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Climate exerts a powerful influence on biological processes, but the
effects of climate change on ecosystem nutrient flux and cycling are
poorly resolved. Although rare, long-term records offer a unique
opportunity to disentangle effects of climate from other anthropo-
genic influences. Here, we examine the longest and most complete
record of watershed nutrient and climate dynamics available
worldwide, whichwas collected at the Hubbard Brook Experimental
Forest in the northeasternUnited States.Weused empirical analyses
and model calculations to distinguish between effects of climate
change and past perturbations on the forest nitrogen (N) cycle. We
find that climate alone cannot explain the occurrence of a dramatic
>90% drop in watershed nitrate export over the past 46 y, despite
longer growing seasons and higher soil temperatures. The strongest
climate influence was an increase in soil temperature accompanied
by a shift in paths of soil water flow within the watershed, but this
effect explained, at best, only ∼40% of the nitrate decline. In con-
trast, at least 50–60% of the observed change in the N export could
be explained by the long-lasting effect of forest cutting in the early
1900s on the N cycle of the soil and vegetation pools. Our analysis
shows that historic events can obscure the influence of modern day
stresses on the N cycle, even when analyses have the advantage of
being informed by 0.5-century-long datasets. These findings raise
fundamental questions about interpretations of long-term trends
as a baseline for understanding how climate change influences
complex ecosystems.
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Our understanding of how climate change impacts complex
ecological systems depends on our conception of a baseline

against which change can be judged and knowledge of how this
baseline has been shaped by historical conditions. At the Hub-
bard Brook Experimental Forest (HBEF) in New Hampshire, for
example, we know that current concentrations of nitrate in wa-
tershed streams are the lowest in 46 y of measurement and that
ecosystem nitrate losses have decreased by >90% over this time
(Fig. 1A). If we were to take the early high nitrate period (1969–
1976) as the historical reference, we would estimate that nitrate
export has dropped by a total of ∼125 kg nitrogen (N) ha−1

during the 30 y of the decline (1977–2007) (Fig. 1A). Such a large
drop in N export is ecologically relevant and constitutes a dra-
matic shift in the ecosystem N cycle: from a leaky cycle that
retained only ∼30% of external inputs in the high stream water
nitrate period to a highly retentive cycle that currently captures
∼90% of atmospheric inputs (Methods).
We adopt a watershed mass balance approach (1, 2) to ex-

amine the factor(s) responsible for this dramatic change in the
forest N cycle (Fig. 2). Because climate is an overriding and
powerful driver of biological process, we pay particular attention
to whether the observed changes in ecosystem N dynamics were
linked to climate change over the past five decades. Previous
examinations of this trend have discounted effects of changing N
deposition and forest maturation, and they have suggested that
there may exist a previously unrecognized ecosystem sink for N

(3, 4), possibly associated with the soil (5, 6). We evaluate these
hypotheses and other competing hypotheses using an analysis
that integrates several unique long-term records of biological,
physical, and biogeochemical factors within the HBEF. From
a mass balance perspective, we show in Fig. 2A how the decline
in nitrate export (vector 1) could be caused by one or several
mechanisms: (i) decreased N deposition (vector 2), (ii) increased
export of dissolved organic N compounds (DON; vector 3), (iii)
increased net accumulation of N in vegetation (sum of vectors 4
and 5), (iv) increased gaseous N loss by denitrification (vector 6),
or (v) net increase in N stored in the soil pool (balance of
vectors 1–6).

Results and Discussion
We first examine atmospheric N deposition (vector 2 in Fig. 2A),
which has strong potential to influence trends in surface water
nitrate (1, 7, 8). Neither the 46-y record of bulk deposition at
HBEF (Fig. 1B) nor shorter records from nearby locations (SI
Results and Discussion) can explain the observed drop in watershed
nitrate export. Bulk N deposition at HBEF is today similar to
values in the 1960s, and there has been no systematic decline large
enough to explain the ∼125 kg N ha−1 reduction in nitrate export
(Fig. 1A vs.B). DON contributes<20% to bulk deposition and has
declined only marginally since first measured routinely in 1995
(Fig. 1B). In addition, dry deposition contributes negligibly to at-
mospheric N inputs in this densely forested region [0.37 ± 0.02
(volume weighted average ± SE) kg N ha−1 y−1 or <6% of total N
deposition] and does not show any clear trend since first measured
routinely in 1989.We conclude that the long-term decline in nitrate
export from HBEF watersheds cannot be explained by any co-
incident change in atmospheric deposition (Fig. 2B).
A second possibility is that watershed DON export (vector 3 in

Fig. 2A) has increased since the 1970s to the extent of quantitatively
offsetting the observed reduction in nitrate export. Our analyses
show no increase in DON or evidence of such a shift in N forms
since DON was first measured routinely in 1994 (Fig. 1A). More-
over, present day export (1± 0.1 kgNha−1 y−1) is too low to balance
N inputs (6.8 ± 0.2 kg N ha−1 y−1) or offset the historic nitrate
decline. For example, a sustained linear increase of DON export
from zero in the 1969–1976 reference period to 1 kg N ha−1 y−1 by
1995 (when it was first measured) (SI Results and Discussion) fol-
lowed by export of 1 kg N ha−1 y−1 during 1995–2007 could explain
<22 kg N ha−1 or <18% of the ∼125 kg ha−1 nitrate decline. We
conclude that increased DON export cannot resolve the long-term
nitrate decline in HBEF watersheds (Fig. 2B).
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We next examined a mechanism that is highly sensitive to
climate change and can exert strong influence on the forest N
cycle: accelerated plant growth (vectors 4 and 5 in Fig. 2A). More
favorable climate, increased atmospheric CO2, and longer
growing seasons can, in theory, trigger growth and increase N
stored in plant biomass (9, 10). We used satellite observations of
normalized difference vegetation index (NDVI) to quantify any
secular trend in the HBEF growing season (11) (SI Results and
Discussion). Our analysis revealed an increase in growing season
length by several weeks (Fig. 1C) since satellite imagery first
became available in 1982. Closer inspection shows that the trend
was caused by increasingly benign autumn conditions since 2002,
a period during which nitrate export did not change (Fig. 1 A vs.
C). There was no consistent trend in growing season length

before 2002. Although limited to conditions after 1982, this
analysis fails to establish any clear link between changes in the
plant growing season and nitrate export at HBEF.
We also evaluated the possibility of a climate–ecosystem link

by examining direct measures of soil temperatures, which in
contrast to NDVI, are available for the long-term record at
HBEF. We examined temperatures in deeper soil layers, because
these temperatures are less influenced by day to day weather
deviations (Methods and SI Results and Discussion). We found
that temperatures have consistently increased since 1961 at 30-cm
soil depth, with the steepest change occurring from December to
March (Fig. 3A and SI Results and Discussion). Air temperatures
and records of lake ice cover also indicate a warming trend over
the same period in the Hubbard Brook Valley (12). These find-
ings show that HBEF forests have experienced substantial
warming in late fall to early spring over the past five decades,
which in turn, may have caused increased plant growth.
The existence of regular censuses of above- and belowground

live biomass since 1965 allows us to examine directly whether the
observed warming trend has caused increased plant growth and
storage of plant N in HBEF forests—either through temperature
alone or the combined effect of temperature plus increasing
CO2. Although tree biomass increased between 1965 and 1982 as
expected for an aggrading forest (13), net biomass accumulation
declined to approximately zero after 1982 and decreased by
∼10% between 1997 and 2007 (Fig. 1C) (14, 15) (SI Results and
Discussion). Such deceleration of growth is not only inconsistent
with conditions of improved climate and increased CO2 but also
with the observed decline in nitrate export (3). Growth de-
celeration acts to reduce plant N demand, which in turn, should
cause increased rather than decreased export of N at the wa-
tershed scale (16–18). That we observe a large drop in nitrate as
biomass accumulation decelerates indicates that factors other
than plant biomass govern the long-term N dynamics of this
forest. This rather counterintuitive result raises fundamental
questions about the role of climate and plant growth in shaping
the forest N cycle over decades. The results do not, however,
support the idea that increased plant growth (vectors 4 and 5 in
Fig. 2) can resolve the observed nitrate decline.
We next evaluated whether increased microbial denitrification

(vector 6 in Fig. 2A) could explain the drop in nitrate (NO3
−-N)

export. This mechanism might seem unlikely on theoretical
grounds, because denitrification generally is high in nitrate-rich
(i.e., early HBEF record) but low in nitrate-poor conditions (late
HBEF record) (19, 20). We used a stable isotope approach that
takes advantage of the substantial isotopic discrimination of
δ15N-NO3

− that occurs during microbial denitrification (21). We
expected a negative correlation between δ15N-NO3

− and nitrate
concentration if denitrification was the primary determinant of
the stream water nitrate trend. We analyzed archived samples of
stream water and bulk deposition since 1990 and fresh samples
from 2008 (Methods and SI Results and Discussion). The δ15N-
NO3

− signature in archived bulk precipitation [0.47 ± 0.78‰ (av-
erage ± SE), n = 8] did not differ from the precipitation in 2008
samples (−1.07± 0.44‰, n=6;Wilcoxon rank sum test, z=−1.48,
P> 0.05) and showed no trend with nitrate concentration (Fig. 4C).
In contrast, δ15N-NO3

− in archived streamwater (4.1± 0.29‰, n=
11) was strongly but positively correlated with stream water nitrate
concentration (Fig. 4C) (Spearman’s ρ = 0.74, P < 0.01). This
positive correlation does not support the idea that denitrification
was the primary determinant of stream water nitrate. Rather, the
pattern supports the theoretical expectation that denitrification is
high when nitrate also is high. We conclude that stream nitrate
does not bear the identifying signature of denitrification acting as
the major determinant of the nitrate trend (vector 6 in Fig. 2).
We next considered two mechanisms related to increased N

storage in soils (SOIL in Fig. 2A): (i) enhanced N immobilization
caused by changing paths of soil water flow and (ii) increased N
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Fig. 1. Historic N loads and forest dynamics at HBEF. (A) Annual hydro-
logical export of nitrate (1964–2008; n = 45) and DON (since 1995; n = 13)
from watershed 6 (W6; white and green circles, respectively). The linear trend
of nitrate across years is shown with a dashed line (r2 = 0.38, slope ± SE =
−0.08 ± 0.02 kg N ha−1 y−1, P < 0.001). Nitrate export declined from an
average (± SE) of 5.13 ± 0.39 kg N ha−1 y−1 during the 1969–1976 high ni-
trate reference period to 0.42 ± 0.07 kg N ha−1 y−1 in 2000–2007. We
quantified the nitrate decline (missing nitrate in the text) between 1977 and
2007 by subtracting the annual nitrate export observed each year from the
average value of the high nitrate reference period (5.13 kg N ha−1 y−1; 1969–
1976); this decline in export was equivalent to 125 ± 12 kg N ha−1 over 30 y.
Similar quantities result from alternative calculations based on the trend in
nitrate export determined from either linear or curvilinear fits to the long-
term record (1969–2007). DON export showed no linear trend over time (P >
0.05). (B) Annual bulk deposition of inorganic N (nitrate + ammonium) in W6
(1964–2008; n = 45) did not display any significant linear trend over time
(dashed line; P > 0.05). There was no significant linear trend in DON de-
position since 1995 (green bars; n = 13, P > 0.05). (C) Total live tree biomass
[≥10 cm diameter at breast height (DBH)] in W6 (1965–2007; n = 8) and the
Bird Area (1981–2001; n = 3; black and white circles, respectively; error bars
are as in ref. 14; error bars in the Bird Area are smaller than symbols). Length
of the growing season from 1982 to 2006 is shown by squares (n = 25); locally
weighted scatterplot smoothing is in red. Although there was no significant
linear trend before 2002 (P > 0.05), the long-term trend became significantly
positive after 2002 (r2 = 0.89, slope = 19.7 ± 4 d y−1, P < 0.02).
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accumulation caused by historic disturbance events. Both
mechanisms are difficult to detect by direct soil sampling, be-
cause the change in N needed to resolve the observed nitrate
decline (∼125 kg N ha−1) is <2% of total soil N—an amount too
small to detect given uncertainties and errors inherent in quan-
tifying the soil N pool (22).
We considered whether climate-induced changes in watershed

hydrology might have increased the immobilization of nitrate by
soils. Several lines of evidence imply the existence of climate-
mediated effects of hydrology on nitrate in the HBEF record,
especially during spring snowmelt, which is a period of peak
export of both nitrate and water (68% and 54% of annual total,
respectively) (1). First, stream nitrate declined most strongly
during December to April when soil warming was most rapid,
with the steepest drop in March and April when snowmelt vol-
umes are greatest (1) (SI Results and Discussion). Second, we
found substantial long-term changes in the dynamics of snow
cover and snowmelt. Although annual rain and snowfall amounts
have increased slightly (5), the period of snow cover has short-
ened by ∼6 d decade−1, whereas maximum snow depth has de-
clined by ∼6 cm decade−1 between 1956 and 2006 (SI Results and
Discussion). Moreover, the snowfall volume that melted in in-
termittent warming events (rather than as a single spring melt
pulse) has more than doubled from <20% in the 1950s to >40%
today (Fig. 3B) (Methods and SI Results and Discussion). The
frequency of short-term soil freezing events has increased in
response to these intermittent warming periods (5). These results
point to dramatic changes in watershed hydrology at HBEF, with
potentially strong links to warming soils and periods of changing
nitrate export.
We next evaluated whether these observed hydrological

changes might trigger differences in soil nitrate immobilization.
Microbial immobilization and root uptake of N depend on the
contact time between dissolved nitrate and the soil complex, such
that nitrate can escape to watershed streams when water flows on
top of frozen soil or in macropores during large snow melt events
(23). It is, therefore, plausible that the observed long-term de-
cline of large snowmelt events would have caused increased
contact time between nitrate and soils, thus increasing microbial
and plant immobilization and decreasing nitrate export. In

addition, warmer early spring conditions could also act to en-
hance microbial/plant immobilization.
To test this hypothesis directly, we monitored watershed dis-

charge, dissolved nitrate, and natural abundance isotopes of
oxygen in nitrate (δ18O-NO3

−) in bulk deposition, accumulated
snow, and stream water during the 2008 snowmelt period
(Methods and SI Results and Discussion). Stream nitrate and
δ18O-NO3

− values were both low during base flow, but they in-
creased substantially during large snowmelt events (Fig. 4 A and
B). An isotopic mixing model indicated that >95% of stream
nitrate originated from soil nitrifying bacteria during base flow
but that up to 40% derived directly from snowmelt during large
melt events (Fig. 4B). We conclude that large melt events can
short circuit water flow paths and allow nitrate to bypass the soil
immobilization trap. This finding raises the question of whether
the HBEF nitrate decline could be explained by changes in
snowmelt dynamics: from few and large melt events early to
frequent and small events later in the long-term record.
We can place an upper limit to this hydrologic mechanism by

assuming that snowmelt bypassed soils during the high nitrate
period of 1969–1976 but was fully intercepted and immobilized by
microbes and fine roots since 1977. This calculation indicates
a maximum soil sink of 54 kg N ha−1, which can explain up to 43%
of the long-term decline in N export (Methods and SI Results and
Discussion). As discussed earlier, however, there is no evidence
that such an induced root sink for N has translated into faster plant
growth or higher aboveground biomass (Fig. 1C). We conclude
that changes in hydrological flow paths and soil temperature could
influence nitrate retention by soils but that the effect is not large
enough to cause a detectable increase in plant growth or explain
the entire decline in nitrate export (Fig. 2B).
Finally, we explored whether historical vegetation disturbances

could explain the observed decline in N export through changes in
the soil N pool (SOIL in Fig. 2). The long-term influence of such
disturbances on the N cycle is often elusive; long-term records are
scarce, and it is difficult to disentangle past and present pertur-
bations in real world datasets. Model calculations can help resolve
such complex historical interactions, and we used a modeling ap-
proach to examine two influences: (i) major events of tree mor-
tality (>20% of total live biomass) caused by harvests in 1906 and
1917, the 1938 hurricane, and the 1998 ice storm atHBEF (24–26),

Input Gas output
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Hydrologic 
output

Organic
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PLANT
2 6

3 1

4
5

Contribution to 
the missing N

Hypothesis Results 125 kg N ha-1 over 30 y
Decreased N deposition (vector 2) Rejected
Increased DON losses (vector 3) Unlikely
Longer growing season Rejected
Plant accumulation

(vector 4 - vector 5) Rejected

Increased denitrification (vector 6) Unlikely
Changes in soil water

flowpaths/temperature (SOIL) Plausible up to 43%

Sugar maple decline (SOIL) Plausible up to 18%
Historical disturbances (SOIL) Plausible   up to 60%*

* Using published estimates of tree mortality and harvest removal (24). Using 
other reasonable tree mortality scenarios the contribution could be even 
greater (SI Results and Discussion).

A B

Fig. 2. Schematic representation of N fluxes and storage pools for a typical temperate hardwood forest and synthesis of competing hypotheses related to
the long-term declining trend in nitrate export. (A) Conceptual model of fluxes and storage pools of N in the northeastern US hardwood forests. Atmospheric
deposition (vector 2) is the major input flux of nitrogen to the forest. Denitrification (vector 6) and leaching (vector 1 and 3) are the major output fluxes of
nitrogen from the ecosystem. Nitrogen is taken up and stored by vegetation (vector 4), returning eventually to the soil pool as litterfall or root exudates
(vector 5); also, it may be cycled by microbes and stored in the soil. (B) Synthesis of the competing hypotheses considered here and their potential contribution
to declining nitrate export observed in W6 at the HBEF.
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and (ii) shifts in tree species caused by the onset of sugar maple
(Acer saccharum) decline (27).

We applied a dynamic terrestrial vegetation model (28)
designed to explicitly resolve C–N interactions and feedbacks, in-
cluding N limitation of plant productivity and N dependence on
organic matter decomposition (SI Results and Discussion). The
model simulates the effects of historical disturbances and tree
mortality on soil N dynamics and nitrate leaching. We considered
scenarios of tree mortality caused by the major historic events
reported at HBEF as outlined in SI Results and Discussion. Across
all these scenarios, our model showed a distinct postdisturbance
pattern of a pulse increase in nitrate losses followed by a sustained
decline from high to low nitrate export over the past five decades
(Fig. 3D and SI Results and Discussion). In all scenarios, the nitrate
decline was caused by net accumulation of soil N over decades,
because the forest progressively recovered from abrupt losses of
internal ecosystem N pools (28) (SI Results and Discussion).
We explored the sensitivity of our result to different assumptions

about the severity of individual disturbances on vegetation N pools
(SI Results and Discussion). A wide range of values recreated the
overall pattern observed in theHBEF long-term record: high nitrate
export in the 1970s followed by a strong decline over the next 30 y
(Fig. 3D, green lines). Although historical values of tree mortality
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− in stream water
results from two end members: nitrate in atmospheric deposition (84.2 ±
1.8‰; ourmeasures) vs. nitrate produced bymicrobial nitrification in soils. Bars
represent the range in the relative contribution of nitrification after sensitivity
analyses for microbially produced nitrate ranging from −10‰ to +15‰ (29).
(C) Relationship between stream nitrate concentrations and the δ15N-NO3

−

(‰) signal for archived bulk deposition (black circles; n = 8) and stream (white
circles; n = 11) samples for the period of 1990–2007. The linear fit was signif-
icant only for the archived stream water samples (black line; r2 = 0.72; P <
0.001). Dashed lines show the ±95% confidence interval.

Bernal et al. PNAS | February 28, 2012 | vol. 109 | no. 9 | 3409

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121448109/-/DCSupplemental/pnas.201121448SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121448109/-/DCSupplemental/pnas.201121448SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121448109/-/DCSupplemental/pnas.201121448SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121448109/-/DCSupplemental/pnas.201121448SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121448109/-/DCSupplemental/pnas.201121448SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121448109/-/DCSupplemental/pnas.201121448SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121448109/-/DCSupplemental/pnas.201121448SI.pdf?targetid=nameddest=STXT


are poorly known, our use of published estimates for theHBEF (24–
26) generated a nitrate decline of 48–60%of themissingN (Fig. 3D,
black lines and SI Results and Discussion). These results indicate
that watershed nitrate export is highly sensitive to historical legacies
of forest disturbance and their influence on soil N pools. In the case
of HBEF, the observed decline in nitrate export is broadly consis-
tent with the series of disturbances that these forests have experi-
enced since the 1906 harvest (Fig. 2B).
We also evaluated whether sugar maple decline could in-

fluence nitrate export from HBEF watersheds (Methods and SI
Results and Discussion). Sugar maple litter promotes nitrate
production in soils, which in turn, could promote watershed ni-
trate export. Historical HBEF census records show a 26% de-
cline in basal area of adult sugar maples and a 12-fold loss of
sapling basal area since 1977 (Fig. 3C). We estimated the effect
of this decline using known decomposition and nitrification rates
for sugar maple and American beech (Betula allegheniensis), the
two most common hardwood species at HBEF (Methods and SI
Results and Discussion). These calculations indicate that decline
in sugar maples would cause only small changes in the soil N
pool (3 kg N ha−1 25 y−1) (SI Results and Discussion). Even our
extreme case scenario, in which we assumed that all nitrogen
mineralized by sugar maple is exported as nitrate, implied a de-
crease in nitrate export of only 19 kg N ha−1 25 y−1. We conclude
that sugar maple decline can explain only a minor fraction
(<16%) of the observed decline in N export at HBEF (Fig. 2B).
Our analysis of the unique long-term record ofN flux and cycling

at HBEF offers several unexpected findings, which we summarize
in the form of competing mechanisms in Fig. 2B. Most startling is
perhaps the lack of any evidence for direct effects of climate
change on net vegetation growth and plant N demand, despite
substantial increases in air and soil temperatures and growing
season length. We could identify only one potential climate effect:
a shift in snowmelt hydrology induced by the progressive warming
of soils with limited influence on nitrate export. In contrast, our
analyses indicated that historical disturbances of vegetation could
have very large and lasting influences on soil N pools and in turn,
patterns of nitrate export over many decades.
Our results raise the critical issue of what constitutes the

baseline against which climate change and other anthropogenic
impacts should be evaluated in the HBEF record. Our finding of
long-term influences of forest disturbances, for instance, suggests
that the 1969–1976 high nitrate period may be a transient re-
sponse to earlier disturbances rather than a baseline that char-
acterizes the historic condition of the N cycle at HBEF. We
conclude that historic disturbances can obscure the effects of
climate change on the forest N cycle, even when analyses are
advantaged by the availability of half-century long datasets.

Resolution of how present day impacts interact with historical
trajectories of ecosystem function represents one of the greatest
challenges in understanding natural ecosystems today.

Methods
Historical Data Analysis. We analyzed historical hydrometeorological and
chemistry data and forest inventories from the HBEF for the biogeochemical
reference watershed [watershed 6 (W6); 43°56′ N, 71°45′ W]. For annual
budgets, we considered the first of June as the start of the water year (1).
The hydrological retention of nitrate for each water year was estimated as
the difference between bulk inorganic N deposition (Ninput) and stream
water nitrate load (Nexport) in relative terms ð100·½1−Nexport=Ninput �Þ. We
analyzed weekly 30-cm-depth soil temperature data recorded by the US
Forest Service from 1961 to 2003. We also analyzed δ15N-NO3

− and δ18O-
NO3

− in archived samples of stream water and bulk precipitation from 1990
to 2007. We used weekly measures of snow depth recorded by the US Forest
Service at the W6 snow course from 1956 to 2005 to quantify the fraction of
winter precipitation melted in individual intermittent events. We estimate
monthly inputs of N as snow using historic records of monthly volume
weighted average inorganic N concentration in bulk deposition at HBEF rain
gauge 6. Data sources and calculation details are in SI Methods.

Spring Sample Collection. Stream samples were collected in W6 before,
during, and after the 2008 spring pulse of snowmelt discharge (n = 50). Bulk
deposition (n = 5) and snow samples (n = 3) were collected at approximately
monthly intervals. Samples were filtered through prewashed GF/F filters
before laboratory analysis. All samples were analyzed for NO3

−, δ15N-NO3
−,

and δ18O-NO3
− (details for chemical analysis are in SI Methods).

Forest Floor N Model. We first calculated whether N retention caused by the
slower decomposition rate of American beech litter could increase HBEF soil N
pools such that it could explain the long-term nitrate decline. In subsequent
scenarios, we tested whether reduction in sugar maple abundance could
cause lower nitrification and thus, reduced losses of nitrate from the forest
floor pool (model structure and parameters used are in SI Methods).
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