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Long-term trends in stream water and precipitation chemistry
at five headwater basins in the northeastern United States
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Abstract.

Stream water data from five headwater basins in the northeastern United

States covering water years 1968-1996 and precipitation data from eight nearby
precipitation monitoring sites covering water years 1984-1996 were analyzed for temporal
trends in chemistry using the nonparametric seasonal Kendall test. Concentrations of SO,
declined at three of five streams during 1968-1996 (p < 0.1), and all of the streams
exhibited downward trends in SO, over the second half of the period (1984-1996).
Concentrations of SO, in precipitation declined at seven of eight sites from 1984 to 1996,
and the magnitudes of the declines (—0.7 to —2.0 weq L™! yr™!) generally were similar to
those of stream water SO,. These results indicate that changes in precipitation SO, were
of sufficient magnitude to account for changes in stream water SO,. Concentrations of
Ca + Mg declined at three of five streams and five of eight precipitation sites from 1984
to 1996. Precipitation acidity decreased at five of eight sites during the same period, but
alkalinity increased in only one stream. In most cases the decreases in stream water SO,
were similar in magnitude to declines in stream water Ca + Mg, which is consistent with
the theory of leaching by mobile acid anions in soils. In precipitation the magnitudes of
SO, declines were similar to those of hydrogen, and declines in Ca + Mg were much
smaller. This indicates that recent decreases in SO, deposition are now being reflected in
reduced precipitation acidity. The lack of widespread increases in stream water alkalinity,
despite the prevalence of downward trends in stream water SO,, suggests that at most
sites, increases in stream water pH and acid-neutralizing capacity may be delayed until

higher soil base-saturation levels are achieved.

1. Introduction
1.1. Background

Ecosystems in the northeastern region of the United States
have been subject to elevated levels of acidic deposition since
the early part of the 20th century [Gschwandtner et al., 1988].
The main components of acidic deposition are sulfuric and
nitric acids, which are derived primarily from fossil fuel com-
bustion. Historically, sulfuric acid has been more important
than nitric acid as a source of precipitation acidity [Likens and
Bormann, 1995], although the relative importance of nitric acid
has increased substantially since 1970 [Gschwandtner et al.,
1988; Husar et al., 1991]. Numerous studies have shown that
soils and surface waters in many parts of the northeastern
United States have been impacted by long-term exposure to
acidic deposition [Stoddard, 1991; Murdoch and Stoddard,
1993; Likens and Bormann, 1995]. The most important effects
of acidic deposition on soils are the mobilization of aluminum
due to increased soil acidity and the leaching of base cations
from the soil exchange complex [Ruess and Johnson, 1986;
Wesselink et al., 1995]. As base cations become depleted from
the soil-exchange pool, the agid-neutralizing capacity (ANC)
of streams and lakes declines and surface waters become more
susceptible to episodic acidification during snowmelt and
storm events [Stoddard and Murdoch, 1991; Driscoll and Van
Dreason, 1993]. Depletion of cations, particularly Ca, from the
soil exchange pool also has been implicated in the dieback of
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red spruce forests in the northeastern United States [Shortle et
al., 1997].

Historical patterns in SO, emissions rates indicate that al-
though emissions have declined from their peak earlier this
century, current emission levels are still much higher than
during the preindustrial era. Regional and national emissions
data summarized by Husar et al. [1991] and Nizich et al. [1995]
indicate that SO, emissions in the northeast and in the United
States as a whole rose substantially during the early part of the
20th century and have fluctuated since then, with increasingly
larger peaks in the 1920s, 1940s, and 1970s (Figure 1). Emis-
sions of SO, declined by one third between 1970 and 1994,
mostly owing to the combined effects of economic recessions in
the mid to late 1970s and early 1990s and emissions controls
mandated by the Clean Air Act of 1970 [Nizich et al., 1995].
Clean Air Act amendments enacted in 1990 specified further
reductions in SO, emissions, which were reflected in substan-
tial declines in SO, output in 1995, the first year of compliance
[Lynch and Bowersox, 1996]. Emissions of NO,, in the northeast
rose steadily during the 20th century until the 1970s, when they
leveled off (Figure 1). The overall decline in emissions of acid
precursors (SO, + NO,) over the past two decades has led to
a decrease in strong-acid anion deposition during that period
[Lynch et al., 1995b, 1996]. It might be expected that at some
point soils and aquatic ecosystems should begin to recover
from their long-term exposure to acidic deposition. Conceptual
ecosystem acidification models predict that surface waters will
respond to reduced sulfuric acid deposition with higher pH
and alkalinity and lower concentrations of SO, and base cat-
ions [Galloway et al., 1983; Ruess and Johnson, 1986]. Given the
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Figure 1. Trends in population, SO,, and NO, emissions in the United States for the period 1900-1995

[Nizich et al., 1995].

high economic cost of pollution controls, it would be useful to
evaluate whether the responses predicted by the conceptual
models have occurred and whether the emissions reductions
have been of a magnitude sufficient to achieve the desired
result (i.e., reversal of ecosystem acidification).

Data from Hubbard Brook, New Hampshire, suggest that
concentrations of SO, and base cations in stream water have
decreased in response to declining atmospheric deposition, but
stream pH at Hubbard Brook has been relatively invariant and
ANC has remained negative [Driscoll et al., 1989; Likens et al.,
1996]. It is uncertain whether the stream water response seen
at Hubbard Brook is a regional phenomenon. Data from the
U.S. Environmental Protection Agency’s Long-Term Monitor-
ing program indicate that during the 1980s, SO, concentrations
declined in surface water in the northeast, but trends in base
cations and alkalinity were not consistent across the region
[Driscoll and Van Dreason, 1993; Kahl et al., 1993; Murdoch and
Stoddard, 1993; Stoddard and Kellogg, 1993]. Stream water data
collected between the mid-1960s and the early 1980s through
the Hydrologic Benchmark Network (HBN), a national net-
work of small, mostly undisturbed basins operated by the U.S.
Geological Survey (USGS), indicated declining SO, concen-
trations at stream sites in Maine and New York but no signif-
icant changes in SO, at other sites in the northeast [Smith and
Alexander, 1983; Kramer et al., 1986]. Trend analyses on the
HBN data collected since the early 1980s have not been re-
ported, but the continued decline in SO, deposition in the
northeast suggests that a new analysis of the HBN data is
warranted.

1.2

The purpose of this study was to test for trends in stream
water chemistry at five HBN sites in the northeastern United
States over the period 1968-1996 and to evaluate possible
cause(s) for any observed trends. The HBN data set has ex-
tended another 15 years since the initial trend analyses of
Smith and Alexander [1983] and Kramer et al. [1986], and it now
covers the period during which high-quality precipitation
chemistry data are available for comparison. Attention was
focused on HBN sites in the northeast because the area his-
torically has had the highest acidic deposition rate in the nation

Purpose and Scope

(in this paper the upper Ohio River Valley is considered part
of the northeast region).

Stream water chemistry data were tested for trends over the
period of record during which all five HBN sites were operat-
ing (1968-1996) and over two shorter periods, 1968-1983 and
1984-1996. Tests on the shorter-term records allowed compar-
isons with (1) results of previous trend analyses on HBN
stream water chemistry for the 1968-1983 period and (2) re-
sults of trend analyses on precipitation chemistry for the 1984 -
1996 period, performed as part of the present study. Possible
causes for trends in stream water chemistry that were investi-
gated included potential linkages between trends in stream
water chemistry and precipitation chemistry, changes in ana-
lytical methodology, and changes in land use in the study ba-
sins. This paper focuses on trends in SO,, Ca + Mg, and
alkalinity in stream water; SO,, Ca + Mg, and H in precipita-
tion; and stream discharge and precipitation volumes. These
chemical constituents probably are the main solutes driving the
long-term acid/base status of surface waters in the study basins.
Several recent studies of small basins in the northeast region of
the United States have indicated that nitrogen compounds may
be becoming an increasingly important source of acidity to
precipitation and stream water [Murdoch and Stoddard, 1993;
Stoddard, 1991]. However, nitrate concentrations at the HBN
sites used in this study generally were near the analytical de-
tection limit and exhibited no significant trends. Lower nitrate
concentrations are expected in the HBN basins because flow
paths are longer and soils are more extensive in these compar-
atively large basins. Because there were no trends in nitrate in
stream water and only one weak trend in precipitation nitrate,
nitrogen compounds are not discussed further in this paper.
Other major constituents were tested for trends, but the results
are not presented here unless they affect the interpretation of
trends in SO,, Ca + Mg, alkalinity, or H. Ca and Mg were
considered together because of their similar geochemical be-
havior and because they usually were the dominant cations in
stream water.

1.3. Basin Characteristics

The HBN was established in the 1960s as a national stream-
flow and water-quality monitoring network designed to docu-
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Figure 2. Locations of selected Hydrologic Benchmark Net-
work and National Atmospheric Deposition Network stations
in the northeastern United States.

ment hydrologic characteristics at sites minimally impacted by
human activities [Cobb and Bieseker, 1971; Lawrence, 1987].
Data collection has included continuous discharge measure-
ments at permanent gauges, and periodic samples were taken
at the gauges for water quality, with frequencies that generally
ranged from monthly to quarterly. One of the original uses
identified for the data was to study long-term trends in stream-
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flow and stream chemistry and their possible relations to
changes in atmospheric deposition.

The HBN sites used in this study are the Wild River in
Maine, Esopus Creek in New York, Young Womans Creek in
Pennsylvania, Holiday Creek in Virginia, and Upper Twin
Creek in Ohio (Figure 2). Site characteristics and stream water
chemistry have been summarized by Mast and Turk [1998], and
hydrologic characteristics have been summarized by Lawrence
[1987] (Table 1). All of the study sites are headwater basins
that drain predominantly undeveloped forested areas, al-
though logging has occurred at all of the sites in the past.
Glaciers scoured the two northernmost drainages, Wild River
and Esopus Creek, during the late Pleistocene and deposited
till of varying thickness. The other study sites are unglaciated
and lie beyond the southern limit of the Wisconsin glaciation.
Soils at all of the sites are well drained and acidic, with low
base saturation, and all except the Holiday Creek soils have
low sulfate-adsorption capacities. Stream water chemistry
largely reflects the interaction of acidic precipitation with the
local soils and bedrock. Stream water sulfate exceeds or is
nearly equivalent to bicarbonate at all of the sites except Hol-
iday Creek, where atmospheric sulfate appears to be retained
in basin soils. None of the streams are chronically acidic at the
basin outlets; however, episodic acidification in tributaries to
the Wild River and in high-order streams near Esopus Creek
has been documented during storm events [Murdoch and Stod-
dard, 1993; Mast and Turk, 1998].

2. Methods
2.1. Data Sources

The stream water data set consists of stream water chemistry
and instantaneous discharge measurements at five HBN
streams in the northeastern United States for October 1967
through September 1996. These dates correspond to water
years 1968-1996; the convention used in this paper when dis-
cussing trend results is to use water years, which begin in
October and end in September. Analytical methods used by
the USGS laboratories are documented by Fishman and Fried-
man [1989] and Fishman et al. [1994]. Quarterly volume-
weighted mean concentrations in precipitation were obtained
from the National Atmospheric Deposition Program (NADP)
for eight precipitation-monitoring sites located near the HBN

Table 1. Site Characteristics of Hydrologic Benchmark Network Study Sites in Northeastern United States

Average Average
Basin Annual Annual
Size, Elevation, Precipitation, Runoff,
Study Site km? m Soil Geology cm cm
Wild River, Maine 180 213-1478 highly acidic spodosols developed on  glaciated; gneiss, mica schist, 120 88
Pleistocene till quartzite, glacial till
Esopus Creek, N. Y. 154  310-1145 acidic inceptisols developed on glaciated; shale, sandstone, 130 80
Pleistocene till conglomerates, glacial till
Young Womans Creek, 120 240-665 extremely acidic inceptisols formed unglaciated; sandstone, 105 55
Pa. from local bedrock siltstone, shale,
conglomerate, limestone
Holiday Creek, Va. 22 145-280 extremely acidic loam and gravelly unglaciated; phyllite, schist, 106 37
silty loam amphibole gneiss and
schist
Upper Twin Creek, Ohio  31.6 164-395 acidic Ultisols formed from local unglaciated; sandstone, 105 38

bedrock

siltstone and shale, locally
calcareous and
carbonaceous
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basins [NADP, 1984-1996]. Data records were obtained for
each NADP site from the time of station startup through water
year 1996; start-up dates ranged from 1978 to 1984. Volume-
weighted mean concentrations were calculated by the NADP
from weekly concentration and volume data as described in the
NADP annual data summaries [NADP, 1984-1996]. Collection
and analytical methods used by the NADP are described by
Peden [1983].

2.2. Data Screening

Prior to trend analyses, the stream water data were exam-
ined for outliers and possible periods of analytical bias. As with
any historical water-quality data set, methods-related changes
have the potential to affect the results of trend analyses and
can lead investigators to identify trends when in fact none exist
or to mask trends that do exist. Stream water data were
screened using two initial criteria: (1) ion imbalances greater
than +20%, calculated as the total cationic charge minus the
total anionic charge divided by the total charge in solution, and
(2) identification of extreme outliers in a matrix of solute-
solute plots. For samples where ion imbalances exceeded
+20%, the solute-solute plots usually were helpful in identify-
ing which solutes appeared to be in error, and analytical results
for those solutes were excluded from the data set. If no single
solute or group of solutes could be identified as being respon-
sible for causing the large charge imbalances, analytical results
for the entire sample were excluded. Time series plots of
stream water concentrations were inspected visually for step
functions, which can indicate changes in analytical bias due to
methods changes. The USGS central laboratory has routinely
incorporated blind-audit samples into each analytical run since
the early 1980s, and the results are reported by the USGS
Branch of Quality Assurance [Ludtke and Woodworth, 1997].
The bias of results for blind-audit samples analyzed by the
central laboratory between 1985 and 1996 were tested for
trends and inspected for step functions.

Analytical bias appeared to affect the stream water SO,
record during two periods. A positive bias was identified by a
step function in stream water SO, results between April 1986
and June 1989, and the problem was traced to the omission of
a background sample-absorbance adjustment when using the
turbidimetric analysis procedure [Schertz et al., 1994]. The
amount of bias largely depended on the sample matrix and
color of the samples. Adjusted and unadjusted SO, values were
reported by the laboratory from July 1989 through March
1990, which permitted calculation of a correction factor that
was applied to SO, values reported between April 1986 and
June 1989. Because the magnitude of bias depended on the
sample matrix and color, separate correction factors were ap-
plied to data from each site. The turbidimetric method was
replaced by an improved method (ion chromatography) in
April 1990.

Time series plots of bias in the blind-audit data indicated
that SO, concentrations were biased low by about 10 yeq L™*
from January 1995 through mid 1996. Although the cause of
the bias was not identified, a correction factor was derived by
regressing the measured concentration against the “known”
concentration of the blind-audit samples (r* = 0.996, n =
60). The correction factor was applied to stream water sam-
ples analyzed in 1995 and the first half of 1996. Trend tests on
the blind-audit samples prior to adjustment indicated a signif-
icant downward trend in the data (p < 0.001), whereas after
adjustment there was no trend (p > 0.5). Trend tests on
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blind-audit results for other constituents discussed in this pa-
per indicated no significant methods-related trends for 1985-
1996 at p < 0.1. The effect of the biases and the bias correc-
tions are presented in more detail in the Discussion.

Precipitation data analyzed by the NADP are checked in-
ternally using criteria based on rain gauge depth, sample vol-
ume, sampling interval, and availability of quality-assured an-
alytical results. Data meeting the established criteria, which are
described in the NADP annual data summaries [NADP, 1984—
1996], are considered valid samples and are uploaded into the
NADP database. The NADP program has established data
completeness criteria for calculating quarterly volume-
weighted mean concentrations to provide a measure of
whether the available data are adequate to characterize the
summary period. The criteria include having a minimum num-
ber of valid samples for the period and having a minimum
percentage of total precipitation during the period represented
by valid samples [NADP, 1984-1996].

2.3. Statistical Analyses

Stream water-chemistry and precipitation-chemistry data
were tested for temporal trends using the seasonal Kendall test
(SKT), which is a nonparametric test that is well suited for
analyzing temporal trends in seasonally varying water-quality
data [Hirsch et al., 1982]. The SKT tests for monotonic trends,
that is, whether there has been a statistically significant change
in concentration over time. No assumptions are made about
linearity of trends or normality of the data, and because the
test is nonparametric, it is insensitive to the presence of out-
liers and missing values. The SKT accounts for seasonality by
testing for trends in each season separately and then combin-
ing the results [Schertz et al., 1991]. The test can be applied to
raw concentration data as well as flow- or volume-adjusted
data, which permits one to account for the variance in chem-
istry attributable to variations in discharge or precipitation
amount. This feature is important because solutes in stream
water often show a strong correlation with discharge. Flow-
and volume-adjusted concentrations were calculated using re-
gression models of the form f(Q) = InQ or f(Q) = 1/(1 +
BQ), where Q is instantaneous discharge and B is one of eight
coefficients scaled according the observed range of discharge
[Schertz et al., 1991]. Flow-adjusted concentrations associated
with the “best” model, selected on the basis of which model
provided the highest r square, were used in the trend analyses.
In the present study, volume adjustment of precipitation chem-
istry was seldom necessary because correlations between pre-
cipitation chemistry and precipitation amount generally were
poor. Unless otherwise noted, the stream water results being
presented pertain to flow-adjusted concentrations, which are
referred to simply as “concentrations” for brevity. Concentra-
tions not adjusted for variations related to flow are referred to
as “raw concentrations.”

The SKT allows for selection of the number of seasons to
use in the trend analyses. Because the minimum sampling
frequency at the HBN sites was quarterly, trends in stream
water chemistry were tested using four seasons of equal dura-
tion. When more than one sample was collected in a given
season, the sample nearest the midpoint of the season was
used. For precipitation data, trend analyses were performed on
quarterly volume-weighted mean values reported by the
NADP [1984-96]. Trends with p values less than 0.01 were
considered highly significant, those between 0.01 and 0.05 were
considered moderately significant, and those between 0.05 and
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Figure 3. Variations in SO,, Ca + Mg, alkalinity, and instantaneous discharge at the Wild River, Maine, and
SO,, Ca + Mg, hydrogen, and precipitation amount at Bridgeton, Maine (circles), and Hubbard Brook, New
Hampshire (crosses). Trend lines were generated by a locally weighted scatterplot smoothing technique
(LOWESS). Results of seasonal Kendall trend tests shown on graphs pertain to the period October 1967
through September 1996 for stream water and from the time of station installation through September 1996
for precipitation. Results are presented as follows: s, slope of raw concentration trend; p, p value of raw
concentration trend; s,, slope of flow- or volume-adjusted concentration trend; p,, p value of flow- or
volume-adjusted concentration trend. Results for flow- or volume-adjusted concentration trends are shown
only when adjustment model was significant at p < 0.1.

0.1 were considered weakly significant. A p value greater than
0.1 was interpreted to indicate no significant trend.

The direction and slope of trends were obtained using the
Sen slope estimator, which calculates the median of the slopes
of all pairwise comparisons [Helsel and Hirsch, 1992]. Stream
water and precipitation concentrations were plotted against
time with a smoothed, locally weighted regression line (LOW-
ESS) as an overlay to show general patterns in the data. The
LOWESS technique is a nonparametric smoothing procedure
that uses a weighted, least squares regression model to fit
observations within a specified window [Cleveland, 1979],
which in this case was set to 0.5. It is a useful exploratory tool
because it fits a regression model through data without making

any assumptions about what type of model the data might fit
(linear, quadratic, etc.).

3. Results
3.1. Trends in Stream Water Chemistry

Concentrations of SO, in stream water exhibited highly sig-
nificant decreases between 1968 and 1996 at three of the five
HBN study sites: Wild River (Maine), Esopus Creek (N. Y.),
and Holiday Creek (Va.) (Figures 3a, 4a, 5a, 6a, and 7a). The
slopes of the SO, trends at these sites ranged from —0.9 to
—1.3 ueq L™ yr~* (Figures 3a, 4a, Sa, 6a, and 7a). The down-
ward trends in SO, at the Wild River and Esopus Creek were
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Figure 4. Variations in SO,, Ca + Mg, alkalinity, and instantaneous discharge at Esopus Creek, New York,
and SO,, Ca + Mg, hydrogen, and precipitation amount at Biscuit Brook, New York. Periods covered and

presentation of results are as indicated in Figure 3.

relatively steady; when the period of record was divided into
1968-1983 and 1984-1996, both sites had significant down-
ward trends during each period (Table 2). Most of the long-
term decline in SO, at Holiday Creek was attributable to a
strong decline that began in the late 1970s (Figure 6a, Table 2).
Although no trends were detected over the long-term (1968
1996) at Young Womans Creek (Pa.) and Upper Twin Creek
(Ohio), both sites did have significant downward trends in SO,
during the latter half of the record (1984-1996, Table 2).
Upper Twin Creek had the only significant upward trend in
SO,, which was a strong increase during 1968—1983.

Despite the complexity of the trends in SO, concentrations
in the HBN streams, some generalizations can be made. From
1968 through 1983, trends in SO, at the HBN sites were varied,;
SO, at the northernmost sites decreased, SO, at sites in Penn-
sylvania and Virginia showed no change, and SO, at the site in
Ohio increased. From 1984 through 1996, SO, trends appear
to have been somewhat more uniform. During 1984-1996, SO,
exhibited strong to moderate declines at all of the sites, with
slopes ranging from —1.3 to —5.1 weq L™ yr 1.

The stream water SO, trend results obtained for the 1968—
1983 period are in good agreement with those reported by
Smith and Alexander [1983] and Kramer et al. [1986] for HBN
sites in the northeastern United States between the mid 1960s
and early 1980s. Kramer et al. [1986] noted downward trends in
SO, at the Wild River and Esopus Creek during the period
(slopes = —1.5 and —1.8 peq L™ yr?, respectively), and no
significant trends at Young Womans Creek or Holiday Creek.
A downward trend in SO, of 2 ueq L™ yr~! has been reported
for 1963-1993 at Hubbard Brook, in New Hampshire, 50 km
west of the Wild River HBN site [Driscoll et al., 1989; Likens et
al., 1996]. Aulenbach et al. [1996] reported a downward trend in
SO, between the early 1980s and early 1990s at Biscuit Brook,
a small headwater stream 5 km southwest of Esopus Creek.
Interestingly, they detected few significant trends in stream
water SO, in the southeastern United States, perhaps because
soils in the southeast generally have high sulfate-adsorption
capacities [Aulenbach et al., 1996].

Long-term (1968-1996) trends in Ca + Mg included a highly
significant downward trend at the Wild River, and a highly
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Figure 5. Variations in SO,, Ca + Mg, alkalinity, and instantaneous discharge at Young Womans Creek,
Pennsylvania, and SO,, Ca + Mg, hydrogen, and precipitation amount at Kane Experimental Forest, Penn-
sylvania. Periods covered and presentation of results are as indicated in Figure 3.

significant upward trend at Upper Twin Creek (Figures 3b and
7b). The decline in Ca + Mg at the Wild River was persistent
throughout the period of record (Figure 3b, Table 2). The
long-term upward trend in Ca + Mg at Upper Twin Creek was
mainly due to a strong increase during the first half of the
record (Figure 7b, Table 2). In addition to the decline in Ca +
Mg at the Wild River during 1984-1996, highly significant de-
creases also were detected at Esopus Creek and Holiday Creck
for the same period (Table 2). The magnitude of the declines in
Ca + Mg at the Wild River and Holiday Creek during 1984-1996
were similar to the declines in SO,, but at Esopus Creek, Ca +
Mg decreased about twice as much as SO,. Although not statis-
tically significant (p = 0.186), a decrease in Cl of sufficient mag-
nitude to account for the difference in SO, and Ca + Mg trends
at Esopus Creek is suggested by the slope of the Cl “trend” (—3.8
peq L1 yr™ ). Decreasing Cl might be attributable to declining
use of and contamination from road deicing salts, which often
also contain Mg.

Long-term (1968-1996) trends in alkalinity included a mod-
erately significant downward trend at the Wild River and a

highly significant upward trend at Upper Twin Creek (Figures
3¢ and 7c). Most of the increase in alkalinity at Upper Twin
Creek occurred during the 1984-1996 period, a time that co-
incided with a decrease in SO, and stable Ca + Mg concen-
trations (Table 2, Figure 7). The long-term decline in alkalinity
at the Wild River is somewhat puzzling because when the data
set was broken into 1968—-1983 and 1984-1996, trends in alka-
linity were not significant during either period at p < 0.1. Al-
though there were no reported methods changes, the scarcity of
high alkalinity values during the second half of the record is
suggestive of a step function, so interpretation of long-term trends
in alkalinity at the Wild River must be done with caution. The
only other significant trend in alkalinity was a weak upward trend
at Esopus Creek during 19681983 (Table 2).

Trends in alkalinity generally reflected a balance between
trends in SO, and Ca + Mg. When SO, decreased and Ca +
Mg concentrations were stable, alkalinity tended to show an
increase. Specific examples include Upper Twin Creek from
1984 through 1996 and Esopus Creek during 1968-1983. Con-
versely, when trends in SO, were roughly matched by trends in
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Figure 6. Variations in SO,, Ca + Mg, alkalinity, and instantaneous discharge at Holiday Creek, Virginia,
and SO,, Ca + Mg, hydrogen, and precipitation amount at Shenandoah, Virginia (circles), and Charlottesville,
Virginia (crosses). Periods covered and presentation of results are as indicated in Figure 3.

Ca + Mg, changes in alkalinity generally were not significant.
This was the case at Upper Twin Creek between 1968 and
1983, where the SO, and Ca + Mg increased, and the Wild
River and Holiday Creek during 1984-1996, where SO, and
Ca + Mg decreased. A regression of the slopes of the SO,
trend minus the (Ca + Mg) trend against the alkalinity trend
yielded a regression equation with a slope of —1.04, an r* of
0.85, and a p value of <0.001. This strong inverse relation is to
be expected given charge balance constraints and the fact that
80,, Ca, Mg, and alkalinity generally were the dominant ions
in stream water.

Trends in raw concentrations and flow-adjusted concentra-
tions generally were similar, which is reasonable because there
were few significant trends in discharge (Table 2; Figures 3d,
4d, 5d, 6d, and 7d). The only two trends in discharge were
moderately significant declines that occurred at Upper Twin
Creek during 19681983 (also reflected in the long-term trend)
and at Esopus Creek during 1984-1996 (Table 2). Declining
discharge at Upper Twin Creek was partly responsible for the
increase in raw concentrations of SO, Ca + Mg, and alkalinity

observed during the 1968-1983 period (Table 2). Although
trends in raw concentrations and flow-adjusted concentrations
of SO,, Ca + Mg, and alkalinity were all upward at Upper
Twin Creek during 1968-1983, trend tests on raw concentra-
tions gave larger trend slopes and smaller p values than tests
on flow-adjusted concentrations. At Esopus Creek the down-
ward trend in discharge between 1984 and 1996 led to a similar
situation; trend tests on raw alkalinity indicated a significant
upward trend, but tests on flow-adjusted concentrations did
not. In addition, the downward trend in discharge at Esopus
Creek masked a decline in base cation concentrations that
appeared only in the flow-adjusted data.

3.2. Trends in Precipitation Chemistry

Five of the eight NADP sites had highly significant declines
in SO, between 1984 and 1996, two had weakly significant
declines, and one exhibited no significant trend (Table 3). At
the sites with significant trends, decreases ranged from 0.70 to
1.99 peq L' yr—'. The LOWESS curves in Figures 3e, 4e, Se,
6e, and 7e suggest that SO, concentrations generally declined
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Figure 7. Variations in SO,, Ca + Mg, alkalinity, and instantaneous discharge at Upper Twin Creek, Ohio,
and SO,, Ca + Mg, hydrogen, and precipitation amount at Caldwell, Ohio (circles), and Clark State Fish
Hatchery, Kentucky (crosses). Periods covered and presentation of results are as indicated in Figure 3.

between the late 1970s and about 1984, then leveled off until
about 1988, and then resumed declining.

Concentrations of Ca + Mg in precipitation exhibited highly
significant declines at two of eight NADP sites between 1984
and 1996, and moderate or weak declines occurred at five sites
(Table 3). Although the downward trends were pervasive, the
magnitudes of decline were much less than for SO,, ranging
from 0.11 to 0.26 weq L™ yr—*. The LOWESS curves indicate
that most of the declines in Ca + Mg occurred during the
1980s, and concentrations during the 1990s generally appeared
stable (Figures 3f, 4f, 5f, 6f, and 7f).

Concentrations of H in precipitation decreased at five of the
eight sites between 1984 and 1996 (Table 3). Where significant,
the temporal patterns of the H declines were similar to those of
SO,. The LOWESS curves suggest declines during the late 1970s
to early 1980s, then a stable period until about 1988, followed by
another period of decline (Figures 3g, 4g, 5g, 6g, and 7g).

In the preceding discussion the precipitation trend results
focused on the 19841996 period in order to provide a consis-
tent period with which stream water trends could be compared.

However, it is interesting to consider the trend results obtained
when the entire precipitation data record for each site is ana-
lyzed. The slopes and p values of these results are presented in
the upper right of Figures 3-7. It should be noted that because
the NADP stations had varying start-up times, intercompari-
son of results among sites using the entire record for each site
is problematic. At the five sites with startup dates prior to 1984,
trend analyses on data covering the entire period of record for
each site yielded lower p values in nearly every case than when
trends were run on the 1984-1996 data subset. Concentrations of
SO,, Ca + Mg, and H decreased at each of the five sites, and in
13 out of 15 cases, p values were highly significant. These results
add supporting evidence for consistent downward trends in SO,,
Ca + Mg, and H in precipitation in the northeastern United
States from the early 1980s through the mid 1990s.

The trends in precipitation SO, observed in this study gen-
erally are similar to those reported by other investigators for
NADP sites in the northeastern United States for the early
1980s to early 1990s [Hedin et al., 1994; Lynch et al., 1995a, b}.
In contrast with those studies, however, is the similarity found
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Table 2. Results of Seasonal Kendall Trend Tests on Stream Water Data Using Raw Concentrations and Flow-Adjusted

Concentrations
Discharge, Ca + Mg, Alkalinity,
feet® 571 SO, req peq L7! weq L1
y L7ty yr! yr!

Water Years 1968-1983
Wild River, Maine

Trend 0.25 (0.835) —1.3 (0.031) —1.2(0.027) 0.0 (0.675)

Flow-adjusted trend - ns. ~-0.8 (0.030) 0.1 (0.887)
Esopus Creek, N. Y.

Trend —2.00 (0.167) —1.6 (0.011) 0.3 (0.759) 4.0 (0.016)

Flow-adjusted trend e —1.5 (0.009) —0.8 (0.410) 3.1(0.088)
Young Womans Creek, Pa.

Trend 0.00 (0.927) —0.6 (0.368) 0.0 (0.869) 1.4 (0.172)

Flow-adjusted trend e —0.7 (0.407) —0.3 (0.511) 1.2 (0.290)
Holiday Creek, Va.

Trend 0.00 (1.000) 0.3 (0.427) -1.3(0.119) 0.0 (0.976)

Flow-adjusted trend e 0.6 (0.246) —1.4 (0.126) —0.6 (0.477)
Upper Twin Creek, Ohio

Trend —0.14 (0.036) 8.5 (0.000) 13.1 (0.000) 3.2 (0.024)

Flow-adjusted trend .. 6.5 (0.001) 7.5 (0.003) 2.4 (0.131)
Water Years 1984-1996
Wild River, Maine

Trend —1.75 (0.432) —1.3 (0.002) —1.2 (0.002) 0.0 (0.367)

Flow-adjusted trend et —1.3(0.001) —1.4 (0.003) —0.9 (0.167)
Esopus Creek, N. Y.

Trend —6.22 (0.038) —1.6 (0.035) —0.2 (0.855) 7.6 (0.020)

Flow-adjusted trend e —2.2 (0.005) ~5.4 (0.008) 2.4 (0.243)
Young Womans Creek, Pa.

Trend 1.37 (0.124) —1.2(0.107) —1.3(0.127) 0.0 (0.617)

Flow-adjusted trend e —1.4 (0.036) —0.6 (0.148) 1.1 (0.124)
Holiday Creek, Va.

Trend 0.09 (0.540) —-1.6 (0.027) —3.6 (0.007) 0.0 (0.331)

Flow-adjusted trend e —2.5 (0.000) —3.1 (0.000) 0.0 (0.926)
Upper Twin Creek, Ohio

Trend 0.04 (0.439) —6.9 (0.047) —3.2(0.519) 4.0 (0.025)

Flow-adjusted trend ce. —5.1(0.048) 1.5 (0.629) 6.1 (0.000)

The p values of trends are given in parentheses; n.s., flow adjustment

in the present study among trends in SO, and H (Table 3).
Hedin et al. [1994] and Lynch et al. [1995a] reported that
between 1980 and 1990-1993, declines in base cations tended
to offset decreases in SO,, and as a result, significant changes
in precipitation acidity were seldom observed. The present
analysis indicates that in most cases, declines in SO, were
nearly matched by decreases in H. The differences in results
may be due to any of several factors, including (1) the possi-
bility of greater variance in H than in SO, and Ca + Mg,
making trend detection relatively difficult; (2) analysis of data
from different time periods; or (3) use of different statistical
techniques (parametric versus nonparametric). Precipitation
acidity may be affected by a variety of solutes including SO,
NO;, NH,, organic acids, and base cations. Thus variations in
compounds other than SO, and base cations contribute to the
variability in H: high variability reduces the power of statistical
tests to detect trends. The issue of differences in the time
period analyzed is important because of recent changes in the
ratio of SO,:(Ca + Mg) in precipitation. In the mid 1990s,
although SO, continued a decline that began in the late 1980s,
Ca + Mg stabilized (see Figures 3e, 4e, Se, 6¢, and Figures 3f,
4f, 5f, 6f, and 7f). The greater preponderance of downward
trends in H in the present study may reflect a lower SO,:(Ca +
Mg) ratio in precipitation in the mid 1990s. Data from the mid
1990s were not available to Hedin et al. [1994] or Lynch et al.
[1995a] when they did their studies. However, Lynch and Bow-
ersox [1996] did analyze data through 1995, and they noted a

model was not significant. One cubic foot equals 0.028 m>,

decline in precipitation acidity in 1995 in the northeastern
United States. They also reported that declines in SO, and H
were highly correlated (r* = 0.72).

4. Discussion
4.1, Evaluation of Possible Causes of Stream Water Trends

The results of the trend analyses indicate that SO, concen-
trations declined between 1984 and 1996 at all of the stream
water sites and nearly all of the precipitation sites examined in
this study. In the following discussion we investigate possible
causes for the trends in stream water chemistry, including
potential linkages with trends in atmospheric deposition,
changes in analytical methodology, and changes in land use in
the study basins.

The similarity in extent and direction of the stream water
and precipitation trends suggests that the declines in stream
water SO, might be related to the downward trends in SO,
deposition. For changes in atmospheric deposition to be the
main cause of changes in stream water SO,, two conditions
were considered necessary. First, in order for changes in at-
mospheric deposition to result in major changes in stream
water SO, concentrations, atmospheric deposition would have
to account for a substantial portion of total sulfur inputs to the
basins. Second, assuming other outside perturbations are min-
imal, changes in atmospheric deposition and stream water SO,
would need to be similar in magnitude. These conditions were
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Table 3. Results of Seasonal Kendall Trend Tests on Precipitation Data Using Raw Concentrations and Volume-Adjusted

Concentrations, Water Years 1984-1996

Precipitation, SO,, peq Ca + Mg, Hydrogen,
cmyr~! L~ yr~ peq L7 yr ! peq L5 yr™!

Bridgeton, Maine (ME02)

Trend 0.16 (0.723) —0.85 (0.002) —0.17 (0.031) —0.69 (0.124)

Volume-adjusted trend cee n.s. n.s. ns.
Hubbard Brook, N. H. (NH02)

Trend 0.02 (0.877) —0.95 (0.000) —0.26 (0.000) —0.43 (0.013)

Volume-adjusted trend ces n.s. n.s. n.s.
Biscuit Brook, N. Y. (NY68)

Trend 0.66 (0.076) —0.70 (0.076) —-0.19 (0.003) —0.79 (0.288)

Volume-adjusted trend e ns. ns. —0.48 (0.166)
Kane Experimental Forest, Pa. (PA29)

Trend -0.26 (0.135) —1.30 (0.001) —0.14 (0.063) —1.27 (0.003)

Volume-adjusted trend e -1.15 (0.007) ns. ns.
Charlottesville, Va. (VA00)

Trend 1.05 (0.026) —0.85 (0.064) —0.19 (0.054) —0.84 (0.081)

Volume-adjusted trend e n.s. ns. ns.
Shenandoah, Va. (VA28)
" Trend 1.18 (0.023) —1.33 (0.000) -0.11 (0.038) —0.73 (0.053)

Volume-adjusted trend ves n.s. ns. ns.
Caldwell, Ohio (OH49)

Trend 0.63 (0.049) —1.39 (0.006) —0.15 (0.186) -1.17 (0.057)

Volume-adjusted trend e —1.99 (0.001) n.s. —1.45(0.011)
Clark State Fish Hatchery, Ky. (KY35)

Trend 0.56 (0.130) —0.25 (0.499) —0.23 (0.036) —0.45 (0.333)

Volume-adjusted trend cee ns. ns. ns.

The p values of trends are given in parentheses; n.s., volume adjustment model was not significant.

evaluated by comparing fluxes of sulfur into and out of the
basins and by comparing the slopes of trends in SO, concen-
trations in atmospheric deposition and stream water.

Only a qualitative assessment of stream water sulfur fluxes is
possible at the HBN study sites because of the low frequency of
sampling; however, a general comparison is possible. Average
annual stream water fluxes of SO, were estimated for 1984 -
1995 by calculating a discharge-weighted mean concentration
for each year and multiplying by the annual discharge, then
averaging the results. Average annual fluxes of SO, from the
atmosphere for the 1984-1995 period were calculated as the
sum of wet deposition plus dry deposition. Wet deposition
values were obtained from the NADP, which calculates depo-
sition by multiplying precipitation concentrations times volume
in weekly samples [NADP, 1984-1996]. Dry deposition is
highly variable and difficult to quantify, but estimates typically
range from 25% to 100% of wet deposition [Lindberg et al.,
1986; Meyers and Sisterson, 1991; Lovett et al., 1997). Total
atmospheric deposition of SO, was estimated using assump-
tions of dry deposition being equal to 0, 0.5, and 1 times wet
deposition. Results indicate that at Esopus Creek, Young
Womans Creek, and Holiday Creek, atmospheric deposition
can account for the majority of SO, exported via stream water
(Figure 8). At Holiday Creek, atmospheric inputs greatly ex-
ceed stream exports of SO,, probably because of SO, adsorp-
tion in the clay-rich soils. At the Wild River and Upper Twin
Creek, SO, export exceeds estimated atmospheric SO, inputs
by 10% to 60%, indicating that there probably is an internal
source of SO, in those basins, such as weathering of sulfide
minerals. Despite the apparent mineralogic source of sulfur in
the Wild River and Upper Twin Creek basins, atmospheric
deposition appears to contribute the majority of SO, to
streams at those sites as well as at the other HBN streams in
the northeast.

Slopes of trends in SO, in atmospheric deposition and
stream water between 1984 and 1996 were compared after

accounting for dry deposition and evapotranspiration. For sim-
plicity it was assumed that relative changes in dry deposition
were equal to relative changes in wet deposition. Under that
assumption, changes in total atmospheric deposition would be
greater than for wet deposition alone. The effect of evapo-
transpiration on stream water was accounted for by multiplying
the stream water trend slope by the estimated water yield for
each basin [Mast and Turk, 1998). In four of five cases, declines
in atmospheric deposition were more than sufficient to account
for virtually all of the decline in stream water SO, even under
the assumption of zero dry deposition (Table 4).

4.0
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Figure 8. Estimated fluxes of S in stream water and atmo-
spheric deposition for 1984-1995. Columns indicate stream
water fluxes. Square symbols and attached error bars indicate
estimated S fluxes in atmospheric deposition under assump-
tions of zero dry deposition (lower error bar), dry deposition =
0.5 times wet deposition (square), and dry deposition = 1.0
times wet deposition (upper error bar).
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Table 4. Estimated Percentage of Change in SO, and Ca + Mg in Stream Water Attributable to Change in SO, and Ca +

Mg in Atmospheric Deposition During 1984-1996

Wet Adjusted Atmospheric Deposition Slope/Stream Water Slope

Deposition Stream Water -

Trend Slope Trend Slope dd=0,% dd = 0.5 X wet, % dd =1 X wet, %
S0,
Wild River —0.90 -0.95 95 142 190
Esopus Creek —0.70 —1.35 52 78 104
Young Womans Creek -1.15 -0.73 158 236 316
Holiday Creek -1.09 —-0.87 125 188 250
Upper Twin Creek —1.99 -1.85 108 162 216
Ca + Mg
Wild River -0.21 -1.03 20 31 41
Esopus Creek -0.19 -3.32 6 9 11
Young Womans Creek —0.14 n.s. ver e e
Holiday Creek —0.15 —-1.08 14 21 28
Upper Twin Creek ns. ns. e e cee

The stream water trends were adjusted for evapotranspiration. Three dry-deposition (dd) scenarios are provided, including zero dry deposition,
dry deposition = 0.5 X wet deposition, and dry deposition = 1.0 X wet deposition. Here n.s., trend was not significant.

Slopes of trends in Ca + Mg also were compared in order to
evaluate whether changes in stream water concentrations
might be attributable to changes in atmospheric deposition.
Results indicate that declines in atmospheric deposition can
account for between 6% and 41% of the decreases in stream
water Ca + Mg between 1984-1996 (Table 4). These percent-
ages are substantially less than values reported for Hubbard
Brook [Driscoll et al., 1989; Likens et al., 1996], where declines
in atmospheric deposition of base cations were estimated to
account for between 77% and 85% of the declines in stream
water base cations since the mid 1960s [Driscoll et al., 1989;
Likens et al., 1996]. Most of the decline in base-cation deposi-
tion at Hubbard Brook occurred prior to the mid-1970s, so the
difference in results probably is due to use of a longer record
in the Hubbard Brook analysis.

The decline in stream water base-cation concentrations at
Hubbard Brook and at the HBN streams may be due to re-
duced leaching of cations from the soil-exchange pool. Accord-
ing the mobile acid anion theory, hydrogen associated with
strong acid anions deposited from the atmosphere displaces
cations on soil exchange sites, which then leach from the soil
with mobile anions such as SO, [Galloway et al., 1983]. How-
ever, as acidic deposition declines, fewer mobile acid anions
are flushed through the soil and leaching of cations from the
exchange pool decreases. It is important to note that although
acidic deposition rates and cation leaching may be declining,
cations will continue to be depleted from the exchange pool as
long as the leaching rate is greater than the rate of cation
resupply from mineral weathering and atmospheric deposition
(assuming no net uptake or release by vegetation). This may be
manifested in stream water chemistry as a decline in SO, and
base cation concentrations and relatively invariant pH and
alkalinity, a pattern which is evident at Hubbard Brook and
some of the HBN streams.

The second possible explanation for the declines in stream
water SO, noted in this study that was explored was changes in
analytical methods. As described in the methods section, the
bias on blind-audit samples analyzed by the USGS central
laboratory was tested for trends and inspected for step func-
tions. Two periods of bias in SO, results were identified, and
the concentrations of blind-audit and natural samples were
adjusted as previously noted. Prior to adjustment, the bias in
the results for the blind-audit samples exhibited a downward
trend from 1984-1996 (p < 0.001), but after adjustment no

trend in bias was apparent (p > 0.5). The effect of the bias
during January 1995 to mid 1996 was more pronounced than
the bias in the late 1980s because the former occurred near the
end of the record rather than in the middle of the record.
Trend tests on the stream water 1984-1996 SO, data sets prior
to and after adjustment indicated downward trends in adjusted
and unadjusted data at all sites, but the trends in the unad-
justed data were generally stronger and had slopes of greater
magnitude than trends in the adjusted data. Exclusion of the
suspect data from the analyses usually did not substantially
change the results of the statistical tests, although in some
cases p values of trend tests were higher than they would have
been otherwise, probably because gaps in the data records re-
duced the power of the statistical tests. As an additional test for
bias in analytical results, SO, concentrations in water samples
collected at Crater Lake, Oregon (a USGS HBN site) and ana-
lyzed at the USGS central laboratory were tested for trends.
Because the residence time of water in Crater Lake is in excess of
100 years and the water is well mixed, concentrations should be
relatively invariant on the time scale of this study. In effect, the
Crater Lake water can serve as a large volume of natural refer-
ence water. No significant trends were identified in the adjusted
Crater Lake SO, data for the periods 1968—1983 or 1984-1996,
but a very weak downward trend during 19841996 was detected
in the unadjusted data (p = 0.1). Although it is always difficult to
prove a complete lack of analytically driven trends, the results of
the trend analyses on the blind-audit samples, the Crater Lake
samples, and the various forms of the stream water data set
suggest that analytical changes were not the main cause of trends
identified in the HBN stream waters.

Land-use changes can affect surface-water quality in a vari-
ety of ways, and they were investigated as a third possible
explanation for the downward trends in stream water SO,.
Logging for example, might cause a short-term increase in NO,
and base cation concentrations in streams and lakes because of
decay of organic material [Hormbeck et al., 1986; Binkley and
Brown, 1993]. Conversely, reforestation removes base cations
and NOj; from solution via plant uptake and in the process
releases acids. Construction activities disturb soils and expose
fresh mineral surfaces, which can promote weathering. This
may be manifested as an increase in alkalinity, silica, base
cations, and potentially SO, concentrations in surface waters.
Other types of land use that might impact surface-water quality
include discharges from wastewater-treatment plants, which
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can cause increased levels of Na, Cl, and nutrients in surface
waters, and application of road deicing salts, which can release
Na, Mg, and Cl to solution.

Changes in land use at the HBN basins in the northeast have
been well documented by Mast and Turk [1998]. Logging oc-
curred in most of the basins in the late 1800s and early 1900s,
but most of the forests have recovered and are approaching ma-
turity. Little logging has occurred recently in the Wild River,
Esopus Creek, and Upper Twin Creek basins. Logging in the
other basins involves selective cutting on a sustained yield basis
with buffer strips between the cuts and surface water; less than
2% of the basin areas have been cut since the 1950s [Mast and
Turk, 1998). Thus it seems unlikely that timber harvesting would
have much of an effect on stream water chemistry in any of the
HBN basins. Similarly, because most forest stands are mature
changes in biomass related to reforestation should be minimal, as
was shown at Hubbard Brook [Likens et al., 1996].

A few potentially important landscape disturbances have
been documented in some of the HBN basins. In the early
1990s several wind storms and a pine-beetle infestation oc-
curred in the Holiday Creek basin [Mast and Turk, 1998].
Although release of base cations and nutrients might be ex-
pected as dead timber decays, no increases in Ca + Mg or SO,
concentrations in stream water were observed (Figures 3b, 4b,
5b, 6b, and 7b). Increased land disturbance is one plausible,
albeit undocumented, explanation for the increases in SO, and
Ca + Mg at Upper Twin Creek between 1968 and 1983. Ex-
posure of bedrock during construction could increase weath-
ering of pyrite from the shale, providing a source of SO,. The
acidity released would tend to be neutralized by cation-
exchange reactions, thus providing a source of Ca and Mg.
Another plausible explanation for the increase in SO, and
Ca + Mg between 1968 and 1983 at Upper Twin Creek is
increasing acidic deposition. Increased acidic deposition would
provide a direct source of SO, and would leach Ca and Mg
from the soils. Although regional emissions of SO, have de-
clined since 1970 [Husar et al., 1991], local emissions sources
might have had a different trend. A third possible source of
Ca and Mg at Upper Twin Creek is dissolution of crushed
limestone material that is used to surface gravel roads in the
area; however, annual usage of crushed limestone has not
been documented. Crushed limestone also is used on some
of the gravel roads in the other HBN basins, but the mostly
downward trends in Ca + Mg are not consistent with its
having a large impact on stream water chemistry. Salts are
used to deice roads in the winter in the Esopus Creek basin
and appear to have a substantial effect on Na and Cl con-
centrations in stream water. Na and Cl increased by about
1.5 weq L™ yr~! between 1968 and 1983 (p < 0.1), which
coincides with a period of increasing population in the basin
[Mast and Turk, 1998].

To summarize, changes in land use do not appear to have
had a large effect on SO,, alkalinity, or Ca + Mg concentra-
tions in the HBN streams in the northeast. One possible ex-
ception is at Upper Twin Creek from 1968 to 1983, where
impacts from construction or road maintenance cannot be
ruled out with the information currently available.

4.2.

Several implications pertaining to the design of long-term
monitoring programs may be derived from this study. First,
having a carefully designed quality-assurance program is es-
sential. The use of blind-audit samples by the USGS central
laboratory permitted identification of analytically driven trends
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in SO, that could have otherwise confounded the interpreta-
tions. This illustrates the importance of routine analyses of
blind samples that have a matrix similar to that of the natural
waters being monitored. Other quality-assurance measures,
including submittal of field blanks, analysis of spiked samples,
and documentation of changes in sampling or analytical pro-
cedures are also important [Ludtke and Woodworth, 1997].

It is noteworthy that despite the relative infrequency of sample
collection at the HBN streams, trends in concentrations were
detected. Selection of a cost-effective sampling strategy is a major
concern for managers of long-term monitoring networks. Al-
though greater sampling frequency might improve the ability to
detect trends, it costs more. One important benefit of increased
sampling frequency is the ability to detect short-term trends with
greater confidence. Basin size is another consideration when
building a network designed to detect trends in stream water. It
might be hypothesized that smaller basins, such as those used in
many process-oriented studies, might be more responsive to
changes in atmospheric deposition. However, it appears that the
size of HBN basins is suitable for detection of trends attributable
to changes in atmospheric deposition.

A design factor that might be more important than either
sampling frequency or basin size is the continuity of the record.
Sampling at some national surface-water monitoring networks,
including the HBN and the U.S. Environmental Protection Agen-
cy’s Long-Term Monitoring network, has been discontinued or
drastically curtailed because of budget constraints. This has oc-
curred just at the time when data records are of sufficient length
to permit detection of long-term trends and when the effects of
the Clean Air Act amendments of 1990 might be felt. Without
continued monitoring, it will be difficult to assess the response of
aquatic ecosystems to the mandated emissions reductions.

5. Conclusions

Downward trends in SO, concentrations occurred between
1984 and 1996 at each of five Hydrologic Benchmark Network
streams in the northeastern United States and at seven of eight
nearby precipitation monitoring stations. The consistency and
similarity in direction and magnitude of stream water and precip-
itation trends in SO, suggest that streams may be exhibiting a
regional response to changing atmospheric deposition. This de-
crease in stream water SO, is consistent with predictions made by
conceptual ecosystem acidification models and with trends ob-
served at intensively studied sites in the northeast, such as the
Hubbard Brook Experimental Forest, New Hampshire.

Stream water alkalinity has not increased measurably at
most of the HBN study sites in the northeast, despite wide-
spread decreases in precipitation acidity. Similar temporal pat-
terns of stream water alkalinity and precipitation acidity have
been documented at Hubbard Brook, where reduced leaching
of base cations from the soil exchange complex was implicated.
Reduced base cation leaching could be caused by depletion of
cations from the soil exchange complex or by declining rates of
atmospheric deposition, and is supported as a regional phe-
nomenon by strong declines in base cation concentrations in
three of the HBN streams.

Although reductions in SO, emissions are now apparently
being reflected in reduced precipitation and stream water sul-
fate concentrations, the reductions have not yet led to wide-
spread increases in stream water alkalinity. Increases in alka-
linity will be minimal until the rate of acidic deposition is
reduced to substantially less than the rate of cation resupply via
weathering and atmospheric deposition. Further research in
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the HBN basins is needed to establish weathering rates, soil
base—saturation status, and biomass budgets so that predictions
can be made about stream water chemistry under various at-
mospheric deposition scenarios.
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