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“Capsule”: Factors that regulate the fate of atmospherically deposited nitrogen to hardwood forests and subsequent
transport to surface waters in the Adirondack region of New York are described.

Abstract

Studies on the nitrogen (N) biogeochemistry in Adirondack northern hardwood ecosystems were summarized. Specific focus was
placed on results at the Huntington Forest (HFS), Pancake-Hall Creek (PHC), Woods Lake (WL), Ampersand (AMO), Catlin
Lake (CLO) and Hennessy Mountain (HM). Nitrogen deposition generally decreased from west to east in the Adirondacks, and
there have been no marked temporal changes in N deposition from 1978 through 1998. Second-growth western sites (WL, PHC)
had higher soil solution NO3 concentrations and fluxes than the HFS site in the central Adirondacks. Of the two old-growth sites
(AMO and CLO), AMO had substantially higher NO3 concentrations due to the relative dominance of sugar maple that produced
litter with high N mineralization and nitrification rates. The importance of vegetation in affecting N losses was also shown for
N-fixing alders in wetlands. The Adirondack Manipulation and Modeling Project (AMMP) included separate experimental N
additions of (NH,4),SO4 at WL, PHC and HFS and HNO; at WL and HFS. Patterns of N loss varied with site and form of N
addition and most of the N input was retained. For 16 lake/watersheds no consistent changes in NO3 concentrations were found
from 1982 to 1997. Simulations suggested that marked NOj3 loss will only be manifested over extended periods. Studies at the
Arbutus Watershed provided information on the role of biogeochemical and hydrological factors in affecting the spatial and tem-
poral patterns of NO3 concentrations. The heterogeneous topography in the Adirondacks has generated diverse landscape features
and patterns of connectivity that are especially important in regulating the temporal and spatial patterns of NO3 concentrations in
surface waters.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction impacts biotic diversity, N cycling and result in

increased leaching losses (Vitousek et al., 1997) and

Considerable attention has been placed on evaluating
nitrogen (N) biogeochemistry in ecosystems. Under-
standing of relationships between atmospheric N deposi-
tion and forest ecosystem biogeochemistry is critical in
assessing the effects of elevated N inputs. Elevated levels
of N in ecosystems due to anthropogenic activities
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possibly even altered forest productivity (Aber et al.,
1998). Evaluating the role of N biogeochemistry in the
Adirondack Mountains of New York State is particu-
larly important since the surface waters of the region
have only shown limited response in acid-base chemistry
to changes in atmospheric inputs of acidic deposition
including N constituents (NAPAP, 1998; Stoddard et
al., 1999) The absence of significant increases in surface
water pH and acid neutralizing capacity (ANC), and
depletion of the labile pool of soil base cations have
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been attributed to concomitant changes in base cation
status and the increasing contribution of N in both
precipitation and surface water chemistry (Driscoll et
al., 1998). Recently attention has focused on evaluating
the ““N saturation” status of forest ecosystems (Aber et
al., 1998; Fenn et al., 1998) and resultant increases in
nitrate (NO3) in surface waters that can contribute to
freshwater acidification (Stoddard, 1994) and coastal
eutrophication (Howarth et al., 1996; Paerl, 1997). In
the Adirondack region, elevated NO3 concentrations
have been found in surface waters and this may have
contributed to their limited recovery from the effects of
acidic deposition (Driscoll et al., 1998; Kretser et al.,
1989; Mitchell et al., 2001a). The drainage losses of
NO3 in conjunction with other mobile anions especially
sulfate (SO37) also may influence the losses and con-
centrations of nutrient base and potentially toxic
hydrogen (H") and aluminum (AI**) ions (Reuss and
Johnson, 1986). It is clearly recognized that a variety of
factors including N deposition (Driscoll et al., 1998),
land use history (Aber and Driscoll, 1997), vegetation
composition (Lovett et al., 2000) and hydrological flow
paths (Burns et al., 1998; Mitchell, 2001) can influence
spatial and temporal patterns of N solutes in forest
watersheds.

In this paper, we will report on studies of N bio-
geochemistry in Adirondack northern hardwood eco-
systems. The locations of the study sites that will be
highlighted are provided in Fig. 1 with brief site
descriptions in Table 1. The most intensively studied
northern hardwood site in the Adirondacks is a second-
growth stand at the Huntington Forest (HFS) in the
central Adirondacks. Investigations at this site began in

the early 1980s (e.g. Mollitor and Raynal, 1982, 1983)
and later this site became part of the Integrated Forest
Study (IFS) that evaluated the impacts of acidic
deposition on forested ecosystems (Johnson and Lindberg,
1992; Mitchell et al., 1992a). The IFS site is adjacent to
the Arbutus Watershed which has also been extensively
studied for almost 20 years (e.g. Mitchell et al., 2001a).
The IFS site, in addition to two other second-growth,
northern hardwood sites in the southwestern Adir-
ondacks (Pancake-Hall Creek, PHC and Woods Lake,
WL), were part of the Adirondack Manipulation and
Modeling Project (AMMP) (Mitchell et al., 1994,
2001b). Most recently three additional sites have also
been studied including two old-growth stands (Amper-
sand and Catlin Lake) the latter of which is also in the
Huntington Forest and another second-growth forest
near Hennessy Mountain (McGee et al., 2003). In this
paper we will synthesize results of our previous studies
on N biogeochemistry for these sites and also include
some regional analyses of the Adirondacks. We will
show how the spatial and temporal patterns of N
cycling in northern hardwood ecosystems are influenced
by variations in atmospheric deposition, disturbance
history, vegetation, and topographically regulated
hydrologic flow paths.

2. Regional differences in the Adirondacks

2.1. Atmospheric deposition

Using an empirical modeling approach Ito et al.
(2002) found that N inputs generally decrease from west

Adirondack Park Boundary
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Fig. 1. Hardwood study sites in the Adirondack Park of New York State.
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Table 1
Study sites in Adirondack Mountains of New York State
Site Abbreviation Location Elevation Dominant Soil type
(longitude (m) overstory
and latitude) vegetation
IFS Site at Huntington HFS 43°59' N 530 Fagus grandifolia Typic Haplorthod
Forest 74°14 W Acer saccharum Becket-Mundal Association
A. rubrum
Catlin Lake at Huntington CLO 44°01" N 560 F. grandifolia Typic Haplorthod
Forest 74°17 W A. saccharum
Arbutus Watershed at Arbutus 43°59' N 513-701 F. grandifolia Uplands—Becket-Mundal series
Huntington Forest Watershed 74°14 W A. saccharum Wetlands—Greenwood Mucky peats
A. rubrum
Betula alleghaniensis
Tsuga canadensis
Woods Lake WL 43°53' N 678 B. alleghaniensis Typic Haplorthod
74°57 W A. rubrum Lyman Series
Pancake-Hall Creek PHC 43°50' N 635 A. saccharum Typic Haplorthod
74°51" W Picea rubens Adams Series
F. grandifolia
Hennessy Mountain HES 44°18' N 550 F. grandifolia Typic Haplorthod
74°02' W A. saccharum
A. pennsylvanicum
Ampersand AMO 44°15 N 490 A. saccharum Typic Haplorthod
74°14 W F. grandifolia

to east in the Adirondacks (Fig. 2). Other studies that
have evaluated NO3 and NHJ inputs from wet deposi-
tion have also found higher values at western sites (e.g.
Woods Lake and Pancake-Hall Creek) than at HFS and
another monitoring site in the eastern Adirondacks
(Mitchell et al., 2001b). Ammonium deposition is about
one-third of total wet N deposition in the region
(Mitchell et al., 2001b). We have not found any com-
pelling evidence for recent temporal changes in N

deposition in the Adirondacks. Although a small
decrease in wet NO3 deposition was found from 1978 to
1994 at the HFS (Driscoll et al., 1995), decreases in
NOj3, NH4 and DIN (total dissolved inorganic nitro-
gen) deposition were not significant when measurements
up to 1998 were included (Fig. 3; Mitchell et al., 2001a).
Total dry N deposition was similar at the HFS from
1986 to 1988 (2.5 kg N ha=! year™!) as from 1992 to
1993 (2.6 kg N ha~! year~!) (Mitchell et al., 2001b).

Annual NO3 Deposition (kg NO2/ha-yr)

76-93
93-10.49
10.9-12.6
126-14.2
14.2-15.9
15.9-17.6
176-19.2
19.2-20.9
209-225
Mot estim ated

Fig. 2. Wet nitrate deposition in the Adirondack Park of New York. From Ito et al. (in press, Atmospheric Environment).
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Fig. 3. Mean monthly concentrations of inorganic nitrogen solutes in
wet deposition at the NADP/NTN site at the Huntington Forest (data
from Mitchell et al., 2001a).

For the AMMP sites, mean NO3 and NH, con-
centrations of throughfall (TF) were higher at WL and
PHC than at HFS. The greater amounts of TF water
flux at WL and PHC compared to HFS, combined with
higher concentrations of NO3 and NHj, resulted in
more than twice the TF fluxes of DIN at WL (10.1 kg N
ha—! year—!) and PHC (12.0 kg N ha~! year~!) com-
pared with HFS (4.4 kg N ha—! year—!; Mitchell et al.,
2001b). The TF fluxes at WL and PHC were also higher
than for any site studied in the IFS except for a high
elevation spruce site in the Smokies Mountains (John-
son and Lindberg, 1992). These TF results are con-
sistent with the measurements of wet deposition and
suggest that the western Adirondacks experience higher
rates of N deposition than the central and eastern
Adirondacks.

2.2. Spatial patterns of N cycling across the
Adirondacks

Patterns in soil solution N concentrations were stud-
ied as part of the AMMP. Soil solution NO3 con-
centrations at the 15 cm depth in the reference plots
were higher at PHC than at WL and HFS while at 50
cm concentrations were higher at PHC and WL than at
HEFS. Due to higher water fluxes at the WL and PHC
sites, reference plots had higher fluxes of inorganic N
than at the HFS (Fig. 4). The reference plots at the two
sites (WL and PHC) with the highest atmospheric
inputs of N exhibited lower N retention (53 and 33%,
respectively) than HFS (68%).

As part of the AMMP, N was also experimentally
added to plots as (NH4),SO, at 14 and 28 kg N ha~!
year—! or as HNOs at 14 kg N ha—! year™! (no experi-
mental HNOj; additions were done at PHC) (Fig. 4).
Details on this study including statistical analyses of
response of the sites to these chemical additions are
provided in Mitchell et al. (2001b). The greatest increase
in DIN (predominantly NO3) loss in response to the
experimental treatments occurred at HFS where the
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Fig. 4. Dissolved inorganic nitrogen (DIN) fluxes for the AMMP
study sites (input = throughfall + experimental addition; 15 and 50 cm
are DIN fluxes at 15 and 50 cm soil depths). Data from Mitchell et al.
(2001b).

HNO; additions resulted in the highest NO3 con-
centrations in soil solutions and lowest N retention. In
contrast, at WL and PHC increases in soil water DIN
were not evident in response to experimental N addi-
tions. In all cases, most (63-86%) of experi-
mental +ambient inorganic N input was not leached
from these forest plots. Results using enriched
ISN-NH, as a tracer at PHC suggest that most of the
added N was retained within the forest floor and
mineral soil (Mitchell et al., 2001b). Some N gaseous
loss via denitrification was also possible although mea-
surements at the HFS by Richey (1995) suggest that is a
relatively small flux. The results suggest, that the two
sites (WL and PHC) in the western Adirondacks did not
respond to additional N inputs although they have
experienced elevated atmospheric N inputs and higher
N drainage losses in reference plots than the HFS site in
the central Adirondacks. Some of these differences in
site response to experimental additions of N may have
been a function of stand age; the forest stands of WL
and PHC were younger (24 and 33 years, respectively)
than the HFS (age ~70 to 95 years).

Highest NO3 fluxes in the reference plots across the
sites corresponded to higher 8'°N values in soil and
plants when the WL, PHC and HFS sites are compared.
This pattern is consistent with enhanced N cycling rates
in those sites with higher 8'°N natural abundance values
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(Mitchell et al., 2001a). An experiment at PHC used
isotopically enriched ’N-ammonium sulfate fertilizer as
part of the experimental N additions. The analyses of
815N of various ecosystem compartments as a tracer of
the ammonium addition found that the forest floor and
the mineral soil were the largest sinks for added N dur-
ing a 3-year study period (Mitchell et al., 2001a). These
results are consistent with the mass balance analyses
suggesting high rates of N retention in the forest floor
and soils of these three sites. Moreover, these isotopic
results suggesting that the forest floor and mineral soil
are the predominant sinks for experimentally added
nitrogen are consistent with findings of other studies
that have used '>N as a tracer of experimental N addi-
tions in Europe and the United States (e.g. Emmett et
al., 1998; Nadelhoffer, 1999).

The responses of surface waters in the Adirondacks
have been evaluated for the period from 1982 through
1997 with respect to changes in acidic deposition using
16 lake/watershed systems that are part of the Adir-
ondack Long-Term Monitoring (ALTM) program
(Driscoll et al., 1998). Driscoll and Van Dreason (1993)
had earlier reported that lakes in the western Adir-
ondacks tended to have higher NO3 concentrations
than other regions. However, there was no consistent
change in NO3 concentrations from 1982 to 1997 with
only one lake showing a significant increase and another
lake showing a significant decrease (Driscoll et al.,
1998). Nitrogen mass balances for the ALTM water-
sheds generally showed variation in dissolved inorganic
nitrogen (DIN) retention (42-96%) but all systems
showed substantial N retention. The PnET-CN simu-
lation model (Aber and Driscoll, 1997) was used to
evaluate different scenarios of N deposition and long
term patterns of N biogeochemistry in the Big Moose
watershed in the western Adirondacks (Driscoll et al.,
1998). Simulation results suggest that N saturation has
not been shown for this watershed and that it will take
an extended period (~year 2100) when output of DIN
would approach that of DIN atmospheric inputs. It was
concluded that N deposition influences the N bio-
geochemistry in forest watersheds, but long term chan-
ges in NO3 loss are manifested over periods extending
from decades to centuries (Driscoll et al., 1998).

The role of forest age was evaluated at four study sites
(Ampersand and Catlin Lake—old-growth; Hennessy
Mountain and Huntington Forest(IFS)—second-
growth). The overstories at Ampersand and Catlin Lake
were dominated by trees ~200 years old while those at
Hennessy Mountain and Huntington Forest (IFS) were
dominated by trees ~70 to 95 years old. Soil solution N
(Fig. 5) and cation solute concentrations were con-
sistently highest at Ampersand but also lowest at Catlin
Lake, both of which were old-growth stands (McGee
et al., 2003). These results suggest that additional fac-
tors beyond stand maturity were affecting N cycling.
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Fig. 5. Mean soil solution nitrate concentrations at four hardwood
sites in the Adirondack Mountains (data from Mbila et al., in pre-
paration).

Huntington

The role of vegetation composition appears to be an
important factor in affecting the N biogeochemistry of
these and other sites as discussed later. Future studies
that analyze concomitantly the role of forest stand
composition and age are needed to evaluate the relative
contributions of each of these factors to forest N
cycling.

3. Relationships within watersheds

Studies within the Arbutus Watershed have provided
information on factors controlling N biogeochemical
cycling within a watershed including seasonal patterns.
Discharge in the watershed is greatest at both the inlet
and outlet of Arbutus Lake during snowmelt including
rain on snow events. Concentrations of NO3 and NH,
were lowest at the outlet of Arbutus Lake during the
summer (Fig. 6). For N solutes, there was a direct cor-
respondence between discharge water losses and solute
fluxes with lowest fluxes occurring during the later
summer and early fall (August-September). In April
and January, fluxes of N solutes were high not only due
to the high discharge rates, but also higher solute con-
centrations, especially for NO3 at the inlet. Snow melt
episodes with high NO3 concentrations occur in surface
waters of the northeastern United States including the
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Fig. 6. Concentrations of NO3 and NHj at the outlet of Arbutus
Watershed. Details on results provided in Mitchell et al. (2001a).
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Adirondacks (Wigington et al., 1996). Due to biotic
processes that retain or consume NO3, the losses of this
solute during the summer were relatively small with 94
and 95% of NO3 loss occurring during the dormant
season at the inlet and outlet, respectively (Mitchell et
al., 2001a). The high loss rates of NO3 during the dor-
mant season at the outlet of Arbutus Lake as well as for
three other forest watersheds in the northeastern US
were reported previously for the period from 1982 to
1994 (Mitchell et al., 1996a). The marked increase in
NO3 concentrations and fluxes in the spring of 1990
within the Arbutus watershed has been found for other
sites in the northeastern US. These elevated NO3 values
in the spring of 1990 (Fig. 6) were attributed to a major
freezing event in December 1989 (Mitchell et al., 1996b).

Dissolved organic nitrogen (DON) contributed a
substantial portion of total solute N loss in the Arbutus
watershed especially at the lake outlet where it con-
stituted 47% of the total N solute fluxes (Mitchell et al.,
2001a). McHale et al. (2000) reported for the period
from June 1995 to May 1996 found that DON in the
Arbutus lake outlet contributed 61% of total N solute
fluxes. Campbell et al. (2000) found that DON was the
major form of dissolved N in the drainage waters of
nine forest watersheds in New England. At WL and
HFS, DON in reference plots at 15 cm contributed 40
and 76% of the total dissolved nitrogen (TDN) while at
PHC, DON contributed only 10% due partly to the
high NO3 at PHC (Mitchell et al., 2001b). No effect of
N additions on DON concentrations was detected at
any of the AMMP study sites. Although it appears that
the greatest response to soil solutions and surface waters
as seen in temporal and spatial variation as well as the
effects of experimental N additions is manifested mostly
in NO3 concentrations, understanding the influence of
DON is also warranted especially over extended periods.

3.1. Vegetation influences

Studies of biotic processes also indicate that land-
scape position and vegetation type can have marked
effects on N processes. For example, it has been shown
that speckled alder can add substantial amounts of N to
wetlands due to N fixation (up to 37 kg N ha~! year—!)
and these contributions could influence spatial patterns
of N solutes in the surface waters of the Adirondacks
especially at local scales (Hurd et al., 2001). Addition-
ally, the presence of alders in shrub wetlands stimulates
nitrification contributing to elevated stream water NO3
levels, especially during peak-flow conditions (Hurd and
Raynal, 2003). Ohrui et al. (1999) found that net N
mineralization rates were less within a wetland without
alder and with a coniferous overstory than an upland
conifer zone and an upland hardwood zone. Net nitrifi-
cation rates were higher at an upland hardwood zone
than an upland conifer zone. These spatial patterns in N

processes were attributed to differences in litter types
with hardwood litter components being more rapidly
mineralized and nitrified.

The role of vegetation was further explored at the
Ampersand old-growth sites which had higher NO3z
concentrations than other sites within the Adirondacks
(Mbila et al., in preparation). Some old-growth forests
may have low net ecosystem production (including
steady-state with respect to biomass accumulation) and
thus their potential for N sequestration is lower than for
younger, aggrading stands (Aber et al., 1998; Fenn et
al., 1998). When a forest exhibits rapid growth, its
demand for nutrients including N is high. As a forest
matures, ecosystem N pools (e.g. biomass, forest floor
and possibly the mineral soil) generally become larger
and internal N cycling (e.g. litterfall inputs, mineraliza-
tion, nitrification) may begin to exceed the biotic capa-
city for N retention. One possible factor that could
affect the nutrient dynamics of mature forests is the
formation of treefall gaps that can influence N pools
and fluxes. Canopy gaps created by treefalls may
increase light levels, soil temperatures and soil moisture
all of which can influence nutrient cycles (Collins et al.,
1985). These processes are also influenced by gap size
and age. The role of treefall gaps in affecting N dynam-
ics was investigated by McGee et al. (2003) at the old-
growth Ampersand site. It was found that the con-
centrations of N solutes (dominated by NO3) at 50-cm
soil depth did not vary among various disturbance
zones. It was concluded that even within disturbed areas
there was sufficient biotic demand to retain any addi-
tional N made available by disturbances in this old-
growth site.

The influence of vegetation composition was likely
responsible for the differences in NO3 concentrations in
Catlin Lake, Hennessy Mountain, Ampersand and
Huntington Forest (IFS) sites although other factors
such as differences in nutrient availability among the
sites could also be a contributing factor (Fig. 5). Sugar
maple and American beech were the most important
tree species at all four sites, but the Catlin Lake and
Huntington Forest (IFS) sites had more representation
of acid tolerant species (American beech, black cherry,
red spruce) whereas Ampersand and Hennessy Moun-
tain were dominated by acid intolerant species (sugar
maple, eastern hophornbeam, basswood and white ash;
Mbila et al., in preparation). Litter C and N concen-
trations did not differ among the stands but lignin:N
ratios differed with Catlin Lake> Huntington Forest
(IFS)> Hennessy Mountain > Ampersand. Differences
in vegetation type (especially differences in the pre-
dominance of sugar maple) among the stands have
likely resulted in different nutrient cycling patterns due
to differences in the types of litter inputs (Fig. 7) and
decomposition rates (Mbila et al., in preparation). Sugar
maple with its low lignin concentration and relatively
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Fig. 7. Contributions of different tree species to leaf litter inputs to
four hardwood sites in the Adirondack Mountains (data from Mbila
et al., in preparation).

Huntington

high N concentrations decomposes more rapidly than
other litter types especially American beech with its
relatively high lignin concentrations (Melillo et al.,
1982; Mitchell et al., 1992b). The importance of vegeta-
tion type was previously shown in a comparison of a site
in Turkey Lakes (Ontario, Canada) and the Huntington
Forest (IFS) sites where the former site was almost
exclusively sugar maple while the latter site had sig-
nificant vegetation component of American beech
(Mitchell et al., 1992b). The importance of vegetation
type was also shown by Lovett et al. (2000) working in
the Catskill Mountains of New York where watersheds
with higher proportions of red oak that produces litter
with high lignin content had lower NO3 concentrations
in stream waters than watersheds dominated by other
hardwood species.

3.2. Landscape influences

McHale et al. (in press) developed a conceptual
model of stream flow generation and watershed NO3
release in the Arbutus watershed and suggested that
hillslope hollows were the principal zones of water
mixing and that till groundwater was the principal
source of surface water NO3z. Inamdar et al. (2000,
2003a,b) used hydrograph separation techniques and
TOPMODEL simulations to study the storm-event
evolution of water and solutes from the Arbutus water-
shed. The intent was to investigate how landscape units
such as hillslopes, variable source areas, and valley-
bottom wetlands influenced the mixing and eventual
expression of event (new) and pre-event (old) waters
from the catchment. Using storm-event new and old
water signatures and NO3 and DOC concentrations,
Inamdar et al. (in preparation a,b) proceeded to estab-
lish an implicit linkage between water sources and
solute concentrations.

Tracer-based hydrograph separations showed that
old water contributions were highest on the initial
portion of the rising limb of the hydrograph. In con-
trast, new water contribution peaked after the dis-
charge peak and continued through hydrograph
recession. Inamdar et al. (in preparation-a) attributed
this lag in new water to the disconnectedness of vari-
able source areas or surface-saturated in the watershed.
The high old water contributions on the hydrograph
rising limb were attributed to the displacement of till
water by infiltrating rainwater. The release of glacial
till water at spring-heads allowed for its early expres-
sion in streamflow.

Nitrate and DOC concentrations associated with
summer storm-events followed patterns similar to the
old and new water trajectories. Nitrate concentrations
were found to peak early on the rising limb, with DOC
concentrations reaching a peak value after maximum
discharge. Solute concentrations measured in precipita-
tion, throughfall, soilwater, and ground/till indicated till
water and near-surface soil water as the controlling end-
members for NO3 and DOC, respectively. Inamdar et
al. (2003a,b) reconciled these observations on solute and
new-old water signatures via a conceptual model
(Fig. 8). The early expression of nitrate was attributed
to the displacement of nitrate-rich glacial till water,
whereas the lag in DOC expression was attributed to the
delayed surface runoff from disconnected surface satu-
rated areas.

These studies suggest that landscape patterns of con-
nectivity may be especially important in affecting the
spatial and temporal patterns of solutes in surface
waters. In regions such as the Adirondacks where cli-
mate, glaciation, and slow soil development have gen-
erated a unique spatial mosaic of hillslopes, hollows,
isolated saturated areas with thin soil mantle, and valley
bottom wetlands the role of water connectivity may play
a particularly important role within each watershed in
affecting patterns of NO3, NHS and DON concen-
trations and fluxes. The degree of connectivity over time
is strongly influence by antecedent moisture conditions
and storm events, with high connectivity being only
found during high moisture conditions (Inamdar et al.,
2003a,b).

The importance of water sources in affecting NO3
concentrations was also emphasized by investigations in
other regions (Mitchell, 2001). For example, Creed and
Band (1998) working at the Turkey Lake watershed
used a modeling approach that linked hydrological and
biogeochemical processes and showed how topographic
features can be used to explain much of the variability
in NOj3 export among small watersheds. Burns et al.
(1998) have suggested for Catskill Mountain watersheds
that groundwaters with high concentrations of NO3
may be an especially important source of N to streams
during baseflow.
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STAGE 1

till reservoir

STAGE 2

Fig. 8. Conceptual model for new water evolution at Archer Creek Catchment in the Arbutus Watershed considering the: (a) spatial distribution
and connectivity of saturated areas; and (b) vertical mixing of waters. Note: arrow on the hydrograph (inset) indicates the stage during the event

(from Inamdar et al., in preparation a).

4. Conclusions

Studies of N biogeochemistry in the Adirondacks
have shown that there are strong spatial patterns of N
inputs from atmospheric deposition that result in some
forest stands and watersheds having elevated NO3 con-
centrations in soil and surface waters. However, within
the Adirondacks there is considerable heterogeneity in
landscape types including differences in vegetation
composition and the relative importance of uplands and
wetlands. We have shown the role of this heterogeneity
in affecting N cycling for a range of hardwood forests
and watersheds in the region. Studies on forests stands
have shown that vegetation composition has a major
influence on soil solution NO3 concentrations. Studies
within the Arbutus watershed have shown that topo-
graphical features can have a major influence on the
contribution of different water sources to surface water

chemistry including NO3. These topographical features
are especially important in affecting the temporal pat-
terns of NO3 concentrations in surface waters as func-
tions of antecedent moisture conditions, connectivity of
water sources and responses to storm events. Under-
standing how these spatial features are integrated and
influence both short term and long term temporal pat-
terns of N loss or retention within the Adirondacks will
be critical in evaluating how changes in N atmospheric
inputs will affect water quality, including recovery from
acidification.
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