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Abstract: In water-stressed river basins with growing urban populations, conflicts over water re-
sources have emerged between urban and agricultural interests, as managerial interventions occur
with little warning and tend to favor urban over agricultural water uses. This research documents
changes in water use along an urban-to-agricultural gradient to examine whether it is possible to
leverage temporal fluctuations in key quantitative data indicators to detect periods in which we
could expect substantive managerial interventions in water resource management. We employ the
change point model (CPM) framework to locate shifts in water use, climate-related indicators, lake
and river characteristics, and agricultural trends across urban and agricultural counties in the lower
Colorado River basin of Texas. Three distinctive groupings of change points appear. Increasing water
use by urban counties and a shift in local climate conditions characterize the first period. Declines
in agricultural counties’ water use and crop production define the second. Drops in lake levels,
lower river discharge, and an extended drought mark the third. We interpret the results relative to
documented managerial intervention events and show that managerial interventions occur during
and after significant change points. We conclude that the CPM framework may be used to monitor
the optimal timing of managerial interventions and their effects to avoid negative outcomes.

Keywords: water use; water management; water conflict; urban; agriculture; change point model
(CPM); time series analysis

1. Introduction

Population growth, economic development, and a changing climate are increasing
competition for water resources across the world [1–3]. Competing interests vying for
dwindling water resources are testing the institutions, infrastructure, and policies that
govern water allocation. In many developed nations, traditional water resources allocation
systems—a number of which were created over a century ago—are ill-equipped to respond
to additional water demands and increases in water-related hazards, such as drought and
floods [2,3]. Many water allocation systems are gradually transferring water from uses of
low economic return to those that produce a high economic return. Much of these transfers
have moved water from agricultural uses to industrial and urban uses [4,5]. Reallocation of
agricultural water, however, is frequently contentious [6–8], and conflicts over access to
water resources have emerged, as allocation systems struggle to balance urban and agricul-
tural needs with environmental and economic needs. These trends are expected to extend
into the near future, especially in water-stressed regions [1]. Because of this, understanding
how physical and social feedback in water-stressed basins triggers managerial responses, as
well as the outcomes of these responses, is an important component in helping institutional
and management systems transition to more sustainable water governance [9].

Opening sustainable pathways to enhance water governance is particularly important
in water-stressed regions of the United States. Water scarcity is high across large swaths
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of the central, southern, and western United States [10–12]. In these areas, approximately
130 million people experience severe water scarcity during a portion of the year [12], as
demands on many U.S. river basins approach the amount of freshwater available. In
particular, consumptive water use in the Rio Grande and lower Colorado river basins
is one-half of the total renewable supply, and in the California, Great Basin, Missouri
Basin, and Texas Gulf regions, consumptive water use is between 20 and 40 percent of
the renewable supply [13]. These U.S. regions historically supported irrigated agricultural
crop production—and many still do. Yet, during times of scarcity, water allocation systems
in these regions have struggled to meet the demands of all users, and conflicts have
emerged, as growing urban areas compete with agricultural interests. Many of the conflicts
have surfaced because of rigid allocation systems that continue to operate under rules and
regulations created under a pro-water development ideology that began over a century ago.

Research has shown that an urban bias exists in issues of water development and
management, where municipal water interests prevail over other water interests [7,14–19].
Provisioning of water for growing urban areas often requires the expansion of the urban
hydraulic reach via securing or appropriating water from sources in rural areas. Water
management authorities tend to transfer water resources that were historically assigned to
agricultural uses to nearby cities [4,20,21]. Moreover, during times of acute water shortage,
allocation systems may curtail or cut off water previously assigned to agricultural uses in
favor of municipal and industrial uses [4].

Empirical evidence regarding the impacts of water shifts from agricultural uses to
urban uses is mixed and highly complex. The reallocation of agricultural water to other
uses directly dictates how much water agricultural communities receive and when, limiting
agricultural production and producing multiple effects that ripple across the agricultural
community with varying social and economic outcomes [6]. For example, water transfers
from agricultural areas affect not only agricultural interests but also the surrounding com-
munity and its collective social identity and economic development [22,23]. Yet, research
has also shown that regional economic growth may be enhanced through water reallocation
via water markets [24,25].

Furthermore, societal responses to water scarcity are dependent on both the envi-
ronmental and social landscapes present within a river basin, as well as the historical
transformation of the basin [26]. For example, weather-related events, such as drought,
coupled with changes in water demand and regional economic development goals affect
water supplies and influence water laws and policies. In turn, water laws and policies
established to allocate available water supplies across water interests guide the allocation
decision-making process. Decisions are often based on water availability data established
during earlier drought conditions. In other words, water allocation decisions are reactions
to previous environmental conditions. The decision-making process, however, is more
complex and dynamic. Decisions are made in response to feedback not only from the
physical environment (i.e., environmental perception of decision makers) but also from the
social landscape (i.e., socio-economic and technical data and input from competing interest
groups) [27]. The purpose of this research is to examine whether it is possible to leverage
temporal fluctuations in key quantitative data indicators (i.e., feedback from environmental
and social systems) to detect periods in which we could expect substantive managerial
interventions or, on the other hand, to reveal periods in which we could expect to observe
responses to substantive managerial interventions. We ask: (1) in what years do significant
changes occur in water use and access among urban and agricultural interests, and (2) how
do these changes align with documented managerial water resource decisions? We use the
change point model (CPM) framework to locate significant years of change across a host of
socio-ecological time series data sets. Over the past five years, researchers have applied
the CPM framework to monitor changes in environmental, geological, and public health
data [28–30].
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2. Materials and Methods
2.1. Site and Situation

The study area for this research is the lower portion of the Colorado River basin in
Texas (Figure 1). The lower Colorado River flows through the Texas Hill Country prior
to reaching the Balcones Escarpment. In this area of uplift, canyons carved by the river
provide the ideal geography for water development projects to protect urban areas from
perennial floods and to produce electricity for the surrounding area [31]. Just downstream
from the Balcones Escarpment region, the Colorado River enters Austin, the capital city of
Texas, and then winds its way southwest through the Blackland Prairies, where it widens
and encounters the Gulf Coastal Plain before discharging into Matagorda Bay and the
Gulf of Mexico. The lower Colorado River basin provides an ideal place in which to
explore changes in the relationship between urban and agricultural water interests for
several reasons.
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First, precipitation along the course of the Colorado River is highly variable. Precip-
itation totals near the river’s headwaters range around 10 to 15 inches per year (254 to
381 mm), whereas totals near the Gulf may be as much as 40 inches per year (1016 mm) [32].
The area is prone to cyclical droughts, with approximate decadal intervals related to El
Nino-Southern Oscillation (ENSO) events [33]. The climatological drought of record oc-
curred between 1950 and 1954. The area also encountered an extended drought that peaked
in 2011 [34]. During periods of drought, area lake and reservoir levels fall to historic lows,
which prohibits water authorities from meeting all water demands.

Second, the Colorado River does not pass through a major metropolitan region until
it reaches Austin and its wider conurbation (Figure 1), and after leaving Austin, the
Colorado River does not encounter any other major metropolitan areas before draining into
Matagorda Bay [35]. The river’s upper reaches include the urban-centric counties of Travis
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and Bastrop. Populations in these counties, among others in central Texas, have grown
rapidly since the 1990s. Austin’s population growth ranks among the highest in the United
States. Its population doubled from 1990 to 2010 [36].

Third, as the Colorado River approaches the Gulf of Mexico, its waters have supported
a large agricultural community. Texas consistently ranks fourth or fifth in U.S. rice produc-
tion per year [37]. Colorado, Wharton, and Matagorda counties produce the majority of
Texas’s rice crop. Rice cultivation in the region began in the late 1800s and continues to play
a prominent role in the culture, society, and economy of Texas’s south coastal region. Yet,
the number of rice farms in Texas is declining due to water availability, climatic factors, and
higher production costs. From 1992 to 2007, the Texas Gulf Coast rice production region lost
46 percent of its rice area [37]. Rice operations depend on surface water from the Colorado
River and water stored in the Highland Lakes.

Fourth, the basin has an extensive history of regional water resource management,
along with numerous river modifications and infrastructure developments and docu-
mented periods of cooperation and conflict among water interests [31,38,39]. The Lower
Colorado River Authority (LCRA), a quasi-governmental agency created by the Texas
Legislature, has developed and managed water supplies in the basin via projects related
to flood control, hydroelectric power, and irrigation operations since 1934. With financial
support of the federal government, policymakers modeled the LCRA after the Tennessee
Valley Authority (TVA). LCRA was instrumental in the development of water resources
in the basin. It oversaw the construction of multiple dams along the Colorado River from
the 1930s to 1960s [31]. Today, the LCRA serves as the primary authority regarding the
allocation of surface water resources collected and stored in the Highland Lakes. It owns
the rights to 2.1 million acre-feet of water per year. It also owns three irrigation districts in
southwest Texas and operates 11 major pumping plants and a 1770 km (1100-mile) network
of irrigation canals [40]. The LCRA distinguishes between two water types: (1) firm and
(2) interruptible water. Cities, industry, and power plants possess firm water contracts,
which guarantee water supply even during periods of drought. Agricultural interests enter
into interruptible water contracts on a yearly basis. The LCRA may be curtailed or cut off
interruptible water supply completely during times of drought.

Finally, there is also a growing interest in the ecological functions of the various
Gulf Coastal estuaries in Texas, including Matagorda Bay, among environmentalists and
recreationalists. This has generated an awareness of the importance of freshwater inflows
to sustain the health and wellbeing of bay ecosystems. Recent legislation has followed and
stipulated environmental flow standards be developed for each Texas river basin [35,41].
This adds another water use dimension to water resource management in a fully allocated
basin subject to acute, chronic periods of drought.

2.2. Data

We divided the six counties in the study area into urban counties and agricultural
counties using water use estimates gathered from the Texas Water Development Board
(TWDB). We classified counties with most of their total water use for agricultural purposes
as agricultural counties and counties with most of their total water use for municipal and
industrial purposes as urban counties.

Next, we operationalized a set of conceptual variables related to the primary factors
driving competition to access water resources [1–3]. We included data, acquired from
federal and state institutions, related to local climate trends, basin-wide water usage char-
acteristics, lake level information, agricultural production measurements, and population
and income characteristics (Table 1). We aggregated the data sets by year and county. We
discuss each data set below.
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Table 1. List of conceptual and operational variables. Operational variables were converted to
continuous annual time series described in Section 2.2.

Conceptual Variables Operational Variables Units

Climate-related indicators
Annual mean maximum temperature degrees Fahrenheit
Summer mean maximum temperature degrees Fahrenheit

Lake and river
characteristics

Lake Buchanan (annual mean sea level) feet (ft; 0.30 m)
Lake Buchanan (summer mean sea level) feet

Lake Travis (annual mean sea level) feet
Lake Travis (summer mean sea level) feet

Mean summer river discharge cubic feet per second (CFS; 0.028 m3 s−1))

Water usage Urban counties water use thousands of acre-feet per year (AFY;
1.23 × 106 m3 year−1)

information Surface water use thousands AFY
Groundwater use thousands AFY

Water use per capita thousands AFY
Water share proportion

Agricultural counties water use thousands of AFY
Surface water use thousands of AFY
Groundwater use thousands of AFY

Water use per capita thousands of AFY
Water share proportion

Agricultural characteristics Total field crops harvested thousands of acres (ac; 0.405 ha)
Rice harvested thousands of acres
Rice produced thousands of hundredweight (cwt; 4.54 × 104 kg)

Rice share of harvest proportion

2.2.1. Climate-Related Indicators

The central Texas region experiences recurring floods and acute, chronic droughts.
The region’s water supply (collected in the Highland Lakes) varies, depending primarily
on precipitation in the upper portions of the Colorado River watershed, which can range
from less than 15 to 30 inches per year (381 to 762 mm). While the region’s water demand
is expected to increase, its water supply is expected to decline under current climate
change scenarios [42]. Empirical evidence suggests that changes in climate influence
water use [43] and decisions related to water allocation and management [44–46]. In other
words, the amount of water available (i.e., water supply) and water demand guide water
usage and influence allocation decisions. Therefore, precipitation and temperature play
important roles in determining water supply, water demand, and water usage. In general,
precipitation determines water supply, whereas temperature dictates water demand. Both
relate to water usage. Under wet conditions and normal temperatures, water use generally
decreases, and under drought conditions and warmer temperatures, water use typically
increases [47]. Given the relationship between precipitation, temperature, water supply,
water demand, and water usage, we selected climate-related variables to ascertain the
extent to which they have influenced water use and access in the basin. Because rice is the
dominant crop in the agricultural counties in the study area, we collected climate-related
data to coincide with the rice-growing season. We gathered climate-related data from a
variety of sources, and from these data sets, we defined wet and dry periods and captured
summer temperature trends.

We acquired historical precipitation and temperature data reported from Camp Mabry
at station site USW00013958 in Austin, Texas, from the National Oceanic and Atmospheric
Administration’s (NOAA) National Climatic Data Center (NCDC). We chose Camp Mabry
because of its relatively long data collection and data coverage over its period of record
from 1938 to 2016. Using the temperature data set, we calculated mean maximum summer
temperatures (May, June, July, August) and mean summer temperature trends. Both
calculations provided a sense of changing climatic conditions experienced in the upper
portions of the lower Colorado River watershed.
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We used monthly precipitation totals to calculate a Standard Precipitation Index
(SPI) for the area to ascertain abnormally wet and dry periods within the region [48–50].
Developed in 1993, SPI is a tool designed to define and monitor drought over several
timescales using monthly precipitation data [48]. We used a 12-month timescale because
the longer period reflects stream flows, reservoir levels, and groundwater levels and
because the 12-month SPI is similar to the Palmer Severity Drought Index [51]. The index
is calculated by fitting long-term, monthly precipitation data to a cumulative probability
function with a range of 3 to −3 [52], where a drought event begins when the SPI is
continuously negative and reaches an intensity of −1.0 or less and ends when the SPI
becomes positive [51].

2.2.2. Lake and River Characteristics

Lakes Buchanan and Travis—the two largest lakes in the system—serve as water
storage for the basin. Today, annual water releases from Lake Buchanan feed the irrigation
districts in the lower reaches of the river, and water stored in Lake Travis supplies water
to the nearby residents of Austin and other central Texas urban populations. Lake levels
are an important indicator of the basin’s available water supply. As such, we gathered
historical lake level information from the LCRA and calculated mean summer averages for
both lakes Buchanan and Travis.

The timing and availability of water are critical to rice farmers in the valley. Rice
farmers plant crops in mid to late March, and by late April, they flood-irrigate their rice
fields. Flood irrigation is needed until a week to ten days before harvest, which usually
begins in late July. After the initial harvest, rice fields may be flood-irrigated again to
produce a second (or ratoon) crop. Thus, the rice-growing season dictates the timing of
water releases. Water must be available to rice farmers by late April or early May and
remain available until late August. In dry years, when river flows are low, rice farmers
depend on water releases from Lakes Buchanan and Travis in the Highland Lakes system.

We collected mean daily river discharge from the U.S. Geological Survey (USGS) for the
period of record (1916 to 2016) at station site 08161000, corresponding to the Colorado River
at Columbus, Texas. We selected this location for two reasons. First, it has a lengthy period
of record and sustained data coverage. Second, it is in Colorado County upriver from most
rice farms, and therefore, river flow at this location is less likely to be the result of return
flows from ongoing flood irrigation. We analyzed the river flow data using The Nature
Conservancy’s Indicators of Hydrologic Alteration (IHA), Version 7.1 [53]. Specifically, we
used IHA’s calculations of Environmental Flow Components (EFCs) as a proxy measure for
hydrological drought in the region. IHA calculates five EFCs: extreme low flows, low flows,
high-flow pulses, small floods, and large floods [54]. Research ecologists use the EFCs to
monitor flow regimes in rivers in an effort to assess river functions for the maintenance
of dependent ecosystems [55]. For the purposes of this research, we documented periods
of extreme low flow because of its potential impact on rice-farming operations. Extreme
low flows correspond to the 10th percentile of all low flows [56]. Thus, periods of extreme
low flow correspond to hydrological drought and limit water available for flood irrigation.
We also documented large floods to provide information on their frequency compared to
normal and extreme low flow periods. Large floods correspond to flows that were equal to
or greater than the 10-year flood [56].

2.2.3. Water Usage Information

We obtained water use information from the Texas Water Development Board (TWDB)
annual estimates of water use. The TWDB conducts an annual survey of groundwater
and surface water use by municipal and industrial entities within Texas. It also collects
groundwater and surface water use estimates for irrigation, livestock, and mining. The
TWDB issues municipal and industrial surveys annually. The TWBD surveys approximately
4500 public water systems and 2500 industrial water users. If selected, the Texas Water
Code requires water entities to complete and return the survey in 60 days. The TWDB
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uses the information gathered through their annual water survey to estimate the amount
of water used for municipal, manufacturing, and steam-electric power. It also estimates
water used for mining and in secondary processes for oil and gas recovery. The TWDB
compiles agricultural water uses from a variety of sources. The TWDB uses annual livestock
population estimates produced by the Texas Agricultural Statistics Service (TASS) and
estimated water use per animal unit based on research conducted by the Texas Agricultural
Experiment Station (TAES) to estimate water used for livestock estimates. The TWDB has
used two sources to estimate water used for agricultural irrigation. The TWDB calculated
estimates before 2001 using annual crop acreage from the Natural Resources Conservation
Service (NRCS) and estimates for 2001 and later using annual crop acreage from the Farm
Service Administration (FSA). We collected water use data for each year the estimates were
available, beginning in 1984 and ending in 2014.

2.2.4. Agricultural Characteristics

Agriculture production, particularly rice farming, plays an important role in the
economies of the lower basin counties. Water captured in the Highland Lakes system
feeds the irrigation districts, and many rice farmers depend on surface water releases to
flood-irrigate their first and second rice crops. Yet, continued urbanization has resulted
in less water for agricultural communities [20,57]. Because of the relationship between
water, agricultural production, and the lower counties’ economies, as well as increasing
urban pressure on agricultural water sources, we gathered data related to agricultural
production in Fayette, Colorado, Wharton, and Matagorda counties. We collected data
related to farming operations and harvested field crops. Since rice is the primary crop in
the agricultural counties and is a water-intensive crop, we primarily focused on rice. We
looked at rice acres harvested and the amount of rice produced. We also calculated the rice
share of the acres harvested in the counties from 1970 to 2015. We gathered all agricultural
information from agricultural censuses conducted by either the U.S. Census Bureau or the
U.S. Department of Agriculture’s (USDA) National Agricultural Statistical Service (NASS).

The U.S. Census Bureau collected agricultural data from 1840 to 1996. In 1997, the U.S.
Congress passed the responsibility for conducting the agricultural census to the USDA’s
NASS. The NASS conducts the agricultural census every 5 years. It also conducts surveys
each year on agricultural production, economics, demographics, and the environment to
provide annual estimates of important agricultural markers. We gathered data from both
surveys and censuses.

2.3. Analysis

From the data gathered, we developed annual time series data sets for each continuous
variable from 1970 to 2015. We analyzed the continuous time series variables using the change
point model (CPM) framework to identify significant change points [58,59]. Researchers have
used similar techniques to monitor environmental time series data [30,60–62]. Next, we used
the resultant change points to identify empirical “windows of change” in which indicators
suggested heightened competition for water resources between urban and agricultural
counties in the study area. Finally, we situated documented managerial interventions
(i.e., laws, policies, or restrictions) related to water resource management into the overall
timeframe, comparing the timing of interventions to the empirically detected windows of
change.

Change Point Detection
The CPM framework developed by Hawkins, et al. [63] and Hawkins and Zamba [64]

identifies points at which the process that underlies a time series pattern for a given
continuous random variable undergoes meaningful changes. These changes are detected as
shifts in the location or scale parameters of the continuous variable’s temporal distribution.
The CPM framework was derived from control charts created to monitor industrial and
operation processes for quality control via statistical process control (SPC). The goal of
SPC is to detect when a process or system has gone out of statistical control [58,64]. The
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objectives of SPC “may include providing a signal that the process is out of control, an
estimate of when it went out of control, and a diagnosis of the way in which it went out
of control—for example, whether the mean shifted, the variance jumped, or either of the
quantities started a slow drift” [64]. In industrial and operation settings, analysts use this
information to diagnose the cause of the change in an effort to bring the process back under
control.

Common methods for SPC have included the Shewart, the cumulative sum (cusum),
and the exponentially weighted moving average (EWMA) control charts [58,64]. Shewart
control charts detect shifts in mean and standard deviation. The cusum and EWMA control
charts detect shifts in mean [64]. These methods require that the in-control distribution
be known, including the mean and variance. The in-control distribution is determined
using a fixed-size sample during what is called Phase I analysis. Once the distribution
is known, the process may be monitored sequentially for changes during a subsequent
Phase II analysis [65]. Yet, the in-control mean and variance of a system’s process are
difficult to pinpoint accurately. As such, the CPM framework bypasses the need for Phase
I analysis and analyzes all process readings to detect the presence of a change point [63].
Their formulation detects a mean shift in a normally distributed random variable. The
CPM framework has been extended to include analysis of nonparametric data sets as well
(for example, see [58,65]).

The CPM may be conceived of as follows. Let us consider the continuous time series
of annual urban water use (X1, X2, . . . Xn) and assume water use over time follows a
single distribution (F0). The change point model looks for changes in the distribution of
the time series or, in this example, changes in urban water use (AFY) that deviate from
the initial distribution (F0). It does so by dividing the time series into two subseries (x1,
x×2, . . . x×k) and (x×k+1, x×k+2, . . . x×n), and implementing a two-sample test to determine
whether differences exist between the two subseries. If the differences occur in the statistical
properties of the two subseries, then a change point has been located. Thus, the subseries
before the change point has a distribution F0, and the subseries after the change point has a
distribution F1, where F0 does not equal F1. From this, two hypotheses emerge. The null
hypothesis for this example is defined as (following [58,64])

H0 : Xi ~ F0(x; θ0), i = 1, . . . , n (1)

where urban water use X at any given year i in the time series follows a single distribution
F0. This distribution F0 is a function of Xi and a set of unknown parameters θi. The
alternative hypothesis is defined as

H1 : Xi ∼
{

F0(x; θ0)
F1(x; θ1)

i = 1, 2, . . . , k
i = k + 1, k + 2, . . . , n

(2)

where urban water use Xi follows distribution F0 with parameter θ0 before change point k.
After change point k, urban water use Xi follows distribution F1 with parameter θ1.

This formulation has been extended by Ross [58] to include sequential monitoring
(Phase II analysis) and detection of multiple change points via both parametric and non-
parametric methods. We used the cpm package in R to look for change points in continuous
time series variables [58,59].

Because our time series data sets were not normally distributed, we tested the null
hypothesis using the Mann–Whitney U statistic. The cpm package calculates the Mann–
Whitney U statistic using the subseries before and after every time interval, evaluating
whether statistically significant differences occur between each before and after subseries.
If the test statistic is greater than what would be expected by chance, a change point is
detected. If a change point occurs, the cpm package returns two results: (1) a detection time
and (2) a change point. The detection time refers to “the observation at which a change
point was detected” [58]. The change point refers to “the maximum likelihood estimate
(MLE) of the change point τ, defined as the value of k for which Dk,n [Mann–Whitney U
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statistic] is maximum when n = T and T is the detection time” [58]. Thus, the MLE change
point denotes the best estimate of the change point location. To prevent returning a false
positive (i.e., detecting a false change point), we set a conservative 99.9 percent confidence
level (or ARL0 = 1000).

Based on the reactive nature of much public decision making, we expect to observe
water resource management actions taking place after change points (i.e., after decision
makers receive feedback from physical and social systems that action is needed) [27].

3. Results

Results of the CPM analysis of time series variables detected several annual change
points. The first change point occurred in 1974 and the last in 2007. The CPM returned
no change point for urban counties’ per capita water use. For the remaining variables, the
CPM analysis returned at least one change point. Multiple change points were detected in
two variables: (1) rice acres harvested (1982 and 1999) and (2) rice share of the total field
crops harvested (1974 and 1995).

For both climate-related variables, the results of the CPM analysis rejected the null
hypothesis. The critical value of U was exceeded and reached a maximum value in 1997,
indicating a shift occurred in the time series data sets for the mean annual maximum and
the mean maximum summer temperature (Figure 2A,B). Since 1997, temperatures in central
Texas increased.
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The null hypothesis was rejected for all lake and river characteristics tested. The
annual mean levels for lakes Buchanan and Travis exceeded critical values for U in 2005
(Figure 3A,C). The summer mean level for Lake Buchanan signaled in the same year
(Figure 3B). Yet, critical values of U for Lake Travis’s summer mean level (Figure 3D) and
for the mean summer river discharge (Figure 4) near Columbus, Texas, were exceeded two
years later in 2007. All significant shifts in the time series data sets detected by the CPM
indicated decreases in the lake levels and river discharge.
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Colorado River near Columbus, Texas, from 1970 to 2014, overlaid against IHA calculations for
periods of extreme low flow, large floods, and normal conditions.

Critical values of U were exceeded for several water usage variables, and the null
hypothesis was rejected. Urban counties’ water use (from groundwater and surface water
sources) signaled in 1994, indicating an increase in water usage (Figure 5A). Surface water
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use by urban counties also returned a change point in 1994, corresponding to increasing
usage (Figure 5B). Similarly, groundwater use in urban counties reached its maximum U
value in 1997 (Figure 5C). Per capita water usage in urban counties failed to reject the null
hypothesis; however, per capita consumption generally declined during the study period
(Figure 5D). Urban counties’ share of water signaled in 1996, marking the point where urban
counties began to increase their consumption of the basin’s water resources and the decline
of the agricultural counties’ water consumption (Figure 5E). Agricultural counties’ water
consumption declined during the study period. Water use, groundwater use, and water
use per capita reached maximum U values a couple of years later in 1999 (Figure 6A,C,D,
respectively), paralleling decreased water usage. Surface water use signaled two years later
in 2001 (Figure 6B).
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use measured in acre-feet (AF); and (E) proportion of total water used.

Change points occurred in the agricultural variables. Agricultural production in the
valley has ebbed and flowed but, in general, has declined since 1970. The critical value of U
was exceeded and reached a maximum value in 2002, signaling a downward shift in total
crop acres harvested (Figure 7A). Rice acres harvested signaled in 1982 and 1999, revealing
three successive periods of decline (Figure 7B). Similarly, the proportion of rice harvested
to other field crops harvested signaled in 1974 and 1995, showing three periods of decline
(Figure 7D). In 1996, the critical value of U was passed, and the amount of rice produced
declined after a stable period (Figure 7C).
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4. Discussion

Decision makers receive feedback on changing social and environmental conditions
and make managerial interventions based on that feedback [27]. The goal of this research
was to assess whether the CPM framework could be used as a method for detecting
when “policy windows” open—i.e., to identify empirical periods during which policy or
management actions are likely to be taken in response to meaningful shifts in social and
environmental data indicators.

During the study period, from 1970 to 2015, several local, regional, and state water
management proposals, decisions, and transactions shaped the distribution and allocation
of water resources in the lower Colorado River basin. Thus, to evaluate whether the change
points detected above represent bounds of policy change windows, this section discusses
the observed water management decisions/actions against our CPM findings.

First, we situate the results within the context of two well-documented droughts that
occurred during the study period. Next, we compare the results to several high-profile
managerial interventions that coincide with groupings of significant change points (Table 2)
to answer the second research question: how do change points align with documented
managerial interventions related to water resource management. These interventions are
drawn from: (1) state water legislation and planning; (2) regional water management
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strategies, proposals, and decisions; and (3) water rights purchases and water resource
contracts undertaken in the lower Colorado River basin.

Table 2. Groupings of change points used to compare coincidental documented managerial interven-
tions in water resource management.

Period of Change Time Series Variable Change Point (Year) Documented Managerial Event (Year)

Period 1 (1994 to 1997) Urban counties’ water use 1994 Senate Bill 1 (1997)
Urban counties’ surface water use 1994 House Bill 1437 (1999)

Rice share of harvest 1995 Water Rights Purchases (1998, 1999)
Urban counties’ water share 1996 Austin-LCRA Water Deal (1999)

Rice produced 1996
Annual mean maximum

temperature 1997

Summer mean maximum
temperature 1997

Urban counties’ groundwater use 1997

Period 2 (1999 to 2002) Agricultural counties’ water use 1999 Senate Bill 2 (2001)
Agricultural groundwater use 1999 Water Rights Purchase (2001)

Agricultural water use per capita 1999
Rice harvested 1999

Agricultural counties’ surface water
use 2001

Total field crops harvested 2002

Period 3 (2005 to 2007) Lake Buchanan (annual mean sea
level) 2005 Senate Bill 3 (2007)

Lake Buchanan (summer mean sea
level) 2005 Proposition 3 (2013)

Lake Travis (annual mean sea level) 2005 Austin-LCRA Water Deal (2007)
Lake Travis (summer mean sea

level) 2007 Water Curtailment (2011–2015)

Mean summer river discharge 2007 Water Management Plan (2015)

4.1. Droughts

Texas experiences both acute and chronic droughts. The drought of record occurred
in the 1950s, with subsequent droughts occurring at decadal intervals (Figure 2). Three
drought events had an impact on the study area during the period under examination. The
first occurred from 1995 to 1996, the second between 2005 and 2006, and the third from
2010 to 2015. These events align well with our CPM results. Specifically, the 1995 to 1996
drought resulted in significant agricultural losses across the state, and previous reports have
documented losses among the agricultural counties in the lower reaches of the Colorado
River basin [52,66]. Change points also reflect the impact of the drought on agricultural
production. Change points for the variables “rice share of harvest” and “rice produced”
in agricultural counties signaled in 1995 and 1996, respectively. Similarly, the drought
beginning in 2005 and the more prolonged drought (and one of Texas’s worst) beginning
in 2010 [34] are reflected in change points for lake characteristics (2005 and 2007) and
river discharge (2007). Both droughts depleted the Highland Lakes and inhibited stream
flow. While the 2007 indicators signal earlier than the 2010 drought’s official beginning,
sensitivity in the model is expected and is in line with similar studies [60]. Additionally,
the change points identified via the CPM framework are most likely conservative, given
our confidence level, and may correspond to the 2005 to 2006 drought. Taken together, the
change points occur near previously documented drought events and serve to confirm
the use of the CPM framework to detect shifts among the continuous time series variables
under analysis. Next, we turn to a discussion of coincidental managerial interventions that
occurred within the study period.
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4.2. Managerial Interventions

The first grouping of change points is punctuated by growing urban water use along
with increasing temperatures in the central Texas region. During this time, the state,
along with regional and local water interests, made several decisions and transactions that
affected the management of the water held in the Colorado River basin. First, in 1997, the
state shifted how it conducted and compiled its water management plan via the passage of
Senate Bill 1 (SB 1). The re-tooled statewide water planning effort committed to prioritizing
water conservation efforts to bolster the state’s water supplies [67]. Additionally, SB 1
established 16 water planning groups throughout the state to create a consensus-driven
approach to water management across the state by including local stakeholders in the
decision-making and planning processes [35]. Each water management group consists of
20 members. The members represent the full range of water interests and develop a 50-year
regional water plan every five years [68]. The Texas Water Development Board (TWDB)
synthesizes the groups’ plans into the state water plan. Second, the Texas legislature
passed House Bill 1437 in 1999 that allowed the LCRA to provide water to Williamson
County through an interbasin transfer. The LCRA also purchased water rights from
the Garwood Irrigation District, located in the lower reaches of the basin, in 1998. The
Garwood rights cost the LCRA approximately USD $75 million [69] and consisted of
133,000 AFY (1.64 × 108 m3 year−1). After this purchase, the LCRA and the City of Austin
entered into a long-term water supply agreement in 1999. The city agreed to pay the LCRA
USD $100 million to extend water delivery from lakes Buchanan and Travis to 2050. The
agreement raised the amount of firm water available to 325,000 AFY (4.01 × 108 m3 year−1).
The agreement said that the first 150,000 AF (1.85 × 108 m3) was free and set a water rate
of USD $105 per AF for the use of water over 150,000 AF to 201,000 AF (1.85 × 108 m3 to
2.48 × 108 m3). The agreement, however, specified that payment would not commence
until Austin’s annual average water use for two consecutive years exceeded 201,000 AF
(2.48 × 108 m3) [70]. The deal reserved a large amount of water for Austin and its future
demands, even in drought periods. Additionally, the City of Corpus Christi acquired the
rights to 35,000 AFY (4.31 × 107 m3 year−1) of Colorado River water through a purchase
and interbasin transfer. Finally, as previously mentioned, the 1995 to 1996 drought affected
agricultural productivity in the counties in the lower reaches of the basin.

The policy changes and managerial interventions described above coincide with, or oc-
cur shortly after, the first grouping of change points and indicate that significant changes to
the water-related variables under analysis were occurring across social and environmental
landscapes. In particular, the change points signaled shifts in urban water use and changes
in temperature. Significant changes in urban water use signaled in 1994 and 1996, and
temperatures in 1997. The direct basin-related managerial events and transactions occurred
on the heels of these changes, and the change points correspond to these urban-centric
interventions. This suggests that decision makers were responding to changes in urban
water use. The role increasing temperatures played in water-related decision-making
processes is less clear. Temperatures and precipitation have been shown to affect water use.
In particular, residential water use increases under drought conditions [71,72]. Urban water
use may be signaling due to significant changes in temperature; yet, population growth
in the urban counties most likely contributed to the increase as well. Finally, the change
points related to agricultural losses (i.e., decline in annual rice harvested in 1996) suggest
that the 1996 drought affected these counties with ramifications for agricultural water use
punctuated in the second period of change points.

The decline in water use by agricultural counties defines the second grouping of
change points (1999 to 2002). The amount of rice and total crops harvested also declined
significantly. During this period, a few major water-related policies and transactions were
undertaken. In 2001, the Texas Legislature passed Senate Bill 2. This piece of legislation
created groundwater management areas (GMAs) [73]. The creation of GMAs was an
important moment for water planning and conservation across the state. Its impact on
surface water use across the study area, however, is negligible (i.e., a change point was not
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observed in groundwater use), and the significant decline of agricultural water use during
period 2 did not influence the passage of SB 2. In 2001, the LCRA purchased the rights
to 55,000 AF (6.78 × 107 m3) in the lower portion of the basin. This purchase included
the last group of privately held senior water rights in the watershed and allowed the
LCRA to control the major irrigation districts in the Texas Rice Belt. Agricultural operations,
including rice farmers, began to contract with the LCRA to purchase interruptible water. It is
best to view the second group of change points as feedback from managerial interventions
and environmental processes that took place during the first period discussed above.
In this view, significant declines in agricultural water use and crops are a function of
earlier managerial interventions, which were responses to changes in earlier social and
environmental conditions. This interpretation suggests that the CPM framework returns
change points not only before managerial interventions but also after them. In this way, the
CPM framework could be used to monitor the effectiveness of prior interventions across
appropriate sets of time series data.

The final grouping of change points corresponds to declines in lake levels (2005 and
2007). The low lake levels were the result of the 2005 and 2010 droughts and severely
impacted water use in the basin. During this period, the state enacted and passed two
water-related policies, and the droughts triggered multiple managerial responses to extend
supplies during a time of extreme water scarcity. In 2007, the Texas Legislature passed a
major piece of water legislation. Senate Bill 3 called for the protection of environmental
flows in the state’s rivers and estuaries [35] and required groundwater districts to produce
groundwater management plans [67]. Additionally, in 2013, Texans voted in favor of Propo-
sition 6. Proposition 6 called for the state, using monies from its Economic Stabilization
Fund (ESF), to create the State Water Implementation Fund for Texas (SWIFT) and the State
Water Implementation Revenue Fund for Texas (SWIRFT). These funds finance priority
projects outlined in the state water plan. Within the basin, Austin and the LCRA brokered
an extension of their earlier water agreement in 2007. The two entities formed a formal
water partnership through 2100 [74]. Yet, these managerial events were less of a response to
the 2005 and 2010 droughts and more of a response to growing urban population demands.
The change points link more appropriately to water availability in the basin.

The drought worsened in 2011, and water levels in lakes Buchanan and Travis began
to decline. In 2012, the LCRA asked the Texas Commission on Environmental Quality
(TCEQ) to grant an emergency order that would change its water management plan.
Specifically, the order called for the cutoff of the interruptible water supply contracts
held mostly by agricultural interests. By 2013, water levels in lakes Buchanan and Travis
measured 43 percent of their combined storage capacity [75], and the LCRA was forced to
file additional emergency orders in 2013, 2014, and 2015. Each year, the TCEQ approved the
orders. In 2015, the LCRA updated its water management plan to provide more flexibility to
its curtailment and cut-off procedures. The new water management plan made significant
changes to the way in which the LCRA manages interruptible water contracts [76].

The managerial interventions implemented beginning in 2012 and the redrawn 2015
water management plan were a response to severe drought conditions that occurred in
central Texas from 2010 to 2015, which followed directly after the less severe 2005 drought.
The CPM signals changes in water levels (2005 and 2007) before the worst years of the
drought. These signals indicate that water availability in the basin, beginning with the
2005 drought, never fully recovered. This suggests that the CPM framework is sensitive to
extreme fluctuations. Authorities, however, delayed managerial interventions until lake
levels threatened urban water security.

5. Conclusions

The purpose of this research was to examine the extent to which significant changes in
social and environmental conditions in a highly urbanized watershed with historic and
competing agricultural water demands coincided with water-related managerial interven-
tions. More precisely, we used the CPM framework to identify time periods when feedback
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from social and environmental data indicators (i.e., change points) might serve as a signal
to decision makers that actions should be taken [27]. We grouped change points with
similar timeframes and found that these change points corresponded to “policy windows”
during which documented water-related managerial events took place. Stated another way,
key managerial decisions occurred during or just after significant periods of change. We
also found that the change points, in some cases, aligned more appropriately to future
managerial events. Because of this, our findings suggest that the CPM framework is useful
for shedding light on the nature of public decision making related to (water) resource
management. Namely, public decision makers appear to react to feedback that they receive
as observable changes in social and physical data indicators.

One implication is that monitoring indicators more prospectively—thus anticipating
when they are likely to undergo meaningful change—should be useful for resource planning
and policy designed to avoid negative outcomes (as opposed to experiencing and then
reacting to such outcomes). Indeed, an important goal of environmental managers is
to identify problems in socio-ecological systems and take actions that build the capacity
of those systems to adapt and thrive in changing conditions. Our study suggests that
the CPM framework might have a useful role to play in this planning process going
forward; however, it cannot nor should it be the only tool in the analytical toolbox. For one,
much publicly available time series data (including the indicators tested here) are annual
measures. Data series with higher temporal resolution should be used to observe how
the CPM framework responds to changes in data resolution. This would help gauge the
appropriate resolution with which to identify key change points across variables of interest
and discern when to act on changes. In addition, applications of the CPM framework
depend on observed data. Thus, future work might experiment with coupling CPM
and trend analyses in attempts to detect anticipated change points. Finally, qualitative
techniques, such as interviews with key water stakeholders, are needed to further examine
how managerial events and corresponding change points impact managerial interventions.
Still, despite these drawbacks, our results demonstrate that applying the CPM framework
to social and environmental indicators can help explain why (water) resource management
actions are taken when they are taken.
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