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From the Editor

Without fanfare | would like to submit to our association the latest edition of the Nevada Water
Resources Association Journal. As you might know, | took over the responsibilities of editor
from Dr. Michael Strobel. Michael took a new position in Portland, Oregon and his work
prevented him from these editorial duties. And while | am new to these duties, | anticipate
fulfilling the obligations Michael set forth in 2004 with this journal.

We are publishing three articles in this edition. The first is a proposed methodology for
estimating ground water recharge from precipitation. This article is a subset of a Master’s Thesis
by Brian Epstein (UNR, 200x) and co-authored by his thesis adviser Dr. Greg Pohll, with
contributions from Justin Huntington and Rosemary Carroll (who recently finished her Ph.D.).
The study focuses on uncertainty from model predictions using the Maxey-Eakin method, the
bootstrap brute-force model, and Nichols method.

The second article is from Anpalaki Ragavan, Ph.D., who explores the non-linear relationship to
total phosphorus concentrations in the Truckee River with three independent variables.
Relatively high phosphorus concentrations are a major cause of eutrophication in natural water
ways. Ana’s work contributes to the modeling of remediation methods for the control of
eutrophication.

The last article was submitted by yours truly and VVahid Behmaram. This article is really just a
“paste” of two recent court rulings affecting Nevada water law. We submitted this article as a
means to provide the association with two decisions that have sent reverberations from water law
experts throughout Nevada. The first should become quite controversial as the United States
Court of Appeals for the Ninth Circuit has made the distinction of the interaction between
surface water and ground water in the Tracy section of the Truckee River Canyon. The second
recent decision is from the Nevada Supreme Court that has ruled on the “inaction” by the Office
of the State Engineer to act on water right applications within the statutory one-year time frame.
The ruling was recently (June 17, 2010) clarified by this Court.

What’s next from the Journal? | hope to support the association with another edition in the winter
months, prior to our annual conference. In this next edition, I would like to provide articles with
a more practical bent towards applications, particularly for the water purveyor. But of course,
this requires article submittal from those in this industry. Get the hint?

Finally, I am hoping that the readers of this Journal will submit editorials, corrections, responses,
or comments on this edition’s articles or other issues. While not being intent on the controversial,
this Journal and the Association respect legitimate opinions and are willing to provide a forum
for such responses from our readership. Thank you for your attention to this journal.

Michael Widmer, Editor
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ABSTRACT

Nevada is one of the driest and most urbanized state in the nation, where the mean annual
precipitation is about 11 inches, and 88% of the state’s population lives in either the greater Las
Vegas or Reno metropolitan areas. As a result, appraisals of available water resources for both
in-basin uses and inter-basin transfers are primary objectives for many hydrology studies.
Hydrologists have focused on estimating available water resources in Nevada since the 1940s.
The challenge associated with measuring recharge directly has lead to the use of indirect
methods with most basin water budgets dependent on empirically derived recharge prediction
methods (e.g. Maxey-Eakin, Nichols). The bootstrap brute-force recharge model (BBRM)
optimization algorithm is developed to recalibrate empirical models by incorporating
measurement error in precipitation, recharge variability and regression model uncertainty. The
1998 PRISM precipitation map more accurately reproduces observed precipitation compared to
the 1965 Hardman precipitation map and is used in the BBRM development. Results show that,
on average, the Maxey-Eakin model predicts the lowest recharge volumes while the Nichols
model predicts the largest recharge volumes. The BBRM predicts recharge volumes in between
the Maxey-Eakin and Nichols approaches. The Maxey-Eakin produces the lowest errors for
basins with low expected recharge, but the mean behavior of the BBRM is capable of explaining
the highest percentage of recharge variability (adjusted r’=0.76). The resultant BBRM 95-
percent confidence intervals show that uncertainty increases substantially at larger precipitation
rates. Better quantification of basin discharge and precipitation will improve model prediction
and reduce uncertainty in model behavior.

INTRODUCTION

The volume of average annual natural recharge or discharge serves as a basis for
determining the upper bound of the perennial yield. The Nevada State Engineer (ruling #5726)
defines the perennial yield of a groundwater reservoir as the,

“Maximum amount of ground water that can be salvaged each year over the long term
without depleting the ground-water reservoir. Perennial yield is ultimately limited to
the maximum amount of natural discharge that can be salvaged for beneficial use. The
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perennial yield cannot be more than the natural recharge to a ground-water basin and in
some cases is less.”

It is recognized that the amount of water available for capture without steady decline in storage is
limited to the sum of the changes in recharge and discharge during groundwater development
(Bredehoeft et al., 1982; Bredehoeft, 1997; Sophocleous, 1997), not the recharge or discharge
volume itself. Even though it is the change that is important, estimating the natural recharge or
discharge provides a basis as to the maximum that could be hypothetically captured under
Nevada water law. It should be noted that Nevada is one of the only states in the western US to
follow the doctrine of limiting the available water for appropriation to the perennial yield.
Because Nevada water law relies on the perennial yield to assess potential water availability,
knowledge about the uncertainty in recharge is important when considering appropriation of
water resources in Nevada. With Nevada being one of the driest states in the nation, its
hydrographic basins are predominately arid and semi-arid in character. It has been shown that
with greater aridity, natural groundwater recharge becomes smaller and more variable (De Vries
and Simmers, 2002). Conceptually, mountain fronts surrounding alluvial valleys are considered
the zones from which precipitation and ephemeral runoff has the most potential to contribute to
the basin fill groundwater system. Local climate, geology, vegetation, and geomorphology
exhibit control over groundwater recharge. This adds a spatial element of heterogeneity to the
system. The difficulties of identifying temporal and spatial variability and direct measurement of
recharge have lead researchers to use indirect estimation techniques, including empirical
relationships based on precipitation. An empirical relationship between precipitation and natural
groundwater recharge for Nevada basins was first established in Water Resource Bulletin No. 8
(Maxey and Eakin, 1949) and remains a common technique for estimating recharge in Nevada
today. Updated, daughter techniques, such as the Nichols method (2000), are also available.
Using an empirical model, such as the Maxey-Eakin method, to estimate recharge imparts
some error. Currently this error is not well understood. The objective of this study is to better
understand the statistical uncertainty in basin-wide recharge in Nevada by building on the
general Maxey-Eakin approach to include error in precipitation estimates, observed variability
associated with independent estimates of natural recharge, and uncertainty in model structure.

EMPERICALLY BASED RECHARGE MODELS

The methods presented are simple, additive linear models that can rapidly estimate the
quantity of water recharging aquifer storage at the basin-scale. These models lump many
physical processes into one set of coefficients.

Maxey-Eakin

Maxey and Eakin (1949) developed coefficients to relate zonal precipitation into basin-wide
recharge estimates using a trial-and-error balance of the estimated basin-wide discharge volumes
and zonal precipitation volumes for 13 to 21 hydrographic areas in Nevada (Maxey and Eakin,
1949; Watson et. al, 1976). Mathematically, the Maxey-Eakin method is,

ro= 2R ()

where N is the number of precipitation zones, Yis predicted recharge (acre-feet per year), f; is
the recharge coefficient (dimensionless) for a given precipitation zone (7) and P; is the annual
zonal precipitation estimate (acre-feet per year) as determined by Hardman’s isohytal



precipitation map of Nevada (Hardman, 1936). Typical Maxey-Eakin coefficients are provided
in Table 1.

Nichols

Nichols (2000) derived new recharge coefficients from updated groundwater discharge
estimates. Groundwater discharge was updated by relating Landsat derived plant cover to
groundwater evapotranspiration from phreatophyte covered areas, and considering subsurface
outflow. An updated precipitation map reflecting more recent conditions from 1961-1990 was
also used (Daly et al., 1994) in Nichols’ analysis. Coefficients were calibrated using a multiple-
linear regression type equation to fit estimates of natural discharge in 14 basins in east-central
Nevada. Table 2 shows S-coefficients for each of the six defined precipitation zones calibrated
by Nichols.

UNCERTAINTY INCORPORATED INTO EMPERICAL MODELS

Regression models are only as good as the data that are used to create them. With that
understanding, the independent (precipitation) and dependent (recharge) variables in the
regression model have uncertainty. Uncertainty is allowed to propagate through the optimization
process and be expressed in newly calibrated f-coefficients. Specifically, uncertainty is included
by randomly selecting a subset of basins available for selection (with replacement), and
randomly selecting error in the precipitation and independent recharge estimate (bootstrap)
(Efron, 1979; Chernick, 1999). The best set of recharge coefficients are those that minimize
error between predicted recharge and the independent recharge estimates with uncertainty added
(brute-force). Sampling basins with replacement means that every basin is returned to the pool
after sampling such that a single basin can appear in different bootstrap realizations.

Precipitation Error

Similar to Jeton et al., (2005), the error associated with precipitation estimates is calculated
as the residual between the Hardman 1965 (Figure 1a) or PRISM 1998 (Figure 1b) precipitation
maps, and observed precipitation. Areas between precipitation contour for both Hardman 3-5
inch and PRISM 2 inch contour maps were averaged to produce areas of average precipitation
for comparison to observations. Observed precipitation is acquired from cooperative weather
networks and Snow Telemetry (SNOTEL) stations using published normals from 1961 to 1990
(Western Regional Climate Center, 2003, Natural Resource Conservation Service, 2003a;
2003b). Precipitation sites are shown in Figure 2. When compared to point estimates of
precipitation normals, the Hardman map is found to generally under predict observed values
(Figure 3a). This is not a surprise since the Hardman map has an unbounded upper limit
beginning at 20 inches per year. In addition, the Hardman map was based on measurements
during a time when below average precipitation occurred in the early decades of the 20" century
but is compared to a reference period (1961-90) of an almost-equal number of years of below-
and above- the long term average precipitation. In contrast, Figure 3b shows that the PRISM
map has no trend in error related to expected precipitation (e.g. the lack of increasing deviation
with higher expected precipitation). Despite producing errors ranging from 5-percent to 33-
percent, the PRISM map more accurately predicts observed long term precipitation totals than
the Hardman map. For this reason, the 1998 PRISM map is selected for the new bootstrap
model. Four precipitation intervals (0-10, 10-20, 20-30 and >30 inches per year) are found the
most efficient break down of zones for use in the new bootstrap model.



Independent Recharge Estimates and Variability

There are different methods to estimate recharge independently of empirical models. These
include estimating the discharge via evapotranspiration and subsurface outflow, estimating the
recharge by performing a chloride mass balance, or application of water balance models. While
all of these methods, including empirical approaches, require precipitation distributions, the term
‘independent’ is used in reference to the fact that empirically derived recharge estimates are not
used to define recharge volumes for a given basin. Independent recharge estimates are obtained
from Nevada Water Resource Bulletins, Nevada Ground-Water Resource Reconnaissance Series
reports, United States Geological Survey Water Resources Investigations reports, Desert
Research Institute reports, and other published studies. Sources are examined to insure that
recharge estimates did not rely on empirical models in their analysis. Basins with multiple
independent estimates of recharge are assigned a coefficient of variation (the standard deviation
divided by the mean) to scale random uncertainty in the bootstrap brute-force regression. Ninety
basins, out of 263 hydrogeographic areas and subareas in Nevada (Rush, 1968; Harrill and
Prudic, 1998) have reported independent recharge estimates and are used in the analysis (Table 3
and Figure 4). A large portion of the independent recharge estimates are based on the reported
discharge from bulletin and reconnaissance reports. Of these 90 basins, 22 basins have more
than one reported recharge estimate with an average coefficient of variation (CV) equal to 0.368.
This means that, on average, a reported recharge distribution has a standard deviation
approximately one-third its mean value.

Bootstrap Brute-Force Algorithm

Figure 5 is a flow chart describing the bootstrap brute-force algorithm. As discussed earlier,
bootstraping is a technique of random selection and replacement of a subset of all available data.
Monte Carlo type repetition of the bootstrapping approach helps delineate the distribution of
each recharge f-coefficient used in the empirical model. ‘Brute-force’ is a simplistic but
exhaustive approach to minimize an objective function (e.g. root mean squared error, rmse) in
order to reduce error between predicted and independently estimated recharge. Adding error to
precipitation and independently estimated recharge is done to account for the fact that the true
values of precipitation and recharge are not estimated exactly or known with 100% certainty. A
single bootstrap realization is preformed as follows,

1. Introduce error in independent recharge estimates for basin j using,
Y. = 17] +zo, (2)

J
where Y} is the independent recharge estimate including error (acre-feet per year), YJ is
the mean of independent recharge estimates (acre-feet per year), z is the randomly

selected standard normal variable and o;is the adjusted standard deviation for
independently derived recharge volumes (acre-feet per year) equal to,

o, = (on), 3)
where CVj is the coefficient of variation (dimensionless). If basin j has only a single

independént recharge estimate, then CV; is assumed to equal the mean CV of 0.368
derived from 22 basins with multiple independent recharge estimates.

2. Introduce precipitation error by randomly selecting residuals for each PRISM
precipitation zone (i) from a normal distribution with a mean of zero, and standard



deviation defined by the calculated residuals in each precipitation zone. Four
precipitation zones are used in the BBRM methodology. Mathematically, precipitation

with error ( P, feet per year) for zone i is calculated as,

B"zP.+el. 4)

where P, and e; are the PRISM mean precipitation rate (feet per year) and randomly
selected precipitation error (feet per year), respectively. The precipitation error is
calculated as

e, = zo! + & ®)

where z is the randomly selected standard normal variable, o is the standard deviation

in zonal precipitation residuals (feet per year), and &; is the average zonal residual (feet
per year).

Randomly select the size (S) of the subset of basins used in the brute-force optimization
processes. The size of the subset for each bootstrap realization is allowed to vary between
one and ninety. Varying the size of the subset used in optimization incorporates
uncertainty in model structure into model output.

Randomly select a subset of (S) basins from the ninety basins listed in Table 3, for
coefficient inversion described in the following steps.

For each basin in subset (S) convert the zonal P’ rate (feet per year) to a volumetric

precipitation estimate (X;;, acre feet per year) by multiplying P° by the area (acres) of

precipitation zone i contained within basin .

Coefficients (dimensionless) for each precipitation zone (/) are randomly selected but
are constrained such that 0<B;<1, and are required to increase with increased precipitation
zone (0 < B, < B <... < Py <1). Selected f; are used to compute the rmse for (S) basins

N
using the model’s predicted recharge (¥, = Z B.X, ;) and independently estimated

i=1

recharge adjusted for error (Y, ), with N = 4 precipitation zones.

> - )
rmse = {12 S (6)

0.5

For the selected bootstrap sample (S) of basins, subsequent iterations are performed
where new sets of f-coefficients are randomly chosen and applied to zonal precipitation
volumes to compute the predicted recharge volumes. The rmse is then computed for the



selected bootstrap sample of basins. After one million iterations, the single set of /-
coefficients with the lowest rmse is assumed the best model for the subset of basins
selected for the given bootstrap realization. One million iterations represents the peak
efficiency of the algorithm in reducing the residuals while maintaining reasonable
computing time (approx. 30 minutes) per bootstrap realization.

8. One thousand bootstrap realizations are performed in order to adequately compute the 95-
percent confidence intervals for each f; in the set, with confidence intervals based on a
percentile method (Diciccio and Romano, 1988; Efron and Tibshirani, 1998). Likewise,
standard descriptive statistics (mean and standard deviation) are calculated, with the
mean of each coefficient expected to create the best prediction of recharge.

RESULTS

Mean recharge predictions for the Maxey-Eakin and Nichols approaches, and the new
BBRM approach for all of Nevada’s basins can be found at the Desert Research Institute web
address (http://bbrm.dri.edu). Table 4 provides descriptive statistics for the BBRM coefficients.
Figure 6 illustrates mean S-coefficients for the BBRM, with the Maxey-Eakin and Nichols
coefficients. Also included in Figure 6 is the BBRM 95-percent confidence intervals for each
calibrated . Uncertainty in £ increases with increasing precipitation, such that recharge
estimates for basins containing large precipitation will also contain higher uncertainty based on
the uncertainty in the calibrated . Uncertainty of BBRM f; coefficients at low and high
precipitation rates encompasses all other empirical coefficients. At moderate precipitation rates
(12 to 19 inches per year) the Maxey-Eakin and Nichols’ coefficients are larger than the BBRM
95-percent confidence bounds. Regression analysis of predicted recharge against mean
independent recharge estimates for the 90 basins analyzed found the mean set of BBRM /-
coefficients capable of predicting 76-percent of recharge variability (adjusted r* = 0.76), while
the Nichols model does a poorer job (adjusted r* = 0.59) and the Maxey-Eakin performs slightly
worse than the Nichols model (r* = 0.55).

A residuals analysis was done to examine the predictive capability of the Maxey-Eakin,
Nichols and the mean BBRM method. Residuals are calculated by subtracting the average of
independent recharge estimates from the predicted recharge for each of the 90 basins analyzed.
Figure 7a shows that all methods have increased error in prediction with increased expected
recharge (i.e. mean of independent recharge estimates). In general, all models over predict
(residuals > 0) recharge for small and medium recharge volumes ranging from 100 to 15,000
acre-feet per year. This has negative implications for water resource managers attempting to be
conservative in their estimates of perennial yield. Conversely, for larger expected recharge
volumes (> 40,000 acre-feet per year), most basins are under predicted by all empirical
approaches, however results are variable. Normalizing residuals by the size of the basin (Figure
7b) removes the influence of basin size in estimated error. All models tend to over predict
recharge volumes for basins with less than 15,000 acre-feet per year, but the Maxey-Eakin model
has less error in recharge per acre compared to the Nichols and BBRM approaches. Normalized
residuals in Figure 7b show that all empirical models mostly under predict recharge volumes for
basins with greater than 15,000 acre feet per year.

Two basins are evaluated to demonstrate the BBRM approach in comparison to Maxey-
Eakin, Nichols and the range of reported independent recharge estimates (RRE). Steptoe (Figure




8a) is a large basin (1,245,600 acres, 1,950 square miles) in east-central Nevada (observation #
77 in Figure 4) with an RRE of 70,000 to 129,500 acre-feet per year (refer to Table 3). The
range of the RRE is approximately 60,000 acre-feet per year, which is 60-percent the expected
mean of 99,750 acre-feet per year. Results show the Maxey-Eakin, Nichols and mean BBRM all
lie within the reported RRE, with the mean BBRM recharge estimate of 101,340 acre-feet per
year more closely predicting the expected mean of 99,750 acre-feet per year. The 95-percent
confidence interval for the BBRM approach fully encompasses the observed variability in the
RRE, with the error in PRISM precipitation and model development adding 26,000 acre-feet per
year of uncertainty.

Dry Valley (observation #21 in Figure 4) is a small basin of 53,000 acres (82 square miles)
located along Nevada’s western boarder north of the city of Reno. Referring to Table 3, the Dry
Valley RRE is 2,280 to 3,100 acre-feet (3,100 acre-feet is the average of 1,400 and 4,800 acre-
feet presented by Thomas and Albright, 2003). The relatively small range of 820 acre-feet per
year which is 30-percent the expected mean of 2,690 acre-feet per year (Figure 8b). The best
predictor of the expected mean recharge is the Maxey-Eakin model at 2,409 acre-feet per year. In
contrast, the BBRM mean estimate of recharge is 1.5 times larger than the mean of the RRE, and
the Nichols model predicts volumes four times the expected mean. The BBRM 95-percent
confidence interval encompasses most of the RRE, including the Maxey-Eakin estimate, but does
not capture estimates below the Maxey-Eakin volume. The shift in both the BBRM and Nichols
output toward larger than expected recharge is attributed to PRISM precipitation estimates
possibly being too large for Dry Valley. Both the BBRM and Nichols models may also over
predict the importance of precipitation as a predictor variable for recharge in Dry Valley (i.e.
B—terms too large). Instead, other basin specific characteristics such as geology, not accounted
in the model, is likely influencing (in this case reducing) recharge compared to average behavior
in Nevada.

Evaluation of all Nevada basins finds that the Maxey-Eakin method predicts the least
amount of recharge for 53-percent of the basins, and the Nichols model predicts the most
recharge in 43-percent of the basins. The BBRM method predicts in the middle of these models
44-percent of the time. A comparison of total predicted recharge for the entire state is shown in
Figure 9 with the mean of the RRE. As with the majority of individual basins, the Maxey-Eakin
model predicts the least amount of state wide recharge of approximately 4.6 million acre-feet per
year. The Nichols model predicts the greatest recharge amount of nearly 6.4 million acre feet per
year. This is approximately a 50-percent increase over the Maxey-Eakin approach. The mean
BBRM predicts recharge in the middle at 5.4 million acre-feet per year. The state-wide
comparison does not help clarify which predictive technique is closer to the true recharge value,
however it illustrates relative differences between methods.

DISCUSSION

Improving empirical recharge models largely rests in improving the data from which the
models are created. In Nevada, most of the reported recharge estimates are based on groundwater
budget approximations predominantly constructed from estimates of discharge by phreatophytes
through evapotranspiration. The accuracy of each component of the groundwater budget needs
to be tightened in order to produce an improved estimate. In terms of precipitation, observation
stations exist mostly on or near the valley floors. Yet, nearly half of the hydrographic areas and
subareas in Nevada are impacted by high elevation precipitation. Uncertainty in model
prediction increases with the rate of precipitation. This uncertainty could be reduced



substantially by increasing the quantity of high altitude observations and incorporating these
observations into more accurate isohytal maps of Nevada.

Empirical recharge models currently available, including the BBRM, are relatively
simplistic. Precipitation may be the primary source term but it is not the only factor controlling
the amount of groundwater recharge. Using other explanatory variables to characterize mountain
block and mountain front recharge processes such as geology, vegetation type and rooting depth,
evapotranspiration, and soil properties of permeability and depth to bedrock might improve
recharge predictions from empirical models. In addition, simple measures such as constraining
random basin selection based on geology and climate to develop ‘region’ or ‘flow system’
specific recharge coefficients is a promising area of research.

The results of the present study are based on a more robust collection of reported recharge
estimates than previous work of this type, however many new independent recharge estimates for
several basins have been reported since this research was completed. Infusing earlier modeling
approaches with more information adds understanding on the quality of recharge prediction.
When the Maxey-Eakin, Nichols and new BBRM are used to predict recharge for all
hydrographic areas and subareas in Nevada, it is clear that most often the Nichols equation
predicts highest, the BBRM predicts in the middle and the Maxey-Eakin equation predicts lowest
volume of groundwater recharge. This should be kept in mind any time one of these methods is
selected as the recharge predictor. It is shown that the Maxey-Eakin approach predicts recharge
closer to the average RRE for basins with lower expected recharge volumes. However, the
adjusted coefficient of multiple determination indicates that the BBRM method predicts closer to
the RRE mean more often than both the Maxey-Eakin and Nichols methods for all basins
analyzed.

The main advantages of the BBRM technique over previous empirical models of recharge is
that it incorporates precipitation error implicit in the PRISM estimates, variability in recharge
volumes as defined by independent studies, as well as uncertainty in model structure.
Consequently, the BBRM approach provides information on recharge prediction reliability.
Despite constraints based on the number, magnitude, source and possible bias of independent
recharge estimates, the BBRM can be a valuable tool in reducing predicted recharge uncertainty.
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Table 1: Typical Maxey-Eakin f~coefficients for individual precipitation zones.

Precipitation Zone

(inches per year) B

Less than 8 0.000
8 to less than 12 0.030
12 to less than 15 0.070
15 to less than 20 0.150
220 0.250

Table 2: Nichols f-coefficients for individual precipitation zones.

Precipitation Zone

(inches per year) B

Less than 8 0.000
8 to less than 12 0.008
12 to less than 16 0.130
16 to less than 20 0.144
20 to less than 34 0.158
>34 0.626
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Table 3: Ninety selected hydrographic areas with reported independent recharge estimates. Note
that observation #78 skipped. Observation #’s pertain to basin identification in Figure 4 and are
correlated with hydrographic area numbers.

Hydrographic

Independent Recharge
Estimate (acre-

Obs. # Area Number  Hydrographic Area Name Hydrographic Subarea Name feet/year) Source
1 111A Alkali Valley Northern Part 300 2
2 57 Antelope Valley 11,600 3
3 151 Antelope Valley 4,200 2
4 186A.B Antelope Valley Southern and Northern Part 16,000; 7,200 7,2
5 94 Bedell Flat 300 2
6 178A Butte Valley Northern Part 8,690 2,3
7 178A,B Butte Valley Total 70,500 7
8 178B Butte Valley Southern Part 11,925; 12,000 2,4
9 55 Carico Lake Valley 4,500; 8,650 2,3
10 180 Cave Valley 12,000 5
11 143 Clayton Valley 24,010 2
12 177 Clover Valley 20,700; 59,100; 87,100 1,7,3
13 171,172 Coal Valley and Garden Valley 11,000 5
14 118 Columbus Salt Marsh Valley 3,800 2
15 210 Coyote spring Valley 5,300 5
16 54 Crescent Valley 29,850 3
17 103 Dayton Valley 22,500 6
18 182 Delamar Valley 1,800 5
19 31 Desert Valley 900; 10,900 23

20 181 Dry Lake Valley 6,700 5
21 95 Dry Valley 2,280; 3,100 2,9
22 16 Duck Lake Valley 7,000; 9,000 2,4
23 104 Eagle Valley 6,000 2
24 133 Edwards Creek Valley 7,300 2
25 122 Gabbs Valley 4,300; 5,200 2,4
26 187 Goshute Valley 41,000 7
27 71 Grass Valley 12,800 2
28 138 Grass Valley 12,700 2
29 3 Gridley Lake Valley 200 2
30 156 Hot Creek 10,600; 5,800; 6,100 1,7,2
31 24 Hualapai Flat 6,000 2
32 113 Huntoon Valley 300 2
33 188 Independence Valley 9,300; 50,200 1,7
34 135 Ione Valley 4,000 2
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35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

174
132
206

66
139
183
212

92A,B

150

155A,B,C

175

59

8

58

140A

140B
136
154

96
228
209
208

69
170

29

53
130

65

173A
173B
123

99
119
62
176
22
20
146
134

121A

85

Jakes Valley

Jersey Valley

Kane Springs Valley
Kelley Creek Area
Kobeh Valley

Lake Valley

Las Vegas Valley
Lemmon Valley

Little Fish Lake Valley
Little Smoky Valley
Long Valley

Lower Reese River Valley
Massacre Lake Valley
Middle Reese River Valley
Monitor Valley
Monitor Valley

Monte Cristo Valley
Newark Valley
Newcomb Lake Valley
Oasis Valley
Pahranagat Valley
Pahroc Valley
Paradise Valley
Penoyer Valley

Pine Forest Valley
Pine Valley

Pleasant Valley
Pumpernickel Valley
Railroad Valley
Railroad Valley
Rawhide Flats

Red Rock Valley
Rhodes Salt Marsh Valley
Rock Creek Valley
Ruby Valley

San Emidio Desert
Sano Valley
Sarcobatus Flat

Smith Creek

Soda Spring Valley
Spanish Springs Valley

17,600; 20,700
300
1,000
27,200
15,000
11,500
30,000
Western Part and Eastern Part 1,500; 1,800
9,600; 10,200
Northern, Central, and Southern Parts 11,500; 8,600
38,000
55,350
4,500
14,300; 16,850
Northern Part 8,000
Southern Part 11,200
370
52,000
140
2,400
1,500
2,000
74,000
13,500; 3,800; 3,200
14,000
24,400; 62,850
2,200
29,800
Southern Part 5,000
Northern Part 67,000
800
850
300
14,400
68,000; 148,000
3,300
30
3,700
8,000
Eastern Part 700
1,000

12

75

[ NSRS

24
72
72

1,2,4

2,3



76
71
79
80
81

82
83
84
85
86
87
88
89
90
91

184 Spring Valley 94,000; 74,000; 62,000 72,4

179 Steptoe Valley 129,500, 70,000 7,2
145 Stonewall Flat 200 2
86 Sun Valley 25 2
114 Teels Marsh Valley 1,490 2

Toano-Rock Spring Area, Rocky Butte

189A,B,C,D Thousand Springs Valley Area, and Montello-Crittenden Cr. Area 21,000 2
185 Tippett Valley 11,900 7
56 Upper Reese River Valley 60,600 3
4 Virgin Valley 6,000 2
110C Walker Lake Valley Whiskey Flat-Hawthorne Subarea 4,600 2
84 Warm Springs Valley 2,025 2
89 Washoe Valley 9,700 2
60 Whirlwind Valley 15,750 3

207 White River Valley 53,000; 35,000 1.5
63 Willow Creek Valley 28,550 3

Sources: (1) Water Resource Bulletin (2) Water Resources Reconnaissance Series (3) Berger, 2000 (4) Dettinger, 1989

(5) Kirk and Campana, 1990 (6) Maurer, 1997 (7) Nichols, 2000 (8) Prudic and Herman, 1996 (9) Thomas and Albright, 2003

Table 4: BBRM f-coefficients descriptive statistics for individual precipitation zones.

Precipitation Zone B 95 % Confidence Interval
(inches per year) Mean St Dev Lower Upper
0 to less than 10 0.019 0.011 0.000 0.041
10 to less than 20 0.049 0.012 0.029 0.074
20 to less than 30 0.195 0.129 0.040 0.482
=30 0.629 0.278 0.127 0.999
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Figure 1: Equal precipitation intervals for the (a) 1965 Hardman precipitation map and (b) 1998
PRISM precipitation map. Overall, the PRISM map predicts more precipitation than the
Hardman map.
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Figure 2: Location of Cooperative National Weather Service and Snow Telemetry (SNOTEL)
precipitation observations.
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Figure 3: A comparison of thirty-year (1961-1990) normalized precipitation observations at
Nevada weather stations with the (a) 1965 Hardman and (b) 1998 PRISM map precipitation

predictions.
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Figure 4: Ninety hydrogeographic areas used to calibrate BBPM fS-coefficients. The number of
independently reported recharge estimates are color coded. Basin observation numbers are
correlated to hydrographic area identification numbers in Table 3.
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Figure 5: Schematic of the bootstrap brute-force approach.
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WATER QUALITY DATA MODELING TO MINIMIZE
EUTROPHICATION IN TRUCKEE RIVER, NEVADA

ANPALAKI J. RAGAVAN, Departments of Mathematics and Statistics, and Civil and
Environmental Engineering, University of Nevada, Reno, NV 89557 (ragavan@unr.edu)

ABSTRACT

High total phosphorus concentrations (TP) are the major cause for eutrophication which leads to
poor water quality in Truckee River, Nevada. Identifying the exact pattern of relationship among
multiple independent variables related to high TP is important to implement remediation methods. In this
study linear and non-linear relationship of multiple independent variables to TP in Truckee River were
modeled. Independent variables included alkalinity(ALK), total soluble phosphorus concentrations(STP),
stream flow(SF), water pH (pH), water temperature(TEMP), Dissolved oxygen(DO) and dissolved
organic carbon(DOC) sampled monthly at the same time as TP (from January 1997 to December 2007)
over six monitoring sites (McCarran Bridge(MB), Wardsworth Bridge(WB), Steamboat Creek(SC),
Derby Dam(DD), Lockwood(LW), and North Truckee Drain(NTD)) along Truckee River, Nevada.
Seasonal variations and man-made intervention in TP were included in the analysis. A non-linear
multiple regression model built for the dependent variable (TP), as a function of the independent variables
was optimized with respect to TP, subject to non-linear constraints and boundary values. Increase in SF,
DO and TEMP resulted in decreased TP by non-linear relationships. Increases in STP, DOC and ALK
increased TP linearly. Fitted non-linear regression model closely predicted TP in the river explaining
97% of total variation (R* =0.908) in TP. Model forecasted TP agreed well with observed TP. All
independent variables influenced TP significantly at 1% significance level (p<0.0001). All six sites
contributed significantly towards overall TP at 5% significance level (p<0.0001). Site SC is currently the
major contributor of high TP followed by NTD in Truckee River.

INTRODUCTION

Water quality management involves issues related to municipal, industrial and amenity irrigation
practices. Historical agricultural practices and river diversions have lead to increased concentrations of
total phosphorus (TP) in the Truckee River and the subsequent heavy growths of aquatic weeds and
benthic algae, caused by the high nutrient loadings and the low stream flows resulting in poor quality of
water. In addition the recent deposition of effluent from waste water treatment plants into the river have
modified the natural cycle of phosphorus, the relationship of which to soil use and agricultural, domestic
and industrial activities are expected to rise in the future. Increased TP has been reported in the past to
result in decreased levels of dissolved oxygen (DO) in the river due to plant respiration and decaying
biomass (EPA, 1994). Low DO levels have also reported to impair the river's ability to support
populations of Lahontan cutthroat trout, a threatened species, and cui-ui (kwee-wee), a national
endangered species (EPA, 1994). There is also spatial variability in different catchments in phosphorus
loading into Truckee River which imposes tremendous uncertainty in pollution load estimation.
Determination of relationship among factors affecting or causing variation of total phosphorus
concentrations can provide a robust solution to quantify total phosphorus pollution in developed areas in
Nevada where agricultural activities and treated waste water effluent may have an effect on surface water
quality.

This study evaluates the relationship between TP and nine independent variables (soluble total
phosphorus concentration(STP), stream flow(SF), dissolved organic carbon(DOC), dissolved
oxygen(DO), alkalinity(ALK), water pH(H"), water temperature (TEMP) and seasonal and cyclical
variations in TP) in the Truckee River was modeled as closely as possible through fitting an optimized
non-linear multiple regression model (NLMR). The optimized model will enable designers to target and
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manage TP in the Truckee River accurately. The developed model can provide guidance to probable
range and type of TP loads generated and deposited into the Truckee River and the type and level of
influence of the several water quality factors on TP levels, hence on eutrophication.

Study area

The Truckee River flows from south of Lake Tahoe, 140 mi (225 km) long into the northern basin’s
of Nevada and California, draining part of the high Sierra Nevada and emptying into Pyramid Lake in the
Great Basin (USEPA, 1991). It flows generally northwest through the mountains to Truckee, California,
and then turns sharply to the east and flows along the northern end of the Carson Range into Nevada past
the Reno Sparks metropolitan area (Figure 1). Within and east of the Truckee Meadows, fourteen
ditches remove water for irrigation. The most significant diversion is the Derby Dam, where at least 32%
of the river's water is diverted annually (Peternel and Laurel, 2005). TMWREF currently maintains 11
continuous monitoring stations within the Truckee water system. These stations are located at: Mogul,
SC, MB, NTD, LW, Patrick, Waltham, Tracy, Painted Rock, Wadsworth and Marble Bluff Dam. The
Lockwood (LW) monitoring site is currently chosen as the compliance site for assessing total maximum
daily loads (TMDL) for phosphorus into the Truckee River because most controllable sources are thought
to be upstream. LW monitoring site is located in the lower Truckee River basin 65.6 river miles from
Lake Tahoe located down stream, of MB, NTD, and SC monitoring sites and Vista (www.tmwrf.com)
(Figure 2).

Background and hypothesis

Truckee River’s waters are an important source of drinking and irrigation for people in Nevada. As
discussed previously, heavy agricultural activities and the prevalence of water diversions in the past have
caused a decline in Truckee River’s water quality and the subsequent detrimental effects on habitats.
Added to this are the recent increased urbanization and the discharge of effluent from waste water
treatment plants especially from the state of California into the Truckee River. The water quality in the
Truckee River is very good near Lake Tahoe, although Lake Tahoe is listed in the 2006 NDEP 303(d) list
of impaired waters (for clarity), but as it descends, the levels of nutrients and suspended solids increase .
NDEP has listed the Truckee River (from the state-line to the Wardsworth) as impaired for one or more of
the following parameters: temperature, turbidity, or total dissolved solids. The California State Water
Resources Control Board (State board) has classified the middle reach of the Truckee River as “impaired”
under Section 303(d) of the Clean Water Act. The more recent increased treated effluent discharge into
the Truckee River from the town of Truckee, CA has intensified the problem. Clearly there is a need to
restore Truckee River to a more natural condition to improve habitat, water clarity and the river's overall
health.

In addition, currently there is a need for a consistent, scientifically defensible approach for assigning
nutrient criteria for Truckee River water, to control eutrophication. Until now, exceedances of TP in
Truckee River, has been considered to be the major cause of eutrophication in the River (EPA, 2007)
which has lead the beneficial use criteria of EPA to focus on phosphorus (not nitrogen) for eutrophication
control. Recently, researchers are reporting other variables such as DO, SF, TEMP and H'" to affect
biomass activity and growth in the river hence eutrophication. All the above factors that affect biomass in
the river also directly or indirectly influence TP. The relationship of these variables to TP in the Truckee
River has not been studied and not fully understood. In many cases the impacts of phosphorus levels on
the beneficial uses, e.g. aquatic life, recreation, etc are not known. Some algae are a necessary
component of the ecosystem, while excessive algae can impact the beneficial uses in a variety of ways.
Inadequacy of information regarding TP in Truckee River currently limits the ability of NDEP to revise
the values to impose design criteria for phosphorus in the Truckee River (required for determining, use
status for the 303(d), Impaired Waters List (Category 5 of the Integrated Report)) (NDEP, 2007).
Subsequently, implementing the beneficial use criteria is challenged. The eutrophication problem still
persists.
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The TMDL compliance level for TP in the Truckee River is currently 0.075 mgl™ (214 Ibsday™) set
at the Lockwood (LW) monitoring site although the spatial variation (variations among monitoring sites)
of TP in Truckee River has not been studied well. This level of compliance may need to be revised in
terms of value and location to make more stringent regulations for phosphorus to protect Truckee River
water.

In addition, phosphorus has been classified by the Environmental Protection Agency (NDEP, 1994)
as a conservative pollutant (conservative pollutants and not reactive and persist in the water segment of
the aquatic environment over time remaining essentially constant in concentration), hence not expected to
be perturbed by seasonal variations or other short term cyclical and non-cyclical variations in the system.
Conservative pollutants are expected to vary in concentrations directly only with the volumes of flows of
discharges of the receiving water body. However, it is possible that TP in Truckee River can be affected
by seasonal urban activities, periodic diversions and other cyclical and non-cyclical man made disposals.
This classification needs revising in the future too.

Figure 1: Truckee River in Reno, Nevada Figure 2: TMWRF Monitoring Stations
(Source: http://truckeeriverinfo.org/gallery).

OBJECTIVES
1. To closely study the relationship of total phosphorus concentration to multiple
independent variables (alkalinity, total soluble phosphorus concentration, stream
flow, H', water temperature, dissolved organic carbon, dissolved oxygen and seasonal
and cyclical variations) in Trucker River, Nevada.
2. Using non-linear multiple regression with optimization to forecast TP as a function of
multiple independent variables influencing TP in the Truckee River.

LITERATURE REVIEW

Because of the endangered species present and due to the fact that Lake Tahoe Basin comprises the
headwaters of the Truckee River, the Truckee River has been the focus of several water quality
investigations, the most detailed starting in the mid-1980s. Under the direction of the U.S. Environmental
Protection Agency, comprehensive dynamic studies have been undertaken to study the impacts of a
variety of land use and wastewater management decisions throughout the 3120 square mile Truckee River
Basin and also to provide guidance to other U.S. river basins (USEPA, 1991). Analytes mostly addressed
include nitrogen, phosphorus, DO, and total dissolved solids. Impacts upon, the receiving waters of
Pyramid Lake has also been analyzed (Truckee River Geographic Response Plan, 2005).

According to EPA (2000), nitrogen and phosphorus are the main nutrients that cause excessive algal
growth in Truckee River. Elevated phosphorus loads have encouraged the proliferation of aquatic plants
and benthic algae (EPA, 2000). Respiration by these plants and the decay of their associated detritus can
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decrease dissolved oxygen (DO) in the water column, resulting in violations of the DO standard (EPA,
2000). However, violations of the in-stream DO standard have continued in spite of nutrient removal
enhancements by the TMWRF (NDEP, 1993). Jeppesen et. al., (2005) have also reported reduction of
external total phosphorus (TP) loading to result in significantly lower in-lake TP concentration, lower
chlorophyll a concentration and higher Secchi depth in a number of lakes. When nutrient concentrations
were high enough effective growth of biomass was independent of aeration and subsequent increase in
dissolved oxygen concentrations (Jeppesen et. al., 2005).

According to Tetra Tech, (2005) the use of nutrient concentrations alone are poor predictors of
assessing eutrophication impacts. The following results are in support of their statement. Dodds and
others, (2002) found by examining data from over 600 streams that nutrient concentrations to account for
less than half of the variability in the benthic algae biomass. They speculated that other factors, such as
flow, light availability, temperature, channel conditions, and grazing, were responsible for the remaining
variability. In a detailed study of Colorado streams, Lewis, Jr. and McCutchan (2005) found even less of
a relationship between nutrient concentrations and benthic biomass, with dissolved inorganic nitrogen
accounting for only 15% of the variance. No significant relationship was found between benthic biomass
and other nitrogen and phosphorus species. Biggs (2000) have explained 62 percent of the variance in
peak biomass by the time since the last flood event.

Increased water temperature increased biological activity, including algae growth (Tetra Tech,
2002). However, Cladophora algae, has been found to die-off at temperatures exceeding 23.5°C (Dodds
and Gudder, 1992). These die-off events also lead to low DO levels as the algae decayed. Lewis, Jr. and
McCutchan, Jr. (2005) identified an inverse relationship between periphyton biomass and elevation,
therefore a positive relationship between biomass and temperature. In another experiment on the effects
of temperature (five 4-day cycles for 21 days, to represent: 7°C=-13°C=:23°C=:13°C=:7°C) on water
column TP concentrations, TP was significantly higher under low-temperatures and significantly lower
under high-temperatures (23°C) (Spears et. al., 2008). According to Bores et. al., (2008), alkaline waters
with high levels of TOC and DOC resulted in hypotrophic levels of TP, although the nitrogen-phosphorus
ratio was below 1. It was concluded that the low N/P ratio was caused by high pH (pH > 9). Plankton
community increased as acidification of lake was increased (Boros et. al., 2008). Most aquatic organisms
tolerate a limited range of pH, and most fish require a pH of 5.5 or higher for successful growth and
reproduction.

From the above studies it can be conceptualized that a non-linear complex relationship exist among
TP, biomass growth and several water column parameters affecting biomass growth in lakes. The
interactive relationship of TP to multiple water quality parameters require careful further studies if
phosphorus is to be used as criteria for eutrophication control in Truckee River. Identifying the
relationship among STP, SF, DO, H", DOC, ALK, TEMP and TP closely in Lake Tahoe with an
optimization technique could help identify the level and type of impact of TP on eutrophication.

METHODS
Software used

SAS® software was used to perform all the analyses and to generate all the plots and all the tables
presented in this paper except Figure 1 and Figure 2.

Data evaluation

Monthly values of the seven independent variables (STP, SF, DO, H', DOC, ALK, TEMP) studied
and of TP for the period from January of 1995 through December of 2007 for the 6 monitoring locations
(MB, WB, SC, DD, LW and NTD) were obtained from Truckee Meadows Water Reclamation Facility
(TMWRF, www.tmwrf.com). The TP concentration included a total of all the dissolved phosphorus
species. The data from January of 1997 through December of 2004 were used to fit the NLMR model.
The data from January of 2005 through December of 2007 were used to validate the fitted NLMR model
through forecasting. The data from January 1995 through December 1996 were excluded from the
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analysis since more than half of the values for TP were missing and data for several of the independent
variables were not available.

All variables were tested and corrected for missing values, non-stationarity and multicolliniarity for
the following reasons. Regression analyses with time series data (data collected over discrete time
intervals) require that the data modeled are stationary, which means that the statistical properties
and variations in the data at any time are similar to those of the time-shifted data. All regression
models also require that the independent variables are not correlated among themselves. When
an independent variable is a linear combination of other independent variables in the model, the
predicted regression estimates are unstable and the fitted model will have high standard errors.
This problem is called variance inflation or multicollinearity. No multicollinearity among
independent variables was detected in the data. In addition, missing values for any observation
in any of the independent variables can lead to missing values in the objective function and non-
stability of the fitted model.

Statistical analysis

Pearson correlation (simple linear relationship between two variables, not necessarily linear
dependence) coefficients among pairs of independent variables were calculated. A cross sectional
regression (significance of contribution of data from each site in predicting the overall TP, tested
separately at 5% level of significance through standard Chi-square tests; Appendix: SAS® Code 1) was
fitted to study spatial variability in overall TP in the Truckee River. An unobserved components analysis
(data were decomposed into trend, seasonal and cyclical components and their significance tested
at 5% level of significance using standard Chi-square tests; Appendix: SAS® Code 1) was
performed to study the significance of overall trend and seasonal and cyclical variations in TP.
Relationship among dependent (TP) and the independent variables were predicted through scatter plots,
correlation coefficients, hypothesis testing and simple linear regression.

A non-linear multiple regression (NLMR) model (Harville, 1988; Searle, 1988) was fitted to establish
the relationship between the dependent (TP) and the independent variables. An alpha level equal to 0.01
was used for estimating the regression coefficients (Appendix: SAS® Code 1). An alpha level of 0.05
was used for all other tests. Diagnostic statistics and residuals from the final selected model were tested
for adequacy of the final fitted model. The following equation (objective function) was found appropriate
and the best to predict TP as a function of the studied independent variables (Eq. 1).

Obijective function
TP = betalt+ beta2*DOC — beta3*(EXP(DO)) - betad*(LOG(SF)) + betaS*pH +
1.2065*STP + beta7*(EXP(Season-12)) + beta8*(EXP(Intervention-12)) +
betad * (1/(1-TEMP)) + betal 0* ALK (D

Sensitivity analysis

Sensitivity of the fitted NLMR model to changes in the regression coefficients and constraints in
independent variables was analyzed through non-linear optimization with respect to minimum TP using
Least Squares Minimization (LSQ) (Appendix: SAS® Code 2). Arithmetic averages of independent
variables were used as initial values and varied subject to linear and non-linear constraints and boundary
values of regression coefficients and values of independent variables. The following constraints of
independent variables include all probable range of observed values for the independent variables: H"
between 1 and 14, STP>0, DO>0, SF>0, DOC>0, and ALK >0, subject to the following model
constraints: Log(SF)>0 and, TEMP<>1. Boundary values of estimates of regression coefficients were
chosen accordingly. A list of all boundary values and linear and non-linear constraints used are shown
below.
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Boundary values
-3.2E-10 < beta3 < 3.2E-10.
0 <beta7 <1.
0 <betal < 1.
Non-Linear Constraints
Log(SF) > 0.
TEMP <>1.
1< pH < 14.
DOC, STP, ALK > 0.
6.14421E-06 < EXP(Season-12) < 1.67017E-05.
6.14421E-06 < EXP(Intervention-12) < 1.67017E-05.
1 <EXP(DO) < 5.18471E+21.

Forecasting

The fitted NLMR model was used to obtain monthly forecasts for TP for the period from January
2005 through December 2007. Forecasted TP values were plotted along with observed TP values for the
time period of forecast.

RESULTS AND DISCUSSION
Description of observed variables and relationship

Significant positive correlations were observed between DOC and STP (0.729, p<0.0001), DOC and
ALK (0.593, p<0.0001) and STP and ALK (0.749, p<0.0001) indicating alkaline conditions (usually high
in DOC) can lead to high phosphorus concentrations and eutrophication in Truckee River. Significant
negative correlation were observed between DO and TEMP (-0.788, p<0.0001) indicating that high
temperatures can favor the growth and decay of biomass in the Truckee River. No other correlations
among independent variables were significant (p>0.05). The overall mean TP (0.117+0.096 mgl', Table
1) in Truckee River was above the current compliance level for TP of 0.075 mgl”'. The overall mean DO
(10.0+1.8 mgl™") met the NV water quality standards despite the high values of TP. The overall mean
SF (643.8+900.9 CFS) was low with standard deviation larger than the mean indicating the presence of
extreme values (Table 1). Scatter plots of TP against the continuous independent variables (DO, DOC,
STP, SF, TEMP, H" and ALK) are shown in Figures 3a through 3g.

The overall trend of TP in Truckee River is significantly (p<0.0001) increasing. TP in Truckee River
increased at a moderate rate until the beginning of 1999, showed a sudden large increase during 1999 and
increased at a much faster rate than before 1999 until the end of December of 2004 showing values above
the overall mean TP of 0.017mgl” (Figure 4a). Significant (p<0.05) periodic seasonal variations were
observed in TP with a value of period equal to 12 months (Figure 4b). A significant long term cyclical
variation (p<0.05) was observed in TP with a value of period equal to 195.94 months, which could be due
to periodic man-made disposals and/or diversion practices that were present in the Truckee River during the
study period (Figure 4c).

Spatial and annual variations in TP

Largest values in TP (mean value of 0.252:£0.081 mgl ') were observed at the monitoring site located
at Steamboat Creek (SC) followed by the one at North Truckee Drain (NTD) (mean value of 0.208+0.073
mgl") (Figure 5). The mean values of TP observed at SC and NTD were much above the compliance
level for TP of 0.075mgl™.
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Table 1: Observed values of dependent and independent variables studied
Variable | N Viean ;:aa:lri‘:t?;: Minimum | Maximum
(mg/L) (me/L) (mg/L) | (mg/L)
TP 560 0.117 0.096 0.001 0.512
SF 560 643.8 900.9 5.0 5790.0
DO 574 10.0 1.8 4.5 14.4
DOC 575 3.1 2.1 0.1 224
STP 575 0.1 0.1 0.0 0.4
ALK 575 101.6 67.6 29.0 374.0
pH 574 8.0 0.3 7.0 9.0
TEMP | 574 10.9 6.0 0.1 24.7
TP (mg/L)

10 12 16

DO (mg/L)

TP (mglL)

5 10

15 20

DOC (mgiL)

Figure 3a: Observed TP versus DO

Figure 3b: Observed TP versus DOC
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Figure 3c: Observed TP versus STP

Figure 3d: Observed TP versus H"
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The mean TP at Lockwood (LW) (0.078+0.092mgl") was close to the compliance level (Figure 5).
All sites contributed significantly (p<0.05) towards overall TP in Truckee River (Table 2). Annual mean
values at all sites were below the compliance level until 2000, increased to values much above the
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compliance level between 2000 and 2002 and decreased thereafter until the end of 2004 (Figure 6). The
maximum mean TP was observed during 2002 at all monitoring sites.

Spatial variations in DO and SF
Mean of observed stream flow (SF) did not vary significantly among sites. Site SC showed the
most variation in SF with 50 percent of the observed SF values showing values less than 60 cubic feet per
second (Figure 7a). Several extreme values of SF could be observed at all sites. No significant (p>0.05)
differences were observed among monitoring sites in mean DO. Mean DO values were larger than 7.5
mg/L at all sites (Figure 7b). Lowest mean DO was observed at monitoring site SC.
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Overall mean TP : {0.081} . = Owerall Mean TP: 0.117 ma/L |
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Figure 5: Observed mean values of TP by site Figure 6: Annual variations in observed
(mean and standard deviations above bars) TP shown as a mean plot by year.

DD LW MB NTD SC WB DD LW MB NTD SC WB
Monitoring Site Monitoring Site
Figure 7a: Box plot of observed SF by site Figure 7b: Box plot of observed DO by site

Results from the NLMR model

Estimated regression coefficients of all studied independent variables were statistically significant
(p<0.05) (Table 3). TP increased exponentially as SF decreased (p<0.0001) and DO decreased
(p<0.0001) in the Truckee River and increased linearly as DOC, STP, pH or ALK increased (p<0.05) in
the Truckee River. TP in the Truckee River was also affected significantly (p<0.05) by seasonal
variations and cyclical intervention events (p<0.05) (Table 3). The fitted NLMR model explained 96.7 %
of the total variation in TP in the Truckee River and predicted observed TP very closely (R*=0.908,
n=559) (Figure 8). The model predicted overall mean (0.113 £0.089 mgl™") agreed well with the observed
overall mean (0.117+0.096mgl™) in the Truckee River. The predicted mean TP at individual sites also
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agreed closely well with the observed mean TP values at the sites (Table 4). Sites SC and NTD showed
significantly larger predicted mean TP than other sites.

Table 2: Significance of contribution by individual sites towards overall TP

Site Estimated TP Standard DF t Value Pr>|t|
Error
MB 0.02696 0.00514 569 5.25 <.0001
WB 0.06892 0.00514 569 134 <.0001
SC 0.2517 0.00514 569 48.7 <.0001
LW 0.07804 0.00514 569 15.2 <.0001
DD 0.07227 0.00514 569 14.1 <.0001
NTD 0.2075 0.00514 569 40.4 <.0001

Table 3: Estimates of regression coefficients and probabilities from NLMR model

Pr>

Variable Estimate Standard Error DF |t]
Intercept -0.397300 0.000306 559 <.0001
DOC 0.005812 0.002377 559 0.0148
DO -3.20E-08 0.000000 559 <.0001
SF -0.008830 0.003100 559 0.0046
pH 0.037410 0.002664 559 <.0001
STP 1.206500 0.000043 559 <.0001
TEMP -0.016160 0.006658 559 0.0155
ALK 0.000390 0.000078 559 <.0001
Season 0.100000 0.000000 559 <.0001
Intervention 0.036740 0.000000 559 <.0001
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Figure 8: Observed TP versus TP predicted Figure 9: Pattern of model residuals
by the fitted NLMR model
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Model validity and forecasts

Regression coefficients were not altered by the non-linear optimization of the NLMR model. The
fitted model was not sensitive to changes and constraints in values of independent variables (Table 5).
Diagnostic statistics obtained from the best fitted NLMR model were sufficient. The Residuals obtained
from the mode did not show any significant pattern (Figure 9).

Trend of forecasted TP decreased during the period between January 2005 and December of 2006,
and slightly increased thereafter. The observed (0.1386 +0.045mgl™") and forecasted (0.1373+0.027 mgl
") mean TP values during the forecast period agreed well.

Table 5: Estimates of parameters after LSQ minimization

Gradient Table 4: Observed and NLMR model
Variable | Parameter | Estimate | Lagrange predicted mean TP by monitoring site
Function
Int t betal 0.3973 | 0.372619 LR el
nercep £ : : Site Mean TP Mean TP
DOC beta2 0.005812 | 1.173749 (mgl?) (mgl)
DO beta3 -3.20E-10 Y DD 0.072+0.093 | 0.072+0.028
SF beta4 -0.00883 | 2.207488 LW | 0.078+0.092 | 0.081+0.017
pH betas 0.03741 | 2.98095 MB | 0.027+0.077 | 0.034+0.006
STP betab 1.2065 | 0.028319 NTD | 0.208+0.073 | 0.22+0.046
Season beta7 0.1 1.012883 SC 0.252+0.081 | 0.223+0.015
Intervention beta8 0.03674 1.012883 WB 0.069+0.089 0.067+0.009
TEMP betad -0.01616 | -0.037487 Overall | 0.117+0.096 | 0.113+0.089
Alkalinity betal0 0.00039 | 37.865512
Least squares minimization solution to objective
Function = 0.0694223467

e Actual

— Forecast

Figure 10: Observed TP and TP forecasted by the NLMR model
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CONCLUSIONS

Observed TP levels in the Truckee River have significantly increased from the beginning of 2000 up
to the end of 2004. The TP levels since then have decreased to values observed prior to 2000 until the
end of 2006. The trend of TP has again shown slight increase during 2007. TP loading into the Truckee
River from all 6 monitoring sites are significant. Steamboat Creek is currently the major contributor of
TP to the Truckee River followed by North Truckee Drain. TP loading from these two sites require
careful monitoring to reduce build up of TP and subsequent eutrophication in the waters of the Truckee
River. High levels of TP in the Truckee River are favored by low temperatures (p<0.05), high alkalinity
(p<0.0001) and high H" (p<0.0001) and low stream flows (p<0.05). Dissolved oxygen concentration
decrease exponentially as TP in the Truckee River waters increase (p<<0.0001). TP levels in the Truckee
River waters increase exponentially as stream flows in the Truckee River decrease (p<0.05). TP in the
Truckee River are also affected significantly (p<0.0001) by seasonal variations and cyclical intervention
events. The TP values in Truckee River significantly increase during summer when river diversions and
return flows are at their maximum and river flows are low and decreases during winter when the opposite
is true. TP in Truckee River can be predicted accurately (explaining 96% of total variation) as a function
of the seven decision variables listed using their linear and non-linear relationship to TP (R*=0.908). The
forecasted mean TP value is above the compliance level for TP indicating that eutrophication problem
still persists and management practices should be increased towards lowering TP values in the Truckee
River especially from Steamboat Creek and North Truckee Drain areas.

REFERENCES

Akaike, H., 1974, A new look at the statistical model identification, IEEE trans.: Autom. Control AC-19,
p. 716-723.

Boros, E., Nagy, T., Pigniczki, C., Kotyman, L., Balogh, K.V., and Voros, L., 2008, The effect of aquatic
birds on the nutrient load and water quality of soda pans in Hungary, Acta Zoologica Academiae
Scientiarum Hungaricae, v. 54 (Suppl. 1), p. 207-224.

Box, G.E.P., and Jenkins, G.M., 1976, Time series analysis forecasting and control, (2nd ed.):
Holden-Day, San Francisco, Ca.

Buse, A., 1973, Goodness of fit in generalized least squares estimation, American Statistician, v.
27, p. 106-108.

DaSilva, J.G.C., 1975, The analysis of cross-sectional time series data, Ph.D. dissertation,
Department of Statistics, North Carolina State University.

Dodds, W.K., Smith, V.H., and Lohman, K., 2002, Nitrogen and phosphorus relationships to
benthic algal biomass in temperature streams, Can. J. Fish. Aquat. Sci., v. 59, p. 865-874.

Dodds, W.K., and Gudder, D.A., 1992, The Ecology of Cladophora, Journal of Psychology, v. 28,
n. 4, p. 415-427.

Fuller, W., 1978, Introduction to time series, New York: John Wiley & Sons, Inc.

Harville, D.A., 1988, Mixed-model methodology: Theoretical justifications and future directions,
Proceedings of the Statistical Computing Section, American Statistical Association,
New Orleans, p. 41-49.

Jeppesen, E., Sendergaard, M., and Jensen, J.P., et., al., 2005, Lake responses to reduced nutrient
Loading: An analysis of contemporary long-term data from 35 case studies, Freshwater Biol, v.
50, p. 1747-1771.

Lewis, W.M. Jr., McCutchan, Jr., J.H., December 2005, Environmental thresholds for nutrients
in streams and rivers of the Colorado Mountains and Foothills Report.

NDEP, 1994, Truckee River final total maximum daily loads and waste load allocations: Nevada Division
of Environmental Protection, Carson City, Nevada.

NDEP, 2007, Nevada’s nutrient assessment protocols for Wadeable streams: Nevada Division of
Environmental Protection, Carson City, Nevada.

34



NDEP, 1993, Truckee river strategy: Nevada Division of Environmental Protection, Carson City,
Nevada.

Parks, R.W., 1967, Efficient estimation of a system of regression equations when disturbances
are both serially and contemporaneously correlated, Journal of the American Statistical
Association, v. 62, p. 500-509.

Peternel, K., and Laurel, S., May 15-May 19, 2005, Truckee River Restoration Modeling, World Water
and Environmental Resources Congress. Anchorage, Alaska, USA.

Ragavan, A., 2008, Data Mining Application of Non-Linear Mixed Modeling in Water Quality
Analysis, Proceedings of the Data Mining and Predictive Modeling Section, SAS®
Global Forum, San Antonio, TX, Paper 140-2008.

Salas, J.D., and Obeysekera, J.T.B., 1988, ARIMA models Identification of Hydrologic Time
Series, Water Resources Research, v. 18, no. 4, p. 1011-1021.

Schafer, J.L., 1999, Multiple Imputation: A Primer, Statistical Methods in Medical Research, v.

8, p. 3-15.

Schafer, J.L., 1997, Analysis of Incomplete Multivariate Data, New York: Chapman and Hall.

Searle, S. R., 1988, Mixed Models and Unbalanced Data: Wherefrom, Whereat, and Whereto?,
Communications in Statistics - Theory and Methods, v. 17, n. 4, p. 935-968.

Searle, S.R., Casella, G., and McCulloch, C.E., 1992, Variance Components, New York: John
Wiley & Sons, Inc.

Spears, B.M., Carvalho, L., Perkins, R., and Paterson, D.M., 2008, Effects of light on sediment nutrient
flux and water column nutrient stoichiometry in a shallow lake, Water Research, v. 42, n. 4-5, p.
977-986.

Tetra Tech Inc., 2005, Technical Approach to Develop Nutrient Numeric Endpoints for
California, U.S. EPA Region, IX.

Truckee Meadows Water Reclamation Facility: www.tmwrf.com

Truckee River Geographic Response Plan, 2005:
http://ndep.nv.gov/bea/emergency/truckee_river plan05.pdf

USEPA, 1991, Guidance for water quality-based decisions: The TMDL process EPA 440/4-91-001,
U.S.EPA, Office of Water, Washington, DC.

USEPA, July 2000, Nutrient Criteria Technical Guidance Manual: Rivers and Streams, U.S.EPA-822-B-
00-002.

USEPA, March 2007, N-Steps: http://n-steps.tetratechffx.com/NTSCHome.com

35


http://www.tmwrf.com/
http://ndep.nv.gov/bca/emergency/truckee_river_plan05.pdf
http://n-steps.tetratechffx.com/NTSCHome.com

APPENDIX

SAS® CODE 1

/* Testing and correcting data for stationarity */
PROC ARIMA DATA=Monthly; IDENTIFY VAR= TP STATIONARITY=(ADF=(1,2,4,6,12));RUN;
DATA Monthly; SET Monthly; TP =DIF(TP); RUN;

/* Testing and correcting data for missing observations */
PROC MI DATA=Monthly SEED=21355417 NOINT NIMPUTE=6 MUO=50 10 180 OUT=outmi;
MCMC CHAIN=multiple DISPLAYINIT INITIAL=em(ITPRINT);
VAR TP Alkalinity DO2 DOC STP SF pH Temp; RUN;

/* Unobserved component analysis of observed TP */
PROC UCM DATA=Monthly PRINTALL; ID Date INTERVAL=Month; MODEL TP;
IRREGULAR plot=smooth; LEVEL variance=0 noest plot=smooth;
SLOPE variance=0 noest plot=smooth; CYCLE rho=1 noest=rho plot=smooth;
SEASON length=12 plot=smooth; RUN;

/* Time series cross sectional regression analysis */
PROC TSCSREG Data=Monthly OUTEST=outl COVOUT CORROUT;
ID site date;
MODEL TP=Alkalinity DOC DO2 SF pH STP Summer X1 Temp /NOINT
RANTWO DaSilva;
TEST MB =0; TEST WB=0; TEST SC=0; TEST LW=0; TEST DD=0; TEST LW=0; RUN;

/* Hypothesis testing, variance inflation and correlation analysis */
DATA Monthly; SET Monthly;
sTlog=Log(ABS(SF)) ;doexp=EXP(D02); summer=exp(summer-12); x11= exp
summer-12); Temp=(1/(1-Temp)); RUN;
PROC REG DATA=Monthly;
MODEL tp= sflog doexp DOC STP pH Alkalinity Templ X11 Summerl /VIF;
RUN;
PROC CORR DATA=comp; VAR SF DO2 DOC STP Alkalinity pH Temp; RUN;
TEST sflog =0; TEST doexp =0; TEST summer =0; TEST x11=0; TEST Temp=0;
RUN;

/* Fitting a non-linear multiple regression model */
PROC NLMIXED DATA=Monthly QPOINTS=10 ALPHA=0.01 TECH=QUANEW; UPDATE=DDFP;

PARMS

betal=0.000246 beta2=0.006199 beta3=-0.000000548 beta4=-0.000001
beta5=-0.0000002455 beta6=-0.7867 beta7=0.1 beta8=0.03665 beta9=-
0.00066 betalOd=-0.002 g11=-0.001428 to 0.02 by 0.001 g12=-0.001 to
0.01 by 0.001;

eta = betal+ beta2*DOC + beta3*(exp(D0)) + betad*(log(abs(SF))) +
beta5*pH + beta6*STP + beta7*(EXP(Summer-12)) + beta8*(EXP(X1-12))
+ beta9*(1/(1/Temp)) + betalOd* (Alkalinity) + gl2*bl;
num = eta; mu= num;

MODEL TP ~ NORMAL(mu,g12); RANDOM bl ~ NORMAL(O,g11l) SUBJECT=SITE;
PREDICT mu OUT=cdf; RUN;

36



SAS® CODE 2

/* Least squares minimization */
PROC NLP PALL TECH=quanew CLPARM=BOTH BEST=10 FD=Forward OUTMOD=model ;
LSQ TP;

PARMS
betal= -0.3973, beta2= 0.005812, beta3 = -0.000000032, betad=-
0.00883, betab= 0.03741, beta6= 1.2065, beta7= 0.1, beta8= 0.03674,
beta9=-0.01616, betalO= 0.00039, sf =374.0, Temp=10.94,Summer=1,
x11=1,d02=10.04, pH=8.0, doc=3.15, stp=0.076, Alkalinity=101.62;

BOUNDS
-3.2E-10 <= beta3 <= 3.2E-10, O < beta7 <= 1, 0 < beta8 <= 1;

NL INCON
nlcl-nlc2 > 0., 6.14421E-06 <= nlc3 <= 1.67017E-05,
6.14421E-06 <= nlc4 <= 1.67017E-05, 1 <= nlch <= 5.18471E+21,
1 <= nlc6 <= 14, nlc7-nlcl0 >= 0.;
nlcl = Log(SF); nlc2= (1-Temp); nlc3=Exp(Summer-12);
nlcd = Exp(X1-12); nlc5=Exp(D0); nlc6=pH; nlc7=DOC;
nlc8=STP; nlc9=Alkalinity; nlcl10=DO; nlcll=(1/nlc2);

TP = ((betal + beta2*nlc7 + beta3*nlc5 + betad*nlcl + beta5*nlc6+
beta6*nlc8 + beta7*nlc3 + beta8*nlc4 + beta9*nlcll
+ betalO*nlc9));
RUN;
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Recent Judicial Court Decisions Affecting Nevada Water
Law

Michael C. Widmer, Washoe County Department of Water Resources, 4930 Energy Way,
Reno, Nevada 89502. (mwidmer@washoecounty.us)

Vahid Behmaram, Washoe County Department of Water Resources, 4930 Energy Way, Reno,
Nevada 89502 (vbehmaram@washoecounty.us)

Recent US Court of Appeals Opinion in the case of the Pyramid Lake Paiute Tribe vs. the
Nevada State Engineer, et al.

Introduction

This Federal Court case was an appeal by the Pyramid Lake Paiute Tribe to the State Engineer’s
Ruling 5747. It revolves around the issue of ground water that naturally discharges to the
Truckee River and therefore sustains the flow in the river. If a portion of this ground water is
removed (through permitted pumping), are decreed surface water rights adversely affected? The
State Engineer website, which contains his ruling, can be found at http://water.nv.gov/.

State Engineer Ruling 5747

The Truckee River and its tributaries were adjudicated in 1944 through the Orr Ditch Decree
where surface waters were decided upon. The Truckee Canyon within the Tracy Section
(hydrographic basin) lies to the east of Sparks, Nevada and west of Wadsworth, Nevada and
tribal lands. Prior to 2006, the ground waters were estimated at 6,000af yet nearly 8,000af of
permits had been issued. New applications were submitted between 1998 and 2003. In 2006, the
U.S.G.S. released a ground water study of the canyon. This study gave a very wide range in
estimates of the ground water resource, between 2,000af and 20,000af. The State Engineer
decided that 11,000af was the appropriate estimate of the resource. Ruling 5747 permitted most
of the applications despite the protests of the Pyramid Lake Paiute Tribe and Churchill County.

Basis for State Engineer Ruling

A previous ruling gave all remaining unappropriated water in the Truckee River to the Tribe
after the Decreed and other rights were satisfied. Therefore the Tribe argued that granting the
new ground water applications would reduce the base flow to the Truckee and thereby interfere
with their decreed rights (No. 1 and No. 2). However, the State Engineer wrote that the granting
of the rights would not conflict with the decreed rights. The State Engineer also stated that
ground water was never contemplated as part of the decree. And that ground water was not
contemplated as part of the “remaining flow” in the river granted to the Tribe in 1998.

Basis for District Court Dismissal

Because the issue revolved around the Orr ditch Decree, the Tribe appealed to the Federal Court.
The Tribe’s basis was that ground water supports flow to the river and therefore capturing this
water would influence the Truckee River and hence affect the Tribe’s Decreed rights. Whereas
the State Engineered argued that the case should be dismissed because it dealt with the ground
waters of the State of Nevada and was not a Federal issue. The Federal District Court agreed
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with the State of Nevada. The Pyramid Lake Paiute Tribe then appealed to the United States
Court of Appeals for the Ninth Circuit.

Outcome

The Appeals Court determined that they had two questions to answer. The first question was if
the Orr Ditch Decree could interfere with the State Engineer’s allocation of ground water if there
was an adverse effect to decreed rights. The second question addressed whether the Federal
courts or State courts should intervene in the matter. The Court made interesting statements for
both and affirmed that the Orr Ditch Decree could intercede and that the Federal Court should
decide contested matters.

The first question was answered with three basic points. That the Tribe had a reserved right to “a
reasonable amount of water of the Truckee River” and that any diminution of that flow was in
violation of the intent of the reservation. The Court continues with court case citations prior to
the Orr Ditch Decree as to the fact of the interaction of surface and ground waters. The Court
argued that the authors of the Orr Ditch Decree would have known these facts and that any
explicit statements of ground water interaction in the decree where not necessary. Therefore, the
Court held that the Orr Ditch Decree does protect the Tribe’s rights against any diminution of
flow in the Truckee.

The second question appears to have been quite easily answered in that the court that issues a
decree has the jurisdiction to intercede in any dispute over that decree, in this case a dispute over
the decision of the State Engineer. This is based upon NRS 533.450(1) that was quoted in the
Opinion.

What does the future hold?

The Tribe may seek to remand this decision back to the State Engineer so that the granting of the
ground water applications can be reconsidered. In a broader context, this decision formally links
ground water to surface water for the first time in the Nevada State Engineer’s Office. So, one
question is “Does this set a precedent for all surface and ground waters in Nevada?” and if so,
what are the implications for other contested surface water bodies in Nevada?
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Great Basin Water Network, et al and the 1989 Eastern Nevada Water Right Applications
of the Southern Nevada Water Authority

Introduction

This case is more about the State Engineer’s statutory water right permitting process rather than
the technical or legal findings in the State Engineer’s Ruling 5726R. It revolves around NRS
533.370(2) that requires the State Engineer to approve or reject an application for water within
one year of the closing of the protest period. This provision of the law was added to the NRS in
1947 and since then there has been several attempts to clarify or remove it since it is not
complied with on regular basis. The 1947 law never identified the consequences if the 1 year
time frame was not adhered to and it was commonly believed that applications would remain as
“pending’ beyond the 1 year time frame. The statute was revised by the 2003 Legislative Session
to give the State Engineer the authority to postpone taking action indefinitely if the manner of
use was for municipal purposes. The 2003 amendment was intended or believed to be
retroactive to affect all applications filed back to 1947. However, the Supreme Court ruling
could not find proof of the legislative intent for its applicability in a retroactive manner.
Therefore, the Supreme Court remanded the case back to the District Court to determine whether
the SNWA applications filed in 1989 which were not acted upon within the 1 year time frame are
to be re-filed or the protest period to be re-opened.

Background

This case begins in 1989 when the Las Vegas Valley Water District filed 146 water right
applications in eastern Nevada. The request was for 830,000af and later reduced to 190,000af per
year of ground water pumpage. In 1990, the statutory protest period of 30 days resulted in 830
protests being filed. Some of these applications were withdrawn or ruled upon in the 1990s and
into the 2000s. However, in the Snake, Spring, Delamar, Cave and Dry Lake valleys, 11
protestants had to wait until 2005 to be noticed of a 2006 hearing date of the 34 applications.
And of course by this time, many of the protestants could not be located. And many new
residents had by now occupied these valleys. Where they entitled to a standing? Were they
denied their due process in a court of law?

During 2006, 54 appellants filed a petition to re-open the protest period. The State Engineer’s
hands were tied as he had no statutory authority to re-open the protest period. The Appellants
then file in district court to have a new public notice re-published. The District Court agreed with
the State Engineer stating that “...Nevada water law takes into account a time lapse between the
original filing of an application and a hearing”. But this was based upon the 2003 version of NRS
533.370(2) and assumed that the 2003 version was retroactive.

In April 2007 the State Engineer issued Ruling 5726r and this was not appealed. But the
Appellants did file for a judicial review of their district court denial to a re-opening of the protest
period. They stated that due process was denied. The Nevada State Supreme Court heard the case
and issued an opinion in January 2010 in favor of the appellants. The State Engineer recently
requested of the Supreme Court to reconsider and this was granted, followed by a clarification
given on June 17, 2010.
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Court Opinion

At issue here is that the State Engineer failed to rule on the applications within one year of
closing of the protest period as per the NRS 533.370(2) statute as it existed in 1989. The
Supreme Court found that the 2003 version of the statue was not retroactive. The District Court
was then directed to determine if the Southern Nevada Water Authority is required to re-file new
applications or if the State Engineer must re-notice and re-open the 30 day protest period. The
June 2010 clarification given by the Supreme Court stated that the State Engineer must re-open
the noticing and protest period.

What does the future hold?

The State Engineer has sent a letter to Governor Gibbons describing the actions taken since this
Opinion. In this letter he describes a workshop that was held in March to take testimony and to
hold general discussions on this matter with any interested party. These discussion and
testimonies would be used to determine what course of action to take with respect to initiating
legislative actions. These actions could involve a Special Session or simply to provide new
language for adoption at the next regularly scheduled Session (February 2011). Furthermore, the
State Engineer issued a letter on July 7%, 2010, setting forth their interpretation of the revised
Supreme Court opinion and how they will apply it. The State Engineer website, which contains
this document, can be found at http://water.nv.gov/.

It is clear that the State, SNWA and potential protestants will be gearing up for another round of
hearings. And it is also clear that until changes are made to NRS 533.370 other applications and
permits may be affected. The State Engineer recognizes over 13,000 actions taken on
applications that were not acted upon within the one year time frame and many other current
applications still pending after the one year time frame. Hopefully, common sense will prevail.
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OPINION
W. FLETCHER, Circuit Judge:

This case concerns the extent of the federal courts’ subject
matter jurisdiction over the administration of water rights
adjudicated in the Orr Ditch Decree (“the Decree”). The
Decree allocates rights to water in the Truckee River. See
United States v. Orr Water Ditch Co., Equity No. A3 (D. Nev.
1944). The river begins at Lake Tahoe and runs most of its
course in Nevada, ultimately flowing into Pyramid Lake,
northeast of Reno. The Pyramid Lake Paiute Tribe of Indians
(“the Tribe™) alleges that Nevada State Engineer Ruling 5747,
allocating groundwater in the Tracy Segment Hydrographic
Basin (“the Basin”), adversely affects its water rights under
the Decree. The Tribe appealed the decision by the Nevada
State Engineer (“State Engineer” or “Engineer”) to the federal
district court for the District of Nevada. Appellees contended
that, whatever the effect of the Engineer’s allocations of
groundwater on the Tribe’s decreed water rights, the district
court did not have jurisdiction over the appeal because the
Decree adjudicated only rights to surface water in the river.
The district court agreed and dismissed the appeal for lack of
subject matter jurisdiction.

We reverse and remand. If the Tribe’s allegations are true,
the groundwater taken from the Basin pursuant to the Engi-
neer’s groundwater allocations will adversely affect the
Tribe’s decreed water rights. We hold, first, that the Orr Ditch
Decree forbids groundwater allocations that adversely affect
the Tribe’s decreed rights to water flows in the river. We
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hold, second, that the federal district court has jurisdiction
over an appeal from groundwater allocations by the Engineer
that are alleged to have such an adverse effect.

I. Background

The Truckee River is the principal source of water for Pyra-
mid Lake. The lake is “widely considered the most beautiful
desert lake in North America.” Nevada v. United States, 463
U.S. 110, 114 (1983) (quoting S. Wheeler, The Desert Lake
90 (1967)). “When first viewed by Captain John Fremont in
early 1844, Pyramid Lake was some 50 miles long and 12
miles wide. Since that time the surface area of the Lake has
been diminished by about 20,000 acres.” 1d. at 115. The lake
is situated entirely within the boundaries of the Pyramid Lake
Paiute Tribe Reservation.

The history of the Orr Ditch Decree goes back over one
hundred years. The Supreme Court recounted some of that
history in Nevada v. United States. Id. at 113-18. We
recounted it briefly in United States v. Orr Water Ditch Co.
(Orr Ditch 1), 914 F.2d 1302, 1304 (9th Cir. 1990):

The Reclamation Act of 1902 . . . authorized the
federal government to pursue efforts to reclaim arid
lands in certain western states. In one of these
efforts, the Newlands Reclamation Project, the gov-
ernment planned to irrigate an area of western
Nevada with water from the Truckee and Carson
Rivers, which flow through and around Lake Tahoe
and Reno, Nevada. Because private landowners and
the Indians of the Pyramid Lake Indian Reservation
had already-established water rights, the United
States filed an action in 1913 to quiet title to all

'In a separate memorandum disposition filed today, we address the
cross-appeal of Tahoe Reno Commercial Center, LLC. United States v.
Orr Water Ditch Co., No. 07-17021.
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water rights in the Project area. The resulting legal
activity became known as the Orr Ditch litigation.

An appointed Special Master held hearings, then
issued a report and recommended a proposed decree
in 1924. Two years later, the district court issued a
temporary restraining order enforcing the proposed
decree. In 1934, after a lapse of interest in the litiga-
tion, a drought prompted more activity. In 1935, the
major parties to the litigation signed an agreement
similar to the proposed decree that had been in effect
on a “temporary” basis. Finally, in 1944, the district
court entered its final decree that approved and
incorporated the settlement.

Under the Decree, the Tribe owns Claims No. 1 and 2, the
two most senior water rights on the Truckee River. A substan-
tial portion of the water held under these rights was recently
transferred “temporarily” from irrigation to in-stream use in
order to allow the water to flow into the Pyramid Lake.
United States v. Orr Water Ditch Co. (Orr Ditch I111), 391
F.3d 1077, 1079 (9th Cir. 2004).

In November 1998, the Nevada State Engineer granted the
Tribe the right to all of the water remaining in the river after
the Orr Ditch Decree rights and other rights were satisfied.
We are informed by the parties that, at the time of briefing to
this court, an appeal of this ruling was pending in Nevada
state court. The Tribe’s rights under the Engineer’s 1998 rul-
ing are based on Nevada law rather than the Orr Ditch Decree.

We have consistently interpreted the Orr Ditch Decree, as
well as the related Alpine Decree, to provide for “federal dis-
trict court review of decisions of the State Engineer regarding
applications to change the place of diversion or manner or
place of use of water rights derived from the Alpine and Orr
Ditch Decrees.” United States v. Alpine Land & Reservoir Co.
(Alpine 1I), 174 F.3d 1007, 1011 (9th Cir. 1999). Over the
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past thirty years, numerous decisions of the Engineer pertain-
ing to rights under these two decrees have been appealed to
the federal district court and then to us. See, e.g., United
States v. Alpine Land & Reservoir Co. (Alpine 1), 878 F.2d
1217 (9th Cir. 1989); Alpine 11, 174 F.3d 1007; United States
v. Orr Water Ditch Co. (Orr Ditch I1), 256 F.3d 935 (9th Cir.
2001); United States v. Alpine Land & Reservoir Co. (Alpine
[11), 341 F.3d 1172 (9th Cir. 2003); Orr Ditch III, 391 F.3d
1077; United States v. Truckee-Carson Irrigation Dist., 429
F.3d 902 (9th Cir. 2005); United States v. Alpine Land & Res-
ervoir Co. (Alpine 1V), 510 F.3d 1035 (9th Cir. 2007).

The appeal now before us arises out of an allocation by the
State Engineer of groundwater rights in the Tracy Segment
Hydrological Basin. The Basin lies between the towns of
Sparks in the west, Fernley in the east, and Virginia City in
the south. The northern border runs roughly parallel to Inter-
state 80 between three and five miles north of the highway.
At its northeastern tip, the Basin abuts the Pyramid Lake Pai-
ute Tribe Reservation. A thirty-mile stretch of the Truckee
River runs through the Basin on its way to Pyramid Lake.
According to a study published by the United States Geologi-
cal Survey in 2006 and relied upon by the State Engineer, the
Truckee River is a gaining stretch as it runs through the Basin,
receiving an average net gain of about 11,000 acre-feet per
year from the Basin’s groundwater unless there has been an
over-allocation of that water.

Between 1998 and 2003, several parties applied for new
groundwater allocations in the Basin. The Tribe and Churchill
County opposed the majority of the applications, contending
that the groundwater of the Basin was already fully appropri-
ated and that the requested allocations would reduce the base
flow of the Truckee River. They contended that this reduction
would interfere, inter alia, with decreed water rights under the
Orr Ditch Decree.

In June 2007, in Ruling 5747, the State Engineer granted
most of the groundwater applications. The Engineer noted
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that the United States Geological Survey had previously esti-
mated that the “perennial yield” of the Basin is approximately
6,000 acre-feet per year resulting from groundwater recharge
from precipitation. Even before the current applications were
considered, groundwater allocations of 7,976 acre-feet per
year had been granted. If the estimate of 6,000 acre-feet per
year perennial yield is accurate, groundwater in the Basin was
thus already over-allocated. After considering a wide range of
estimates, the Engineer revised upward the estimated peren-
nial yield of the Basin to approximately 11,500 acre-feet per
year. Based on the revised estimate, the Engineer granted
some of the new applications, concluding that they would not
result in over-allocation of the groundwater in the Basin.

The Engineer concluded further that even if the new alloca-
tions were to result in over-allocation of the groundwater and
a diminution of the base flow of the Truckee River, this would
not conflict with any of the decreed rights to water in the
river. Quoting an earlier Engineer ruling, the Engineer con-
cluded “that the ground-water discharge to the Truckee River
should not be counted as part of the [Tribe’s] surface-water
rights in the Truckee River . . . established under Claims No.
1 and 2 of the Orr Ditch Decree.” The Engineer wrote that
“there is nothing in the Orr Ditch Decree that indicates possi-
ble ground-water discharge to the Truckee River was even
contemplated by the decree court as part of the water of the
river.” The Engineer also concluded that the ground-water
discharge to the river should not be counted as part of the
Tribe’s rights established under the 1998 ruling in which the
Tribe was granted, as a matter of state law, rights to the
remaining flow of the river after all of the decreed water
rights were satisfied.

The Tribe appealed the Engineer’s ruling to the federal dis-
trict court. The Tribe argued broadly that the district court had
jurisdiction to review the Engineer’s ruling, both as it affected
its rights under the Decree and as it affected its rights under
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the Engineer’s 1998 ruling. The Engineer moved to dismiss

for |

ack of subject matter jurisdiction.

The district court granted the motion to dismiss, writing:

At its essence, the issue before this court is
whether appellate jurisdiction over the rulings of the
State Engineer is determined by reference to the
water right[s] of the applicant, or by reference to any
water rights that might be affected by the State Engi-
neer’s ruling, including that of the applicant . . . As
recognized by the Tribe, this court has exclusive
jurisdiction over the Truckee River waters. See
United States v. Alpine Land & Reservoir Co., 174
F.3d 1107, 1011 (9th Cir. 1999). Section 540.450(1)
[of Nev. Rev. Stat.] itself recognizes that, on stream
systems on which a decree has already been entered,
exclusive jurisdiction rests in the court issuing that
decree.

If exclusive jurisdiction is determined by refer-
ence to any water rights affected by a State Engi-
neer’s ruling, such “exclusive” jurisdiction could
conceivably rest in two or three or more courts. An
applicant seeking to appropriate water rights from a
decreed stream system could be protested by an
owner of water rights in a different decreed stream
system, placing “exclusive jurisdiction” of the
appeal in two different courts. Or, an applicant seek-
ing water from a non-decreed system could be pro-
tested by two persons, each having water rights on
different decreed water systems. Or, an applicant
could be protested by a single entity having water
rights on different decreed water systems. Again, in
either latter case, two different courts would have
“exclusive” jurisdiction to hear the appeal to the det-
riment of the other. The potential for such absurd
results is avoided entirely if appellate jurisdiction is
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determined by reference to the applicant’s water
rights.

The Tribe timely appealed.
Il. Standard of Review

We review de novo a dismissal for lack of subject matter
jurisdiction. Marceau v. Blackfeet Hous. Auth., 455 F.3d 974,
978 (9th Cir. 2006). We review a district court’s factual find-
ings for clear error. Coyle v. P.T. Garuda Indonesia, 363 F.3d
979, 984 n.7 (9th Cir. 2004). “The party asserting federal
jurisdiction has the burden of establishing it.” Miguel v.
Country Funding Corp., 309 F.3d 1161, 1164 (9th Cir. 2002).

I1l. Discussion

There are essentially two questions before us. First, does
the Orr Ditch Decree forbid an allocation of groundwater by
the State Engineer that has an adverse effect on the Tribe’s
decreed rights to water in the Truckee River? Second, if the
Decree forbids such an allocation of groundwater, does the
district court have subject matter jurisdiction over an appeal
from a ruling of the Engineer that allegedly conflicts with the
Decree? We answer “yes” to both questions.

A. Extent of the Tribe’s Decreed Rights

The State Engineer concluded that the Tribe’s water rights
under the Orr Ditch Decree could be diminished by ground-
water allocations without violating the Decree. In the view of
the Engineer, the Decree granted the Tribe rights only to the
surface water flowing in the Truckee River. In his view, the
Decree provided no protection against allocations of ground-
water that would diminish the amount of surface water and
thereby adversely affect the Tribe’s decreed rights. For the
reasons that follow, we disagree.
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The Decree provides:

IT IS HEREBY ORDERED, ADJUDGED AND
DECREED AS FOLLOWS:

That the parties, persons, corporations, interve-
nors, grantees, successors in interest and assigns and
substituted parties above and hereinafter named and
their successors in interest and assigns are, and each
of them is, as against every other one, hereby
adjudged to be the owners of the water rights herein-
after specified and set forth and entitled and allowed
to divert and use, from the Truckee River and its
tributaries and from the streams, springs, drain and
waste waters hereinafter mentioned[.]

Decree at 10 (emphasis added). The Tribe is one of the parties
named in the Decree.

The Decree granted the Tribe the two most senior rights to
water from the Truckee River, Claims No. 1 and 2. Both
claims provide water to the Tribe for use on the reservation.
The Decree describes in Claim No. 1 the history leading to the
grant of the rights conferred in the two claims:

By order of the Commissioner of the General
Land Office made on December 8, 1859, the lands
comprising the Pyramid Lake Indian Reservation
were withdrawn from the public domain for use and
benefit of the Indians and this withdrawal was con-
firmed by order of the President on March 23, 1874.
Thereby and by implication and by relation as of the
date of December 8, 1859, a reasonable amount of
the water of the Truckee River, which belonged to
the United States under the cession of territory by
Mexico in 1848 and which was the only water avail-
able for the irrigation of these lands, became
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reserved for the needs of the Indians on the reserva-
tion.

Id. (emphasis added).

[1] We recognize that there is no language in the Decree
explicitly protecting the Tribe’s decreed rights in Claims No.
1 and 2 from diminution of the flow of the river resulting
from allocation of groundwater to other users. But the Engi-
neer overstated the matter when he wrote that “there is noth-
ing in the Orr Ditch Decree that indicates possible ground-
water discharge to the Truckee River was even contemplated
by the decree court as part of the water of the river.” The
Decree indicates that the water rights granted to the Tribe in
Claims No. 1 and 2 were intended to fulfill the purpose of the
United States in withdrawing land from the public domain for
the Tribe’s reservation and reserving “a reasonable amount of
water” for use on the reservation. It is inconsistent with that
purpose to allocate water to other users if that allocation
diminishes the Tribe’s reserved water supply.

[2] Surface water contributes to groundwater, and ground-
water contributes to surface water. The reciprocal hydraulic
connection between groundwater and surface water has been
known to both the legal and professional communities for
many years. The Supreme Court wrote in Kansas v. Colorado,
206 U.S. 46, 114-15 (1907), “If the bed of a stream is not
solid rock, but earth, through which water will percolate, . . .
undoubtedly water will be found many feet below the surface,
and the lighter the soil the more easily will it find its way
downward and the more water will be discoverable by wells
....7 The Court wrote in Snake Creek Mining & Tunnel Co.
v. Midway Irrigation Co., 260 U.S. 596, 598 (1923), “The
waters intercepted and collected . . . are percolating waters,
which . . . found their way naturally . . . through the rocks,
gravel, and soil of the mountain into open springs near the
stream, and thence by surface channels into the stream.” In a
law review article published two years before the entry of the
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Orr Ditch Decree, the authors emphasized the importance of
the hydraulic connection: “The significance of the fact that
ground water never occurs as a stationary water body should
be stressed. Ordinarily, the subsurface reservoir is continu-
ously receiving additions by influent seepage from rainfall
and surface water bodies and is always discharging water by
natural processes. In the subsurface reservoir ground water is
percolating toward the discharge area; no static ground-water
bodies are known to exist.” C.F. Tolman & Amy C. Stipp,
Analysis of Legal Concepts of Subflow and Percolating
Waters, 21 Or. L. Rev. 113, 129 (1942).

[3] The district court entering the Orr Ditch Decree would
have known about the relationship between surface water and
groundwater. The Decree expressly states that Claims No. 1
and 2 fulfill the purpose of the United States in establishing
the Tribe’s reservation. In the words of the Decree, that pur-
pose was to withdraw from the public lands “the lands com-
prising the Pyramid Lake Indian Reservation,” and to
“reserve” a “reasonable amount of water of the Truckee
River” to meet the “needs of the Indians on the reservation.”
This statement of intent to reserve a reasonable amount of
water makes clear that the proper construction of the Decree
is that the water rights granted in Claims No. 1 and 2 cannot
be defeated by allocation of water to others—whether by allo-
cation of surface water or groundwater.

Even without such an explicit statement, we would come to
the same conclusion based on Winters v. United States, 207
U.S. 564 (1908), which dealt with water rights on the Fort
Belknap Indian Reservation. The Court in Winters held that
sufficient water was reserved to serve the needs of the Indi-
ans, despite the absence of clear words so specifying in the
agreement establishing the reservation. The Court invoked a
rule of interpretation that would further the purpose of the
agreement:

By a rule of interpretation of agreements and treaties
with the Indians, ambiguities occurring will be
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resolved from the standpoint of the Indians. And the
rule should certainly be applied to determine
between two inferences, one of which would support
the purpose of the agreement and the other impair or
defeat it. On account of their relations to the govern-
ment, it cannot be supported that the Indians were
alert to exclude by formal words every inference
which might militate against or defeat the declared
purpose of themselves and the government][.]

Id. at 576-77.

[4] We therefore hold that the Decree protects the Tribe
from allocations of groundwater that would adversely affect

its d

ecreed water rights under Claims No. 1 or 2.

B. Jurisdiction of the District Court

[5] The district court’s subject matter jurisdiction over
appeals from decisions of the State Engineer is an odd amal-
gam. The court’s jurisdiction is based on the ability of a court
of equity to enforce and administer its decrees. As we wrote

in A

Ipine I:

[T]he federal district court acts as an appellate
court for decisions of the state Engineer. Needless to
say, such jurisdiction is highly extraordinary.

We specifically approved of this jurisdictional
arrangement in United States v. Alpine Land & Res-
ervation Co., 697 F.2d 851, 858 (9th Cir. 1983), cert.
denied, 464 U.S. 863 (1983). The district court’s
jurisdiction is established as an adjunct to its juris-
diction over the quiet title action originally filed by
the United States. . . . The district court’s equity
jurisdiction was properly invoked to review the
Engineer’s decision in order to “provide full vindica-
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tion of the admitted federal interests in the operation
of federal reclamation projects.” Id. at 858.

878 F.2d at 1219 n.2 (some citations omitted).

[6] Nevada law also recognizes this unique jurisdictional
arrangement. Specifically, it provides:

Any person feeling himself aggrieved by any
order or decision of the State Engineer . . . when the
order or decision relates to the administration of
determined rights . . . may have the same reviewed
by a proceeding for that purpose, insofar as may be
in the nature of an appeal, which must be initiated in
the proper court of the county in which the matters
affected or a portion thereof are situated, but on
stream systems where a decree of court has been
entered, the action must be initiated in the court that
entered the decree.

Nev. Rev. Stat. § 533.450(1) (emphasis added); see also Orr
Ditch I, 914 F.2d at 1309 n.8 (“Nevada law thus supports the
system adopted by the federal courts for appeals of Engineer
decisions on federal-court-decreed water rights.”); Alpine 11,
174 F.3d at 1011 (“[W]e have interpreted Nevada law, which
provides for jurisdiction of appeals from decisions of the State
Engineer “in the court that entered the decree,” as providing
for federal court review under the Orr Ditch Decree.”).

[7] We hold today that the Decree protects the Tribe’s
water rights under Claims No. 1 and 2 from diminution result-
ing from allocation of groundwater rights. This holding neces-
sarily means that any allocation of groundwater rights by the
State Engineer that allegedly diminishes the Tribe’s decreed
water rights comes within the clause of Nev. Rev. Stat.
§ 533.450(1) that provides for appellate review “in the court
that entered the decree.” The decree in this case was entered
by the federal district court for the District of Nevada. We
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therefore hold that the district court has subject matter juris-
diction over the Tribe’s appeal from Ruling 5747 insofar as
that ruling may adversely affect the Tribe’s decreed rights
under Claims No. 1 and 2.

[8] We note, however, that the district court does not have
jurisdiction over the Tribe’s appeal from that ruling insofar as
it may adversely affect the Tribe’s rights under the Engineer’s
1998 ruling granting the Tribe the right to water remaining in
the Truckee River after decreed and other rights have been
satisfied. The district court does not have jurisdiction because
the Engineer’s 1998 ruling was based on state law. The part
of the Engineer’s current ruling allegedly affecting the Tribe’s
rights under his 1998 ruling has no effect on the Tribe’s rights
under the Decree.

The district court accurately foresaw that practical difficul-
ties would result from a conclusion that it has jurisdiction
over an appeal from an Engineer’s ruling allocating ground-
water from the Basin. But the appeal will be limited, and the
practical difficulties will be manageable. The district court
was asked to decide only one question on appeal: Will the
Engineer’s allocation of groundwater rights adversely affect
the Tribe’s rights under the Decree? If the court concludes
that the allocation will have an adverse effect on the Tribe’s
decreed rights, it will instruct the Engineer to reduce the
amount of allocated groundwater rights by an amount neces-
sary to eliminate that effect. If the court concludes that the
allocation will not adversely affect the Tribe’s decreed rights,
it will simply affirm the Engineer’s ruling. In neither case will
the district court have the authority in the Tribe’s appeal to
tell the Engineer how to allocate groundwater rights among
the various applicants. To the extent that groundwater may be
allocated consistent with protection of the Tribe’s decreed
rights, the amount of the allocations and the distribution
among the applicants are of no concern to the district court in
the Tribe’s appeal.
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The district court also accurately stated that the exercise of
subject matter jurisdiction by the federal courts would be
inconsistent with the general principle of water law that a sin-
gle court should have exclusive jurisdiction over an interre-
lated system of water rights. See, e.g., State Eng’r v. S. Fork
Band of the Te-Moak Tribe of W. Shoshone Indians of Nev.,
339 F.3d 804, 809 (9th Cir. 2003) (referring to the “ancient
and oft-repeated . . . doctrine of prior exclusive jurisdiction—
that when a court of competent jurisdiction has obtained pos-
session, custody, or control of particular property, that posses-
sion may not be disturbed by any other court” (citation
omitted)). But that principle, while valid and important, is not
an inviolable rule.

Indeed, we have seen already an exception to the general
principle in this very matter. As noted above, the State Engi-
neer in 1998 granted to the Tribe the right to take any water
remaining in the Truckee River after decreed and other rights
have been satisfied. It is undisputed that, as a general proposi-
tion, decisions of the State Engineer allocating the surface
waters of the Truckee River are appealable to the district
court. This is so because the district court administers the Orr
Ditch Decree, which adjudicated rights to water in the river.
But the appeal of the Engineer’s 1998 ruling did not go to the
district court even though the ruling allocated rights to water
in the river. Rather, it appropriately went to the Nevada state
courts, for that ruling was based on state law and did not
affect any rights under the Decree.

Conclusion

[9] For the foregoing reasons, we hold that the Tribe’s
decreed rights to water from the Truckee River under the Orr
Ditch Decree may not be adversely affected by allocations of
groundwater in the Tracy Segment Hydrographic Basin. We
hold, further, that the district court has subject matter jurisdic-
tion to hear the Tribe’s appeal from the State Engineer’s Rul-
ing 5747 insofar as the allocation of groundwater rights is
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alleged to affect adversely the Tribe’s decreed water rights
under Claims No. 1 and 2.

REVERSED and REMANDED.



