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Abstract Atmospheric acid deposition of sulfate and nitrate has declined markedly in the northeastern
United States due to emissions controls. We investigated long-term trends in soil water (1984-2011) and
stream water (1982-2011) chemistry along an elevation gradient of a forested watershed to evaluate the
progress of recovery of drainage waters from acidic deposition at the Hubbard Brook Experimental Forest
in the White Mountains of New Hampshire, USA. We found slowed losses of base cations from soil and
decreased mobilization of dissolved inorganic aluminum. Stream water pH at the watershed outlet increased at
a rate of 0.01 unitsyr~', and the acid neutralizing capacity (ANC) gained 0.88 peq L' yr~". Dissolved organic
carbon generally decreased in stream water and soil solutions, contrary to trends observed at many North
American and European sites. We compared whole-year hydrochemical trends with those during snowmelt,
which is the highest-flow and lowest ANC period of the year, indicative of episodic acidification. Stream water
during snowmelt had long-term trends of increasing ANC and pH at a rate very similar to the whole-year record,
with closely related steady decreases in sulfate. A more rapid decline in stream water nitrate during snowmelt
compared with the whole-year trend may be due, in part, to the marked decrease in atmospheric nitrate
deposition during the last decade. The similarity between the whole-year trends and those of the snowmelt
period is an important finding that demonstrates a consistency between recovery from chronic acidification
during base flow and abatement of snowmelt acidification.

1. Introduction

Atmospheric acid deposition resulting from emissions of sulfur and nitrogen oxides has been a widespread
environmental problem for many decades in North America, Europe, and Asia [Rodhe et al., 2002]. The impacts
include acidification of surface waters [Driscoll et al., 2001], associated toxicity to aquatic biota [Baker et al.,
1996], and reduced health and growth of forest trees [Duchesne et al., 2002]. While emission controls have
substantially reduced acidic deposition in recent decades [Lynch et al., 2000; Schépp et al., 2001], and many
locations have shown signs of recovery in surface waters [Wright et al., 2005; Burns et al., 2006], the rate of
recovery has been slow, especially in acid-sensitive environments [Akselsson et al., 2013; Sullivan et al., 2013;
Borg and Sundbom, 2014; Futter et al., 2014]. Slow recoveries are generally linked to soils that are depleted
in available base cations due to elevated leaching from historical acid deposition [Lawrence, 2002; Sverdrup
et al., 2005; Warby et al., 2009].

In addition to the chronic effects of acid deposition, episodic acidification is of particular concern in the surface
waters of acid-sensitive ecosystems. Episodic acidification occurs when the pH and acid-neutralizing capacity
(ANC) are depressed during high-flow events associated with storms or snowmelt. These episodes result from
acidification from both natural processes and atmospheric deposition [Galloway et al., 1987; Laudon et al., 2004]
and are often driven by changes in hydrologic flow paths as runoff increases. During base flow, groundwater
contributions dominate and the flow paths are typically through deeper mineral soil horizons and surficial
geologic deposits [Ohte et al., 2004]. During hydrologic events, the flow paths contributing to stream water
shift to shallower soil, which tends to be more acidic than deeper soil due to either higher concentrations of
naturally occurring organic acids or acidic deposition [Chen et al., 1984; Potter et al., 1988]. The main driver of
episodic acidification across the United States has been shown to be the dilution of base cations relative to
strong acid anions [Wigington et al., 1990]. Atmospheric deposition of anthropogenically derived acids can
cause or exacerbate acidification events in surface waters by (1) providing direct inputs of acids to surface
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waters; (2) supplying $042~, NO;~, NH4*, and H*, which accumulate in the upper soil horizons during relatively
dry periods; and (3) lowering the chronic ANC of surface waters, which leads to even lower ANC during episodes
[Galloway et al., 1987].

While increases in 504>~ have been shown to significantly contribute to episodic acidification in mid-Atlantic
streams [O'Brien et al,, 1993; DeWalle and Swistock, 1994], pulses of increased NO3™ concentrations concurrent
with hydrologic events have been especially important contributors to short-term decreases in ANC in catch-
ments of the northeastern U.S. [Wigington et al., 1996; Sullivan et al., 1997; Driscoll et al., 2001]. Acidification from
NOs™ is particularly pronounced during snowmelt when NOs™ is flushed at high concentrations [Sebestyen
et al., 2008]. Following 18 years of experimental acidification through amendments of ammonium sulfate
at the Bear Brook Watershed in Maine, however, SO42~ increased in relative importance during episodic
acidification, while NO3;~ did not [Laudon and Norton, 2010]. In addition to acidification from NO3™~ or
50,27, pulses of organic acids can contribute to episodic acidification in streams with high dissolved
organic carbon (DOC) concentrations [Laudon et al., 2001; Wellington and Driscoll, 2004].

In higher-elevation forested catchments in the northeastern U.S., DOC has been shown to function in partas a
strong acid [Kramer et al., 1990; Fakhraei and Driscoll, 2015]. Widespread increases of DOC concentrations in
surface waters in recent decades have been observed across many parts of Europe and North America [Evans
et al., 2005; Skjelkvale et al., 2005; Driscoll et al., 2007]. The underlying causes of these increased DOC concen-
trations are not well understood. A number of studies have suggested decreases in acidic deposition [Evans
et al., 2006, 2012; Monteith et al., 2007; SanClements et al., 2012] as the driver of increased DOC concentrations,
while others point to climate-related changes [e.g., Hongve et al., 2004; Worrall and Burt, 2007; Lepisté et al.,
2008] or land management changes [Yallop and Clutterbuck, 2009; Holden et al., 2012]. Hubbard Brook, the
site of our current study, is an outlier by defying the trends of increasing DOC concentrations in surface
waters. During the years 1982-2000, stream water DOC declined at Hubbard Brook, coincident with
decreased DOC leaching in soil water [Palmer et al., 2004].

While numerous studies have published trends in surface water chemistry in the context of recovery from acid-
ification [e.g., Stoddard et al., 1999; Driscoll et al., 2003; Skjelkvdle et al., 2005; Warby et al., 2005], comparatively
few studies have examined long-term trends in soil water chemistry. Fifteen years of soil water chemistry data
at Hubbard Brook were examined by Palmer et al. [2004]. Trends varied spatially within a small watershed but
generally showed slow changes in the chemistry of organic and mineral horizon soil solutions in response to
decreased acidic deposition. The changes in soil solution chemistry were taken as signs of early recovery from
acidification and included modest increases in ANC and decreased mobilization of dissolved inorganic alumi-
num (Al;). As part of the Swedish Throughfall Monitoring Network, Pihl Karlsson et al.[2011] analyzed the trends
of soil water chemistry across Sweden in relation to decreasing European S and N emissions and found wide-
spread decreases in 5042’ but irregular recoveries in pH, ANC, and Al;. In southern Sweden, Akselsson et al.
[2013] found generally slow recoveries from acidification that were highly sensitive to sea-salt deposition.

The primary objectives of our study were to (1) determine if trends in acid-base chemistry and DOC
dynamics of stream and soil waters at Hubbard Brook have continued beyond those reported through
the 1990s [Palmer et al., 2004], indicating further recovery of the system, and (2) evaluate if the trends
during the snowmelt season, when episodic acidification is of greatest concern, differ from the overall rate
of recovery. Our central hypothesis is that while overall recovery has continued with further reductions
in acid deposition, recovery from snowmelt seasonal acidification could be diminished relative to the
whole-year trends due to (1) an increased relative importance of nitrate to acidification during snowmelt
and (2) a long-term cumulative depletion of available base cations from the shallow soils through which
preferential flow paths form during snowmelt.

2, Methods
2.1. Site Description

This study was conducted at the Hubbard Brook Experimental Forest (HBEF) in the White Mountain National
Forest in central New Hampshire, USA (43°56'N, 71°45'W). Sampling sites were located in and near Watershed
6 (W), the HBEF biogeochemical reference watershed (13.2 ha, elevation 549-792 m, slope 16°, southeasterly
aspect; Figure 1). The HBEF has a cool temperate, humid continental climate, with mean July and January
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2000], which contain a well-developed
Figure 1. Map of Watershed 6 at the Hubbard Brook Experimental Forest ~ ©rganic horizon (3-15cm  [Likens
(43°56'N, 71°45'W), showing locations of lysimeter plots and stream sampling et al,, 1977]) and are underlain by rela-
points relative to the elevation zones. tively impervious bedrock (Littleton

Formation, schist). Soil depth tends
to vary inversely with elevation, with the shallowest soils found along the ridge line at the top of the watershed
[Lawrence et al., 1986]. The vegetation of W6 is dominated by northern hardwood species, including American
beech (Fagus grandifolia Ehrh.), sugar maple (Acer saccharum Marsh.), and yellow birch (Betula alleghaniensis
Britt.). At higher elevations, balsam fir (Abies balsamea (L.) Mill), red spruce (Picea rubens Sarg.), and white birch
(Betula papyrifera var. cordifolia Marsh.) are prominent.

2.2. Sample Collection and Analysis

Soil solutions were collected approximately monthly from tension-free lysimeters since their installation in
1983. Lysimeter sites are located adjacent to W6 at elevations of 600 m (low-elevation hardwood zone, LH),
730 m (high-elevation hardwood zone, HH), and 750 m (spruce-fir-white birch zone, SFB) (Figure 1). Three
replicate lysimeters were installed beneath the Oa and Bh horizons and within the Bs horizon at each eleva-
tion zone site. Stream samples were collected, concurrent with soil solution sampling, from six longitudinal
sites from the headwaters draining the SFB zone to the gauging station at the base of the watershed. Wet
deposition is available through the National Atmospheric Deposition Program (site NH02) [NADP, 2013].

The pH of all samples was measured potentiometrically with a glass electrode. Calcium (Ca), magnesium (Mg),
potassium (K), sodium (Na), and aluminum (Al, graphite furnace) were analyzed using atomic absorption
spectroscopy (AAS) for samples prior to 2004 and with inductively coupled plasma mass spectrometry for
samples after 2004. Sulfate (50,°7), nitrate (NO3 ™), and chloride (CI™) were analyzed using ion chromatogra-
phy. Fluoride (F~) was analyzed using an ion-selective electrode until 2002 and ion chromatography after
2002. Total base cations (Cg; pEqL™") are the sum of 2[Ca®*]+ 2[Mg**]+ [K*] + [Na™]; total strong acid anions
(Ca; REQL™") are the sum of 2[SO4>71+[NO; ™1+ [CI71+ [F 1. Acid neutralizing capacity (ANC) in this study
was calculated as the difference between the sum of base cations and the sum of strong acid anions
(ANC=Cg — Cp). DOC was measured using infrared detection of CO, following UV-persulfate oxidation.
Prior to 1989, total monomeric Al (Al,,) was determined by extraction with 8-hydroxy-quinoline in methyl
isobutyl ketone in the field and analysis by graphite furnace AAS; since 1989, Al,,, was determined colori-
metrically following chelation with pyrocatechol violet. Organic monomeric aluminum (Al,) was determined
by the same method as Al,,, after samples passed through a resin ion exchange column. Inorganic monomeric
aluminum (Al}) was calculated as the difference between Al,, and Al,. We estimate concentrations of
organic anions (A™) as the difference in measured concentrations of solutes with positive charge and negative
charge (in pEqL™").

The statistical trend analysis was conducted using the nonparametric seasonal Kendal tau test (SKT) [Hirsch
et al., 1982; Hirsch and Slack, 1984]. This test is a modification of the Mann-Kendall test and is designed to
eliminate confounding variation associated with seasonality. One of the advantages of this test is that it is
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Table 1. Long-Term Trends in Organic Horizon (Oa) Soil Water Chemistry, 1984-201 1@

pH Cg Ca ANC Ca 50427 NO3 ™ Al; Al DOC
Low hardwood slope —0.003 —3.64 —3.20 —0.33 —2.05 —1.18 —1.55 +0.04 —0.20 —25.09
P 0.58 <0.01 <0.01 0.40 <0.01 <0.01 <0.01 0.07 <0.01 <0.01
High hardwood slope +0.000 —2.51 —3.13 +0.80 —1.40 —1.54 —1.22 —0.09 —0.28 —15.81
P 0.97 <0.01 <0.01 0.16 <0.01 <0.01 <0.01 0.06 <0.01 0.02
Spruce-fir-birch slope +0.004 —1.80 —2.71 +0.93 —0.94 —2.25 —0.13 +0.05 —0.37 —23.79
P 0.05 <0.01 <0.01 0.01 <0.01 <0.01 0.12 0.05 <0.01 <0.01

Slope units for Cg, Ca, ANC, Ca, 50427, and NO3  are pEq L~" yrq. Units for DOC are pmol C L’ yr71. Positive slope values indicate increasing concentrations
over time, and negative values indicate decreasing concentrations.

rank based, making it suitable for nonnormally distributed data, data containing outliers, and nonlinear
trends. Trends were analyzed for the entire data set to assess the overall changes in the concentration of each
solute. The trend analysis for the spring snowmelt period was performed with a Mann-Kendall test using a
single annual value from the sampling that most closely represented the peak snowmelt of each year. The
date of stream sampling most closely associated with peak snowmelt was identified from Hubbard Brook’s
long-term streamflow record. The dates varied between February and May but were most common in
March or April. Hubbard Brook’s snow water equivalence data set was consulted to identify the lysimeter
sampling date that included the greatest input from melting snow during the month preceding sample
collection. To evaluate the potential influence of changing hydrology during our sampling period, we tested
for trends in the streamflow of our sampling dates by applying the SKT and Mann-Kendall analyses to the
whole-year and snowmelt data sets, respectively.

Though not included in statistical trend analyses, we also present data as volume-weighted annual values.
For soil and stream solutions, volume-weighted solute concentrations were calculated by multiplying each
monthly concentration by the percentage of annual streamflow occurring during a given month. The
volume-weighted concentrations in soil water of each elevation zone were subsequently multiplied by the
relative area of each elevation zone (LH=0.5, HH=0.3, and SFB =0.2) to calculate area-weighted concentration
for the whole watershed.

3. Results
3.1. Soil Solution Chemistry Trends

The pH of soil waters draining the Oa horizon did not change significantly at any of the W6 elevation zones
over the course of the sampling period of 1984-2011 (Table 1). Within the Bs horizon, only the soil water of
the HH zone has experienced a modest upward trend in pH (Table 2). The ANC of soil water has not chan-
ged significantly in the Oa soil water but increased in the Bs soil waters of the HH and SFB zones. In the Bs
soil waters that significantly increased in ANC, the C, concentrations declined at a faster rate than Cg. These
Ca declines were driven by rapidly decreasing SO, concentrations. The negative trend in S04~ concen-
tration was more pronounced in the Bs soil horizon solutions than the Oa horizon, with more rapid
decreases in the higher-elevation zones (Tables 1 and 2). Conversely, the decrease in Cg concentrations
followed an opposite pattern with respect to elevation; faster declines were observed at lower-elevation
sites. This was especially evident in the Bs solutions, where the Cg concentration decline in the LH zone

Table 2. Long-Term Trends in Mineral Horizon (Bs) Soil Water Chemistry, 1984-2011%

pH @ Ca ANC Ca S04~ NO3~ Alj Alg DOC
Low hardwood slope —0.002 —2.13 —248 +0.43 —1.56 —1.74 —034 +0.01 —0.05 —067
P 056 <0.01 <0.01 0.12 <0.01 <0.01 <0.01 0.85 <0.01 0.15
High hardwood slope +0.006 —0.70 —2.59 +2.04 —034 —237 —0.09 —0.48 —0.19 —368
P 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.19 <0.01 <0.01 <0.01
Spruce-fir-birch slope +0.000 —092 —3.25 +2.46 —0.51 297 —0.03 —0.68 —0.18 +3.33
P 0.99 <0.01 <0.01 <0.01 <0.01 <0.01 038 <0.01 <0.01 022

Slope units for Cg, Ca, ANC, Ca, 50427, and NO3 ™ are pEq L yr71. Units for DOC are pmol C L’ yr71. Positive slope values indicate increasing concentrations
over time, and negative values indicate decreasing concentrations.
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Table 3. Long-Term Trends in Stream Water Chemistry, 1982-2011°

Site Elevation (m) pH G Ca ANC Ca 5042~ NO3 ™~ Alj Alg DOC
W6-1 751 slope +0.004 —1.30 297 +1.79 —0.50 —248 —0.01 —0.10 —037 —1.54
p 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.14 <0.01 0.79
W6-2 732 slope +0.005 ~1.08 —2.86 +1.94 —058 —254 0.00 022 —0.18 +1.20
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.68 <0.01 <0.01 0.54
W6-3 701 slope +0.004 097 —254 +1.74 —058 214 ~0.13 ~039 ~0.10 +1.48
P 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 <0.01 <0.01 022
W6-4 663 slope +0.004 —092 229 +1.48 —0.53 —1.84 —0.16 —0.40 —0.08 —-0.77
P 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.18
W6-5 602 slope +0.009 —0.87 —2.18 +1.37 —0.61 ~1.76 —0.08 ~036 —0.06 —0.08
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.88
W6-7 544 slope +0.010 —1.13 194 +0.88 —0.80 —1.54 —0.04 —0.19 —0.04 —0.53
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <001 <0.01 0.04

Slope units for Cg, Ca, ANC, Ca, 50427, and NO3  are pEq L" yr71. Units for DOC are pmol C L’ yr71. Positive slope values indicate increasing concentrations
over time, and negative values indicate decreasing concentrations.

(—2.13 pEq L "yr") was relatively rapid compared to the trends in the HH (—0.70 pnEq L™ "yr~") and SFB
(—=0.92 pEq L™ "yr™") zones.

Decreasing concentrations of NOs~ and DOC occurred to a greater extent in soil waters draining the forest
floor relative to the Bs mineral soil. Concentrations of NO3™ decreased significantly in Oa soil waters in both
the LH and HH zones (Table 1). In the Bs solutions a statistically significant decline in NO3™ concentrations
was detected only in the LH zone and at a rate of decline that was lower than Oa soil solutions in the LH zone
(—0.34 versus —1.55 uEqL™" yr™'). Concentrations of DOC showed statistically significant declines in the
Oa soil solutions of all three elevation zones, ranging from —158 umolCL™'yr™' in the HH zone to
—25.1umol CL™"yr™" in the LH zone (Tables 1 and 2). For the Bs solutions, only the HH zone soil waters
had a significant decrease in DOC (—3.68 pmol CL™"yr™).

3.2. Overall Stream Chemistry Trends

The stream water of Watershed 6 at Hubbard Brook has become less acidic over the sampling period
(1982-2011), changing at a rate of 0.01 pHunitsyr~' (Table 3 and Figure 2). The pH increased significantly
at most longitudinal stream sampling sites and did not decrease at any stream location during the study
period (Table 3). The most significant increases in pH occurred in the lower reaches of the watershed.
Conversely, the greatest increases in ANC were in the higher-elevation reaches of W6. This resulted from
marked declines in C, concentrations, driven by 504>, relative to Cg trends, which were consistently nega-
tive and did not vary appreciably with elevation (Table 3). Concentrations of NO3 ™ in stream water declined
to a lesser extent than 50,°~. There was not a clear elevational pattern to the magnitude of NO; ™ trends, but

the most significant (p < 0.05) declines

6.0 occurred at lower-elevation sites.

Over the entire record, Al in stream
water was distributed among different

531 forms (total Al 84+2.8pumolL~", Al
54+34umolL™", Al;3.6+3.3umolL™",
- and Al, 1.9+ 1.5 umol L™ ). Because Al,
s 507 is the dominant and reactive form, and
includes the toxic fraction (Al;), our ana-
lysis of trends focused on Al,, Al, and

4.5 -

Alo. Monomeric Al concentrations gener-
ally decreased in stream water, although
Al; and Al, trends differed depending
4.0 " " " " " i on elevation. At the highest-elevation

1980 1985 1990 1995 2000 2005 2010 .
stream sites, Al, decreased faster than

Figure 2. Stream water pH at the W6 gauging station, 1982-2011. Al;, while the reverse was true at the
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Table 4. Comparison Between Trends of Whole-Year Stream Chemistry  |ower-elevation sites (Table 3). The

. a
Record and the Trends During the Snowmelt Seasons, 1982-2011 DOC concentrations decreased slightly

Parameter Whole-Year Trend Snowmelt Trend at the base of the watershed (W6-7;
pH slope +0.010 +0.009 Figure 1 and Table 3), but no signifi-
P <0.01 0.02 cant trends were observed at the other
Cs slope =113 —-1.21 five longitudinal stream sampling
i L <001 sites. Streamflow on the samplin
Ca slope —1.94 —2.00 ) piing
p <001 0.01 dates of whole-year record showed
ANC slope 1+0.88 +0.91 no long-term trend over the period
P <0.01 <0.01 of soil solution and stream chemical
Ca slope —0.80 —0.82 measurements (p = 0.25).
P <0.01 <0.01
50,2~ slope —1.54 —1.44 3.3. Snowmelt Stream Water
B P <0.01 <0.01 Chemistry Trends
NO3 slope —0.03 —0.28
p <001 0.01 Stream water in W6 during the snow-
Al; slope —-0.19 —0.25 melt exhibited generally similar
P <0.01 <0.01 trends as the whole-year data record
Alo slope —004 —0.04 (Table 4). Snowmelt stream water
P <0.01 0.04 h b lightly | idic i
DOC oo 053 +0.08 as become slightly less acidic in
P 0.04 0.98 recent years; the pH increased at a

Slope units for Cg, Ca, ANC, Ca, 50427, and NO3~ are pEq L™’ yr71. rate of 0.009 unityr 1 (pzo'of); arl?
Units for DOC are pmol CL™ " yr ", ANC increased by 0.91 uEqL™ " yr

(p <0.01). The small increase in ANC

results from decreased concentra-

tions of Co (—2.00puEqL 'yr'; p<0.01) and a slightly slower decline in Cg (—1.21uEqL 'yr ';

p <0.01). The decreased Ca trend resulted from a steady SO~ decline (—1.44 uEqL™"yr™'; p <0.01)

and some NO;~ decline (—0.28 uEq L™ " yr™'; p=0.01). Congruent with the decrease in acidity, monomeric

Al species declined, with Al; decreasing 0.25 umol L™ yr™' (p < 0.01) and Al,, decreasing 0.04 pmol L™ yr™"

(p=0.03). The DOC concentration in snowmelt stream water did not change over the sampling period
(p=0.98). Streamflow on the sampling dates of snowmelt record showed no long-term trend (p =0.86).

4, Discussion
4.1. Trends in pH and ANC

The previous analysis of Hubbard Brook soil water chemistry trends over the period of 1984-1998 by Palmer
et al. [2004] showed that the soil water drainage was generally becoming more acidic. Our current long-term
analysis shows that the previous pattern of acidification is no longer evident and has likely reversed in recent
years. This change in the pH of soil water is consistent with an increase in stream water pH. While the overall
change in the pH of stream water at the W6 gauging station has been 0.01 unitsyr™' from 1982 to 2011,
much of the overall increase has occurred since the late 1990s or early 2000s (Figure 2). Palmer et al. [2004]
found no significant changes in stream water pH from 1982 to 2000 at Hubbard Brook despite other indica-
tors of recovery from acidification such as increases in the ANC. The authors, however, postulated that the
deprotonation of organic acids and the hydrolysis of Al were important factors buffering against increases
in pH. These effects could be expected to be temporary as capacity for the extent of dissociation of organic
acids is limited and the concentration of Al; continues to decrease with decreases in strong acid inputs from
acidic deposition.

Our results showed very similar trends between the whole-year monthly sampling record and observations for
snowmelt. Increases in pH and ANC are remarkably similar between the snowmelt record and the whole-year
record. Spring snowmelt runoff is still markedly more acidic than the rest of the year (~10 pEq L™ "; Figure 3) but
appears to be recovering from acidification at the same rate as the entire annual cycle. The spring season is
prone to episodic acidification as snowmelt waters are often transported via preferential flow paths in
the shallow organic soil where base cations are dilute relative to strong acid anions [Schaefer et al., 1990;
Wigington et al., 1990]. The results of our trend comparison suggest that chronic acid deposition may
not have depleted base cations in the forest floor to an extent that makes the watershed permanently more
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100
All monthly samples susceptible to severe episodic acidifi-
80 1 —*— Snowmelt cation during high-flow events. We
——=- Overall trend
60 - Snowmelt trend note, however, that the snowmelt
=~ samplings did not necessarily coin-
;_' cide with the absolute highest dis-
W 20 charge events. Rather, our monthly
& 0 sampling during snowmelt is assumed
" 20 to be generally representative of the
© seasonal characteristics.
-40 -
4.2, Sulfate Trends
-60 -
| We observed consistent significant
-80 : . . : ; :

decreasing trends in the concentration

of SO,°~ at all soil water (Tables 1
Figure 3. Trends in acid neutralizing capacity, as calculated Cg — Cp, from  and 2) and stream sampling sites
1982 to 2011. Trend slope for the whole-year data set estimated using
SKT. Snowmelt trend is calculated by Mann-Kendall analysis.

1980 1985 1990 1995 2000 2005 2010

(Table 3). The declines in stream and
soil water SO, appear to be driven
primarily by changes in atmospheric
deposition during the study period. Sulfate concentration in bulk deposition peaked at Hubbard Brook
in the late 1960s and has decreased steadily since [Likens et al., 2001], including the 30 years of our analysis
(Figure 4). The negative trend in stream SO4>~ concentration from 1982 to 2011 (—1.54 uEq L™ yr™") at
the base of W6 is a faster decline than what has been observed in wet deposition (—0.98 uEq L™ yr—") during
the same time frame. This discrepancy suggests that there are additional factors influencing SO4%~ dynamics
in the watershed. Indeed, previous watershed input-output budgets [Likens et al., 2002], and biogeochemical
modeling [Gbondo-Tugbawa et al., 2002], have shown that there is a missing source of S at Hubbard Brook
that would explain higher export of SO,>~ relative to atmospheric deposition. Mitchell et al. [2011] observed
that this imbalance—which indicates an internal source of S—was common in 15 watersheds across the
northeastern U.S. and southeastern Canada and attributed it to net mineralization of organic S that had
been stored from years of chronic excess SO4%~ deposition. Alternatively, increases in soil pH could drive
desorption of previously adsorbed 50,2~ from mineral soil [Nodvin et al., 1986]. Mitchell and Likens [2011]
showed that the release of internally stored S has become relatively more important to stream water SO,>~
export with time at Hubbard Brook

%0 and the overall export of SO, is
—eo— 5042 shifting from control by atmospheric

T: 40 —0—= NO3z” deposition to climatic regulation. We
g note that changing climatic patterns
% %0 are likely also to have contributed to
5 decreases in SO,°~ concentrations.
E Long-term modest increases in pre-
g 204 cipitation and streamflow [Campbell
§, et al,, 2011] have occurred during the
s 10 4 time frame of our study and would
2] be expected to dilute 50,2~ during
higher flows as flow paths are more

0 ' ' ' ' ' ' likely to shift to shallower soils, where
501 50,42 is found in lower concentration.

s 45 A /\/\/\/\/\/\/\/\/ While the SO,2~ concentration dec-
lines observed in stream and soil

4.0 . ; ; ; ; . waters are undoubtedly contributing
1980 1985 1990 1995 2000 2005 2010 to an overall modest recovery from

Figure 4. Precipitation-weighted mean annual wet deposition values for acidification, the mineralization of

(top) SO427 and NO3 ™~ and (bottom) pH from 1982 to 2011. Data were legacy S pools in the soil and release
obtained from the National Atmospheric Deposition Program (NH02). as 5O,42~ appear to be keeping S04~
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0 concentrations in drainage waters
higher than would be expected based

T: -1 1 on deposition changes alone. This is
- further demonstrated in our analysis
u_lcj- . of 50,2~ trends longitudinally in
= stream water, which shows that the
2 higher-elevation portion of W6 has
£ 34 experienced nearly double the rate
&: of 50,2~ decline as the base of the
9_, 4 O Oa soil water watershed (Figure 5 and Table 3). The
: ' B Bs soil water soil depth of W6 is inversely related

: : - Stream water to elevation [Johnson et al., 2000], so

it would reason that the deeper soils
in the lower portion of the watershed
would have greater pools of S avail-

750 700 650 600 550
Elevation (m)

. . . 2—
Figure 5. Sulfate concentration trends (1984-2011) versus elevation for W6 able for mineralization to SO,°~. We
soil water and stream water. Median trends are estimated by SKT analysis. would expect that as this S pool
Vertical bars represent 95% confidence intervals. Transitions between decreases with time, the rate of recov-
elevation zones are marked with vertical dotted lines. ery from acidification would increase,

leading to faster gains in pH and ANC.
4.3. Base Cation and Aluminum Mobilization

In soils with low base saturation, the deposited strong acid anions are typically neutralized in drainage
waters by a combination of base cations and Al (Figure 6) [Cronan and Schofield, 1990]. As would be
expected, the leaching of Cg has declined steadily throughout the course of our soil water chemistry
record, especially in relation to decreasing 50>~ deposition. Monomeric Al concentrations have also
generally declined in stream and soil waters. As the solutions draining the Oa horizon are typically rich
in DOC, it is not surprising that the decrease in monomeric Al has predominantly been in the organically
complexed Al fraction. Studies of Al dynamics in acidic soils have suggested that formation of organic
matter-Al complexes can be more important to overall Al solubility than pH-dependent mineral phase solu-
bility [Berggren and Mulder, 1995; Skyllberg, 1999]. Palmer et al. [2004] hypothesized that changes in
organic-Al complex formation could explain the moderate decreases in Al; concentrations of soil waters
despite their unchanged or even decreasing pH.

300

(a) Oa soil solution (b) Bs soil solution (c) Streamwater — Al

=3 NHg*

250

200

150

100

pEq L1

NO3™
mmm
= A

1985 1990 1995 2000 2005 2010 1985 1990 1995 2000 2005 2010 1985 1990 1995 2000 2005 2010

Figure 6. Soil solution and stream water charge balances represented by annual volume-weighted concentrations of major
ions in (a) Oa horizon, (b) Bs horizon, and (c) stream water. Cation charge is expressed by positive values of uEq L™, while
anion charge is negative. Organic anion concentrations (A") were calculated from the charge discrepancy of measured
positive and negative species [Driscoll et al., 1989]. Soil solution values are weighted by elevation zone to represent the
entire watershed; stream water values are from the gauging station at the base of the watershed.
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The concentration Al; in stream water has declined from an average of 7.6 umol L™ during the first 5 years
of monitoring (1982-1985) to 2.0 umol L™ during the most recent 5 years of our data analysis (2007-2011).
The concentration of mobilized Al; is an important measure of surface water quality as Al; has been shown
to be a primary factor affecting fish in acid-impacted waters [Baker and Schofield, 1982], whereas organically
complexed Al (Al,) is considered to be nontoxic to fish in comparison to Al;. Our results show that while
Al, concentrations in stream water have decreased, the portion of total monomeric Al as Al,, has increased
from an average 26% during the first 5years of the study (1982-1986) to 69% during the most recent
5years (2007-2011). The current low concentrations of Al; would suggest that hydrolysis of Al is not contributing
nearly as much acidity to stream water as in past years.

4.4. Dissolved Organic Carbon

We report highly significant decreases in DOC concentrations in the Oa soil solutions of all elevation zones
during the period of 1984-2011 (Table 1), as well as for the Bs soil solution in the HH zone (Table 2). The
DOC concentration has also decreased significantly in the stream water measured at the base of the
watershed (site W6-7; Table 3), although we observed nonsignificant declines at the upstream longitudinal
stream sampling sites. Our results are surprising, considering the widespread phenomenon of increasing
DOC in surface waters across Europe and eastern North America [Stoddard et al., 1999; Worrall et al., 2004;
Skjelkvale et al., 2005; Driscoll et al., 2007]. Although fewer studies have long-term measurements of soil water
DOC concentrations, the DOC in surface water is generally derived from soils so it would be expected that
increased concentrations in soil water should be concurrent with surface water trends. Indeed, increases in
stream water DOC concentrations were linked to increasing concentrations in soil waters in two forested
catchments in the western Czech Republic [Hruska et al., 2009]. In contrast, several Scandinavian studies have
reported trends of decreasing soil water DOC concentrations. Léfgren and Zetterberg [2011] analyzed DOC
trends at sites across southern Sweden during the period of 1987-2008. Using records from 68 sites with
at least 10years of data, the authors found that DOC concentrations were decreasing at 31 sites, while
increasing at only five sites. Wu et al. [2010] also found largely negative trends in soil water DOC in conifer
plots across Norway during the period of 1996-2006. Hubbard Brook has characteristics—such as soil type,
climate, and historical acid deposition—similar to the Scandinavian sites, so it may not be surprising that
we found comparable DOC trends in Hubbard Brook soil waters. Léfgren et al. [2010] modeled DOC solubility
in soil water and concluded that DOC trends could vary between positive and negative depending on
changes in pH, ionic strength, and soil Al pools. They concluded that decreasing ionic strength was driving
trends of decreasing DOC in soil water. The long-term charge balance at Hubbard Brook (Figure 6) clearly
shows substantial declines in major anions and cations in soil water over the past three decades. Hruska
et al. [2009], on the other hand, suggested that decreasing ionic strength led to DOC increases in soil water
at the Czech sites. Léfgren and Zetterberg [2011] indicated that differences in soil sampling depth could influ-
ence the DOC concentrations and trends, as the increasing DOC reported at the Czech sites by Hruska et al.
[2009] were for samples collected just beneath the forest floor, while the decreasing DOC reported for
Swedish sites by Léfgren et al. [2010] were for samples collected at 50 cm depth. Our results, however, indi-
cate that DOC in the soil water draining the forest floor has decreased at a more rapid rate than in the mineral
soil solutions. It is not clear why DOC trends in forest floor soil solutions at Hubbard Brook would differ so
markedly from those measured by Hruska et al. [2009]. One potential explanation is the elevated dissolved
Al concentrations at Czech sites—as reported for stream water—relative to values observed at Hubbard
Brook. As the model results from Léfgren et al. [2010] suggest, higher concentrations of dissolved Al oxyhydr-
oxides should promote higher DOC solubility. Laboratory studies of organic soils show higher solubility of
DOC at higher pH [Tipping and Hurley, 1988; Kennedy et al., 1996]. Our data set showed invariant pH until
the last 10-15 years, after which it has increased significantly (see above). This time frame appears to coincide
with a tapering off of declines in DOC concentrations. We also have not observed increases in soil water
concentrations of organic anions, but the marked decreases in concentrations of 50,2~ and NO;~ have
increased the relative importance of organic anions in soil solutions (Figure 6).

Similar to the soil waters, DOC concentrations in stream water at Hubbard Brook W6 had previously been
reported by Palmer et al. [2004] to decrease during the period of 1982-2000 (—1.40 pmolCL™'yr™";
p=0.02). Our updated analysis of the period of 1982-2011 shows that the DOC concentrations have contin-
ued to decline but at a much slower overall rate (—0.53 umol CL™"yr™'; p=0.04). Over the most recent
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2 15years of our data set, 1997-2011,
—e— 1982-1991 .

e 1992-2001 the DOC concentration of stream water

20 ~ —O— 2002-2011 did not change (+0.55 pmol CL ™' yr™;

. p=041). This trend in stream water

K mirrors soil water observations (see

E above). Although DOC concentrations

= have leveled in recent years, our

'5': 101 results still contrast with many other

z sites that show increases in DOC con-

5 4 centration in streams. Burns et al.

[2006] observed significant increases

o in DOC concentrations in 80% of

— T T T T T T T 1 T T T the streams they analyzed in the

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Catskill Mountains of New York

Figure 7. Mean monthly NO3 ™~ concentrations of stream water draining W6 for Similar increases have been reported
10 year intervals between 1982 and 2011. Vertical bars indicate standard errors.  in upland streams in Finland, where
eight forested catchments were

monitored for 15-29 years [Sarkkola et al., 2009]. While stream DOC increases are common, decreases have
been reported at a notable number of sites in southwestern England [Worrall and Burt, 20071, as well as in
two forested catchments in Nova Scotia [Clair et al., 2008].

It is difficult to determine the underlying cause of the decline of DOC concentration of W6 stream water during
the 1980s and 1990s, as Hubbard Brook has many characteristics in common with other surface water sites that
primarily are experiencing increasing DOC concentrations. The DOC decline in W6 stream water appears to be
driven by the declines in soil solution DOC described above. It is not clear whether the diminishing rate of DOC
concentration decline we have noted for approximately the past 15years indicates a long-term steady
state or potentially the beginning of a reversal toward the increasing DOC trends experienced at many
other sites. Changes in hydrology at the site in recent years may be contributing to the changes in DOC
trends. Campbell et al. [2011] reported long-term increases in streamflow in W6 over the entire period of
record, which suggests that it would be increasingly likely that DOC sources, such as surficial soils [Sebestyen
et al, 2008] and higher-elevation E podzols [Bailey et al., 2014], would be hydrologically connected to the streams.

4.5, Nitrate

The concentrations of NO3 ™ in stream water have declined in the lower portion of the watershed (Table 3),
apparently driven by the particularly pronounced decreasing NOs ™ trends in the soil solutions of the LH zone
(Tables 1 and 2). Atmospheric N deposition has decreased, although we do not directly attribute the
decreased NO3;™ leaching in soil solutions and stream water to decreased atmospheric deposition. The
decline of NO3™ export in stream water began in the late 1970s, relatively early in Hubbard Brook’s record,
after having initially increased from the early 1960s to the mid-1970s [Bernhardt et al., 2005; Yanai et al.,
2013]. The trend of declining stream NO3™ is evident throughout the entire annual cycle (Figure 7). While
concentration decreases have been most marked in the winter and spring, there also has been a distinct
lengthening of low NOs;™ during the summer-fall period. The NOs™ concentration in bulk deposition was
relatively constant from approximately 1970 to 2003, after which it has declined [Likens and Buso, 2012].
The decline in watershed losses of NOs ™ is puzzling, as it runs counter to the long-standing theories of forest
development and nutrient cycling, which suggest that as biomass accumulation slows, N losses should
increase if N inputs remain unchanged [Vitousek and Reiners, 1975]. In fact, predictions have been made that
continuous excess N deposition on previously N-limited northern forest systems would lead to a state of
“nitrogen saturation” which should be accompanied by marked increases in stream NOs~ losses [Aber
et al., 1989]. Biogeochemical models employed at Hubbard Brook have consistently overpredicted stream
NO3~ compared to measured data since the early 1980s [e.g., Aber and Driscoll, 1997; Gbondo-Tugbawa
et al.,, 2001; Pourmokhtarian et al., 2012]. Yanai et al. [2013] found that the recent low stream water export
of N at Hubbard Brook—relative to inputs—could not be explained by measured accumulation of N in the
forest floor or vegetation, and the watershed mass balance indicated a missing sink for N. The authors sug-
gested the N budget imbalance could be explained by either increased gaseous loss through denitrification
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orincreased storage in the mineral soil, for which a statistically significant change is difficult to detect. Indeed,
measurements of soil water N species do support the suggestion that NO; ™ is being immobilized in the
mineral soil, as fluxes draining the Oa horizon are significantly greater than what drains the Bs horizon
[Dittman et al., 2007; Yanai et al., 2013]. Moreover, Bernal et al. [2012] used isotopic evidence to suggest that
denitrification was an unlikely explanation of decreases in stream NO3~, although soil drainage patterns
could promote hot spots of N cycling [Bailey et al., 2014] including important points of denitrification in
hydrologically disconnected shallow groundwater [Wexler et al., 2014].

Nitrate concentrations in stream water have been decreasing more rapidly during the snowmelt period
(—0.28 umol L™ "yr™") than for the whole-year record (—0.03 pmolL™"yr™"). The relatively rapid long-term
decline in stream NO3™ concentrations observed during snowmelt was likely driven by decreased atmospheric
deposition of NO3 ™. Sebestyen et al. [2008] used isotopic evidence at Sleepers River, Vermont, to show that
during base flow conditions, stream NO3™ is almost exclusively derived from nitrification in the soil, while
during early pulses and the beginning of peak snowmelt, atmospheric sources account for approximately half
of NO3™ in stream water. During snowmelt, NO3~ derived from atmospheric deposition that had accumulated
in the snowpack can be transported directly to the streams via overland or shallow subsurface flow paths with
little transformation. The decreased NO3~ deposition that has occurred over approximately the past 10 years
would be expected to disproportionately affect the trend during the snowmelt seasons, as this is the period
of the annual cycle when stream NOs™ is most likely to be sourced most directly from deposition.

4.6. Future of Recovery and Ecosystem Health

While our results suggest that base cations have not been depleted from the forest floor to such a degree as
to inhibit recovery from acidification during the higher-flow (and relatively acidic) snowmelt period, it is likely
that a depletion of exchangeable base cations from the soil is slowing the overall recovery and affecting
forest health. In acid-sensitive soils, deposition of strong acid anions displaces soil-available base cations
faster than they can be replaced through mineral weathering processes or atmospheric cation deposition.
This alteration of the soil base status has prevented faster recovery in surface water ANC at Hubbard Brook
and across the northeastern U.S., despite marked reductions in acidic deposition [Likens et al., 1996; Lawrence
et al, 1999; Palmer et al., 2004]. A watershed-scale calcium silicate addition was conducted at Watershed 1
(W1) at Hubbard Brook in 1999 as an experiment to test the effects of replacing Ca lost due to acidic deposition.
Indeed, this Ca manipulation at W1 has resulted in mitigation of acidification and is supplying ANC to drainage
waters [Cho et al., 2012].

Acidic deposition can permanently affect the composition and health of forest ecosystems [Halman et al.,
2014]. Red spruce has been severely impacted by acidic deposition across the northeastern U.S., including
growth declines and mortality. Acidic deposition affects red spruce directly by leaching Ca from the needles
[DeHayes et al, 1999] and indirectly by changing underlying soil chemistry [Cronan and Grigal, 1995].
Acid-impacted soils were found to be a factor explaining impaired growth of sugar maple [Duchesne
et al., 2002]. The highest incidences of sugar maple dieback in Pennsylvania were found to be at sites with
low supplies of Ca and Mg, which increases sensitivity to stresses such as drought and insect defoliation
[Horsley et al., 2000]. Studies of sugar maple health and seedling survivorship at Hubbard Brook have
shown that the species has fared significantly better since the Ca amendment in W1 relative the reference
W6 [Juice et al., 2006; Battles et al., 2014].

5. Summary and Conclusions

Our data show that the drainage waters at Hubbard Brook are slowly recovering from acidic deposition,
including small increases in pH and ANC, as well as decreased leaching of base cations and mobilization of
Al;. We also observed a pattern of long-term decreases in snowmelt acidification that were largely similar
to the whole-year trends. These results suggest that the susceptibility to high-flow-driven seasonal acidifica-
tion during snowmelt is slowly improving.

The recovery we observed has been driven in part by declines in the atmospheric deposition of strong acids.
Deposition of 5042~ has declined steadily throughout the 30 years of our data set due to regulations on emis-
sions through the Clean Air Act, and the deposition of NO3;™ has declined over the past decade due to emission
controls put in place through the NO, Budget Trading Program. While SO,>~ deposition has declined markedly,
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the overall recovery of stream and soil waters from acidification is slowed by SO4>~ exports that exceed imports
due to mobilization of legacy SO4%~ from the soil. The recent decrease in NO3 ~ deposition has contributed
to the decreased acidity of precipitation and likely has further reduced leaching of base cations. We also
observed overall decreasing trends in DOC concentrations, contrary to patterns observed in many similar
systems, although these decreases appear to have diminished approximately over the past 15 years. These
shifts are changing the character of soil and stream solutions at Hubbard Brook, from waters previously
dominated by strong acid anions (i.e., S04~ and NO; ™) to solutions increasingly dominated by naturally
occurring dissolved organic matter. Continued monitoring should provide insight into the future of DOC
and NOs~ dynamics, both of which directly and indirectly influence acid-base conditions. We also anticipate
that sustained monitoring will resolve the rate at and the extent to which all recovery trends continue.
Recovery from acidification in drainage water could accelerate if the deposition of acidic compounds continues
to decline and the legacy S04~ stored in soil is gradually depleted.

References

Aber, J. D., and C.T. Driscoll (1997), Effects of land use, climate variation, and N deposition on N cycling and C storage in northern hardwood
forests, Global Biogeochem. Cycles, 11(4), 639-648, doi:10.1029/97GB01366.

Aber, J. D, K. J. Nadelhoffer, P. Steudler, and J. M. Melillo (1989), Nitrogen saturation in northern forest ecosystems, BioScience, 39(6), 378-386,
doi:10.2307/1311067.

Akselsson, C., H. Hultberg, P. E. Karlsson, G. Pihl Karlsson, and S. Hellsten (2013), Acidification trends in south Swedish forest soils 1986-2008
—Slow recovery and high sensitivity to sea-salt episodes, Sci. Total Environ., 444, 271-287, doi:10.1016/j.scitotenv.2012.11.106.

Bailey, S. W., P. A. Brousseau, K. J. McGuire, and D. S. Ross (2014), Influence of landscape position and transient water table on soil development
and carbon distribution in a steep, headwater catchment, Geoderma, 226-227, 279-289, doi:10.1016/j.geoderma.2014.02.017.

Baker, J., and C. Schofield (1982), Aluminum toxicity to fish in acidic waters, Water Air Soil Pollut., 18(1-3), 289-309, doi:10.1007/
BF02419419.

Baker, J. P., et al. (1996), Episodic acidification of small streams in the northeastern United States: Effects on fish populations, Ecol. Appl., 6(2),
422-437, doi:10.2307/2269380.

Battles, J. J,, T. J. Fahey, C. T. Driscoll, J. D. Blum, and C. E. Johnson (2014), Restoring soil calcium reverses forest decline, Environ. Sci. Technol.
Lett., doi:10.1021/ez400033d.

Berggren, D., and J. Mulder (1995), The role of organic matter in controlling aluminum solubility in acidic mineral soil horizons, Geochim.
Cosmochim. Acta, 59(20), 4167-4180, doi:10.1016/0016-7037(95)94443-).

Bernal, S., L. O. Hedin, G. E. Likens, S. Gerber, and D. C. Buso (2012), Complex response of the forest nitrogen cycle to climate change,
Proc. Natl. Acad. Sci. U.S.A., 109(9), 3406-3411, doi:10.1073/pnas.1121448109.

Bernhardt, E. S., G. E. Likens, R. O. Hall, D. C. Buso, S. G. Fisher, T. M. Burton, J. L. Meyer, W. H. Mcdowell, M. S. Mayer, and W. B. Bowden (2005),
Can't see the forest for the stream? In-stream processing and terrestrial nitrogen exports, BioScience, 55(3), 219-230.

Borg, H., and M. Sundbom (2014), Long-term trends of water chemistry in mountain streams in Sweden—Slow recovery from acidification,
Biogeosciences, 11(1), 173-184, doi:10.5194/bg-11-173-2014.

Burns, D. A, M. R. McHale, C. T. Driscoll, and K. M. Roy (2006), Response of surface water chemistry to reduced levels of acid precipitation:
Comparison of trends in two regions of New York, USA, Hydrol. Processes, 20(7), 1611-1627, doi:10.1002/hyp.5961.

Campbell, J. L., C. T. Driscoll, A. Pourmokhtarian, and K. Hayhoe (2011), Streamflow responses to past and projected future changes in
climate at the Hubbard Brook Experimental Forest, New Hampshire, United States, Water Resour. Res., 47, W02514, doi:10.1029/
2010WR009438.

Chen, C.W,, S. A. Gherini, N. E. Peters, P. S. Murdoch, R. M. Newton, and R. A. Goldstein (1984), Hydrologic analyses of acidic and alkaline lakes,
Water Resour. Res., 20(12), 1875-1882, doi:10.1029/WR020i012p01875.

Cho, Y., C. T. Driscoll, C. E. Johnson, J. D. Blum, and T. J. Fahey (2012), Watershed-level responses to calcium silicate treatment in a northern
hardwood forest, Ecosystems, 15(3), 416-434, doi:10.1007/s10021-012-9518-2.

Clair, T. A, I. F. Dennis, R. Vet, and H. Laudon (2008), Long-term trends in catchment organic carbon and nitrogen exports from three acidified
catchments in Nova Scotia, Canada, Biogeochemistry, 87(1), 83-97, doi:10.1007/510533-007-9170-7.

Cronan, C. S, and D. F. Grigal (1995), Use of calcium/aluminum ratios as indicators of stress in forest ecosystems, J. Environ. Qual., 24(2),
209-226, doi:10.2134/jeq1995.00472425002400020002x.

Cronan, C. S, and C. L. Schofield (1990), Relationships between aqueous aluminum and acidic deposition in forested watersheds of North
America and northern Europe, Environ. Sci. Technol., 24, 1100-1105, doi:10.1021/es00077a022.

DeHayes, D. H., P. G. Schaberg, G. J. Hawley, and G. R. Strimbeck (1999), Acid rain impacts on calcium nutrition and forest health, BioScience,
49(10), 789-800, doi:10.1525/bisi.1999.49.10.789.

DeWalle, D. R., and B. R. Swistock (1994), Causes of episodic acidification in five Pennsylvania streams on the Northern Appalachian Plateau,
Water Resour. Res., 30(7), 1955-1963, doi:10.1029/94WR00758.

Dittman, J. A,, C. T. Driscoll, P. M. Groffman, and T. J. Fahey (2007), Dynamics of nitrogen and dissolved organic carbon at the Hubbard Brook
Experimental Forest, Ecology, 88(5), 1153-1166, doi:10.2307/27651215.

Driscoll, C. T., R. D. Fuller, and W. D. Schecher (1989), The role of organic acids in the acidification of surface waters in the Eastern U.S.,
Water Air Soil Pollut., 43(1-2), 21-40, doi:10.1007/BF00175580.

Driscoll, C. T., G. B. Lawrence, A. J. Bulger, T. J. Butler, C. S. Cronan, C. Eagar, K. F. Lambert, G. E. Likens, J. L. Stoddard, and K. C. Weathers (2001),
Acidic deposition in the northeastern United States: Sources and inputs, ecosystem effects, and management strategies, BioScience, 51(3),
180-198, doi:10.1641/0006-3568(2001)051[0180:ADITNU]2.0.CO;2.

Driscoll, C. T., K. M. Driscoll, K. M. Roy, and M. J. Mitchell (2003), Chemical response of lakes in the Adirondack region of New York to declines
in acidic deposition, Environ. Sci. Technol., 37(10), 2036-2042, doi:10.1021/es020924h.

Driscoll, C. T., K. M. Driscoll, K. M. Roy, and J. Dukett (2007), Changes in the chemistry of lakes in the Adirondack region of New York following
declines in acidic deposition, Appl. Geochem., 22(6), 1181-1188, doi:10.1016/j.apgeochem.2007.03.009.

FUSS ET AL.

CHEMISTRY TRENDS AT HUBBARD BROOK 2371


http://dx.doi.org/10.1029/97GB01366
http://dx.doi.org/10.2307/1311067
http://dx.doi.org/10.1016/j.scitotenv.2012.11.106
http://dx.doi.org/10.1016/j.geoderma.2014.02.017
http://dx.doi.org/10.1007/BF02419419
http://dx.doi.org/10.1007/BF02419419
http://dx.doi.org/10.2307/2269380
http://dx.doi.org/10.1021/ez400033d
http://dx.doi.org/10.1016/0016-7037(95)94443-J
http://dx.doi.org/10.1073/pnas.1121448109
http://dx.doi.org/10.5194/bg-11-173-2014
http://dx.doi.org/10.1002/hyp.5961
http://dx.doi.org/10.1029/2010WR009438
http://dx.doi.org/10.1029/2010WR009438
http://dx.doi.org/10.1029/WR020i012p01875
http://dx.doi.org/10.1007/s10021-012-9518-2
http://dx.doi.org/10.1007/s10533-007-9170-7
http://dx.doi.org/10.2134/jeq1995.00472425002400020002x
http://dx.doi.org/10.1021/es00077a022
http://dx.doi.org/10.1525/bisi.1999.49.10.789
http://dx.doi.org/10.1029/94WR00758
http://dx.doi.org/10.2307/27651215
http://dx.doi.org/10.1007/BF00175580
http://dx.doi.org/10.1641/0006-3568(2001)051[0180:ADITNU]2.0.CO;2
http://dx.doi.org/10.1021/es020924h
http://dx.doi.org/10.1016/j.apgeochem.2007.03.009
http://www.hubbardbrook.org
http://www.hubbardbrook.org

@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2015)G003063

Duchesne, L., R. Ouimet, and D. Houle (2002), Basal area growth of sugar maple in relation to acid deposition, stand health, and soil nutrients,
J. Environ. Qual., 31(5), 1676-1683, doi:10.2134/jeq2002.1676.

Evans, C. D, D. T. Monteith, and D. M. Cooper (2005), Long-term increases in surface water dissolved organic carbon: Observations, possible
causes and environmental impacts, Environ. Pollut., 137(1), 55-71, doi:10.1016/j.envpol.2004.12.031.

Evans, C. D., P. J. Chapman, J. M. Clark, D. T. Monteith, and M. S. Cresser (2006), Alternative explanations for rising dissolved organic carbon
export from organic soils, Global Change Biol., 12(11), 2044-2053, doi:10.1111/j.1365-2486.2006.01241 x.

Evans, C. D, et al. (2012), Acidity controls on dissolved organic carbon mobility in organic soils, Global Change Biol., 18(11), 3317-3331,
doi:10.1111/j.1365-2486.2012.02794 x.

Fakhraei, H., and C. T. Driscoll (2015), Proton and aluminum binding properties of organic acids in surface waters of the northeastern U.S.,
Environ. Sci. Technol., 49(5), 2939-2947, doi:10.1021/es504024u.

Federer, C. A, J. W. Hornbeck, L. M. Tritton, C. W. Martin, R. S. Pierce, and C. T. Smith (1989), Long-term depletion of calcium and other
nutrients in eastern US forests, Environ. Manage., 13(5), 593-601, doi:10.1007/BF01874965.

Futter, M. N., S. Valinia, S. Lofgren, S. J. Kchler, and J. Folster (2014), Long-term trends in water chemistry of acid-sensitive Swedish lakes show
slow recovery from historic acidification, AMBIO, 43(1), 77-90, doi:10.1007/513280-014-0563-2.

Galloway, J. N, G. R. Hendrey, C. L. Schofield, N. E. Peters, and A. H. Johannes (1987), Processes and causes of lake acidification during spring
snowmelt in the West-Central Adirondack Mountains, New York, Can. J. Fish. Aquat. Sci., 44(9), 1595-1602, doi:10.1139/f87-193.

Gbondo-Tugbawa, S. S., C. T. Driscoll, J. D. Aber, and G. E. Likens (2001), Evaluation of an integrated biogeochemical model (PnET-BGC) at a
northern hardwood forest ecosystem, Water Resour. Res., 37(4), 1057-1070, doi:10.1029/2000WR900375.

Gbondo-Tugbawa, S. S., C. T. Driscoll, M. J. Mitchell, J. D. Aber, and G. E. Likens (2002), A model to simulate the response of a northern
hardwood forest ecosystem to changes in S deposition, Ecol. Appl., 12(1), 8-23, doi:10.1890/1051-0761(2002)012[0008:AMTSTR]2.0.CO;2.

Halman, J. M., P. G. Schaberg, G. J. Hawley, C. F. Hansen, and T. J. Fahey (2014), Differential impacts of calcium and aluminum treatments on
sugar maple and American beech growth dynamics, Can. J. For. Res., 45(1), 52-59, doi:10.1139/cjfr-2014-0250.

Hirsch, R. M., and J. R. Slack (1984), A nonparametric trend test for seasonal data with serial dependence, Water Resour. Res., 20(6), 727-732,
doi:10.1029/WR020i006p00727.

Hirsch, R. M., J. R. Slack, and R. A. Smith (1982), Techniques of trend analysis for monthly water quality data, Water Resour. Res., 18(1), 107-121,
doi:10.1029/WR018i001p00107.

Holden, J., P. J. Chapman, S. M. Palmer, P. Kay, and R. Grayson (2012), The impacts of prescribed moorland burning on water colour and
dissolved organic carbon: A critical synthesis, J. Environ. Manage., 101, 92-103, doi:10.1016/j.jenvman.2012.02.002.

Hongve, D., G. Riise, and J. F. Kristiansen (2004), Increased colour and organic acid concentrations in Norwegian forest lakes and drinking
water—A result of increased precipitation?, Aquat. Sci., 66(2), 231-238, doi:10.1007/s00027-004-0708-7.

Horsley, S. B., R. P. Long, S. W. Bailey, R. A. Hallett, and T. J. Hall (2000), Factors associated with the decline disease of sugar maple on the
Allegheny Plateau, Can. J. For. Res., 30(9), 1365-1378, doi:10.1139/x00-057.

Hruska, J., P. Krdm, W. H. McDowell, and F. Oulehle (2009), Increased dissolved organic carbon (DOC) in central European streams is driven
by reductions in ionic strength rather than climate change or decreasing acidity, Environ. Sci. Technol., 43(12), 4320-4326, doi:10.1021/
es803645w.

Johnson, C. E,, C. T. Driscoll, T. G. Siccama, and G. E. Likens (2000), Element fluxes and landscape position in a northern hardwood forest
watershed ecosystem, Ecosystems, 3(2), 159-184, doi:10.1007/5s100210000017.

Juice, S. M., T. J. Fahey, T. G. Siccama, C. T. Driscoll, E. G. Denny, C. Eagar, N. L. Cleavitt, R. Minocha, and A. D. Richardson (2006), Response of
sugar maple to calcium addition to northern hardwood forest, Ecology, 87(5), 1267-1280, doi:10.1890/0012-9658(2006)87[1267:ROSMTC]
2.0.CO;2.

Kennedy, J., M. F. Billett, D. Duthie, A. R. Fraser, and A. F. Harrison (1996), Organic matter retention in an upland humic podzol; the effects of
pH and solute type, Eur. J. Soil Sci., 47(4), 615-625, doi:10.1111/j.1365-2389.1996.tb01860.x.

Kramer, J. R., P. Broussard, P. Collins, T. A. Clair, and P. Takats (1990), Variability of organic acids in watersheds, in Organic Acids in Aquatic
Ecosystems, edited by E. M. Purdue and E. T. Gjessing, pp. 127-139, John Wiley, New York.

Laudon, H., and S. A. Norton (2010), Drivers and evolution of episodic acidification at the Bear Brook Watershed in Maine, USA, Environ. Monit.
Assess., 171(1-4), 59-69, doi:10.1007/s10661-010-1526-0.

Laudon, H., O. Westling, S. Léfgren, and K. Bishop (2001), Modeling preindustrial ANC and pH during the spring flood in northern Sweden,
Biogeochemistry, 54(2), 171-195, doi:10.1023/A:1010614631588.

Laudon, H., O. Westling, A. Bergquist, and K. Bishop (2004), Episodic acidification in northern Sweden: A regional assessment of the
anthropogenic component, J. Hydrol., 297(1-4), 162-173, doi:10.1016/j.jhydrol.2004.04.013.

Lawrence, G. B. (2002), Persistent episodic acidification of streams linked to acid rain effects on soil, Atmos. Environ., 36(10), 1589-1598,
doi:10.1016/51352-2310(02)00081-X.

Lawrence, G. B, R. D. Fuller, and C. T. Driscoll (1986), Spatial relationships of aluminum chemistry in the streams of the Hubbard Brook
Experimental Forest, New Hampshire, Biogeochemistry, 2(2), 115-135, doi:10.2307/1468730.

Lawrence, G. B., M. B. David, G. M. Lovett, P. S. Murdoch, D. A. Burns, J. L. Stoddard, B. P. Baldigo, J. H. Porter, and A. W. Thompson (1999),
Soil calcium status and the response of stream chemistry to changing acidic deposition rates, Ecol. Appl., 9(3), 1059-1072, doi:10.1890/
1051-0761(1999)009[1059:5CSATR]2.0.CO;2.

Lepisto, A., P. Kortelainen, and T. Mattsson (2008), Increased organic C and N leaching in a northern boreal river basin in Finland, Global
Biogeochem. Cycles, 22, GB3029, doi:10.1029/2007GB003175.

Likens, G. E., and D. C. Buso (2012), Dilution and the elusive baseline, Environ. Sci. Technol., 46(8), 4382-4387, doi:10.1021/es3000189.

Likens, G. E,, F. H. Bormann, R. S. Pierce, J. S. Eaton, and N. M. Johnson (1977), Biogeochemistry of a Forested Ecosystem, Springer, New York.

Likens, G. E., C. T. Driscoll, and D. C. Buso (1996), Long-term effects of acid rain: Response and recovery of a forest ecosystem, Science,
272(5259), 244-246, doi:10.1126/science.272.5259.244.

Likens, G. E., T. J. Butler, and D. C. Buso (2001), Long- and short-term changes in sulfate deposition: Effects of the 1990 Clean Air Act
Amendments, Biogeochemistry, 52(1), 1-11, doi:10.1023/A:1026563400336.

Likens, G. E., C. T. Driscoll, D. C. Buso, M. J. Mitchell, G. M. Lovett, S. W. Bailey, T. G. Siccama, W. A. Reiners, and C. Alewell (2002), The
biogeochemistry of sulfur at Hubbard Brook, Biogeochemistry, 60(3), 235-315, doi:10.2307/1469763.

Lofgren, S., and T. Zetterberg (2011), Decreased DOC concentrations in soil water in forested areas in southern Sweden during 1987-2008,
Sci. Total Environ., 409(10), 1916-1926, doi:10.1016/j.scitotenv.2011.02.017.

Lofgren, S., J. P. Gustafsson, and L. Bringmark (2010), Decreasing DOC trends in soil solution along the hillslopes at two IM sites in southern
Sweden—Geochemical modeling of organic matter solubility during acidification recovery, Sci. Total Environ., 409(1), 201-210,
doi:10.1016/j.scitotenv.2010.09.023.

FUSS ET AL.

CHEMISTRY TRENDS AT HUBBARD BROOK 2372


http://dx.doi.org/10.2134/jeq2002.1676
http://dx.doi.org/10.1016/j.envpol.2004.12.031
http://dx.doi.org/10.1111/j.1365-2486.2006.01241.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02794.x
http://dx.doi.org/10.1021/es504024u
http://dx.doi.org/10.1007/BF01874965
http://dx.doi.org/10.1007/s13280-014-0563-2
http://dx.doi.org/10.1139/f87-193
http://dx.doi.org/10.1029/2000WR900375
http://dx.doi.org/10.1890/1051-0761(2002)012[0008:AMTSTR]2.0.CO;2
http://dx.doi.org/10.1139/cjfr-2014-0250
http://dx.doi.org/10.1029/WR020i006p00727
http://dx.doi.org/10.1029/WR018i001p00107
http://dx.doi.org/10.1016/j.jenvman.2012.02.002
http://dx.doi.org/10.1007/s00027-004-0708-7
http://dx.doi.org/10.1139/x00-057
http://dx.doi.org/10.1021/es803645w
http://dx.doi.org/10.1021/es803645w
http://dx.doi.org/10.1007/s100210000017
http://dx.doi.org/10.1890/0012-9658(2006)87[1267:ROSMTC]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2006)87[1267:ROSMTC]2.0.CO;2
http://dx.doi.org/10.1111/j.1365-2389.1996.tb01860.x
http://dx.doi.org/10.1007/s10661-010-1526-0
http://dx.doi.org/10.1023/A:1010614631588
http://dx.doi.org/10.1016/j.jhydrol.2004.04.013
http://dx.doi.org/10.1016/S1352-2310(02)00081-X
http://dx.doi.org/10.2307/1468730
http://dx.doi.org/10.1890/1051-0761(1999)009[1059:SCSATR]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1999)009[1059:SCSATR]2.0.CO;2
http://dx.doi.org/10.1029/2007GB003175
http://dx.doi.org/10.1021/es3000189
http://dx.doi.org/10.1126/science.272.5259.244
http://dx.doi.org/10.1023/A:1026563400336
http://dx.doi.org/10.2307/1469763
http://dx.doi.org/10.1016/j.scitotenv.2011.02.017
http://dx.doi.org/10.1016/j.scitotenv.2010.09.023

@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2015)G003063

Lynch, J. A, V. C. Bowersox, and J. W. Grimm (2000), Acid rain reduced in eastern United States, Environ. Sci. Technol., 34(6), 940-949,
doi:10.1021/es9901258.

Mitchell, M. J., and G. E. Likens (2011), Watershed sulfur biogeochemistry: Shift from atmospheric deposition dominance to climatic
regulation, Environ. Sci. Technol., 45(12), 5267-5271, doi:10.1021/es200844n.

Mitchell, M. J., et al. (2011), Comparisons of watershed sulfur budgets in southeast Canada and northeast US: New approaches and
implications, Biogeochemistry, 103(1-3), 181-207, d0i:10.1007/s10533-010-9455-0.

Monteith, D.T., et al. (2007), Dissolved organic carbon trends resulting from changes in atmospheric deposition chemistry, Nature, 450(7169),
537-540, doi:10.1038/nature06316.

NADP (2013), National Atmospheric Deposition Program/National Trends Network, NADP Program Office, lllinois State Water Survey 2204
Griffith Drive, Champaign, IL 61820.

Nodvin, S. C,, C. T. Driscoll, and G. E. Likens (1986), The effect of pH on sulfate adsorption by a forest soil, Soil Sci., 142(2), 69-75.

O'Brien, A. K, K. C. Rice, M. M. Kennedy, and O. P. Bricker (1993), Comparison of episodic acidification of mid-Atlantic upland and coastal plain
streams, Water Resour. Res., 29(9), 3029-3039, doi:10.1029/93WR01408.

Ohte, N., S. D. Sebestyen, J. B. Shanley, D. H. Doctor, C. Kendall, S. D. Wankel, and E. W. Boyer (2004), Tracing sources of nitrate in snowmelt
runoff using a high-resolution isotopic technique, Geophys. Res. Lett., 31, L21506, doi:10.1029/2004GL020908.

Palmer, S. M., C. T. Driscoll, and C. E. Johnson (2004), Long-term trends in soil solution and stream water chemistry at the Hubbard Brook
Experimental Forest: Relationship with landscape position, Biogeochemistry, 68(1), 51-70, doi:10.1023/B:BI0G.0000025741.88474.0d.

Pihl Karlsson, G., C. Akselsson, S. Hellsten, and P. E. Karlsson (2011), Reduced European emissions of S and N—Effects on air concentrations,
deposition and soil water chemistry in Swedish forests, Environ. Pollut., 159(12), 3571-3582, doi:10.1016/j.envpol.2011.08.007.

Potter, F. I, J. A. Lynch, and E. S. Corbett (1988), Source areas contributing to the episodic acidification of a forested headwater stream,

J. Contam. Hydrol., 3(2-4), 293-305, doi:10.1016/0169-7722(88)90037-X.

Pourmokhtarian, A., C. T. Driscoll, J. L. Campbell, and K. Hayhoe (2012), Modeling potential hydrochemical responses to climate change and
increasing CO, at the Hubbard Brook Experimental Forest using a dynamic biogeochemical model (PnET-BGC), Water Resour. Res., 48,
WO07514, doi:10.1029/2011WR011228.

Rodhe, H., F. Dentener, and M. Schulz (2002), The global distribution of acidifying wet deposition, Environ. Sci. Technol., 36(20), 4382-4388,
doi:10.1021/es020057g.

SanClements, M. D., G. P. Oelsner, D. M. McKnight, J. L. Stoddard, and S. J. Nelson (2012), New insights into the source of decadal increases of
dissolved organic matter in acid-sensitive lakes of the northeastern United States, Environ. Sci. Technol., 46(6), 3212-3219, doi:10.1021/
es204321x.

Sarkkola, S., H. Koivusalo, A. Laurén, P. Kortelainen, T. Mattsson, M. Palviainen, S. Piirainen, M. Starr, and L. Finér (2009), Trends in hydro-
meteorological conditions and stream water organic carbon in boreal forested catchments, Sci. Total Environ., 408(1), 92-101, doi:10.1016/
j.scitotenv.2009.09.008.

Schaefer, D. A, C. T. Driscoll, R. Van Dreason, and C. P. Yatsko (1990), The episodic acidification of Adirondack Lakes during snowmelt, Water
Resour. Res., 26(7), 1639-1647, doi:10.1029/WR026i007p01639.

Schépp, W., M. Posch, S. Mylona, and M. Johansson (2001), Long-term development of acid deposition (1880-2030) in sensitive freshwater
regions in Europe, Hydrol. Earth Syst. Sci., 7(4), 436-446, doi:10.5194/hess-7-436-2003.

Sebestyen, S. D., E. W. Boyer, J. B. Shanley, C. Kendall, D. H. Doctor, G. R. Aiken, and N. Ohte (2008), Sources, transformations, and hydrological
processes that control stream nitrate and dissolved organic matter concentrations during snowmelt in an upland forest, Water Resour.
Res., 44, W12410, doi:10.1029/2008 WR006983.

Skjelkvale, B. L., et al. (2005), Regional scale evidence for improvements in surface water chemistry 1990-2001, Environ. Pollut., 137(1),
165-176, doi:10.1016/j.envpol.2004.12.023.

Skyllberg, U. (1999), pH and solubility of aluminium in acidic forest soils: A consequence of reactions between organic acidity and aluminium
alkalinity, Eur. J. Soil Sci., 50(1), 95-106, doi:10.1046/j.1365-2389.1999.00205 X.

Stoddard, J. L, et al. (1999), Regional trends in aquatic recovery from acidification in North America and Europe, Nature, 401(6753), 575-578,
doi:10.1038/44114.

Sullivan, T. J,, J. M. Eilers, B. J. Cosby, and K. B. Vaché (1997), Increasing role of nitrogen in the acidification of surface waters in the Adirondack
Mountains, New York, Water Air Soil Pollut., 95(1-4), 313-336, doi:10.1007/BF02406172.

Sullivan, T. J,, G. B. Lawrence, S. W. Bailey, T. C. McDonnell, C. M. Beier, K. C. Weathers, G. T. McPherson, and D. A. Bishop (2013), Effects of acidic
deposition and soil acidification on sugar maple trees in the Adirondack Mountains, New York, Environ. Sci. Technol., 47(22), 12,687-12,694,
doi:10.1021/es401864w.

Sverdrup, H., L. Martinson, M. Alveteg, F. Moldan, V. Kronnds, and J. Munthe (2005), Modeling recovery of Swedish ecosystems from
acidification, AMBIO: J. Hum. Environ., 34(1), 25-31, d0i:10.1579/0044-7447-34.1.25.

Tipping, E., and M. A. Hurley (1988), A model of solid-solution interactions in acid organic soils, based on the complexation properties of
humic substances, J. Soil Sci., 39(4), 505-519, doi:10.1111/j.1365-2389.1988.tb01235.x.

Vitousek, P. M., and W. A. Reiners (1975), Ecosystem succession and nutrient retention: A hypothesis, BioScience, 25(6), 376-381, doi:10.2307/
1297148.

Warby, R. A. F., C. E. Johnson, and C. T. Driscoll (2005), Chemical recovery of surface waters across the northeastern United States from
reduced inputs of acidic deposition: 1984-2001, Environ. Sci. Technol., 39(17), 6548-6554, doi:10.1021/es048553n.

Warby, R. A. F., C. E. Johnson, and C. T. Driscoll (2009), Continuing acidification of organic soils across the northeastern USA: 1984-2001, Soil
Sci. Soc. Am. J., 73(1), 274, doi:10.2136/s55aj2007.0016.

Wellington, B. I, and C. T. Driscoll (2004), The episodic acidification of a stream with elevated concentrations of dissolved organic carbon,
Hydrol. Processes, 18(14), 2663-2680.

Wexler, S. K., C. L. Goodale, K. J. McGuire, S. W. Bailey, and P. M. Groffman (2014), Isotopic signals of summer denitrification in a northern
hardwood forested catchment, Proc. Natl. Acad. Sci. U.S.A., 111(46), 16,413-16,418, doi:10.1073/pnas.1404321111.

Wigington, P., T. Davis, M. Tranter, and K. Eshleman (1990), Episodic acidification of surface waters due to acidic deposition,

NAPAP Report 12.

Wigington, P. J,, D. R. DeWalle, P. S. Murdoch, W. A. Kretser, H. A. Simonin, J. V. Sickle, and J. P. Baker (1996), Episodic acidification of small
streams in the northeastern United States: lonic controls of episodes, Ecol. Appl., 6(2), 389-407, doi:10.2307/2269378.

Worrall, F., and T. P. Burt (2007), Trends in DOC concentration in Great Britain, J. Hydrol., 346(3-4), 81-92, doi:10.1016/j,jhydrol.2007.08.021.

Worrall, F., et al. (2004), Trends in dissolved organic carbon in UK rivers and lakes, Biogeochemistry, 70(3), 369-402, doi:10.1007/
510533-004-8131-7.

Wright, R. F., et al. (2005), Recovery of acidified European surface waters, Environ. Sci. Technol., 39(3), 64A-72A, doi:10.1021/es0531778.

FUSS ET AL.

CHEMISTRY TRENDS AT HUBBARD BROOK 2373


http://dx.doi.org/10.1021/es9901258
http://dx.doi.org/10.1021/es200844n
http://dx.doi.org/10.1007/s10533-010-9455-0
http://dx.doi.org/10.1038/nature06316
http://dx.doi.org/10.1029/93WR01408
http://dx.doi.org/10.1029/2004GL020908
http://dx.doi.org/10.1023/B:BIOG.0000025741.88474.0d
http://dx.doi.org/10.1016/j.envpol.2011.08.007
http://dx.doi.org/10.1016/0169-7722(88)90037-X
http://dx.doi.org/10.1029/2011WR011228
http://dx.doi.org/10.1021/es020057g
http://dx.doi.org/10.1021/es204321x
http://dx.doi.org/10.1021/es204321x
http://dx.doi.org/10.1016/j.scitotenv.2009.09.008
http://dx.doi.org/10.1016/j.scitotenv.2009.09.008
http://dx.doi.org/10.1029/WR026i007p01639
http://dx.doi.org/10.5194/hess-7-436-2003
http://dx.doi.org/10.1029/2008WR006983
http://dx.doi.org/10.1016/j.envpol.2004.12.023
http://dx.doi.org/10.1046/j.1365-2389.1999.00205.x
http://dx.doi.org/10.1038/44114
http://dx.doi.org/10.1007/BF02406172
http://dx.doi.org/10.1021/es401864w
http://dx.doi.org/10.1579/0044-7447-34.1.25
http://dx.doi.org/10.1111/j.1365-2389.1988.tb01235.x
http://dx.doi.org/10.2307/1297148
http://dx.doi.org/10.2307/1297148
http://dx.doi.org/10.1021/es048553n
http://dx.doi.org/10.2136/sssaj2007.0016
http://dx.doi.org/10.1073/pnas.1404321111
http://dx.doi.org/10.2307/2269378
http://dx.doi.org/10.1016/j.jhydrol.2007.08.021
http://dx.doi.org/10.1007/s10533-004-8131-7
http://dx.doi.org/10.1007/s10533-004-8131-7
http://dx.doi.org/10.1021/es0531778

@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2015)G003063

Wu, Y., N. Clarke, and J. Mulder (2010), Dissolved organic carbon concentrations in throughfall and soil waters at level Il monitoring plots in
Norway: Short- and long-term variations, Water Air Soil Pollut., 205(1-4), 273-288, doi:10.1007/s11270-009-0073-1.

Yallop, A. R, and B. Clutterbuck (2009), Land management as a factor controlling dissolved organic carbon release from upland peat soils 1:
Spatial variation in DOC productivity, Sci. Total Environ., 407(12), 3803-3813, doi:10.1016/j.scitotenv.2009.03.012.

Yanai, R. D., M. A. Vadeboncoeur, S. P. Hamburg, M. A. Arthur, C. B. Fuss, P. M. Groffman, T. G. Siccama, and C. T. Driscoll (2013), From missing
source to missing sink: Long-term changes in the nitrogen budget of a northern hardwood forest, Environ. Sci. Technol., 47, 11,440-11,448,
doi:10.1021/es4025723.

FUSS ET AL. CHEMISTRY TRENDS AT HUBBARD BROOK 2374


http://dx.doi.org/10.1007/s11270-009-0073-1
http://dx.doi.org/10.1016/j.scitotenv.2009.03.012
http://dx.doi.org/10.1021/es4025723


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


