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Abstract

Central Wisconsin has the greatest density of high capacity wells in the state, most of
which are used for agricultural irrigation. Irrigated agriculture has been growing
steadily in the region since the 1950’s, when irrigation systems and high capacity
wells became inexpensive and easy to install. Recent low lake and river levels have
increased concerns that unregulated groundwater pumping for irrigation will un-
dermine the availability of groundwater to support surface waters and domestic uses.
Some research has quantified the magnitude of groundwater level declines due to ir-
rigation pumping, but no studies have identified its relation to climatic precipitation
changes. Changes in precipitation can appear to exacerbate or mask the effect of
groundwater pumping. In this study, four groundwater monitoring wells and five
climate stations were examined for shifts in groundwater levels and precipitation
changes. Through statistical analysis, significant precipitation increases were identi-
fied in the southern part of the study area which averaged 2.7 mm per year, but no
significant change was determined for the northern portion. Bivariate analysis iden-
tified water level declines within the region in the years 1974, 1992 and 1999 for irri-
gated land covers. Multiple regression analysis explained, predicted and quantified
the interaction between precipitation and pumping. Wells located in areas with many
high capacity wells showed a decline in water levels of up to 1.28 meters. In the
southern portion of the study area where increases in precipitation occurred, this de-
cline was thought to be masked. Results for one region (Plover) agreed with a pre-
viously published calibrated groundwater model, which demonstrates that this statis-
tical method may be used to separate the impact of groundwater pumping from
changing precipitation, even where observation well data are not widely available.
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1. Introduction

Groundwater is considered one of our most important natural resources. Since the ear-
ly to mid-twentieth century, groundwater withdrawals have drastically increased due to
changes in irrigation technology [1]. Population increases and industry demands have
put additional pressures on groundwater resources. Recent studies estimate that
groundwater extraction across the globe has tripled in the last 50 years and is increasing
in many countries at an annual growth rate of between 1% - 2% [2] [3] [4].

Climate variability brings another interesting set of challenges for groundwater
management. Changes in either precipitation volume or distribution can impact re-
charge [5]. Regions which experience an increase in annual precipitation may see lower
recharge due to a larger percentage of precipitation occurring as high intensity events
[5]. Another challenge is associated with groundwater’s perceived higher resiliency to
climate variability. Regions which are experiencing greater evapotranspiration will no-
tice an immediate impact on surface waters. In either an attempt to protect surface wa-
ters or ensure a more reliable water source, the expectation is that many users will turn
to groundwater as their source of water [2] [6] [7].

Increasing our knowledge of aquifer volumes and how this translates into ground-
water levels and trends is a significant component of improving policies and regulations
protecting this resource. Quantifying the impact of multiple demands upon an aquifer
in the wake of climate variability remains a difficult task. Additionally, there is a lack of
long term continuous groundwater level and precipitation data (>50 years) combined
with high spatial resolution. Most observational well data are within a region which has
been affected by pumping, and often monitoring was started after irrigation.

Much of the research on groundwater levels and groundwater level trends over time
seem to identify either declines in groundwater associated with increased pumping, or
groundwater level declines associated with increased pumping but exacerbated by de-
creased recharge. Russo ef al (2014) [8], in a summary paper of groundwater levels
across the United States, broadly describes groundwater levels as having decreased in
most of the United States. Combing both unconfined and confined aquifers, Russo et al
(2014) [8] found that in general increased pumping was associated with lower ground-
water levels. Most regional studies also support broader patterns, especially in drier re-
gions. In the Edwards Aquifer in Texas, Loaiciag (2003) [9] found that groundwater
pumping had a much larger impact on groundwater level declines than changes in cli-
mate.

Ng et al (2010) [10] used climate predictions to examine recharge in semi-arid re-
gions of the US. Their study focuses on regions like the High Plains aquifer and found
that while precipitation rates may fluctuate by —20% to +20%, groundwater recharge is
much more variable, —75% to +35% due to its often episodic nature. While the positive
recharge values were associated with wetter years, the extent of recharge declines sug-
gests that groundwater recharge is an extremely sensitive variable and decreases in pre-
cipitation will result in an amplification of groundwater declines [10].

The management of groundwater requires the ability to translate monitoring well
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data, which is represented as elevation, to its impacts on surface water and what can be
sustainably pumped. The problem of predicting well levels or associated recharge is
challenging for two main reasons, the first is that the factors which affect groundwater
recharge and groundwater well levels are numerous and include the following factors:
topography, vegetation, geology, climate and land use [5]. The second problem is re-
lated to the first; due to the numerous factors involved in groundwater prediction, there
remains the substantial lack of publications and data available [5] [11]. In the past ten
years, as high resolution digital spatial data has become available, the studies on
groundwater recharge increased but are limited to a region or too large an area for local
management.

Our study is located in Central Wisconsin. The location is ideal to study the impact
of irrigation on groundwater levels due to the high density of high capacity irrigation
wells. The groundwater supply in Central Wisconsin is vital to domestic water demands
as well as those of agriculture, industry and municipalities. For example, three counties
in Central Wisconsin, Portage, Adams and Waushara, use 78 billion gallons of ground-
water per year. Of the 78 billion gallons, approximately 87% or 67% billion gallons of
groundwater is used for irrigation [12]. Soil type is the main reason for such a heavy
dependence on the groundwater supply. The majority of soils in this region are highly
permeable sands and gravels resulting from past glaciations. These sandy soils have a
low water holding capacity, which stores little moisture for plants [12]. Sandy soils dis-
couraged irrigated agriculture until improved technology developed in the 1950’s,
created inexpensive irrigation systems [13]. Since the 1950’s, irrigation has become a
dominant feature in Central Wisconsin, and may be a reason for groundwater related
stresses such as declines in surface and groundwater levels.

The topography influences land use and the location of irrigated agriculture. Cur-
rently irrigated agriculture is concentrated on flat sandy areas. Irrigated land covers
about 40% of the area of interest (Figure 1) and contains 70% of Wisconsin’s high ca-
pacity wells. Other land covers include non-irrigated agriculture, coniferous and deci-
duous forests, grassland, scrubland and wetlands.

In some regions of Central Wisconsin, groundwater related stresses are reflected in
surface water declines. In 2005-2009, reaches of the Little Plover River, a groundwater
fed stream in Plover, Wisconsin, intermittently dried up [14]. Long Lake, a groundwa-
ter fed lake located near Plainfield, Wisconsin (32 kilometers south of Plover), has also
dried up [15]. The most highly stressed surface water resources occur in areas where
there is a greater amount of irrigation.

Suggested reasons for declines in surface and groundwater levels are intensive
groundwater pumping and drier weather. Precipitation records from the National
Oceanic and Atmospheric Administration (NOAA), combined with the Palmer
Drought Index and the Standard Precipitation Index, indicate that Central Wisconsin
has received close to average annual rainfall during the study period (2005-2009) [16]
[17]. Despite near average precipitation totals, questions remain about the effects and

interactions of precipitation on groundwater levels.
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Figure 1. The topography and location of high capacity wells in the central sands region.

Many studies have been conducted throughout the United States that relate ground-
water pumping to declines in surface waters or decreases of water levels in monitoring
wells [18] [19] [20] [21] [22]. Only recent permitting practices in Wisconsin have re-
quired high capacity wells to log pumping rates and volumes, so historic pumping data
are rarely available. Despite this lack of data, the consumption of groundwater and its
effects on the Central Sand Plain’s surface waters and groundwater levels has been stu-
died extensively. Weeks and Stangland (1971) [12] examined the development of
present and future irrigation in the sand-plain area and its effects on stream flow and
groundwater levels in the late 1960’s. Gotkowitz and Hart (2008) [23] looked at
groundwater consumption and land use in Waukesha Wisconsin. Clancy et al (2009)
[14] examined groundwater use and its potential effects on the Little Plover River in
Plover Wisconsin, and Kraft and Mechenich (2010) [24] studied groundwater pumping
and its effects on groundwater, lake, and stream flow levels in the central sands of Wis-
consin. The relationship between groundwater pumping and declines in surface and
groundwater levels is well established, but the interaction between changes in climate,
groundwater withdrawals, and the water table response are not as well understood [25].

The direct measurement of the surface and groundwater response to pumping is
presumably complicated by changes in precipitation which have occurred in some parts
of Wisconsin. Increases in precipitation in the central part of the United States were
noted by Lettenmaier ef al (1994) [26] and McCabe and Wolock (2002) [27]. More re-
cently Juckem et al (2008) [28] compared time periods 1941-1970 to 1971-2000 and

found that wetter conditions have occurred in southwestern Wisconsin from 1971-2000.
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These wetter conditions were thought to be the result of a sudden shift in precipitation
called a “step increase”. This step increase in precipitation may have masked the true
impact of groundwater pumping pressures in some areas of Central Wisconsin [24].

The goal of this study was to determine the impact of long term irrigation ground-
water pumping in the presence of changing precipitation. Without pumping logs or
observation well data that records the “pre-irrigation” record, we needed to identify the
threshold year or years where a significant shift in groundwater levels occurred. This
allowed us to establish irrigation trends which were complicated by changing precipita-
tion. We used statistical methods to extract the changing precipitation from groundwa-
ter irrigation impacts. This study is unique not only because it provides a statistical
method for establishing irrigation groundwater withdrawals in the presence of chang-
ing annual precipitation, but additionally, results from one of the test areas (Plover re-
gion) were compared to a calibrated and peer reviewed published groundwater model
(1] [14].

Study Region

The area of interest in central Wisconsin known as the central sands (Figure 1), is a
loosely-defined region characterized by a thick (often >30 m) mantle of sandy materials
overlying rocks of low permeability. Landforms are composed of glacial outwash plains
and terminal moraine complexes associated with the Wisconsin Glaciation. The area is
approximately 11,200 square kilometers and is 31% cultivated crops [29] The eastern
boundary was delineated using ecoregions [30] and glacial deposits [31] and the west-
ern border is the Wisconsin River. This study focuses on the “headwater” or upland
part of the central sands, east of wetlands or drained wetlands. The region contains
more than 80 lakes (>5 ha) and over 1000 km of headwater streams and wetlands,

which are well connected to shallow, unconfined, sand and gravel aquifers [12].

2. Methodology

2.1. Groundwater Data

Groundwater data from four U.S. Geological Survey (USGS) monitoring wells were
used for this study (Table 1) (USGS, 2009) [32]. Well names were given based on the

locale or quadrangle. The four monitoring wells were chosen based on two rationales:

Table 1. USGS monitoring wells used for data analyses. Plover 1 represents the original well
number and plover 2 is the replacement number.

Well Number Latitude Longitude Locale or Quadrangle Well Depth (m) Elevation Datum (m)

442810089194501 44°28'10" 89°19'45" Ambherst Junction 53 341.38
440713089320801 44°07'13" 89°32'08" Hancock 5.5 329.18
442623089302701 44°26'23" 89°3027" Plover 1 5.8 334.95
442622089302901 44°26'22" 89°30'29" Plover 2 5.8 333.17
440345089151701 44°03'45" 89°15'17" Wautoma 4.3 266.09
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the length and consistency of available records (Table 2), and their location within the
study area (Figure 2). The Wautoma and Ambherst Junction wells are located in areas
with a low density of high capacity wells and are thought to be minimally influenced by
pumping. Hancock and Plover are located in areas with a high density of high capacity
wells and are thought to be impacted by pumping.

USGS monitoring well data consisted of daily automated measurements for Amherst
Junction, Hancock, and Wautoma and monthly field measurements for Plover. Depth
to water was subtracted from benchmarked elevations to obtain the well water eleva-

tions. Average monthly elevations were used in statistical analyses.

Table 2. Available data for USGS monitoring wells used in this study.

Locale or First Last Total # of Average # of Type of
Quadrangle Measurement Measurement Measurements Measurements per Month Measurements Available

Ambherst

Junction 7/2/1958 10/23/2008 1702 3.1 Field

Hancock  5/1/1951 12/31/2008 17,896 26.9 Automated Daily/Field
Plover 12/1/1959  12/22/2008 1098 1 Field

Wautoma  4/18/1956  12/31/2008 16435 27.8 Automated Daily/Field
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Figure 2. The location of monitoring wells and municipalities with climate stations within the
study region.
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Data from the monitoring well near Plover were recorded under two different well
numbers. Well number 442623089302701 was used prior to April 14, 2006 and was re-
placed by well number 442622089302901. These well measurements were combined

and referenced to a common datum. Both well numbers are represented in Table 1.

2.2. Precipitation Data

Three types of annual precipitation data were used in this study (Figure 2; Table 3): 1)
Five weather stations in central Wisconsin; 2) an interpolated annual data set for the
Wautoma location; and 3) composite precipitation data for division 5 [17]. Long term
monthly precipitation data (=50 years), from the cooperative observer (COOP) station
network, were accessed online through the National Climate Data Center [16]. Yearly
values were used in statistical analyses and were calculated from monthly observations.
Missing monthly measurements were interpolated using a weighted average of the three
closest COOP stations.

The interpolated annual precipitation data set for Wautoma was calculated using the
Inverse Distance Weighting Method [33] [34] [35]. This method uses a weighted aver-
age of annual precipitation from the 12 closest COOP stations. Closer stations carry a
heavier weight and have a greater influence on the average. All stations were within 50
miles and had sufficient records. Interpolations were not made when there were less
than 12 stations contributing to the data.

In addition to annual precipitation records, the Standard Precipitation Index (SPI)
was chosen as the main precipitation variable in multiple regression models because it
best represents the lag between precipitation and the response in monitoring well water
levels. Monthly growing season (May-September) SPI data for Wisconsin climate divi-
sion 5 were obtained from NCDC. The SPI is a normalized index that quantifies preci-
pitation deficits, can be calculated for any desired duration, and takes into account time
scales in the analysis of wet and dry periods for water availability and use [22] [36].

The 24-month SPI (SPI24) was used for this study based on the work done by Mayer
and Congdon (2008) [22]. They found that the 24-month SPI has the least influence in

regression equations during normal precipitation periods (i.e. when SPI values are close

Table 3. COOP climate stations within the study region and periods of record for the division 5
data and the interpolated data set at Wautoma.

KD
+%%, Scientific Research Publishing

Station Name COOPID # Period of Record
Hancock Experimental Farm 473405 1931-2008
Montello 475581 1955-2008
Stevens Point 478171 1931-2008
Waupaca 478951 1931-2008
Wautoma N/A 1931-2008
Wisconsin Rapids 479335 1931-2008
Composite Division 5 N/A 1895-2008
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to zero). Other precipitation variables such as moving averages or lags will have less in-
fluence during dry conditions when precipitation values are close to zero, and more in-
fluence under wet conditions as precipitation values get larger [22]. In this study the
SPI24 improved the explanation and prediction of groundwater fluctuations in multiple
regression models and was able to represent the systematic response to wet and dry pe-

riods that occurs at monitoring wells in the study region.

2.3. Statistical Analyses

To determine a period within a monitoring well’s record where the statistical parame-
ters (mean and standard deviation) do not change with time, we needed to establish a
stationarity period.

Stationarity describes a process in which natural systems fluctuate within an un-
changing range of variability [37]. When non-stationarity develops, it indicates that a
shift has occurred between the relationships of hydrologic data within a region. Non-
stationarity can be caused by changes in data collection methods or physical changes,
such as a fluctuation in precipitation, or water diversion like groundwater pumping
[38] [39].

Stationarity may be difficult to detect when unknown variables or multiple variables
influence the system. To recognize these impacts a “covariate” also plays an important
role in this study. A covariate is a statistical term used to identify an interaction which
is not measured but is observed in the record [22] [40] [41]. A covariate may be binary
and is often referred to as either a hidden, lurking or dummy variable.

Groundwater pumping and changes in precipitation were thought to be the two
main covariates affecting groundwater levels in Central Wisconsin. Observations of
pumping and changes in precipitation have no records associated with their impact on
groundwater levels; therefore, a binary data set was developed for each covariate. For
example, when pumping was thought not to have an effect on the groundwater record
the data set was defined as “off”. When pumping potentially began to impact ground-
water levels, the data set was defined as “on”. Because the covariates are disconnected
from the continuous groundwater data, they may or may not actually represent
groundwater pumping or changes in precipitation.

Kendall’s tau trend test established spatial differences in annual precipitation
throughout the study area and established regions where the covariate for the step in-
crease in precipitation occurred. The Mann-Whitney test, which calculated a difference
in median values, was used to determine if a step increase occurred. Bivariate analysis
indicated when changes showed up in the groundwater record. Multiple regression
with the analysis of covariance (ANCOVA) was used to quantify, explain and predict
the changes due to precipitation or pumping on groundwater levels. Findings were
corroborated with other independent study’s findings [1] [12] [14] [15] [23] [24] [28].

The main objective of the statistical analyses was to predict, quantify and explain
changes in groundwater levels due to pumping. Without any pumping data, potential

pumping could only be expressed as a covariate within multiple regression models

1060

%

*%
pX2

%, Scientific Research Publishing

L <y



J. Haucke et al.

(where the pumping effect is either “on” or “off”) and the date of the switch is deter-
mined by looking for a threshold year. In addition to the possible pumping influence
on groundwater levels, there was the added influence from changes in precipitation.
Studies in Southwestern Wisconsin showed a step increase in precipitation in the early
1970s which affected base flow [27] [28]. The step increase in precipitation is a statisti-
cally significant shift in the mean value over a short period of time (one to two years). A
shift in precipitation could potentially complicate the analyses by masking the impact
thought to be due to pumping. Because there was no data set for the step increase in
precipitation, it was also treated as a covariate or binary variable; however, from Juck-
em et al (2008) [28] it was expected that the “switch” would occur sometime in the
early 1970s.

2.4. Trend Analysis

Trends in precipitation were evaluated to determine if and where changes in precipita-
tion occurred in the study area. In addition, an increasing trend in precipitation during
the same time period that declines were measured in monitoring wells indicated poten-
tial pumping impacts. Kendall’s tau, a nonparametric statistical technique, has been
regularly used to examine linear trends in precipitation [42] [43] [44]. This nonpara-
metric test was used because precipitation data were found to have a non-normal dis-
tribution.

Trends were calculated for annual precipitation. The period of record used was
1955-2008 which was based on the shortest precipitation record at the Montello COOP
climate station (Table 3). Annual trend analysis included Wautoma’s interpolated pre-
cipitation data, the five COOP climate stations, and the composite central division data.
Calculations were made online using the Free Statistics and Forecasting Software web-
site [45].

2.5. Mann-Whitney Test

The Mann-Whitney test, a non-parametric version of the t-test, was used to determine
the presence of the Juckem et al (2008) [28] 1970/1971 step increase in precipitation.
This test was used for annual precipitation records because these data contained out-
liers that skewed the distribution. The period of record used to find the difference in
median precipitation values was 1933-2008. This produced a similar number of data
points on either side of the 1970, 1971 time break (n = 38 years) and included the most
recent records. The composite division 5 records, four of the five COOP stations and
the interpolated data for Wautoma had annual precipitation data for the 1933-2008 pe-
riod. Montello’s record did not start until 1955 so a shorter period of record had to be
used (1955-1986; n = 16). The Mann-Whitney test was calculated in Mini Tab (version
15).

2.6. Bivariate Analysis

A bivariate analysis tests for a difference in the means of two linearly correlated data
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sets [39]. The bivariate technique uses time series measurements and has commonly
been used to evaluate climate data such as precipitation, evaporation and temperature
[46] [47] [48]. In this study, bivariate analyses were used to evaluate changes in
groundwater levels at monitoring wells. To meet the requirement of normal data, yearly
average depth-to-water measurements from monitoring wells were used in the analysis.

The bivariate analysis was used to find the threshold year when the potential pump-
ing covariate started to affect monitoring well levels. This was accomplished by ex-
amining non-stationarity, or a change in mean, between correlated test and control
monitoring well records. The results from the bivariate technique determined the year,
direction, and magnitude of the change in mean caused by non-stationarity [39].

The bivariate analysis uses a regional stationary series which consists of multiple sta-
tions around a test station. The regional series is assumed to be independent and free of
systematic change [48]. Due to the lack of available monitoring well records, multiple
stations could not be used to develop a regional stationary series. Therefore, individual
control locations (Amherst Junction or Wautoma) were considered the stationary re-
gional series, which was similar to the methods of Kirono and Jones (2007) [48].

Bivariate analysis was initially tested on the control monitoring wells, Amherst Junc-
tion and Wautoma, to develop stationary periods of record for each well. The time pe-
riod from 1958-2008 was used based on the shorter data set at Amherst Junction. These
stationary periods were developed so that the control locations could serve as the re-
gional series in further analysis with test monitoring wells.

Once the stationary periods were established at the control sites, the bivariate test
was used to determine the threshold year possibly caused by the pumping covariate at
the test monitoring wells: Hancock and Plover. Control sites located within the closest

proximity to the test sites were used as the stationary data set.

2.7. Multiple Regression with ANCOVA

Multiple regression using ANCOVA was the primary statistical technique used for this
research. The main reason for using this technique was to see if independent variables
(precipitation and the dummy variables for pumping and the step increase in precipita-
tion) could explain and predict the dependent variable (monitoring well water eleva-
tion) [49]. Slope coefficients from the final model equations quantified the magnitude
of the changes. ANCOVA describes the addition of a covariate or dummy/binary varia-
ble into the regression model.

Monthly monitoring well water elevations for the growing season (May through
September) were used for multiple regression analyses. The growing season months
were chosen to limit complexity due to snowpack infiltration rates and because most
groundwater use occurs during the growing season.

To achieve parsimony in the model, we restricted the model to the three variables
which provided the best results: the SP124, the dummy variable for the potential step
increase in precipitation and the dummy variable for the potential increased impact of

groundwater pumping. The SP124 was used in the models as a proxy for actual precipi-
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tation and the step increase covariate was used at locations where it was determined
with previous tests that a precipitation increase had occurred. Regression tests were
processed with PROC REG in SAS version 8.2.

3. Results and Discussion

3.1. Annual Precipitation Trends

Trends in annual precipitation were examined to determine if spatial differences existed
in the study region. The time period 1955-2008 was used for all precipitation data sets
(the five COOP climate stations, the interpolated data set at Wautoma, and the compo-
site central division records) because data from one of the COOP climate stations
(Montello) began in 1955.

Figure 2 shows the results of the spatial difference in the annual precipitation trends,
where circles represent no trend and triangles represent increased trends (significant
decreasing trends were not found). Three precipitation stations, Hancock, Montello,
and Wautoma, in the southern part of the study area show increased trends in annual
cumulative precipitation while stations in the northern part of the study area (Stevens
Point, Waupaca, Wisconsin Rapids) and the composite division data show no trend
(Table 4).

Precipitation varies from year to year and affects groundwater levels and hydrologic
flow paths especially if annual totals have been above or below average for long periods
[12] [40]. Long term declines in precipitation would help to explain decreases in surface
and groundwater levels, but increased precipitation though time may hide the impacts
of pumping.

3.2. Step Increase in Precipitation

At locations where precipitation was significantly increasing, a step increase was sus-
pected. The Mann-Whitney test was used to determine whether a step increase in pre-

cipitation occurred between 1970 and 1971 at six climate stations and for the region.

Table 4. P-values from the Kendall’s tau trends test and regression equations for annual precipi-
tation at the six precipitation stations and for the composite central division data for 1955-2008.
P-value < 0.05 indicate a significant trend and + indicates that the direction of the trend is posi-

tive.
location Regression Equation p-value
Hancock Y =2.85x — 4847.2 0.025* (+)
Stevens Point Y =1.10x — 1382.0 0.391
Waupaca Y =0.55x - 272.0 0.876
Wautoma Y =2.13x — 3420.1 0.042% (+)
Wisconsin Rapids Y =-0.003 + 808.0 0.970
Composite Division 5 Y =1.71x-2572.1 0.109

* indicates significant p-value < 0.05. + indicates the direction of the trend.
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Records from 1933-2008 were used when the data was available. This period of record
contained an equal number of observations on either side of the 1970-1971 break (n =
38) and included current precipitation records.

Three climate stations (Hancock, Montello and Wautoma) and the regional precipi-
tation data set showed a significant increase in median annual precipitation between
1970 and 1971 (Table 5). These three climate stations are located in the southern por-
tion of the study area. The increase in median annual precipitation in the south during
the past 38 years may have helped disguise the increased groundwater pumping. For
this reason, regression equations for monitoring wells in the south at Hancock and
Wautoma required a dummy variable for the change in precipitation while the moni-
toring well at Plover (in the north) did not. The dummy variable became active between
1972 and 1973 presumably to account for the groundwater lag which was found after

running several regression models.

3.3. Bivariate Analysis

3.3.1. Control Monitoring Wells

The bivariate test detects the year, magnitude and direction of a systematic change in
the mean between a test series and a second correlated stationary series. Control loca-
tions at Amherst Junction and Wautoma were considered the second correlated statio-
nary series and the test series because both control locations were thought to be influ-
enced by the covariate that represented the step increase in precipitation and the
pumping covariate. For this reason, the bivariate test was initially used to identify a pe-
riod of stationarity between the control monitoring wells.

The control monitoring well at Wautoma was thought to the least influenced by
anthropogenic processes (i.e., pumping) due to the low density of irrigation wells. The
bivariate test was calculated using Wautoma as the test series and Amherst Junction as
the second stationary series for 1958-2008. Amherst Junction, a control well not greatly
influenced by pumping, is located in the northern part of the study area where no step
increase in precipitation occurred between 1970 and 1971.

Table 5. Results for changes in the median cumulative annual precipitation using the Mann-
Whitney test for before and after 1970. P-value < 0.05 indicates a step increase in precipitation.

Location of COOP __ . Median X . X Median P-Value for
Climate Stations Time PerlodValue (mm) Time Period Median Value (mm) Difference (mm) Difference >0

Hancock 1933-1970 735.84 1971-2008 837.18 101.3 0.018*
Montello 1955-1970 707.64 1971-2008 892.56 184.9 0.013*
Stevens Point 1933-1970 774.45 1971-2008 818.39 43.9 0.486
Waupaca 1933-1970 778.26 1971-2008 835.91 57.7 0.066
Wautoma 1933-1970 734.82 1971-2008 848.36 113.5 0.007*
Wisconsin Rapids 1933-1970 761.75 1971-2008 835.66 73.9 0.379
Division 5 1933-1970 764.29 1971-2008 850.65 86.4 0.041*

* indicates significant p-values < 0.05.
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In Figure 3(a), a single discontinuity in the mean at Wautoma occurred in 1973, the
year after the peak in the graph (1972). The dashed horizontal line in Figure 3 represents
the 95% critical value. The peak, T,, represents the maximum value of the difference
(T;) between the Wautoma and Ambherst Junction data series. T, occurs the year before
the change in mean [39], therefore non-stationarity was interpreted to occur after T,
(after 1973).

Non-stationarity that occurred in 1973 at the Wautoma monitoring well indicated
that the increase in precipitation contributed to an increase in groundwater levels. The
change in stationarity at Wautoma with respect to Ambherst Junction occurs about the
same time as a suspected step increase in precipitation for the area. Similar results were
found by Lettenmaier et al (1994) [25] when they used the bivariate test to determine

that increases in stream base flow could be connected to increases in precipitation.

30 - T,in 1972 — — = Critical Value
25 -
20

— 15

10

1958 1968 1978 1988 1998 2008
(a)

25 -
20
— 15 -
10 -

5 K

0 T T T T T
1972 1977 1982 1987 1992 1997 2002 2007
(®)

v T e

Figure 3. Graphs (a) (Top) and (b) (Bottom) of bivariate results for a change in mean at Wauto-
ma monitoring well using Ambherst junction as the stationary data set for two different time pe-
riods: 1958-2008 and 1972-2008. The dashed line represents the 95% critical value, Ti is the dif-
ference in the two data series being tested, and the vertical line is the peak year (T,) which oc-
curred one year before the change in mean. This discontinuity in mean is associated with the step
increase in precipitation between 1970 and 1971. Statistics (Ti) below this line indicate no change
in mean, establishing a stationary period between 1972-2008.
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A stationary period from 1972-2008 was established at Wautoma, which included the
peak (1972), but excluded the years prior (1958-1971). Figure 3(b) illustrates that with
the years prior to 1972 excluded, T; does not reach the critical value, which suggests a
change in mean did not occur at Wautoma for the new time period (1972-2008). The
results for the new stationary period implied that the only change to the monitoring
well at Wautoma had to do with the step increase in precipitation which occurred
around 1970.

To find a stationary period at the Amherst Junction control well, Amherst Junction
was used as the test series and Wautoma was the second correlated stationary series. In
the Wautoma record it was found that non-stationarity was associated with the step in-
crease in precipitation. Amherst Junction is located in the northern part of the study
area where there was a small or no step increase in precipitation (Waupaca p-value =
0.066 in Table 5). Therefore, the entire Wautoma record (1958-2008) was used to es-
tablish a stationary period at Amherst Junction.

Two shifts in mean occurred in the Ambherst Junction record. Although the bivariate
test was designed to detect a single change in mean, it can be sensitive to multiple
changes with the largest shift identified as the primary break and the smaller shift iden-
tified as the secondary break [48]. The first change in mean occurred in 2000 after the
peak in 1999. The bivariate test was reevaluated without 2000-2008 and identified
another change in mean which occurred during in the early 1960’s. Three peaks were
found in the years 1961, 1962, and 1965. Multiple peaks meant that from 1962-1966,
there were multiple adjustments and responses occurring at the monitoring well. To
identify the longest possible stationary period at Amherst Junction, data prior to the
first change in mean (1962) were left out. When 1958-1961 were excluded from the bi-
variate calculation, a stationary period from 1962-1999 was established.

Using the bivariate test, two stationary periods were found in the records of the con-
trol monitoring wells. At Wautoma the stationary period was from 1972-2008 and at
Amberst Junction it was from 1962-1999. The stationary periods at the control wells
were important to establish because they were used to detect a change in mean at the
test monitoring wells. Non-stationarity at the test monitoring wells indicated the year
when a threshold was reached where groundwater pumping was suspected to have a

measureable impact on groundwater levels.

3.3.2. Test Monitoring Wells

To find the threshold year for the potential pumping covariate at test monitoring wells,
bivariate analysis was calculated using the control monitoring wells as the stationary
data set. The bivariate analysis determined the year, magnitude and direction of
non-stationary periods which may have been caused by pumping. Control wells closest
in distance to test wells were compared due to similar precipitation patterns.

The Wautoma control well was used to find the implied pumping covariate threshold
at Hancock, because both were influenced by the step increase in precipitation and be-
cause of proximity. Wautoma’s stationary period (1972-2008) did not include the time
period before 1970. After 1971, the step increase in precipitation had already occurred.
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Therefore, the effect of precipitation did not influence the determination of the pump-
ing threshold year at Hancock.

The outcome of the bivariate test at Hancock indicated that although 1994 was the
peak year, the results plateau from 1994-1998. Potter (1981) [39] mentions that while a
plateau does not create a clear estimate of the exact year of change, it demonstrates that
the bivariate test is sensitive to any change taking place. The plateau may coincide with
a ramp up of groundwater pumping between 1994 and 1998. The last peak in the pla-
teau (1998) was selected as T, which resulted in a non-stationarity, or a second statio-
nary period after 1999. Multiple regression models corroborated 1999 as the possible
pumping threshold year. The bivariate analysis results for Hancock indicate that an in-
crease in the magnitude of groundwater pumping during the mid to late 1990’s may
have caused declines in groundwater levels.

The Plover test well was initially compared to the Amherst Junction control well
(1962-1999) because Ambherst Junction was the closest control location. The bivariate
results for the comparison show two peaks in the Plover record between 1962 and 1999.
The first peak, in 1973, signified non-stationarity at Plover starting in 1974. A second,
higher peak occurred in 1986 indicating an additional non-stationary period starting in
1987. In a previous study, using double mass curves, Clancy et al (2009) [14] deter-
mined that groundwater declines became noticeable in the Little Plover River around
1973. The first peak was similar to results from Clancy et al (2009) [14]. Therefore,
1973 was chosen as the first potential pumping threshold year instead of 1986, even
though 1986 represented a slightly higher peak.

The multiple peaks indicated a possible second non-stationary period, so the Plover
test well was compared with the Wautoma control well. The second comparison to the
Wautoma control well was used to determine whether additional declines in ground-
water levels occurred later in the record. The Wautoma stationary period (1972-2008)
started close to the first identified threshold year at Plover (1973). Therefore, the earlier
non-stationary peak found when Plover was compared to Ambherst Junction did not in-
fluence the comparison of Plover to Wautoma.

The bivariate test using Wautoma as the correlated stationary series identified an ad-
ditional non-stationarity period at Plover between 1972 and 2008. The year 1999 was
identified as the second possible pumping threshold because it represented the end of

the plateau period or a period of continuous change.

3.4. Multiple Regression with ANCOVA

Multiple regression equations were developed for the three monitoring wells. Regression
models used the growing season (May-September) water elevations from 1960-2008.
Variables used in the equations included the 24-month Standard Precipitation Index
(SP124), and the dummy variables for the step increase in precipitation (STP) and
groundwater pumping (P1 and P2). Equations for each monitoring well are:
Hancock = 0.35-SPI24 + 0.48-STP + —0.97-P1 + 325.74 R?=0.77 Equation (1)
Plover = 0.33-SP124 + —0.39-P1 + —0.89-P2 + 330.49 R?=0.69 Equation (2)
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Wautoma = 0.20-SP124 + 0.36-STP + 264.78 R?=0.63 Equation (3)
Ambherst Junction = 0.42-SP124 + 1.40-STPC-0.92-PC1 + 338.73R? = 0.57 Equation
4)

Monitoring well locations are water elevations (m), SPI24 is the standard precipita-
tion index for 24 months, STP is the dummy variable for the step increase in precipita-
tion (m), P1 is the first dummy variable for pumping (m), and P2 is a second dummy
variable for pumping (m). All regression models were significant with p-values < 0.05.

To better illustrate monitoring well responses to the SP124, STP, P1 and P2, the Mul-
tiple Regression and ANCOVA section is broken down into subsections based on each

monitoring well.

3.4.1. Case Study 1: Hancock Monitoring Well
At the Hancock monitoring well the increase in groundwater levels potentially due to
the STP after 1973 was 0.48 m. When the difference between observed and predicted
groundwater levels was observed in 1999, P1 was added to the model and the calculated
decline was 0.97 m (Equation (1)).

Figure 4(a) shows the predicted and observed groundwater levels at Hancock for the
growing season. The predicted water elevations include the STP dummy variable but no

pumping variable. The vertical lines represent dates the STP variable was activated and

329 —e—Hancock Observed

1972, 1973 ——Hancock Predicted
1998, 1999

328

327

326

325

Hancock Water Elevations (m)

324 - T T T T T T T T T T T T
1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008

()

329

Hancock Water Elevations (m)

324 4 T T T T T T T T T T T T
1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008
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Figure 4. Graphs (a) (Top) and (b) (Bottom) of observed and predicted multiple regression re-
sults at the Hancock monitoring well for the growing season (May-September) 1960-2008. Graph
(a) includes the STPC after 1972 and graph (b) includes PC1 which began to affect monitoring
well levels in 1999.
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represents irrigation pumping impacts in the record. Figure 4(b) includes P1 and
shows the predicted results of Equation (1). The P1 variable modified the suggested
precipitation response to give a more accurate prediction of the observed monitoring
well water levels.

We consider the withdrawal of groundwater to be the main reason for declines at the
Hancock monitoring well during the end of the record because annual and seasonal
precipitation totals were higher than during the previous time periods. Although
pumping was developed before 1999, the STP may have reduced the measureable im-
pact pumping had on groundwater levels. Due to lack of pumping records and because
increases in precipitation may be masking pumping at Hancock, it is difficult to calcu-

late the full effect of pumping on this location.

3.4.2. Case Study 2: Plover Monitoring Well

We assumed that the Plover monitoring well was not influenced by the increase in pre-
cipitation that occurred at Hancock in the early 1970s because it is located in the
northern part of the study region. As there was no real increase in precipitation and a
steady increase in irrigated agriculture, pumping was thought to influence groundwater
levels at an earlier date.

Before 1974, precipitation was thought to be the dominant influence of water levels
in the Plover monitoring well, although pumping developed in the area prior to the
1970’s. As shown in Figure 5(a), the first response in the Plover regression model,
which may have been associated with pumping (P1), occurred after 1974 and resulted
in a water level decline of 0.39 meters. Around 1998 the model was no longer able to
predict water levels. The additional groundwater decline (P2) after 1998 was 0.89 m
(Equation (2)) and is shown in Figure 5(b). The net decline at the Plover monitoring
well for both periods was 1.28 m. At Hancock the decline was only slightly lower (0.97
m) and both wells seemed to respond to a possible increase in pumping at around the
same time (1999).

3.4.3. Case Study 3: Wautoma Monitoring Well

The regression model for the monitoring well at Wautoma included only the SPI24 and
the STP. The well is located in the southern part of the study region where the increase
in precipitation occurred and it is in an area with very little irrigated agriculture sug-
gesting little pumping influence.

Simplifying the Wautoma regression model by using only SP124, the model adjusted
its predicted values to the time period after 1972. Figure 6(a) shows that predicted wa-
ter elevations before 1972 were lower. When the STP was included the predicted water
elevations adjusted downward before 1972 (Figure 6(b)). The STP added 0.36 m to the
modeled monitoring well water levels (Equation (3)). This was similar to the modeled
response from the step increase in precipitation at Hancock (STP = 0.48 m).

The Wautoma monitoring well water elevations show little fluctuation and the re-
gression model predicts more sharp peaks and troughs than what actually existed in the

data. This lack of response to seasonal fluctuations throughout the record may be due
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Figure 5. Graphs (a) (Top) and (b) (Bottom) of observed and predicted multiple regression re-
sults at the Plover monitoring well for the growing season (May-September) 1960-2008. Graph
(a) includes PC1 which occurred after 1973 and graph (b) includes PC2 added after 1998.

to Wautoma’s position in the groundwater flow system which is lower than the two
other monitoring wells. Additionally, the Wautoma well does not respond quickly to
precipitation events. This is illustrated with the low modeled SPI124 slope coefficient of
0.20 (Equation (3)). The rate of change is lowest among the three monitoring well equ-
ations. The slow response might explain the model’s attempt to include nonexistent

peaks and troughs.

3.4.4. Case Study 4: Amherst Junction Monitoring Well

The Ambherst Junction monitoring well responded to two shifts in the record between
1960 and 2008. At the end of the record, after 1999, water elevations in the monitoring
well declined by 0.92 m (Equation (4)). This was similar to declines found during the
same time period at Plover (0.89 m) and Hancock (0.97 m). Although Ambherst Junc-
tion is thought to be influenced by groundwater pumping, the monitoring well is lo-
cated in an area with fewer high capacity wells and therefore the influence from pump-
ing was thought not to be as great. Pumping may have contributed to the decrease in
water levels, but the magnitude of the response might have been caused by less precipi-
tation. The reference to this precipitation shift is lower summer precipitation totals

which occurred at the Waupaca climate station from 2000-2008.
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Figure 6. Graphs A (Top) and B (Bottom) of observed and predicted multiple regression results
at the Wautoma monitoring well for the growing season (May-September) 1960-2008. Graph (a)
shows the response to the SPI124 before the STP was added. Graph (b) includes the STP added af-
ter 1972.

At the beginning of the record there was a positive shift in the Amherst Junction wa-
ter elevations that did not correlate with the step increase in precipitation which oc-
curred after 1972. The increase in water elevations after 1962 was 1.40 m. In Equation
(4), this variable is referred to as STPC, but it does not correspond to the same time pe-
riod used for the STPC at either Hancock or Wautoma.

A possible explanation for the shifts in the Amherst Junction monitoring well water
levels before 1962 and after 1999 could partially be due to the well’s location. The Am-
herst Junction well is located on the shores of Lake Emily in western Portage County.
During three different occasions in the well’s record values were measured above the
land surface. The location of the monitoring well could also explain the large fluctua-
tions in water elevations through the record and during the growing season.

Figure 7(a) illustrates the predicted regression results from the SPI24 for Amherst

Junction water elevations. The regression model in Figure 7(a), which only includes
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Figure 7. Graphs (a) (Top), (b) (Middle) and (c) (Bottom) of observed and predicted multiple

regression results at the Amherst Junction monitoring well for the growing season (May-Sep-

tember) 1960-2008. Graph (a) shows just the SPI24, graph (b) includes the water level decline
that occurred after 1999 and graph (c) contains the increased water levels after 1962.

the SPI24 precipitation variable, clearly shows the breaks in the record before 1962 and
after 1998. Figure 7(b) and Figure 7(c) include the addition of the two other variables
(STPC and PC1). The predicted values from the model are improved, although it seems
as though the variations in Amherst Junction’s record are too large for the model to

accurately explain.

3.5. Multiple Regression Summary

The difference between predicted regression values and observed water elevations were
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thought to result from pumping or changes in precipitation patterns. An earlier mod-
eled pumping signature at Hancock may have been masked by the step increase in pre-
cipitation. Predicted regression values at Plover may show an earlier pumping signature
because there was no increase in precipitation. The cumulative effect of the step in-
crease at Hancock was thought to be similar to that found at Wautoma, even though
Wautoma showed little fluctuation in groundwater levels. Table 6 quantifies changes in

groundwater levels at each monitoring well.

4. Conclusions

Surface and groundwater levels have declined in some regions of the study area possibly
due to groundwater withdrawals. Groundwater levels have also increased in other re-
gions due to a suggested step increase in precipitation. Annual and seasonal trends re-
vealed that precipitation increases occurred in the southern part of the study area and
were generally associated with summer rainfall. In the northern part of the study re-
gion, no significant trend in precipitation was detected so a spatial difference between
the northern and southern part of the study area had to be taken into account when
examining the potential pumping/precipitation interaction. The Mann-Whitney test
confirmed trend tests and identified those locations where a step increase in precipita-
tion occurred between 1970 and 1971.

In order to extract the influence of precipitation changes to suspected pumping on
groundwater well levels, binary covariate variables were required in multiple regression
equations. These variables represented the potential impacts of pumping and precipita-
tion and revealed declines in groundwater levels. An increase in precipitation added an
average of 0.42 m to groundwater levels at Hancock and Wautoma. At Hancock, the
increase in groundwater levels was thought to mask the effects of pumping earlier in
the record, making the quantification of groundwater declines before 1999 difficult.
The net decline in groundwater levels at the Plover monitoring well was 1.28 m.

The conclusions confirm the hypothesis for this study. Increases in precipitation
have changed monitoring well levels by increasing groundwater levels in some regions
of the study area. Groundwater levels have declined in other regions of the study area

despite increases in precipitation. The use of multiple statistical approaches and the

Table 6. Results from multiple regression models which quantify increases and declines in mon-
itoring well water elevations (m) possibly due to pumping or the step increase in precipitation.
Dates represent when the dummy variables were added to the regression model.

Location STP Modeled increase P1 Modeled decline P2 Modeled decline Net Decline (1960-2008)

Hancock 0.48 (1973) 0.97 (1999) NA 0.97
Plover NA 0.39 (1974) 0.89 (1998) 1.28
Wautoma 0.36 (1973) NA NA NA
Ambherst Junction 1.40 (1962) 0.92 (1999) NA 0.92

STP: Dummy variable for the step increase in precipitation. P1: Dummy variable for the first pumping signature. P2:
Dummy variable for the second pumping signature.
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corroboration with recent studies by Clancy et al (2009) [14] and Kraft and Mechenich

(2010) [24] give a strong inference that there is limit to the sustainability of surface and

groundwater systems.
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