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ABSTRACT: Most forest nitrogen budgets are imbalanced, with
nitrogen inputs exceeding nitrogen outputs. The denitriﬁcation
products nitrous oxide (N2O) and dinitrogen (N2) represent
often-unmeasured ﬂuxes that may close the gap between explained
nitrogen inputs and outputs. Gaseous N2O and N2 eﬄuxes,
dissolved N2O ﬂux, and traditionally measured dissolved nitrogen
species (i.e., nitrate, ammonium, and dissolved organic nitrogen)
were estimated to account for the annual nitrogen output along
hillslope gradients from two catchments in a temperate forest.
Adding N2O and N2 eﬄuxes to catchment nitrogen output not
only reduced the discrepancy between nitrogen inputs and outputs
(9.9 kg ha−1 yr−1 and 6.5 or 6.3 kg ha−1 yr−1, respectively), but also between nitrogen outputs from two catchments with diﬀerent
topographies (6.5 kg ha−1 yr−1 for the catchment with a large wetland, 6.3 kg ha−1 yr−1 for the catchment with a very small
wetland). Dissolved N2O comprised a very small portion of the annual nitrogen outputs. Nitrogen inputs exceeded nitrogen
outputs throughout the year except during spring runoﬀ, and also during autumn storms in the catchment with the large wetland.
Failing to account for denitriﬁcation products, especially during summer rainfall events, may lead to underestimation of annual
nitrogen losses.

■

INTRODUCTION
The global nitrogen (N) cycle has undergone great alterations
during the past century that have resulted in an increase in
global reactive N.1−3 Atmospherically deposited reactive N is
currently estimated at 280 Tg of N yr−1,.4 Several potential fates
await this atmospherically deposited N in forest ecosystems
(Figure 1): (1) it may be assimilated by organisms (microorganisms and higher); (2) it may undergo transformations that

include nitriﬁcation and denitriﬁcation, with nitrous oxide
(N2O) as an obligate intermediate and dinitrogen (N2) as the
ﬁnal product;5,6 or (3) it may be lost to aquatic systems in
hydrologic ﬂows. The potential fate of atmospherically
deposited N is important because of its potential to become
an ecosystem disservice or service.7 For example, on the one
hand, denitriﬁcation of reactive N to N2O is linked to global
warming8 and ozone depletion9 (an ecosystem disservice), but
on the other hand, it is linked to removal of dissolved nitrate
(NO3−) from water exiting catchments, thereby shielding
receiving aquatic ecosystems from the eﬀects of NO3− loading10
(an ecosystem service).
A predictive understanding of catchment N transformations
at diﬀerent spatial and temporal scales remains a major
scientiﬁc challenge.2,11−13 Partitioning N within ecosystems
into its diﬀerent species based on inputs and outputs is an
essential ﬁrst step toward quantifying the diﬀerent forms of N
in the system.14 However, our ability to account for the fate of
N in catchments is incomplete.2,13 There remains a portion of
atmospherically deposited N that cannot be accounted for that
is often referred to as the “missing N” in catchment N
budgets.2,15

Figure 1. Conceptual model showing the diﬀerent fates of
atmospherically deposited nitrogen: (1) assimilated by organisms
(microorganisms and higher); (2) nitriﬁcation and denitriﬁcation, with
N2O as an obligate intermediate and N2 as the ﬁnal product; or (3)
lost to aquatic systems via hydrologic ﬂows.
© 2017 American Chemical Society
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Figure 2. Map of the Turkey Lakes Watershed in Central Ontario, Canada with the two catchments used in the present study (C38 and C35).
(Maps created in Creed laboratory).

■

MATERIALS AND METHODS
Study Area. The Turkey Lakes Watershed is a 10.5 km2
watershed located near the eastern shore of Lake Superior in
the Algoma Highlands of Central Ontario (47°03′00″N,
84°25′00″W), 60 km north of Sault Ste. Marie in the Great
Lakes-St. Lawrence forest region (Figure 2).
The watershed receives an average annual precipitation of
1189 mm with an average annual temperature of 4.6 °C
(1981−2010). The bedrock of the watershed is greenstone with
small outcrops of granite.21 A thin discontinuous till of varying
depth overlays the bedrock with depths ranging from <1 m at
high elevations, 1−2 m at lower elevations, and occasionally up
to 65 m in depressions. Dispersed pockets of Ferric Humisols
are found in bedrock-controlled depressions and adjacent to
streams and lakes, and Orthic Ferro-Humic and Humo-Ferric
podzolic soils are dominant.22 The watershed contains unevenaged, mature- to overmature, old-growth forest. The temperate
forest is dominated (90%) by sugar maple (Acer saccharum
Marsh.), with yellow birch (Betula alleghaniensis Britton), white
pine (Pinus strobus L.), white spruce (Picea glauca Moench
Voss), ironwood (Ostrya virginiana (Mill.) K. Koch), and red
oak (Quercus rubra L.) in the upland areas. Sugar maple also
dominates in the wetland areas where it is mixed with eastern
white cedar (Thuja occidentalis L.), black ash (Fraxinus nigra
Marsh.), and balsam ﬁr (Abies balsamea (L.) Mill.).23
Watershed monitoring was established in 1980 to study the
eﬀects of atmospheric deposition on both terrestrial and aquatic
ecosystems.24,25 While there has been a signiﬁcant decline in
sulfur deposition since the 1980s, N deposition has remained
relatively stable up to and including the period of this study.26
Catchment 38 (C38) and catchment 35 (C35) are two northfacing catchments in the Turkey Lakes Watershed in close
proximity (∼1 km apart) that receive similar N inputs.
Topography is the main diﬀerence between the two catchments: a large wetland (1.58 ha) covers 25% of the 6.33 ha area
of the more gently sloped C38 (13.5° average slope), while a
very small wetland (0.03 ha) covers <1% of the 3.12 ha area of

Catchment N budgets can be improved by considering
topography, which can play an important role in dissolved N
output to streams.16 Catchments with large, ﬂat, and
intermittently wet topographic features generated less NO3−
and ammonium (NH4+) output, but more dissolved organic
nitrogen (DON) output than catchments with little or no
wetlands.17 However, gaseous N output to the atmosphere
provides another important pathway through which N can leave
the catchment.11,18 There have been relatively few catchmentscale determinations of N gas outputs in forests as N gas
eﬄuxes are not routinely integrated into forest N budgets.
Recent studies have observed that rain induced bursts of N2O
and N2 eﬄux during the snow-free period19 and N2O eﬄux
beneath a snowpack20 are signiﬁcant sources of N gas in forests.
Not considering this pathway may contribute to the failure to
close N input-output budgets in catchments.15
The central premise of this paper is that improved estimates
of soil N2O and N2 eﬄux from forested landscapes require
consideration of topographic controls on N cycling and routing
processes. Topography inﬂuences N transformations by
controlling soil temperature, moisture, and redox conditions,
and regulates dissolved organic carbon and NO3− availability
while helping create redox conditions required for N
transformations including denitriﬁcation and nitriﬁcation to
occur. We test the following hypotheses: (1) the major
diﬀerence in N output among catchments is due to variations in
the ﬂux of gaseous N (N2O + N2); and (2) factoring gaseous
and dissolved N outputs narrows the gap in catchment inputoutput N budgets. We test these hypotheses in catchments
located in a temperate forest, and expect that the ﬁndings will
help assess the ability of temperate forests to process the
reactive loads of N, understand the relative importance of
dissolved vs gaseous eﬄuxes from catchments N budgets, and
close the N input vs output N budget of catchments.
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Table 1. Medians and the 25th and 75th Percentiles of Distributions of Soil N2O and N2 (mg ha−1 d−1) Eﬄuxes Across a
Hillslope Gradient and Stream N2O Fluxes at the Catchment Outlet in C38
snow-free season (no rain)
soil N2O
IW
OW
LOW
UP

25th percentile
4044
5552
2880
2350

median
5496
8145
5487
5133

75th percentile
8391
14 507
9773
7248

soil N2
IW
OW
stream N2O

0.00003

0.00018

0.00425

snow-free season (rain >3 mm and WTD
<10mm)

snow season

25th percentile
4368
10 816
2442
1129

median
7703
25 915
4216
2841

75th percentile
18 009
54 809
5458
3911

25th percentile
683
706
986
733

median
1139
1293
1214
1315

75th percentile
2252
2736
2310
2160

85 611
109 237

150 986
261 738

352 981
553 575

13 382
7104

22 315
13 007

44 109
27 528

0.00001

0.00140

0.00266

2.96

7.56

34.95

and DON ﬂuxes were measured in C35 and C38 at daily to
biweekly intervals in the 2005 to 2010 water years.
Several methods were applied to derive daily soil and
dissolved N ﬂux estimates on all days for the 2005 to 2010
water years from measured values.
Regressions using daily precipitation as the independent
variable were used to model daily soil N2O eﬄuxes for rain days
during the snow-free season (i.e., when (1) eﬀective
precipitation (same day plus previous day, in order to capture
rainfall that may have fallen during the night) exceeded 3 mm,32
and (2) when the water table depth was less than 10 mm) at
the IW and OW positions. Separate models were developed for
each of the IW and OW positions based on 14 rain day
observations of N2O eﬄux from each position.19,33
No signiﬁcant relationships were observed between environmental drivers (temperature or precipitation) and soil N2O
eﬄuxes at the IW or OW positions on nonrain days or at the
LOW or UP positions. Soil N2O eﬄuxes at the IW and OW
positions on nonrain days in the snow-free season were inﬁlled
on days with no measurements using median values from the
distributions of measured snow-free season N2O eﬄuxes on
nonrain days at each position. Soil N2O eﬄuxes at the LOW
and UP positions on both rain and nonrain days in the snowfree season were inﬁlled on days with no measurements using
median values from the distributions of measured snow-free
season N2O eﬄuxes on both rain and nonrain days at each
position. Soil N2O eﬄuxes at all positions in the snow season
were inﬁlled on days with no measurements by using median
values from the distributions of measured snow season N2O
eﬄuxes at each position.
Daily N2 eﬄuxes at the IW and OW positions on rain days in
the snow-free season were calculated using measured snow-free
season rain day N2:N2O ratios at each position which were then
multiplied by the daily estimated N2O eﬄux (if estimated N2O
eﬄux was negative, N2 eﬄux was given as zero). N2 eﬄux was
not estimated during nonrain days in the IW and OW or in the
UP and LOW as minimal denitriﬁcation was assumed under the
dry conditions that these days and positions represent.19
Daily dissolved N2O ﬂuxes were estimated using median
values derived from the distribution of measured dissolved N2O
concentrations multiplied by daily discharge. Missing dissolved
NH4+, NO3−, and DON were inﬁlled using linear interpolation.
Daily soil N2O and N2 eﬄux estimates were multiplied by the
respective areas of the IW, OW, LOW, and UP positions in
each catchment (Figure 2) and summed to estimate daily
catchment N2O and N2 output estimates. Monthly and annual

the relatively steeper C35 (19.1° average slope) (Figure 2).
This work builds on previous studies that reported diﬀerences
in dissolved N output among catchments in the forested
landscape of the Great Lakes-St. Lawrence forest region at the
northern edge of the temperate forest biome of North
America.16,27−29
Experimental Design. Total (wet and dry) N inputs were
collected at the Canadian Air and Precipitation Monitoring
Network (CAPMoN) site located closest to the catchments.
Total (gaseous and dissolved) N outputs were sampled in C35
and C38 from 2005 to 2010 water years (June 1 to May 30). In
c38, soil N2O eﬄux measurements were collected along
hillslope gradients of inner wetland (IW), outer wetland
(OW), lowland (LOW), and upland (UP) positions derived
from a LiDAR-based 5 m digital elevation model using digital
terrain analysis methods.30 Soil N2O eﬄux measurements were
collected between 64 and 72 times per position during the
snow-free season (June to September) from 2006 to 2010 using
ground-based static chambers.19 Soil N2O eﬄux measurements
were collected between 36 and 40 times per position during the
snow season (October to May) in 2006/2007 from sampling
ports attached at diﬀerent depths along 1.25 m PVC tubes
inserted into the snowpack.20 Daily soil N2 eﬄux was estimated
using the acetylene-inhibition technique in the IW and OW
positions for 1 day during the snow-free season of 2010.
Dissolved NH4+, NO3−, and DON concentrations were
measured from water samples collected at weirs at the outlets
of both C38 and C35 in the 2005 to 2010 water years, and
dissolved N2O concentrations were measured from water
samples collected at weirs at the outlets of both catchments in
the 2006 water year. The median and 25th and 75th percentiles
of estimates of N2O and N2 in the snow and snow-free seasons
in C38 are given in Table 1. Dissolved NH4+, NO3−, DON, and
N2O ﬂuxes were calculated by multiplying concentrations by
stream discharge. Sampling and analytical methods have been
described fully in other publications19,20,31 and are summarized
in the Supporting Information (SI).
Data Analyses. Daily outputs estimated from ﬂux measurements taken at irregular intervals were summed to generate
monthly and annual N outputs for the 2005 to 2010 water
years. Daily soil N2O eﬄuxes were measured in the IW, OW,
LOW, and UP positions in C38 at daily to monthly intervals
during the snow-free (June to September) season and at daily
to bimonthly intervals during snow season (October to May) in
the 2005 to 2010 water years. Dissolved stream NO3−, NH4+,
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there was considerably more output of DON, less output of
NO3−, but similar output of NH4+ in C38 compared to C35.
The average annual N output from the two catchments was
similar when gaseous N2 and N2O were added to the dissolved
N output (Figure 3). The average annual N input was 9.9 kg N
ha−1 yr−1, and the average annual N output was 6.5 kg N ha−1
yr−1 from C38 (66% of N input) vs 6.3 kg ha−1 yr−1 from C35
(64% of N input). The composition of the average annual N
output diﬀered, with N2O + N2 comprising 55% of N output
from C38, but only 16% from C35. The NO3−, NH4+, and
DON comprised the remaining 45% of N output from C38 and
84% of N output from C35.

soil N2O and N2 outputs were calculated by summing daily
output estimates. Monthly and annual total N2O outputs were
calculated by summing annual soil and dissolved N2O output
estimates. Monthly and annual dissolved N outputs were
calculated by summing the measurement-based ﬂuxes for
dissolved inorganic nitrogen (DIN, NO3− + NH4+) and
DON for each year. Diﬀerences in measured daily N2O and
total gaseous N (N2O + N2) eﬄuxes at diﬀerent positions were
assessed using ANOVAs on ranks with Post-Hoc Dunn’s tests.
Data analyses were performed using SigmaPlot 12 (Systat
Software, San Jose, CA).

■

■

RESULTS
Atmospheric N inputs were much greater than N outputs,
particularly when only DIN and DON output sources were
considered (Figure 3). Dissolved N outputs were smaller in

DISCUSSION
Estimates of catchment N inputs vs N outputs are important
because they provide insights on the functioning of a forest
ecosystem. This is particularly important when considering the
ecosystem eﬀects of atmospheric N deposition that has been
elevated since the industrial revolution12,34 and the potential
fate of this elevated atmospheric N deposition on forests35 and
associated downstream waters.7,36,37 Yet most studies have
reported catchment N inputs that have often far exceeded N
outputs, leaving in question the fate of the “missing” N in these
catchment N budgets.
This paper examined the role of gaseous N2O and N2 eﬄuxes
in N budget estimates in a temperate forest. Nitrogen output
was compared in two catchments, one with 25% wetland (C38)
and one with <1% wetland (C35). When considering DIN and
DON output only, 2.9 kg N ha−1 yr−1 was exported from C38,
whereas 5.3 kg N ha−1 yr−1 was exported from C35. This
represented only 30% (C38) and 54% (C35) of the 9.9 kg N
ha−1 yr−1 that was atmospherically deposited onto the
catchment. However, when gaseous N2O and N2 eﬄuxes
were incorporated in the N budgets, the N outputs were
similar; this represents a reduction of 90% of the diﬀerence
between the two catchments. Although the diﬀerence in N
output between the catchments was diminished, the proportion
of diﬀerent N species that comprised these N budgets was
diﬀerent due to the diﬀerent area proportions of wetlands,
suggesting diﬀerences in the predominance of N transformation
processes within the catchments.
The Missing Nitrogen of Nitrogen Budgets. Incorporating gaseous and dissolved N species had two eﬀects on the N
budgets: (1) it closed the gap in N output between C38 and
C35 as indicated above; and (2) it narrowed the gap between N
input and N output in both catchments.
Gaseous N2O eﬄux contributed 17% in C38 and 14% in C35
to the total N output, and gaseous N2 eﬄux contributed an
additional 38% in C38 and 2% in C35 to the total N output.
The combined gaseous N2O + N2 output represented 36% in
C38 and 10% in C35 of the total atmospherically deposited N,
within reasonable range of Bouwman et al.4 who estimated
N2O + N2 output as 40% of atmospherically deposited N.
Wetlands are a considerable source of N2O and N2, highlighting
the importance of wetlands in mitigating the accumulation of
atmospherically deposited N during late summer, but not
during winter. Dissolved N2O eﬄux was less than 1% of the
total N 2O eﬄux in both catchments, consistent with
observations made by Davidson and Swank,38 suggesting that
dissolved N2O eﬄux to streams may not be a substantial
pathway of N output in forested catchments.
There was less NO3− output from C38 (15% of total N
output) than C35 (76% of total N output), which suggests that

Figure 3. Average annual N budget for 2005 to 2010 in the C38 and
C35 catchments in the Turkey Lakes Watershed showing traditionally
measured N species, including dissolved inorganic nitrogen (DIN,
nitrate-N + ammonium-N) and dissolved organic nitrogen (DON), as
well as gaseous and dissolved nitrous oxide (N2O) and dinitrogen
(N2) eﬄux. Error bars represent the standard deviations of N outputs
with the gray shaded area representing the standard deviation of N
inputs.

C38 than in C35, primarily due to less DIN output from C38
(Figure 3). Dissolved N2O export in the stream was extremely
small during both the snow-free and snow seasons and
therefore not considered further (Figure 4), and the diﬀerences
in dissolved N outputs were maintained when gaseous N2O +
N2 eﬄux was included for the IW and OW positions (Figure 4,
bottom).
Average monthly sums of daily eﬄux estimates revealed
peaks in DIN and DON outputs in spring and, to a lesser
extent, autumn (Figure 5). These peaks coincided with periods
of high catchment discharge during spring snowmelt and
autumn storms. In contrast, peaks in N2O and N2 outputs were
revealed in the summer (Figure 5). Catchment 38 generated
more dissolved organic N and gaseous N2O + N2 output,
whereas C35 generated more inorganic N output, dominated
by NO3−.
Total soil N2O eﬄux during the snow-free season was similar
for the two catchments (0.8 kg N ha−1 yr−1 in C38 vs 0.6 kg N
ha−1 yr−1 in C35), whereas N2 eﬄux estimates were much
greater in C38 (1.5 kg N ha−1 yr−1) than in C35 (0.06 kg N
ha−1 yr−1). Similarly, total soil N2O eﬄux during the snow
season was similar for the two catchments (0.3 kg N ha−1 yr−1
in C38 and C35), whereas total soil N2 eﬄux was greater in
C38 (1.0 kg N ha−1 yr−1) than in C35 (0.04 kg N ha−1 yr−1).
There was considerably more output of DON and DIN in the
snow season compared to the snow-free season. Furthermore,
6039
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Figure 4. Daily measured N2O (top) and N2 (bottom) eﬄux estimates across a hillslope gradient in C38 during the snow-free season (June to
September) from 2005 to 2010 (left) and during the snow season in October 2006 to May 2007 (right). N2 was not measured in stream and at the
LOW and UP positions. Diﬀerent letters indicate signiﬁcant diﬀerences among topographic positions (p < 0.05).

NO3− is not being hydrologically ﬂushed from C38,28 but
rather is stored in the wetland and then transformed to other
forms of N.17 The NO3− may be converted to DON (e.g.,
ferrous wheel hypothesis of Davidson et al.39) or to N2O or N2
through denitriﬁcation.5,40 There was similarly small NH4+
output from both catchments (0.06 kg ha−1 yr−1 or 1% of
total N output in C38 and 0.07 kg ha−1 yr−1 or 1% of total N
output in C35). There was more DON output in C38 (29% of
the total N output) than C35 (8% of the total N output). These
observations are consistent with those made in other
catchments of the Turkey Lakes Watershed.14 While most of
the dissolved N output coincided with spring melt, interception
of the drainage waters by the wetland in C38 likely resulted in
the retention and conversion of N to other forms (e.g.,
DON).41 Dissolved inorganic and organic N that accumulates
during the winter can then be converted to gaseous N2O and
N2 during warmer conditions in the summer.41,42
Topography inﬂuences the atmospheric vs aquatic fate of N.
The catchment with the large wetland (C38) had much greater
gaseous N2O and N2 output than the catchment with a small
wetland. During the snow season, N2O and N2 eﬄux occurred
continuously, while during the snow free season, bursts of N2O
eﬄux occurred in response to rain events.19 However, these
diﬀerences between the catchments were mitigated by
considerable N2O eﬄux beneath the snowpack, where there
was no observed diﬀerence in N2O eﬄux among the diﬀerent
positions.20 Therefore, both C38 and C35 produced substantial
amounts of N2O during the snow season (0.5 kg ha−1 yr−1).

Total annual gaseous N2O eﬄux estimates from the two
catchments for the years 2005 to 2010 ranged from 0.8 to 1.7
kg N ha−1 yr−1 in C38 and from 0.5 to 1.6 kg N ha−1 yr−1 in
C35; these estimates are reasonably similar to the values
reported for a temperate forest in the United States (0.3−1.4 kg
N ha−1 yr−1)15 and a temperate forest in Germany (0.2−7.1 kg
N ha1 yr−1).43 Previous studies showed that topographic
indicators of hydrologic storage potential (i.e., eﬀects of
topographic ﬂats and depressions on water storage) were the
best predictors of DON output in catchments of the Turkey
Lakes Watershed, and topographic indicators of both hydrologic storage potential and hydrologic ﬂushing potential (i.e.,
the eﬀects of topographic slopes on the potential for variable
source areas to expand and tap into previously untapped areas)
were the best predictors of NO3− output.16,17 Hydrologic
ﬂushing potential may not be a good predictor of dissolved
N2O and N2 output, because large precipitation events promote
the formation of N2O and N2 and rapid oﬀ-gassing of N before
it can reach the catchment outlet.19 However, hydrologic
storage potential might also be a good predictor of gaseous
N2O and N2 output.
Remaining Missing Nitrogen in Nitrogen Budgets.
Incorporating gaseous N2O and N2 narrowed the gap between
N inputs and outputs, but the average annual N input was still
approximately 3.5 kg N ha−1 yr−1 greater than average annual N
output.
Neither the shallow soil, the partially decomposed leaf matter
litter nor the tree biomass is likely to be a signiﬁcant long-term
6040
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There are also factors that could increase the discrepancy
between inputs and outputs in our calculations. We did not
account for N ﬁxation as a possible input. Published rates of N
ﬁxation in temperate forests suggest that this is a minor input,53
but measurements are sparse and uncertain.52 Furthermore, we
did not estimate N2 eﬄux from upland positions or from
wetland positions on nonrain days during the growing season.
While N2O eﬄux numbers for these positions during these time
periods suggest that denitriﬁcation rates are likely low, this
could mean that our estimate of N2 eﬄux is conservative.
Finally, we did not account for signiﬁcant N storage in the soil.
However, if N storage did occur, it likely occurred at a similar
rate within each of the two catchments, and therefore the eﬀect
of N storage on the N budget would have been similar in the
two catchments.
While there remains some missing portion of atmospherically
deposited N, accounting for N2O and N2 narrowed the
observed diﬀerences in N outputs between catchments with
and without wetlands. The presence of wetlands contributes
gaseous N products (N2O and N2) to the composition of N
outputs from catchments due to the presence of reducing
conditions (lower redox potentials). These gaseous N products
account for substantial amounts of both atmospherically
deposited N (10−36% of N input) and N in discharge waters
(16−55% of N output). While these results demonstrate the
importance of gaseous N products to N budgets in temperate
forests, scaling this process up across the region remains a
signiﬁcant challenge.12 A process-based understanding that
considers topographic inﬂuences on N transformations is key to
estimating these elusive ﬂuxes. Future work on resolving N
budgets in forested catchments can use the topographic
framework presented here to help constrain this highly
heterogeneous process.

Figure 5. Monthly total N outputs for the C38 and C35 catchments
from 2005 to 2010 in the Turkey Lakes Watershed.

sink for N in this temperate forest ecosystem. For shallow soil,
repeated sampling of the upper soil horizons over the past 25
years has shown that, while there is signiﬁcant variability both
year-to-year and across the landscape, total N content in these
pools has not increased signiﬁcantly.44−46 For litter, Morrison
and Foster47 observed an increase in litter N pools over a 15year period, but attributed it to immobilization from upper soil
layers and therefore not an absolute increase in the litter-soil
pool. The low carbon:nitrogen (C:N) and high nitriﬁcation
rates in soils associated with sugar maple forests mean that
most of the N is converted to NO3− which is a mobile form of
N that is either exported to the stream or converted to gaseous
forms through denitriﬁcation,14 reducing likelihood of N
retention in these soils. Tree biomass may also be a signiﬁcant
long-term sink for N. However, while N pools in tree biomass
have not been reported at the Turkey Lakes Watershed since
the 1980s, reports from mature temperate forests in eastern
North America suggest that N pools in forest biomass are not
likely to be signiﬁcant sinks at this late stage of forest
development.15,48
There are several uncertainties in our N budget calculations.
First, dry deposited N that falls on leaf surfaces may not reach
the forest ﬂoor, but may be processed on the leaf surface.49
Second, gaseous N might evade to the atmosphere via a
pathway not measured, including transpiration of dissolved
N2O in soil water,50 volatilization of NH4+, or oﬀ-gassing of
dissolved N2O from the stream.51 Third, N might be
sequestered in deeper soil horizons not captured in the soil
surveys.52 Soils in the Turkey Lakes Watershed are typically
shallow, but pockets of deeper soils exist, particularly in the
wetlands, where anaerobic conditions promote accumulation of
organic N and NH4+, which may act as a long-term sink for N.
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