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Abstract In this paper, we propose a method (the Stoertz
Water Quality Evaluation Method) to estimate the reduc-
tion in acidity load at mean annual discharge (/) in acid
mine drainage impaired streams. For a given stream,
acidity loading (L), defined as the product of measured
acidity concentration and discharge (Q) for a range of
streamflow conditions, is proportional to [ and the ratio
(Qn) of Q and the mean daily discharge (Q), according to
the following equations: L =1 (Q/Q)F =1 QnF and log
L=1log I+ F log Q,, where F is a ‘flushing factor’
characterizing the stream loading behavior, such that F = 0
in pure dilution, F > 0 for flushing behavior, and F < 0 for
sparing behavior. The assumed power-law relation between
acidity load and discharge is supported by test cases.
Acidity load at mean annual discharge can be a useful
measure of the quantity of acid removed by mine drainage
treatment, particularly where data for pre- and post-treat-
ment cases can be compared. The proposed measure allows
resource managers to assess and report the effectiveness of
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source control, passive treatment, and active treatment in
alleviating acidity loads. This method can also be used to
assess inputs of contamination to streams compared to
pristine or background conditions.
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Introduction

The US Congress enacted the Federal Water Pollution
Control Act in 1972, commonly known as the Clean Water
Act (CWA) after its 1977 amendment. The CWA set the
regulatory structure for the discharge of pollutants into US
waters under the authority of the US Environmental Pro-
tection Agency (USEPA). The CWA also stated the need
for planning to address nonpoint source pollution (USEPA
2013a). Within the framework of the CWA, States specify
the uses for each intrastate water body and the States or
USEPA regulate discharges to ensure that these designated
uses can be met.

States are required to maintain a list of water bodies that
fail to meet water quality criteria for the designated uses,
and are required to develop plans for alleviating contami-
nant loading to these water bodies. The total maximum
daily load (TMDL) program is the primary planning tool
for restoring and maintaining surface water quality in the
USA (USEPA 2012). A TMDL is a loading at which, when
divided by flow rate, the concentration of the constituent of
concern meets the in-stream criteria. In other words, the
TMDL is a calculation of the maximum amount of a pol-
lutant that a water body can receive and still meet water
quality standards after accounting for the flow rate at the
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monitoring location. A TMDL is the sum of the allowable
loads of a single pollutant from all contributing point and
nonpoint sources upstream of the monitoring location,
including a safety margin and allowing for seasonal vari-
ability (USEPA 2012). While point-source loads can be
measured relatively easily, nonpoint-source contaminant
loads are more difficult to either measure or remediate.

The USEPA requires and the National Research Council
(NRC 2001) recommends that States conduct a periodic
assessment of their water bodies to determine if designated
uses have been attained and maintained. On that basis, the
USEPA (2013b) and States publish periodic water quality
assessments that summarize the current status of attainment
by water body, including relevant TMDLs for those that are
designated as impaired. Limited budgets prevent States
from routinely monitoring all indicators, even on major
rivers, so a method that effectively uses scarce data for
reasonable estimates of loads and load reductions is valu-
able (NRC 2001). Measuring progress in nonpoint-source
load reduction has practical value: public managers (e.g.
state agencies and local watershed groups) can plan res-
toration strategies to reduce remaining contaminant loads;
state regulatory authorities and watershed managers can
(and must) report progress to USEPA and funding sources;
and managers can compare the efficiencies of restoration
strategies.

Despite efforts by regulatory authorities, industry, and
the public to reduce contaminant loads, 55 % of assessed
US waters currently do not meet State water-quality stan-
dards (USEPA 2013b). A variety of tools might be used to
measure progress, including administrative indicators (e.g.
permits issued), stressor indicators (e.g. effluent reduction),
exposure indicators (e.g. decreases in in-stream pollutant
concentrations), and response indicators (e.g. biometrics)
(Karr and Yoder 2004). Of these, only biometrics directly
measure the end outcome; they have been referred to as the
“gold standard endpoint” (Karr and Yoder 2004). Chemi-
cal criteria are not reliable indicators of biological condi-
tion, and so are not substitutes for biometrics. In a study by
Davis et al. (1996), 25 % of river distances assessed in the
United States were found degraded based on chemical
criteria, but twice as much were degraded based on bio-
logical criteria.

On the other hand, stressor and exposure indicators have
an important role because they correlate more directly with
restoration activities, enabling managers to decide among
treatment alternatives as restoration proceeds. For example,
selection of active versus passive treatment systems for
acid mine drainage (AMD) might be decided based on
stressor loading reduction and cost effectiveness. Biologi-
cal indicators such as the Index of Biotic Integrity (IBI;
Karr 1981) and the Invertebrate Community Index (ICI;
OEPA 1987) directly measure attainment of aquatic life
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use, but may take time to respond to restoration activities
that correct a water-quality deficiency. Furthermore, it is
not clear how improvement of IBI or ICI correlates with
specific remediation activities (e.g. liming, fencing cattle,
or eliminating a point source).

In AMD-impaired streams, the primary stressor is water
quality. In some cases, physical aquatic habitat may be
excellent apart from water chemistry (Stoertz et al. 2002).
In other cases, the physical habitat may be degraded
because of encrustation and embedded substrates resulting
from the precipitation of iron and other contaminants
(DeNicola and Stapleton 2002; Earle and Callaghan 1998).
Acidity derives from the main characteristics of AMD,
namely low pH and elevated concentrations of iron, man-
ganese, and aluminum. These constituents are known to
limit fish and macroinvertebrate communities (e.g. Allard
and Moreau 1987; Kowalik et al. 2007; Kruse et al. 2012;
Lacroix 1987; Rosemond et al. 1992). Acidity is an
appropriate variable to assess partial recovery of acidic
mining-impaired streams and support of their designated
aquatic life use (e.g. “Warmwater Habitat,” OEPA 1988)
because it has a direct causal link to mining, responds
rapidly to remediation, allows comparison of alternative
treatments (Ziemkiewicz et al. 2003), impacts aquatic life,
and is easy to measure by titration or by estimation from
pH plus dissolved metals (Kirby and Cravotta 2005a, b;
Skousen and Ziemkiewicz 1996). Methods are available for
quantifying trends in environmental data, with various
limitations. Time-series autocorrelation methods such as
the Box-Jenkins method (Montgomery and Johnson 1976)
require 50-100 evenly spaced measurements. Non-para-
metric methods do not require a normal distribution and
allow missing data or unevenly spaced measurements and,
thus, are commonly used for hydrological data analysis
(Helsel and Hirsch 2002). Examples of non-parametric
trend estimators are Sen’s test (Sen 1968), the Kendall test
(Kendall 1975; Mann 1945), and the seasonal Kendall test
(Smith et al. 1982) that allows for seasonally variable data
(Gibbons 1994).

A data set collected at a stream sampling station (Fig. 1)
shows acidity over a 13 years period, with two dozen
samples during that time, which on its own is insufficient to
evaluate water quality improvement considering seasonal-
ity and changing hydrological conditions. Installation of a
lime doser was completed in March 2004. Three samples
were collected prior to treatment and 21 after treatment. A
regression of the time series of acidity data versus time
yields an 1% of only 0.23 (Fig. 1). Acidity appears to have a
relation with discharge: high acidities are measured during
low discharge, and vice versa. High flows are often critical
because of their associated high loads. However, moni-
toring is seldom conducted for nonpoint pollution sources
during critical high-flow events (NRC 2001) and
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Fig. 1 This data set shows a trend in total acidity from 1999 (pre-
treatment) to 2012 (post-2004-treatment). These data are variable and
flow-dependent, however, so that a linear regression is misleading

consequently, a quantitative relation between discharge and
acidity concentration is difficult to establish.

In this paper, we propose a way to estimate the reduction
in acidity load at mean annual discharge in AMD impaired
streams. By finding the difference between the acidity load
at mean annual discharge for pre- and post-treatment
conditions, this parameter becomes a performance measure
that integrates probable acidity load changes over an entire
year. We call this the “Stoertz Water Quality Evaluation
Method”; it can be used to assess decreases in metal pol-
lution in streams affected by neutral or basic mine drain-
age, as described in the Method Limitations and Further
Applications section.

Relationship Between Acidity Concentration
and Discharge

Several patterns or models relating solute concentrations
and discharges exist. The different patterns result because
stream water is a mixture of contributions from various
sources that have different compositions and exhibit spatial
and temporal variability (e.g. Cravotta et al. 2013; Johnson
et al. 1969). Correlations between concentration and dis-
charge can be produced by dilution as well other processes
(e.g. evaporation, water exchange with groundwater).
Concentrations may decrease (become diluted) with
increased discharge if the main source of the constituent
has a relatively constant composition, such as a point
source or natural aquifer baseflow, and the streamflow
increases in response to runoff or other inflows that are not
sources of the constituent of interest. Concentrations at
high discharges may also be higher or lower than expected
for the pure-dilution case. Lewis and Grant (1979) describe
these two cases as the “purging effect” and the “sparing
effect.” Sparing behavior can be interpreted as shutting
down of reactions at high flow, perhaps due to flooding of

reactive sites and lack of access to oxygen. Purging or
flushing can increase concentrations with discharge
because of storm “washoff” or the dissolution of accu-
mulated oxidation products (e.g. Hirsch et al. 1982). Thus,
loads can increase at the same rate as discharge, increase
more slowly than discharge by a “sparing” mechanism, or
increase faster than discharge, by a “purging” mechanism.

The rate of acidity production depends on availability of
oxygen, the presence of neutralizing alkalinity, and the
storage of water and reaction products. If the stream is
formed by outflow from an underground mine or waste
rock pile, concentrations can vary during the year within an
order of magnitude while the discharge can increase during
flushing events over several orders of magnitude (e.g.
Pigati and Lopez 1999). In the main stem of larger streams
or rivers receiving AMD streams, dilution by runoff during
storm events can produce a decrease in concentration. Deep
mine pools may act as reservoirs, with relatively uniform
concentrations independent of discharge because the water
flows from a well-mixed source or it may have a seasonally
fluctuating water level that washes pyrite oxidation pro-
ducts from the mine walls to be released slowly as baseflow
(Liebermann et al. 1987; Lopez and Stoertz 2001; Stoertz
et al. 2001). In stream headwaters where deep mine dis-
charge dominates the flow, concentrations may be almost
independent of discharge. On the other hand, mine dis-
charge may constitute a point source or baseflow source
that is diluted by surface water. In Appalachia, mine dis-
charges show strong seasonality in flow, but the flow is
controlled by evapo-transpirative demand on an annual
cycle rather than by precipitation (Pigati and Lépez 1999;
Stoertz et al. 2001, 2002). Mining or reclamation, which
change these features, can alter the relation between dis-
charge and concentration and even the sign of the regres-
sion (Bonta and Dick 2003).

For the data presented in this study, standard operating
procedures for acidity and alkalinity analyses (SM2310B,
SM2320B) were followed in accordance with USEPA and
the Standard Methods for the Examination of Water and
Wastewater (Clesceri et al. 1998). However, one can cal-
culate net acidity using various methods (i.e. measured hot
acidity, measured and calculated acidity) (Kirby and
Cravotta 2005a, b; Hedin 2004). For example, as summa-
rized by Kirby and Cravotta (2005b), Hedin et al. (1994)
and Watzlaf et al. (2004) describe calculated acidity in
units of mg/L. as CaCOj3 (Eq. 1):

Acidity,,, = 50 [(2Fe*"/56) + (3Fe’*/56) + (3Al /27)
+2Mn /55 + 1000(10°PH)] (1)

where metal concentrations are in mg/L in Eq. (1).
Acidity loading may be calculated by multiplying
acidity and discharge and converting into standard units
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(e.g. kg/day). Equation 2 illustrates this calculation for
metric units

Q (L/s) x Acidity (mg/L) x 0.0864
= Acidity loading (kg/day) (2)

Mean Annual Discharge Determination

The mean daily discharge or mean annual discharge
(Qmean) 1s a useful design concept because it represents
how much water exits the watershed or has to be treated in
a given day or year. In reality, the mean annual discharge is
a moderate estimate of streamflow that is weighted by
infrequent high-flow conditions. The stream will flow at a
lower rate most of the time, but large events carry enor-
mous volumes that skew the mean. Measuring the mean
value of discharge over a year requires a continuous record
of streamflow. Although continuous record data may be
available for stream gages operated by resource agencies
such as the US Geological Survey (USGS) (http://water
data.usgs.gov/nwis/sw), utilities, or others, such stream
gages may not be located in the immediate watershed of
interest.

To estimate mean annual discharge (Qpean) at ungaged
sites, USGS provides the online Streamstats program (Ries
et al. 2008, http://streamstats.usgs.gov/). Streamstats pro-
vides convenient and easy access to obtain drainage area
for user-specified basins across the USA as well as values
of estimated mean annual discharge. For example, rural,
forested streams in the Western Allegheny Plateau have a
streamflow yield of about 10.9 L/s per km? or 1 cubic foot
per second per square mile (Koltun and Whitehead 2002).
At sites where there is no continuous long-term record of
discharge at the sampling point, the mean daily discharge
may be estimated by multiplying the drainage area of the
sampling point by the average annual yield (discharge/
area) for a continuous streamflow recorded nearby. The
mean annual discharge (Quean) for a site with known
drainage area (A) can then be estimated from gaging data
for streams with long records by regressing Qpean against
A to develop an average annual yield for an area. The
applicable discharge record site(s) generally should have
comparable watershed characteristics (area, relief, land
cover, geology, climate) as the ungaged site.

Acidity Load at Mean Discharge

The proposed ‘Stoertz Water Quality Evaluation Method’
is used to calculate the acidity load at mean annual dis-
charge (/) and, theoretically at least, incorporates all likely
acid loadings over a water year. Positive non-zero values of
acidity loading and discharge divided by mean annual
discharge are both log transformed before using a linear

@ Springer

regression to determine the estimated acidity loading at
mean annual discharge or the ‘mean annual load.” The
Stoertz Method uses the mean annual load as a tool for
practitioners to compare loadings before and after an
intervention or to determine the baseline state of a water
body. Since the mean annual load is a proxy for the average
of all daily loads, it provides a consistent measure of water
quality accounting for discharge variation over a water
year.

For a given stream, acidity loading (L), defined as the
product of concentration and discharge (as described
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Fig. 2 a Hypothetical cases of pure dilution (F = 0), pure flushing
(F = 1), partial flushing (0 < F < 1), and sparing (F < 0). b A plot of
acidity load versus discharge shows the role of the flushing factor (the
exponent). ¢ Log normalized acidity plotted against log normalized
Q, (discharge divided by mean annual discharge) linearizes the
relationship; the slope indicates what mechanism controls acidity.
Note that negative values of acidity cannot be log transformed
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above), is assumed in the Stoertz Method to depend on
mean daily discharge Q, according to:

L =UQ/0)'=1Q] (3)
log L = log/+ F logQ, (4)

where Q is the mean daily discharge, Q is measured dis-
charge, Q, is normalized discharge (Q/Q), [ is the acidity
load at mean annual discharge and F is a flushing factor
that characterizes the stream loading behavior (Stoertz and
Green 2007). At a mean discharge Q, = 1, the acidity
loading L is given simply by /. The flushing factor F is the
slope of the curve of log L versus log Q,. F> 0 for
flushing, F = 0 for pure dilution, and F < 0O for sparing
behavior.

Dilution of a source of acidity with a constant concen-
tration follows a power law (Fig. 2), e.g. doubling dis-
charge (Q) halves the acidity concentration (load remains
constant). Flushing occurs (F > 0) when the contaminant
load increases with discharge. Theoretically, the concen-
tration can be almost constant (load increases proportional
to flow; F ~ 1), if, for example, the streamflow is derived
from displacement of water from a uniformly polluted
source, such as a partially flooded mine. Most commonly,
partial flushing occurs: load increases at a lesser rate than
discharge (0 < F < 1). Occasionally, loads can increase
faster than discharge (F > 1), when reaction products are
washed from mine walls or the unsaturated zone of a mine
waste pile. Sparing behavior can be interpreted as shutting
down of reactions at high flow, perhaps due to flooding of
reactive sites and lack of access to oxygen.

The proposed parameter, acidity load at mean annual
discharge (l), assumes that the acidity versus discharge
relationship follows a certain physical model such that the
log-transformed variables are linearly related and are
amenable to linear-regression methods. Due to the nature of
log transformation, this method is only amenable to positive
values; the Method Limitations and Further Applications
section details this limitation and ways to overcome it.

In this section, hypothetical cases are used to show pos-
sible relationships and to interpret them physically and
mathematically. The method is then applied to streams in the
Western Allegheny Plateau to verify that real-world exam-
ples are consistent with the proposed model. Dilution,
flushing (purging), and sparing, along with partial flushing
(which is commonly observed in the field), are all illustrated
for a hypothetical case (Fig. 2a). When acidity load is plotted
against discharge (Fig. 2b), the mathematical role of the
flushing factor becomes clear, because F is the exponent. By
dividing all discharges by the mean annual discharge of the
sampled stream, they can be normalized, or made dimen-
sionless. To linearize the power-law function, the appropri-
ate transformation is into log—log space (Fig. 2c).

The hypothetical cases (Fig. 2) show general patterns
that stream samples are expected to follow, depending on
the predominance of storage versus acidity production in a
system. When stream samples are collected and analyzed
before and after treatment, the pre-treatment data must be
fitted to a function separately from the post-treatment data,
because the processes will generally be altered by recla-
mation. Comparing the two functions may show differ-
ences in both the magnitude of the source load and the
flushing factor (i.e. mechanism). Note that the slope of the
curve log L versus log Q, is F. To illustrate, the hypo-
thetical partial-flushing case F = 0.6, is compared to a
hypothetical post-treatment data set with pure flushing
(F = 1) and a decrease in the source load of 1,890 kg/day
(Fig. 3). Because the discharges are normalized, the mean
annual discharge occurs at log Q, = 0. The intercepts can
be easily determined by fitting a linear trendline to the data.
The intercepts are the mean annual acidity loads before and
after treatment, and the change, AL, which is the perfor-
mance measure, is the difference between the intercepts.
Because the data are in log (base 10) space, it is necessary
first to transform them: AL = 10>*-10*°' = (2,691-813)
kg/day = 1,878 kg/day. This confirms that the method
operates as expected, because this value is the same as the
assumed change in source load, allowing for rounding
error. This method is similar in nature to double mass plots
developed by the USGS (Searcy and Hardison 1960);
however, the pre- and post-treatment data is handled in
separate series to find differences between the datasets, and
distinct pairs of log transformed Q, and L are analyzed
rather than cumulative values. Where a clear break
between pre- and post-treatment data is not obvious,
methods detailed by Searcy and Hardison (1960) could be
used to find a statistically significant break point.
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Fig. 3 The hypothetical partial-flushing pre-treatment case (F = 0.6)
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difference in the y-intercepts after transformation, or (10**-10>°"
kg/day = 1,879 kg/day
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Application to Case Studies

The acid test of the proposed method is whether or not
acidity loading in mined areas behaves according to a
power-law model, and is thus amenable to the proposed
analysis. In this section, the method is applied to streams of
the Western Allegheny Plateau eco-region that meet sev-
eral criteria: stream waters contain large amounts of acidity
due to coal mining; treatment for AMD has occurred,
affecting acidity; and data density is sufficient to discern
the shape of the acidity versus discharge function. For this
paper, two projects are included that satisfy these criteria
(Table 1).

The method was applied to actual field data from Jobs
Hollow (Figs. 4, 5). A lime doser was installed at this site
in Monday Creek (Perry County, Ohio) in 2004 to decrease
the acidity load from the headwaters of Monday Creek by
54 % (Bowman 2011). When plotted versus time (Fig. 4),
both acidity and discharge show high temporal variability.
Although it is clear that acidity has decreased over time, a
regression of the acidity data is weak. Acidity is plotted as
a function of discharge separately for pre- and post-treat-
ment data subsets (Fig. 5a), and shows that the relationship
follows a power-law model. When plotted as acidity load
versus discharge (Fig. 5b), the exponents become the

Table 1 Projects analyzed in this study were treated for AMD, using
one or more methods as indicated

Project Project type Construction  Drainage area
completion (kmz)
Jobs Hollow  Lime doser 2004 6.7
East Branch Land reclamation, 2007 9.0
slag beds
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CaCO;) over the period of record from 1997 to 2011 for the
monitoring site downstream of the Jobs Hollow Doser
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flushing factors, F. In the pre-treatment case, 0 < F < 1,
indicating a partial-flushing model; load increases with
discharge, but not as quickly, since some dilution is
occurring at higher flows. After treatment, the behavior
moves toward a lower mean acidity load and more of a
pure flushing model, consistent with a point source
(underground mine discharge) being treated at a constant
rate. The linear regressions shown in Fig. S5c are statisti-
cally significant (pre-treatment p = 1.8 x 107'° post-
treatment p = 2.4 x 107°). The decrease is 10*°'—
10"% = 288 kg/day.

East Branch is a tributary to the headwaters of Raccoon
Creek in Hocking County, Ohio and has been treated in two
small sub-watersheds. The first phase project, which is
evaluated here, consisted of strip mine reclamation and the
installation of six steel slag leach beds, complete in 2007
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(Bowman 2011). The project clearly reduced acidity, but
given the relationship with drainage, it is difficult to
quantify this reduction directly from the raw data (Fig. 6).
Analysis by the mean acidity loading method (Fig. 7)
shows that, unlike Jobs Hollow, the behavior of East
Branch was not affected by reclamation and remediation;
both pre-treatment and post-treatment data show a partial
flushing model, consistent with the combined effort of land
reclamation and water treatment. The linear regressions
shown in Fig. 7c are significant (pre-treatment: p = 1.1 X
107>, post-treatment: p = 6.5 x 107°). The load reduction
is 10 >7*-10 "° or 446 kg/day.

The method can also be applied to mainstem sampling
stations in watersheds undergoing restoration as well as nat-
ural attenuation. Application to Little Raccoon Creek (Figs. 8,
9) is illustrative. Data collected at the site of the USGS gauge
station at Ewington on Little Raccoon Creek spans nearly four
decades (Bowman 2011). The site has a drainage area of
257 km? (99.4 square miles). Treatment and reclamation
began in Little Raccoon Creek in 1999 and continued through
2006 when the most recent treatment and reclamation project
was completed. The data has been split into three time periods
representing pre-treatment (1984-1999), treatment in pro-
gress (2000-2006), and post-treatment (2007-2013). The
analysis shows a shift from a model in which acidity increases
at a faster rate than discharge (F > 1) for the pre-treatment
data, due to the abundance of exposed surface mines and mine
spoil, to almost a pure flushing model (F = 1) once treatment
commenced (as shown in the post-treatment data). The
treatment and post-reclamation linear regressions are signifi-
cant (p = 3.6 x 107% p = 7.1 x 107°, respectively), while
the pre-treatment linear regression is weaker (p = 0.17). The
lower confidence level may be due to a limited pre-treatment
data set (n = 4). The reclamation and treatment projects
installed by 1999 lead to an acid load reduction of 10**°-
10*% 0r29,701 kg/day and the treatment projects installed by
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Fig. 7 a Total acidity (mg/L as CaCOj;) versus discharge (L/s) for
pre and post-treatment data sets with power law regressions. b Acidity
loading (kg/day) versus discharge (L/s) for pre and post-treatment
data sets with power law regressions. ¢ Log transformed acidity
versus log transformed normalized discharge (discharge divided by
mean annual discharge) with linear regressions

2006 added an additional 10>%*-10*°° or 202 kg/day. In total,
treatment projects in Little Raccoon Creek have led to a total
acid load reduction of 29,903 kg/day.

Method Limitations and Further Applications

The Stoertz’s Water Quality Evaluation Method has sev-
eral practical limitations that should be considered by
watershed professionals during data collection and ana-
lysis. The first of these is the reliance on a distribution of
discharge measurements around the mean annual dis-
charge. It is common to have many measurements at less
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than the mean annual discharge and far fewer at discharge
rates higher than the mean annual discharge or very few
measurements in total. This measurement bias towards low
flow is typically due to the inherent difficulty of mea-
surement and the safety challenge of high flow measure-
ments. The result of the skewed measurement may lead to
error in the mean annual acidity loading calculation,
although whether it is an overestimation or an underesti-
mation depends on the particular mechanism (e.g. flushing,
sparing, dilution) in the case study. When there are limited
or no measurements of discharge, methods summarized
earlier in this paper may be used to estimate discharge.
Additionally, many mine water treatment systems do not
just reduce acidity loading, maintaining some acidity, but
add sufficient alkalinity to create net alkaline conditions.
Net alkalinity is equivalent to negative acidity, but the
nature of the logarithmic scale analysis does not allow for
analysis of negative acidity loads. Two methods may be
used to combat this: analyzing net alkaline post-treatment
data separately from acidic pre-treatment data or adding a
‘scalar’ to move all values into positive mathematical
space. Separating alkaline conditions from acidic condi-
tions into separate analyses will yield an acidity loading at
mean annual discharge for the pre-treatment data and a
net alkalinity loading at a mean annual discharge for post
treatment data. Since alkalinity loading is equal to negative
net acidity loading at the same discharge, the results may
be summed to determine the total acidity loading reduction.
This method is amenable for pre-treatment data that is
consistently net acidic and post-treatment data that is
consistently net alkaline. Alternatively, a ‘scalar’ value that
is larger than the greatest negative value may be added to
all values before log transformation to move all of the data
into positive mathematical space. The calculated difference
(load reduction) between pre-treatment and post-treatment
acidity loading at mean annual discharge will remain the
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same since all values are scaled by the same amount. For
reporting acidity loading (rather than load reduction), the
scalar value would need to be subtracted from the calcu-
lated value.

Where the mean annual discharge is not constant with
time, further assumptions must be made. Climate change or
major land use change can alter the watershed hydrology
and change the mean annual streamflow. Mining can also
alter the natural water budget and affect surface and sub-
surface flow paths. For example, underground mines can
facilitate the transfer of surface water to groundwater and



Mine Water Environ (2014) 33:177-186

185

the transport of water across watershed boundaries. Stream
restoration and mine reclamation can alter the water budget
but may not replicate pre-mining conditions (e.g. Cravotta
et al. 2013; Goode et al. 2011). Where mined conditions
are known to affect the hydrology, drainage areas (and
therefore mean annual discharge) can be adjusted
accordingly.

Natural attenuation of acidic waters can occur (e.g.
Wilkin 2008). However, those processes usually occur at a
relatively slow rate, as is clear from the data collected by
different watershed groups in SE Ohio over more than
15 years (see http://www.watershedata.com). For that rea-
son, the contribution of natural attenuation to the relatively
fast neutralization of remediated sites is probably negligi-
ble. If natural attenuation occurs at a faster rate (e.g.
exponential decrease), the data could be divided according
to the decrease in concentration defined by the decay
constant. For example, if the data covers more than a 50 %
decrease in concentration, the data could be divided into
several periods of time that show a statistically significant
decreases in acidity load and the decreases could be com-
pared using the Stoertz Method. However, the decision of
how to treat that data will depend on the number of data
points and the distribution of values.

The Stoertz’s Method has been applied to acidity here.
However, the method could be applied to other relatively
conservative chemical constituents of interest, such as
sulfate, as long as we have sufficient data pre-and post-
remediation to be able to obtain the statistically significant
regression equations for the logarithmic plots and the
flushing factor. Examples of this can be seen in Bowman
(2011), which was prepared by one of the authors.

Conclusions

The mean annual load calculated using the Stoertz Method
represents the average of all probable daily loads over a
typical year. The mean annual load is clearly a proxy for
the overall annual load from a stream or tributary. The
Stoertz Method provides two useful pieces of information:
the relationship between discharge and loading and the
loading at mean annual discharge. The linear relationship
between log transformed discharge and loading can be
constructed for subsets of data from before and after
treatment. Comparing the mean annual loads for each
subset yields a performance measure: decrease in mean
annual load. The Stoertz Method may be applied by
watershed managers as a simple way to measure water
quality improvement, as shown in the case studies pre-
sented here. It can also be used to evaluate stream degra-
dation, using background data before an activity that can
degrade a watershed, such as mining.

Reduction of acidity load is not a sufficient measure of
stream restoration success, especially as loads decrease to
near zero. It should be used together with biological criteria
(OEPA 1988). The mean annual acidity load can be used as
an index to measure success in alleviating the dominant
stressor, but other stressors may impair biological perfor-
mance. Once the loading target has been achieved, if biotic
indices (e.g. IBI and ICI) do not attain expected levels, then
other factors, including isolation, load duration, and habitat
quality, will have to be examined.
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