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Abstract. We conducted a "*N-tracer study in a fertilized, forested catchment at the Bear Brook Watersheds in
Maine (BBWM), USA, in order to characterize N cycling processes, identify sinks for ammonium-N additions,
and determine the contribution of the experimental ammonium additions to nitrate exports from the treated
catchment. Distributions of '*N in plant tissues, soils, precipitation and streamwater collected before adding
tracers showed that nitrate-N (the dominant form of inorganic N deposition at the site) inputs under ambient
conditions were depleted in '*N relative to plants and that soil was enriched in '*N relative to plants. The BN
content of streamwater nitrate was within the range of YN contents in natural plant tissues, suggesting that nitrate
deposited from the atmosphere is reduced and assimilated into soil and plant N pools before being leached as
nitrate from the catchment. Variations in '*N natural abundances also suggested that most N uptake by trees is
from the forest floor and that nitrification occurs in soils at this catchment under ambient conditions. Changes in
5N contents of plant tissues, soils and streamwater after adding a '*N tracer to the ammonium sulfate fertilizer
applied to the treated catchment showed that soils were the dominant sink for the labeled ammonium. Surface
soils (Oea horizon plus any underlying mineral soil to Scm depth) assimilated 19 to 31 percent of the 42 kg ha™ of
3N-labelled ammonium-N during the tracer study. Aboveground biomass assimilated 8 to 17 percent of the
labeled ammonium-N additions. Of the three forest types on the catchment, the soil:biomass assimilation ratio of
labeled-N was highest in the spruce forest, intermediate in the beech-dominated hardwood forest and lowest in the
mixed hardwood-spruce forest. Although ammonium sulfate additions led to increases in streamwater nitrate,
only 2 of the 13 kg ha™ of nitrate-N exported from the catchment during the 2 years of tracer additions was
derived from the 42 kg ha™ of labeled ammonium-N additious.

1. Introduction

Increased inputs of reactive N (ammonium and nitrate) to ecosystems from the
atmosphere can lead to increases in plant growth over the short term. At longer time
scales, however, elevated N deposition can lead to increased net N mineralization and
nitrification in soils, base cation (Ca®*, Mg?*, K*) depletion, increased soil acidification
(greater H' and AI’* activity), nutrient imbalances in plant tissues, reductions in plant
growth, changes in species composition, and increased nitrate exports to groundwater
or streams (Nihlgird, 1985; Aerts and Berendse, 1988; Van Breemen and Van Dijk,
1988; Schulze, 1989). Ecosystems undergoing changes in these properties and
processes as a result of chronically elevated N inputs can be viewed as approaching ‘N
saturation’ (sensu Agren and Bosatta, 1988; Aber ef al., 1989; Gundersen, 1991), a
condition in which the amount of inorganic N available to plants and microbes in an
ecosystem exceeds the total N assimilation capacity of biological processes.
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Forest ecosystems, particularly those on base-poor Spodosols and Inceptisols, are
susceptible to N saturation. For example, Kahl et al. (1993) reported that nitrate
(NO3-) concentrations in streamwater draining a ~10 ha forested catchment in eastern
Maine (the West Bear Brook catchment) increased continuously during the first 3 years
of fertilization at 25 kg N ha-1 yr-1 (as ammonium sulfate). Although N accumulated
within the West Bear Brook catchment throughout the period of ammonium sulfate
application, the rate of N accumulation and the N input:N loss ratio decreased during
the first 6 years of treatment (Kahl et al., this volume).

The rapid inducement of incipient N saturation in the West Bear Brook catchment
following the onset of relatively moderate experimental N additions (Kahl et al., 1993)
was surprising given that forests in the catchment were presumed to be N limited and
that background N deposition at the site was low (inorganic N wet deposition < 4.5 kg
N ha' yr' as reported in Kahl et al., 1993). We report here results of a catchment-
scale "N tracer experiment conducted on a chronically fertilized catchment at the Bear
Brook Watersheds in Maine (Norton ef al., this volume) that allowed us 1) to partition
the fluxes of fertilizer N inputs into plant and soil compartments in the 3 forest
ecosystem types within the catchment and 2) to identify the importance of fertilizer N
versus native soil N as sources of nitrate exports from the treated catchment to
streamwater.

2. Methods
2.1 SiTE

The East and West Bear Brook catchments are located in eastern Maine (44°52° N,
68°06° W) at 300 to 450 m asl on the southeastern slope of Lead Mountain, ~60 km
inland from the Gulf of Maine. Soils are Spodosols developed on 0 to 5 m of till. The
upper third of each catchment is dominated by nearly pure stands of red spruce (Picea
rubens, Sarg.) with small amounts of balsam fir (4bies balsamea, L.) and the lower
third of each consists of northern hardwoods dominated by American beech (Fagus
grandifolia, Ehrh.) and maples (Acer rubrum, L. and A. saccharum, Marsh. with some
A. pensylvanicum, L.). Yellow birch (Betula alleghaniensis, Britton) is an important
co-dominant species in the hardwood forests. The middle elevations consist of mixed
hardwood-spruce stands. The hardwood and mixed hardwood-spruce stands are
dominated by 40 to 60-year-old trees whereas the spruce stands in the upper elevations
are somewhat older and appear not to have been harvested during this century. Both
catchments are drained by first-order streams. More detailed descriptions of the site
are in Norton et al. (this volume).
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2.2. TREATMENTS

Additions of ammonium sulfate fertilizer to the West Bear Brook catchment (10.2 ha)
began in November 1989 and have continued through to the present (1996). Pelletized
fertilizer was applied at 25.2 kg N ha' yr' (or 1800 equivalents ha” yr') as 6
bimonthly applications per year of 4.2 kg N ha™ (300 equivalents ha™). An adjacent,
non-fertilized catchment (10.9 ha) drained by East Bear Brook served as the reference.
During the second and third treatment years, the '*N abundance of the fertilizer N was
increased from approximately 0.3663 atom % '°N to 0.4366 atom % '°N, or in natural
abundance units' from 0 %o to 192 %o 8'°N. The isotopically labeled fertilizer was
prepared at the Tennessee Valley Authority Laboratory (Muscle Shoals, AL) by
dissolving commercial grade ammonium sulfate fertilizer pellets (5'°N = —0.7 %o) in
water, mixing (‘°NH,),SO, (98+ atom %'°N) into the fertilizer solution, evaporating
the labeled solution, and repelletizing the precipitated, labeled fertilizer. Applications
of "*N-labelled fertilizer began on 18 April 1991 (first application at the start of the
second treatment year) and were applied bimonthly using a helicopter through 10
December 1992 (the end of the third growing season of treatment), except for one
application (March 1992) when the catchment was snow-covered and non-labeled
fertilizer was applied. Thus, all labeled applications were made during snow-free
periods between April 1991 and December 1992. Cumulative applications of labeled
fertilizer were 21 kg N ha! yr' in 1991 and 42 kg N ha” yr' in 1992.

2.3. TREE BioMAss AND PRODUCTION

Estimates of tree species size class distributions within each of the 3 forest cover types
were derived from a timber survey conducted in March 1992, Aboveground biomass of
individual trees was estimated using allometric regressions of the form:

In(B) = a + b In(D)
(1

where D is diameter breast height (cm), B is total aboveground biomass (g dry mass of
boles, branches, twigs plus foliage), and a and b are species specific parameters from
Young ef al. (1980). Tree biomass and stem size class distributions were combined to
provide areal estimates of wood biomass for dominant species.

Wood increment in stands of the treated catchment was estimated using 3-year radial
increments of tree cores collected in October 1992 from within 25 m of each of 6
sampling points. The sampling points were selected using a 50 m x 50 m survey grid
and a stratified random procedure with 2 points being located in each of the 3 forest

! We follow the convention of expressing '*N compositions of natural materials and of
materials slightly enriched with '*N using '°N notation in which units are expressed
as per mil deviations from the atmospheric standard of 0.3663 atm % '°N and are
calculated as follows: 8'°N = [(atm % '°N sample/0.3663)-1] x 1000.
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cover types. These 6 points were also used for soil and tree tissue sampling. Radial
increments were measured using single cores collected from 6 to 8 trees per dominant
species and from 2 to 6 co-dominant species within each forest type. Tree cores were
collected at ~1.5 m above the base of each stem using a 1.9-cm diameter keyhole saw
to allow sufficient material for elemental (CN) and isotopic analyses. Estimates of
wood accumulation in each forest type during the 3 years of fertilization were
calculated by applying the mean percent biomass increase of each species to areal
estimates of species aboveground biomass within each forest type. Although the
allometric equations predicted total aboveground biomass (including foliage), we
assumed that all biomass accumulated in trees during the 3-year measurement period
was woody material (stems, branches and twigs).

Canopy foliar mass was estimated using litterfall data from 4 litter traps (0.112 m®
each) located in each of 4 permanent sampling plots (900 m’ each) in the treated
catchment. One litter sampling plot was located in the spruce, one in the hardwood-
spruce, and two in the hardwood forest. We estimated hardwood foliar mass as 1.1
times 1991 litterfall, assuming that 10 percent of foliar mass was either leached,
metabolized, retranslocated or consumed by herbivores. Foliar mass of red spruce was
estimated to be 7.7 times 1991 litterfall, assuming a 7-year needle retention (S.
McNulty, pers. comm.) and 10 percent mass loss as in hardwood leaves.

2.4. TREE TISSUE AND SOIL SAMPLING

Elemental and "°N analyses were conducted on tree core wood sampled from at least 6
dominant or co-dominant trees located within 25 m of each of the 6 sampling points in
the treated catchment in October 1990 prior to adding '*N-labelled fertilizer. The trees
sampled for elemental and '°N analyses were a subset of the trees sampled for radial
increment. The same trees were resampled in October 1991 and October 1992 after
the first and second years of '*N-labelled fertilizer application and after the second and
third years of treatment (non-labeled plus labeled fertilizer additions). The 3 most
recent annual rings were separated from bark and from older rings prior to N
analysis. ,

Green foliage was sampled in the treated catchment in mid-August in 1991 and 1992
from the same trees from which bolewood samples were collected. Because foliage was
not sampled in the treated catchment before '°N was applied, foliage samples collected
in 1991 from trees in matching forest cover types in the reference (East Bear)
catchment served as basclines for estimating '°N enrichment of foliage in the treated
catchment. Foliage was collected from exposed leaves using a shotgun. Foliar
samples were composited for individual trees and, for red spruce, by age class (current-
year, l-year-old, and >1-year-old). In all, at least 12 red spruce, 8 beech, 8 maple, and
4 birch trees were sampled annually for tissue chemistry from the treated catchment.

Soils were sampled using two schemes. In both schemes, soils were sieved free of
fine and woody roots and mineral fragments >2 mm diameter. The first method
involved collecting 3 10 x 10 cm forest floors (O.,) yearly from within 10 m of each of
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the 6 grid points on the treated catchment (n = 6 per forest type per year). Mineral soil
cores (6.5-cm diameter, 10-cm deep) were collected from beneath each of these forest
floor samples. Information from these samples was used to estimate dry masses and
soil N pool sizes (to a 10 cm mineral soil depth) in each ecosystem type. Although '°N
and CN analyses were conducted on these samples, results of these analyses were not
used to estimate retention of labeled N. This was because natural variations in '°N
abundances in forest floor and mineral soil samples collected in this manner were too
large to detect changes in '*N abundances following the labeled fertilizer additions.
Therefore, a second sampling method involving repeated sampling from small
quadrats was used to estimate shifts in forest floor and soil '°N abundances. In this
method, permanent 20 cm x 20 cm quadrats (6 per forest cover type) were resampled
annually both before and after the start of >N addition. Samples were collected from
just below the fresh litter (O; horizon) to 5 cm below the O,, surface using a 2.2-cm
diameter soil corer. Three replicate cores were taken from each quadrat before and
after the first year of SN additions. Afier the second year of '*N additions, we
collected only 1 core per quadrat (within-quadrat variations in '°N abundance were
small). Variances in '°N abundance were considerably smaller at this scale than at the
1 to 10 m scale used in the first sampling method. Paired comparisons of 5'°N values
between years within quadrats were used to test for changes in '°N abundances of the
top 5 cm of forest floor plus mineral soil in each forest type during the course of '*N
additions to the treated catchment.

2.5. STREAMWATER AND PRECIPITATION SAMPLING

Flow-weighted streamwater samples were collected at the gauging weirs located at the
base of each watershed (See Norton ef al., this volume) during 7 to 65-day base flow
intervals and during high-flow (daily) events. We measured '°N abundances of
dissolved inorganic N in 25 solution samples from West Bear Brook (treated) and in 9
samples from East Bear Brook (reference) collected between 1 April 1991 and 30 June
1993. Bulk precipitation samples analyzed for "N abundance (2 to 6-week
composites, n = 16) were collected at the East Bear Brook weather station between
August 1990 and November 1992. Solution samples were stored frozen until the '°N
abundances in dissolved ammonium and nitrate were analyzed (Downs et al., this
volume).

2.6. "N Mass BALANCES

We estimated the assimilation of the '*N-labelled ammonium additions into soils and
aboveground biomass components of all three forest types using 1) estimates of N pool
sizes, 2) changes in vegetation and soil >N abundances following labeled fertilizer
additions, and 3) the following mass balance equation (Nadelhoffer and Fry, 1994):
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mpp = mex (319Np - 8IINAE1IN,, - 815N 2]

where,
mp,p = mass of 15N-1abeled compound incorporated into the N pool;

mg = final mass of the ecosystem N pool;
815Nf = final 15N abundance of the ecosystem N pool;

8IN; = initial I5N abundance in the ecosystem N pool;
and

815Nj,p = 19N abundance of the labeled N additions.

The contributions of '*N-labelled fertilizer to inorganic N exports to streamwater from
the fertilized catchment were also estimated by mass balance (below). The value of

15N,,, (1abeled fertilizer) in this study was 192 %e. Initial or reference '*N abundances

(15N, varied among ecosystem pools (Figure 1), but 8'°N values for all measured
ecosystem components prior to labelling of the catchment were at least 175 %o lower
than the labeled fertilizer.

2.6.1. Vegetation
Estimates of '°N fertilizer assimilation into aboveground biomass within forest types
during the 2 years of labeled N additions were calculated using N pool size estimates

for each tree species (Table I) as follows. For tree tissues, mean 815Nf and 815Ni
values for each species within a forest type were used in Equation [2]. Assimilation of
15N fertilizer into spruce foliage was calculated as the sum of assimilation into current-
year, 1-year-old, and >1-year-old needles by August 1992. Assimilation of labeled N
into foliage of deciduous species was calculated as the sum of assimilation as of August
1991 and as of August 1992 in order to account for N assimilated into foliage that was
shed after the first year. Total labeled N assimilation into total foliar mass was
calculated as the sum of labeled N assimilated into foliage of each species within a
forest type.

Assimilation of '*N-labelled fertilizer into wood was calculated for individual species
within each forest type using the pool size of N in wood produced from 1990 through
1992 and mean 8'°N values of 3-year radial increments collected in November 1990
(before labelling) and November 1992 (after labelling). Pool sizes of N in 1990-1992
wood for each species within each forest type was estimated using mean three-year
growth rates (above) and N concentrations (Table I).
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Fig. 1. Natural "*N abundances (means + 1 sem) in non-labeled forests at the Bear Brook Watersheds in
Maine (BBWM) in Maine, USA. Precipitation values are from ammonium (7 = 15) and nitrate (n =
16) composites collected from September1990 through October. Streamwater values are from East
Bear Brook samples collected from April 1991 and April 1993 (n = 8 for ammonium, n = 9 for
nitrate). Wood values are from spruce (n = 14), beech (n = 12), maples (n = 8) and birch (n = 4)
sampled from trees on the West Bear catchment prior to '°N additions. Litter (< 1 year old) values
are from composite samples of red spruce (n = 4) and beech (n = 7) litter collected from sample points
in both catchments prior to "*N additions. Forest floor (Oc horizon) and mineral soil (0-10 cm depth)
values are means of 3 samples collected from each of 6 grid points on the West Bear catchment (n =
18) before '*N additions. Foliage values are means of 3 trees per species sampled in 1991 from the
. East Bear (non-labeled) catchment.
2.6.2. Soil

Estimates of labeled N assimilation into forest floor and soil pools (top 5 cm of O, +
mineral soil, if any) used quadrat-specific N masses and 3'°N values (5'°Ny) derived
from samples taken in 1992, quadrat-specific 8'°N values from our 1990 sampling
(8"°N)), and Equation [2] to estimate retention within each 20 cm x 20 cm quadrat.
Labeled N retention in the top 5 cm of forest floor + soil was estimated as the mean
retention of the 6 quadrats sampled within each forest type. This method of calculation
was possible because measures of soil mass, percent N, and N abundance were
available for each sample.
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2.6.3. Streamwater

Streamwater chemistry and streamflow data were provided by our collaborators on the
Bear Brook Watershed project (See Kahl ef al. and Norton ef al., this volume.). These
data, together with our measurements of '°N abundances in dissolved nitrate and
ammonium in samples collected from April 1991 through June 1993, were used to
estimate cumulative DIN exports from the treated catchment and the contributions of
15N-labelled fertilizer to DIN exports as follows. Using hourly flow data and weekly
(or more frequent at high flows) DIN concentrations, the masses of nitrate- and
ammonium-N exported were calculated for the time period from which each
streamwater '°N sample was composited. The measured '*N abundances of nitrate and
ammonium were applied to the mass of nitrate or ammonium to estimate the mass of
15N exported as DIN during that period. These masses were accumulated over the year
to make conservative estimates of '°N exported as both DIN forms. We were unable to
make direct measurements of ammonium or nitrate '°N abundances for about half of
the April 1991 to June 1993 interval, due to low flow and sample storage problems.
For these periods, we estimated >N abundances to be the same as those of the prior
measured period.

2.7. ELEMENTAL AND N ISOTOPE ANALYSES

All samples subjected to C, N or '°N analysis were ground to a fine powder and dried
(50°C) prior to analysis. Total C and N contents of plant tissues and soils were
measured using either a Perkin-Elmer 240C or a 2400 elemental analyzer with
acetanilide as a reference standard. The '°N abundances of finely ground plant tissue
and soil samples were determined by combustion to N, gas, cryogenic purification, and
analysis using a trapping box and a Finnegan MAT Delta S isotope ratio mass
spectrometer (Fry ef al., 1992). Analytical precision using this method is typically
better than 0.2 %o 8'°N. Nitrate and ammonium in streamwater and precipitation
samples were extracted, concentrated, and diffused onto filter papers as described by
Downs et al. (this volume). The N-impregnated filter papers were then ground and
subjected to '°N analysis in the same manner as plant and soil samples.

3. Results
3.1. EcosysTEM N PooLs

Aboveground tree biomass (wood plus foliage) in the three ecosystem types of the West
Bear Brook catchment ranged from ~130 Mg ha™ spruce forest (3.3 ha) in the upper
elevations to ~140 Mg ha” in the hardwood-spruce forest (3.6 ha) in the middle
elevations (Table I). Tree biomass in the hardwood forest (3.3 ha) in the lower third of
the catchment was intermediate at ~135 Mg ha”. Foliage comprised ~9, 6, and 1
percent of tree biomass, respectively, in the spruce, hardwood-spruce and hardwood
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forests. Wood ranged from 44 to 47 percent C and from 0.10 to 0.17 percent N across
species and forest types. Percent N was lower in spruce (wood = 0.10 to 0.12 %N )
than in either beech or maple (wood = 0.12 to 0.17 %N). Carbon concentrations were
higher in foliage (50 £ 2 %C) than in wood (46 + 2 %C). Hardwood leaves ranged
from ~2 to 3 percent N whereas red spruce needles ranged from 1.0 to 1.2 percent N
with higher concentrations in younger needles. Forest floor (Oe + Oa horizons) C
content ranged from 11.4 Mg ha in the hardwood-spruce forest to 26.2 Mg ha” in
the spruce forest. Forest floors ranged from 28 to 36 percent C and from 1.3 to 1.6
percent N. Mineral soils had lower C and N concentrations than did forest floors but
total C and N contents were higher due to higher bulk densities.

Total N contents in measured pools ranged from ~3.1 to 3.5 Mg ha™ in the 3 forest
types on the treated catchment (Table I). Nitrogen concentrations in deeper soils (>10
cm below the forest floor) and roots were not measured. Inclusion of these pools,
particularly deep soils, would increase ecosystem N estimates considerably. Of the
pools measured, >90 percent of the N content in all 3 forest types was contained in the
forest floor and underlying 10 cm of mineral soil and <10 percent of ecosystem N was
in aboveground biomass. Aboveground biomass accounted for about 200 to 275 kg N
ha’ across forest types. Smaller wood biomass and lower foliar and wood N
concentrations in spruce than in hardwoods were compensated for by larger foliar mass
in the spruce and hardwood-spruce forests. As a result, aboveground biomass N was
highest in the spruce forest and lowest in the hardwood forest.

3.2. >N NATURAL ABUNDANCES

Natural abundances of °N in soils, aboveground biomass, and solutions (precipitation
and streamwater) at the Bear Brook catchments (Figure 1) provide references for
determining the movements of '°N-labelled fertilizer into ecosystem components of
forests in the treated catchment and also provide insights into N cycling processes in
non-labeled forests. Prior to '°N additions, plant N pools were depleted in '°N relative
to soil pools with 8'°N values of plant tissues ranging between approximately -3 and 0
%e and increasing from ~0 %o in fresh litter to +2.5 %o in the forest floor (O., horizon)
and to +7 %o in the mineral soil (0-10 cm).

Precipitation at the catchments was depleted in '°N relative to N in both soils and
plants (Figure 1). The mean 5'°N value of nitrate in precipitation (-7.1 %o) was 4 to 7
%o less than plant N whereas ammonium in precipitation (-1.4 %o) occupied the
middle of the plant 5'°N range. Because the wet deposition rate of nitrate-N was ~2
times that of ammonium-N (Kahl ef al., 1993), the weighted mean 3'°N of inorganic N
in precipitation during 1991 and 1992 was approximately —5 %o. Outputs of inorganic
N in streamwaters of the non- and pre-treated catchments were dominated by nitrate
which averaged —2.4 %o 5'°N in East Bear Brook from April 1991 through May 1993.
The mean 8'°N value for streamwater ammonium was much lower (7.3 %o) but
ammonium export was extremely low with almost all inorganic N being exported as
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nitrate (Kahl ef al., 1993; this volume). Assuming that >90 percent of all inorganic N
loss from non-fertilized catchments was nitrate-N, the weighted 8'°N value of
streamwater inorganic N was approximately —2.8 %o.

3.3. ">N TRACERS

3.3.1.  Vegetation and Soil Pools

The 5'°N values of recently formed bolewood in the 4 dominant tree genera increased
after each year of '*N-labelled fertilizer addition (Figure 2). Values for maple, spruce
and beech wood increased by 5.4 to 6.4 %o between October 1990 and October 1992
after 9 applications of '*N labeled fertilizer (37.8 kg N ha™). Increases were greatest in
birch (11.4 %0). However, the percent of birch in aboveground biomass was small in
all three forest types (Table I). Foliar '°N abundances also increased during both years
of '*N application (Figure 3). By August 1992, after 8 applications of '*N-labelled
fertilizer (33.6 kg N ha™"), beech and maple foliar 5'°N values had increased by ~6.5 %o
and birch foliage by 8.8 %o0. Changes in '*N abundances of red spruce needles during
15N fertilizer application were greater in current-year than in older needles. By August
1992, the mean 8'°N value of current-year needles had increased by 4.9 %o over the
reference value —0.4 %o, while 1-year-old needles means had increased by 3.6 %o (from
—0.5 %o) and the oldest needles (2 to 6 years old) had increased by 3.1 %o (from —0.9
%o).

Although we detected increases in '*N abundances of the O., horizons following
addition of '*N-labelled fertilizer to the West Bear catchment, we did not detect
increases in the underlying 10 cm of mineral soil (data not shown). Also, repeated
sampling of microplots to 5 cm below the surface of the forest floor increased our
ability to detect differences during the course of treatment (See Methods). Therefore,
we report here the results of repeated samples (forest floor plus any mineral soil
present within 5 cm of the O,, surface) taken from permanent microplots in the West
Bear catchment. We detected increases in 3'°N values in surface soils of all 3 forest
types in the treated catchment during the course of '°N additions (Figure 4). Increases
in 8'°N values during the 2 years of treatment ranged from 1.6 % in the hardwoods to
~3 %o in both the hardwood-spruce and spruce forests. Soil 8'°N increased
significantly (paired, one-tailed f-test, P <.05, n=6) in all three forest types after the
first year of '°N additions and did not change significantly thereafter.

3.3.2. Streamwater

Nitrate 8'°N values in streamwater draining the reference catchment averaged —2.4 %o
and ranged from -7.9 to +0.1 %o (Figure 5) from April 1991 through June 1993, while
nitrate values in the treated catchment averaged 16.9 %o and ranged from -3.8 to +53.7
%o (Figure 6). Values for treated catchment samples composited over 7 to 65 day
baseflow intervals (mean 8'°N = +17.6 %o, n = 17) did not differ significantly from
values for single day, high flow events (mean 8'°N = +15.3 %o, n = 8). During the
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same period, reference streamwater ammonium 8'°N values averaged -7.3 %o and
ranged from -13.8 to -2.8 %o (Figure 5), while ammonium values in the treated
catchment stream averaged +7.0 %o and ranged from —10.6 to +110.8 %o (Figure 6).

Nitrate 3'°N values were greater than ammonium values in the treated catchment on
all but three sampling dates (Figure 6). These dates were all in either late March or
early April during periods of high flow. Between April 1991 and June 1993, volume
weighted averages in West Bear Brook streamwater were 34 pmol 1" for nitrate and 3
pmol 1" for ammonium, while in East Bear Brook averages were 13 umol I"' nitrate
and 2 pmol I' ammonium. Therefore, although the streamwater ammonium '°N
abundances were occasionally much higher than nitrate '°N abundances, the amount of
fertilizer-derived N exported from the treated catchment as ammonium was much less
than the amount exported as nitrate. Nitrate 5'°N values in West Bear Brook, although
almost always greater than those in East Bear Brook, tended to be highest during the
spring and fall when baseflow was high and were lowest during summer when
baseflow was low (See Norton ef al., this volume). The highest nitrate 5'°N values in
West Bear Brook occurred in April-May 1993, 4 to 5 months after the last application
of '°N fertilizer.

3.4. FATE OF '°N ADDITIONS: MAss BALANCES

Of the total 42 kg ha' of '*N-labelled fertilizer added to the West Bear Brook
catchment between April 1991 and December 1992, we account for between 14 and 17
kg N ha' in vegetation plus surface soil (mainly forest floor) in the three forest
ecosystem types (Table II). The weighted (by forest area) mean retention of '°N-
labelled fertilizer in aboveground vegetation and 0-5 cm soil was 15.4 kg ha” , or
~37% of the total mass of '*N-labelled NH,-N additions.

Soil was a greater sink for labeled fertilizer than was aboveground plant biomass in
all three forest types, ranging from 7.6 kg N ha™ in hardwood-spruce to 13.3 kg N ha™
in spruce (Table II). Aboveground vegetation retained only 3.4 kg ha™ of labeled N
additions in the spruce forest and more than twice as much (7.1 kg N ha') in the
hardwood-spruce forest. In the spruce forest, foliage assimilated 2.4 of the 3.4 kg ha™
labeled N additions that were retained in aboveground biomass. In contrast, foliage in
the hardwood forest assimilated only 1.0 of 4.8 kg ha™ of the labeled N additions
retained in aboveground biomass. The remaining 3.8 kg ha of labeled N additions
retained in aboveground biomass was retained in newly formed (1990-1992) wood.
The relatively large canopy N mass in the spruce forest was a greater sink for N
additions than was the smaller N mass in the deciduous forest canopy. Conversely,
higher percentages of labeled N were retained in wood of deciduous species than of
spruce (Table II).

Nitrogen (mainly nitrate) exports via streamwater from the West Bear catchment
have increased steadily relative to the reference catchment since the start of
ammonium-N additions in November 1989 (Kahtl et al. 1993; this volume). However,
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applications (See methods.).
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TABLE Il
Retention of "N-labellcd fertilizer additions in forests of the West Bear Brook catchment. Labelled N retention is calculated by mass
balance using N pool size and 3'*N values before and aRer labelling. See text for details.

Forest Ecosystem Type (and area) N Pool Pre-treatment "N 1991 1992 Labelled N
(kg/ha) (%o} 3UN 8N retention (kg/ha)
(%0) (%)
SPRUCE (3.3 ha)
Foliage: Beech <1 -0.40 0.40 890 <0.01
Maple 2 -1.67 -1.20 9.55 0.1
Birch 1 -1.15 315 240 0.0
Spruce, current-year 20 -0.37 2.05 5.02 0.6
Spruce, | year-old 19 -0.50 1.10 2.87 03
Spruce, >1 year-old 34 -0.87 0.40 218 13
Total Foliage 126 24
Wood": Beech nd
Maple 4 -1.40 1045 02
Birch 10 -2.40 -0.30 0.1
Spruce 27 -2.85 1.87 06
Total Wood 41 1.0
Above-ground Biomass 167
Soil: top 5 cm (Oea) 851 1.30 3.25 133
Sum of Measured Pools 1018 16.7

HARDWOOD- SPRUCE (3.6 ha)

Foliage: Beech 7 -0.40 395 718 04
Maple 8 -1.67 3.03 6.60 06
Birch 2 -1.15 130 790 0.1
Spruce, current-year 12 -037 720 6.15 0.4
Spruce, 1 year-old 1§} -0.50 3.05 5.35 03
Spruce, >1 year-old 56 -0.87 215 3.58 13
Total Foliage 96 3.1
Wood": Beech 67 -1.48 533 23
Maple 16 -2.50 2.96 04
Birch 20 -2.50 5.40 08
Spruce 13 -2.95 333 04
Total Wood 115 4.0

Above ground Biomass 21
Soil: top 5 cm (Oca + some mineral) 1047 3.7 572 76

Sum of Measured Pools 1258 14.7
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HARDWOOD (3.3ha)

Foliage: Beech 17 -0.40 0.40 4.13 0.5
Maple 12 -1.67 -1.20 3.90 04
Birch 1 -1.15 315 8.10 0.1
Spruce, current-year <1 -0.37 205 213 <0.01
Spruce, 1 year-old <1 -0.50 1.10 105 <0.0t
Spruce, >1 year-old <1 -0.87 0.40 0.80 <0.01
Total Foliage 31 1.0
Wood': Beech 47 -1.69 537 17
Maple 23 -2.40 435 0.8
Birch 17 -1.70 12.10 12
Spruce 1 -3.08 3.18 0.0
Total Wood 89 38

Above-ground Biomass 119
Soil: top 5 ¢m (Oea + some mineral) 738 1.78 342 98
Sum of Measured Pools 857 14.6

¥ Trees were cored at the end of the 1992 growing season (final season of “N additions) and **N contents of 1990-1992 growth rings
were used in mass balance calculations.

only a small proportion of the nitrate leaving this treated catchment originated as
fertilizer (Table III). For example, ~6 percent of the nitrate-N exported to streamwater
from the start of "*N labelling in April 1991 through 1 June 1992 originated from the
labeled ammonium-N additions. Approximately 24 percent of the ammonium exported
to streamwater during this period originated as fertilizer. Because nitrate losses
dominated, however, only 7 percent of total inorganic N losses through 1 June 1992
could be attributed to labeled fertilizer additions. By June 1993, the cumulative
fractions of streamwater N derived from fertilizer additions increased to 45 percent for
ammonium and to 14 percent for nitrate losses. The weighted average contribution of
labeled N to total DIN loss during the 26 month period was 15 percent of the 12.5 kg N
ha' exported to streamwater. Therefore, although DIN losses from April 1991
through 1 June 1992 were equivalent to 30 percent of the 42 kg ha™ of labeled
ammonium-N additions (and to 22 percent of 58 kg N ha™ of labeled plus non-labeled
fertilizer), only ~5 percent of the labeled N additions was exported as DIN in
streamwater during the period of measurement.

4. Discussion

The fertilizer additions of 25 kg N ha™ yr' to the West Bear Brook catchment were
less than 1 percent of the 3,000 to 3,500 kg N ha™ contained in aboveground biomass
and surface soils in the catchment forests. However, the rate of N addition was large
relative to rates of N cycling between plants and soils within the forests. We estimate,
for example, that N uptake into aboveground biomass ranged from 24 kg ha” yr” in
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TABLE 111

Cumulative N losses from the West Bear Brook Catchment from 1 April 1991 through 1 June 1993. Units are
kg N ha”' exported via streamwater from a catchment fertilized with 25.2 kg N ha™! yr since November 1989.
Dissolved inorganic N (DIN) is the sum of ammonium-N and nitrate-N. Estimates of N losses originating
from the 42 kg ha of '*N-labelled ammonium-N added to the catchment from April 1991 through December
1992 (equal bi-monthly additions) were derived using '*N abundances in streamwater ammonium and nitrate
and mass balance.

Cumulative N Losses =~ =e==--m- June 1991 —=-ceememe comeeenen June 1992 -------- weeeeeee- June 1993 -oeeee--

starting 1 April 1991 NHi-N NO;-N DIN NHs-N NO3-N DIN  NH-N NO;-N  DIN

Total N .02 088 0.90 0.20 550 570 059 1194 12.54

N mass from

labelled fertilizer trace 0.04 0.04 0.05 033 038 026 1.66 1.92

Percent N from labelled

fertilizer 4% 4% 24% 6% 7%  45% 14% 15%
TABLE 1V

Estimated annual N uptake into aboveground vegetation from soils in forests of the
West Bear Brook catchment.

--------------------- Annual N uptake --------------- Percent soil N
Table soil N N Total to aboveground
Forest type QOea + 10cm Foliage! Wood* aboveground biomass
(kgha') (kgha'yr') (kgha'yr') (kgha'yr') (yr)
Spruce 3200 10 14 24 0.8%
Hardwood-Spruce 2800 12 28 40 1.4%
Hardwood 2800 13 30 43 1.5%

! From Table L.
! Estimated as leaf litterfall times %N in litter summed for dominant tree species.
¥ Estimated as 1/3 of 3-year N uptake; from Table 1.

the spruce forest to 43 kg ha™ yr' in the hardwood forest type (Table IV). If annual N
uptake by belowground biomass (mostly fine roots) is assumed to be two times uptake
by foliage (e.g., Nadelhoffer ef al., 1985), then N uptake into plant biomass ranges
from ~55 kg ha™ yr! in the spruce forest to ~70 kg ha™ yr"' in the hardwood-spruce
forest. This range compares well with the mean annual net N mineralization rates 85
kg N ha” yr' for hardwood-spruce plots adjacent to the East Bear Brook catchments
(Magill et al., 1996). Therefore, although annual fertilizer N inputs are small relative
to total N stocks in these forests, they are equivalent to between 1/3 and 1/2 of
estimated annual N exchanges between vegetation and soils in the catchment forests.
Given that the cumulative amount of N addition was large relative to actively cycling
N pools, it is not surprising that some N was exported even if forest growth within the
catchment is N limited.
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The pattern of variation in 5N natural abundance in the Bear Brook forests (Figure
1) is characteristic of the general pattern reported for forests elsewhere (e.g.
Nadelhoffer and Fry, 1988; Gebauer and Schulze, 1991; Garten, 1993; Garten and Van
Miegroet, 1994; Buchmann ef al., 1995) with plant tissues having relatively low N
abundances and soils having higher '°N abundances. This pattern likely results from
the preferential mineralization of '*N during decomposition.  This isotopic
discrimination gradually enriches soil organic matter in '*N as fresh litter progresses to
well-decomposed humus (Nadelhoffer and Fry, 1994). The mineralized N in soil,
consequently, is depleted in '*N which leads to lower plant tissue 3'°N values.

The variations in '*N abundances among plant tissues, soils, and inorganic N inputs
and outputs at the Bear Brook site (Figure 1) provide insights into N cycling dynamics.
First, plant tissue 8'°N values are intermediate between values in soil and precipitation,
suggesting that plants take up N from both sources. However, precipitation adds <5 kg
ha” yr! and annual N uptake by plants and net N mineralization in soil range between
55 and 85 kg N ha' yr'. Thus, most N taken up by trees is likely derived from soil
pools. Soil pools from which plant-available N is derived, therefore, are likely
depleted in N relative to bulk soil due to isotopic fractionation during mineralization
and nitrification (Shearer et al., 1974). Plant N could also be depleted in >N as a
result of greater rates of N mineralization and plant N uptake occurring in upper soil
horizons than in deeper, more 15N-enriched horizons. This is consistent with results of
in situ measures by Magill et al. (1996) conducted in plots adjacent to the East Bear
catchment. They reported that net N mineralization was about 2 times greater in the
forest floor than in the underlying 10 cm of mineral soil.

Differences in natural N abundances in precipitation and streamwater N also
suggest that background inorganic N inputs undergo biochemical transformations
within forests and have long residence times in the catchment. For example, the mean
8'°N value of nitrate in precipitation was approximately -7 %o while the value for
streamwater nitrate from the non-fertilized catchment was approximately —2 %o.
Moreover, the mean 3'°N value for streamwater nitrate in the reference catchment was
within the -3 to 0 %o range of values for plant tissues in the forests, suggesting that
exported nitrate was derived from the same pools as plant-assimilated nitrate.
Ammonium in reference streamwater was highly depleted in °N relative to ammonium
in precipitation and to both plant tissue and soil N. However, because ammonium
concentrations in streamwater from the reference and pre-fertilized catchments were
extremely low and often undetectable, we do not speculate as to the cause of the low
'°N values.

The relative abundance of '*N in the total catchment N pool is probably decreasing
slowly, both because inorganic N inputs in wet deposition exceed stream outputs by
~1.5 kg ha” yr' in the reference watershed (Kahl ef al., 1993) and because the 3'°N
value of measured N inputs (-5 %o) exceeds that of outputs (-3 %o). Any changes in
the N isotope composition of total ecosystem pools in catchment forests would occur
slowly, because N fluxes into and out of the forests via streams are small (< 5 kg ha™
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yr') relative to total N pools (> 3,000 kg N ha™'). However, sustained changes in N
fluxes either into or out of smaller, actively cycling N pools such as in plant biomass
(<300 kg N ha™) could result in detectable changes in biomass '*N abundances at
decadal time scales (Gebauer and Schulze 1991; Hoégberg and Johannisson 1993).

The narrow ranges of '*N abundances in plant tissues (Figure 1), small pool sizes of
N in aboveground plant tissues (Table I), and large changes in foliage and wood 5'°N
values after '°N fertilizer additions (Figures 2 and 3) resulted in relatively reliable
estimates of assimilation of '’N-labelled ammonium into aboveground biomass.
Although tree biomass served as a sink for fertilizer additions, of the 42 kg N ha™ of
'SN-labelled ammonium added to each forest type, aboveground biomass assimilated
only ~8 percent in the spruce forest, 11 percent in the hardwood forest, and 17 percent
of N additions in the hardwood-spruce forest. Assimilation of the labeled N additions
into belowground biomass (roots) was not measured. However, it is unlikely that
assimilation into belowground biomass exceeded assimilation into aboveground
biomass. Assuming that N assimilation into roots did not exceed assimilation into
aboveground tissues, less than one-third of the labeled ammonium additions was
assimilated into growing forest biomass in any of the three forest types.

Foliage was a comparatively strong sink for N additions to the spruce forest,
assimilating 2.5 times more '*N-labelled fertilizer N than wood (Table II). Although
older needles (>1 year old) accounted for over half of the labeled N additions retained
in the spruce forest canopy, current-year needles were a stronger sink on a
concentration basis. Approximately 3 percent of the N in current-year needles was
derived from the '*N-labelled additions whereas only 1.6 to 1.7 percent of the N in
older needles was derived from the labeled additions. In contrast, the hardwood forest
assimilated ~4 times more labeled N fertilizer into wood than into foliage. This was
partially due to the fact that total N accumulation from 1990 to 1992 by hardwood
forest wood was ~2 times greater than by spruce wood while canopy N content was ~4
times greater in the spruce than in the hardwood forest (Table II). However, the
percentages of labeled N additions accounted for in wood (1990-1992 growth) were
~4.3 percent of the total N accumulated in the hardwood forest wood and ~2.4 percent
of total N accumulated in the spruce forest wood, suggesting that biomass
accumulation was more limited by N availability in hardwoods than in spruce.

Our tracer results suggest that soil (primarily forest floor) was a greater sink for
added N than was plant biomass in all three forest ecosystem types on the treated
catchment, particularly in the spruce forest. We are less confident in our estimates of
N-labelled fertilizer retention in soils than in aboveground biomass, however,
because mass balance-based estimates in soils (with large N stocks) are highly sensitive
to small shifts in 8'°N values following tracer additions. For example, although
natural variations in mineral soil '*N abundances did not allow for detecting 1 %e shifts
in the 8'°N values, a 1 %o increase in a 2,000 kg ha™ mineral soil (0-10 cm depth) N
pool would account for ~11 kg ha of N fertilizer with a §'°N value of 192 %.
Therefore, we strongly recommend that the 3'°N value of fertilizers used in future
large-scale tracer studies exceed 1000 %o. Although our estimates of '°N labeled
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fertilizer retention in soils were less reliable than our estimates of retention in plant
biomass, we suspect that most of the labeled fertilizer was in fact retained in soils and
decomposing litter. This is because vegetation (including roots, above) probably
accounted for less than one-third of the *N-labelled additions (above) and because only
~5 percent of the labeled N added to the catchment was exported via streamwater
through the first 6 months following the final '*N fertilizer application (Table III).

Finally, our tracer results suggest that most of the nitrate exported from the
chronically fertilized catchment at the Bear Brook site was derived mainly from
sources within the catchment rather than directly from ammonium additions.
Although cumulative inorganic N losses from the West Bear catchment between 1 June
1991 (just after the start of N additions) and 1 June 1993 were 12.5 kg N ha™, only
~2 kg N ha”' was derived from the 42 kg ha™ of labeled ammonium-N additions made
between April 1991 and December 1992 (Table III). A much greater percentage of
ammonium than nitrate in streamwater draining the treated catchment during this
period was derived from fertilizer. Ammonium, however, comprised only ~5 percent
of inorganic N losses from the treated catchment and the cumulative exports of
fertilizer-derived ammonium via streamwater represented less than 1 percent of the
labeled fertilizer added to the catchment. Taken together, these data suggest that
elevated nitrate exports from ammonium-fertilized catchment resulted primarily from
increased nitrification in soils, decreased nitrate assimilation by the biota, or both
factors together.

S. Conclusion

Variations in '’N natural abundances in plant tissues, soils, precipitation and

streamwater at the BBWM site provided insights into forest N cycling processes prior

to labelling of the experimental catchment. Labelling the ammonium sulfate added to
the treated catchment with '"NH,* (fertilizer 5'°N = 192 %o) during years 2 and 3 of
fertilization allowed us to compare the relative importance of soils and vegetation as
sinks for N additions in the three forest types on the catchment.

Natural '*N abundances (before tracer additions) showed:

e Patterns of '°N abundances were typical of those reported from other forests with
3'°N values of plant and litter materials ranging from -3 to 0 %0 and with soil
values increasing from 2 (1) %o in the O,, (humus) horizon to about 7 %o in the
underlying mineral soil.

e Precipitation N was depleted in '°N relative to biomass and soil N while the N
abundances in streamwater nitrate and tree tissues were similar, thereby
suggesting that background N inputs to the catchments are cycled through
biomass, litter and soils before being remineralized, nitrified and exported.

The '*N tracer additions to the fertilized catchment showed:
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o Total assimilation of '*N-labelled N additions into measured pools was similar in
all three forest types and ranged from 15 to 17 kg ha™', or ~35 to 40 percent of
labeled N inputs.

e Aboveground biomass assimilated only 3 to 7 kg ha™ (or 8 to 17 percent) of 42 kg
ha™ of labeled fertilizer N applied during 2 years of fertilizer addition.

e The proportion of labeled N inputs retained in aboveground biomass was lowest in
the spruce forest, highest in the hardwood-spruce forest, and intermediate in the
hardwood forest.

e Hardwood species assimilated greater proportions of the labeled N additions into
woody tissues while spruce trees assimilated more labeled N into foliage.

e  Surface soils (O, horizon plus any mineral soil within 5 cm of the surface of the
0..) assimilated 8 to 13 kg ha™ (19 to 31 percent) of labeled fertilizer added.

e Non-sampled pools (mostly in soils) probably served to retain large fractions of N
inputs.

e Only 2 of the 13 kg NO,-N ha’ exported in streamwater from the fertilized
catchment was derived from the labeled 42 kg NH,-N ha™ additions.

e  Most nitrate exported from the treated catchment was derived from N pools with
residence times >2 years.

¢ Ammonium sulfate additions either stimulated nitrification, inhibited biological
nitrate assimilation, or affected both processes simultaneously.
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