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► Groundwater nitrate and total dissolved solids (TDS) concentrations were evaluated.
► NO3 and TDS concentrations generally correlate with the same explanatory variables.
► Nitrate and TDS were increasing in about one-third of wells.
► Wells with increasing nitrate tended to also be increasing in TDS.
► Increasing nitrate concentrations are associated with legacy agricultural land use.
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Concentrations and temporal changes in concentrations of nitrate and total dissolved solids (TDS) in ground-
water of the Bunker Hill, Lytle, Rialto, and Colton groundwater subbasins of the Upper Santa Ana Valley
Groundwater Basin were evaluated to identify trends and factors that may be affecting trends. One hundred,
thirty-one public-supply wells were selected for analysis based on the availability of data spanning at least
11 years between the late 1980s and the 2000s.
Forty-one of the 131 wells (31%) had a significant (pb0.10) increase in nitrate and 14 wells (11%) had a signif-
icant decrease in nitrate. For TDS, 46 wells (35%) had a significant increase and 8 wells (6%) had a significant de-
crease. Slopes for the observed significant trends ranged from−0.44 to 0.91 mg/L/yr for nitrate (as N) and−8 to
13 mg/L/yr for TDS.
Increasing nitrate trends were associated with greater well depth, higher percentage of agricultural land use,
and being closer to the distal end of the flow system. Decreasing nitrate trends were associated with the oc-
currence of volatile organic compounds (VOCs); VOC occurrence decreases with increasing depth.
The relations of nitrate trends to depth, lateral position, and VOCs imply that increasing nitrate concentra-
tions are associated with nitrate loading from historical agricultural land use and that more recent urban
land use is generally associated with lower nitrate concentrations and greater VOC occurrence. Increasing
TDS trends were associated with relatively greater current nitrate concentrations and relatively greater
amounts of urban land. Decreasing TDS trends were associated with relatively greater amounts of natural
land use. Trends in TDS concentrations were not related to depth, lateral position, or VOC occurrence,
reflecting more complex factors affecting TDS than nitrate in the study area.

Published by Elsevier B.V.
1. Introduction

1.1. Environmental setting

Groundwater is the main source of water supply in the Bunker Hill,
Lytle, Rialto, and Colton groundwater subbasins of the Upper Santa Ana
Valley Groundwater Basin (Duell and Schroeder, 1989; Woolfenden and
Kadhim, 1997), and it is actively managed to control the concentrations
+1 619 225 6101.

.V.
of nitrate and total dissolved solids (TDS) (Danskin et al., 2006). Manage-
ment strategies there include desalting operations, targeted pumping to
hydraulically control the movement of high-salinity groundwater, crea-
tion of treatment wetlands, and limits on concentrations of nitrogen
and TDS in wastewater discharged to the watershed (Wildermuth
Environmental Inc., 2000). High concentrations of nitrate in groundwater
used for water supply are of concern because of the association between
nitrate concentrations greater than the USEPA maximum contaminant
level (MCL) of 10 mg/L and infant methemoglobinemia (Johnson and
Kross, 1990; Greer and Shannon, 2005) and the association between cer-
tain types of cancer and nitrate concentrations even less than the USEPA
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MCL (Neill, 1989; Weyer et al., 2001). Nationwide, fertilizers and septic
leachate are the primary sources of nitrate concentrations higher than
drinking water thresholds in groundwater used for public supply
(Dubrovsky et al., 2010). All groundwater contains some dissolved solids,
and groundwater may be naturally-high in TDS in some settings, such as
geothermal and arid areas of groundwater discharge (Hem, 1992). In ad-
dition to natural sources, TDS can enter groundwater by engineered re-
charge of water that has been degraded by human use. In the Upper
SantaAnaWatershed,mostmunicipalwastewater and agricultural drain-
age are returned to the groundwater basins (Santa Ana Regional Water
Quality Control Board, 1994). High concentrations of TDS in groundwater
used for water supply make the water less acceptable to consumers be-
cause TDS can cause an objectionable taste or odor (U.S. Environmental
Protection Agency, 2006). Therefore, an understanding of the distribution
of concentrations of nitrate and TDS and whether these are generally in-
creasing, decreasing, or remaining constant over time is of value to water
resource managers.

The Bunker Hill (A and B), Lytle, Rialto, and Colton groundwater
subbasins cover approximately 440 square kilometers (km2), and
are located in the northeast corner of the Upper Santa Ana Valley
Groundwater Basin in San Bernardino County, California (Fig. 1). An-
nual precipitation ranges from 300 to more than 750 mm within the
study area drainages, with higher precipitation in the adjacent San
Bernardino and San Gabriel Mountains (California Department of
Water Resources, 2004; Danskin et al., 2006). Historical land use in
the study area, starting in the early 1800s, was primarily agriculture,
but agricultural land use has been declining since the mid-1940s, and
has been replaced by urban land use (Scott, 1977).

Regionally, groundwater flows from the San Bernardino Mountain
front, where recharge from mountain runoff (both natural and
engineered) is focused, and from the Lytle subbasin into the Bunker
Hill subbasins and, subsequently discharges across the San Jacinto
fault into the Rialto and Colton subbasins (Duell and Schroeder,
1989). Precipitation on the valley floor and urban and agricultural re-
turn flows also contribute areally-distributed recharge across the
study area. Aquifer materials are mostly coarse-grained near the
mountain front and grade to finer grained sand, silts and clays
where groundwater exits the study area at focused discharge areas
near the San Jacinto and Rialto-Colton faults (Izbicki et al., 1998;
Wildermuth Environmental Inc., 2000; Dawson et al., 2003). The
major ion composition of groundwater in the study area is dominated
by calcium and bicarbonate, but this composition shifts slightly to
higher percentages of sodium and sulfate as groundwater flows
downgradient (Izbicki et al., 1998).

Groundwater quality in the Upper Santa Ana Watershed is being
assessed as part of the California StateWater Boards' Groundwater Am-
bientMonitoring and Assessment (GAMA, http://www.waterboards.ca.
gov/gama/) Priority Basin Project, conducted in cooperation with the
U.S. Geological Survey (USGS) (http://ca.water.usgs.gov/gama/; Kent
and Belitz, 2009, 2012). The present study, conducted as part of the
GAMAPriority Basin Project, examines current concentrations and tem-
poral trends for concentrations of nitrate and total dissolved solids
(TDS) in 131 public supply wells located in the Bunker Hill, Lytle, Rialto,
and Colton groundwater subbasins.

1.2. Previous work

For several decades, the Santa Ana Regional Water Quality Control
Board (SARWQCB) and the Santa Ana Watershed Project Authority
(SAWPA) have recognized that TDS and total inorganic nitrogen
(TIN) are the most important water-quality issues in the Santa Ana
Basin, and much work has been done to monitor concentrations of
Fig. 1. A. Map showing nitrate concentrations and trends, land-use categories, water level c
Lytle, Rialto, and Colton subbasins. B. Map showing TDS concentrations and trends, land-use
tures of the Bunker Hill, Lytle, Rialto, and Colton subbasins.
these constituents in its water sources (Eccles, 1979; Duell and
Schroeder, 1989; Santa Ana Regional Water Quality Control Board,
1994; Wildermuth Environmental Inc., 1998, 2000; Hamlin et al.,
2002; Kent and Belitz, 2004; Santa Ana River Watermaster, 2010).
Monitoring has resulted in a variety of water-quality management strat-
egies along with regular public reporting of nitrate and TDS concentra-
tions (Wildermuth Environmental Inc., 2000; Santa Ana Regional Water
Quality control Board, 2004; Santa Ana Watershed Project Authority,
2009—Chapter 5.2). However, a statistical analysis of changes in concen-
trations of TDS and nitrate in individual wells over decadal or longer pe-
riods has not been performed to date.

Reviews on methods to perform water-quality trend analysis
(Hirsch et al., 1991; Loftis, 1996) reveal that it is necessary to have
a working definition of the word “trend.” The term “trend”, as used
here, refers to a statistically significant change in concentration (de-
crease or increase) over time. There are two primary types of trend
estimation: step trend hypothesis (measuring differences before and
after a specific time), and monotonic change (without direction re-
versal) over time (Hirsch et al., 1991).

Temporal trends of groundwater quality are difficult to assess due
to the long time scales involved with groundwater movement and the
resulting changes in quality, although relatively short-term studies
may be used to monitor the progress of remediation efforts (Eberts
et al., 2005). Lindsey and Rupert (2012) performed step-trend analy-
ses using the results from decadal-scale sampling of 56 well networks
in the United States, supplemented with time-series (monotonic
change) analyses using the results from biennial-scale sampling for
a subset of the same networks, and found significant changes (mostly
increases) in the concentrations of chloride, dissolved solids, and ni-
trate in many of the networks at both time scales. Several studies
have compared methods aimed at detecting trends, and have evaluat-
ed the ability of these methods to predict future changes in ground-
water quality (Stuart et al., 2007; Visser et al., 2009). In the eastern
San Joaquin Valley of California, Burow et al. (2007, 2008) used sever-
al methods to evaluate temporal trends in groundwater nitrate con-
centrations, and concluded that concentrations in the deep part of
the aquifer system are lower than in the shallower parts, but that
the deep parts are likely to see increases with time. In a part of the
eastern San Joaquin Valley, Landon et al. (2011) determined that
trends in groundwater nitrate concentrations in public-supply wells
were primarily related to land use, stratigraphy, and depth and only
slightly influenced by oxidation–reduction conditions. Wildermuth
Environmental Inc. (2005, 2008) have assessed nitrate and TDS con-
centrations for groundwater in the Upper Santa Ana Watershed, and
have identified where these constituents may be currently increasing
or decreasing. For the five groundwater subbasins investigated here,
Wildermuth Environmental Inc. found TDS to currently be at higher
concentrations compared to historical ambient conditions in two sub-
basins (Bunker Hill A and Colton), at lower concentrations in two
subbasins (Bunker Hill B and Lytle), and at approximately equal con-
centrations in one subbasin (Rialto). They found nitrate to currently
be at higher concentrations in all of these subbasins except for Bunker
Hill B, where current nitrate concentrations were found to be lower
than historical ambient conditions. While changes in water quality
over time may be generally assessed by comparing the findings of
these, and other reports on groundwater quality in the Upper Santa
Watershed (Eccles, 1979; Duell and Schroeder, 1989; Hamlin et al.,
2002; Kent and Belitz, 2009), to our knowledge, no previous study
has performed a statistical evaluation of temporal trends in TDS or ni-
trate concentrations in wells of the Upper Santa Ana Valley ground-
water basin, and attempted to relate these trends to potential
explanatory factors.
ontours (1997), location and cultural and hydrogeological features of the Bunker Hill,
categories, water level contours (1997), location and cultural and hydrogeological fea-
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Table 1
Summary statistics for wells analyzed for trends in concentrations of nitrate and TDS.

Number of wells analyzed 131

Range Median

Duration of record (years) 13–22 19
Number of values for each parameter 4–21 13
Start year 1986–1990 1987
End year 2001–2008 2005
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The Bunker Hill, Lytle, Rialto, and Colton groundwater subbasins
are part of a critical aquifer system of great importance for a growing
urban population, and they have been studied extensively
(Woolfenden and Kadhim, 1997; Woolfenden and Koczot, 2001;
Danskin et al., 2006). This area has nearly 300 public-supply wells
that have been sampled for groundwater quality by the USGS and
the California Department of Public Health (CDPH) over approxi-
mately two decades. This study identifies an approach for assessing
trends in groundwater quality making use of historical data and ac-
counting for driving forces, including the sampling position (well lo-
cation) in the flow system.

2. Methods

2.1. Selection of wells and data

Wells in the study area were selected based on the availability of
>10 years of data in which at least one sample was collected be-
tween 1986 and 1990, and at least one sample was collected between
2001 and 2008. In addition, at least four analyses for each well are
necessary to attain a p-value less than 0.1 for the Mann–Kendall
test (see below); thus, a minimum of 4 data points was necessary
for a well to be selected for the study. The study uses groundwater
quality data for public supply wells from sampling for regulatory
compliance made available to the GAMA program by the CDPH
along with data from the USGS National Water Information System
database including GAMA data. It should be noted that using data
on groundwater from public supply wells may introduce a bias
toward water suitable for drinking since wells that produce non-
potable water are removed from a public supply system. The predom-
inant source of data for most wells was from the CDPH, supplemented
with USGS data. For a few wells the predominant source of data was
the USGS. Comparability of data from the CDPH and the USGS was
verified by statistically testing the differences and relative standard
deviations (standard deviation of the two measured concentrations
divided by their means) between nitrate and TDS results reported
by the CDPH and the USGS for the same wells. Wilcoxon signed-
rank tests were performed on 66 matched pairs of samples collected
by each agency for both nitrate and TDS. Samples in each pair were
collected at the same well within 2 months of each other and the
66 pairs ranged in date from 1989 to 2007 (nearly the entire study
period). No statistical difference between CDPH and USGS data
was found (α=0.1) for either nitrate or TDS by the Wilcoxon
signed-rank tests, suggesting that nitrate and TDS data from the
two agencies are comparable. The mean relative standard deviations
(Mueller and Titus, 2005) were b7% for nitrate, and b4% for TDS,
suggesting that the variability in results between the two data
sources was low.

To test whether seasonal fluctuations in concentrations occur and
could affect the analysis of long-term trends, the months during
which samples were collected, were categorized as “wet” (November
thru April) and “dry” (May thru October). The categories were based
on normal precipitation data for San Bernardino County and compiled
by the National Climatic Data Center, the National Oceanic and Atmo-
spheric Administration, and the National Weather Service (http://
www.idcide.com/weather/ca/san-bernardino.htm, accessed November
2, 2012). A Wilcoxon rank-sum test was used to determine if there
were significant differences between the samples collected during
“wet”months from those collected during “dry”months. TheWilcoxon
rank sum test is a nonparametric alternative to a two-sample t-test that
is not dependent upon data distribution (Helsel and Hirsch, 2002). Re-
sults from theWilcoxon rank-sum test indicated that samples collected
during “wet” months had significantly lower TDS concentrations than
those collected during “dry”months suggesting that the annual season-
al cycles of precipitation or groundwater pumping affect the measured
TDS concentrations. A significant difference between wet and dry
months was not found for nitrate concentrations. However, data were
often not available for both wet and dry seasons of a given year. More
data were available for the dry season than for the wet season. Therefore,
samples collected during “wet”monthswere excluded from the analyses.
If more than one set of results for nitrate and TDS concentrations was
available for a dry season, the median result for each parameter was
used to represent that season. It should be noted that, by excluding re-
sults from the wet season, the TDS concentrations reported here are bi-
ased slightly high. One-hundred and thirty-one wells met the data
requirements described above, andwere included in the trend analyses.
Including wells with as few as 4 measurements fails to satisfy the EU
Groundwater Directive recommending at least 8 points for trend analy-
sis (Grath et al., 2001). Of the 131 wells evaluated for trends, 27 wells
had fewer than 8 measurements, and the power of the test to detect
trends for those wells was likely less than for the other 104 wells. The
study period and number of observationswere variable for thewells in-
cluded in the study (Table 1).

2.2. Determination of categories for trends and concentrations

The nonparametric Mann–Kendall trend test (Mann, 1945; Helsel
and Hirsch, 2002) was used to test for the significance of a Kendall's τ
correlation of nitrate or TDS concentration and time in the 131 wells.
The Sen slope estimator (mg/L/yr) was calculated to estimate trend
magnitude (Sen, 1968; Hirsch et al., 1991). For the purpose of this
study an attained significance level (p) less than or equal to a threshold
value (α) of 0.1was considered statistically significant. Based on the re-
sults of the trend test, thewells were categorized as decreasing, increas-
ing, or no detected trend with regard to nitrate and TDS. Similarly,
current nitrate and TDS concentrations in samples from the wells
were categorized as low, moderate, or high, similar to the characteriza-
tion scheme used in assessment reports produced by the GAMA pro-
gram (Landon et al., 2010; Kent and Belitz, 2012). High concentrations
are those greater than the drinking water benchmark concentration
for the constituent: 10 mg/L as N for nitrate, and 500 mg/L for TDS.
The benchmark used for nitrate is the USEPA MCL. The benchmark of
500 mg/L for TDS is the USEPA secondary maximum contaminant
level (SMCL) and the lower of two recommended SMCLs used by the
California Department of Public Health (CDPH). The GAMA program
uses the upper recommended level used by the CDPH of 1000 mg/L.
Moderate concentrations are those greater than half the benchmark
and less than or equal to the benchmark. Low concentrations are at or
less than half the benchmark. The current concentrations used in this
study are the median of all values measured during the 2000s for each
constituent.

2.3. Evaluation of well attributes and potential explanatory factors

Current concentrations and the trend categorical groups (decreas-
ing, increasing, or no detected trend) for each constituent were tested
for relations with other water-quality parameters and well character-
istics. Other water-quality parameters evaluated as potential explan-
atory factors included occurrence of volatile organic compounds
(VOCs) and perchlorate concentrations. VOCs were evaluated in
three ways as potential explanatory factors: number of VOCs detected
in the most recent available sample, the summed concentrations of
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Table 2
Concentration and trend categories for nitrate and TDS in study area wells.

Number of wells

Increasing Decreasing No significant
change

Sum

Nitrate
All wells 41 14 76 131
High >10 mg/L as N 3 1 4 8
Moderate >5≤10 mg/L 19 6 23 48
Low≤5 mg/L 19 7 49 75

TDS
All wells 46 8 77 131
High>500 mg/L 2 0 4 6
Moderate >250≤500 mg/L 32 4 52 88
Low≤250 mg/L 12 4 21 37
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detected VOCs in the most recent available sample, and the mean
concentration of the sum of detected VOCs in all available samples.
VOC occurrence and concentration data investigated for relations
with nitrate and TDS had some limitations. USGS data on volatile or-
ganic compounds (VOCs) were available for only 35 of the 131 wells
evaluated in this study. In contrast to the limited availability of USGS
data, VOC results were available from the California Department of
Health for all of the wells spanning the study period, but the analyti-
cal reporting levels for these data were generally an order of magni-
tude greater than those for USGS data. Therefore, the data were not
comparable, making it necessary to perform the three evaluations de-
scribed above separately for each of the two data sources.

Well characteristics that were evaluated included well depth, depth
to the top of the uppermost perforation, land use surrounding the well,
and position of thewell in the regional groundwater flow system.Depth
was hypothesized to be related to water-quality trends because it has
commonly been observed to be related to aquifer geochemistry and
can be a surrogate for groundwater residence time (Appelo and
Postma, 1999; McMahon et al., 2008). Well-construction data were de-
termined from driller's logs, ancillary records of well owners, or NWIS
(Kent and Belitz, 2009).

Groundwater quality has been linked to land use characteristics
(U.S. Geological Survey, 1999). Land-use statistics for circleswith a radi-
us of 500-m around each well (Johnson and Belitz, 2009) were used to
assess the relation of 3 broad categories of land use—urban, agricultural,
and natural—to concentrations and trends of nitrate and TDS. Johnson
and Belitz (2009) demonstrated statistically that land use in a 500-m
circle around a well is likely to be predictive of land use in the contrib-
uting area of a well, which is inaccurately known due to uncertainties in
flow paths. Land use was classified into the three major categories for
1992, near the beginning of the study period (Nakagaki et al., 2007),
and 2001, near the end of the study period (Homer et al., 2004). The
“natural” land use classification included forest and shrub land, as
well as bare land without vegetation.

Nitrate and TDS trends were hypothesized to be related to hori-
zontal position in the flow system because groundwater residence
time and flow-path length should generally increase from the proxi-
mal to the distal end of the flow system. Recharge also occurs along
the flow path so that younger water mixes with older water in
unconfined and semi-confined zones of the flow system. Normalized
lateral position is a proxy for the horizontal position of a well in the
regional groundwater-flow system (Landon et al., 2011). Groundwa-
ter flow in the study area primarily flows from the northeastern,
northwestern, and southeastern margins of the valley-fill deposits
along the mountain fronts, converging towards the valley center,
near where the Santa Ana River crosses the southwestern boundary
of Bunker Hill subbasin and exits the study area (Izbicki et al., 1998;
Dawson et al., 2003) (Fig. 1). Groundwater flow at this outlet may
be constrained by the San Jacinto and Rialto-Colton faults at the
southwestern margins of the Bunker Hill and Colton subbasins, re-
spectively. For this study, the normalized lateral position of each
well in the flow system was quantified in 2 ways: land-surface eleva-
tion, and normalized distance to the down-gradient end of the flow
system. Groundwater in alluviummoves under a natural hydraulic gra-
dient that generally conforms to surface topography (Toth, 1963).
Therefore, the land-surface elevation of a well typically corresponds to
its water level and, consequently, to its horizontal position in the flow
system. The second measure of lateral position, normalized distance
to the down-gradient end of flow system, was calculated by determin-
ing the relative distance remaining for water in the well to exit the
study area flow system. This normalized distance varies from 0 at the
downgradient or distal end to 1 at the upgradient or proximal end of
the flow system based on flow paths suggested by Izbicki et al. (1998)
and Dawson et al. (2003).

TDS consists of major cations and anions (including nitrate). An
examination of the changes in the proportions of individual ions in
the groundwater over the study period might suggest processes con-
tributing to trends in the concentrations of nitrate and TDS, and may
signal changes in water sources. For each well, changes over the study
period were calculated for the cationic charge percentages contribut-
ed by calcium, magnesium, sodium, and potassium. This was done for
each well by subtracting the median charge percentage contributed
by each cation to the total cationic charge in samples collected in
the 1980s from the median value in samples collected in the 2000s.
Changes in the anionic charge percentage values for bicarbonate, car-
bonate, sulfate, chloride, fluoride, and nitrate were calculated the
same way. Changes in concentrations of the major ions over the
study period were also examined.

2.4. Statistical tests used to evaluate potential explanatory factors

Kendall's τ tests were performed to determine whether current
nitrate and TDS concentrations were significantly correlated with
the potential explanatory factors. The potential explanatory factors
were then evaluated for relationships with the wells in the three
trend categories for nitrate and TDS. Kruskal–Wallis rank-sum tests
were performed to determine whether or not there were statistically
significant differences in potential explanatory factors between cate-
gories of wells having increasing trends, decreasing trends, or no de-
tectable trends. The Kruskal–Wallis rank-sum test is a nonparametric
alternative to a one-way analysis of variance (Helsel and Hirsch,
2002). Finally, one-sided Wilcoxon rank-sum tests were performed
for just the wells exhibiting increasing or decreasing temporal trends.
For this test, the no-trend groupwas excluded to more specifically de-
fine the differences between increasing and decreasing wells. The jus-
tification for this one-sided approach is that it cannot be assumed that
the influence of explanatory factors on the direction and magnitude
of temporal trends will act like a gradient that passes through a neu-
tral or “no-trend” outcome. Rather, it seems more likely that the wells
not exhibiting temporal trends are wells that possess some, as yet
unidentified, characteristic that makes the water quality in those
wells less vulnerable to change in either direction.

3. Results

3.1. Current concentrations of nitrate and TDS

High concentrations of nitrate and TDS occur infrequently in the
study area but moderate concentrations are relatively widespread. Six
percent (6%) of the wells analyzed for trends had current nitrate con-
centrations that were high (>10 mg/L as N), 37% had moderate nitrate
concentrations (>5≤10), and 57% had lownitrate concentrations (≤5)
(Table 2). Current TDS concentrations were high (>500 mg/L) in 5% of
the wells, moderate (>250≤500) in 67%, and low (≤250) in 28%



Table 3
Results of tests for significance of relations between potential explanatory factors and concentrations and trends in concentrations for nitrate and TDS.

Potential explanatory factor Kendall's tau correlation
with current constituent
concentrationsa

Kruskal–Wallis test
p-value for differences
between three trend
categoriesb

Wilcoxon rank-sum test
p-value for difference between
wells with increasing vs.
decreasing trendc

Nitrate TDS Nitrate TDS Nitrate TDS

Current constituent concentrations
Nitrate – 0.39 0.076 0.018 ns 0.034(+)
TDS 0.39 – 0.082 ns ns ns
Perchlorate 0.33 0.12 0.032 0.054 ns ns
Total VOC (USGS samples) 0.22 0.21 0.011 ns 0.003(−) ns
Total VOC (CDPH samples) 0.24 0.18 ns ns 0.080(−) ns

Hydrologic and land-use factors
Depth to top of well perforation ns −0.22 0.082 ns 0.041(+) ns
Well depth ns ns 0.016 0.025 0.007(+) ns
Percent urban land use 0.16 0.21 ns ns ns 0.088(+)
Percent natural land use −0.27 −0.25 ns ns 0.049(−) 0.043(−)
Percent agricultural land use 0.17 ns 0.020 ns 0.096(+) ns
Elevation −0.19 −0.27 b0.001 0.026 0.035(−) ns
Normalized distance to down-gradient end of flow system −0.10 −0.12 0.001 ns 0.028(−) ns

Changes in constituent concentrations
Nitrate 0.28 0.13 b0.001 b0.001 0.005(+) 0.005(+)
TDS 0.24 0.22 b0.001 b0.001 b0.001 b0.001

Changes in constituent ionic proportions
Bicarbonate −0.10 −0.17 b0.001 b0.001 b0.001(−) 0.003(−)
Sulfate ns 0.22 0.040 b0.001 ns 0.001(+)
Chloride ns −0.12 ns ns ns ns
Sodium+potassium ns ns 0.007 ns 0.002(−) 0.035(−)
Magnesium ns ns ns ns ns 0.075(+)

a Positive Kendall's tau value indicates direct correlation between current constituent concentration and value of potential explanatory factor; negative tau value indicates in-
verse correlation. Tau values only given for tests with p-valuesb0.1. ns denotes not significant, p-value≥0.1.

b Kruskal–Wallis p-valueb0.1 indicates that there is a significant difference in the median value of the potential explanatory factor between at least two of the three trend categories:
wells showing trend of increasing constituent concentration, wells showing trend of decreasing concentration, and well showing no significant trend in constituent concentration.

c Wilcoxon p-valueb0.1 indicates that there is a significant difference in themedian value of the potential explanatory factor betweenwells showing trend of increasing constituent concen-
tration and wells showing trend of decreasing constituent concentration. Positive (+) indicates that wells showing trend of increasing constituent concentration have higher median value of
the potential explanatory factor. Negative (−) indicates that wells showing trend of decreasing constituent concentration have higher median value of potential explanatory factor.
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(Table 2). The frequency of wells having high, moderate, and low con-
centrations in this study, is similar to the results of Kent and Belitz
(2012) for the present study areawithin an assessment of the entire In-
land Santa Ana Basin when the lower benchmark for TDS used in the
present study is taken into account.

3.2. Relations of current concentrations of nitrate and TDS to explanatory
factors

Most of the potential explanatory factors evaluated in this study
were determined to be directly or inversely correlated with current
concentrations of nitrate and TDS (Table 3). Nitrate concentrations
were directly correlated with TDS concentrations, and nitrate and TDS
concentrations were generally correlated with the same potential ex-
planatory variables. Both were directly correlated with the occurrence
of VOCs and perchlorate, as well as with urban land use. Both were in-
versely correlated with natural land use and flow-length remaining to
the end of the flow system as well as with land-surface elevation. Ni-
trate concentrationswere directly correlatedwith urban and agricultur-
al landuse, and inversely correlatedwith natural land use (Table 3). TDS
concentrationswere also directly correlatedwith urban land use and in-
versely correlated with natural land use and depth to the top of well
perforations (Table 3).

Temporal changes in groundwater cationic proportions were not
related to current concentrations of nitrate or TDS. Similarly, changes
in anionic proportions were not related to current nitrate concentra-
tions, with the exceptions of a weak inverse correlation with changes
in bicarbonate percentages and, as would be expected, a strong direct
correlation with changes in nitrate ionic percentages. In contrast, cur-
rent TDS concentrations were significantly correlated with changes in
the proportions of the 3 most abundant anions—bicarbonate, chlo-
ride, and sulfate. Changes in bicarbonate and chloride percentages
were inversely correlated with TDS concentrations, and changes in
sulfate percentages were directly correlated with TDS concentrations.
The strongest such relationship indicates that TDS concentrations
tend to be high in wells of this study area where the anionic propor-
tion of sulfate has been increasing over time (Table 3).

3.3. Trends in concentrations of nitrate and TDS

Analysis of changes in concentrations over time showed that both
nitrate and TDS had no detected change in a small majority of wells
(58% for nitrate and 59% for TDS), increasing trends in about one-
third of the wells (31% and 35%), and decreasing trends in a relatively
small proportion of wells (11% and 6%) (Table 2). Rates of change in
concentrations were similar in wells with increasing and decreasing
trends, in terms ofmagnitude. In the 41wells (of 131)with significantly
positive trend slopes for nitrate, rates of increase ranged from 0.01 to
0.90 mg/L/yr, with a mean of 0.19 mg/L/yr. In the 14 wells with signif-
icantly negative trend slopes for nitrate, rates of decrease ranged from
−0.04 to −0.44 mg/L/yr, with a mean of −0.20 mg/L/yr. In the 46
wells with significantly positive trend slopes for TDS, rates of increase
ranged from 0.50 to 13.5 mg/L/yr with a mean of 5.2 mg/L/yr. In the 8
wells with significantly negative trend slopes for TDS, rates of decrease
ranged from −0.65 to −7.5, with a mean of −3.2 mg/L/yr.

3.4. Relations among trends in nitrate and TDS concentrations

A fundamental question for this study is whether wells that exhib-
it a temporal trend in either direction for TDS or nitrate tend to
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exhibit the same trend for the other parameter. This generally ap-
pears to be the case (Figs. 1A and B, 2). Temporal TDS trends were
found to directly correlate with temporal nitrate trends. Paired TDS
and nitrate trend slope values were directly correlated regardless of
whether slopes that had failed the significance test (p>0.1) were in-
cluded in the correlation (Kendall's τ=0.35), excluded from it
(Kendall's τ=0.34), or assigned a slope value of zero (Kendall's τ=
0.26).

Of the 60 wells with significant increasing trends for either TDS or
nitrate, 27 wells had increasing trends for both parameters, and 33
wells had increases in either TDS or nitrate, but not both (Fig. 2).In con-
trast, only 2 wells decreasing in nitrate were also decreasing in TDS.
Moreover, 4 wells with a significant decreasing trend for one parameter
had a significant increasing trend for the other parameter (Fig. 2).

3.5. Spatial patterns for observed trends in nitrate and TDS

Most wells with significant increasing trends for both parameters
were located near the boundary between the Bunker Hill A and Bun-
ker Hill B subbasins, north of the Santa Ana River (Fig. 1a and b). In
other parts of the study area, trends, in either direction, were gener-
ally observed for only one of the two parameters. Only one well (of
11) in the Rialto subbasin had a significant trend, and that well had
increasing trends for both parameters. In contrast, half of the wells
(9 out of 18) in the Lytle subbasin had significant trends, but almost
exclusively for TDS; increasing in the northern half, decreasing in
the southern half. Wells located north of the Santa Ana River tended
to be increasing for nitrate, while those located south of the river
tended to be decreasing or exhibiting no trend for nitrate.

3.6. Relations of trends in nitrate and TDS to their current concentrations

Trends in nitrate and TDS were not related to current concentra-
tions of nitrate and TDS in most cases, except for an association of
higher nitrate concentrations with increasing TDS trends. There
were no significant differences in current TDS concentrations among
wells categorized as having increasing, decreasing, or no detected
trends for either nitrate or TDS (Table 3). While current nitrate con-
centrations were significantly different among wells categorized as
having increasing, decreasing, or no detected trends for nitrate
(Table 3), they were not significantly different between wells with in-
creasing nitrate trends and wells with decreasing nitrate trends. Cur-
rent nitrate concentrations were significantly different among wells
categorized as having increasing, decreasing, or not detected trends
for TDS. Specifically, wells with increasing TDS trends had higher cur-
rent nitrate concentrations than wells with decreasing TDS trends
(Table 3).

3.7. Relations of trends in concentrations of nitrate and TDS to explana-
tory factors

Wells with an increasing trend in nitrate concentrations had sig-
nificantly greater total depth and depth to the top of perforations
than did wells with decreasing nitrate trends. Well depth and depth
to top of perforations were significantly different among wells cate-
gorized as having increasing, decreasing, or no detected trends for ni-
trate (Table 3). There was not a significant relationship between TDS
trend groups (increasing or decreasing) and well depths (Table 3).

Wells with an increasing trend in nitrate concentrations had sig-
nificantly lower VOC concentrations (Table 3) and numbers of VOCs
detected than wells with decreasing nitrate concentrations. In con-
trast with nitrate, VOC occurrence did not correlate with trends in
TDS concentrations (Table 3).

The results of this study do not indicate clear relations between
perchlorate concentrations and trends in nitrate and TDS concentra-
tions (Table 3). Perchlorate contamination constitutes a groundwater-
quality concern that may rival those of nitrate and TDS in the study
area, particularly in the western part of the study area; the Rialto-
Colton subbasin (Woolfenden, 2007).

Natural and agricultural land uses were related to trends in nitrate
concentration in the study area (Table 3). Land use in the study area
as a whole in 1992 (near the beginning of the study period) was
45% natural, 8% agricultural, and 47% urban (Nakagaki et al., 2007).
The study area has undergone increasing urban land use before, dur-
ing, and since the study period, and by 2001 land use was 28% natural,
3% agricultural, and 69% urban (Homer et al., 2004). Wells with an in-
creasing trend in nitrate concentrations had significantly higher pro-
portions of agricultural land use in 1992. Seventy-one percent of the
wells located in areas with at least 20% agricultural land use had in-
creasing trends for nitrate (Fig. 3A). Wells with increasing trends in
nitrate or TDS concentrations had significantly lower natural land
use than did wells with decreasing nitrate or TDS trends (Table 3,
Fig. 3a and b). Similarly, wells located in areas with higher percent-
ages of natural land use were more likely to have decreasing trends
in both nitrate and TDS concentrations than areas with less natural
land use. In contrast, wells located in areas with relatively higher
percentages of urban land use were slightly more likely to have in-
creasing trends for TDS concentrations (Table 3). There was not a sig-
nificant correlation between urban land use and trends in nitrate
concentrations (Table 3).

Statistically significant relations were identified between position
in the regional groundwater flow system and temporal trends in ni-
trate concentrations. Wells with increasing trends for nitrate concen-
trations tended to be located at significantly lower elevations and at
significantly more distal positions in the regional groundwater flow
system (normalized distance to down-gradient end of flow system)
than were wells with decreasing trends for nitrate. No statistically
significant relations were identified between either of these measures
of hydrologic position and TDS trends.

There were a number of significant relations between changes in
the proportions of the various major ions and trends in concentra-
tions for both nitrate and TDS. Changes in the cationic proportion of
calcium were directly correlated with trends in nitrate concentra-
tions. Changes in proportion for the cations of sodium and potassium
and the anions of bicarbonate, carbonate and fluoride were inversely
related to trends in nitrate concentrations (Table 3). Changes in ionic
proportions for wells that had significant increasing trends for nitrate
concentrations are shown in a trilinear “Piper” (Piper, 1944) plot
(Fig. 4A).
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Changes in cationic or anionic proportions were significantly re-
lated to trends in TDS concentrations for all major ions except for po-
tassium and chloride. The relations were direct for changes in the
proportions of calcium, magnesium, and sulfate. The relations were
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2000s (Fig. 4B). Changes in cationic proportions during this period
were less notable than anionic changes in the trend wells with in-
creasing TDS. The proportions of calcium and magnesium increased
slightly, while the proportion of sodium+potassium decreased
slightly (Fig. 4B).

4. Discussion and conclusions

The pattern of increasing nitrate concentrations through time in
relatively deep and downgradient wells likely reflects the legacy of
historical agricultural land use. Wells with increasing trends in nitrate
concentrations had significantly greater total depths and depths to
the top of perforations than wells with decreasing trends in nitrate
concentrations. This finding may seem surprising, since shallow
groundwater is often considered more susceptible to contamination
than is deep groundwater (Duell and Schroeder, 1989; Nolan et al.,
2002; Dubrovsky et al., 2010). Indeed, VOCs occur more at shallow
well depths in the Inland Santa Ana Basin (Belitz et al., 2004) and, na-
tionwide, increasing urban land use and shallow well depths were
among the most important factors associated with VOCs in aquifers
(Zogorski et al., 2006). VOCs enter the study area groundwater pri-
marily from the most important current sources of recharge: urban
runoff (Belitz et al., 2004) and engineered recharge (Carter et al.,
2008). These more recent sources of recharge to the now-urbanized
Bunker Hill, Lytle, Rialto, and Colton groundwater subbasins have
lower nitrate concentrations than did historical recharge when the
land use was primarily agricultural. Agricultural land use, which can
typically have nitrate nitrogen concentrations greater than 5 mg/L
(U.S. Geological Survey, 1999), has been declining in the Santa Ana
Basin since the mid-1940s (Scott, 1977), and has been replaced by
urban land use. Urban runoff in the Upper Santa Ana Watershed has
nitrate6 nitrogen concentrations of about 1 mg/L (Kent and Belitz,
2004). Mountain runoff, which recharges these subbasins both
naturally and through engineered recharge operations (Danskin et
al., 2006), typically has nitrate nitrogen concentrations less than
1 mg/L (Kent and Belitz, 2004). Imported water delivered by the
Metropolitan Water District is also used for engineered recharge in
the subbasins (Woolfenden and Koczot, 2001; Danskin et al., 2006),
and has nitrate nitrogen concentrations of about 1 or 2 mg/L
(California State Polytechnic University, Pomona, 2010). By the
1990s, relatively few wells in the study area were located near
agricultural activity, but of those few wells, most showed increasing
trends for nitrate concentrations (Fig. 3a).

Increasing nitrate trends were also associated with lateral position
in the study area (measured by each well's elevation and normalized
distance to down-gradient end of flow system). Wells located a rela-
tively short distance along the groundwater flow path were more
likely to have decreasing trends for nitrate, and wells located further
along the flow path were more likely to have increasing trends. Based
on tritium and carbon-14 age tracers and distributions of modern an-
thropogenic constituents, results of Izbicki et al. (1998, figure 8) and
Kent and Belitz (2012, figure D3) indicate that groundwater in the
downgradient portions of the flow system predominantly entered
the flow system as recharge before the decline of agriculture in the
study area starting in the mid-1940s (Scott, 1977). Available age-
tracer data for the specific wells analyzed in this study were insuffi-
cient to investigate this directly. Such data only exists for 12 of the
131 wells, and it is expected that there would be mixing of ground-
water of different ages in the relatively long screens.

It should be noted that, similar to VOC occurrence, well lateral po-
sition covaries inversely with well depth, meaning that wells high in
the watershed tend to be shallower than wells on the valley floor.
This observation complicates interpreting the apparent relations be-
tween nitrate trends and depth (direct) and nitrate trends and lateral
position (inverse). To evaluate whether the relation of nitrate trends
and depth occurred independently of lateral position, wells in the
upgradient or proximal portion of the flow system (with a land sur-
face elevation>1400 feet) were excluded. As a group, the 22 exclud-
ed wells had relatively shallow depths. The depths of the remaining
86 wells with depth data located at elevations below 1400 feet were
evenly distributed over the depth range represented in the study
area. Almost half (42) of the wells with depth data and located at el-
evations below 1400 feet showed temporal trends, either increasing
or decreasing, for nitrate concentrations. A Wilcoxon test performed
on only those trend-exhibiting wells located at elevations below
1400 feet indicated a significant direct relation between well depth
and nitrate trend (p=0.007). Therefore, it is concluded that, inde-
pendent of lateral position, groundwater in relatively deeper wells
is more likely to have an increasing trend for nitrate concentration
than groundwater in relatively shallowwells, and groundwater in rel-
atively shallow wells is more likely to have a decreasing trend for ni-
trate concentration than groundwater in relatively deep wells.

Similar to the observed covariation between lateral position and
well depth, elevation (a proxy for lateral position) also covaries with
all 3 land use categories evaluated here. In the study area there is a di-
rect correlation between elevation and natural land use (natural land
use is predominant at high elevations), and inverse correlations be-
tween elevation and both urban and agricultural land uses. To evaluate
whether the observed significant relations between nitrate trends and
agricultural and natural land uses occurred independently of elevation,
the same procedure as described above forwell depths and lateral posi-
tion was performed for land use and elevation. Results from the
Wilcoxon tests performed only on wells located at elevations below
1400 feet indicated that there is still a significant direct relation be-
tween agricultural land use and nitrate trend (p=0.084). However,
the inverse relation between natural land use and nitrate trend ob-
served when the test was performed on all wells was not found to be
significant for the lower-elevation subset of wells. Therefore, results
from this study cannot definitively separate the effects of elevation
from those of natural land use on the inverse relation that both poten-
tial explanatory factors were determined to have with nitrate trends.

Regardless of the processes involved, the observed relation between
natural land use and decreasing trends in concentration for both TDS
and nitrate suggests that human activities play a role in explaining nitrate
and TDS trends. Natural land use serves as a reverse proxy indicator of
human (urban and agricultural) land uses, and human land use has
been linked to increases in groundwater TDS (Thiros, 2010). Most of the
present study area with natural land use is steep, hindering both urban
and agricultural development (Belitz et al., 2004). Most of this steep ter-
rain has never been under intensive human land use. In contrast, land
that is relatively flat in the study area has been subject to intensive
human land use; first mostly for agriculture, then, largely converted to
residential and urban use (Scott, 1977; Danskin et al., 2006).

Significant correlations observed between changes in proportions
of the various major ions and trends in TDS concentrations also sug-
gest an anthropogenic explanation for increasing TDS. The strongest
ionic relation was a direct one between sulfate concentrations and
proportions (replacing bicarbonate) and increases in TDS. In a Los
Angeles groundwater basin study, increases in groundwater sulfate
concentrations were assumed to indicate increased presence of re-
charge water imported from the Colorado River (Sloss et al., 1999).
Agricultural activities can cause increases in sulfate in groundwater
by application of fertilizers containing sulfur (Jurgens et al., 2008)
and/or through mobilization of natural sulfate in soil moisture or
minerals in the unsaturated zone by agricultural irrigation return
flows or artificial recharge (Thornton, 1997; Schoups et al., 2006).
Engineered recharge facilities are prevalent in the present study
area. While these mostly use local surface water diversions from the
Santa Ana River, Mill Creek, and Lytle Creek for their recharge (San
Bernardino Valley Water Conservation District, 2011), imported
water delivered by the Metropolitan Water District is also used for
engineered recharge in the subbasins (Danskin et al., 2006; Woolfenden
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and Koczot, 2001). However, wells with increasing proportions of sulfate
in the present study did not tend to be close to recharge facilities.Where-
as recharge facilities tend to be close to the mountain fronts in the study
area, wells with increasing proportions of sulfate tend to be at lower
elevations and at significantly more distal positions in the regional
groundwater flow system. There was also a significant direct correlation
between increasing proportions of sulfate and urban land use (p-value
for Kendall's τ test=0.02). This finding is consistent with a study on
water sources of streams in the Santa Ana Basin that found that a stream
for which base flow consisted primarily of urban runoff, had the highest
sulfate anionic proportion, with the exception of a site receiving geother-
mal discharges (Kent and Belitz, 2004).

The lack of correlation between concentrations and increasing or
decreasing trends in nitrate in this study probably reflects that the
source of high nitrate is past rather than current land use. Such lack
of correlation is in contrast with the results of Landon et al. (2011)
in a portion of the eastern San Joaquin Valley of California that
found that nitrate concentrations and increasing trends were corre-
lated. In the eastern San Joaquin Valley the source of relatively high
nitrate concentrations and increasing nitrate concentrations is ongo-
ing modern agricultural land use (Burow et al., 2008). In contrast, in
the Bunker Hill, Lytle, Rialto, and Colton subbasins, urban land use
with low nitrate loading has replaced much of the agricultural land
use that was the predominant land use in the first half of the 20th
century. Wells with increasing nitrate trends in relatively deeper
wells predominantly in the downgradient portion of the groundwater
system may be capturing a larger fraction of agriculturally-recharged
groundwater, which is mixing with groundwater of different ages and
lower initial nitrate concentrations. As a consequence of this mixing in
relatively deep public-supply wells at the downgradient end of the
flow system, nitrate concentrations could be increasing over time but
would not necessarily have nitrate concentrations that are higher than
nitrate concentrations in other parts of the system. Thus, the lack of cor-
relation of nitrate concentrations and nitrate trends is consistent with
other evidence described earlier that the effects of legacy agricultural
land use primarily explain nitrate trends in this study area.

The statistically significant direct correlation between nitrate and
TDS trend slopes suggests some common explanatory factors for in-
creasing trends in both parameters when they were observed
(Table 3). In contrast, wells with decreases in nitrate and wells with
decreases in TDS rarely corresponded (Fig. 2), suggesting that differ-
ent processes may explain decreases in the two constituents. The
general lack of correlation between TDS trends and most of the po-
tential explanatory factors evaluated here suggests that the causes
for TDS trends are more complex than for nitrate trends. TDS is de-
rived from a variety of both natural and human sources (Hem,
1992). Natural sources of TDS in groundwater are the result of the
dissolution of minerals contained in the aquifer rocks and soils.
Human-derived sources of TDS in the Bunker Hill and Rialto-Colton
groundwater basins include imported water, urban runoff, and agri-
cultural return water (Anning et al., 2007).

It is unlikely that denitrification is significantly affecting nitrate
concentrations in the study area. Previous studies have indicated
that decreases in nitrate concentrations can occur as a result of deni-
trification in some aquifers with geochemically reduced groundwater
(Korom, 1992; Tesoriero et al., 2007; McMahon and Chapelle, 2008).
However, most groundwater in public supply wells of the Upper
Santa Ana Watershed is oxic (dissolved oxygen>0.5 mg/L) (Hamlin
et al., 2002; Kent and Belitz, 2012). In laboratory studies, the O2 con-
centration threshold required for the onset of denitrification has gen-
erally been observed to be b0.3 mg/L (Tiedje, 1988; Seitzinger et al.,
2006; Coyne, 2008) but evidence for denitrification has been noted
in well samples with O2 of up to 2 mg/L (Böhlke et al., 2002, 2007;
Beller et al., 2004; McMahon et al., 2004, 2008; Green et al., 2008)
as a consequence of mixing of waters with different age and chemical
characteristics (Green et al., 2010). Nevertheless, this study area is
more oxic than that of a recent study in the eastern San Joaquin Valley
of California where, about 80% of the groundwater system is oxic and
about 20% is reducing groundwater. Landon et al. (2011) found that
trends in nitrate concentrations in the eastern San Joaquin Valley study
were primarily controlled by agricultural land use effects and were
only slightly affected by groundwater oxidation–reduction conditions.

This study, along with that conducted by Landon, et al. (2011)
provides a pilot demonstration of trend analysis in a large number
of wells using historical data. It represents a systematic effort to find
relations between observed trends and a wide array of explanatory fac-
tors, complementing previous status assessments (Eccles, 1979; Duell
and Schroeder, 1989; Santa Ana Regional Water Quality Control
Board, 1994; Hamlin et al., 2002) and long-term monitoring efforts
(Wildermuth Environmental Inc., 1998; 2000; Santa Ana River
Watermaster, 2010). Results from the present study indicate that it is
possible to identify trends after just over a decade of study if there are
enough observations (a minimum of four with methods used here).
Trend analyses are better able to discern existing trends with a greater
number of samples. Most of the wells evaluated for this study continue
to bemonitored for nitrate and TDS concentrations, providing anoppor-
tunity for periodic trends analysis in the future.
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