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Abstract: Existing methods to estimate stream health are often location-specific, and do not address
all of the components of stream health. In addition, there are very few guidelines to estimate
the health of a stream, although the literature and useful tools such as Indicators of Hydrologic
Alteration (IHA) are available. This paper describes an approach developed for estimating stream
health. The method involves the: (1) collection of flow data; (2) identification of hydrologic change;
(3) estimation of some hydrologic indicators for pre-alteration and post-alteration periods; and (4) the
use of those hydrologic indicators with the scoring framework of the Dundee Hydrologic Regime
Assessment Method (DHRAM). The approach estimates the stream health in aggregate including all
of the components, such as riparian vegetation, aquatic species, and benthic organisms. Using the
approach, stream health can be estimated at two different levels: (1) the existence or absence of a
stream health problem based on the concept of eco-deficit and eco-surplus using flow duration curves;
and (2) the estimation of overall stream health using the IHA–DHRAM method. The procedure is
demonstrated with a case example of the White Rock Creek watershed in Texas in the United States
(US). The approach has great potential to estimate stream health and prescribe flow-based goals for
the restoration of impaired streams.
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1. Introduction

Streams are an important resource for humans and natural systems alike [1]. A healthy river
will also supply the goods and services that are valued by people [2]; therefore, a healthy stream is
an ecosystem that is sustainable and resilient [3]. The concept of stream health has been used in the
literature, and a good review of definitions can be obtained from Vugteveen et al. [4]. Stream health is
viewed as a logical outgrowth of scientific principles, legal mandates, and changing societal values, and
the concept is approached differently by irrigators, water utilities, fishers, recreationists [5], ecologists,
hydrologists, and engineers. From an ecological perspective, a healthy stream is one that supports the
full complement of structure and functions that are possible in the absence of anthropogenic influences.
However, the level of ecological degradation that is acceptable depends on the how much people
value the stream, and the expectations that society has for the stream. Maintaining healthy streams can
challenge city, county, and state resource managers, given its multidisciplinary nature and differing
values. Increased human population, climate change, urbanization, and other land use changes add
to the stress to maintain stream health. Due to the increasing degradation of river systems, stream
health research has attracted more and more attention from researchers and decision-makers alike [6].
Stream health problems involve biological, physical, and chemical indicators, and therefore require

Hydrology 2018, 5, 20; doi:10.3390/hydrology5010020 www.mdpi.com/journal/hydrology

http://www.mdpi.com/journal/hydrology
http://www.mdpi.com
https://orcid.org/0000-0003-0508-658X
https://orcid.org/0000-0002-5323-1983
http://dx.doi.org/10.3390/hydrology5010020
http://www.mdpi.com/journal/hydrology


Hydrology 2018, 5, 20 2 of 20

a useful concept for directing integrated assessments of river conditions [4]. These have resulted in
some multidisciplinary indicator-based approaches and model-based approaches to address stream
health [1]. These approaches are broadly classified as top–down (first defining all of the elements and
their mutual relationships before defining the whole ecosystem) and bottom–up (emphasizing the
structural aspects of natural systems and focusing on identifying ecosystem health by accumulated
data on simple causal relationships) [4].

Indicator-based methods are the common approaches to stream health assessment, monitoring,
and maintenance [2]. Indicators are valuable because: (1) they are powerful tools to communicate
technical data in relatively simple terms that portray the interrelationships among the physical,
biological, and socioeconomic elements of the environment to help reveal evidence of the discernible
impacts of change; (2) they often provide important insights into the factors, processes, and structures
that promote or constrain adaptive capacity; and (3) the index-based approach is also valuable for
monitoring trends and exploring conceptual frameworks [7–9].

It is widely accepted that ecosystem health is multidimensional, involving physical, chemical,
and biological indicators. There are some well-established methods to analyze stream health that
are based on physical indicators [10], chemical indicators [10], biotic indicators [11], hydrological
indicators [12], and biological indicators [2,11,13]. Studies have used combinations of these indicators
(e.g., biological and cultural indicators [2]). Studies that use only hydrological indicators are often
location-specific, as well as based on social and ecological needs [14–18]. Each of these methods has
their advantages and disadvantages [1]. In an ideal world, stream health assessment could be based
on hydrologic indicators in concert with physical, chemical, biological, and socioeconomic indicators,
and the data on the various processes would be available with the same spatial resolution as the
drivers influencing those processes. Often, such detailed information is not available for most streams.
In such situations, the use the hydrological indicators alone to develop stream health assessments
may be justifiable by indirectly relating the indicators to physical, chemical, biological, and cultural
parameters. The assumption here is that the functioning of freshwater ecosystems, and in turn the
stream health, is closely related to its natural flow regime.

Guidelines for estimating stream health through hydrologic indicators that use the concept of
hydrologic alternation are not well explored. “Hydrologic alteration” refers to a noticeable and
significant change in streamflow attributes including magnitude, timing, frequency, duration, and the
rate of change of flow [19,20]. Hydrologic alteration/change is a major driver of biological degradation
in streams [21]. A stream is considered perturbed if it receives some anthropogenic impact directly
on it (e.g., water chemistry or channel shifts) or on surrounding areas (e.g., riparian or watershed
area denudation) to the extent of impairing the stream capability to hold biodiversity that would be
otherwise different if the stream was in pristine condition [11]. Some of the previous studies have
identified that hydrologic alteration is the primary cause of declining biological richness and index of
biological integrity (IBI) scores as basins become urbanized [22–28]. The hydrologic alteration can occur
in different ways, such as an increase or decrease in low flows, high flows, peaks, etc. The alteration of
peak flows affects benthos. Altered hydrologic conditions/flow regimes will bring more changes than
those that are expected naturally, which represents an invasion of native riparian species. Both the
abundance and diversity of macroinvertebrates decrease in response to changes in flow magnitude,
whether those changes are in total stream flow or only base flow [29].

In this study, the Indices of Hydrologic Alteration (IHA) developed by The Nature Conservancy in
the United States (US) [30], and the scoring framework of the Dundee Hydrologic Regime Assessment
Method (DHRAM) [31] are innovatively used to estimate stream health.

Previous applications of IHA were for: (a) hydrologic research assessing changes in hydrologic
conditions over time caused by man-made landscape alterations, water management changes, and
climate change (e.g., Pradhanang et al. [28], Baker et al., Benjamin & Van Kirk, and Brunke [32–34]);
(b) ecological research assessing the connections between present/past hydrological conditions and
the corresponding ecological responses specific to one or more ecological variables of interest (e.g.,
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Pradhanang et al. [28], Galat & Lipkin, Gergel et al., Koel and Sparks, Armstrong et al. [35–38]);
and (c) environmental flow recommendations to develop recommendations for the environmental
flow protection (e.g., Irwin and Freeman, Shiau and Tu, Stewardson and Gippel, Tharme [39–42].
Although IHA is used to assess individual ecological parameters (e.g., a reduction in specific aquatic
species in the stream) as a consequence of changing hydrological conditions in the stream, this is
probably the first attempt to use IHA to assess stream health as a whole, incorporating all ecologically
relevant indicators.

The novelty of this study is that it uses existing hydrological information to represent the other
components of stream health (e.g., indicators describing hydrologic alterations are used as proxy
variables to represent biological degradation). It should be noted that this study estimates stream
health in aggregate, as opposed to individual components of stream health such as the invasion of
riparian vegetation, the richness of aquatic species, the index of biological integrity (IBI), etc. However,
the results should be used with caution. An attempt is made in this study to use hydrological indicators
alone to analyze stream health using two different approaches: (1) using the concept of eco-deficit
versus eco-surplus using flow duration curves [19] to estimate the presence or absence of a stream
health problem, and (2) using multiple hydrologic indicators estimated by IHA to estimate the overall
health of a stream. The concept of the study is demonstrated through the estimation of stream health
for the White Rock Creek watershed in Texas, US.

2. Materials and Methods

2.1. The Approach to Estimate Stream Health Using Flow Data

The approach for assessing stream health using streamflow data follows a seven-step process.
Each step of the process is described separately in the following sections with adequate detail.

2.1.1. Step 1—Identification of Study Area

The study area can be either a single reach or multiple river reaches where anthropogenic activities,
existing water quality impairments, or the restoration priorities of the agency or state are expected to
alter the stream health. The human-made activities to consider while selecting the area include dam
construction, stream bank vegetation removal, pumping or other abstractions, effluent discharge, and
land cover and land-use changes (i.e., urbanization, etc.).

The estimation of stream health requires monitored flow data. When monitored flow data is used
for stream health estimation, the scope of analysis is limited to the reach (or reaches) for which the flow
data is applicable. On the other hand, if monitored flow data is not available, flow data that is estimated
using a modeling tool offers opportunities to estimate the potential risks of ecological impairment
for each reach in the study area. However, the results should be used with caveats, meaning that any
decisions based on such analyses are associated with large uncertainties, and they can be indicative
rather than conclusive.

2.1.2. Step 2—Creation of Streamflow Database

The flow data can be obtained directly from observations recorded at streamflow gauges (Figure 1),
or they can be estimated using a hydrologic simulation model. The United States Geological
Survey-National Water Information System (USGS-NWIS) is a major source of publicly available
streamflow monitoring data for the US (http://waterdata.usgs.gov/nwis), with site selection criteria
such as site name, site number, drainage area, the name of river or creek, etc.

In situations where observed flow data does not exist, flow data can be estimated from a variety
of available hydrologic simulation models. While selecting the most appropriate model to obtain flow
data, the user has the freedom to choose any model that is suitable for the needs of the study.

http://waterdata.usgs.gov/nwis
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2.1.3. Step 3—Identification of Hydrologic Alteration and Division of Flow Data

The hydrologic alteration can be identified by plotting cumulative runoff against cumulative
rainfall over time for the stream segment of interest. Any significant watershed disturbances (whether
anthropogenic or natural alterations), such as land cover change, can alter the relationship between
rainfall and runoff. However, there may be situations when the proportions of cumulative runoff are
unaffected, such as base flow and surface runoff. Under these circumstances, an analysis of specific
indicators targeted at low flow and high flow offers additional information. Identifying “hydrologic
alteration” involves the following steps:

1. Collect streamflow data,
2. Collect precipitation data corresponding to flow data,
3. Compute cumulative values for streamflow and precipitation data,
4. Plot cumulative flow (dependent variable) on the Y-axis against cumulative precipitation

(independent variable) on the X-axis,
5. Identify flow trends and draw slope lines onto a graph, and
6. The intersection of the slope lines indicates a significant change in the trend of cumulative runoff

with respect to precipitation and indicates the hydrologic change.

2.1.4. Step 4—Use of Appropriate Tools to Generate Indices of Hydrologic Alteration and Stream
Health Assessment

Software tools (e.g., IHA [43]) are available to generate flow-based indices of hydrologic alteration.
The IHA tool requires daily hydrologic data for the calculation of flow-based statistics. At least 20 years
of record is recommended for meaningful results for pre-impact and post-impact time periods using the
IHA method [44]. The IHA method calculates a total of 67 statistical parameters covering: (1) annual
summary statistics, (2) an IHA statistics summary scorecard, (3) linear regression, for identifying
trends in the data, (4) IHA percentile data, and (5) daily environmental flow component (EFC) flow
characterization. They include 33 IHA parameters and 34 EFC parameters. The 33 IHA parameters are
categorized into five groups (described in later sections of this paper), and the different characteristics
of each IHA group imply different ecological influences on streams or lakes. The IHA calculates 34 EFC
parameters in five different types: low flow, extreme low flows, high flow pulses, small floods, and
large floods. These five types of flow events cover the full spectrum of flow conditions that must be
maintained in order to sustain riverine integrity. By default, the category values for each type is >75%
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for high flows, <50% for low flows, <10% for extreme low flow, two-year return flow for small floods,
and 10-year return flow for large floods [30,45].

2.1.5. Step 5—Creation of a Flow Duration Curve (FDC) and Indices of Hydrologic Alteration (IHA)

This section describes the development of the flow duration curves (FDCs) and computing IHA.
The flow duration curve is described here, because the stream health estimation using the eco-deficit
and eco-surplus method uses it. A flow duration curve illustrates the percentage of the time, i.e., the
probability, that flow in a stream will equal or exceed a particular value. A basic flow duration curve
measures high flows to low flows. The X-axis represents the percentage of time (known as duration or
frequency of occurrence) that a particular flow value is equaled or exceeded. The Y-axis represents
the quantity of flow at a given time step, e.g., cubic feet per second (cfs), which is associated with the
duration. Flow duration intervals are expressed as a percentage of exceedance, with zero corresponding
to the highest stream discharge in the record (i.e., flood conditions), and 100 corresponding to the lowest
(i.e., drought conditions). Measured or modeled flow data are used to develop flow duration curves.

2.1.6. Step 6—Selection of Ecologically Relevant Hydrologic Indices

All of the 33 IHA parameters (Table 1) are used for estimating stream health in this study, because
these selected parameters are not very redundant, and their application is well defined in the scoring
framework (DHRAM) (discussed in the next section). However, a similar application procedure is not
available in DHRAM for the EFC parameters; therefore, they were not used in this study.

Table 1. List of Indicators of Hydrologic Alteration (IHA) Parameters Chosen for the Estimation of
Stream Health and their Importance.

Group Parameter Details Total Number
of Parameters Importance

1 Magnitude of monthly flow
Average flow for each month Jan–Dec 12 Habitat availability for aquatic organisms,

availability of water for terrestrial animals

2
Magnitude and duration of annual extremes
Minimum and maximum of 1, 3, 7, 30, and
90-day flow

12

Structuring of aquatic ecosystems by abiotic
vs. biotic factors, structuring of river
channel morphology and physical habitat
conditions, soil moisture stress in plants

3 Timing of annual extreme flow
Dates of daily maximum and minimum flow 2 Compatibility with life cycles of organisms

4

Frequency and duration of high and low flow
pulses
Number of low and high pulses in each year
Mean/median of low and high pulse durations

4 Frequency/duration of anaerobic stress for
plants, availability of floodplain habitats

5
Rate and frequency of change in flow
Rates of rise and fall and number of hydrologic
reversals

3 Drought stress on plants, entrapment on
islands and floodplains

DHRAM uses 33 hydrologic indicators. They are divided into five groups of equal
importance namely:

• Magnitude of monthly flows,
• Magnitude and duration of annual extreme flows,
• Timing of annual extreme flows,
• Frequency and duration of high and low flows, and
• Rate and frequency of change in flow conditions.

Each group of indicators has some ecological relevance that relates to stream health [29,44].
The groups of indicators are related to habitat availability for aquatic organisms, the structuring of
river channel morphology, the physical habitat conditions, compatibility with life cycles of organisms,
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the frequency and duration of anaerobic stress for plants, and entrapment on islands and floodplains,
respectively (Table 1). Therefore, by quantitatively analyzing the difference in the values of these
indicators during pre-alteration and post-alteration periods, we can judge the health of the stream.
It should be noted that means and coefficients of variation (CVs) are estimated for each parameter in
each group.

The IHA software generates annual indicators. Hence, the annual IHA indicators must be
averaged for the entire period of the record (for example, entire pre-alteration period or post-alteration
period) to ascertain differences between the pre-alteration and post-alterations.

2.1.7. Step 7—Estimation of Stream Health

Two different methods are explored for estimating stream health using a time series of mean daily
flow data: (1) the concept of eco-deficit versus eco-surplus using flow duration curves to estimate the
presence or absence of a stream health problem, and (2) the IHA-DHRAM framework to estimate the
overall health of a stream. Both of the methods are described with case examples.

Eco-Deficit and Eco-Surplus Method Using FDCs

The concept of the eco-deficit and eco-surplus method (which was originally developed for
regulating flows through dams in an ecologically sustainable way) offers a simplified graphical
representation of hydrologic impacts using FDCs. This is an excellent tool for interpreting the
hydrologic changes overall and for making a preliminary judgment on stream health. The user
can visualize the hydrologic changes and easily interpret the impacts of those hydrologic changes on
stream health. It should be noted that this metric alone is insufficient to adequately capture detailed
hydrologic changes, because the hydrologic variations occur in terms of magnitude, timing, duration,
frequency, and rate of change. In this approach, timing and seasonality can be addressed to some
extent, because the eco-deficit and eco-surplus can be computed over any period of interest (monthly,
annual, or seasonal) and reflect the overall changes in streamflow [46].

The identification of a hydrologic alteration in flow data and separation of that flow data into
pre-alteration and post-alteration periods are essential requirements for using this approach. FDCs
have to be then prepared for pre-alteration and post-alteration conditions. Using the probability of
exceedance or frequency of streamflow as a common index (X-axis), FDCs for both pre-alteration and
post-alteration conditions should be plotted together. The difference between the two FDCs should
be marked clearly and identified as either eco-deficit or eco-surplus. The eco-surplus or eco-deficit
obtained should be interpreted for stream health conditions using Table 2 as the reference. Table 2 is
developed as a part of this study.

Table 2. Estimating Stream Health by Interpreting Eco-Deficit and Eco-Surplus Information of Flow
Duration Curves (FDCs) (D-Deficit and S-Surplus).

Possible
Scenarios

High Flow Portion (Head) of FDC Low Flow Portion (Tail) of FDC
Stream Health Problems

Eco-Surplus Eco-Deficit Eco-Surplus Eco-Deficit

SS Small Small None or Minimal
SS Big Big Minimal to Moderate
SD Small Small Minimal
SD Big Big Moderate to High
DD Small Small Minimal
DD Big Big Moderate to High
DS Small Small None or Minimal
DS Big Big Moderate to High

IHA-DHRAM Approach

In order to estimate stream health and identify the extent of stream impairment, the DHRAM [31]
is used as a framework. The DHRAM scoring method is designed for use with ecologically relevant
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hydrologic indicators (as outlined by Black et al. in 2005) generated by IHA software. However, it
can also be used with similar hydrologic indicators generated by other software programs. DHRAM
connects hydrologic indicators to ecological impact through the concept of risk, with the assumption
that the risk to stream health increases in direct proportion to the total alteration to the hydrologic
regime (or flow magnitude and pattern). The result is a DHRAM classification between one (no impact
to stream health) and five (severe impact to stream health).

The IHA–DHRAM approach that we used to estimate stream health is presented in Figure 2.
An important preliminary step in this approach is the estimation of the percentage difference between
pre-alteration and post-alteration values. It is estimated as:

% difference in parameters =
(Post alteration value − Pre alteration value)

Pre alteration value
× 100 (1)
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The percentage difference is estimated separately for means and coefficients of variation (CVs),
and is summarized for each group. The percentage difference provides an estimate of the impact
points, which are eventually used to estimate stream health. Then, for each group, the impact points
are assigned with scores using Black et al. [31] based on known information on stream health for
watersheds of varying sizes and hydrologic patterns [31]. For any stream, there will be a maximum of
10 categories (five groups and two categories in each group) to assign impact points. Each category has
a maximum of three impact points. Therefore, the maximum possible total impact point is 30. Based
on the total impact point for all of the groups, the streams are categorized into one of the five possible
classes of stream health conditions [31]. The stream that is categorized into one of the five health
classes can be downgraded by one class if the anthropogenic changes alter sub-daily flow (if analyzed)
by 25% for the flow magnitude that has a 95% frequency of occurrence, or if the stream dries out as a
result of the changes (Table 3). Class five is the lowest classification that can be allocated.

Table 3. DHRAM Classes and Stream Health Impact Categories.

Class Range of Points Impact Category

1 0 Unimpacted condition
2 1–4 Low risk of impact
3 5–10 Moderate risk of impact
4 11–20 High risk of impact
5 21–30 Severely impacted condition

2.2. Study Region: White Rock Creek Watershed

The study region is the Upper White Rock Creek (UWRC) watershed located in north central
Texas, covering a portion of Collin County and Dallas County. The watershed has a drainage area of
65 square miles (169 km2), and is a part of the Trinity River Basin. White Rock Lake, which is located
at the outlet of the watershed, is excluded from the study area, as the study focuses on the relationship
between activities in the drainage area and its impact on stream health. The predominant soils are
the Houston Black soil and Austin soil (72%) that exhibit swelling and shrinking with the associated
variations of water that they contain.

The watershed is located north of the downtown Dallas metropolitan area, which is being affected
by the urbanization and construction of the Dallas suburbs of Richardson, Addison, Plano, and Frisco.
The watershed has a semi-humid subtropical climate. The average annual rainfall is 39 inches (994 mm).
Most of the rainfall occurs in winter and spring. In general, the watershed has hot, dry summers and
mild winters. On average, potential annual evaporation is much higher than the rainfall, resulting in
significant drawdown of surface water in the summer and dry months.

Research has found that hydrologic alteration becomes noticeable when the imperviousness hits
10% in the drainage area [22,47]. The imperviousness of the UWRC watershed increased from 41%
in 1980 to 91% in 2001, according to the land cover information surveyed by the US Environmental
Protection Agency (GIRAS map for 1980) and US Geological Survey (USGS) (National Land Cover
Dataset (NLCD2001) [48]). Urbanization in the watershed occurred from south to north as the Dallas
metropolitan expanded over time (Figure 3).

The urbanization in the middle of the watershed was more dramatic (from 2% to 92%) than the
other parts during this period. Therefore, the creek was anticipated to be more altered at this point
than at the watershed outlet. However, there were no monitored flow observations for this portion.
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Figure 3. History of urbanization in the White Rock Creek watershed (areas colored in red indicate
urbanization in the watershed; the yellow circle is the gauge located at Keller Springs Road
(United States Geological Survey, or USGS, Station No. 08057100), which corresponds to the outlet of
sub-basin 10 (ungauged); the aqua blue circle is the gauge located at Greenville Avenue (USGS Station
No. 08057200), which corresponds to the watershed outlet (gauged). (a) 1980: 41% urban; (b) 1990: 57%
urban; (c) 2001: 91% urban.

2.3. Data Used

Two US Geological Survey (USGS) gauging stations are located on Upper White Rock Creek to
monitor stream flows: one at Keller Springs Road (USGS Station No. 08057100), and the other at
Greenville Avenue, Dallas, Texas (USGS Station No. 08057200). The gauge at Greenville Avenue is the
monitoring point at the watershed outlet. For this gauge, mean daily flow data is available from 1961
to date. However, there was a discontinuity in flow monitoring between October 1980 and March 1984.
For the gauge near Keller Springs Road, flow data is available from 1961 to 1979. For estimating stream
health for this watershed, daily flow data (both simulated and observed) as per the details shown in
Table 4 were used with the IHA–DHRAM approach. White Rock Creek, with flow data for the period
1962–2008 at the watershed outlet, is referred to as the gauged stream. Similarly, White Rock Creek at
the outlet of sub-basin 10 using simulated flow data from the SWAT model (because of incomplete
observations) is referred to as the ungauged stream (Table 4).

Table 4. Model Setup for Stream Health Assessment.

Condition Case 1: Ungauged Stream Case 2: Gauged Stream

Period 1981–2005 1962–1979 1985–2008
Land-use map 1980 2001 N/A
Drainage area 73.2 km2 165.5 km2

Flow data SWAT USGS 08057200
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2.4. Watershed Model Setup

A watershed model setup with a reach outlet was made using the ArcSWAT2009 interface, and
flow values were generated at this point after a model calibration. A benefit of using a synthetic flow
data is that the stream responses using the same weather information (25 years between 1981 and 2005
in this case) are directly compared in the analysis for both the pre-alteration and post-alteration period.
Therefore, the impact of urbanization is more directly expressed in the output without the interference
of climate variability. More details on the SWAT modeling of White Rock Creek is found in Kannan
and Jeong [49].

3. Results and Discussion

3.1. Application of the Stream Health Estimation Approach for the Study Region

For the UWRC watershed, a significant hydrologic change was found in 1980 based on the
deviation of the trends in the plot of cumulative flow to cumulative precipitation (Figure 4). Therefore,
the period before 1980 was defined as the pre-alteration period, and the period after 1980 was defined
as the post-alteration period.Hydrology 2018, 5, x  11 of 21 
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Figure 4. Hydrologic alteration for White Rock Creek watershed (the thick grey line represents a trend
of cumulative runoff with respect to cumulative precipitation; the intersection of thin black lines (in
relation to the thick grey line) indicates significant change in the trend of cumulative runoff with respect
to precipitation). Period of data for precipitation and streamflow: 1962–2007. Flow data used for this
analysis is located at Greenville Avenue, Dallas, Texas (USGS Station No. 08057200).

We utilized a qualitative method for identifying the existence of a stream health problem based
on eco-deficit/eco-surplus methodology [19]. The general connotation when using this published
methodology is that eco-surplus is good (and deficit bad), although Poff and Zimmerman [29]
maintain that any change in the natural flow regime, whether higher (surplus) or lower (deficit),
can impair stream health depending on the magnitude, timing, duration, frequency, and rate of change.
The pre-alteration and post-alteration FDCs for White Rock Creek watershed (Figure 5) indicate that an
eco-surplus exists in addition to the already discussed stream health problem (minimum to moderate
in severity; Table 2), supporting Poff and Zimmerman’s [29] assertion.
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Figure 5. (a) Eco-surplus in a high-flow portion of the FDC for the White Rock Creek watershed
(eco-surplus is the net volume of water now available that is above the pre-development conditions).
(b) Eco-surplus in low-flow portion of the FDC for the White Rock Creek watershed (eco-surplus is the
net volume of water now available that is above the pre-development conditions).

3.2. Gauged Stream Using Observed Streamflow Data

The 33 IHA parameters calculated for the pre-alteration period (1962–1979) and the post-alteration
period (1984–2008) are shown in Table 5. The mean annual flow for the pre-alteration period
was 55.4 cubic feet per second (cfs); for the post-alteration period, the mean annual flow was
117.1 cfs. The maximum daily flows were 14,700 cfs and 10,300 cfs for the pre-alteration and
post-alteration periods, respectively. The annual CV was estimated at 5.75 (pre-alteration) and
3.82 (post-alteration). These statistics show that the increased urbanization influenced the flow volume
to increase significantly, but also resulted in less variation in the flow (Figure 6a).

An examination of the IHA parameters in Table 5 provides us with the following information on
the DHRAM point scores. At the watershed outlet, the mean monthly flows (IHA Group 1) and flow
extreme of various durations (IHA Group 2) have increased through the year, while the frequency and
duration of low pulses, and the frequency of high pulses (IHA Group 4), decreased. The increased
precipitation during post-alteration (monthly average precipitation from January–December are
58.5 mm, 74.7 mm, 88.8 mm, 83.5 mm, 140.7 mm, 110.1 mm, 61.5 mm, 53.0 mm, 67.3 mm, 121.9 mm,
81.8 mm, and 77.6 mm, respectively) than pre-alteration (monthly average precipitation from
January–December are 48.3 mm, 56.9 mm, 76.7 mm, 111.4 mm, 123.7 mm, 75.6 mm, 57.2 mm, 65.7 mm,
118.8 mm, 85.7 mm, 53.4 mm, and 50.1 mm, respectively) appears to be the reason for the increases in
the parameters in Groups 1 and 2, but the decline in Group 4 parameters with increased rainfall does
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not occur naturally. It is suggested that it may be the effects of flood control structures such as small
dams and ponds that retard stormwater before releasing it downstream.
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Figure 6. (a) Impact of urbanization on streamflow in the White Rock Creek watershed at the watershed
outlet; (b) Impact of urbanization on streamflow in the White Rock Creek watershed at sub-basin 10.

The DHRAM analysis (Table 6) shows that the stream health at the watershed outlet is in Class 3,
which indicates a moderate risk of impact. Maximum impact points were obtained for Group 1
indicators, which are related to the magnitude of monthly water conditions. Possible ecosystem
influences regarding the Group 1 include:

• Habitat availability for aquatic organisms
• Soil moisture availability for plants
• Availability of water for terrestrial animals
• Availability of food/cover for fur-bearing mammals
• Reliability of water supplies for terrestrial animals
• Access by predators to nesting sites
• Influences water temperature, oxygen levels, photosynthesis in the water column.
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Table 5. Calculated IHA Indices and Parametric Statics.

Watershed Outlet Sub-Basin 10

IHA Indices
Pre-Alteration Post-Alteration Absolute Change Pre-Alteration Post-Alteration Absolute Change

Mean CV * (%) Mean CV (%) Mean CV (%) Mean CV * (%) Mean CV (%) Mean CV (%)

January 17 66.3 45 55.2 160 17 0.7 87.4 0.1 97.8 87.3 11.9
February 28 76.9 54 48.1 94 37 0.6 79.8 0.2 109.8 58.4 37.4

March 29 82.3 57 54.9 97 33 0.7 83.6 0.2 119.0 69.9 42.3
April 24 61.6 51 67.1 116 9 0.5 82.8 0.3 213.8 35.9 158.0
May 35 80.2 47 57.6 37 28 0.6 95.5 0.5 115.7 20.4 21.2
June 15 73.3 44 85.5 188 17 0.5 92.2 0.3 146.2 32.9 58.5
July 8 106.4 20 103.1 171 3 0.2 41.9 0.1 189.0 77.4 351.4

August 6 82.6 15 53.7 175 35 0.1 69.3 0.0 132.5 70.7 91.3
September 9 110.6 22 75.7 131 32 0.1 125.8 0.1 159.4 33.6 26.8

October 14 115.6 27 69.8 97 40 0.2 171.9 0.2 150.7 21.2 12.3
November 17 100.2 42 82.3 141 18 0.5 133.7 0.2 125.0 51.7 6.5
December 17 89.3 43 57.7 149 35 0.7 95.4 0.1 121.5 82.1 27.3

Group 1 score 130 25 53.5 70.4
1-day min 1 112.1 5 43.8 239 61 0.0 137.3 0.0 99.5 91.4 27.6
3-day min 2 103.5 5 42.5 192 59 0.0 136.0 0.0 97.9 91.0 28.1
7-day min 2 102.9 6 40.6 175 61 0.0 129.9 0.0 93.5 90.3 28.0
30-day min 4 101.8 12 50.5 199 50 0.0 122.9 0.0 164.3 13.2 33.7
90-day min 10 74.3 33 62.9 224 15 0.1 92.3 0.5 50.3 451.0 45.5
1-day max 4012 85.3 4783 49.3 19 42 21.9 55.0 42.7 34.9 95.3 36.6
3-day max 1728 86.1 2139 48.9 24 43 9.6 56.0 23.6 35.7 146.6 36.3
7-day max 868 89.5 1112 48.0 28 46 4.8 50.0 12.8 29.7 164.9 40.6

30-day max 284 72.1 456 52.9 61 27 2.4 45.5 5.3 35.8 121.9 21.3
90-day max 143 54.9 250 46.8 74 15 1.5 45.5 3.0 30.4 104.2 33.1

Group 2 score 124 42 137.0 33.1
Date min 233 19.7 221 14.6 5 26 260.1 32.1 252.8 28.4 2.8 11.6
Date max 158 57.9 166 75.5 5 30 174.4 68.3 198.3 50.3 13.7 26.2

Group 3 score 5 28 8.3 18.9
Lo pulse # 13 50.6 3 116.1 76 129 2.8 54.6 11.72 38.4 318.6 29.5
Lo pulse L 4 62.3 3 58.8 33 6 36.7 131.5 5.6 40.0 84.7 69.6
Hi pulse # 22 25.1 21 25.8 2 3 9.1 45.5 29.44 10.3 224.2 77.3
Hi pulse L 2 42.0 3 45.0 112 7 2.0 81.0 2.66 18.6 34.3 77.1

Group 4 score 56 36 165.5 63.4
Rise rate 5 114.3 15 81.0 206 29 0.009 56.2 0.24 100.6 2579.7 79.0
Fall rate −2 −35.2 −5 −31.0 128 12 −0.004 31.2 −0.06 −43.7 1292.8 40.0

Reversals 131 15.0 135 6.9 3 54 98.4 9.0 123.6 7.7 25.6 14.7
Group 5 score 113 32 1299.4 44.5

* CV: covariance (= mean/standard deviation).
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Table 6. DHRAM scores and stream classes.

Watershed Outlet Sub-Basin 10

IHA Score Mean Changes Impact Points IHA Score Mean Changes Impact Points

Group Means CVs Means CVs Total Group Means CVs Means CVs Total
1 129.7 25.3 3 0 3 1 53.5 70.4 2 1 3
2 123.5 41.9 2 0 2 2 137.0 33.1 2 0 2
3 5.0 28.1 0 0 0 3 8.3 18.9 1 0 1
4 55.5 36.3 1 1 2 4 165.5 63.4 3 1 4
5 112.5 31.8 2 0 2 5 1299.4 44.5 3 0 3

Total Points 9 Total Points 13
Interim classification 3 Interim classification 4

Flow cessation 0 Flow cessation 0
Final classification 3 Final classification 4
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3.3. Ungauged Stream Using Model Simulated Streamflow Data

No flow records are available for the middle portion of the watershed where the urbanization
was the highest. Synthetic flow data were therefore used for both the pre-alteration and post-alteration
periods using the SWAT model and historical land-use maps. The mean annual flow for the
pre-alteration period was 21.9 cfs, and that for the post-alteration period was 53.3 cfs. The maximum
daily flow was 1527 cfs and 2493 cfs, respectively. The annual CV was estimated at 2.8 (pre-alteration)
and 2.96 (post-alteration). The lower variations may result from underestimated high floods by SWAT.
The extreme urbanization that occurred during the two decades resulted in an increase of high flows
and a decrease in the medium to low flows (Figure 6b).

The synthetic flow data predicted 18 days without flow in the creek with the pre-alteration
condition, but it reduced to 11 days during the post-alteration period. The runoff from increased urban
areas may contribute to this result, with a small amount of discharge into the creek. Though skipped
in this study due to the lack of sub-daily flow data, the interim classification should be affected by
sub-daily flow variations, if available. The final stream classification for sub-basin 10 was Class 4,
which indicated a high risk of impact (Table 6).

The DHRAM analysis for sub-basin 10 scored the highest in IHA Group 4, which related to the
frequency and duration of high and low pulses. Possible influences on the stream health include:

• Frequency and magnitude of soil moisture stress for plants
• Frequency and duration of anaerobic stress for plants
• Availability of floodplain habitats for aquatic organisms
• Nutrient and organic matter exchanges between river and floodplain
• Soil mineral availability
• Access for water birds to feeding, resting, and reproduction sites
• Influences bedload transport, channel sediment textures, and duration of substrate disturbance

(high pulses)

The result of sub-basin 10 is straightforward and consistent with typical urbanization impacts.
The intervention of climatic variability was minimal. The increased imperviousness causes an overall
increase of high flow and floods with the enhanced stormwater runoff from urban pavements. Due to
the disconnection in a large area between the surface and subsurface by impervious pavement, less
water infiltrates into the aquifer, causing reduced groundwater recharge. Ultimately, this leads to a
decrease in base flow, since the base flow component is significant in low flow regimes. This theory
is supported by the changes in IHA parameters. The mean monthly flows decreased, while the flow
maxima of various durations increased. Also, the frequency and duration of high/low pulses increased.

The relatively dramatic urbanization rate during the study period at sub-basin 10 (from 2% to
91%), compared to the watershed outlet (from 41% to 91%), is somewhat represented in the DHRAM
output. Also, this result implies that the hydrological impact of urbanization on the stream occurred in
earlier stages of the development, which is consistent with previous findings [47].

3.4. Validation of Estimated Stream Health (with Our Approach) with Respect to Other Observed
Physicochemical Indicators Describing the Quality of the Stream

Water quality observations recorded at Greenville Avenue, Dallas, Texas (USGS Station
No. 08057200) were analyzed during pre-development and post-development periods (Table 7) in order
to validate the deterioration of stream health, as suggested by the hydrologic indices-based approach
used in this study. The water quality observations considered for our analysis include total dissolved
solids (TDS), as well as the nitrate, chloride, and sulfate recorded during the pre-development and
post-development periods (Table 7). It should be noted that the observations on pre-development were
limited to one year (1969) only. Water quality observations during the post-development period showed
overall stream deterioration (except nitrate). The TDS during post-development were much high
than those in the pre-development period. This trend is typical to urbanization, which facilitates the
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easier transport of dissolved solids to the stream. Similar trends were documented by Mikalsen [50].
Chloride concentration during post-development (urbanization) is higher than pre-development,
suggesting stream deterioration. The excess chlorides could have come from the chlorine that is used
in water and wastewater treatment in urban areas, the drainage of swimming pools, and the diffuse
source transfer of deicing salts that are used in urban areas during winter, as documented in Peter [51].
The higher values of sulfate during the post-development period compared with the pre-development
period are not significant, but they are noticeable. The nitrate during post-development was lower
than the nitrate present in the pre-development period. During pre-development, the stream had
high levels of nitrates coming from land-applied fertilizers (from the cultivated area) and manure fate
and transport (from range or forest areas). The cultivated area and forest/range are now urbanized
drastically, reducing the opportunities for nitrate transport to the stream. However, there is another
possible source for the nitrates with urbanization, which is the point source discharge that is typical
of urban areas. However, the majority of it could have been taken care of in a water treatment plant
downstream. In summary, in conjunction with all of the water quality parameters, the alterations
in flow patterns, magnitude, frequency, and timings, the stream at White Rock Creek underwent
stream health deterioration. This could have been additionally verified by the observation of aquatic
species within the stream, and alterations in riparian vegetation along the stream during a long period
spanning pre-alteration to post-alteration periods. This was not carried out because of a lack of
data availability.

Table 7. Validation of Estimated Stream Health with that of Observed Physical/chemical Indicators
Describing the Quality of the Stream.

Development Stage Data Availability
Physical/Chemical Parameters Describing Stream Health

TDS (tons/day) Nitrate (mg/L) Chloride (mg/L) Sulfate (mg/L)

Pre-development 1969 8.6 24.0 34.0 68.0

Post-development 1985–2016 44.6 a 8.6 44.5 72.0
a Data available from 1995–2006 only. Note: TDS is total dissolved solids.

3.5. Stream Health Indicators for Vulnerability Assessments and Adaptation Studies in a Changing Climate

Stream health can be a powerful indicator for assessing the susceptibility of streams and their
inability to cope with adverse effects of stress. Examples of stressors that streams are exposed to can
be the changing land use, such as increased urbanization, as well as a changing climate. When used
as an indicator in these assessments, stream health characterizes the stream’s internal characteristics,
such as how the streams adjust to stressors—which represents its adaptive capacity—as well as the
response of the stream to these stressors, which represents its sensitivity. These characteristics are
important aspects of vulnerability assessments [7]. Vulnerability assessments using stream health
indicators can be considered prerequisite information for adaptation. Adaptation is a key feature of
sustainable water resource systems. Stream health can also be a powerful indicator for the adaptation
of streams to various stressors by providing useful information on how the streams are responding to
the unavoidable impacts of stressors while utilizing the benefits of changes that come about due to
them. The adaptation of the water resources has become a core element of climate policy and research,
and is important in developing adaptation strategies to mitigate the changes caused by stressors such
as climate change and land-use change.

4. Summary and Conclusions

By developing a procedure to estimate stream health using daily streamflow, this study addresses
the need for literature on clear guidelines for estimating stream health. Stream health can be a powerful
indicator for vulnerability assessments and the development of adaptation strategies for streams. In this
study, an approach was developed to estimate the stream health in aggregate, including all of the
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components of stream health such as riparian vegetation, aquatic species, and benthic organisms.
The approach was demonstrated with a case study.

1. Upper White Rock Creek watershed (UWRC) in Texas, US was chosen as the study area because
it presented a classic case of progressive urbanization.

2. Monitored flow observations at the watershed outlet and simulated flow results from a
watershed-scale computer model were used for the generation of hydrologic indices explaining
various stream health parameters.

3. The flow dataset was divided into pre-urbanization and post-urbanization parts after identifying
major changes in hydrologic trends from 1980 onwards.

4. Indices of Hydrologic Alteration (IHA) software was used to generate statistics on flow data
(flow-based indices) separately for pre-alteration and post-alteration periods. The Dundee
Hydrologic Regime Assessment Method (DHRAM) was used as the framework and scoring
system for the estimation of stream health.

5. Flow duration curves were developed for pre-alteration and post-alteration periods for the
qualitative estimation of the presence or absence of stream health problems in the watershed.

6. All 33 IHA parameters were used for analyzing stream health, because the scoring system was
well-defined in the DHRAM for these IHA parameters.

7. Stream health impacts were analyzed for White Rock Creek watershed using the 33 IHA
parameters and the scoring system in the DHRAM for the watershed outlet and sub-basin
outlet 10 (which presented the classical urbanization problem). The watershed outlet and outlet
of sub-basin 10 received impact scores of 3 and 4, respectively.

8. The stream health was estimated to be moderately impacted at the watershed outlet and moderate
to severely impacted at the outlet of sub-basin 10.

The hydrologic consequences of land cover change, urbanization, and other human-made
activities were reflected in the values of hydrologic indices estimated for pre-alteration and
post-alteration periods. The deterioration of stream health in the White Rock Creek Watershed
(as estimated by our approach) is confirmed by an analysis of the physicochemical water quality
parameters observed for the stream over a period of years. The procedure outlined in the study
estimated stream health results that were consistent with other sources. Also, the nature of results was
expected, given the nature and extent of changes that occurred in the watershed. For further research,
it is recommended to test the approach for other rivers in the US, and possibly watersheds in other
countries. The procedure could also be integrated with a modeling tool for the estimation of stream
health for ungauged streams. Full automation of the procedure could be another option to continue
this research. Based on the results obtained, the following conclusions can be drawn:

1. With the use of the eco-deficit and eco-surplus method, we were able to identify the existence of
a stream health problem in the UWRC due to urbanization. The existence of the stream health
problem in the UWRC was validated with the help of water quality samples monitored during
pre-alteration and post-alteration periods. Therefore, based on the results of our study, we can
conclude that the eco-deficit and eco-surplus method could be a used as a screening tool to
identify the existence of stream health problems in a stream. However, other methods also need
to be used to find out more details about the stream health problems.

2. Using the IHA–DHRAM framework, we were able to correctly categorize sub-basin 10 (where
the dramatic urbanization occurred in the watershed) with a high risk of stream health impact,
and the watershed outlet with a moderate risk of stream health impact. Given the extent of
urbanization (Figure 3) in different sections of the watershed, the stream health categorization
makes sense. Therefore, it appears from our results that the IHA–DHRAM approach could be
used to estimate the health of streams in other places, too.
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3. Simulated streamflow results from modeling tools could be successfully used to estimate the
presence/absence of stream health problems using the eco-deficit and eco-surplus approach,
and more details on the stream health problem using the IHA–DHRAM framework. The tools
identified and the stepwise procedure outlined in our study could be easily adopted for other
streams in the United States and elsewhere.
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