained implicitly through mass balance calculations for the 

entire topographical depression.  
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1.2 Methods  

1.2.1 Location and setting 

This study takes place in a 39.5 ha agricultural field located in the northern 

portion of Hamilton County, Iowa at approximately 42°32’ 37” N, 93°35'22" W 

(Figure 1.1). The field lies on the Altamont moraine in the southeastern portion of 

the Des Moines Lobe which forms the southern tip of what is known as the prairie 

pothole region (PPR) (Ruhe, 1969; Kemmis et al., 1981; Miller et al., 2009). The 

Des Moines Lobe formation within southwestern Minnesota and north central 

Iowa is a product of the last advance of Wisconsonian glaciers, approximately 

14,000 YBP and comprises the southeastern 35,000 km2 of the PPR in (Ruhe, 

1969). The undulating topography of the field, which contains several enclosed 

topographical depressions, is characteristic of the region (Steinwand and Fenton, 

1995). The dominant soil catena on the Des Moines Lobe is the Clarion Nicollet 

Webster (CNW) catena and soil survey data indicates that soils from the CNW 

cantena are dominant at the study location (James and Fenton, 1993; Reuter 

and Bell, 2003; Soil Survey Staff, 2008; Steinwand and Fenton, 1995). Upland 

portions of the site are primarily moderately to well-drained Clarion or Nicollet 

loams with lower elevations and topographical depressions comprised of poorly 

drained Okoboji and Canisteo loams (Soil Survey Staff, 2008). Agricultural crops 

in the region are predominantly corn (Zea mays L.) and soybeans (Glycine max) 

(NASS, 2009). During the study period of June through August of 2008, the site 

was in corn production. 

The 50-year average daily temperature for the region is 22 deg C between the 

beginning of June and the end of August. Annual mean precipitation is 83 cm 

with an average of 35 cm occurring annually within the months of June, July, and 

August (National Climatic Data Center, 2009) 
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Figure 1.1: Location of study site within Iowa (US Census Bureau, 2008) and Prairie Pothole Region (USFWS, 2007)  



 

9 
 

As is the case for much of the agricultural land located on the Des Moines Lobe, 

artificial drainage is employed at the site to drain excess moisture to increase 

crop yields (Johnson et al., 2008). The artificial drainage network at the site 

consists of horizontal subsurface drains and vertical surface drains routed to a 

man-made channel which forms the headwaters of the South Fork of the Iowa 

River (SFIR) (Figure 1.2). Three horizontal subsurface drains discharge from the 

site into the SFIR along a 285 m reach bordering the field to the northeast. 

1.2.2 Description of study site and topographical depression 

The field is rectangular and measures 495 m, north to south, and 800 m, east to 

west, sloping downward from 366 m above sea level (m ASL) at the western 

extent to 358 m ASL along the eastern boundary (Figure 1.2). Slopes in the 

western portion of the field are steeper ranging from 2 to 6% with slopes in the 

east ranging from 0 to 2%. The topographical depression of interest to this study 

is located at the southeastern corner of the site. Slopes to the west of the 

depression range from 0.5 to 3%. The vertical surface drain within the depression 

is located at 42°32’ 24” N, 93°35'16" W at an elevation of 357.74 m ASL. The 

vertical surface drain is a 0.15 m diameter high-density polyethylene T-joint 

connected to a 0.2 m diameter subsurface clay tile drain. The elevation of the 

horizontal subsurface drain is 356.82 m at the lowest point directly below the inlet 

(Figure 1.3). The horizontal subsurface drain has a northeasterly trajectory at its 

intersection with the vertical surface drain, however the exact orientation of the 

horizontal subsurface drain prior to or after the intersection with the vertical 

surface drain is not known with certainty. The outfall of the vertical surface drain 

and the receiving horizontal subsurface drain was determined by a tracer 

experiment to be into the SFIR at 42°32’ 30” N, 93°35'15" W at which point the 

outlet is an 0.46 m diameter corrugated metal pipe (Figure 1.2). 
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Figure 1.2: Aerial photo and topography of field and study site near Blairsburg, IA. (Photo: USDA NAIP 2008)
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1.2.3 Site survey 

The field site was surveyed using a Real Time Kinetic Global Positioning System 

(RTK GPS) in April of 2008 (Appendix I). A GPS receiver was attached to an all-

terrain vehicle. The vehicle then traversed the study site in parallel east-west 

transects approximately 15-20 m apart. The GPS receiver on the vehicle 

recorded X,Y,Z point data for points spacing 5-10 m along each transect. Higher 

density data was acquired in the area of the topographical depression of interest 

to this study. The X,Y,Z point data obtained from the GPS survey were imported 

to and processed using ArcGIS (Environmental Systems Research Institute, 

2007). Using the GIS software, all of the collected GPS data points were used to 

create a 1x1 m digital elevation model (DEM) of the study site. Grid cell 

elevations of the DEM were determined using a statistical kriging algorithm, 

which considered the nearest 12 points to the center of each 1x1 m cell. The 1x1 

m DEM was subsequently used to generate a 0.05 m interval contour map of the 

entire field which was then used to delineate the boundary, the uppermost closed 

contour (358.25 m ASL) of topographical depression. 

Upon delineation of the topographical depression, the series of closed 0.05 m 

contours within the depression were used to produce depth, volume, and surface 

area relations.  Using the GIS software, differential pond surface areas were 

determined by the areas enclosed by each subsequent contour within the 

depression starting with a datum of 357.8 m ASL. Differential volumes were 

determined by using a cut and fill function within the GIS program. Each 0.05 m 

contour within the depression was converted to a planar surface with an 

elevation the same as that of the contour from which it was created. A fill function 

available in the GIS software was then used to compute a volume required to fill 

the area of 1x1 m DEM within the topographical depression to the level of each 

contour surface elevation. These data were used to establish relations between 

the elevation relative to the bottom of the depression and the corresponding 

surface areas and volumes for use in subsequent analysis of the hydrology of the 

depression. 
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1.2.4 Piezometer and stilling well installation 

To observe the accumulation of surface water within and shallow ground water 

levels beneath the topographical depression, a stilling well and two piezometers 

were constructed and installed within the topographical depression (Figure 1.3, 

Figure 1.4). The piezometers and well were constructed of 3.18 cm diameter 

schedule 40 PVC components. Boreholes for piezometers were made with a 

0.083 m diameter mud auger (AMS Inc., American Falls, ID, 400.06). A stilling 

well was installed 0.3 m due east of the surface inlet to observe pond water 

levels. The stilling well was constructed as shown in Figure 1.4. The screen 

length was 0.38 m and was installed even with the surrounding land surface. The 

stilling well was placed in a borehole of approximately 0.3 m depth and the void 

space in the casing was filled with bentonite to fix the well in place. A pressure 

transducer was placed at the bottom of the well to record the surface water level 

on 15 minute intervals (Solinst, Georgetown, Ontario, Levelogger 3001). 

Piezometers to observe shallow groundwater levels were installed at 0.5 m and 

30.5 m due west of the surface tile inlet. The piezometers were constructed as 

shown in Figure 1.4. The screened intervals for both piezometers were 0.76 m in 

length. The piezometer casings were filled with sand from the bottom to 0.69 m 

below the land surface to cover the screened intervals. The casings were then 

filled with bentonite to approximately 0.23 m below land surface and the 

remainder was filled with native soil. Levelloggers, attached to the caps by 1.93 

m of string, were placed in each of the piezometers and programmed to obtain 

water level data on 15 minute intervals. Elevations of the close piezometer and 

stilling well are taken to be equal to that of the crest of the vertical surface drain, 

357.74 m ASL, the elevation obtained from the GPS site survey. The land 

surface elevation at the location of the far piezometer was determined to be 

358.03 m ASL using an auto-level and Philadelphia rod.  
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Figure 1.3: Cross-section topographical depression with location of vertical surface drain, piezometers, and stilling well. Note: vertical scale 
exaggerated 10:1. 

Piezometers 
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Figure 1.4: Cross section profile of study instrumentation within topographical depression. Note: vertical scale exaggerated 10:1. 
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1.2.5 Water balance calculations 

Water balance calculations for flows into and out of the topographical depression 

were determined using the discretized form of the continuity equation using the 

volume of the pond as a dynamic control volume (Equation 1.1) 

                    ∑   ∑   

 

   

 

   

 Equation 1.1 

Where:   is time and    is a time increment 

   is the volume of water within the topographical depression at time equals   

      is the volume of water within the topographical depression at time equals      

    is the change in the volume of water within the topographical depression during the time period     

   is the inflow to the topographical depression from the    source during the time period      

  is the number of inflows to the topographical depression 

   is the outflow from the topographical depression to the     sink during the time period      

  is the number of outflows from the topographical depression 

Potential inflows of water to the depression were overland flow, groundwater 

discharge, and precipitation directly on the water surface (Equation 1.2). Thus, 

the second term on the right hand side of Equation 1.1becomes: 

 ∑               Equation 1.2 

Where       is the inflow from overland flow during the time period    in [  ] 

    is the inflow from groundwater discharge during the time period    in [  ] 

    is the inflow of precipitation on the water surface during the time period    in [  ] 

Potential outflows of water from the depression are flow into the vertical surface 

drain, evaporation from the water surface, and infiltration (Equation 1.3). 

Transpiration was not considered because vegetative growth within the 

topographical depression was minimal because of frequent ponding. Thus, the 

second term on the right hand side of Equation 1.1 becomes: 

 ∑              Equation 1.3 

Where    is the volume of flow into the vertical surface drain during the time period    in [  ] 

    is volume of water evaporated during the time period    in [  ] 
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    is volume of water infiltrated during the time period    in [  ] 

Substituting Equation 1.2 and Equation 1.3 into Equation 1.1 yields Equation 1.4: 

              ∑   ∑   

 

   

 

   

                      Equation 1.4 

 

The water balance calculations were performed within a control volume defined 

as the volume of water,   , above the land surface within the topographical 

depression at time  . Flows to and from the control volume occurred through 

control surfaces defined as the water-air interface above and the water-land 

surface interface below and on the sides of the control volume. For the water 

balance calculations, the surface area of the water-land surface interface was 

assumed to be equal to the area of the water-air interface, thus neglecting the 

curvature of the land surface within the depression. The volume,     and surface 

area of the water-air interface,   , at any time,  , were determined as a function 

of the pond water level recorded at the stilling well,    (Equation 1.5, Equation 

1.6). 

          
Equation 1.5 

 

          
Equation 1.6 

 

Precipitation contributions to the water volume within the topographical 

depression were calculated by multiplying the recorded precipitation depth over a 

time increment by the mean water surface area over the same time increment. 

Thirty-minute resolution precipitation data at the study site was acquired by a 

tipping bucket rain gauge operated and maintained by the USGS (USGS Site ID: 

05451080). The volume of precipitation falling directly on the pond water surface 

over the time increment    is given by (Equation 1.7):   
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        ̅       
              

 
 Equation 1.7 

Where    is the volume of direct precipitation on the pond during the time period    in [  ] 

   is the depth of precipitation during the time period    in [ ] 

 ̅  is the average pond area during the time period    in [  ] 

Overland flow and groundwater discharge to the depression were not measured, 

thus these inflows were not explicitly quantified in the water balance calculations. 

Outflows of water from the topographical depression explicitly calculated in the 

water balance calculations were flow into the vertical surface drain and 

evaporation. The outflow via the infiltration pathway was determined implicitly 

when water balances resulted in deficits. 

Flow of water from the depression into the vertical surface drain was calculated 

using established relationships for pond water level relative to the vertical surface 

drain (Spellman and Whiting, 2005). The vertical surface drain was assumed to 

be well vented and behave as a circular weir for water levels up to 0.059 m 

above the vertical surface drain and as a submerged horizontal orifice at greater 

water levels (Equation 1.8, Equation 1.9). 

          

 
  

Equation 1.8 

 

       √     
Equation 1.9 

Where    is the is the instantaneous flow [     ] from the depression to the vertical surface drain at time,   

   is the weir coefficient:      [ 
 

     ] 

   is the orifice coefficient:       [ ] 

  is gravitational acceleration:      [     ] 

  is the diameter of the vertical surface drain:      [ ] 

  is the aperture of the vertical surface drain:      [  ] 

   is the water surface level relative to the vertical surface drain [ ] 

The transition from weir to orifice flow is a function of drain geometry and two 

empirical coefficients:   , for weir flow, and     for orifice flow. These coefficients 
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capture flow contractions, entrance losses, and non-ideality of flow into the drain. 

The coefficients can take on a range of values depending on the characteristics 

and geometry of the drain construct (Spellman and Whiting, 2005; Vanden-

Broeck and Keller, 2006). The effects of varying these coefficients within the 

range of published values on flow rates and depth of flow transition for this 

vertical surface drain configuration is given in Appendix III. Instantaneous drain 

outflows were calculated using Equation 1.8 and Equation 1.9 using the 15-

minute water level data. Cumulative outflow from the topographical depression 

into the vertical surface drain over the duration of a 15-minute time interval was 

determined using Equation 1.10. 

    
                

 
    Equation 1.10 

Where:      is the volume of outflow from topographical depression into vertical surface drain during time 

increment    in [  ] 

       is the instantaneous flow rate into the vertical surface drain at time,  , [      ] 

          is the instantaneous flow rate into the vertical surface drain at time,     , [      ] 

Estimates of evaporation from the pond surface within the depression were made 

using the Penman method (Equation 1.11) (Chow et al., 1988). Transpiration was 

not considered as a water loss mechanism because vegetative growth in the 

depression was not present during the course of the study. Atmospheric pressure 

and the temperature of water within the depression for evaporation calculations 

were determined via an unsubmerged pressure transducer and the temperature 

sensor on the stilling well pressure transducer respectively (Solinst, Georgetown, 

Ontario, Barologger; Levelogger 3001). Additional input parameters for 

evaporation calculations (air temperature, solar radiation, relative humidity, and 

wind speed) were obtained from an Iowa AgClimate station located in Gilbert, 

Iowa approximately 48 km south of the study site (Iowa State University, 2009) . 

The data from the AgClimate site, initially at one-hour intervals, were linearly 

interpolated to 15-minute resolution. 
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 Equation 1.11 

Where:    is the rate of potential evaporation at time   [     ] 

   is the gradient of saturation vapor pressure [         ] 

  is the psychrometric constant [         ] 

   is the net radiation flux [     ] 

   is the latent heat of vaporization of water [      ] 

  is the von Karman constant:      [ ] 

   is the density of air [      ] 

  is the wind velocity at elevation    [     ] 

   is the saturation vapor pressure [     ] 

   is the actual vapor pressure [     ] 

  is atmospheric pressure [     ] 

   is the density of water [      ] 

   is the elevation of wind velocity measurement:   [ ] 

   is the surface roughness height :        [ ] 

For further explanation of and the calculation of intermediary variables used for 

calculating potential evaporation, see Appendix IV. Equation 1.12 was used to 

calculate the volume of water that evaporated from the pond surface over a 15-

minute interval. 

     ̅   ̅     
        

 
 
              

 
    Equation 1.12 

Where:     is volume of water evaporated during the time increment    [  ] 

 ̅  is the evaporation rate at time  , [     ] 

   is the evaporation rate at time  , [     ] 

      is the evaporation rate at time,     , [     ] 

 ̅  is the average pond area during the time increment    [  ] 

      is the pond area at time  , [  ] 

         is the pond area at time     ,  [  ] 

Using the known change in pond volume (              ), inflow of 

precipitation (  ), drain outflow (  ), and evaporation from the pond (  ) the 

water balance equation was rearranged to solve for the unknown flows over a 

time increment    (Equation 1.13). This equation described the summation of the 

unmeasured flows over a time increment (    by water balance, using the known 
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change in water volume and the known inflows and outflows from the 

topographical depression. The sum of the unknown flows of overland flow (   ), 

groundwater (   ), and infiltration (   ) was represented by the variable   .  

                             Equation 1.13 

Where:    is the volumetric sum of unknown inflows and outflows to and from the topographical depression 

over a time increment   . 

If the term    was positive, overland flow and groundwater contributions to the 

depression were more substantial over the respective time increment than the 

outflow due to infiltration. In this case    is the minimum contribution of overland 

flow and groundwater to the pond in excess of infiltration outflow to produce the 

corresponding change in pond volume. If the calculation of    resulted in a 

negative value, the infiltration pathway was conveying more water than overland 

flow and ground water during the respective time increment. Likewise, this was a 

minimum volume of infiltrated water in excess of the contributions of overland 

flow and groundwater over the time increment. If    was determined to be zero, 

overland flow and groundwater inflow were equivalent to infiltration outflow over 

the given time increment. Equation 1.13 may be summed over any span of any 

timeframe within a pond event to yield the net imbalance over that period 

(Equation 1.14). 

   ∑   ∑(            )        ∑            
Equation 1.14 

 

Summations of water balances using Equation 1.14 were performed for ponds 

over three defined time increments: a.) rising stages from pond formations (  ) to 

peak pond levels (  ), b.) declining stages from peak pond levels to pond 

dissipations (  ), c.) and entire durations of the ponds from pond formation (  )  to 

complete dissipation (  ). These results were then used to estimate the total 

inflows and outflows to the pond system and the contributions of unmeasured 
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flow paths to the depression. With these calculations it was possible to make 

estimates of minimum pond inflows and outflows over specific durations. 

The calculation of total inflows and outflows over pond stages was based on the 

calculation of   (Equation 1.14). Minimum inflows were calculated using Equation 

1.15 if   was positive, in the case that   was less than or equal to zero, the 

minimum inflow was simply the precipitation onto the pond surface (    (Equation 

1.16). 

 ∑    ∑         ∑        
Equation 1.15 

 

 ∑ 

  

  

 ∑           ∑       

  

  

  

  

  

 Equation 1.16 

 

To calculation of minimum outflows were performed in a similar manner using 

Equation 1.17 was if   was greater than or equal to zero and Equation 1.18 was 

used if   was less than zero. 

 ∑ 

  

  

   ∑           ∑       

  

  

  

  

 Equation 1.17 

 

 ∑ 

  

  

 ∑           ∑          

  

  

  

  

 Equation 1.18 

 

In order to further assess the importance of the unmeasured hydrological flow 

paths i.e. groundwater and infiltration during the declining stages of ponds, a 

simple basin model was developed. This basin model predicted the continuous 

decline of ponds from their peak levels under the assumption that the only 

outflows were to the surface drain and evaporation and the precipitation was the 
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only inflow, essentially modeling an impermeable basin with a drain.  The model 

was initially seeded with the maximum pond level (    ), volume (    ), and 

area (    ), for each event. These values and the temporally corresponding 

climactic data were then used to calculate a change in pond volume using 

Equation 1.4, Equation 1.10, and Equation 1.12. 

        
    

    
 Equation 1.19 

 

Note that in Equation 1.19 for the initial iteration the values of     ,     , and 

     are used for the initial iteration. This calculated change in pond volume was 

then subtracted from the initial pond volume to obtain the new pond volume for 

the next time increment. 

             
Equation 1.20 

 

Using the pond level-volume relationship (Figure 1.8) and the quadratic formula a 

new pond level was determined. 

      
     √             

  
 

Equation 1.21 

Where: A, B, and C are coefficients from the pond level-volume relation (Figure 1.8) 

Using this new level,     , a new pond area,     was determined from the pond 

level- area relation (Figure 1.8). At this point a new iteration was performed using 

the new   ,   , and    and the climate data for the corresponding time increment 

to determine a the next predicted change in pond volume. This process was 

carried out until the pond level was at or near 0.035 m at which point the pond 

level-volume relationship decays. The results from this basin model, graphed 

along the same axes as the actual observed pond levels can reveal the 

importance of inflows or outflows during the declining pond stages. 
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If the water balance resulted in a net deficit over the course of a declining limb of 

a pond event, from    to   , infiltration was assumed to be the pathway 

comprising the water balance deficit. For 15-minute time intervals where deficits 

were calculated, infiltration rates were determined using Equation 1.22. 

 
    ̅̅ ̅̅ ̅  

∑      

 
   

 
 

∑
   

 ̅  
   

 
   

 
 

Equation 1.22 

Where      ̅̅ ̅̅ ̅  is the average infiltration rate during the declining pond intervals where continuous water 

deficits were calculated [     ] 

     
 is the infiltration rate during  the i

th
 15-minute increment [     ] 

   is the number of consecutive 15-minute increments where water deficits were calculated 

    is water deficit calculated for the corresponding time increment   , [  ]  

 ̅   is the average area of the pond surface over the time increment   , [  ] 

   is the duration of the time increment, [ ] 

1.2.6 Point Measurements of Field Saturated Hydraulic 

Conductivity 

In consideration of the importance of infiltration on the system, measurements of 

the hydraulic conductivity at land surface were also conducted at various 

locations throughout the study field including measurements within the 

topographical depression. These assessments were made using a bottomless 

bucket infiltrometer as described by Nimmo et al. (2009). The method utilized a 

simple 18.9 L, 0.26 m diameter, high-density polyethylene bottomless bucket 

infiltrometer inserted into the soil surface. Water was added to the infiltrometer 

and the initial depths were recorded. Subsequent water level readings were 

taken with time as the water infiltrated into the soil. To put forth a range of 

probable hydraulic conductivity values, two calculations of hydraulic conductivity 

were performed for each set of data obtained from the infiltrometer tests. The first 

calculation assumed the presence of matric suction force, characteristic of a dry 

soil (Equation 1.23) (Reynolds and Elrick, 1990). The second method assumed 

no matric suction and is, therefore, representative of moist soil (Equation 1.24) 

((Youngs et al., 1996). The results from the infiltrometer tests were compared to 
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the average infiltration rates calculated during pond dissipations using Equation 

1.22. 

     
  

  
    

       

       

  Equation 1.23 

 

     
  

  
    

     

     
  Equation 1.24 

Where     is the field saturated hydraulic conductivity [    ] 

   is the length scaling factor specific to the infiltrometer geometry and insertion depth into the soil  [ ] 

   is the elapsed time between recording the initial water depth and the final water depth [ ] 

   is the initial water depth [ ] 

   is the final water depth [ ] 

  is the macroscopic capillary length [ ]
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1.3 Results 

Greater than normal snowpack and precipitation in the Midwest throughout the 

early part of 2008 created a saturated landscape vulnerable to flooding upon 

subsequent precipitation inputs (Gleason, 2009, Holmes et al, 2010). These 

antecedent conditions coupled with the precipitation events which occurred in 

late May and early June of 2008, resulted in vast flooding throughout much of the 

Midwest. During this flooding many streams and rivers within the region 

experienced floods of 1% and even 0.2% annual exceedance probabilities (AEP). 

In the week prior to the study period, May 28 to June 3, 8.8 cm of precipitation 

was recorded at the study site. 

1.3.1 Water Levels 

Precipitation throughout the study period resulted in the accumulation of water 

within the topographical depression on numerous occasions (Table 1.1, Figure 

1.5). Ponding within the topographical depression was larger in volume and 

longer in duration during the early study period, from June 4 to June 14, than in 

the latter portion from June 14 to August 20 (Table 1.1, Figure 1.5). Three 

sequential precipitation events from June 4 at 21:30 to June 8 at 12:30 produced 

9.2 cm of precipitation which resulted in continuous water ponding within the 

topographical depression from June 4 at 19:00 to June 10 at 21:30, 137 hours 

(Table 1.1, Figure 1.6). After the third event of this series which yielded 3.7 cm of 

precipitation, the maximum pond water level of the entire study 358.44 m ASL or 

0.70 m relative to the vertical surface drain was recorded (Table 1.1, Figure 1.6). 

Another precipitation event of 1.9 cm on June 11 at 21:00 resulted in water 

ponding to a maximum depth of 0.26 m relative to the surface drain at the stilling 

well (Table 1.1, Figure 1.6). This was the second largest isolated pond event 

recorded during the study (Table 1.1).  

Precipitation events that occurred later in the study period, from June 15 to 

August 20, resulted in ponds of lesser duration and volume compared to the 

events occurring prior to June 15 (Table 1.1, Figure 1.7). The most significant



 

 
 

2
6
 

Table 1.1: Precipitation events which resulted in ponds of greater than 0.05 m depth within the depression 

Event 
Onset of 

Precipitation 
Total 

Precipitation 
Mean 

Intensity 

Time of Peak 
Precipitation 

Intensity 

Peak Intensity 
of 

Precipitation 

Time of pond 
Formation 

Pond 
Duration 

Time at 
Maximum Level 

Peak 
Water 
Level

1
 

Maximum 
Surface 

Area 

Maximum 
Volume 

[#] [mm/dd hh:mm] [cm] [cm hr
-1

] [mm/dd hh:mm] [cm 0.5hr-1] [mm/dd hh:mm] [hrs] [mm/dd hh:mm] [m] [m2] [m3] 

1 6/04  21:30 4.80 0.44 6/04  22:00 1.78 6/4 22:30 26.0 6/05  5:00 0.45 11400 2530 

2 6/05  22:30 0.36 0.24 6/06  0:00 0.38 6/6 0:45 43.3 6/06  3:15 0.41 10300 2020 

3 6/07  20:00 4.04 0.2 6/07  20:30 3.10 6/7 20:15 67.3 6/08  6:15 0.70 17700 6250 

4 6/11  11:00 0.36 0.12 6/11  11:00 0.33 6/11 11:30 2.8 6/11  12:00 0.09 2390 72.9 

5 6/11  22:00 1.88 0.33 6/11  22:00 0.71 6/11 22:45 21.5 6/12  4:15 0.26 6480 759 

6 6/15  1:30 0.14 0.03 6/15  2:00 0.08 6/15 2:30 1.8 6/15  2:45 0.06 1630 23.6 

7 6/27  17:00 0.84 0.13 6/27  17:30 0.23 6/27 18:00 3.8 6/27  18:30 0.18 4500 338 

8 7/07  16:00 0.95 0.36 7/07  16:00 1.14 7/7 17:00 1.2 7/07  17:15 0.06 1640 24 

9 7/17  14:30 4.75 0.54 7/17  14:30 2.57 7/17 15:00 9.5 7/17  16:15 0.20 5110 451 

10 7/19  18:30 1.12 0.45 7/19  18:30 1.07 7/19 19:00 4.0 7/19  19:45 0.16 4110 275 

11 7/21  2:00 0.81 0.3 7/21  3:00 0.33 7/21 3:30 1.7 7/21  4:45 0.08 2100 51.4 

1-5 - 11.4  6/07  20:30 3.10 - 160.8 6/08  6:15 0.70 17700 6250 

6-11 - 8.6  7/17  14:30 2.57 - 22.0 7/17  16:15 0.20 5110 451 

All - 20.0  6/07  20:30 3.10 - 182.8 6/08  6:15 0.70 17700 6250 
1
 Maximum water levels are relative to 357.74 m above sea level  
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Figure 1.5: Precipitation (cm 0.5hr-1) at USGS Gage 05451080 and water levels recorded at the stilling well and piezometers for entire study period 
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Figure 1.6: Precipitation (cm 0.5hr-1) at USGS Gage 05451080 and water levels (m ASL) at the stilling well and piezometers for early study period. 
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Figure 1.7: Precipitation (cm 0.5hr-1) at USGS Gage 05451080 and water levels (m ASL) at the stilling well and piezometers for late study period. 
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precipitation events of the latter study period occurred on July 17 at 15:00, July 

19 at 19:00, and July 21 at 3:30 yielding 4.8, 1.1, and 0.8 cm precipitation, 

respectively (Table 1.1). These events resulted in three subsequent isolated 

pond formations unlike the continuous ponding formed by a similar precipitation 

sequence from June 4 to June 10 (Figure 1.6, Figure 1.7). The 4.8 cm 

precipitation event occurring on July 17 was the second largest and most intense 

during the entire study, however, this event resulted in a maximum pond water 

level of only 0.20 m (Table 1.1). After the event occurring on July 21, 

accumulation of water within the depression was not observed and the water 

levels in both piezometers steadily declined for the remainder of the study period. 

1.3.2 Water Table Elevations 

Water table levels were continuously recorded in two piezometers. Piezometers 

were installed 0.5 m (close) and 30.5 m (far) from the vertical surface drain 

(Figure 1.5). The initial water levels recorded on June 4th at the close and far 

piezometers were 356.93 and 357.35 m ASL respectively (Figure 1.6). Aside 

from fluctuations as a result of precipitation events, the water level at the close 

piezometer stayed at a level just above the elevation of the horizontal subsurface 

drain (356.83 m ASL) until the final week of the study, when it declined below 

that elevation. Conversely, the base line of the far piezometer steadily declined 

over the course of the study eventually reaching a depth equivalent to that of the 

close piezometer (Figure 1.5). Both piezometers responded quickly to early 

precipitation events 1 through 5, with observed increases in water levels 

occurring in approximately the same period as the initial formation of ponds 

within the depression (Table 1.2). The time at which each of the piezometers 

reached a peak level were nearly identical to the times at which peak pond levels 

were recorded for early June events (Table 1.2). 

Aside from the similarities in temporal response to precipitation, both 

piezometers behaved differently throughout the early study period. During the 

three precipitation events from June 4 to June 8, the water level at the far 
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piezometer rose and stayed above the land surface, approximately equivalent to 

the pond water level, eventually declining 2.5 hours after the pond water level 

(Figure 1.6). The water level in the close piezometer rose and peaked quickly in 

response to the events from June 4 to June 8, but receded quickly thereafter 

(Figure 1.6). Over the course of these events, the water level at the close 

piezometer exceeded the land surface twice once on June 4 (event 1) and again 

from June 7 to June 8 (event 3) (Figure 1.6). During the 3.68 cm precipitation 

event on June 7 at 20:00 (event 3), the water level in the close piezometer rose 

to a level equal to the water levels at the stilling well and far piezometer. The 

water level at the close piezometer was equal to the other monitored levels from 

June 7 at 23:15 to June 8 at 9:15 (Figure 1.6). The last event for which a ground 

water level was observed to exceed the land surface occurred on June 12 (event 

5), where just after the initial pond formation,  the water level in the far 

piezometer again rose to equilibrium with the pond water level (Figure 1.5, Figure 

1.6). During this event the water level in the close piezometer rose but did not 

reach a level equal to those recorded at the stilling well and the far piezometer 

(Figure 1.6). 

Water levels in both piezometers showed responses to events occurring 

throughout the mid and late summer, however fluctuations were much less 

substantial than the fluctuations observed in early June (Figure 1.5). In the latter 

portion of the study, the close piezometer continued to respond to precipitation in 

a similar manner as in the early season: rising and peaking in sync with the pond 

followed by quick recessions to pre-event levels (Table 1.2, Figure 1.7). Initial 

responses to precipitation and ponding at the far piezometer for later events 

occurred on a timeframe similar to the pond and close piezometer; however, the 

elapsed times to peak water levels at the far piezometer were much longer than 

equivalent times at the close piezometer and pond (Table 1.2).
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Table 1.2: Elapsed times from the onset of precipitation to the times at which initial rises in water levels and peak water levels were observed at 
monitored locations by event. 

Event 
Onset  of 

Precipitation  
Time to Initial 

Pond Rise
1
 

Time to Close 
Piezometer Rise

1
 

Time to Far 
Piezometer Rise

1
 

Time to Peak 
Pond Level

1
 

Time to Peak at 
Close Piezometer

1
 

Time to Peak at 
Far Piezometer

1
 

[#] [mm/dd hh:mm] [hrs] [hrs] [hrs] [hrs] [hrs] [hrs] 

1 6/04  21:30 1.00 1.00 1.50 7.50 4.00 9.00 

2 6/05  22:30 2.25 2.25 2.25 4.75 4.25 4.50 

3 6/07  20:00 0.75 0.75 0.25 10.25 12.00 11.00 

4 6/11  11:00 0.50 0.50 0.75 1.00 2.00 3.00 

5 6/11  22:00 0.75 0.75 1.00 6.25 7.50 6.50 

6 6/15  1:30 1.00 1.00 1.75 1.25 1.50 6.00 

7 6/27  17:00 1.00 1.00 1.25 1.50 2.00 7.75 

8 7/07  16:00 0.75 0.75 2.25 1.25 2.75 8.75 

9 7/17  14:30 0.50 0.75 1.50 1.75 2.50 8.25 

10 7/19  18:30 0.50 0.75 1.00 1.25 1.50 7.75 

11 7/21  2:00 1.50 2.00 2.50 2.75 3.00 5.75 
1
 Elapsed times are relative to the time of the onset of precipitation (column 2) 
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1.3.3 Water Balance 

Using the site survey data, a relation was established to estimate the volume and 

surface area of the water in the pond as a function of the pond water level 

recorded at the stilling well (Figure 1.8). The depth to surface area relation was 

determined to be linear and the depth to volume was a polynomial (Figure 1.8). 

Both of these regressions deviated more from the data points at shallower depths 

than at greater depths (Figure 1.8). The polynomial used to approximate the 

volume of the pond water as a function of pond water level has a root at an 

elevation of 0.035 m above the land surface (357.74 m ASL). As a result of this 

limitation, water balance calculations were performed only for events resulting in 

greater than a 0.05 m water level recorded at the stilling well (Figure 1.8). Based 

on the site survey data, the depression will retain water to an elevation of 358.25 

m ASL prior to adjoining the area in the adjacent field to the east (Figure 1.2). 

There was no high-resolution topographical data available for this adjacent field 

and for this reason the depth, area, and volume relations are not known for pond 

water elevations above 358.25 m ASL. Using these relations at a water level of 

358.25 m ASL, the water within the topographical depression has a surface area 

of 1.3 ha and a volume of 3200 m3. The pond water level exceeded the elevation 

of 358.25 on June 7 and 8 (Figure 1.6). This was the only event throughout the 

study where the pond water level exceeded the surveyed region. 

During the study period of June 4 through August 20, 2008, 25.7 cm of 

precipitation was recorded at the field site (USGS Site ID: 05451080). The field 

site received 14.7, 10.8, and 1.1 cm during the months of June, July, and August, 

respectively. The long-term monthly precipitation averages (1950 - 2007) for 

these months are 12.6, 11.3, 10.7 cm, respectively (National Climatic Data 

Center, 2009). In total eleven precipitation events resulted in ponding within the 

depression of greater than 0.05 m depth throughout the study period (Table 1.1). 

These eleven events were induced by 20 cm of the 25.7 cm total precipitation 

observed over the study period. The calculated volumes of precipitation that fell 
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directly on the ponded water surface within the depression are given in Table 1.3 

and Table 1.4. 

The model used to calculate outflow from the pond into the vertical surface drain 

as a function of pond water depth is shown in Figure 1.9. Considering the 

geometry of the surface drain and the selected weir and orifice coefficients, the 

transition from weir to orifice type flow occurs at a water level of 0.06 m above 

the surface drain (Figure 1.9). The calculated instantaneous flows from the pond 

into the surface drain throughout the study period are shown in (Figure 1.10). 

These theoretically calculated instantaneous flows were within the ranges of 

surface drain flows Ginting et al. (2000) measured via acoustic doppler 

velocimeter at similar pond depths. Cumulative drain outflows by event and for 

the entire study period are given in Table 1.3 and Table 1.4. Outflows from the 

pond into the vertical surface drain were larger in both volume and percentage of 

change in pond volume for events prior to June 12. 

Total potential evaporation from the study site calculated using the Penman 

method was 49.2 cm from June 4 through August 20. This value fell within a 

range of values reported from nearby locations for the same time period.  A 

cumulative pan evaporation of 55.6 cm was reported in Ames, IA and 40.7 cm of 

potential evapotranspiration was reported at the Ag-Climate station near Gilbert, 

IA (Iowa State University, 2009; National Climatic Data Center, 2008). 

Instantaneous evaporative outflows from the pond water surface for the entire 

study period are compared to corresponding drain outflows in Figure 1.10. The 

calculated volumes of water which evaporated from the ponded water surface 

during the study are given in Table 1.3 and Table 1.4. Evaporation from the pond 

water surface accounted for less than 2% of the total water budget for the entire 

study period. 

Water balance calculations for rising and falling stages and entire pond durations 

were performed using the discretized form of the continuity equation and the 

inflows and outflows (Equation 1.1). Volumes for the measured inflow of 
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precipitation onto the pond surface, and the measured outflows from the surface 

drain and evaporation over each respective time stage are given in Table 1.3 and 

Table 1.4.The surplus/deficit column in Table 1.3 and Table 1.4 contains values 

calculated using Equation 1.14 over the respective time increments. These 

values indicate the minimum volumes of water necessary to balance the water 

budget for a particular stage or event. Positive volumes, surpluses, indicated the 

inflow of water necessary to balance the water budget while negative volumes, 

deficits, indicated the necessary outflows to balance the water budget for the 

corresponding stage. Surplus water volumes were calculated for all rising stages 

as well as for overall event totals. Surplus volumes of water for declining stages 

were calculated in the early study period as well as for smaller pond formations in 

the latter portion of the study. Water deficits during declining stages were 

calculated for the four largest ponding events in the latter portion of the study.  

These surpluses and deficits were either declared as the minimum combined 

groundwater and overland flow in the case of surpluses or the amount of 

infiltration in the case of deficit. The inflows and outflows from the depression for 

each respective stage were calculated using Equation 1.15 through Equation 

1.18. For these events where a surplus during the declining stage was found, an 

area averaged infiltration rate beneath the topographical depression was 

calculated using Equation 1.22. 
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Figure 1.8: Pond water volume (X) and surface area (○) relationships as a function of pond water level above the surface drain determined by 
topographic analysis. For further details on derivation please see Appendix II.
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Figure 1.9: Predicted flows from weir (x), orifice (●) and combined (–) flow model as a function of water surface level above the surface drain. Wier 
coefficient    = 1.71 [m0.5s-1] and orifice coefficient    = 0.6 [ - ].  
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Figure 1.10: Instantaneous outflows from the pond attributed to outflow from the vertical surface drain and evaporation from the pond surface for the 
entire study period. 
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Table 1.3: Detailed descriptions of pond events 1-5: calculated surpluses or deficits (Equation 1.14), calculated total inflows and outflows (Equation 
1.15 - Equation 1.18), and itemized inflows and outflows. 

Event 
Surplus 
/Deficit  

(𝑿) 

Inflow 

∑𝑰 

Outflow 

∑𝑶 

Change in 
Pond 

Volume  
( 𝑽) 

Precipitation 
onto Pond 

Surface 
(𝑰𝑷) 

Overland Flow 
and Ground 

Water 
(𝑰𝑶𝑭  𝑰𝑮𝑾) 

Drain Outflow 
from Pond 

 (𝑶𝑫) 

Evaporation 
from Pond 

Surface  
(𝑶𝑬) 

Infiltration 
Beneath Pond  

(𝑶𝑰𝑵) 

[#] Stage [hrs] [m
3
] [m

3
] [m

3
] [m

3
] [m

3
] % ∑𝑰 [m

3
] % ∑𝑰 [m

3
] % ∑𝑶 [m

3
] % ∑𝑶 [m

3
] % ∑𝑶 

1 ↑ 9.25 3370 3500 -971 2530 136 4% 3360 96% -970 100% -1 0% 0 0% 

 ↓ 16.75 660 753 -1820 -1070 93 12% 660 88% -1772 97% -51 3% 0 0% 

  Σ 26.00 4030 4250 -2790 1460 229 5% 4020 95% -2742 98% -53 2% 0 0% 

2 ↑ 10.25 1660 1680 -1120 560 21 1% 1660 99% -1104 99% -13 1% 0 0% 

 ↓ 33.00 2510 2520 -3440 -920 10 0% 2510 100% -3323 97% -115 3% 0 0% 

  Σ 43.25 4170 4200 -4560 -360 31 1% 4170 99% -4427 97% -128 3% 0 0% 

3 ↑ 10.00 6120 6460 -1310 5150 335 5% 6130 95% -1302 99% -6 0% 0 0% 

 ↓ 57.25 -164 26 -6280 -6251 27 101% 0 -1% -6020 96% -93 1% -164 3% 

  Σ 67.25 5960 6490 -7590 -1100 362 6% 6130 94% -7321 96% -99 1% -164 2% 

4 ↑ 0.75 98 98 -26 73 0 0% 98 100% -25 100% 0 0% 0 0% 

 ↓ 2.00 17 17 -90 -73 0 0% 17 100% -89 99% -1 1% 0 0% 

  Σ 2.75 115 116 -116 0 0 0% 115 99% -115 99% -1 1% 0 0% 

5 ↑ 7.50 1290 1340 -577 759 45 3% 1290 96% -577 100% 0 0% 0 0% 

 ↓ 14.00 255 255 -1010 -759 0 0% 255 100% -992 98% -22 2% 0 0% 

  Σ 21.50 1550 1600 -1590 0 45 3% 1550 97% -1569 99% -22 1% 0 0% 

1-5 Σ 160.75 15830 16660 -16650 0 667 4% 15990 96% -16173 97% -303 2% -164 1% 

6-11 Σ 22.00 972 1440 -1430 10 36 3% 1400 97% -990 69% -8 1% -429 30% 

All Σ 182.75 16800 18090 -18070 10 703 4% 17380 96% -17163 95% -311 2% -593 3% 
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Table 1.4: Detailed descriptions of pond events 6-11: calculated surpluses or deficits (Equation 1.14), calculated total inflows and outflows (Equation 
1.15 - Equation 1.18), and itemized inflows and outflows. 

Event 
Surplus 
/Deficit 

(𝑿) 

Inflow 

∑𝑰 

Outflow 

∑𝑶 

Change in 
Pond 

Volume  
( 𝑽) 

Precipitation 
onto Pond 

Surface 
(𝑰𝑷) 

Overland Flow 
and Ground 

Water 
(𝑰𝑶𝑭  𝑰𝑮𝑾) 

Drain Outflow 
from Pond 

 (𝑶𝑫) 

Evaporation 
from Pond 

Surface  
(𝑶𝑬) 

Infiltration 
Beneath Pond  

(𝑶𝑰𝑵) 

[#] Stage [hrs] [m
3
] [m

3
] [m

3
] [m

3
] [m

3
] % ∑𝑰 [m

3
] % ∑𝑰 [m

3
] % ∑𝑶 [m

3
] % ∑𝑶 [m

3
] % ∑𝑶 

6 ↑ 0.50 39 39 -15 24 0 0% 39 100% -15 99% 0 0% 0 0% 

 ↓ 1.25 20 21 -45 -24 0 2% 20 99% -44 100% 0 0% 0 0% 

 Σ 1.75 59 59 -60 0 0 1% 59 99% -59 100% 0 0% 0 0% 

7 ↑ 0.50 360 364 -26 338 4 1% 360 99% -26 98% -1 2% 0 0% 

 ↓ 3.25 -198 9 -347 -338 9 97% 0 3% -148 43% -1 0% -198 57% 

 Σ 3.75 162 373 -373 0 13 3% 360 97% -174 47% -1 0% -198 53% 

8 ↑ 0.25 36 37 -10 27 0 1% 36 99% -10 98% 0 2% 0 0% 

 ↓ 1.00 6 8 -32 -24 1 17% 6 83% -31 99% 0 1% 0 0% 

 Σ 1.25 43 44 -42 3 2 4% 43 96% -41 98% -1 1% 0 0% 

9 ↑ 1.25 521 525 -74 451 4 1% 521 99% -71 96% -3 4% 0 0% 

 ↓ 8.25 -82 15 -467 -452 15 100% 0 0% -383 82% -2 1% -82 17% 

 Σ 9.50 440 540 -541 -1 18 3% 521 96% -454 84% -5 1% -82 15% 

10 ↑ 0.75 309 310 -35 275 1 0% 309 100% -35 99% 0 1% 0 0% 

 ↓ 3.25 -114 0 -272 -271 1 309% 0 -209% -157 58% 0 0% -114 42% 

 Σ 4.00 195 310 -307 4 1 0% 309 100% -192 63% 0 0% -114 37% 

11 ↑ 1.50 108 110 -59 51 2 2% 108 98% -59 100% 0 0% 0 0% 

 ↓ 0.25 -35 0 -46 -46 0 0% 0 0% -11 23% 0 0% -35 77% 

 Σ 1.75 73 110 -105 6 2 2% 108 98% -69 66% 0 0% -35 33% 

1-5 Σ 160.75 15830 16660 -16650 0 667 4% 15990 96% -16173 97% -303 2% -164 1% 

6-11 Σ 22.00 972 1440 -1430 10 36 3% 1400 97% -990 69% -8 1% -429 30% 

All Σ 182.75 16800 18090 -18070 10 703 4% 17380 96% -17163 95% -311 2% -593 3% 
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1.3.4 Hydraulic Conductivity 

Field saturated hydraulic conductivities, calculated from effective infiltration rates 

using Nimmo et al.’s bottomless bucket method (2009) and the models of 

Youngs et al. (1995) and Reynolds and Elrick (1990) were assessed on three 

dates throughout the study period and at various locations within the 

topographical depression (Table 1.5). These values were compared to calculated 

infiltration rates obtained on the four occasions when water balances indicated 

infiltration to be occurring beneath the pond (Figure 1.11). These values 

calculated for pond events were near the upper range of the values determined 

from the bucket infiltrometers in June and July, but are significantly less than the 

infiltration rates calculated from the infiltrometers in August. The range of values 

obtained using this simple method for the June and July sample dates, 1.0 x 10-7 

to 3.1 x 10-6 m s-1 were within the range of published values, 1.0 x 10-7 to 1.0 x 

10-5 m s-1 for the Canisteo series (USDA, 2009).  However, the values obtained in 

August, 3.4 x 10-5 to 2.3 x 10-4 m s-1, were larger than this range. 
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Table 1.5: Effective infiltration rates using the bucket infiltrometer method of Nimmo et al.(2009) 
calculated using the Reynolds and Elrick (1990), Equation 1.23, and Youngs et al. (1995), Equation 
1.24. 

 

  
Effective Infiltration Rates (m s

-1
) 

Sample Dates n Reynolds and Elrick (1990) Youngs et al. (1995) 

June 3, 4 Average 6 1.2E-06 1.7E-06 

Maximum 
 

3.1E-06 7.9E-06 

Minimum 
 

1.0E-07 2.3E-07 

July 30 Average 2 8.4E-07 2.0E-06 

Maximum 
 

1.3E-06 3.1E-06 

Minimum 
 

3.8E-07 8.7E-07 

August 20, 21 Minimum 4 9.9E-05 2.7E-04 

Maximum 
 

2.3E-04 6.4E-04 

Minimum 
 

3.4E-05 8.3E-05 
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Figure 1.11: Average infiltration rates using the method of Nimmo et al. (2009) calculated using Youngs et al. (○) and Reynolds and Elrick (X) models 
compared with calculated infiltration rates derived from water balances during declining periods of pond events (Δ) (Equation 1.22).    
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1.4 Discussion  

1.4.1 Early Period Ponding 

Frequent and intense precipitation events in early June resulted in the largest 

pond formations of the study (Figure 1.5). From June 4 to June 12, the study site 

received 11.4 cm of precipitation during five successive events. These 

precipitation events fell on an already saturated landscape as a result of the 8.8 

cm of precipitation recorded the previous week of May 28 to June 3. On a poorly 

drained landscape such as the Des Moines Lobe, these antecedent conditions 

and subsequent precipitation events resulted in the accumulation of excess water 

on the landscape within closed topographical depressions; every precipitation 

event occurring in this early part of June resulted in pond formation within the 

depression (Figure 1.6). 

1.4.1.1 Inflows 

Potential inflows of water to the pond considered in this study were precipitation 

onto the pond surface, overland flow from the adjacent uplands, and ground 

water discharging laterally or upwards from the land surface beneath the pond. 

Precipitation onto the pond surface was the only inflow that was measured 

explicitly; the product of precipitation depth and pond surface area (Equation 

1.11, Equation 1.12). Other inflows were assessed using the water level data 

collected as well as water balance calculations. To determine the sources of 

unmeasured inflows it was assumed that groundwater could not contribute to the 

pond if groundwater levels were below the pond water level. Furthermore, the 

water level at the far piezometer was considered to represent the field scale 

groundwater table i.e. potential ground water inflow, as the water level at the 

close piezometer appeared to be influenced by the nearby horizontal subsurface 

drain. Thus, the possibility of groundwater flow to the depression was based on 

the water level at the far piezometer. 
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Initial increases in the pond levels immediately after precipitation events 

exceeded the depth of precipitation, suggesting that precipitation onto the pond 

surface was not solely responsible for pond formation (Figure 1.6). Considering 

the water balance calculations, the total volume of precipitation which falls on 

these ponds over their durations is also much less than the necessary inflows 

(Table 1.3). These observations lead to the conclusion that contributions from 

overland flow, groundwater, or both were required to produce the volumes of 

water observed to accrue in early June ponds. Given the immediacy of the 

increases in pond levels relative to precipitation occurrence and the saturated 

landscape on which these early precipitation events fell, it is likely that overland 

flow initiates the formation of these early ponds (Figure 1.6). This is supported by 

the observation that during the initial formation of isolated ponds, events 1 and 5, 

the groundwater level was below the land surface and thus not a possible source 

of water at the time of pond formation. 

The eventual rise of groundwater during the early June events does indicate that 

groundwater may have been a source of water to the pond at some point after 

the initial pond formation (Figure 1.6). However, deconvoluting groundwater 

contributions to the pond during the initial rising stages is not intuitive with the 

current data set (Table 1.3, Table 1.4). But, assuming that, in the absence of 

significant precipitation, that overland flow has ceased in the declining stages of 

these ponds, an estimate of amount of groundwater contributions can be made 

over the declining stages. This is because water surpluses were calculated for 

the declining stages of these early events (Table 1.3). These surpluses indicate 

that the observed changes in pond volumes during these pond declines were not 

as large as the calculated outputs over the same period, thus some inflows must 

have occurred. Because precipitation was minimal through these early declines, 

it can be reasonably assumed that neither precipitation on the pond surface or 

overland flow in response of excess precipitation were responsible for these 

inflows (Figure 1.6). These water surpluses and the ground water level relative to 

the pond level during the declining stages of events 1, 2, 3, and 5 suggest that 
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groundwater was an input in the declining stages of early June ponds (Table 

1.6).  

1.4.1.2 Outflows 

Potential outflows from the pond considered for this study were flow into the 

vertical surface drain, evaporation, and infiltration to the soil beneath the pond. 

Transpiration from vegetation was not accounted for because vegetation within 

the topographical depression was not present during the study. Outflows from the 

depression into the vertical surface drain were modeled as a function of pond 

level (Equation 1.8, Equation 1.9), evaporation outflows were modeled using the 

method of Penman (Equation 1.11), and infiltration was implicitly quantified for 

declining pond stages in which water deficits were calculated (Equation 1.14). 

Outflow to the vertical surface drain was the largest water loss mechanism from 

the pond during early June events; accounting for 97% (16170 m3) of the total 

outflows (Table 1.4). Evaporation from the pond surface was, by comparison, 

much less substantial than drain outflows over this same period, accounting for 

just 2% (300 m3) of total outflows.  

Less is known about the role of infiltration during these early events. Some 

amount of infiltration probably occurs initially as the ponds formed. Groundwater 

levels were below the land surface during the initial pond formations, which may 

indicate some amount of infiltration capacity. Quick responses in the water levels 

at both piezometers were nearly simultaneous to the formation of the pond 

(Table 1.2). These quick responses seem contrary to what would be the 

expected, given the low hydraulic conductivities measured during early June. 

One possible explanation for these simultaneous responses could be the 

existence of a capillary fringe above the shallow groundwater extending upwards 

near the land surface (Gillham, 1984). This capillary water, not evidenced by the 

piezometers, would have been held in the soil pores by surface tension. Upon 

ponding and infiltration from above, this capillary water would have been forced 

downward creating a sudden rise at the piezometers. This capillary fringe could 
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decrease the response time of the shallow groundwater to ponding and 

infiltration as well as decrease the infiltration capacity of the soil.  

Soon after these early ponds formed, the groundwater level rose to near 

equilibrium with the pond water level for the remainder of these early ponds 

(Figure 1.6). During these periods, downward infiltration would not be expected 

to be significant, given the low conductivity of the soils and the evidence of a 

shallow unweathered layer of till approximately 1.2 m below the depression. 

However, the possibility of groundwater thoughflow, i.e. groundwater discharging 

into one side of the depression while infiltration is occurring on another, could 

exist (Reuter and Bell, 2003). If it existed, the significance of this potential 

throughflow infiltration was outweighed by the corresponding groundwater 

discharge during these same periods because the net water balances yielded 

surpluses (Table 1.3). With the exception of event 3, water balance calculations 

over the declining stages were positive indicating that groundwater contributions 

exceeded infiltration (Table 1.3). Furthermore, the exception of event 3, when a 

160 m3 water deficit was calculated, may have been due the fact that pond levels 

exceeded those for which pond geometry is known (Figure 1.8). Summing the 

water imbalances from the time of peak pond level (0.7 m) to the time when the 

pond was at the upper limit of the depression’s known capacity (0.5 m) yielded a 

water deficit of 610 m3. The remainder of the decline then produced a 450 m3 

surplus, reducing the deficit for the entire decline to 160 m3. Thus, infiltration loss 

from the pond was still less significant than groundwater inflow when pond levels 

were within the defined system limits for this event. 

1.4.2 Late Period Ponding  

Precipitation received in late June and through July was typical for the region, in 

contrast to the heavy precipitation of early June and the lack of precipitation in 

August. During this period, ponds frequently formed within the depression in 

response to precipitation, however they were generally smaller and shorter lived 

than the ponds of early June (Figure 1.7). Larger precipitation events in this 
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portion of the study produced lesser ponds than smaller precipitation events 

yielded in early June; 4.8 cm of precipitation received on July 17 (event 9), 

resulted in ponding to a depth of 0.20 m, while on June 12, 1.9 cm (event 5) of 

precipitation produced a pond of 0.26 m in depth (Table 1.1). Due to the less 

frequent precipitation during this period as well as increased evapotranspiration 

from maturing crops in the uplands from the depression, the landscape may have 

become drier increasing the storage capacity and uptake of moisture which fell 

on it. Thus, during the later study period, less of the precipitation that fell on the 

catchment surrounding the depression eventually found its way to the 

depression. 

1.4.2.1 Inflows 

Similar to earlier ponds, the ponds occurring in late June and July formed 

immediately after precipitation events and the initial increase in pond levels were 

greater than the depth of precipitation recorded at the site (Figure 1.7). Water 

balance calculations for these events also indicate that precipitation onto the 

pond surface was a minor input to the overall inflow of these ponds (Table 1.6). 

Unlike the ponds of early June, the groundwater and pond water levels were 

never the same during these later events.  In fact at no time after June 12, did 

groundwater levels exceed the land surface at the piezometers (Figure 1.7). 

These observations coupled with the shorter pond durations suggest that ground 

water was not a substantial input to these late June and July ponds. In the 

absence of significant contributions from either precipitation or groundwater, it 

must be concluded that overland flow was the main inflow for mid-summer 

ponds. 

1.4.2.2 Outflows 

Outflow through the surface drain accounted for the majority of water leaving the 

pond during the latter events as well (Table 1.6). Given their size and shorter 

durations, evaporation from these late ponds was even less substantial than it 

was for the early June ponds. Some of these ponds formed and completely 
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dissipated during the course a night when evaporation potentials were low due to 

the lack of solar radiation, this may have contributed to lower calculated 

evaporation outflows. 

In contrast to the large water surpluses calculated for declining pond stages in 

early June when the ground water was a contributing during late pond stages, 

water deficits were calculated for the declining stages of ponds 7,9,10, and 11 

(Table 1.4). These deficits suggest that water was flowing out of the pond faster 

than could be accounted for by drain outflow and evaporation implying that 

infiltration outflows were necessary to account for water losses observed in the 

pond. 

The lack of significant precipitation from late July through August resulted in no 

appreciable ponding within the depression (Figure 1.7). Groundwater levels 

beneath the depression were observed to decline steadily over this period 

(Figure 1.7). This draw down in groundwater levels is likely attributable to both 

the subsurface drain and the increase in evapotranspiration in uplands. Initially 

0.2 m above in early June, the baseline of the far piezometer converged with the 

baseline of the close piezometer over this period (Figure 1.5). By August 20, the 

groundwater levels at the close and far piezometers were equivalent: at 

approximately this same time flow in the subsurface drain ceased, indicating that 

excess soil moisture had probably been drained from the land surface to the 

depth of this drain. 
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1.4.3 Water Budgets 

In accordance with the preceding discussion water budgets for each event are 

given in Table 1.6 and Table 1.7. When possible surpluses and deficits were 

attributed to their most probable sources. Because of the rapid rise in both 

groundwater and pond water levels during the rising stages of events 1 through 

5, it was not appropriate to separate the water surpluses for these events into 

either groundwater or overland flow. Instead they were left as a lumped sum 

indicating the calculated water surplus necessary to fulfill the water budget for 

those events.  Water surpluses determined from the declining stages of events 1 

through 3, and 5 were assigned to groundwater inflows because the water level 

at the far piezometer was in equilibrium with pond water for these declines. For 

the latter events, 6 through 11, the surpluses calculated in the rising stages were 

attributed to overland flow because the groundwater level was below the land 

surface during these events. The deficits for the declining stages of these events  

were assigned to infiltration outflows. The small water surpluses calculated in the 

declining stage of events 6 and 8 were attributed to the lumped 

groundwater/overland flow column.  

1.4.4 Hydrology of Early June compared to Late June, July, and 

August  

Initially saturated in early June, the landscape gradually became drier over the 

summer of 2008 due to a decline in precipitation. This resulted in the reversal of 

the fluxes of water through soil beneath the depression. In early June, 

groundwater was observed to discharge to the depression, while in the late June 

and July the depression recharged the groundwater as infiltration was evident 

during these ponds (Table 1.6, Table 1.7). Confirmed groundwater inputs 

represented 21% of the water budget of the early June ponds while infiltration 

outflows represented 30% of the water budget for late period ponds (Table 1.7). 

It is not certain with this data set to determine exactly how large of a water 

budget component the groundwater is during wet periods, other than to say that it 

is very likely larger than the 21% found for the declining stages of early ponds.
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Table 1.6: Water budgets, by volume, for each pond event occurring throughout the study with summary data for events 1 -5, events 1 -6, and study 
totals 

Event Precipitation 
Inflow 

∑𝑰 

Precipitation 
onto Pond 

Surface 
(𝑰𝑷) 

Overland 
Flow 

(𝑰𝑶𝑭 
2
 

Groundwater 

 𝑰𝑮𝑾)
3
 

Overland Flow 
or Groundwater 

(∑𝑰𝑶𝑭  𝑰𝑮𝑾 1
 

Outflow 

∑𝑶 

Drain 
Outflow 

from Pond 
 (𝑶𝑫) 

Evaporation 
from Pond 

Surface  
(𝑶𝑬) 

Infiltration 
Beneath 

Pond  
(𝑶𝑰𝑵)

4
 

# [cm] [m
3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] 

1 4.8 4250 229 0 660 3360 -2790 -2742 -53 0 

2 0.4 4200 31 0 2510 1660 -4560 -4427 -128 0 

3 4.0 6490 362 0 0 6130 -7590 -7321 -99 -160 

4 0.4 116 0 98 17 0 -116 -115 -1 0 

5 1.9 1600 45 0 255 1290 -1590 -1569 -22 0 

6 0.1 59 0 39 0 20 -60 -59 0 0 

7 0.8 373 13 360 0 0 -373 -174 -1 -200 

8 1.0 44 2 36 0 6 -42 -41 -1 0 

9 4.7 540 18 521 0 0 -541 -454 -5 -80 

10 1.1 310 1 309 0 0 -307 -192 0 -110 

11 0.8 110 2 108 0 0 -105 -69 0 -40 

1-5 11.4 16660 670 100 3440 12440 -16650 -16170 -300 -160 

6-11 8.6 1440 40 1370 0 30 -1430 -990 -10 -430 

Study 20.0 18090 700 1470 3440 12470 -18070 -17160 -310 -590 

1 
Water balance surpluses calculated during rising stages when the groundwater level was below the land surface for the entire rising stage were designated as overland flow.  

2 
Water balance surpluses calculated during declining stages when the groundwater level was at equilibrium with the pond water level were designated as groundwater inflow.  

3 
The remaining water balance surpluses not able to be designated explicitly as either overland flow or groundwater inlfows. 

4
 Water balance deficits calculated during declining stages were designated as infiltration outflows.  
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Table 1.7: Water budgets, by percentage, for each pond event occurring throughout the study with summary data for events 1 - 5, events 1 - 6, and 
study totals 

Event Precipitation 
Inflow 

∑𝑰 

Precipitation 
onto Pond 

Surface 
(𝑰𝑷) 

Overland 
Flow 

(𝑰𝑶𝑭 
1
 

Groundwater 

 𝑰𝑮𝑾)
2
 

Overland Flow 
or Groundwater 

(∑𝑰𝑶𝑭  𝑰𝑮𝑾 3
 

Outflow 

∑𝑶 

Drain 
Outflow 

from Pond 
 (𝑶𝑫) 

Evaporation 
from Pond 

Surface  
(𝑶𝑬) 

Infiltration 
Beneath 

Pond  
(𝑶𝑰𝑵)

4
 

# [cm] [m
3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] [m

3
] 

1 4.8 4250 5% 0% 16% 79% -2790 98% 2% 0% 

2 0.4 4200 1% 0% 60% 40% -4560 97% 3% 0% 

3 4.0 6490 6% 0% 0% 94% -7590 96% 1% 2% 

4 0.4 116 0% 85% 15% 0% -116 99% 1% 0% 

5 1.9 1600 3% 0% 16% 81% -1590 99% 1% 0% 

6 0.1 59 1% 65% 0% 34% -60 100% 0% 0% 

7 0.8 373 3% 97% 0% 0% -373 47% 0% 53% 

8 1.0 44 4% 82% 0% 14% -42 98% 1% 0% 

9 4.7 540 3% 96% 0% 0% -541 84% 1% 15% 

10 1.1 310 0% 100% 0% 0% -307 63% 0% 37% 

11 0.8 110 2% 98% 0% 0% -105 66% 0% 33% 

1-5 11.4 16660 4% 1% 21% 75% -16650 97% 2% 1% 

6-11 8.6 1440 3% 95% 0% 2% -1430 69% 1% 30% 

Study 20.0 18090 4% 8% 19% 69% -18070 95% 2% 3% 

1
 Water balance surpluses calculated during rising stages when the groundwater level was below the land surface for the entire rising stage were designated as overland flow.  

2
 Water balance surpluses calculated during declining stages when the groundwater level was at equilibrium with the pond water level were designated as groundwater inflow.  

3
 The remaining water balance surpluses not able to be designated explicitly as either overland flow or groundwater inlfows. 

4 
Water balance deficits calculated during declining stages were designated as infiltration outflows.  
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These findings indicate that the direction of the flux of water through surface of 

the depression is a key determinant to the lifespan of the pond in the depression. 

A comparison of actual pond declines and the basin model for similar sized 

events from both early June and mid-July reveals how these fluxes influence 

pond declines (Figure 1.12, Figure 1.13). The Basin Model under predicts the 

time the June pond takes to dissipate, indicating that net inflows occur over its 

decline, while the July pond dissipates quicker than the model predicts, indicating 

additional losses to infiltration during its decline.  

This “seasonal” reversal in groundwater discharge and recharge has was also 

observed in the hydraulic conductivity measurements. Hydraulic conductivity 

measurements were taken within the topographical depression at several 

instances throughout the study using a single ring infiltrometer. These 

measurements confirm that indeed infiltration rates increased with the amount of 

time elapsed from subsequent precipitation (Figure 1.11, Table 1.5). When 

hydraulic conductivities were assessed in late August, after a long period of 

minimal precipitation, desiccation cracks and fissures were apparent on the 

surface within the depression. These features would have provided preferential 

flow paths enabling infiltrated water to bypass the inherently slow infiltration 

through the soil matrix.  

It is also important to note the extreme variability of these infiltration rates for any 

particular sampling date. A comparison of values obtained on a particular date 

show that spatial variability of hydraulic conductivity within the topographical 

depression spans one or two orders of magnitude.  This result emphasizes the 

inadequacy of characterizing important infiltration parameters such as hydraulic 

conductivity based on a single point measurement.  This is further fortified by the 

comparison of apparent infiltration rates beneath the depression during later 

events with (Equation 1.22), and the infiltration rates obtained using the bucket 

infiltrometers (Figure 1.11). The rates occuring beneath the pond are greater 

than the infiltration rates calculated from even Youngs et al.’s model (1995), 
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Figure 1.12: Precipitation and pond water volume for pond event 5. The Basin Model (Equation 1.20) was initiated at the peak pond volume and 
modeled the pond decline accounting for only surface drain outflow and evaporation.   



 

 
 

5
5
 

 

Figure 1.13: Precipitation and pond water volume for pond event 9. The Basin Model (Equation 1.20) was initiated at the peak pond volume and 
modeled the pond decline accounting for only surface drain outflow and evaporation
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suggesting that either the pond infiltration rate is over estimated by the water 

balance model or that the small sample space of the bucket infiltrometer does not 

capture the heterogeneity of the depression.  

1.4.5 Hydrology of the drained depression versus natural 

conditions    

The hydrology of the drained topographical depression appears to be quite 

different from what would be expected in the native landscape. In the natural 

setting the major inflows of water to depressions have been shown to be runoff 

from snowmelts, precipitation on to, and groundwater discharge. Overland flow 

due to summer precipitation events is seldom reported for depressions studied in 

locations with less developed landscapes and or drier climates However, it 

appears that overland flow during the growing season may be a major 

component of the hydrology of depressions in agricultural settings. The largest 

pond formations occurring in early June, event 3, and the later study period, 

event 9, were both in response to most intense precipitation events of their 

periods, 3.1 and 2.8 cm 0.5hr-1, respectively is evidence of the importance of 

overland flow to the ponds. These intense events exceeded the infiltration 

capacity of the soil and generated overland flow. Comparing the measured 

hydraulic conductivity of the soil to precipitation intensity puts this claim in 

perspective. The range of hydraulic conductivities recorded on June 3 and 4 was 

0.01 to 0.36 cm 0.5hr-1 using Youngs et al.’s (1995) model because the soils 

were moist at this time. These values were far less than the peak intensity of the 

precipitation of 3.1 cm 0.5 hr-1 causing the largest pond of the study on June 8 

(event 3). Others have also found that overland flow is a more significant inflow 

to depressions in agricultural versus natural settings (Van Der Kamp and 

Hayashi, 1998).  

The tendency of ground water to be a source of water to the depression was 

evidenced during the extreme precipitation events of early June. This ground 

water would likely be a more significant source of water to the depression in the 
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absence of drainage, given the shallow water tables observed in the presence of 

the drainage infrastructure (Figure 1.5). The horizontal subsurface drain 

underlying the depression was able to effectively control the subsurface water 

level near the surface drain as was evidenced by the water level in the close 

piezometer (Figure 1.6). Due to the rapid draw down of the water level at the 

close piezometer while there was still ponded water above, it appeared that the 

subsurface drain was able to convey water faster than it could infiltrate from the 

pond above. This phenomenon could be a sign of the development of subsurface 

preferential paths near the horizontal subsurface drain and or the enrichment of 

fine sediments within the depression making it less permeable.  

Outflows from the depression are as to be expected in a scenario containing 

drainage were much different than would be in the natural circumstance. Outflow 

through the surface drain was the largest calculated loss mechanism from the 

pond. If the surface drain were not installed 17160 m3 of water would either have 

accumulated within or exited the depression via infiltration or evaporation which 

are the primary outflows for these closed depression in their natural states.   

1.4.6 Implications for Agriculture 

The installation of vertical surface drains within topographical depressions is 

done to facilitate the movement of water ponded within depressions in order to 

minimize the effect of ponding on crop yields. These installations are usually 

under the assumption that water which has accumulated within the depression 

arrived there as overland flow. This may be a reasonable assumption considering 

the fact that cultivated uplands tend to generate more overland flow than natural 

counterparts. However, it has been shown here that during extreme events the 

water tables may rise and water within the depression may be from a ground 

water source. During these events the role of the surface drain needs to be taken 

into question and it is unclear from this study, if it is effective at determining the 

pond duration during extreme precipitation events. Drain outflows during the 

events of early June indicate that a large volume of water was conveyed through 
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the drain during these events. But, if this water is being supplied from an 

expansive shallow ground water table converging in the depression, it would 

appear that the source of water is far greater than the potential sink. During these 

extreme events larger, perhaps regional, processes may ultimately control the 

duration of ponding within the depression. However, during typical precipitation 

events such as those experienced in late June and July the surface drain, as well 

as infiltration appear to be effective at vacating water from the depression in a 

timely manner. Thus, these implementations may be effective at increasing yields 

within the depressions. 
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2 Nutrient and Sediment Transport from a 

Drained Topographical Depression within an 

Agricultural Field in Northern Iowa  
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2.1 Introduction 

The United States is the leading global producer of corn (Zea mays L.) and 

soybeans (Glycine max) (FAO, 2009). In 2008, US production of corn and 

soybean accounted for 39% and 38% of global production respectively (USDA, 

2009). This agricultural prosperity is however, not without its opportunity costs. 

Non-point source agricultural pollution is a primary source of impairment of 

surface waters in the US (USEPA, 2009). Excess nutrients, specifically nitrogen 

and phosphorus, exported from agricultural lands are known to accelerate 

eutrophication in fresh waters (Carpenter et al., 1998; Sharpley, 2003) . It is also 

widely accepted that these impacts extend to coastal marine and estuarine 

environments (Goolsby et al.,1998; Rowe, 1999). Nitrate from fertilizers may also 

pose risks to drinking water supplies (Kross et al., 1993; Weyer et al., 2001). 

Sediment in runoffs from agricultural lands is another agricultural pollutant (Yan, 

Tomer, and James, 2010). In 2004, the USEPA (2009) estimated that over 

27,000 km of river and streams were impaired for turbidity. Sediment may also 

be a vector for the transport of other pollutants such phosphorus and pesticides 

from agricultural lands (Uusitalo et al., 2001; Larson et al., 1997; Sharpley et al., 

1987).  

Much of the corn and soybean production in the US occurs in the agriculturally 

intensive Midwest. In 2008, the Midwest produced 85% of the corn and soybean 

grown in the US, with Iowa being the largest single producer of both crops: 

accounting for 17.5% of their combined production (USDA, 2009). This 

production is largely made possible due to the extensive implementation of 

artificial drainage networks throughout the region (Pavelis, 1987). Prior to the 

installation of these drainage networks, hydric soils, common throughout the 

region, were frequently over saturated and low in oxygen which hindered the 

growth of the non-native agricultural crops (Richardson and Arndt, 1989). The 

installation of artificial drainage networks beginning in the mid 1800’s has 

converted much of what were previously considered to be marginal unarable 



 

61 
 

lands into some of the most highly productive agricultural lands in the world 

(Foley et al., 2004; McCorvie and Lant, 1993; Pavelis, 1987).  

Today most of the wetlands, once prominent throughout the Midwest, have been 

drained. Dahl (1990) reported that the Midwestern states of Ohio, Indiana, 

Illinois, and Iowa have all lost greater than 85 percent of their original wetlands. 

The reduction in water storage capacity on the landscape as result of draining 

these wetlands may increase flood frequency and flows as well as base flows 

within streams and rivers (Demissie and Khan, 1993; Schilling and Libra, 2003; 

Skaggs and Breve, 1992). Converting these lands to agricultural production has 

also had an impact on water quality in the water bodies receiving runoff and 

drainage from them. It has been proposed that much of the nitrogen loading to 

the Mississippi thought to cause hypoxia in the Gulf Mexico is derived from 

drained agricultural lands within the Midwestern Corn Belt states (Alexander et 

al., 2008).  

Given these observations and the extent of which artificial drainage is employed 

within the Midwest, much research has been conducted to assess the impact that 

it has had on hydrology and water quality (Gentry et al., 2007; Randall and Mulla, 

2001; Schilling and Helmers, 2008). The implement of subsurface drainage, in 

particular, is thought to have a mixed effect on hydrology and water quality, 

reducing surface runoff and the transport of particle-associated pollutants while 

increasing base flows and transport of dissolved constituents (Schilling and Libra, 

2003; Skaggs and Breve, 1992). As such, much of the research to understand 

and mitigate the effects these artificial drainage systems have on water quality 

and chemical loading has focused on nitrogen (Kladivko, 1996; Stenback et al., 

2006; Tomer et al., 2008). 

In Iowa, Sugg (2007) estimated that drainage infrastructure serviced 

approximately 35,500 sq. km of the state’s agricultural lands. The spatial 

distribution of drainage infrastructure within Iowa is largely coincident with the 

Des Moines Lobe (Iowa Department of Natural Resources, 2001). Occupying 
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30,000 km2 in north-central Iowa, the Des Moines Lobe is the product of the last 

advance of the Wisconsonian glaciers and comprises the southeastern tip of 

what is known as the Prairie Pothole Region (PPR) (Evans and Freeland, 2000). 

The topography within this region is characterized by undulating low-relief terrain 

containing an abundance of enclosed topographical depressions, termed prairie 

potholes (Johnson et al., 2008; Winter and Rosenberry, 1998). As a result of the 

region’s unintegrated natural drainage and the underlying soils being 

impermeable glacial tills, these enclosed topographical depressions often 

accumulate and retain water (Johnson and Higgins 120). Because of this 

propensity to accumulate water, it is a common agricultural practice to drain 

prairie potholes by the installation of vertical surface drains within them (Johnson 

et al., 2008; Tomer et al., 2008). Surface drains are typically installed within 

topographical depressions where water, presumably from surface runoff, 

accumulates for excessive periods hindering agricultural operations and crop 

growth within them (Ginting et al., 2001). These surface drains are often a simply 

a standpipe extending upwards from a horizontal subsurface drain or conduit to 

the land surface within a depression.  

In the case of drainage networks consisting of many of these surface drains, 

previous assumptions concerning drainage contributions of runoff and 

particulate-pollutants may need to be reconsidered. These surface drains it 

seems may have the potential to increase the transport of surface runoff, 

suspended sediments, and associated pollutants to receiving waters (Ginting, et 

al., 2001). However, the effects of these drainage features, which are in 

abundance throughout north central Iowa, and their effects on flows and water 

qualities are not well understood (Ginting et al., 2001; Tomer et al., 2008). This 

research is aimed at providing better understanding the relative impacts of these 

surface drains by assessing the flow and transport of common agricultural 

pollutants to a stream through a surface drain within a topographical depression 

in north-central Iowa. Water level and chemical data collected over the summer 

of 2008 from water ponded within the drained topographical depression were 
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used to calculate loadings of common agricultural pollutants in order to assess 

the relative impact of draining the depression on water quality in a receiving 

stream.   
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2.2 Methods 

2.2.1 Location and Setting 

The study site is contained within an agricultural field in north-central Iowa 

described in Chapter 1.  

2.2.2 Pond Water Sampling and Analysis 

Grab samples of the pond water within the depression were obtained on nine 

instances in which water accumulated in the depression over the study (). Grab 

samples were collected in 530 mL Whirl-Pak sample bags (Nasco, Fort Atkinson, 

WI, B00736WA). Samples were obtained by slowly wading into the depression 

during pond events and obtaining samples near the nappe of the pond water as it 

was flowing into the surface drain. A 2.4 m extension arm was fabricated so that 

open sample bags could be placed at one end, enabling samples to be acquired 

without disturbing the sediments near the sampling location. Sample pH and 

temperatures were acquired using a calibrated Oakton pH Testr 30 at the time of 

sampling (Oakton, Vernon Hills, Il, USA, WD-35634-30). Upon acquisition, 

samples were sealed and stored in an ice chest for a maximum of 10 hours in the 

field and subsequently frozen until further laboratory analysis. All laboratory 

equipment used for sample processing and analysis was washed with a 

phosphate free detergent (Cole-Parmer, Vernon Hills, Illinois, Micro-90) rinsed 

with deionized water, air dried, then rinsed with Milli-Q water, (Millipore, Billerica, 

MA, Milli-Q Academic) and air dried again prior to use. Fifty milliliter portions of 

each sample were filtered using a 60 mL polyethylene syringe to push samples 

through a 22 mm syringe filter disk (Pall Corp, East Hills, NY, Acrodisc® 0.45 

um) into 50 mL polystyrene centrifuge tubes. Unfiltered 50 mL subsamples were 

allocated from shaken samples in bags to 50 mL centrifuge vials. All samples 

and sub samples were then refroze for further processing.  

Laboratory pH (Corning Inc, Lowell, MA, pH Meter 430) specific conductance 

(Thermo Fischer Scientific, Waltham, MA, model) were measured upon thawing 
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for final analysis of all samples. Approximations of total dissolved solid (TDS) 

concentrations were obtained from specific conductance readings using 

approximations made by Russell and Langelier relating specific conductance to 

ionic strength and then ionic strength to total dissolved solids (Langelier,1936); 

Russell," 1976). 

               (Russell, L. L.,1976)                            (Langelier, W. F., 1936). 

    

             Equation 2.1 

Where:    is the ionic strength  [ ] 

   is the specific conductance in  [       ] 

     is the concentration of total dissolved solids [      ] 

The volumes of the unallocated samples remaining in original sample bags were 

used to determine the total suspended solids (TSS) concentrations. The Whirl-

Pak bags and remaining sample water within them were weighed. Water 

volumes were calculated by subtracting the mass of the bag from the total mass 

of the bag and sample and multiplying difference by a water density of 998.7 g L-

1 at 25 degree C (Tchobanoglous et al., 2003). The thawed samples were then 

filtered using filter funnels and 47 mm diameter glass fiber filters (Whatman, 

USA, 0.7 um, GF/F) under a vacuum. Prior to use, all of the glass fiber filters 

were placed in labeled aluminum weighing dishes, then dried at 105 degrees C in 

an oven dishes for 24 hours. After drying the filters were then cooled in a 

desiccator and weighed prior to filtering to determine the initial masses. Then 

after filtering the samples, the filters plus filtrate were placed back into their 

respective weighing dishes, dried at 105 degrees C for 24 hrs, cooled and 

desiccated, then weighed again to determine the mass of the suspended solids.  

The 50 mL filtered subsamples were used for the determination of nitrate, nitrite, 

dissolved phosphate and dissolved organic carbon. Analysis for anions (nitrite 

(NO2
-), nitrate (NO3

-), and dissolved phosphate (PO4
-3)) was performed using ion 

chromatography. Two and one half milliliters of the filtered subsamples were 

used for this analysis. These 2.5 mL subsamples were analyzed on a Metrohm 
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761 compact IC (Metrohm USA Inc, Riverview, FL) using a Metrosep Asupp 5 

150 column (Metrohm USA Inc, Riverview, FL) with a 3.2 mM Na2CO3/ 1.0 mM 

NaHCO3 eluent flowing at a rate of 0.7 ml min-1.  Chromatograms were 

processed using Metrohm’s ICNet v. 2.3. This method was calibrated using 

standards ranging from 0.100 - 50.0 mg L-1 NO3
--N and NO2

--N and 0.010 – 5.0 

mg L-1 PO4
3--P.  

Unfiltered subsamples were used in the colorimetric determination of total 

phosphorus (TP) (Hach Company, Loveland, CO). Five milliliters of unfiltered 

subsamples were placed into digestion vials which came prepared containing 2 

ml of H2SO4. The acid/persulfate digestion for the colorimetric determination 

employed the PhosVer 3 reagent. After the digestion, the colorimetric reagent 

was added and allowed to react in the digestion vials. A portion of the each 

sample was removed from the digestion vial and placed in 1 cm polyachromide 

cuvettes to measure absorbance at 890 nm (Shimadzu Scientific Instruments, 

Columbia, MD, UV-1610).  

Dissolved organic carbon was determined via UV/persulfate oxidation and 

subsequent conductometric quantification using a Seivers 900 Portable TOC 

analyzer (GE Analytical Instruments, Boulder, CO).  

Analyses of laboratory process blanks and replicated analyses of samples were 

periodically performed in order to assure and control the quality of the data 

obtained by each method of analysis. (Table 2.1) gives a summary of the 

measures employed to assure and control quality of the analyses and the 

statistics obtained from these measures for each method.
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Table 2.1: Summary of quality assurance results for methods of analysis used in this study. 

Analyte Unit Method 
Detection 

Limit 
Number 

of Blanks 
% Blanks > 

Detection Limit 
Number of 
Triplicate 

Standard Deviation 
of Triplicates 

Total Suspended Solids mg L
-1
 

Filtration through 0.7 um 
Glass Fiber Filter 

2.0 4 0 4 88 

Total Phosphorus mg L
-1 

-P 
Persulfate Digestion with 
Absorbance at 890 nm 

0.07 4 0 6 0.16 

Dissolved Phosphate mg L
-1 

-P 
 

Ion Chromatography 
 

0.01 11 0 9 0.02 

Nitrate
 

 
mg L

-1 
-N 

Ion Chromatography 
 

0.10 11 0 9 0.10 

Specific Conductance uS cm
-1
 Accumet SC Meter 47 3 0 -- -- 

Dissolved Organic 
Carbon 

mg L
-1 

-C Sievers 900 TOC Analyzer 0.3 2 0 6 0.22 
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2.2.3 Stream Sampling and Analysis 

Stream water samples were obtained from the South Fork Iowa River near 

Blairsburg (USGS site ID# 05451080). During periods of low flow, the stream 

samples were collected by hand with the equal depth increment method (about 

bi-weekly during the growing season and monthly through the dormant period). 

During precipitation events the stream samples were collected by an 

autosampler (ISCO, Lincoln, NE) that was activated by increased discharge. The 

water was processed through a membrane filter (Supor membrane, 0.45 micron 

pore openings, (Pall, East Hills, NY), collected into clean plastic bottles, and 

shipped on ice overnight to the USGS National Water-Quality Laboratory 

(Lakewood, CO). Water temperature, pH, SC, and DO were measured in the field 

with a multi-parameter meter (YSI 600 XLM).  Nitrate was analyzed by a 

colorimetric method (Fishman, 1993)  

2.2.4 Flow, Load, and Yield Calculations 

Instantaneous and cumulative outflows from the depression into the surface drain 

were calculated as a function of pond depth, measured at the stilling well, using 

established relationships: for further details on the calculation of these flows 

please see the methods section of Chapter 1. Pond events were not considered 

if pond water levels in the depression were not greater than 0.05 m at some time 

during the event. The beginning and end times of pond events were determined 

from the points at which pond water levels exceeded, at the beginning of events, 

and then declined, at the end of events, below 0.035 m above the surface drain.  

If ponds were continuous between precipitation events, the times at which the 

water level was a minimum between events was determined to be the end of the 

previous and the beginning of the subsequent pond event. Incremental flows for 

each event were summed to yield a volume of outflow per event basis. 

The stream hydrograph was analyzed in order to determine the corresponding 

stream outflows for each precipitation event that induced pond formation within 

the depression. The delineation of stream response to individual precipitation 
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events was accomplished in a similar manner to the method applied to the pond 

level data. The beginning of an event was determined to be the instance at which 

the stream gage level began to rise during or after a precipitation event. The end 

of events were determined as the instance at which the gage level returned to 

the level that it was prior to the event, or in the case of a succession of events 

the minimum level observed between two events. 

To calculate loads of pollutants flowing from the pond into the surface drain, 

average water sample concentrations were calculated for the early study period, 

prior to June 14, and the late study period, after June 14. Arithmetic average 

concentrations for pond and stream samples acquired prior to June 14 were used 

to calculate loads for events 1 through 5 and samples taken after June 14 were 

used to calculate loads for Events 6 through 11. 

Masses of water quality constituents transported from the surface drain to the 

stream were estimated by multiplying cumulative drain outflows during a time 

increment by corresponding constituent concentrations determined as previously 

described. Loads within the stream were calculated in a similar manner. Yields of 

constituents from the stream through the surface drain were calculated based on 

corresponding loads and considering the topographical drainage basin 

immediately adjacent to the depression. The area of the drainage basin upland 

from the depression was delineated using a GIS program and the topographic 

data obtained during the site survey and found to be 10.6 ha (Figure 2.1). Yields 

of the water quality constituents were determined as the load divided by this 

drainage basin’s area. Corresponding yields for the stream were calculated using 

a watershed encompassing the initial 7.6 km stream reach from its source to the 

USGS gage (USGS site ID# 05451080) located at the study site. This watershed 

area was determined to have an area of 3640 ha (Thornburg, 2009). 
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Figure 2.1: Sub-catchment surrounding topographical depression containing vertical surface drain (FSA National Agriculture Imagery Program (NAIP) 

2008, 2008) 
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2.3 Results 

2.3.1 Precipitation, Ponds, and Flows 

The study site received 25.7 cm of precipitation from June 4 through August 21 

this was less than the long-term average of 35 cm for the months of June, July, 

and August (National Climatic Data Center, 2009). Monthly precipitation totals 

during the study were 14.4, 10.8, and 1.1 cm for June, July, and August, 

respectively. Of the 25.7 cm of total precipitation, 20.0 cm received over the 

course of 11 events, initiated 11 pond formations with maximum depths greater 

than 0.05 m within the topographical depression (Table 2.2). In total water was 

ponded in the depression for 183 hours over the durations of these events. 

These 11 precipitation events also resulted in the largest observed flow 

increases within the stream adjacent to the field site (Figure 2.2). The remaining 

5.7 cm of precipitation received throughout the study was dispersed over smaller 

events that may have at times resulted in water accumulating to a depth of less 

than 0.05 m within the depression. These events were not considered for flow 

and loading calculations from the depression. The stream flow hydrograph also 

indicates that this peripheral 5.7 cm of precipitation had negligible effects on 

flows within the channel as well (Figure 2.2).  

Precipitation events occurring from June 4 through June 14 delivered 11.4 cm of 

precipitation to the site over the course of five sequential events. These events 

resulted in vast flooding throughout the region. Stream flows in excess of 0.01 

annual exceedence probabilities were observed at many sites throughout the 

Midwest (Gleason, 2009). These large precipitation events resulted in the most 

substantial pond formations and stream flows observed during the study (Table 

2.2). Precipitation received during this early period of the study caused a rise in 

the shallow ground water table and subsequent discharge of groundwater within 

the low lying depression; please refer to Chapter 1 for details. 
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Table 2.2: Precipitation, pond, and stream data for events, periods, and entire study 

Precipitation Pond Response Stream Response 

Event Onset Depth Formation Duration 
Maximum 

Depth 
Flow Rise Duration 

Maximum 
Gage 

Flow 

# [mm/dd hh:mm] [cm] [mm/dd hh:mm] [hrs] [m] [m
3
] [% Total] [mm/dd hh:mm] [hrs] [m] [m

3
] [% Total] 

1 6/04  21:30 4.8 6/4 22:30 26 0.45 2742 16% 6/4 22:30 26 3.20 2.69·10
5
 3% 

2 6/05  22:30 0.4 6/6 0:45 43.3 0.41 4427 26% 6/6 0:45 43.3 2.40 2.93·10
5
 4% 

3 6/07  20:00 4.0 6/7 20:15 67.3 0.7 7321 43% 6/7 20:15 74.5 3.80 2.41·10
6
 31% 

4 6/11  11:00 0.4 6/11 11:30 2.8 0.09 115 1% 6/11 10:00 4.5 2.20 7.56·10
4
 1% 

5 6/11  22:00 1.9 6/11 22:45 21.5 0.26 1569 9% 6/11 22:45 21.8 2.40 3.87·10
5
 5% 

6 6/15  1:30 0.1 6/15 2:30 1.8 0.06 59 0% 6/15 2:30 5.3 2.00 5.93·10
4
 1% 

7 6/27  17:00 0.8 6/27 18:00 3.8 0.18 174 1% 6/27 18:00 5.5 1.60 2.04·10
4
 0% 

8 7/07  16:00 1.0 7/7 17:00 1.2 0.06 41 0% 7/7 16:45 4.3 1.40 6.47·10
4
 0% 

9 7/17  14:30 4.8 7/17 15:00 9.5 0.2 454 3% 7/17 15:00 10.5 1.80 5.39·10
4
 1% 

10 7/19  18:30 1.1 7/19 19:00 4 0.16 192 1% 7/19 19:00 7.3 1.90 4.65·10
4
 1% 

11 7/21  2:00 0.8 7/21 3:30 1.7 0.08 69 0% 7/21 2:15 10 1.60 3.55·10
4
 0% 

Event Totals 
  

  
   

  

1-5 - 11.5 - 160.8 0.7 16170 94% - 170 3.8 3.44·10
6
 44% 

6-11 - 8.6 - 22.0 0.2 990 6% - 43 2.0 2.22·10
5
 3% 

1-11 - 20.1 - 182.8 0.7 17160 100% - 213 3.8 3.66·10
6
 46% 

Continuous Data Totals  
  

  
   

  

6/4-6/14 - 11.7 - 160.8 0.7 16170 94% - 201 3.8 4.16·10
6
 53% 

6/14-8/20 - 14.0 - 22.0 00.2 990 6% - 1672 2.0 3.73·10
6
 47% 

6/4-8/20 - 25.7 - 182.8 0.7 17160 100% - 1872 3.8 7.88·10
6
 100% 
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Figure 2.2: Precipitation and Stream Gage at USGS Gage 05451080 and water level recorded at the stilling well for entire study period 
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During this early wet period, ponds of greater than 0.05 m depth were present in 

the depression for a total 161 hours (Table 2.2). On June 4 a series of three 

precipitation events, 4.75 cm, 0.4 cm and 4.0 cm respectively, resulted in a 

continuous pond formation in the depression that spanned 137 hours prior to 

dissipating on June 10. After the final 4.0 cm surge of precipitation in this 

sequence of events, the maximum pond level of the study was recorded: 0.70 m 

above the surface of depression. As a result of this series of precipitation events, 

USGS stream gages at the study site (USGS site ID# 05451080) and another 

further downstream on the SFIR (USGS site ID# 05451210) both recorded flows 

of record on June 8 (US Geological Survey, 2009). After June 14, precipitation 

amounts declined and produced ponds of smaller scale and lesser duration than 

observed in early June and side from spikes associated with precipitation events, 

the stream flow steadily declined after the precipitation of early June and 

eventually converged to a lower base flow in August (Figure 2.2). 

In total, it was estimated that 17,160 m3 of water was drained from the 

topographical depression by the surface drain from June 4 through August 20 

(Table 2.2). Surface drain outflow could account for 0.2% of the 7.88x106 m3 total 

stream flow observed of for the entire study. During the early period, June 4 to 

June 14, 16,170 m3, or 94% of the total, drain outflow occurred; much of which, 

14,490 m3, was attributed to pond events 1 through 3. Cumulative stream flow 

from June 4 to June 14 was 4.16 x 106 m3, of which 3.44 x 106 m3 (83%) was 

considered in response to precipitation events 1 through 5. The early period total 

and event stream flows accounted for 53% and 44% of the total 7.88x106 m3 

measured for the entire study.  

The total outflow from the surface drain from June 14 through August 20, was 

990 m3 approximately 6% of the total drain outflow observed for all 11 events 

(Table 2.2). The largest drain outflows occurring in the drier late period of the 

study were attributable to the sequence of precipitation events 9 and 10 

occurring in mid-July,. Drain outflows during these events were 454 m3 and 192 
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m3, or 2.6% and 1.1%, respectively, of the total drain outflow for the study. Total 

flow within the stream from June 14 to August 20 was 3.73x106 m3, of which 

2.22x105 m3 (6%), was attributed to flows in response to precipitation events: the 

cumulative stream flows and those considered as responses to events stream 

flows during the late period accounted for 47% and 3% of the total stream flow 

for the entire study, respectively.  

The equivalent depths of water conveyed through the surface drain by event 

estimate that an equivalent of 81% of the precipitation that caused the 11 ponds 

ultimately flows through the surface drain (Table 2.5). Equivalent drained depth 

was disproportionately larger for the early period, when 133% more water was 

calculated to flow through the surface drain than actually fell directly on its 

topographic catchment. In the late period, drain outflow from the depression only 

accounted for 11% of total precipitation on the catchment. 

Equivalent drained depth calculations for the stream indicate that the stream 

drained an equivalent of 9.4 cm depth over the entire 3640 ha catchment during 

the first five events of the study, accounting for 82% of the precipitation input to 

the catchment over the same events. Including flows that fell outside the 

classification of responses to events for the same period of June 4 to June 14, 

shows that 98% of the 11.4 cm of precipitation exited the watershed via the 

stream. Only 7% of the 8.6 cm precipitation inputs occurring during events 6 

through 11 were observed to flow to the stream in the late period during event 

responses. In all 21.7 cm, 84%, of the 25.7 cm of precipitation that fell on the 

3460 ha watershed flowed to the stream. 

2.3.2 Water Sample Concentrations 

In total nine grab samples of ponded water were acquired from pond events 

within the depression near the vertical surface drain (Table 2.3). One of these 

samples, PW1, was acquired on June 2 prior to the installation of instrumentation 

within the depression; however, this sample was still considered representative 
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of pond waters of the early study and was therefore included. Pond water 

samples acquired in the early study period, PW1 through PW5, contained higher 

concentrations of total dissolved solids (TDS), nitrate (NO3
-), chloride (Cl-), and 

sulfate (SO4
2-) than later samples, PW6 through PW9. Conversely, late samples 

were found to have higher concentrations of total suspended solids (TSS) and 

total phosphorus (TP). Phosphate (PO4
3-) concentrations in all early samples 

were lower than late samples, with the exception one sample, PW1: 0.6 mg L-1. 

As a result of the higher PO4
3- concentration in PW1 sample, the mean PO4

3- 

concentrations were the same for both early and late samples. Dissolved organic 

carbon (DOC) concentrations were on average higher in samples acquired after 

June 14 with a mean concentration of 9.7 mg L-1 versus the early study mean of 

6.4 mg L-1.  

Fourteen water quality samples were obtained from the stream over the course 

of the study (Table 2.4). Much of the stream sampling was concentrated during 

precipitation events 9, 10, and 11 occurring in mid-July; 10 samples of the 14 

total were taken from July 17 to July 20. Thus only two samples fell within the 

timeframe considered as the early study period; one of which was obtained on 

June 2 but was considered to be representative of water quality in the stream in 

the early period. In contrast to the pond water samples average concentrations 

for TDS and NO3
- were higher in the lesser stream flows of the latter study and 

TP and TSS concentrations were higher during the larger early flows. The 

intensity of the stream sampling during the mid-July events did however reveal 

increases in these particulate constituents in association with precipitation events 

and increased flows in samples Str4 and Str11 during events 9 and 10 

respectively. 

By comparison to stream samples, pond water samples had lower average 

concentrations of TDS and NO3- than samples during both early and late study 

periods (Table 2.3, Table 2.4). For early period samples, average PO4
3- 

concentrations were similar in both pond water, 0.26 mg L-1, and stream samples 
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0.20 mg L-1. The difference in these averages was larger for late season samples 

when pond water average PO4
3- concentration was 0.32 mg L-1 and the stream 

samples were 0.16 mg L-1.  TSS concentration was greater for early stream 

samples, 800 mg L-1 than for early pond samples, 400 mg L-1, while late pond 

samples had a larger average TSS concentration, 2020 mg L-1, than late stream 

samples, 330 mg L-1. Total phosphorus concentrations followed a similar trend 

being higher in the stream for early study and higher in the pond in the later 

study.  Dissolved organic carbon concentrations were larger in the pond water for 

all study periods. 

2.3.3 Yields 

Loads of potential agricultural pollutants were calculated for the waters flowing 

into the vertical surface drain within the depression as well as for the stream up 

to the point at which it flows adjacent to the study site. Tables with the calculated 

loads for both the drained depression and the stream may be found in the 

Appendix. The subsequent calculations of yields for each of these features was 

determined by dividing calculated loads by the catchment areas; 10.64 ha for the 

surface drain and 3640 ha for the stream. Equivalent depths of drainage were 

computed as the total flows for the stream and surface drain divided by the 

respective catchment area. Differences in yields from the small basin 

surrounding the topographical depression for the early and late study were 

largely determined by the large flows calculated to have occurred during this 

period (Table 2.5). 

Yields over the course of events 1 through 5 were greater than 90% of the study 

totals for TDS, NO3
-, PO4

3-, and DOC. Yields calculated from stream loads for the 

greater 3640 ha watershed were also heavily influenced by the volume of flow 

occurring during the events of early June (Table 2.6). Upwards of 40% of the 

total yield for all pollutants were transported in the stream during the first five 

events. Stream flows in response to events, 6 through 11, accounted for less 

than 3% of the total yields for all constituents.  Although, if considering 
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cumulative stream flow over the entire late study period, nearly half the yields for 

all constituents over the entire study period can be accounted for. Yields of PO4
3-, 

TP, TSS, and DOC calculated for the 10.64 ha drainage basin surrounding the 

surface drain were larger than those calculated for the 3640 ha watershed when 

only considering stream flows in response to events. Yields of TDS and NO3
- 

from the watershed were larger for all events. When considering total continuous 

stream flow during the study, yields from the watershed were larger for all 

constituents except PO4
3- (Table 2.6).  
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Table 2.3: Water samples taken from ponds within the topographical depression over the course of 
the summer of 2008. 

ID Acquisition TDS NO3
-
-N PO4

3-
-P TP-P TSS DOC Cl

-
 SO4

2- 

[-] [mm/dd hh:mm] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] 

PW1 6/2 12:00 162 7.9 0.60 0.86 340 8.3 26.4 3.9 

PW2 6/10 16:00 87 4.8 0.22 0.28 223 5.8 3.8 2.6 

PW3 6/11 16:00 116 5.2 0.16 0.65 888 3.7 5.6 3.8 

PW4 6/11 17:30 102 5.0 0.16 0.32 257 8.4 5.7 3.8 

PW5 6/12 12:15 73 3.9 0.15 0.35 266 5.7 3.4 2.6 

PW6 6/27 18:30 33 2.0 0.16 2.46 2078 6.5 0.7 0.5 

PW7 6/27 20:05 37 2.0 0.26 0.97 701 10.2 1.2 0.7 

PW8 7/7 17:30 49 2.9 0.53 1.22 1596 12.4 0.8 1.3 

PW9 7/7 19:00 43 2.4 0.35 1.71 3684 9.9 0.7 0.9 

Statistics for All Pond Water Sample Concentrations  

Average (n=9) 78 4.0 0.29 0.98 1115 7.9 5.4 2.2 

Standard Deviation 43 1.9 0.17 0.73 1164 2.7 8.1 1.4 

Minimum 33 2.0 0.15 0.28 223 3.7 0.7 0.5 

Maximum 163 7.9 0.60 2.46 3684 12.4 26.4 3.9 

Statistics for Early Study Pond Water Sample Concentrations (PW1 – PW5) 

Average  (n=5) 108 5.4 0.26 0.49 395 6.4 9.0 3.3 

Standard Deviation 35 1.5 0.19 0.25 279 2.0 9.8 0.7 

Minimum 73 3.9 0.15 0.28 223 3.7 3.4 2.6 

Maximum 163 7.9 0.60 0.86 888 8.4 26.4 3.9 

Statistics for Late Study Pond Water Sample Concentrations (PW6 – PW9)   

Average (n=4) 41 2.3 0.32 1.59 2015 9.7 0.8 0.9 

Standard Deviation 7 0.4 0.16 0.66 1251 2.4 0.2 0.3 

Minimum 33 2.0 0.16 0.97 701 6.5 0.7 0.5 

Maximum 49 2.9 0.53 2.46 3684 12.4 1.2 1.3 

1 Start and End times are times at which samples were applied to flows to estimate loads using method 1  
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Table 2.4: SFIR water samples acquired as it flowed adjacent to the study site over the summer of 
2008 

ID Acquisition TDS NO3
-
-N PO4

3-
-P TP-P TSS DOC 

[-] [mm/dd hh:mm] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] [mg L
-1

] 

Str1 6/2 8:30 378 15.1 0.18 0.33 674 6.5 

Str2 6/8 11:30 113 4.2 0.22 1.01 930 5.1 

Str3 7/9 10:35 444 14.1 0.09 0.11 44 3.6 

Str4 7/17 18:30 319 9.8 0.20 1.17 1150 5.8 

Str5 7/17 21:30 335 10.3 0.21 0.61 553 5.9 

Str6 7/18 0:30 349 10.5 0.22 0.49 288 6.4 

Str7 7/18 6:30 372 11.1 0.19 0.38 171 5.9 

Str8 7/18 10:10 376 11.3 0.18 0.30 113 5.6 

Str9 7/18 18:10 390 11.4 0.17 0.27 232 5.7 

Str10 7/19 21:30 361 10.1 0.15 0.44 421 5.2 

Str11 7/19 22:40 271 7.4 0.19 0.63 648 5.3 

Str12 7/20 6:40 340 10.0 0.18 0.36 201 5.4 

Str13 7/20 14:40 379 10.8 0.16 0.25 105 5.3 

Str14 8/13 11:00 441 10.4 0.03 0.05 25 3.9 

Statistics for All SFIR Water Sample Concentrations  

Average (n=14) 348 10.5 0.17 0.46 397 5.4 

Standard Deviation 81 2.6 0.05 0.32 348 0.8 

Minimum 444 15.3 0.22 1.17 1150 6.5 

Maximum 113 4.2 0.03 0.05 25 3.6 

Statistics for Early Study SFIR Water Sample Concentrations (Str1 – Str2) 

Average (n=2) 245 9.7 0.20 0.67 802 5.8 

Standard Deviation 48 1.5 0.05 0.29 324 0.8 

Minimum 378 15.2 0.22 1.01 930 6.5 

Maximum 113 4.2 0.18 0.33 674 5.1 

Statistics for Late Study SFIR Water Sample Concentrations (Str3 – Str14)   

Average (n=12) 365 10.6 0.16 0.42 329 5.3 

Standard Deviation 48 1.5 0.05 0.29 324 0.8 

Minimum 444 14.1 0.22 1.17 1150 6.4 

Maximum 271 7.4 0.03 0.05 25 3.6 
1
Start and End times are times at which samples were applied to flows to estimate loads using method 
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Table 2.5: Yields conveyed through the surface drain to the SFIR from the 10.64 ha drainage basin surrounding the topographical depression. 

Event Drained Depth
1
 TDS NO3

-
 -N PO4

3-
-P TP-P TSS DOC 

# [cm] [%] [kg ha
-1

] [% total] [kg ha
-1

] [% total] [kg ha
-1

] [% total] [kg ha
-1

] [% total] [kg ha
-1

] [% total] [kg ha
-1

] [% total] 

1 2.6 54% 27.8 17% 1.4 17% 0.07 16% 0.13 14% 101.8 13% 1.6 16% 

2 4.2 1040% 44.9 27% 2.2 27% 0.11 25% 0.20 23% 164.3 21% 2.7 25% 

3 6.9 172% 74.3 44% 3.7 44% 0.18 42% 0.34 38% 271.7 34% 4.4 41% 

4 0.1 27% 1.2 1% 0.1 1% 0.00 1% 0.01 1% 4.3 1% 0.1 1% 

5 1.5 78% 15.9 9% 0.8 9% 0.04 9% 0.07 8% 58.2 7% 0.9 9% 

6 0.1 56% 0.2 0% 0.0 0% 0.00 0% 0.01 1% 11.2 1% 0.1 1% 

7 0.2 20% 0.7 0% 0.0 0% 0.01 1% 0.03 3% 32.9 4% 0.2 1% 

8 0.0 4% 0.2 0% 0.0 0% 0.00 0% 0.01 1% 7.8 1% 0.0 0% 

9 0.4 9% 1.7 1% 0.1 1% 0.01 3% 0.07 8% 85.9 11% 0.4 4% 

10 0.2 16% 0.7 0% 0.0 1% 0.01 1% 0.03 3% 36.4 5% 0.2 2% 

11 0.1 8% 0.3 0% 0.0 0% 0.00 0% 0.01 1% 13.1 2% 0.1 1% 

Summary of calculated yields by study period 

1-5 15.2 133% 164 98% 8.1 97% 0.39 93% 0.74 83% 600 76% 9.7 91% 

6-11 0.9 11% 4 2% 0.2 3% 0.03 7% 0.15 17% 187 24% 0.9 9% 

1-11 16.1 81% 168 100% 8.4 100% 0.42 100% 0.89 100% 788 100% 10.6 100% 
1
 Percentages of precipitation for corresponding events and periods  
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Table 2.6: Yields from the 3640 ha catchment of the SFIR immediately upstream from the study site for various time intervals by mass and as a 
percentage of the total yield calculated over the duration of the study  

Event Drained Depth
1
 TDS NO3

-
 -N PO4

3-
-P TP-P TSS DOC 

# [cm] [%] [kg ha
-1

] [% total] [kg ha
-1

] [% total] [kg ha
-1

] [% total] [kg ha
-1

] [% total] [kg ha
-1

] [[% total] [kg ha
-1

] [% total] 

1 0.7 15% 23 3% 0.8 4% 0.01 3% 0.04 4% 41 4% 0.4 3% 

2 0.8 201% 25 3% 0.9 4% 0.01 4% 0.04 4% 44 4% 0.4 4% 

3 6.6 166% 206 29% 7.4 32% 0.11 30% 0.32 32% 364 37% 3.4 29% 

4 0.2 52% 6 1% 0.2 1% 0.00 1% 0.01 1% 11 1% 0.1 1% 

5 1.1 56% 33 5% 1.2 5% 0.02 5% 0.05 5% 58 6% 0.5 5% 

6 0.2 163% 6 1% 0.2 1% 0.00 1% 0.01 1% 6 1% 0.1 1% 

7 0.1 7% 2 0% 0.1 0% 0.00 0% 0.00 0% 2 0% 0.0 0% 

8 0.0 2% 1 0% 0.0 0% 0.00 0% 0.00 0% 1 0% 0.0 0% 

9 0.1 3% 5 1% 0.2 1% 0.00 1% 0.01 1% 5 1% 0.1 1% 

10 0.1 12% 5 1% 0.1 1% 0.00 1% 0.01 1% 5 0% 0.1 1% 

11 0.1 12% 3.5 0% 0.1 0% 0.00 0% 0.00 0% 3 0% 0.1 0% 

Summary of yields for events and time periods  
 

 
 

 
 

1-5 9.4 82% 294 41% 10.5 45% 0.2 42% 0.5 45% 519 52% 4.8 42% 

6-11 0.6 7% 22 3% 0.6 3% 0.0 3% 0.0 3% 22 2% 0.3 3% 

1-11 10.0 50% 316 44% 11.1 48% 0.2 45% 0.5 48% 540 55% 5.1 45% 

Summary of yields for continuous flow over specified periods  
 

 
 

 
 

6/4-6/14 11.4 98% 355 49% 12.7 55% 0.2 51% 0.6 55% 627 63% 5.8 51% 

6/14-8/20 10.2 73% 366 51% 10.5 45% 0.2 49% 0.5 45% 364 37% 5.6 49% 

6/4-8/20 21.7 84% 722 100% 23.2 100% 0.4 100% 1.0 100% 991 100% 11.4 100% 
1
 Percentages of precipitation for corresponding events and period 
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2.4 Discussion 

The late spring of 2008 was marked by frequent and intense precipitation events 

in north-central Iowa (Gleason, 2009; Holmes et al., 2010).  Precipitation events 

occurring at the study site prior to June 14 produced record flooding throughout 

the study area and surrounding region (US Geological Survey, 2009). These 

events occurring in the early study period resulted in extensive pond formations 

within the depression and record flows in the stream. 

It was determined that the formation of these ponds occurred as a result of 

overland flow, but that the large amount of moisture brought on the landscape by 

these precipitation events raised the shallow water table (Figure 1.6). This 

resulted in a discharge of groundwater to the topographical depression). This 

groundwater sustained the ponding within the depression longer than would have 

been expected if the only inflows to the pond were overland flow and 

precipitation. This groundwater sustenance resulted in more water flowing into 

the surface drain than would normally be anticipated if the depression were only 

receiving overland flow and precipitation inputs (Figure 1.12). During these early 

events, more water was calculated to flow through the surface drain than the 

volume of precipitation that fell on the sub-catchment surrounding the 

depression, which may suggest that shallow ground water flows to the 

depression from areas outside the topographical boundaries of the sub-

catchment (Table 2.5).  

This groundwater discharge to the depression may lead to increased flow from 

the surface drain to the stream, but the chemical characteristics of this water are 

a mixture of both sources of water to the depression, groundwater and overland 

flow. The inflow of groundwater and dilution of particle-associated constituents 

was evidenced in the pond water samples taken during these early events (Table 

2.3). These samples contained higher concentrations of total dissolved solids 

(TDS), nitrate (NO3
-), chloride (Cl-), and sulfate (SO4

2-), dissolved species 

common to groundwater, and lower concentrations of sediment (TSS) and total 
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phosphorus (TP), constituents common to overland flow. In the event that these 

early ponds consisted solely of overland flow, higher particulate concentrations 

and lower concentrations of dissolved species, as was observed in water 

samples taken from later ponds, would be expected. 

The dilution of the concentrations of particle-associated pollutants from the 

groundwater influx to the depression would not, in itself, result in less loading 

from the drained depression to the stream. The presence of groundwater within 

the depression has no direct impact on the loading of particle-associated 

pollutants to the pond from overland flow. In fact, groundwater flow to the 

depression is an indicator of the degree of soil saturation, which may indicate a 

higher propensity for overland flow and associated pollutants upon subsequent 

precipitation inputs. However, the sustenance of water within the depression by 

groundwater inflow may provide a buffer which intercepts overland flow at the 

periphery of the pond, increasing the residence time and likelihood that particles 

and associated pollutants will settle out of the pond water prior to it flowing into 

the surface drain. Thus, the export of particle-associated pollutants from the 

depression may actually be less than would be expected when groundwater is 

not an inflow. Ginting et al. (2000) observed this to be the case for two drained 

depressions in south-central Minnesota. 

In contrast to the higher dissolved and lower particulate concentrations observed  

in the early pond samples as a result of the groundwater inflows, early stream 

samples had larger particulate and total phosphorus concentrations than early 

pond samples and stream samples taken later in the study. These results 

indicate that for the early events, this particular depression was not 

disproportionately contributing to the concentrations of suspended solids and 

total phosphorus in the stream. The high concentrations of TSS and TP in the 

stream during this early period may have been contributed by direct runoff to the 

stream or perhaps in-stream sources due to the extreme nature of these flows. In 

the case of the latter, the additional flow contributed to the stream is one possible 
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means in which draining topographical depressions could exacerbate loading of 

sediments from the watershed by increasing flood peaks. The stream channel 

itself is manmade and the flooding of the spring of 2008 may have been the 

largest the channel had experienced in its lifespan. The forces generated on the 

channel banks as a result could have caused significant scour and suspension of 

bank and bed sediments and associated chemicals.  

Yields of particle-associated pollutants thought to be of concern when 

considering surface drains, TSS, TP, and PO4
3-, were determined more by the 

total flows than the concentrations of the constituents. Regardless of the elevated 

concentrations of TSS, TP, and PO4
3- found in the late period pond water 

samples, total yields of these constituents for the early period were still much 

larger than late period yields. Total yields for this study, 768 kg ha-1 TSS, 0.89 kg 

ha-1 TP, and 0.42 kg ha-1 PO4
3-, were much larger than what was observed by 

Ginting et al. (2000) in a similar study. The largest single year yields as a result 

of precipitation and runoff to a drained depression observed during that study 

were: 90.9 kg ha-1 TSS, 0.2 kg ha-1 TP, and 0.06 kg ha-1 PO4
3-. These large 

differences may reflect the extreme nature of the precipitation that fell on this 

study site in the spring of 2008 or perhaps the differences in sampling regimes. 

The total yields of particle-associated pollutants transported through the surface 

drain were greater than the yields transported in the stream from the greater 

watershed when only considering event flows. This suggests that the high 

density of drained topographical depressions in the watershed may contribute to 

the loading of particle-associated pollutants in the stream during precipitation 

events. However, considering the total flow of the stream throughout the course 

of the study the stream yields exceed those observed for the drained depression.  

This may be an artifact of the event based stream sampling regime but research 

also suggests that the contributions of particle-associated pollutants from 

subsurface drains are not as benign as once thought (Deasy et al., 2009; Gentry 

et al., 2007; Uusitalo et al., 2001)
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Conclusion 

 The 2008 growing season spanned climactic extremes, receiving greater than 

normal precipitation in the spring and receiving less than normal in the later 

summer.  Precipitation in late May and early June caused record flooding 

throughout the Midwest: from May 28 through June 12 the study site received 

20.2 cm of precipitation. In contrast, only 1.1 cm of precipitation was received 

from August 1 through 20. Accordingly, this declining trend in precipitation 

throughout the summer was mirrored by a declining trend in ponding frequency, 

and duration within the topographical depression.   

The precipitation events in early June were atypically large and frequent resulting 

in the most substantial ponding within the depression of the entire study. From 

June 2 to June 12 the study site received 11.4 cm of precipitation delivered over 

the course of five events, each of which either initiated ponding within the 

depression or contributed to an existing pond. In total, the depression contained 

water for a total of 160 hrs over these eight days. Due to immediate pond water 

levels increasing more than the depth of precipitation and groundwater levels 

initially being below the land surface, overland flow was presumed to form these 

ponds. However, with the exception of one event during this period, upon pond 

formation the groundwater level would rise and track with the pond level until the 

pond completely dissipated. 

The water budget for the total of all five pond events in early June indicated that 

16,660 m3 of water cycled through the depression, of which at least 21% is 

presumed to be from a groundwater source. Less than 4% of this water was 

derived from precipitation on the pond surface, with the remaining 75% likely 

being a combination of overland flow and/or groundwater. Water loss from the 

depression during these early events was due to outflow through vertical surface 

drain which accounted for 97% of the calculated outflow; evaporation from the 

pond accounted for just 2% of total outflows. Infiltration may have accounted for 
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1% but this estimate may have been due to model inadequacy. Infiltration during 

this period was impeded the saturated soils and shallow groundwater table.   

By comparison to the pond events of early June, the events of late June and July 

were typically lesser in terms of maximum volumes and durations. This was 

attributable to a sparser precipitation pattern that continued to develop into the 

later summer.  In the event that later ponds were comparable in size to earlier 

ponds, late ponds were induced by twice the precipitation of the early 

counterparts. After June 12, the groundwater beneath the depression never 

exceeded the land surface regardless of ponding and precipitation. With the 

exception of spikes due to ponding and precipitation, the groundwater level 

beneath the depression steadily declined over this later period. This decline was 

most likely due to a combination of the decline in precipitation, the horizontal 

subsurface drain, and increased evapotranspiration on the fringe of the 

depression.    

The water budgets calculated for ponds in late June and July also indicated 

significant changes in the dominant water flow paths. From June 13 to August 

20, ponds formed in the depression a total of six times for a cumulative duration 

of just 22.0 hours. During these six events a total water budget of 1440 m3 was 

estimated for the depression. The primary sources of this water were: overland 

flow (95%) and precipitation (3%).  The primary sink was the surface drain (69%) 

however, infiltration was calculated to account for 30% of the outflows during this 

later drier period. Evaporation in the late study period accounted for just 1 % of 

water outflow.  

The increased capacity of the soils in the depression to infiltrate water was also 

demonstrated by the results of the hydraulic conductivity measurements. The 

values of hydraulic conductivities showed a positive relationship with elapsed 

time since precipitation.  Values obtained in late August were approximately two 

orders of magnitude higher than those obtained in early June and mid-July. 

These measurements also indicated spatial variability of the hydraulic 
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conductivity of the soil in the depression. Measurements taken on the same day 

in different locations had ranges spanning an order of magnitude. The spatially 

averaged infiltration rates calculated for declining pond stages during mid-July 

agreed with the upper estimates of infiltration rates acquired with the bucket 

infiltrometer data and the Youngs et al. model (1995). 

The chemistry of the pond water samples taken over the study also indicated a 

shift from groundwater and overland flow regime in the early period to a strictly 

overland flow regime in the later study. Higher concentrations of total dissolved 

solids, nitrate, chloride, and sulfate with lower concentrations of total suspended 

solids and phosphorus were within the early study period were indicative of 

groundwater inflows. While high concentrations of suspended solids and 

phosphorus in the later period were characteristic of overland flow. 

Transport of particle and particle-associated pollutants from the upland basin 

surrounding the vertical surface drain were more affected by large flows 

generated by extreme events early in the study than the higher concentrations 

found in later samples. Calculated yields of total suspended solids (TSS), total 

phosphorus (TP), and dissolved phosphorus (PO4
3-) from the drained depression 

to the stream were larger than those calculated from the larger watershed to the 

stream during flows associated with precipitation events.  However, when 

considering total stream flows throughout the study yields from the watershed 

were larger than those from the drained depression.    



  

89 
 

Works Cited 

Alexander, R. B., Smith, R. A., Schwarz, G. E., Boyer, E. W., Nolan, J. V., Brakebill, J. W., et al. 
(2008). Differences in Phosphorus and Nitrogen Delivery to The Gulf of Mexico from the 
Mississippi River Basin. Environmental Science & Technology, 42(3), 822-830. doi: 
10.1021/es0716103. 

Bell, J. C. (2005). Soil Hydrology and Morphology. Water. St Paul, MN: Jay Bell. 

Bishop, R. (1981). Iowa’s wetlands. Proceedings of the Iowa Academy of Science (pp. 11-16). 

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., Smith, V. H., et al. 
(1998). Nonpoint Pollution of Surface Waters With Phosphorus and Nitrogen. Ecological 
Applications, 8(3), 559-568. doi: 10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2. 

Chow, V. T., Maidment, D. R., & Mays, L. W. (1988). Applied Hydrology. (R. Eliassen, P. H. King, 
& R. K. Linsley) (p. 572). New York: McGraw-Hill. 

Deasy, C., Brazier, R. E., Heathwaite, A. L., & Hodgkinson, R. (2009). Pathways of runoff and 
sediment transfer in small agricultural catchments. Hydrological Processes, 23(9), 1349–1358. 
John Wiley \& Sons. doi: 10.1002/hyp. 

Demissie, M., & Khan, A. (1993). Influence of wetlands on streamflow in Illinois. Contract Report, 
(October). 

Derby, N. E., & Knighton, R. E. (2001). Field-scale preferential transport of water and chloride 
tracer by depression-focused recharge. Journal of environmental quality, 30(1), 194. Am Soc 
Agronom. 

Environmental Systems Research Institute. (2007). ArcGIS. Redlands, CA: Environmental 
Systems Research Institute. 

Euliss, N. H., & Mushet, D. M. (1996). Water-Level Fluctuation in Wetlands As a Function of 
Landscape Condition in the Prairie Pothole Region. Wetlands, 16, 587-593. 

Evans, C. V., & Freeland, J. A. (2000). Wetland Soils of Basins and Depressions of Glacial 
Terrains. In M. Vepraskas & J. Richardson, Wetlands Soils Genesis and Hydrology. CRC Press. 
doi: 10.1201/9781420026238. 

FSA National Agriculture Imagery Program (NAIP) 2008. (2008). Aerial Photo Near Blairsburg 
Iowa. Salt Lake City, Utah: USDA FSA Aerial Photography Field Office. 

Farnham, D. (2001). Corn planting guide. Ext. Publ. PM (pp. 1-8). Ames, IA: Iowa State University 
Extension Service. 

Foley, J. A., Kucharik, C. J., Twine, T. E., Coe, M. T., & Donner, S. D. (2004). Land Use, Land 
Cover, and Climate Change Across the Mississippi Basin: Impacts on Selected Land and Water 
Resources. Geophysical Monograph. 



  

90 
 

Gentry, L. E., David, M. B., Royer, T. V., Mitchell, C. A., & Starks, K. M. (2007). Phosphorus 
transport pathways to streams in tile-drained agricultural watersheds. Journal of environmental 
quality, 36(2), 408-15. doi: 10.2134/jeq2006.0098. 

Ginting, D., Moncrief, J. F., & Gupta, S. C. (2000). Runoff, solids, and contaminant losses into 
surface tile inlets draining lacustrine depressions. Journal of Environmental, 29, 551-560. 

Ginting, D., Ranaivoson, A. H., Moncrief, J. F., & Gupta, S. C. (2001). Dynamics of Pollutant 
Delivery into Surface Tile Inlets. (A. II)Transactions of the ASABE, (January), 455-458. 

Gleason, K. (2009). 2008 Midwestern U.S. Floods. Retrieved from view-
source:http://www.ncdc.noaa.gov/special-reports/2008-floods.html. 

Gleason, R. A., & Euliss, N. H. (1998). Sedimentation of prairie wetlands. Great Plains Research, 
8(1), 97–112. 

Goolsby, D. A., Battaglin, W. A., Aulenbach, B. T., & Hooper, R. P. (1998). Nitrogen input to the 
Gulf of Mexico. Journal of environmental quality, 30(2), 329-36. 

Hayashi, M., Van Der Kamp, G., & Rudolph, D. L. (1998). Water and solute transfer between a 
prairie wetland and adjacent uplands, 1. Water balance. Journal of Hydrology, 207(1-2), 42-55. 
doi: 10.1016/S0022-1694(98)00098-5. 

Hendry, M. J. (1982). Hydraulic Conductivity of a Glacial Till in Albertaa. Ground Water, 20(2), 
162–169. John Wiley & Sons. 

Holmes, R. R., Koenig, T. A., & Karstensen, K. A. (2010). Flooding in the United States Midwest, 
2008. Reston, VA. 

Hubbard, D. E. (1981). The hydrology of prairie potholes: A selected annotated bibliography. 
South Dakota Coop. Wildl. Res. Unit Tech. Bull, 1(2), 189–209. Springer. 

Iowa Department Of Natural Resources, G. S. (2001). Historic Alteration of Surface Hydrology on 
the Des Moines Lobe. Society. Iowa City, Iowa. 

Iowa State University. (2009). Iowa Ag Climate Data for Gilbert, IA 2008. Iowa Environmental 
Mesonet. Ames, IA: Iowa State University of Science and Technology. 

James, H. R., & Fenton, T. E. (1993). Water tables in paired artificially drained and undrained soil 
catenas in Iowa. Soil Science Society of America Journal, 57(3), 774. Soil Sci Soc America. 

Jaynes, D. B., Colvin, T. S., & Kaspar, T. C. (2005). Identifying potential soybean management 
zones from multi-year yield data. Computers and Electronics in, 46, 309-327. doi: 
10.1016/j.compag.2004.11.011. 

Johnson, R. R., & Higgins, K. F. (1997). Wetland Resources of Eastern South Dakota. 
Broookings, SD: South Dakota State University Press. 



  

91 
 

Johnson, R. R., Oslund, F. T., & Hertel, D. R. (2008). The past, present, and future of prairie 
potholes in the United States. Journal of Soil and Water Conservation, 63(3), 84A-87A. doi: 
10.2489/jswc.63.3.84A. 

Jones, L. D., Lemar, T., & Tsai, C. T. (1992). Results of two pumping tests in Wisconsin age 
weathered till in Iowa. Ground Water. 

Kemmis, T. J., Hallberg, G. R., & Lutenegger, A. J. (1981). Depositional environments of glacial 
sediments and landforms on the Des Moines Lobe, Iowa. Iowa Geological Survey Guidebook 
Series, 6(1), 1–132. doi: 10.1016/0037-0738(75)90017-2. 

Kladivko, E. J. (1996). Nitrate Leaching into Tile Drains at SEPAC. Environmental Science & 
Technology. doi: 10.1021/es962442+. 

Kreymborg, L. R. (2004). Modeling the Hydrologic Functions of Wetland Prairie Potholes, (1). 

Kross, B. C., Hallberg, G. R., Bruner, D. R., Cherryholmes, K., & Johnson, J. K. (1993). The 
nitrate contamination of private well water in Iowa. American Journal of Public Health, 83(2), 270-
272. doi: 10.2105/AJPH.83.2.270. 

LaBaugh, J. W., Winter, T. C., & Rosenberry, D. O. (1998). Hydrologic functions of prairie 
wetlands. Great Plains Research, 8(1), 17–37. 

LaBaugh, J. W., Winter, T. C., Swanson, G. A., Rosenberry, D. O., Nelson, R. D., Euliss, N. H., et 
al. (1996). Changes in atmospheric circulation patterns affect midcontinent wetlands sensitive to 
climate. Limnology and Oceanography, 41(5), 864–870. JSTOR. 

Langelier, W. F. (1936). The Analytical Control of Anti-Corrosion Water Treatment. Journal of the 
American Water Works Association, 28(10), 1509-21. 

Larson, S. J., Capel, P. D., & Majewski, M. S. (1997). Pesticides in surface waters: Distribution, 
trends, and governing factors. CRC Press. 

Lissey, A. (1971). Depression-focused transient ground water flow patterns in Manitoba. 
Geological Association of Canada, 9, 333-341. 

McCorvie, M. R., & Lant, C. L. (1993). Drainage district formation and the loss of midwestern 
wetlands, 1850-1930. Agricultural History, 67(4), 13–39. JSTOR. 

Miller, B. A., Crumpton, W. G., & Van Der Valk, A. G. (2009). Spatial Distribution of Historical 
Wetland Classes on the Des Moines Lobe, Iowa. Wetlands, 29(4), 1146-1152. doi: 10.1672/08-
158.1. 

National Climatic Data Center. (2008). Climate Record for Ames, IA, United States. Ames IA: 
National Climactic Data Center. 

National Climatic Data Center. (2009). Climate Record for Webster City, IA, United States (Vol. 
2009). Webster City, IA: National Climatic Data Center. 



  

92 
 

Pavelis, G. A. (1987). Farm drainage in the United States: History, status, and prospects. United 
States. Dept. of Agriculture. US Dept. of Agriculture, Economic Research Service. 

Randall, G. W., & Mulla, D. J. (2001). Nitrate nitrogen in surface waters as influenced by climatic 
conditions and agricultural practices. Journal of Environmental Quality, 30(2), 337. Am Soc 
Agronom. 

Reuter, R. J., & Bell, J. C. (2003). Hillslope hydrology and soil morphology for a wetland basin in 
south-central Minnesota. Soil Science Society of America Journal, 67(1), 365. Soil Sci Soc 
America. 

Reynolds, W. D., & Elrick, D. E. (1990). Ponded Infiltration From a Single Ring: I. Analysis of 
Steady Flow. 

Richardson, J. L., & Arndt, J. L. (1989). What use prairie potholes? Journal of Soil and Water 
Conservation. 

Rosenberry, D. O., & Winter, T. C. (1997). Dynamics of water-table fluctuations in an upland 
between two prairie-pothole wetlands in North Dakota. Journal of Hydrology, 191(1-4), 266–289. 
Elsevier. 

Rowe, G. T. (1999). Seasonal hypoxia in the bottom water off the Mississippi River delta. Journal 
of environmental quality, 30(2), 281-90. 

Ruhe, R. V. (1969). Quaternary landscapes in Iowa. Ames, IA: Iowa State University Press. 

Russell, L. L. (1976). Chemical Aspects of Ground Water Recharge with Wastewaters. 

Schilling, K. E., & Libra, R. D. (2003). Increased Baseflow in Iowa Over the Second Half of the 
20Th Century. Journal of the American Water Resources Association, 39(4), 851-860. doi: 
10.1111/j.1752-1688.2003.tb04410.x. 

Schilling, K., & Helmers, M. (2008). Effects of subsurface drainage tiles on streamflow in Iowa 
agricultural watersheds: Exploratory hydrograph analysis. Hydrological Processes, 22(23), 4497–
4506. John Wiley \& Sons. doi: 10.1002/hyp. 

Sharpley, A. N. (2003). Agricultural phosphorus and eutrophication. USDA Agrcicultural Research 
Service, (September). 

Sharpley, A. N., Smith, S. J., & Naney, J. W. (1987). Environmental impact of agricultural nitrogen 
and phosphorus use. Journal of Agricultural and Food Chemistry, 35(5), 812-817. doi: 
10.1021/jf00077a043. 

Sharratt, B. S. (1992). Groundwater recharge during spring thaw in the prairie pothole region via 
large, unfrozen preferential pathways (Vol. 137, pp. 113-140). doi: 10.1016/0022-1694(92)90051-
V. 



  

93 
 

Shjeflo, J. B. (1968). Evapotranspiration and the Water Budget of Prairie Potholes in North 
Dakota. 

Skaggs, R. W., & Breve, M. (1992). Environmental impacts of agricultural drainage. 

Sloan, C. (1972). Ground-Water Hydrology of Prairie Potholes in North Dakota. 

Soil Survey Staff. (2008). Soil Survey Geographic (SSURGO) Database for Hamilton Cty, Iowa. 

Spellman, F. R., & Whiting, N. E. (2005). Environmental engineer's mathematics handbook. CRC. 

Steinwand, A. L., & Fenton, T. E. (1995). Landscape evolution and shallow groundwater 
hydrology of a till landscape in central Iowa. Soil Sci. Soc. Am. J., 59, 1370-1377. 

Steinwand, A., & Fenton, T. (1995). Landscape evolution and shallow groundwater hydrology of a 
till landscape in central Iowa. Soil Science Society of America, 1370-1377. 

Stenback, G. A., Miller, B. A., & Helmers, M. J. (2006). Potential Benefits of Wetland Filters for 
Tile Drainage Systems : Impact on Nitrate Loads to Mississippi River Subbasins. Biosystems. 
Ames, IA. 

Sugg, Z. (2007). Assessing US farm drainage: Can GIS lead to better estimates of subsurface 
drainage extent. Water Resources Institute, Washington, DC, 8(August). 

Tchobanoglous, G., Burton, F. L., & Stensel, H. D. (2003). stewater engineering: treatment and 
reuse (p. 1819). McGraw-Hill. 

Thornburg, J. (2009). Chemical Variability in Tile Drains. 

Tomer, M. D., Moorman, T. B., & Rossi, C. G. (2008). Assessment of the Iowa River's South Fork 
watershed: Part 1. Water quality. Journal of Soil and Water Conservation, 63(6), 360-370. doi: 
10.2489/jswc.63.6.360. 

US Environmental Protection Agency. (2009). National Water Quality Inventory: Report to 
Congress. Washington DC. 

US Geological Survey. (2009). National Water Information System (NWISWeb) data available on 
the World Wide Web. Retrieved from http://waterdata.usgs.gov/ia/nwis/uv/?site_no=05451080. 

USDA National Agricultural Statistics Service. (2009). NASS - Statistics by Subject - Crops & 
Plants - Field Crops - (Vol. 2009, p. 1). 

Uusitalo, R., Turtola, E., Kauppila, T., & Lilja, T. (2001). Particulate phosphorus and sediment in 
surface runoff and drainflow from clayey soils. Journal of environmental quality, 30(2), 589-95. 

Van Der Kamp, G., & Hayashi, M. (1998). The groundwater recharge function of small wetlands 
in the semi-arid northern prairies. Great Plains Research. 



  

94 
 

Van Der Kamp, G., & Hayashi, M. (2008). Groundwater-wetland ecosystem interaction in the 
semiarid glaciated plains of North America. Hydrogeology Journal. doi: 10.1007/s10040-008-
0367-1. 

Van Der Kamp, G., Hayashi, M., & Gallen, D. (2003). Comparing the hydrology of grassed and 
cultivated catchments in the semi-arid Canadian prairies. Hydrological Processes, 17(3), 559–
575. John Wiley & Sons. doi: 10.1002/hyp.1157. 

Vanden-Broeck, J. M., & Keller, J. B. (2006). Weir flows. Journal of Fluid Mechanics, 176, 283–
293. Cambridge Univ Press. 

Weyer, P. J., Cerhan, J. R., Kross, B. C., Hallberg, G., Kantamneni, J., Breuer, G., et al. (2001). 
Municipal Drinking Water Nitrate Level and Cancer Risk in Older Women: The Iowa Women's 
Health Study. Epidemiology, 12(3), 327 - 338. 

Winter, T. C., & Rosenberry, D. O. (1998). Hydrology of prairie pothole wetlands during drought 
and deluge: a 17-year study of the Cottonwood Lake wetland complex in North Dakota in the 
perspective of longer term measured and proxy hydrological records. Climatic Change, 40(2), 
189–209. Springer. 

Woo, M., & Rowsell, R. (1993). Hydrology of a prairie slough. Journal of Hydrology, 146, 175-207. 
doi: 10.1016/0022-1694(93)90275-E. 

Yan, B., Tomer, M. D., & James, D. E. (2010). Historical channel movement and sediment 
accretion along the South Fork of the Iowa River. Journal of Soil and Water Conservation, 65(1), 
1-8. doi: 10.2489/jswc.65.1.1. 

Youngs, E. G., Leeds-Harrison, P. B., & Elrick, D. E. (1996). The hydraulic conductivity of low 
permeability wet soils used as landfill lining and capping material: analysis of pressure 
infiltrometer measurements E. G. Youngs, P. B. Leeds-Harrison & D. E. Elrick, Soil Technology, 
8(2), 1995, pp 153–160. International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 33(5), A208-A208. doi: 10.1016/0148-9062(96)89955-4. 

 

 


