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PLATTE RIVER RECOVERY IMPLEMENTATION PROGRAM (PRRIP -or- PROGRAM) 1 

DRAFT Wet Meadow Hydrology Report 2 

 3 

Questions for the ISAC 4 

 5 

Section numbers refer to DRAFT Wet Meadow Hydrology Report, January 2023 6 

 7 

Hydroregime (Section 3) 8 

• Is there a better way to summarize area-based statistics?  The current method calculates 9 

relevant statistics for points and then interpolate to generate areas on which subsequent 10 

statistics are calculated. Another option would be to interpolate surface for each timeseries 11 

value and calculate statistics for each interpolated grid-cell.    12 

• Previous studies on wet meadow hydroregimes have lacked datasets that incorporate high-13 

spatiotemporal coverage.  Is there anything obvious we can do with this data (i.e., hourly 14 

groundwater levels) that we haven’t already to learn something about wet meadow 15 

hydroregimes? Statistically or otherwise? 16 

• Is there anything in this section that seems novel enough for publication? 17 

 18 

Vegetation-Groundwater Links (Section 4) 19 

• This section uses results from a previous study (Henszey et al., 2004) to evaluate hydrology and 20 

vegetation at two Program managed study sites.  Are there any aspects of methodology that 21 

could be improved? 22 

• Does this seem like a useful management screening tool? If so, what would be a way to package 23 

it? White paper? 24 

 25 

Modeling (Section 5) 26 

• General note: The model described in this section is most useful for deriving calibrated hydraulic 27 

parameters that can be used to make predictions.  Calibration results include a series of 28 

calibrated K and S values that can be input for predictions about how stage changes will affect 29 

groundwater levels. It probably shouldn’t be used to predict groundwater response to 30 

precipitation because it lacks even basic accounting for surface drainage or variably saturated 31 

flow, though model results through time show decent fits.  If this were to be published, it would 32 

require more detailed calibration information and testing.   33 

 34 

River-Ground surface elevation analysis (Section 6) 35 

• This method came about from intuition that the elevation of the river surface relative to wet 36 

meadow topography was an important control for water levels.   37 

• Is there a way to quantify relationships between elevation difference and L7th surface rasters? 38 

Perhaps a cell-by-cell regression?  39 

• Is there another standalone analysis that we could perform with the data that could be used to 40 

evaluate river-ground surface relationships with respect to wet meadows? Perhaps a simple 41 

method that could go hand in hand with this one to support / verify the general findings. 42 
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Executive Summary 60 

This report provides a summary of data and analysis conducted as part of the Platte River 61 

Recovery Implementation Program (PRRIP or the Program) Wet Meadow Hydrologic Study.  The study 62 

was designed to utilize hydrologic and climatological data that was collected at two Program managed 63 

wet meadow study sites (Fox and Binfield) between 2013 and 2021.  Study objectives were to improve 64 

the understanding of wet meadow hydrology using the 8-year dataset (i.e., contribute to a growing body 65 

of literature), to quantify relationships between processes dominating wet meadow hydrology, and to 66 

develop tools and methods that inform management and restoration of wet meadow sites throughout 67 

the Plate River Valley.  Pending feedback regarding the significance and relevance of methods and 68 

results presented herein, the intent is to prepare and submit a manuscript for publication that 69 

incorporates parts of this study.  70 

The main narrative of this report is broken into 7 sections: 1) introduction and background, 2) 71 

study area and data collection, 3) quantifying the hydroregime, 4) groundwater-vegetation links, 5) 72 

modeling, and 6) river-floodplain elevation analysis.  Sections 3 through 6 are structured as stand-alone 73 

scientific reports containing methods, results, and discussion. In Section 3, we quantify the hydroregime 74 

at two wet meadow sites using data with high spatiotemporal coverage to capture variability. Results 75 

reveal non-normal depth to groundwater distributions and a broad range of hydrologic conditions both 76 

within and across sites.  Section 4 presents a method for predicting vegetation type based on depth to 77 

groundwater statistics largely following results of Henszey et al. (2004).  By linking vegetation to 78 

hydrology, we demonstrate how vegetation targets may be converted to hydrologic management 79 

targets and we quantify the changes in hydrology that would need to occur at the study site to support a 80 

prevalence of wetland vegetation.  Section 5 introduces a simple analytical model that can be used to 81 

predict groundwater levels at wet meadow sites based on stage change, precipitation, and ET.  We then 82 

apply that model to testing two management scenarios for achieving target hydrologic conditions.  In 83 

Section 6, we present a method that utilizes river and ground surface elevation differencing to make 84 

predictions about shallow sub-surface hydrology at wet meadow sites, even where data are absent. 85 

Section 7 includes a list of references. Appendices are located after the main narrative. 86 

For detailed information about wet meadows and their associated biological and abiotic 87 

characteristics, the reader is referred to Weir and Chavez Ramirez (2011).  For a summary of data 88 

collection methods and instruments deployed at wet meadow study sites, please see PRRIP (2015)89 

https://platteriverprogram.org/sites/default/files/2019-04/PRRIP%20Final%20Wet%20Meadows%20Information%20Review.pdf
https://platteriverprogram.org/sites/default/files/2019-05/Wet%20Meadows%20Hydrologic%20Monitoring%20Approach.pdf
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1 Introduction and Background 169 

Wet meadows are ephemeral wetlands that lack standing water for most of the year but become 170 

inundated during periods of seasonal high water, typically during winter and spring months (Mitch and 171 

Gosselink, 2000).  Inundation is typically controlled by dynamic linkages between river stage, 172 

precipitation, and ET which results in fluctuating shallow groundwater tables that extend above the land 173 

surface, particularly in low-lying swales (Brinley Buckley et al., 2021).  Shallow groundwater is also 174 

essential for maintaining saturated soils during low-water periods, achieving sustained periods of 175 

inundation, and supporting a variety of hydrophytic grasses, sedges, rushes, and wetland wildflowers 176 

(Library of Congress 2006, US EPA 2006; Henszey et al., 2004; Tiner, 2016, Brinley Buckley et al., 2021).   177 

For the Platte River Recovery Implementation Program (Program or PRRIP), understanding the role 178 

of hydrology at wet meadow sites in the Central Platte River Valley (CPRV) has been a long-term goal 179 

under broader objectives to manage land and water resources to benefit four threatened and 180 

endangered species (Target Species) (Cooperative Agreement,1997).  During the First Increment, fully 181 

one third of the lands (10,000 acres) to be acquired by the Program were set to be managed as wet 182 

meadow habitat.  At that time, it was thought that flow releases to benefit wet meadows could 183 

consume a major fraction of the Environmental Account (EA) water budget (PRRIP, 2012).  However, as 184 

water and land priorities shifted along with the growing understanding of physical and biological 185 

systems, water-use for wet meadows decreased in priority.   186 

Despite the shift in priorities, the Program continues to recognize wet meadows as vital components 187 

of the CPRV.  With highly fertile soil and wide-ranging hydrology and vegetation, wet meadows support 188 

rich and diverse ecosystems that provide habitat for over 150 species of birds and other wildlife (e.g., 189 

Krapu, 1981; Currier, 1994; Davis et al 2006, Meyer and Whiles 2008; Franke 2006).  Over the past 190 

century, an estimated 75% of wet meadows have been lost or severely degraded due to human 191 

development (Currier et al., 1985; Sidle et al., 1989).  Drastic changes in land-cover and hydrology have 192 

resulted from agricultural development, dams, diversions, and wells. It is estimated that the annual 193 

mean and peak discharge on the Platte River has been reduced by up to 70% since pre-development 194 

times (Williams 1978, Eschner et al., 1981, Davis et al., 2006; USBR, 2004).  Accompanying changes in 195 

channel width and vegetation have profoundly impacted riparian hydrology, including the lowering of 196 

riparian groundwater tables that are critical for supporting wet meadows (Hurr 1983, Currier and Ziewitz 197 

1986, Wesche et al. 1994).  With climate change expected to increase the severity of droughts over the 198 

coming decades (Williams et al., 2015), further impacts to wet meadows can be expected (e.g., Joyce et 199 

al., 2016). 200 

Today, the Program manages over 5,000 acres of low-land grassland, with some fraction being wet 201 

meadows.  Management actions include rotations of seeding, livestock grazing, haying, mowing, and 202 

prescribed fires. At least one Program-managed site (Fox) underwent topographic recontouring to bring 203 

the land surface closer to the groundwater table to restore hydrologic conditions.  Although Program EA 204 

water isn’t currently applied in direct benefit to wet meadows, hydrologic management actions certainly 205 

affect wet meadows throughout the CPRV due to the critical role that hydrology plays in supporting 206 

various biological and ecological processes.  207 
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Unfortunately, limited management guidelines exist for hydrologic requirements at wet meadow 208 

sites. Several authors have characterized hydrology and its controls and restoration efforts at CPRV wet 209 

meadow sites (e.g., Hurr, 1983; Wesche et al., 1994; Currier, 1995; Whiles and Goldowitz, 1998; Brinley 210 

Buckley et al., 2021). However, both scientific and restoration results have varied substantially across 211 

studies, limiting the utility of results decision-making.  To this end, the Program has invested almost 10 212 

years in collecting data and developing a hydrologic study to improve the understanding of hydrology at 213 

wet meadow sites to support management.  This report summarizes results from data analysis and 214 

modeling performed improve the characterization and understanding of CPRV wet meadow hydrology.  215 

Methods presented herein will hopefully provide utility for managers of other wet meadow sites 216 

throughout the CPRV. 217 

2 Study Sites and Monitoring Networks 218 

The study area includes two wet meadow tracts located on vegetated islands along the Platte River 219 

central Nebraska, USA (Figure 1).  Both study sites are located on vegetated islands bounded by primary 220 

(south) and secondary (north) channels of the Platte and are managed by the Platte River Recovery 221 

Implementation Program (https://platteriverprogram.org/) as part of a broader effort to restore and 222 

protect habitat for Program Target Species. The Binfield Site (i.e., Binfield) is a natural, non-degraded 223 

wet meadow tract that is currently managed through grazing, haying, controlled burns, and rest periods.  224 

The Fox Site (i.e., Fox) is considered a degraded wet meadow tract as it was formerly converted to 225 

cropland and has since been restored to a wet meadow.  The Fox Site is managed through seeding (2012 226 

and 2017), grazing, haying, controlled burns, and rest periods.  Topographic re-contouring was also 227 

performed in 2014 to improve hydrologic conditions and likelihood of inundation at the site.  This 228 

involved excavating five elongate depressions to depths that were determined to result in seasonal 229 

standing water.  Despite management actions at Fox, vegetation field surveys document decreased 230 

species diversity through time (2014 to 2022) by about half, low floristic quality index (FQI) values (2022: 231 

Fox = 16; Binfield = 31), and a slowly decreasing ratio of exotic to native forb species that is nearing 1:1.   232 

Monitoring networks at each study site included 16 shallow observation wells (3-meter depths), 2 233 

river stage gages, and a weather station that records precipitation, temperature, relative humidity, solar 234 

radiation, wind speed, and other meteorological parameters necessary for estimating reference 235 

evapotranspiration (ET).  Wells and stage gages were equipped with vented pressure transducers 236 

(accuracy ±0.35 cm / resolution 0.0175 cm) programmed to log continuous hourly groundwater and 237 

surface water levels.  Manual water level measurements were made periodically to calibrate 238 

transducers and correct for sensor drift.  Transducer data were downloaded regularly via a telemetry 239 

system.  240 

Stage gages were anchored to the streambed using existing structures or steel rods that were 241 

manually driven into the streambed. Significant data gaps existed at all stage sites due to difficulties 242 

with stabilizing sensors in the dynamic braided channel.  To fill gaps, linear regressions were developed 243 

for study-site stage gages and nearby USGS maintained stage gages. Resulting regression equations 244 

were used to estimate river stage at study sites during gap periods. Methodology and regression 245 

equations are provided in the 2021 Wet Meadows Data QC Report. 246 
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Weather stations were maintained by the High Plains Regional Climate Center and meteorological 247 

data and method details are publicly available (https://hprcc.unl.edu/awdn/).  HPRCC provides daily 248 

potential evapotranspiration (ET0) values estimated using the daily Penman equation with the wind 249 

function for reference crop alfalfa.  The final data collection period spanned from March 2013 to July 250 

2021, spanning approximately 8 full growing seasons (2013-2020).   251 

Within the study region, the Platte forms a wide, braided channel with shallow depths (typically < 252 

1m), extensive sand bars, and grassland floodplains. Large, vegetated riparian islands are common. 253 

Individual wet meadow tracts were selected for this study based on site history, management status, 254 

and data availability.  Groundwater flow is approximately parallel to the Platte River, from west to east. 255 

The riparian groundwater table is generally highest in the spring and lowest in the summer to early fall 256 

(Hurr, 1983; Wesche et al., 1994).  Well drilling logs indicate that shallow sediments consist primarily of 257 

well-graded sand with occasional gravel and small amounts of silty sand near the surface.  The CPRV is 258 

characterized by a continental semiarid climate. Between 2013 and 2021, annual rainfall ranged from 36 259 

to 79 cm, with an average of 54 cm per year according to weather stations at the study sites.  The 260 

majority of precipitation falls between April and September, which largely overlaps with the typical 261 

growing season which extends from mid-April to mid-October (HPRCC). During the study period, the 262 

largest precipitation events occurred during June and September, with other significant events in April 263 

and early-October. The two wettest years for rain and snow were 2018 and 2019, though 2015, 2016 264 

and 2019 recorded the greatest annual discharge at the nearby Kearney gaging station located 265 

approximately 5 miles to the west of Fox (USGS Station No. 06770200).  266 
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 267 

 268 

Figure 1 - Wet meadow study sites Fox (restored, formerly cropland) and Binfield (native) with 269 

associated monitoring networks. 270 

3 Characterizing the Hydroregime 271 

Wet meadows are characterized by significant spatiotemporal variability in soil moisture and 272 

groundwater depth.  Temporal variability is imparted by large seasonal changes in groundwater level 273 

controlled by, in order of decreasing importance, river stage, precipitation, and ET (Wesche et al., 1994; 274 

Brinley Buckley et al., 2021, Chen, 2007).  Spatial variations imparted largely by topographic gradients 275 

associated with ridge-swale topography in which alternating uplands (ridges) and lowlands (swale) 276 

oriented parallel to historic flow reflect relic braided river deposits.  The undulating landscape overlies a 277 

relatively subdued (i.e., flatter) groundwater table, resulting in spatially varying groundwater depths and 278 

inundation dynamics.  Since groundwater contributes to soil moisture, soil saturation, and inundation 279 

frequency, topographic variations also control which species of vegetation and biota are present 280 

 

Fox Binfield 
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(Henszey et al., 2004; Davis, 2006).  Wet meadows appear as a heterogeneous patchwork of vegetation 281 

and biota that are adapted to locally varying conditions in hydrology and soil (Henszey et al., 2004; 282 

Whiles and Goldowitz, 2001, 2005; Davis et al., 2006).   283 

Characterizing hydrologic dynamics to support decision-making for management and restoration of 284 

wet meadow sites has been challenging.  Wesche et al. (1994) utilized 4-year groundwater and 285 

climatological datasets to evaluate controls and relevant hydrologic metrics at wet meadow tracts. 286 

Using correlation analysis, they identified stage as having a dominant influence on groundwater levels, 287 

followed by precipitation. However, data and conclusions were limited by manual collection methods 288 

available at the time.  Brinley-Buckley et al. (2021) used timelapse imagery and wavelet coherence to 289 

evaluate inundation frequency and its relationship to hydrologic variables.  They similarly identified 290 

stage as the dominant control on groundwater levels and underscored the importance of shallow 291 

groundwater for inundation dynamics.  However, time-lapse imagery captures only a small area fraction 292 

of wet meadow sites, limiting the coverage and representation of results.   293 

An objective for this study was to develop a method for characterizing the hydrologic regime 294 

(i.e., hydroregime) at wet meadow sites that accounts for spatiotemporal variability by incorporating 295 

high-frequency and high-spatial coverage datasets.  The Program’s existing long-term dataset collected 296 

at the Fox and Binfield study sites provides a robust starting point for this objective. The 8+ year dataset 297 

contains high-frequency (hourly) groundwater measurements that span large areas of wet meadow 298 

tracts.  We calculate depth-to-groundwater and hydroperiod metrics that are commonly used to 299 

summarize the hydroregime using high-frequency point-based groundwater elevation data, interpolated 300 

groundwater elevation surfaces, and high-resolution LIDAR elevation data. The result is a robust 301 

characterization of the hydrology at each site that accounts for broad spatiotemporal variability.  Data 302 

are compared to results from other studies to generate conclusions about hydrology and management 303 

for wet meadow sites throughout the CPRV. 304 

As noted, wet meadow groundwater elevations and depths are highly variable through time and 305 

space.  Statistical metrics were used to summarize groundwater depths and surface inundation (i.e., the 306 

hydroregime) at the two study sites using hourly groundwater data from monitoring wells and LIDAR 307 

elevation data. LIDAR data was acquired using an airborne laser system with a mean areal resolution of 308 

0.7m, vertical and horizontal accuracy of ≤9.2cm and ≤0.6m respectively, and final gridded areal 309 

resolution of 0.91m.  Although point measurements are well distributed across study sites (Figure 1), 310 

point-based groundwater elevation results are expected to contain bias due to the high variability in 311 

ground surface elevation.  Both point- and area-based statistics were calculated to account for these 312 

spatial variations across the site.      313 

 314 

3.1 Depth-to-Groundwater 315 

Point-based statistics, calculated for subsets of hourly depth-to-groundwater (DTGW) 316 

measurements at each monitoring well include: the minimum, maximum, mean, median, range, and 317 

standard deviation for each year and total for the study period.  DTGW was calculated by subtracting 318 

measured groundwater elevation (GWE) from the surveyed ground surface elevation (GSE) at each well 319 

location.   320 
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Point data from well locations were then used to generate DTGW surfaces for which area-based 321 

statistics were calculated.  First, the annual mean, median, maximum, and minimum groundwater 322 

elevation were calculated for each well and year during the study period (2013-2020). From the 323 

minimum and maximum values, a range was also calculated.  Next, a groundwater elevation surface 324 

representing each annual statistic (i.e., the mean annual groundwater elevation) was generated by 325 

applying a linear spatial interpolation algorithm to estimate gridded values between wells (e.g., Figure 326 

2).  For all but the range, a corresponding depth-to-groundwater (DTGW) surface was then generated by 327 

subtracting the interpolated groundwater elevation surface from the LIDAR ground surface elevation 328 

resulting in 24 DTGW surfaces and 8 groundwater range surfaces for each site. The spatial resolution 329 

was set to maintain that of the LIDAR, totaling approximately, 1,250,000 grid cells per surface.  Since 330 

area-based statistics include a grid of DTGW values, for each statistic surface, median of all grid cells was 331 

calculated for summary tables.  As discussed in results, the median was selected due to the finding of 332 

non-normal DTGW distributions through both time and space.  The final statistics are considered 333 

representative of the entire site throughout the study period, overcoming the location bias present in 334 

well data.   335 

 336 

Figure 2- Illustration of method for generating spatial depth to groundwater statistics. 337 

Groundwater depths for point locations (i.e., wells) and area surfaces (i.e., DTGW surfaces) are 338 

summarized in Tables 1 and 2 respectively. The mean and median DTGW values for wells and surfaces 339 

were similar, with surfaces having slightly smaller (i.e., shallower) mean DTGWs.  This indicates that 340 

point data (wells) decently capture mean and median DTGW values for the sites.  Unsurprisingly, 341 

surfaces recorded a wider range of DTGW values, indicating that area-based methods capture a broader 342 

range of groundwater depth conditions that occur at wet meadow sites.  Three wells at Fox, and 343 

thirteen at Binfield, recorded minimum (i.e., shallowest) DTGWs that were above ground surface (i.e., 344 

negative values).  Note, positive values indicate groundwater levels below ground surface.  Summary 345 

statistics for all years indicate that Fox had statistically greater mean, median, and annual ranges of 346 

DTGW values (two-tail t-Test alpha = 0.05, t=7.32, 7.10, and 7.33, p=6.92e-8, 6.68e-8, and 3.77e-8) 347 

suggesting Fox had deeper groundwater levels overall during the study period.  Additional plots 348 
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exploring relationships between groundwater levels and distance from the channel are included in 349 

Appendix A. 350 

DTGW distributions were tested for normalcy by plotting histograms and performing statistical 351 

tests for normal distributions including Kolmogrov Smirnov, Lilliefors, and Shapiro Wilk.  Annual and 352 

daily subsets of DTGW values were tested to evaluate normalcy of spatial and temporal distributions 353 

respectively.  Annual subsets of data tested included yearly timeseries of groundwater depth values for 354 

individual wells (i.e., to test temporal distributions) and daily sets of gridded values from interpolated 355 

DTGW surfaces (to test spatial distributions).  356 

Example histogram results are shown in Figure 3.  P-values for all statistical tests were less than 357 

0.05, indicating non-normal distributions. Non-normal data distributions are characterized by outliers or 358 

multiple modes and are best summarized using nonparametric statistics that are considered resistant, or 359 

relatively unchanged by outliers.  Resistant statistical metrics (e.g., median, interquartile range, median 360 

absolute deviation) are therefore recommended for summarizing groundwater depth data at wet 361 

meadow sites.  Notably, despite this finding, mean and median DTGW values for the duration of the 362 

study period were similar as reported in Tables 1 and 2.  This indicates that over longer time periods, 363 

groundwater depth data may converge to a more normal distribution.  However, statistical tests 364 

calculated for subsets of daily mean DTGW spanning the entire study period for individual wells also 365 

indicated non-normal distributions. 366 

  367 
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Figure 3– Histograms exemplifying distributions for subsets of DTGW data from the Fox site. Left subset 368 

includes all DTGW measurements for well 105 during 2014, and right subset includes spatially 369 

interpolated groundwater depths at the Fox site on 7/1/2020. 370 

Table 1 – Point-based groundwater depth statistics for the period March 2013 to June 2021.  371 

  Loc Max (m) Min (m) Mean (m) Median (m) Range (m) 

Fo
x 

101 2.6 0.73 1.7 1.69 1.88 

102 2.42 0.48 1.53 1.52 1.94 

103 2.61 0.65 1.77 1.76 1.96 

104 1.64 -0.35 0.87 0.87 1.99 

105 2.05 0.21 1.33 1.33 1.83 

106 2.07 0.22 1.36 1.36 1.85 

107 2.16 0.29 1.45 1.44 1.88 

108 2.96 1.11 2.32 2.32 1.85 

109 2.33 -0.03 1.71 1.71 2.36 

110 2.59 0.15 1.96 1.96 2.43 

111 2.32 -0.13 1.68 1.68 2.45 

112 1.9 0.08 1.22 1.18 1.82 

113 2.21 0.37 1.57 1.57 1.84 

114 1.91 0.28 1.18 1.18 1.64 

115 2.35 0.43 1.5 1.5 1.92 

116 2.42 0.03 1.68 1.71 2.39 

Site Mean 2.28 0.28 1.55 1.55 2.00 

B
in

fi
el

d
 

201 0.99 -0.42 0.36 0.35 1.4 

202 1.32 -0.12 0.69 0.67 1.44 

203 1.08 -0.35 0.47 0.45 1.43 

204 1.68 -0.08 1.08 1.07 1.76 

205 1.39 -0.56 0.78 0.79 1.94 

206 1.41 -0.58 0.78 0.8 1.99 

207 1.72 -0.43 1.1 1.1 2.15 

208 1.31 -0.56 0.68 0.68 1.87 

209 1.38 -0.4 0.73 0.73 1.78 

210 1.53 0.23 0.99 0.99 1.3 

211 1.67 0.39 1.14 1.16 1.28 

212 1.66 0.07 1.09 1.07 1.59 

213 1.52 -0.28 0.93 0.93 1.8 

214 1.29 -0.65 0.71 0.71 1.94 

215 1.33 -0.83 0.58 0.55 2.16 

216 1.13 -0.82 0.53 0.51 1.95 

Site Mean 1.40 -0.34 0.79 0.79 1.74 

 372 

 373 
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Table 2 – Area-based groundwater depth statistics for the period March 2013 to June 2021 374 

Location Year Max (m) Min (m) Mean (m) Median (m) Range (m) 
Fo

x 

2013 9.09 -4.25 1.70 1.67 3.42 

2014 8.93 -4.36 1.57 1.56 3.10 

2015 8.66 -4.66 1.30 1.37 4.79 

2016 8.63 -4.30 1.25 1.28 3.16 

2017 8.76 -3.97 1.43 1.44 2.89 

2018 8.74 -4.08 1.44 1.43 2.82 

2019 8.53 -4.79 1.27 1.32 3.42 

2020 8.79 -4.23 1.43 1.45 2.67 

Site Mean 8.77 -4.33 1.42 1.44 3.28 

B
in

fi
el

d
 

2013 2.73 -0.76 0.87 0.87 3.20 

2014 2.60 -0.64 0.71 0.70 2.72 

2015 2.40 -1.39 0.54 0.55 4.14 

2016 2.49 -0.83 0.67 0.68 3.14 

2017 2.50 -0.78 0.62 0.63 2.22 

2018 2.45 -0.74 0.63 0.61 1.83 

2019 2.34 -1.18 0.49 0.50 2.98 

2020 2.61 -0.80 0.61 0.67 3.71 

Site Mean 2.51 -0.89 0.64 0.65 2.99 

 375 

3.2 Depth-to-Groundwater area proportions 376 

The proportion of the study site that falls within a given range of groundwater depths over a set 377 

time period is a useful metric for comparing sites with strong spatial groundwater depth variability (e.g., 378 

Wesche et al., 1994).  We calculated the area proportions for the minimum, maximum, spring (Mar-379 

May) median, and summer (Jun-Aug) median groundwater depths at the two study sites for the period 380 

between March 2013 to September 2020.  DTGW surfaces were generated as described previously, 381 

except with the minimum, maximum, spring median, and summer median water level assigned at each 382 

well.  Area proportions, reported as percent, were calculated as the area that fell within a given DTGW 383 

range divided by the total area of the surface.   384 

A major objective of the area proportion exercise was to compare hydrology at the two study 385 

sites to other wet meadows in the CPRV.  We replicated the methodology of Wesche et al. (1994) to the 386 

degree possible, though their study period was shorter (4-years) and surface elevations were manually 387 

surveyed leading to reduced resolution.  NOAA climate records for a nearby Kearney station (Site No. 388 

USC00254335) report similar precipitation and temperature records during the two study periods 389 

despite several years separation.  Despite the differences, we expect comparisons to be useful. A map 390 

with locations of study sites relative to Wesche et al. (1994) sites is presented in Figure 4. 391 
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 392 

Figure 4 – Map showing the location of Binfield and Fox sites relative to the three Wesche et al. (1994) 393 

study sites. From west to east, sites (represented by squares) are Elm Creek, Fox, Rowe Sanctuary, 394 

Binfield, and Crane Meadows. 395 

Area proportion results for the Binfield and Fox study sites, along with those of Wesche et al. (1994), are 396 

presented in Table 3. The datasets reveal the broad range of groundwater depths encountered within 397 

and across wet meadows.  The wettest site from the group is Crane Meadows, for which 94% of the site 398 

area recorded median spring groundwater depths within 0.6m of the surface.  Sites become increasingly 399 

dryer towards the west, with Binfield recording median spring groundwater depths with 0.6m across 400 

73% of the site, Rowe Sanctuary recording 31%, Fox recording 15%, and Elm Creek recording less than 401 

0.5%.   402 
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Table 3 – Area-based groundwater depth statistics. Binfield and Fox summarize the period from March 403 

2013 to June 2021. Elm Creek, Rowe Sanctuary, and Crane Meadows summarize the period from July 404 

1988 to September 1992 and are from Wesche et al., 1994. 405 

  Proportion of each study area within each DTGW range (percent) 

  Depth-to-
Groundwater (m) 

 
  

min max 
spring summer 

  median median 

B
in

fi
el

d
 

    > 0 0 89 3.7 2 
0.0 to -0.3 0 6 23 5 

-0.3 to -0.6 0.35 3 46 10 
-0.6 to -0.9 6.5 1 24 57 
-0.9 to -1.2 44 0 4 23 
-1.2 to -1.5 36 0 0 4 
-1.5 to -1.8 12 0 0 0 

  < -1.8 1.2 0 0 0 

Fo
x 

    > 0 0.35 21 5.7 4 
0.0 to -0.3 0.1 21 4 4 

-0.3 to -0.6 2.0 28 5 4 
-0.6 to -0.9 4.3 10 11 6 
-0.9 to -1.2 3.9 5 23 17 
-1.2 to -1.5 4.9 5 21 28 
-1.5 to -1.8 13 6 11 15 

  < -1.8 72 3 20 23 

El
m

 C
re

ek
 

  > > 0 0 1 0.0 0 
0.0 to -0.3 0 9 0 0 

-0.3 to -0.6 0 38 <.5 0 
-0.6 to -0.9 <.5 39 6 2 
-0.9 to -1.2 10 11 36 21 
-1.2 to -1.5 46 2 50 55 
-1.5 to -1.8 37 0 8 20 

  < -1.8 7 0 <.5 2 

R
o

w
e 

Sa
n

ct
u

a
ry

     > 0 <.5 4 <.5 <.5 
0.0 to -0.3 <.5 46 <.5 <.5 

-0.3 to -0.6 <.5 37 31 <.5 
-0.6 to -0.9 8 12 58 33 
-0.9 to -1.2 68 1 11 56 
-1.2 to -1.5 33 0 <.5 11 
-1.5 to -1.8 1 0 0 <.5 

  < -1.8 0 0 0 0 

C
ra

n
e 

M
ea

d
o

w
s 

    > 0 0 46 24 0 
0.0 to -0.3 0 0 53 <.5 

-0.3 to -0.6 6 11 17 38 
-0.6 to -0.9 55 2 5 45 
-0.9 to -1.2 30 1 1 14 
-1.2 to -1.5 8 <.5 <.5 2 
-1.5 to -1.8 1 0 0 1 

  < -1.8 <.5 0 0 <.5 
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3.3 Hydroperiod 406 

Hydroperiod is defined as the number of days for which surface inundation (i.e., standing water) 407 

occurs at a given wet meadow site. Whiles and Goldowitz (2001) reported hydroperiod durations 408 

ranging from 94 to 365 days at 5 study sites on Mormon Island and Wild Rose Ranch using manual 409 

measurements during a 1-year study period.  Brinley-Buckley et al. (2021) recorded hydroperiod at 410 

Mormon Island over a 6-year period using timelapse imagery positioned to record water extent at a 411 

single location.  They report a mean hydroperiod duration of 141 days, typically spanning from 10 412 

December to 1 May, and generally peaking in the early spring.  They also found a bimodal distribution, 413 

peaking again in late spring during wetter years and rapid response to precipitation events, strong 414 

relation to streamflow, and observed that an elevated groundwater table was necessary for sustained 415 

inundation.   416 

As stressed throughout this report, groundwater elevation and inundation dynamics vary 417 

significantly across wet meadow sites.  One would expect the hydroperiod in one wet meadow swale to 418 

vary from the hydroperiod in another, even if the separation were only a few hundred meters.  To 419 

account for spatiotemporal variability in quantifying the hydroperiod, in addition to the number of days 420 

with standing water, we calculate the proportion of each study site with standing water for each day 421 

during the study period, which we then summarize using statistical metrics. The daily percent was 422 

calculated using DTGW surfaces described above, as the area of grid cells that recorded a negative 423 

DTGW (i.e., groundwater elevation above ground surface) divided by the total area of the gridded 424 

surface.  The mean, median, minimum, and maximum proportion for each year and study site were 425 

calculated.   426 

Hydroperiod metrics are summarized in Tables 4 and 5.  The recorded hydroperiod duration was 365 427 

days per year at Fox and 315-365 days per year at Binfield, indicating both sites recorded standing water 428 

on part of the site for the entire year.  Note, 2013 and 2020 data are reported but not included in 429 

summary metrics because part of the data were missing.  These hydroperiod duration results are not 430 

typical. Whiles and Goldowitz (2001) reported hydroperiod duration of 296 days while Brinley Buckley et 431 

al. (2021) reported a mean hydroperiod duration of 141 days, lasting from 10 December to 1 May, with 432 

annual variations.  However, it is not surprising that the area-based method yielded these results since 433 

both sites have topographic lows that likely have groundwater at or near the surface for most of the 434 

year.  At Fox, topographic lows are concentrated at excavations created as part of restoration efforts 435 

described previously.  At Binfield, topographic lows are concentrated near the channel and within an 436 

inland swale that is likely a historical channel remnant.     437 

To reduce the influence of perennially inundated depressions on results, a threshold area was 438 

determined for each site representing a theoretical lower limit that separates ponded water and 439 

temporary standing water.  Manually determined thresholds were 4% and 0.5% at Fox and Binfield 440 

respectively, approximately corresponding to the area of permanent inundation. The selection of these 441 

thresholds impacts the results and may require careful consideration during future applications. 442 

Although thresholds add uncertainty to this method, it is worth noting that other methods for assessing 443 

hydroperiod typically collect data for a single location (i.e., one swale) and do not account for an entire 444 

wet meadow site.  Hydroperiod calculations with the threshold applied were closer to other studies.   445 
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Table 4– Hydroperiod summary table for the Fox site. 446 

   Year # Days # Days (>4%) Mean (%) Median (%) Min (%) Max (%) 

Fo
x 

2013 295 24 1.45 0.62 0.05 6 

2014 365 50 2.15 2.05 0.47 7 

2015 365 237 5.91 4.59 2.40 22 

2016 3661 276 6.45 6.10 2.25 13 

2017 365 187 4.28 4.23 1.09 9 

2018 365 173 3.48 3.93 0.56 7 

2019 365 269 5.83 5.34 2.99 13 

2020 3661 176 3.69 3.16 0.52 15 

Note: 1366 days indicates leap year 447 

Table 5– Hydroperiod summary table for the Binfield site. 448 

   Year # Days # Days (>0.5%) Mean (%) Median (%) Min (%) Max (%) 

B
in

fi
el

d
 

2013 180 46 0.45 0.05 0 18 

2014 324 36 0.28 0.09 0 17 

2015 364 164 5.30 0.39 0 89 

2016 365 138 1.6 0.25 0 40 

2017 349 121 0.96 0.15 0 28 

2018 350 122 0.92 0.20 0 22 

2019 364 202 3.1 0.60 0 79 

2020 315 108 0.81 0.04 0 35 

 449 

Figures 5 and 6 show plots of hydroperiod as percent area along with groundwater elevation (at a select 450 

well), stage, and precipitation. Gray areas in the hydroperiod plot indicate times where the area percent 451 

was above the threshold.  Notably, hydroperiod peaks during winter, spring, or early summer, 452 

depending on the year.  The inundated area percent of the site is highly variable, showing periodic 453 

wetting and drying cycles rather than a slow rise and fall marking the start and end of the hydroperiod.  454 

Like Brinley Buckley et al. (2021), our data record a bimodal distribution during wet years (e.g., 2015 and 455 

2016), peaking again in late spring during wetter years.  They identified a relationship between 456 

hydroperiod, precipitation and streamflow during these periods, which can also be observed in our data 457 

(e.g., Figures 5 and 6). 458 
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 459 

Figure 5 – Groundwater elevation (Well 206), stage, precipitation, and hydroperiod area percent for the 460 

Binfield site. Gray shading in the hydroperiod plot indicates area percent was above the threshold value. 461 
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 462 

Figure 6 – Groundwater elevation (Well 106), stage, precipitation, and hydroperiod area percent for the 463 

Fox site. Gray shading in the hydroperiod plot indicates area percent was above the threshold value. 464 

3.4 Discussion / implications 465 

What emerges from this dataset is a broad spectrum of wet meadow hydrologic conditions with 466 

respect to groundwater depth. The two Program study sites (Fox and Binfield) fall somewhere in the 467 

middle of the recorded ranges reported by Wesche et al. (1994).  Both Wesche et al. (1994) and Brinley 468 

Buckley et al. (2021) identified Crane Meadows as being an especially “wet” site. Brinley Buckley et al. 469 

(2021) and others (anecdotally) also describe Crane Meadows as an “archetypal” wet meadow. This 470 

analysis highlights uncertainties about what defines an “archetypal” CPRV wet meadow.  The inherent 471 

variability within and across sites makes it challenging to define ideal hydrologic, vegetation, and biotic 472 

conditions.  Future work is needed to evaluate whether these sites can be used as realistic targets for 473 

wet meadow restorations elsewhere.   474 

When tasked with managing wet meadow sites, it is important to recognize the spectrum of 475 

conditions that exist across wet meadows in the CPRV.  Realistic targets will likely fall somewhere within 476 
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the limits of reported conditions, but will ultimately be tied to site specific constraints, likely related to 477 

topography and hydrology.  478 

4 Groundwater-vegetation links 479 

In 1994, Wesche et al. published a hydrologic study that utilized depth-to-groundwater duration 480 

curves, i.e., cumulative frequency distributions, to summarize highly variable groundwater data 481 

collected at wet meadow sites in the CPRV.  Cumulative frequency distributions show the number of 482 

days (i.e., the percent of time) that groundwater was at or above a particular level.  Wesche et al. (1994) 483 

recommend that future studies combine depth-to-groundwater duration curves with plant species 484 

response at wet meadows to predict how water management actions might affect vegetation.   485 

In 2004, Henszey et al. published such a study quantifying the relationship between groundwater 486 

depth and vegetation.  They collected groundwater depth and vegetation density data across a range of 487 

moisture and topographic gradients at wet meadow study sites in the CPRV and developed a series of 488 

non-linear models that can be used to predict which of four wet meadow vegetation groups (emergent 489 

wetland, sedge meadow, mesic prairie, and dry ridge) are likely to be present based on groundwater 490 

depth statistics for a given location.  491 

Although the utility of this study was recognized by Wesche et al. (1994) for management 492 

applications and by Weir and Chaves Ramirez (2011) for defining wet meadows, to our knowledge, few 493 

if any studies have applied results of Henszey et al. (2004) to manage or evaluate wet meadows in the 494 

CPRV.  One of the remaining challenges for managing wet meadow is that hydrologic targets are highly 495 

uncertain due to spatiotemporal variability and complexity. The Henszey et al. study provides a clear 496 

response variable (i.e., vegetation) that can be used to assess wet meadow hydrology and therefore aid 497 

in managing sites. 498 

According to the U.S. Army Corps of Engineers (USACE), the U.S. Environmental Protection Agency, 499 

and the State of Nebraska, "Wetlands are areas that are inundated or saturated by surface or ground 500 

water at a frequency and duration sufficient to support, and that under normal circumstances do 501 

support, a prevalence of vegetation typically adapted for life in saturated soil conditions.” (USACE 1987).  502 

Amongst other rigorous criteria, the presence and “prevalence” of wetland vegetation is key indicator of 503 

wetland status.  For wet meadow sites in the CPRV, Henszey et al. (2004) identified four key wet 504 

meadow vegetation groups that occur across the topographic and moisture gradients described 505 

previously. They are, from wettest to driest, emergent, sedge meadow, mesic prairie, and dry ridge.  Of 506 

these, emergent and sedge meadow groups are considered to represent “wetland” vegetation, as they 507 

contain the majority of obligate and facultative wetland species present at wet meadow sites. The 508 

prevalence of emergent and sedge meadow vegetation at wet meadow sites may therefore be 509 

considered a critical requirement for a site to be distinguished as a wet meadow.  Further, since many 510 

historic wet meadow sites have been degraded due to agricultural and other land uses through time 511 

(e.g., Currier et al., 1985; Sidle et al., 1989), if one were able to quantify the necessary hydrologic 512 

requirements for supporting such vegetation, hydrologic conditions, rather than vegetation prevalence, 513 

could be substituted as a target for restoration and management efforts. 514 
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We extend the work of Wesche et al. (1994) and Henszey et al. (2004) and test this theoretical 515 

framework by evaluating whether the present hydrologic conditions at two wet meadow sites are 516 

sufficient to support a prevalence of critical wet meadow vegetation types.  We first develop spatially 517 

continuous predictions for vegetation type based on hydrology across the two wet meadow study sites 518 

after Henszey et al. (2004).  We then evaluate whether wetland prevalence meets thresholds delineated 519 

by the USACE definition for wetlands.  We then consider whether management actions could be used to 520 

alter the hydrology and associated vegetation to improve wet meadow status.  In doing so, we 521 

demonstrate a methodology that has broader utility for managing wet meadow sites throughout the 522 

CPRV. 523 

 524 

4.1 Methods  525 

Henszey et al. (2004) identified the growing season 7-day moving average maximum 526 

groundwater-level (L7th) as the strongest predictor for type of wet meadow vegetation (emergent, 527 

sedge meadow, mesic prairie, or dry ridge). They tested a range of groundwater depth statistics and 528 

determined the L7th to be the best predictor using the Akaike information criterion.  Their results 529 

included a series of non-linear models that use the L7th as an input variable to predict which of four key 530 

wet meadow vegetation groups is likely to be present.  The models also included a series of L7th depth 531 

ranges associated with each vegetation group. Vegetation groups and L7th ranges, summarized in Figure 532 

7, were from wettest to driest, >20 cm for emergent (i.e., wetland), 20 to -30 cm for sedge meadow, -30 533 

to -135 cm for mesic prairie, and < -135 cm for dry ridge.  Positive values for the L7th indicate maximum 534 

growing-season groundwater levels that are above ground surface.  Henszey et al. (2004) noted that the 535 

emergent category closely matched the 1989 interagency manual criterion for wetland hydrology 536 

(Federal Interagency Committee for Wetland Delineation, 1989).   537 

 538 

Figure 7 – Nonlinear models and groundwater depth categories linking plant frequency to the growing 539 

season 7-day moving average high-water level (L7th) (Henszey et al., 2004). 540 
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We calculated the L7ths for a series of groundwater depth surfaces to develop spatially 541 

continuous predictions of vegetation group across the two Program managed wet meadow study sites.  542 

Groundwater elevation surfaces were created using methods described previously in this report with 543 

the following exceptions.  First, annual subsets of the 7-day moving average groundwater elevation 544 

timeseries were calculated for each well.  Following Henszey et al.  (2004), annual subsets were limited 545 

to the growing season period (15 March to 15 October). Linear interpolation was then performed with 546 

the 7-day moving average timeseries data assigned at well points to generate a moving average 547 

groundwater elevation surface for each day during the growing season. Next, the maximum value for 548 

each grid cell was calculated using an algorithm developed to successively update raster grid cells 549 

whenever a new cell value exceeded a previous value. This maximum moving average groundwater 550 

elevation surface was subtracted from the LIDAR ground surface elevation to obtain the DTGW.  The 551 

result was a single gridded raster surface per growing season and year in which each grid cell represents 552 

the L7th for that location.  The vegetation group that corresponds to the L7th DTGW was then 553 

determined, and the area proportion of each site that fell within each L7th and vegetation group was 554 

calculated for growing seasons during the study period.   555 

4.2 Results 556 

L7th DTGW area proportion results are summarized in Table 6 and L7th DTGW raster surfaces 557 

are presented in Figures 8 and 9 respectively.  For this section, groundwater depths are reported with 558 

negative values indicating groundwater below ground surface, differing from the previous section to 559 

maintain consistency with Henszey et al. (2004).  L7th values at Binfield, in order of decreasing 560 

prevalence, occur within ranges -0.3 to 0.2m, -1.35 to 0.3m, and 0.2 to 2m, corresponding to vegetation 561 

groups sedge meadow, mesic prairie, and emergent.  During all study years, the Binfield site records 562 

almost no (<1%) L7ths in the -5 to -1.35m range corresponding to dry ridge vegetation.  L7th values at 563 

Fox, in order of decreasing prevalence, occur within ranges -1.35 to 0.3m, -5 to -1.35m, -0.3 to 0.2m, , 564 

and 0.2 to 2m, corresponding to vegetation groups mesic prairie, dry ridge, sedge meadow, and 565 

emergent.  Notably, Fox records considerable area proportions within the dry ridge category (11 to 34%) 566 

during all years.  567 

In comparing the two Sites, Binfield exhibits greater proportions of sedge meadow and lesser 568 

proportions of emergent, mesic prairie, and dry ridge than Fox during all study years.  Since Fox is 569 

generally dryer (i.e., deeper groundwater table), it was expected to have lesser emergent cover than 570 

Binfield. However, L7th figures show that the emergent zones at the Fox Site are primarily concentrated 571 

around the perimeter of excavations that were created to bring the ground surface closer to the water 572 

table.  This result would suggest that recontouring efforts improved conditions at the Fox Site. However, 573 

it is worth noting that the Fox site supports a lower proportional area of sedge meadow than the 574 

Binfield site and most of the site remains as mesic prairie or dry ridge, suggesting that larger scale 575 

recontouring efforts would be needed to significantly alter the hydrology at the site.  576 
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Table 6 – Area proportion results for corresponding L7th depth and vegetation category (E=emergent, 577 

S=sedge meadow, M=mesic prairie, D=dry ridge) by growing season. 578 

  
Veg. 

Group 

  Binfield (Area %)   Fox (Area %) 

  E S M D    E S M D  

L7th (m)   (0.2 to 2) (-0.3 to 0.2) (-1.35 to -0.3) (-5 to -1.35)   (0.2 to 2) (-0.3 to 0.2) (-1.35 to -0.3) (-5 to -1.35) 
2013   1.1 47 52 0.05   2.4 6.9 58 31 

2014   0.31 59 41 0.07   3.4 6.8 60 29 

2015   11 81 8.4 0   14 28 46 11 

2016   1 74 25 0.03   9.7 11 61 17 

2017   0.71 73 26 0.03   5.8 6.6 62 25 

2018   0.25 60 39 0.06   3.3 6.6 55 34 

2019   4.4 81 14 0.01   9.3 11 62 17 

20201   0.53 68 31 0.02   9.0 9.7 63 18 
12020 total area for Binfield was slightly less due to lack of data for well 216. 579 
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 580 

Figure 8 – L7th depth to water surfaces for Binfield site. Color indices correspond to Henszey et al. (2004) 581 

vegetation categories. Well 216 DTGW data was unavailable for 2020, hence truncated surface. 582 



PRRIP – EDO Draft  01/20/2023 

 

2023 PRRIP Science Plan Reporting Session – 2023 Wet Meadow Hydrology Study   Page |  27 of 82 

 583 

Figure 9 – L7th depth to water surfaces for Fox site. Color indices correspond to Henszey et al. (2004) 584 

vegetation categories. 585 
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4.3 Discussion 586 

Significant differences in hydrology and associated vegetation predicted from hydrology were 587 

recorded at the two wet meadow study sites.  The natural, nondegraded Binfield tract exhibits 588 

groundwater conditions likely to support predominantly sedge meadow and mesic prairie vegetation 589 

groups whereas the Fox Site is likely to support primarily mesic prairie and dry ridge vegetation.  Since 590 

wetland vegetation is a key feature of wet meadows, results suggest that the Fox site is unlikely to 591 

support a prevalence of wetland vegetation, and therefore, is unlikely to achieve the ecosystem 592 

functions that are desired from wet meadows.   593 

Wet meadows are ephemeral wetlands. If we assume that wet meadows should meet 594 

requirements for wetland delineation, then conditions require “a prevalence [i.e., >50%] of dominant 595 

plant species [that] are adapted to life in saturated soil conditions… where dominance refers to the 596 

spatial extent of a species observed in the field” (Nebraska Department of Transportation, 2020).  To 597 

assess whether study sites meet wetland requirements, we extend conditional requirements for 598 

vegetation to hydrology using an area threshold such that ≥ 50% of the site has hydrologic conditions 599 

that could theoretically support hydrophytic vegetation (i.e., emergent and sedge meadow vegetation 600 

groups).  It is important to note that this analysis does not utilize field-based plant observations and 601 

therefore does not indicate actual wetland status.  For all years but 2013, the Binfield site meets area 602 

requirements for wetland designation, with area percentages ranging from 48.1% (in 2013) to 92% of 603 

the site having hydrologic conditions that can support hydrophytic species. Conversely, for all study 604 

years, the Fox site does not meet criteria for wetland designation, with site area percentages ranging 605 

from 9.4% to 42%. 606 

  We calculated the required change in L7th that would be necessary to achieve hydrologic 607 

conditions that could support wetland vegetation across at least 50% of the Fox Site for years 2013-608 

2020.  Results are presented in Table 7.  Changes in L7th range from 0.075m during the wettest year 609 

(2015) to 0.93m during the driest year (2018), with a mean of 0.59m.  This value may be interpreted as 610 

the average elevation that that peak sustained (~7 days) groundwater levels would need to rise in order 611 

to support wetland vegetation across 50% of the site.   612 

Table 7 – Required changes in L7th and area percent to achieve 50% wetland vegetation. 613 

Year ΔL7th (m) 

2013 0.89 

2014 0.84 

2015 0.075 

2016 0.41 

2017 0.73 

2018 0.93 

2019 0.42 

2020 0.45 

AVERAGE 0.59 

 614 
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Potential management actions that could be used to improve site hydrology would require 615 

either changing the land surface elevation or changing site groundwater levels. Topographic 616 

recontouring (i.e., lowering the land surface through excavation) is one method of altering the ground 617 

surface to improve wetland hydrology.  As mentioned, such an effort was previously undertaken at the 618 

Fox site which resulted in the addition of 5 elongate depressions on the site.  However, this method 619 

requires significant quantification of variability in site hydrology to achieve ideal conditions.  The existing 620 

recontouring effort generated ponds with marginal areas that have ideal hydrologic conditions, and 621 

interior areas (ponds) that are too wet to support most wetland vegetation.  Also, most of the site is still 622 

mesic prairie and dryland, indicating that to perform such an effort successfully would likely require 623 

excavating material off broad areas of the site. 624 

The alternative would be to alter groundwater levels through managed aquifer recharge or added 625 

flows to the Platte River that would in turn raise riparian groundwater levels. In the next section, we 626 

describe and demonstrate the utility of a simple analytical model that can be used to test such 627 

management actions.  628 

5 Modeling 629 

Authors have investigated the relative importance of different controls for groundwater levels at 630 

CPRV wet meadows. A shallow, fluctuating groundwater table is required for sustained inundation 631 

(Brinley-Buckley et al., 2021), wetland vegetation (Henszey et al., 2004), and various animal species 632 

(Davis et al., 2006) at wet meadow sites.  Previous studies have concluded that river stage exerts the 633 

predominant influence on groundwater levels, followed by precipitation, and to a minor degree ET 634 

(Whiles and Goldowitz, 1993; Wu, 2003; Wesche et al., 1994; Chen, 2007).  Chen (2007) also suggests 635 

hydraulic lift caused by vegetative water use to be a relevant control, though the effect is not well 636 

constrained or documented.     637 

To test the importance of various hydrologic controls, studies typically use models to predict the 638 

response of groundwater levels to a given hydrologic stress.  Chen (2007) developed a three-639 

dimensional numerical model to evaluate river-aquifer-vegetation hydraulic connections in the CPRV 640 

(approximately 5 miles west of the Fox site) with specified stresses for stage and ET.  Chen identified a 641 

highly connected hydrologic system with rapid response in groundwater levels to fluctuations in stage. 642 

Loheide II and Gorelick (2007) developed a finite element model of variably saturated groundwater flow 643 

to assess hydroecologic functions of meadow systems in the Last Chance watershed in North Central 644 

California.  They identified drainage to the stream as an important control for groundwater levels that in 645 

turn affected local vegetation.  In 2012, the Program developed an analytical model to test how water 646 

management actions in the form of flow release would affect groundwater levels at wet meadow sites 647 

(PRRIP, 2012).  648 

Here, we develop a simple analytical model to test how different management actions could affect 649 

groundwater levels at wet meadow sites in the CPRV. The purpose and implementation of the model is 650 

similar to the 2012 model used by the program (PRRIP, 2012), with added changes to incorporate the 651 

effects of precipitation on ET. Notably, the model presented herein is not intended to fully reproduce or 652 

describe groundwater flow dynamics at wet meadow sites.  Rather, it is intended to be used as a simple 653 

tool for predicting groundwater level changes at wet meadow sites given stage, precipitation, and ET 654 
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inputs.  Accomplishing the former task almost certainly requires a numerical groundwater flow model, 655 

the development of which requires significant time, effort, and data collection.  Numerical flow models 656 

also require site specific development, which means they are not easily transferred between sites. 657 

Conversely, this analytical model can be readily applied to different sites with relatively minimal 658 

parameter inputs.   659 

The resulting model provides a useful tool for testing water management scenarios, with improved 660 

predictions as compared to previous models, indicated by relatively good matches between observed 661 

and modeled groundwater levels. 662 

5.1 Methods 663 

The model is based off the Glover Bank Storage equation (Eq. 1) (Glover, 1964) for which the 664 

change in groundwater level (s(x,t)) some distance from a river (x) is estimated at time (t) given an 665 

instantaneous step change in river stage (s0) (e.g., Figure 10).  The parameter α is hydraulic diffusivity 666 

defined as α=T/S where T is transmissivity (L2T-1) and S is storativity (dimensionless).  Since the aquifer is 667 

unconfined, it is assumed that S is equal to specific yield (Sy), or the volume of water released under 668 

gravity from storage per unit cross-sectional area per unit decline in water table (Freeze and Cherry, 669 

1979). Erfc is the complimentary error function. 670 

𝑠(𝑥, 𝑡) = 𝑠0 𝑒𝑟𝑓𝑐 (
𝑥

√4𝛼𝑡
)       Eq. 1 671 

The principle of superposition was applied to calculate stepwise changes in groundwater level 672 

caused by daily changes in stage (Eq. 2). Notably, Equation 2 does not model groundwater flow, but 673 

rather stepwise vertical changes in groundwater level due stepwise boundary stresses (i.e., stage 674 

changes).   675 

𝑠(𝑥,𝑡) = ∑ ∆𝑠𝑖
𝑛
𝑖=1 𝑒𝑟𝑓𝑐 (

𝑥

√4𝛼(𝑡−𝑡𝑖)
) ; 𝑡 ≥ 𝑡𝑖      Eq. 2 676 

 677 

Figure 10 – Schematic illustrating variables in the Glover Bank Storage equation (Sanders, 2001). 678 

Additional terms were added to the right side of Eq. 2 to account for daily effects of 679 

precipitation and evapotranspiration on groundwater levels.  When precipitation falls on a pervious 680 
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surface, some fraction is expected to reach the groundwater table as recharge (e.g., does not runoff or 681 

evaporate).  This fraction is referred to as the recharge or precipitation infiltration coefficient. 682 

Groundwater level changes due to precipitation were calculated by multiplying a recharge coefficient (f) 683 

by the daily total precipitation (recorded at the on-site weather station) and dividing by the aquifer 684 

specific yield (i.e., sP(x,t)=fP(ti)/Sy). This relationship has been utilized in other study areas with shallow 685 

groundwater tables such as wetlands, where the effects of hysteresis and vadose zone transport are 686 

negligible on water table response (Gerla, 1992; Rosenberry and Winter, 1997).  The high-hydraulic 687 

conductivity and use of daily timesteps further support this approach since infiltrated precipitation is 688 

expected to reach the water table in less than one day.  689 

Specific yield relates the volume of precipitation to the available pore space in the aquifer and is 690 

defined as the volume of water released under gravity from storage per unit cross-sectional area per 691 

unit change in water table (Freeze and Cherry, 1979).  This method is appropriate for sites with shallow 692 

water tables and high soil water content such as riparian wet meadows (Healey and Cook, 2002).  693 

Recharge coefficients (f) typically range from 0.1 to 0.6 (Andaulem et al., 2021), though the actual 694 

fraction is time-varying and depends on soil hydraulic properties and antecedent moisture.  We tested a 695 

range of infiltration fractions between 0.1 and 0.6 and found a best-fit between modeled and observed 696 

groundwater level changes to occur with fractions between 0.4 and 0.6.   697 

Yue et al. (2016) documented an exponential relationship between evapotranspiration from 698 

groundwater (ETg) and groundwater depth at the Binfield study site wherein the rate of ETg decreases 699 

as groundwater depth increases. Wesche et al., (1994) identified a similar exponential relationship 700 

between groundwater and ET, and this relationship has been found elsewhere in riparian zones (e.g., 701 

Lurtz et al., 2019). We calculate changes in groundwater level due to ETg as a weighted fraction of daily 702 

potential evapotranspiration divided by specific yield (sET(x,t)= 𝛽ETo/Sy) wherein a daily weight is 703 

calculated based on the depth to groundwater from the previous timestep.  The weight, 𝛽,  representing 704 

the ratio of ETg/ETo, is calculated using Equation 3 where ε and 𝜆 are fitting parameters describing the 705 

shape of the exponential relationship, as defined by Yue et al. (2016).  706 

  𝛽=εexp(𝜆*DTWt-1) Eq 3 707 

The final model equation is thus: 708 

𝑠(𝑥,𝑡) = ∑ ∆𝑠𝑖
𝑛
𝑖=1 𝑒𝑟𝑓𝑐 (

𝑥

√4𝛼(𝑡−𝑡𝑖)
) +

𝑓𝑃(𝑡𝑖)

𝑆𝑦
 − 

𝛽𝐸𝑇0(𝑡𝑖)

𝑆𝑦
 ; 𝑡 ≥ 𝑡𝑖  Eq. 4 709 

The analytical model was calibrated for each well location to achieve a best-fit between 710 

modeled and observed groundwater levels for growing seasons during the study period.  Calibration 711 

involved varying hydraulic parameters (K, Sy, f) until a visual best-fit was achieved. Subsequently, ET 712 

parameters (ε and  𝜆; Eq. 3) were determined through calibration implemented in Python using the 713 

SciPy optimization function curve-fit with the trust region method.  This method applies non-linear least 714 

squares algorithm to calculate optimal parameters given a set of input data and a function.  Calibration 715 

resulted in a range of location specific parameter estimates, which are discussed subsequently. 716 

5.2 Results 717 

 718 
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Model calibration parameters are summarized in Table 8.  All values are within the expected 719 

range for alluvial sediments.  ET parameters were allowed to vary by location, as was found by Yue et al. 720 

(2016).  Calibration would benefit from future site-specific measurements to justify the observed 721 

heterogeneity.  Alternatively, site-specific parameters could be enforced (e.g., one K value for the entire 722 

site) while select parameters could be tested through calibration.  The calibration process could be 723 

performed manually in Excel for a single location to make location specific predictions. However, if the 724 

model is intended to represent groundwater level changes across a site, it would be best to test the 725 

model for a range of parameters bounded by minimum and maximum values to test the sensitivity of 726 

results to calibration. This task has not been performed but is within the scope of possible next steps. 727 

Figures 11 and 12 present model results for Wells 112 and 212 at the Fox and Binfield Sites for 728 

years 2014 through 2020 (note, insufficient data from 2020 were available for well 112). These wells 729 

were selected because results exemplify model performance across commonly occurring scenarios.  730 

Model results for all well locations and growing seasons are provided in Appendix B. The plots for years 731 

2014 and 2018 show that the model reproduces general trends in groundwater level very well.  Minor 732 

rises and falls are almost entirely captured and in sync with field observations.   Plots for 2015 and 2017 733 

show that the model is not reproducing groundwater levels during high-water table events.  This could 734 

be an issue for predictions since it suggests that the model will under-predict scenarios where the water 735 

table is expected to be higher than recorded data. The 2017 plot also reveals significant variations in 736 

groundwater level during summer months which are not predicted by the model.  While the cause of 737 

this discrepancy can’t be certain, it is known that during this time the Program experimented with 738 

applying pumped well water to the site from on-site wells (communication with Justin Brei).  Though 739 

pumped and applied water volume records were not compiled for this study, they may explain 740 

differences between modeled and observed values.  741 
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Table 8 – Model calibration results 742 

Well K (ft day-1) Sy f ε 𝜆 

101 400 0.15 0.4 0.50 -0.44 

102 400 0.15 0.4 0.50 -0.45 

103 600 0.15 0.5 0.50 -0.36 

104 600 0.15 0.5 0.50 -0.40 

105 600 0.12 0.5 0.50 -0.38 

106 600 0.12 0.6 0.73 -0.42 

107 600 0.12 0.6 1.35 -0.49 

108 600 0.12 0.6 1.59 -0.34 

109 650 0.12 0.5 0.58 -0.24 

110 650 0.12 0.5 1.18 -0.31 

111 400 0.12 0.5 0.50 -0.40 

112 150 0.08 0.5 0.50 -0.32 

113 150 0.08 0.5 0.66 -0.33 

114 250 0.08 0.5 0.50 -0.30 

115 150 0.08 0.5 0.50 -0.25 

116 100 0.1 0.6 0.50 -0.16 

201 800 0.25 0.8 0.98 -1.24 

202 800 0.25 0.6 0.50 -0.50 

203 800 0.2 0.7 0.50 -0.59 

204 800 0.15 0.8 1.41 -0.33 

205 800 0.1 0.8 1.58 -0.63 

206 600 0.1 0.8 1.38 -0.63 

207 800 0.08 0.8 2.00 -0.41 

208 800 0.08 0.7 0.67 -0.33 

209 600 0.1 0.8 0.59 -0.27 

210 800 0.25 0.6 0.50 -0.82 

211 800 0.25 0.6 0.68 -0.67 

212 1000 0.1 0.6 2.00 -0.50 

213 400 0.08 0.6 1.10 -0.32 

214 800 0.08 0.8 1.04 -0.56 

215 800 0.08 0.8 0.66 -0.37 

216 800 0.1 0.7 0.72 -0.26 
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 743 

Figure 11 – Well groundwater levels, stage, and modeled groundwater levels for well 112. 744 
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 745 
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Figure 12 – Well groundwater levels, stage, and modeled groundwater levels for well 212. 746 

5.3 Discussion 747 

The model was applied to evaluate the effects of hypothetical management actions during a 748 

low-groundwater period in 2018.  As described previously, groundwater depths at the Fox site were 749 

found to too deep to support key wetland vegetation groups as estimated using the L7th DTGW statistic.  750 

Changes of up to 0.93 m were estimated as necessary to achieve a hypothetical management target of 751 

50% spatial coverage with wetland vegetation during 2018.  One possible management action for 752 

achieving increased groundwater levels is to increase flow, and in turn stage, on the Platte River.  753 

Groundwater depths for well 116 are plotted in Figure 13, demonstrating the especially low spring 754 

groundwater levels that occurred in 2018. Well 116 was chosen because it is an inland well away from 755 

excavations, but this analysis could be performed for any well. 756 

 757 

Figure 13 – Groundwater levels for well 116 highlighting low-water period during summer of 2018. 758 

We used the model to estimate groundwater level changes at well 116 by inputting the range of 759 

calibration parameters and increasing river stage for approximate two weeks using a gaussian shaped 760 

discharge curve. During June of 2018, Platte River discharge ranged from just under 200 cfs to 2,500 cfs.  761 

Figure 14 demonstrates how a 1m increase in stage would raise groundwater levels by about 0.25m at 762 

well 116. A 1m stage increase corresponds to an increase in discharge of over 10,000 cfs based on stage-763 

discharge curve reported for the USGS Kearney gage (USGS #: 06770200) (Figure 15). Regulatory flood 764 

stage at this gage station, 5 miles upstream of the Fox Site, is 7 feet, corresponding to a discharge of 765 

17,915 cfs.  766 

Similarly, we calculated groundwater depths assuming an 78-day surface recharge event, 767 

modeled by adding a constant value of 0.25 inches per day to the precipitation term, to estimate how 768 
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surface recharge could raise groundwater levels.  The Fox site is approximately 247 acres (1.07 km2), 769 

assuming 0.25in day-1 were applied across the site, the delivery rate would need to be 1,200 gpm or 5.3 770 

acre-ft per day. The model predictions show a similar increase in groundwater level to the stage change, 771 

but possibly an unrealistic retaining of water in the aquifer.  This effect would need to be addressed if 772 

long-term groundwater level predictions were required. However, since the goal is to test actions for 773 

raising the L7th which is a relatively short-term maximum value, predictions may be adequate.  774 

 775 

Figure 14– Plot demonstrating two management scenarios on predicted groundwater levels at well 116. 776 

 777 

Figure 15 – Stage-discharge relationship for the USGS Kearney gage on the Platte River.  778 
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6 River-floodplain elevation analysis 779 

One of the goals for this study was to generate results that would inform management at other 780 

CPRV wet meadow sites.  In Sections 1-3 of this study, we demonstrate and discuss the influence of river 781 

stage and topography on groundwater levels. However, one aspect of this relationship that was not 782 

mentioned is the relationship between the absolute elevation of the river and ground surfaces.  Previous 783 

studies identified strong correlations between temporally varying river stage and groundwater levels 784 

(e.g., Wesche et al., 1994), but correlations do not contain information about spatial relationships 785 

between the two.  Intuitively, one would expect riparian zones where the ground and river surfaces 786 

were similar to have shallower groundwater levels compared to zones where the river is further below 787 

the adjacent floodplain.  Similarly, if the river were to incise through time, one might expect adjacent 788 

groundwater levels to decrease.   789 

If clear relationships between absolute river elevation and wet meadow ground surface elevations 790 

could be quantified for archetypal wet meadow sites, those relationships could be extended to other 791 

areas to inform predictions about hydrology even if field and well data were sparse or unavailable.  792 

6.1 Methods 793 

We produced differenced maps of river and ground surface elevations to test whether 794 

characteristic relationships were present.  River stage surfaces were generated using SRH2D models for 795 

a range of relevant discharges (750-3500 cfs) that span representative discharges for the study period 796 

(2013-2020) and discharge targets designated by the USFWS as having potential benefits for wet 797 

meadows (Table 9).  The modeled river stage was extrapolated laterally into the floodplain using a 798 

nearest neighbor interpolation method.  The interpolated surface was then subtracted from the LIDAR 799 

ground surface elevation, producing a raster surface representing the elevation difference between 800 

ground surface and interpolated river stage. 801 

Table 9 – USFWS target flows with wet meadow related benefits (PRRIP,2012) 802 

 803 
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6.2 Results and Discussion 804 

Results for two locations with vegetated islands (containing Binfield and Fox study sites) are 805 

presented in Figures 16 through 19 for discharges of 750 cfs, 1,200 cfs, 2,000 cfs, and 3,500 cfs 806 

respectively.  Differenced elevation values range from -11 ft to 57 ft, with negative values indicating 807 

areas where ground surface is below the river surface elevation.  The abrupt change in differenced 808 

values in the western Binfield site is likely due to a LIDAR inconsistency and will be addressed in future 809 

iterations of this method. 810 

Visual observations of resulting maps reveal important patterns.  Off-channel zones within 1km of 811 

the channel tend to have more similar elevations to the river surface, whereas inland areas tend to be 812 

higher in elevation.  Off-channel zones where north and south channels converge also tend to be closer 813 

in elevation to the river surface.  Relic channels, as indicated by channel patterns within inland areas, 814 

are typically within 3ft (1m) of the river surface, even at lower flows (750cfs).  Notably, the results 815 

contain very similar patterns to those identified in previous sections of this report.  Zoomed in maps of 816 

previously discussed sites, Fox, Binfield, and Crane meadows, are reproduced along with elevation 817 

difference results in Figures 20 through 23.  For reference, results from Section 4 for L7th DTGW 818 

surfaces are also included in Figure 24.  L7th maps were produced through extensive, long-term data 819 

collection and subsequent processing, yet patterns are remarkably similar to the differenced elevation 820 

results, particularly for 2,000 and 3,500 cfs, which required no field data collection and minimal data 821 

processing.  822 

The utility of this method can also be seen in the distinct signature of the Crane Meadows site. As 823 

previously demonstrated, and shown by Wesche et al. (1994), the Crane Meadows site is an especially 824 

“wet” wet meadow site, affording it a range of characteristics that site managers have tried to mimic at 825 

other sites through restoration and management.  The differenced elevation surfaces reveal that a 826 

significant proportion of the site has ground surface elevations below river stage, even at the lowest 827 

analyzed flow of 750cfs.  The extent to which this occurs is unmatched in any other region of the study 828 

area, making Crane Meadows a truly unique site.  It also highlights the fact that restoration activities at 829 

other sites may never be able to recreate characteristics of Crane Meadows, due to the site’s unique 830 

topography. 831 

While qualitative (for now), this analysis presents a method for making predictions about site 832 

hydrology that are relevant for wet meadows, without the need for extensive field data collection.  From 833 

the results, one can clearly compare the likelihood of groundwater levels being higher or lower across 834 

sites. By performing the analysis at existing wet meadows, as we have done, locations with similar river-835 

ground surface elevation relationships can be identified throughout the CPRV as viable wet meadow 836 

sites.  Several grassland sites currently managed by the Program may even be considered for future 837 

restoration or management as wet meadows using this method.  Figure 25 includes the area around the 838 

Binfield site, showing additional tracts that exhibit similar hydrologic relationships as the Binfield site. 839 

Future work might look at other aspects of channel geometry and elevation in relation to wet 840 

meadow occurrence and hydrology.  The sites considered in this analysis all occurred on vegetated 841 

islands within the Platte River, but it would be useful to consider this analysis along consolidated 842 



PRRIP – EDO Draft  01/20/2023 

 

2023 PRRIP Science Plan Reporting Session – 2023 Wet Meadow Hydrology Study   Page |  40 of 82 

segments of the channel and floodplain.  Additionally, areas where channel incision has occurred may 843 

have different channel-floodplain elevation relationships than non-incised regions. 844 

 845 

Figure 16 – Differenced river and ground surface elevation raster for discharge of 750 cfs. 846 
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 847 

Figure 17 – Differenced river and ground surface elevation raster for discharge of 1200 CFS. 848 
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 849 

Figure 18 – Differenced river and ground surface elevation raster for discharge of 2000 cfs. 850 
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 851 

Figure 19 – Differenced river and ground surface elevation raster for discharge of 3,500 cfs. 852 

 853 
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 854 

 855 

Figure 20 – Zoomed in differenced river and ground surface elevation raster at Fox, Binfield, and Crane 856 

Meadows at discharge of 750 cfs. 857 

 858 

Figure 21 – Zoomed in differenced river and ground surface elevation raster at Fox, Binfield, and Crane 859 

Meadows at discharge of 1,200 cfs. 860 

 861 

Figure 22 – Zoomed in differenced river and ground surface elevation raster at Fox, Binfield, and Crane 862 

Meadows at discharge of 2,000 cfs. 863 
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 864 

 865 

Figure 23 – Zoomed in differenced river and ground surface elevation raster at Fox, Binfield, and Crane 866 

Meadows at discharge of 3,500 cfs. 867 

 868 

Figure 24 – L7th DTGW raster surfaces for 2020 duplicated from Section 4 869 
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Figure 25 – Map of differenced raster surfaces along with other grassland sites managed by the 871 

Program. 872 
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 973 

Figure A1 – Plot demonstrating strong-positive relationship between ground surface elevation and 974 

median groundwater depth (m) for Fox and Binfield transects. 975 

 976 

Figure A2 – Plot of distance from channel vs study period GW range.  977 

 978 

Figure A3 – Plot showing relationship between annual range in groundwater levels and the distance to 979 

the channel for a dry year (2014) and wet year (2015). 980 
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