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Abstract

Two key questions in the study of large-scale C (carbon) and N (nitrogen) cycling in temperate forests are how
N cycling in soil detritus controls ecosystem-level retention of elevated N deposition, and whether elevated N
deposition is likely to cause increases in C pools. The large C:N ratios in woody detritus make it a potentially
important contributor to N retention, if N immobilization increases, and a potentially important contributor to C
sequestration, if pool sizes increase. We studied N concentrations, C:N ratios, and pool sizes of N and biomass in
fine woody debris (FWD < 5 cm diam.) 12 years into a long-term N-amendment study in two contrasting forests,
a naturally-regenerated forest dominated by Quercus spp., and a 63-yr old plantation of Pinus resinosa. We also
quantitatively recovered 15N tracers (originally applied as 15NH4 and 15NO3) in FWD, eight years following their
application in the same study, in both ambient and N-amended plots. We used these data to test predictions of tracer
redistributions made by a biogeochemical process model that included 15N. Results from the N pool-size analysis
and the 15N tracer-recovery analysis indicated that under elevated N inputs of 5 g N m−2 yr−1 (as NH4NO3) over
the decadal time period, only 0.15%–0.76% of the elevated N inputs were recovered in FWD of N-amended plots
relative to ambient. Any increase in N immobilization in wood appeared to be minimal, in agreement with model
predictions. Under N amendments, pool sizes of C in FWD were not significantly different from ambient, whereas
pool sizes of N were marginally higher. Patterns of 15NH4 vs. 15NO3 recovery, treatment differences, and forest-
type differences suggested that plant uptake, rather than detrital immobilization, was the dominant mechanism of
15N tracer movement into FWD. This result indicates that plant-soil cycling operating over a decadal time scale or
longer controls C:N ratios and N pool sizes in woody debris.

Introduction

To facilitate the development of a predictive under-
standing of ecosystem responses to elevated nitrogen
inputs, several large-scale manipulations of nitrogen
inputs to forests are under way in temperate forests
in North America and Europe. The forest floor (the
surface organic layer, or O horizon of temperate-
forest soil) has emerged a key ecosystem component
in these studies of C and N cycling. Forest floors have
shown high rates of retention of 15N labels (Nadel-
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hoffer et al., 1999a; Tietema et al., 1998), and C:N
ratios in the forest floor have been found to correlate
closely with rates of net nitrification and with whole-
system aspects of N cycling and retention such as
nitrate leaching (Currie 1999; Goodale and Aber 2001;
Gundersen et al., 1998, 1999; McNulty et al., 1991).

The extent to which fine woody debris (FWD) con-
tributes to N retention in the forest floor under elevated
N inputs is largely unknown. FWD above a certain size
class (0.5 cm, for example) is often excluded by seiv-
ing from studies of forest N stocks and dynamics. Two
very different mechanisms are plausible for increased
N retention in woody debris under increased N inputs.
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First, N immobilization in FWD would provide a dir-
ect mechanism for increased N retention in the forest
floor. Woody debris has higher C:N ratios than other
litter, but whether woody debris immobilizes N as it
decays is a matter of current debate (Alban and Pas-
tor, 1993; Chueng and Brown, 1995; Krankina et al.,
1999). Second, any increase in N uptake and the flux
of N in woody litter could provide an ecosystem-level
mechanism of N retention.

The extent to which changes in stocks of FWD
could potentially have an impact on changes in forest
C budgets under elevated N deposition is also largely
unknown. To some extent, elevated N deposition in
temperate forests of North America and Europe may
result in increased sequestration of atmospheric C
(Nadelhoffer et al. 1999b; Townsend et al. 1996).
To address this, it is critical to know which eco-
system components are responsible for retention of
N deposition, what the C:N stoichiometries of those
components are, and in cases where C:N ratios be-
come narrower under N deposition, the extent to which
this is due to increases in C pool sizes. Woody tissue
(living and dead) is key because C:N ratios are much
higher than in other ecosystem components such as
foliage, fine roots, or soil organic matter.

The Chronic N Study at the Harvard Forest in
central MA, designed to test hypotheses concerning
ecosystem responses to chronically-elevated N inputs
(Aber et al., 1993, Magill et al., 2000), provided a
framework for us to study responses in woody-debris
C and N pools. Experimentally-elevated inputs of N
have been made in two forests at this site since 1988.
Here we report N concentrations, C:N ratios, and pool
sizes of N and biomass in FWD on the forest floor 12
years into the study. We also report the recovery and
analysis of 15N tracers in FWD eight years following
their application to the soil surface. Recovery of the
tracers eight years after their application allowed us
to examine the net effects of a number of processes:
Initial plant-soil partitioning, plant uptake, woody lit-
ter production, and N dynamics in FWD on the forest
floor for several years.

To our knowledge, the present analysis is the first
study of woody debris under large-scale N amend-
ments over a decadal time scale. We had three main
objectives: (1) We sought to determine whether the
12 years of N amendments have altered N concentra-
tions or C and N pool sizes in the finer size classes
of downed woody debris. (2) We sought to quantify
the recovery of eight-year old 15N tracers (originally
applied as 15NH4 and 15NO3), under both ambient

and N-amended conditions, in the finer size classes
of woody debris. (3) We used the field results to
make a direct test of model predictions. Previously,
we used a biogeochemical process model, TRACE
(Tracer Redistributions Among Compartments in Eco-
systems), to predict 15N recoveries in woody debris
that would result from the multiple mechanisms con-
trolling N retention and partitioning among living and
dead biomass at this site (Currie and Nadelhoffer,
1999).

Methods

Site description

The Harvard Forest is a site in the Long-Term Eco-
logical Research (LTER) network sponsored by the
US National Science Foundation. Elevations of exper-
imental plots in the Prospect Hill tract studied here
are 370–390 m; monthly mean temperatures are −7◦C
in January and 19◦C in July. Precipitation averages
110 cm/yr, distributed fairly evenly throughout the
year (Van Cleve and Martin, 1991). We worked in the
two forest stands that are part of the ongoing Chronic
N study (Aber et al., 1993, Magill et al., 1997). The
first is an even-aged red pine (Pinus resinosa Ait.)
stand planted in 1926 on land that was previously pas-
tured and cultivated (Motzkin et al., 1999). The second
is a predominantly oak (Quercus velutina Lam., Q
rubra L., Betula lenta L., Acer rubrum L.) stand. The
mixed oak forest is on land that was pastured in the
19th century, reverted to forest by 1860, has regener-
ated naturally from a mix of disturbances since, and
is regionally representative (Aber et al., 1993; Foster
1992; Foster et al., 1992; Motzkin et al., 1999). Soils
in both forest stands are coarse-loamy, mixed, fri-
gid Typic Dystrochrepts. Soils are well drained and
contain well-defined O horizons (mor type).

Experiment design and background

In each forest there are four, 30 × 30 m experimental
plots: a reference plot, a low-N amendment plot, a
high-N amendment plot, and a N + S (nitrogen plus
sulfur) amendment plot. The reference plots (which
we refer to here as the ambient plots) receive ambient
wet deposition of NH4

+, NO3
−, and DON (dissolved

organic N) totaling 0.9 g N m−2 yr−1 (Currie et al.,
1996). The low-N and high-N plots receive ambient
deposition plus 5 or 15 g N m−2yr−1 (respectively)
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as NH4NO3. The N + S plots receive ambient depos-
ition plus 5 g N m−2yr−1 as NH4NO3 together with
7.4 g S m−2yr−1 as NaSO4. Amendments have been
sprayed onto the forest floors in six equal applications
per year, April through September, each year since
1988. Each 30 × 30 m treatment plot is divided into
36, 5 × 5 m subplots.

Here we consider only ambient and low-N plots,
because only these plots were labelled with 15N
tracers. Enriched 15N tracers were applied in 1991 and
1992 in both forest types; the midpoint of tracer ap-
plications was in late 1991. The isotopic composition
of N fertilizers added to treatment plots in years other
than 1991–1992 was similar to that of atmospheric N2
(0.3663 atom% 15N, or, δ15N = 0 ‰). During 1991 and
1992, either 15NH4

+ or 15NO3
− was added to separ-

ate 15 × 30 m halves of ambient and low-N plots on
the same days fertilizers were applied to treated plots.
Ambient plot halves received either 17.9 mg 15N m−2

yr−1 as dissolved 15NH4Cl (99.1 atom% 15N) or
16.2 mg 15N m−2 yr−1 as dissolved K15NO3 (98.6
atom% 15N). The same amounts of either 15NH4 or
15NO3 were added to low-N plots by dissolving either
15NH4Cl or K15NO3 into the NH4NO3 solutions used
for fertilizing low-N plot halves. This increased the
δ15N value of the NH4

+ion on one half of each low-N
plot from 0 to 965‰ (or from 0.3663 to 0.7173 atom%
15N) and the δ15N value of the NO3

− ion added to the
other half from 0 to 761‰ (or 0.6433 atom% 15N).

The four contiguous, internal, 5 × 5 m subplots
within each labeled plot half are considered ‘isotope-
internal subplots’ (Nadelhoffer et al. 1999a). Samples
for woody detritus 15N analysis were collected from
these isotope-internal subplots.

Quantification of woody debris

We used quadrats to quantify FWD biomass. In each
forest type we marked out three 2.5 × 2.5 m quadrats
at random within the ambient plots and three within
the low-N plots (12 total). We separated FWD into
three size classes based on diameter: 0.5 to < 1.0 cm,
1.0 to < 2.5 cm, and 2.5 to < 5.0 cm. Within the entire
area of each quadrat we quantified woody debris in
size classes from 1.0 cm to < 5.0 cm. We used two
nested, 1 × 1 m sub-quadrats (established at random
within each quadrat, 24 total) to quantify debris in the
finest size class, 0.5 cm to < 1.0 cm. Some authors,
ourselves included, define size classes up to 10 cm
diameter as FWD (Currie and Nadelhoffer in review;
Harmon and Sexton, 1996). However, given the lim-

ited size of our N-amended and 15N-labelled plots,
together with the fact that spatial heterogeneities in
distributions of woody detritus increase with size, we
omitted size classes > 5 cm diameter from the present
study.

We classified debris into decay classes, with the
number of decay classes varying by size class (Polit
and Brown, 1996). The largest size class was separated
into sound, intermediate, and rotten categories; finer
size classes had fewer decay categories. We determ-
ined decay class by the presence of bark and branches,
the degree of sapwood degradation, soundness of the
heartwood, and the presence of moss and fungi (Polit
and Brown 1996; Sollins 1982).

We included woody debris resting on the forest
floor and in the upper litter layer (Oi horizon). To
avoid the disturbance of tearing roots or disrupting the
soil structure on these permanent plots, we did not dig
into the deeper horizons of the forest floor. We also
excluded live wood as well as dead wood attached or
suspended above the ground. All pieces of downed,
dead wood were cut where they crossed quadrat or
sub-quadrat edges; these were sorted and weighed in
the field (to 1 g) in each combination of size and decay
class. Pieces of sloughed bark were included where
they appeared to be from wood < 5 cm diam. After
weighing, detritus was returned to the experimental
plots.

Collection of samples

Representative samples of FWD used for field-moist
to dry-mass conversion factors and for chemical ana-
lyses were collected from the 5 × 20 m isotope
internal area in each 15N-labelled area. Each sample
consisted of a complete cylindrical piece of wood, in-
cluding bark when present. From ambient and low-N
plots in each forest, samples were taken from each
combination of size and decay class. One set of three
replicate samples from each size-decay combination
was taken from plot halves (15 × 30 m) that had
received 15NO3 enrichment, while the other set of
three replicates was taken from plot halves that had
received 15NH4 enrichment. In three cases, it was not
possible to find three replicates in the ‘sound’ cat-
egory in the 2.5–5.0 cm size class, so two replicates
were used. Overall, 141 samples were collected from
15N-enriched plots.

Additional samples were collected for determina-
tion of natural-abundance levels of 15N in this mater-
ial. For ambient conditions, we analyzed samples of
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FWD collected in a concurrent study that employed
transects well outside of the treatment plots. From
each forest, 16 samples of FWD were analyzed for
δ15N, in all size-decay combinations. For N-amended
conditions, we collected samples of FWD from N + S
plots (which had received N amendments but no iso-
topic labeling). We analyzed 13 samples from the pine
forest and 16 from the oak forest.

Sample preparation and chemical analysis

Samples were taken to Appalachian Laboratory in
Frostburg, MD for analysis of C and N content.
Samples were dried to constant mass at 70◦C (sub-
samples of 2–15 g, depending on size class, were
used to determine corrections from field-moist masses
to 70◦C mass, and applied to masses determined in
the field). Samples were ground to #20 mesh in a
Wiley Mill, stirred well, subsampled (200 mg) for
further grinding to a fine powder in a jar mill, and
tested to pass through a #100 mesh sieve. A 100-mesh
grind (150 µm) is finer than sometimes recommen-
ded for soil fractions (cf. Boone et al., 1999). In
wood, however, where N concentrations are as low
as 0.1% and where analytical samples are as small
as 10 mg, we found the 100-mesh grind to produce
more reliable results, in agreement with Nelson and
Sommers (1996). After grinding, samples were again
dried to 70◦C and cooled in a desiccator. We determ-
ined C and N concentrations by dry combustion on a
Carlo-Erba NC 2100. In triplicate analyses of samples
chosen at random, differences between the highest and
lowest values, expressed as a percentage of mean val-
ues, ranged from 0.4 to 0.8% for C, and from 0.5 to
6.6% for N. Isotopic ratios were determined on two
mass spectrometers at the Marine Biological Labor-
atory, Woods Hole, MA. We used a Europa 20/20
mass spectrometer for 15N-enriched samples; duplic-
ate values of δ15N (run on 12% of samples) averaged
± 0.49‰. We used a Finnegan delta-S mass spec-
trometer for natural-abundance 15N samples. Typical
reproducibility among duplicates on this instrument
is 0.2–0.3‰ δ15N. Dry weight corrections (105◦ C)
were performed on all samples individually; we report
all results here for biomass, C, N, and 15N on a dry
weight, ash-included basis.

Data analyses

Statistics
Values of detrital biomass summed over size-decay

classes by quadrat were tested and found to be nor-
mally distributed. For values of C concentration, N
concentration, and mass ratios of C:N, log trans-
formations were used to obtain normal distributions.
Analyses of Variance (ANOVA) were used to test ef-
fects of forest type and N treatment on detrital biomass
pools, C concentrations, N concentrations, and C:N
ratios.

Recoveries of 15N labels

We use the standard delta notation to express the
atom% 15N in field samples as the per mil deviation
from the atmospheric standard:

δ15N =
[

atom%15Nsample

0.3663
− 1

]
× 1000 (1)

To compare 15N recoveries among treatments in which
15N enrichments differed, and to facilitate comparis-
ons with recoveries in other ecosystem pools and with
the results of other studies, we calculated percent re-
coveries of 15N tracers. We refer to this quantity as
PR15N, calculated as follows (Currie and Nadelhoffer,
1999):

PR15N(Ci , t) = NCi (t)(atom%15NCi(t)−atom%15Nb)

A(t−t0)(atom%15Na−atom%15Nb)
, (2)

where Ci is an ecosystem compartment, NCi (t) is the
amount of N [g/m2] in Ci at time t, A(t-t0) is the sum of
N amendments [g/m2] to time t, and the ‘a’ subscript
denotes amendment, ‘b’ denotes background. Because
PR15N is a quantity derived through a complex con-
ceptual model, we report statistical analyses and tests
on the underlying data, but not on quantities of PR15N
themselves.

Results

Detrital biomass, C, and N

We observed no significant differences in overall FWD
mass between forest types or N treatments (Figure 1;
two-way ANOVA over all data with forest type and
N treatment as categorical variables). Mean values of
summed detrital masses were higher on N-amended
plots, but variances were large and differences were
not statistically significant. Further, the two variables
of forest type and N treatment together explained only
20% of the variance in summed detrital masses, leav-
ing 80% of the variance to be attributed to random
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Figure 1. Detrital biomass of fine woody debris, summed across all
size-decay classes, within each forest type and N treatment. Means
and standard errors are shown for sets of three quadrats studied in
each combination of forest and N treatment. Values are expressed
on an oven-dry weight (105◦C) basis. ‘Ambient’ and ‘+ N’ are as in
Figure 1. Analysis of variance indicated no significant differences
between forests or N treatments.

variation. For use in subsequent calculations of N
pools and PR15N, within each forest we averaged de-
trital masses across N treatments. We took this step
to avoid overestimating changes in N pool sizes as a
result of the non-significant trends of higher detrital
masses in N-amended plots.

Differences in N concentrations, C concentrations,
and C:N ratios in FWD were all found to be signific-
antly related to forest type (Figure 2). Concentrations
of N were higher in the oak forest, while concentra-
tions of C were slightly lower (as percent C, overall
mean ± SE of 50.7 ± 0.2 versus 51.9 ± 0.3 in the
pine forest) and C:N ratios were lower. Concentrations
of N and C:N ratios were both found to be related
to levels of N amendment at only marginal levels of
significance (p = 0.052 and p = 0.051, respectively;
two-way ANOVA over all data with forest type and
N treatment as categorical variables). Samples from
N-amended plots had marginally higher N concentra-
tions and lower C:N ratios than samples from ambient
plots (Figure 2). In each of these cases (N concentra-
tions and C:N ratios), the statistical model using forest
type and N treatment together explained < 15% of
the variance in the data. Thus, although forest type
and N treatment were significant, these effects were
small compared to overall random variation among the
pieces of woody debris.

We calculated differences in N pool sizes in FWD
likely to have resulted from the 12 years of N amend-
ments. In calculating pool sizes of N by size and decay
class, we used detrital masses combined from the

present study and from a separate, concurrent study.
The concurrent study was designed to relate land use
history to pool sizes of mass, C, and N in woody debris
at larger scales, using 100 m transects and includ-
ing coarse woody debris in much larger size classes
(Currie and Nadelhoffer, in review). We incorporated
data from the transect study here for size classes <

5 cm diameter. This produced more robust results by
combining plot-sampling methods with line-intercept
methods (Polit and Brown, 1996). The concurrent
study also included woody detritus buried in the forest
O horizon, which in the transect study was excavated
to the upper mineral soil. To the means of unburied
masses combined from the present and the transect
studies, we added masses of buried material by size
and decay class from the transect study. We then mul-
tiplied mean N concentrations for each forest type, N
treatment, and size-decay class, by the appropriate de-
trital masses to determine sizes of N pools by forest,
treatment, and size-decay class. We summed the res-
ulting N pools across the six size-decay categories and
calculated differences in these sums between ambient
and low-N treatments (Table 1). We then calculated
the changes in these pool sizes as percentages of the
cumulative N amendments between the start of the
study and our 1999 sampling (3.8 g N m−2 yr−1 in
1988 plus 10.5 subsequent years at 5 g N m−2 yr−1 =
56.3 g N m−2). Because this calculation focussed on
differences between ambient and N-amended plots, it
did not include ambient N inputs, which we consider
equal among treatment plots and forest types.

Isotope recoveries

Natural-abundance values of δ15N in FWD, averaged
over each forest type, ranged from −3.1 to −1.6‰
under ambient conditions and from −2.3 to −0.7‰
under N-amended conditions (Table 2). Most of the
samples we collected on enriched plots had δ15N val-
ues between 0 and +30 ‰, with some values above
and below. Two δ15N values, +96 and +200‰, stood
out as being much higher than the others. Both of these
were samples from ambient plots, one in the oak and
one in the pine forest. These high δ15N values propag-
ated through our analyses of percent recoveries of 15N
tracers.

Even though there was substantial heterogeneity
in the δ15N values from piece to piece of woody de-
tritus, three patterns emerged in the values of percent
recovery of 15N tracers. When expressed by individual
size-decay classes, values of PR15N tended to be
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Figure 2. Chemistry of fine woody debris in size-decay classes. Means and standard errors are shown; values are expressed on an oven-dry
weight (105 ◦C), ash-free basis. ‘Ambient’ refers to untreated plots, while ‘+ N’ refers to plots that have received ambient N deposition plus
5 g N m−2 yr−1 since 1988. C:N ratio is calculated as a mass ratio. Sound, int., and rotten refer to decay classes, where ‘int.’ = intermediate
stage of decay.

greater in N-amended plots relative to ambient. Tracer
recoveries tended to be greater in the oak forest relat-
ive to the pine, particularly under N amendments, but
also under ambient conditions (Figure 3). Summation
over the size-decay classes, by form of original tracer,
level of N amendment, and forest type (Figure 4) ac-
centuated most of the patterns that were evident in the
isotopic recoveries in separate size-decay classes (Fig-
ure 3). The exception was in the recovery of 15NH4
under ambient conditions in the pine forest, in which
the single highest value of δ15N we obtained (200‰
in the pine ambient 15NH4 case) propagated through
the analysis. An additional pattern that emerged in the
summed values of PR15N was, in the N-amended case,
a greater recovery of 15NO3 tracers relative to 15NH4
tracers (Figure 4).

The percent recoveries of eight-year old 15N
tracers in FWD reinforced our finding, based on dif-
ferences in N pool sizes (Table 1), of low percentage
recoveries of experimental N amendments in FWD.

Subtracting the PR15N values in ambient plots from
those in N-amendment plots, the tracer-recovery ana-
lysis shows differences of 0.15% (pine forest) and
0.25% (oak forest) of the 15N label in each case.

Discussion

Interpretation of N pool sizes and isotope recoveries

We are limited in our interpretations of 15N tracer re-
coveries in two ways. First, our data do not address
dynamics in 15N storage in FWD over the eight-year
period following tracer applications, because we had
only one post-tracer sampling date, in 1999. We are
able to compare tracer recoveries in FWD against
natural-abundance δ15N in areas where tracers were
not used. For this reason, we focus on differences
among plots and treatments: 15NO3 vs. 15NH4 labelled
subplots, the oak forest vs. the pine forest, and ambient
vs. N-amended treatments.
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Table 1. Pool sizes of N in fine woody debris (g N m−2) in ambient and N-amended plots. Treat-
ment (+N) consisted of 5 g N m−2 yr−1 above ambient N inputs, applied each year beginning
1988. ‘Treatment retention’ is the percentage of cumulative, artificial N amendments since 1988
(56.3 g N m−2) that could be accounted for in the increase in N storage in downed, fine woody
debris < 5 cm diam.

Size class Pine forest Oak forest

Ambient + N Treatment Ambient + N Treatment

retention (%) retention (%)

0.5 to < 1.0 cm 0.265 0.605 0.429 0.511

1.0 to < 2.5 cm 0.845 0.625 0.823 1.033

2.5 to < 5.0 cm 0.515 0.723 1.314 1.455

Sum 1.63 1.95 0.57% 2.57 3.00 0.76%

The second limitation arises because we avoided
any excavation of the deep forest floor (Oa horizon)
for sample collection. Even so, some of the FWD
we collected in 1999 was likely to have been present
on the forest floor when the labeling took place in
1991 and 1992. We did sample throughout and be-
neath layers of fresh litter and litter accumulated over
several years, through the upper Oe horizon. In ad-
dition, because FWD is irregularly shaped, curved,
and branched, parts often protrude or are held slightly
above the surface. Leaves and needles falling on such
material, or on larger branches, often accumulates
around rather than atop the FWD. We believe the oc-
currence of the two exceptionally high values of δ15N
we observed (+96 and +200‰) was most likely due to
15N tracers that were incorporated into woody debris
on the forest floor, possibly during applications in
1991–1992, because no living tree tissue here has been
measured with such a high value of δ15N (Nadelhof-
fer et al., 1999a). At the same time, our sampling
design was likely to miss some proportion of the 15N
tracers on buried woody debris in smaller size classes.
Thus, our calculations of percent recoveries of 15N
tracers may underestimate the importance of immobil-
ization of 15N in the years immediately following 15N
application.

Our interpretations of differences in detrital masses
and pool sizes of C and N (independent of 15N labels)
are much less affected by the second limitation high-
lighted above. The N amendments (as NH4NO3) were
made each year from 1988, up to and including 1999
and beyond. If a high amount of NH4

+ or NO3
− from

N amendments were immobilized or otherwise incor-
porated rapidly in FWD, this would have been evident
in our samples as differences in N concentrations or

Table 2. 15N natural abundances in fine woody debris, under
ambient and N-amended conditions in pine and oak forests.
Samples for 15N natural abundance determinations were taken
either from non-labeled transects in reference areas (ambient)
or from non-labeled plots fertilized with 5 g N m−2 yr−1 each
year from 1988 through 1999 (+ N). Means of δ15N values (‰)
± 1 SE are shown for each forest type and N loading

Forest type Ambient + N

Pine forest −1.6 ± 0.2 (n = 16) −0.7 ± 0.2 (n = 13)

Oak forest −3.1 ± 0.2 (n = 16) −2.3 ± 0.1 (n = 16)

C:N ratios between ambient and N-amended plots. We
tested these differences, finding them to be minor,
of marginal significance, and explaining a very low
percentage of variance (< 15%) in the data. Our calcu-
lations of differences in N recoveries in FWD among
treatment plots, as percentages of N amendments over
the 12-year period (Table 1), showed slightly higher
recoveries of N amendments in FWD than did our cal-
culations based on 15N recoveries. Together, our two
methods of assessment indicate that any elevated N
immobilization in FWD in N-amended plots over the
decadal time period was minor.

A concept frequently used in the interpretation of
litter N dynamics is the critical C:N ratio (Aber et al.,
1990; Pastor and Post, 1986). Above this ratio, detritus
immobilizes N until the critical C:N ratio is reached
through the combined processes of N immobilization
and C mineralization. Partly decayed litter with a C:N
ratio below the critical ratio exhibits net mineralization
of N. Some studies have suggested that the critical
C:N ratio is much higher for woody debris than for
other detritus. Values of the critical C:N ratio may be
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Figure 3. Percent recoveries of 15N tracers (PR15N) in size-decay
classes of fine woody debris. The form of isotopic tracer listed
(15NH4 or 15NO3) is the form applied in 1991-1992 in 15 × 30 M
isotopic tracer plots. Sound, int., and rotten refer to decay classes,
where ‘int.’ = intermediate stage of decay.

over 100:1, or even over 200:1 for some tree species
(Chueng and Brown, 1995; Edmonds, 1987). If so,
this would be consistent with minimal rates of N im-
mobilization at the C:N ratios we observed. We found
C:N ratios in FWD of both forests to fall largely below
200:1, and in most detrital categories of the oak forest,
below 100:1.

Figure 4. Summed percent recoveries of 15N tracers (PR15N) over
all size-decay classes in the current study. N treatments, isotopic
tracer treatments, and size / decay classes are as in Figure 3.

Interpretation of patterns in FWD mass

Based on our data, we cannot reject the null hypothesis
that pools of FWD biomass showed no differences
between ambient and N-amended plots after 12 yr of N
additions. Both forests showed trends, though insigni-
ficant, toward increased FWD biomass under elevated
N inputs. The apparent trend in the oak forest (Fig-
ure 1) owes much to the low mean value of FWD
mass observed in the ambient treatment. This mean
value was not verified when compared against the res-
ult (446 g m−2) from our concurrent study, which
used a line-intercept method along 100 m transects
in the same forest stands (Currie and Nadelhoffer, in
review). Because of the length and separation of the
transects this could only be done under ambient condi-
tions, disallowing a test of ambient vs. N-amendment
differences, but allowing an independent assessment
of woody biomass pools under ambient conditions.

Model-data comparisons

Some of our results allow tests, to varying degrees,
of predictions made by the TRACE model. First, our
finding that ambient and treatment-plot differences
in net immobilization of N in FWD were minimal
are consistent with our expectations embodied in the
model structure. In the model, there was no net im-
mobilization of N in woody debris; prior to the in-
corporation of well-decayed wood into humus, in the
model, the pool of recognizable woody debris simply
conserves N in woody detritus as C is mineralized.
The prediction that net immobilization of N in re-
cognizable FWD would be minimal appears to be in
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Table 3. TRACE model predictions of percent recovery of 15N labels
in fine woody debris < 5 cm (Currie and Nadelhoffer 1999). Values
are PR15N expressed as percent (%).

Treatment Pine forest Oak forest

15NO3 label 15NH4 label 15NO3 label 15NH4 label

Ambient 0.16 0.70 0.71 2.20

Low-N 0.036 0.069 0.16 0.26

general agreement with our field data. Complete lack
of net N immobilization in FWD, however, may be
an underestimate, because the marginal differences in
N concentrations that we observed may have resulted
from minor increases in rates of N immobilization in
N-amended treatments. Given our current data this is
difficult to establish clearly, because the marginally
higher N concentrations in FWD in N-amended plots
could have arisen from marginally higher N concen-
trations in woody litterfall. At present, we have no
information on N concentrations in woody litterfall.

We developed TRACE as a tool to interpret 15N
partitioning and redistribution (Currie et al., 1999).
Prior to this field study, we published model predic-
tions of PR15N values in woody debris at the Harvard
Forest (Currie and Nadelhoffer, 1999). Our calcu-
lated values of PR15N in woody debris allow a test,
though an imperfect test, of TRACE predictions. The
model predicted PR15N summed over all size classes
of woody detritus, including coarse woody debris. To
calculate the expected values of PR15N in FWD <

5 cm diameter, we multiplied the model predictions
for 1999 PR15N in overall woody debris by the frac-
tions of the overall N pool in woody debris that is
comprised by the N pool size in FWD < 5 cm. These
fractions are 0.119 for the pine and 0.154 for the oak
forest; the bulk of the woody-debris N pool is in larger,
well-decayed logs (Currie and Nadelhoffer, in review).
Thus adjusted, model predictions for PR15N in FWD
< 5 cm ranged from 0.036% to 2.20% for different
combinations of forest, treatment, and form of 15N
label (Table 3). In general, predicted 15N recoveries in
FWD were somewhat higher than the observed values
(Figure 4).

Apart from inaccuracies in modeled processes of
N cycling, there are two additional factors that make
these model-data comparisons of 15N recoveries im-
perfect comparisons. Both would tend to cause our
field-study results to be somewhat lower than TRACE
predictions. The first was noted above: Some FWD on

the forest floor in 1991–1992 may have become bur-
ied deep in the Oa horizons after immobilizing some
15N tracers. The second factor is that TRACE models
a homogeneous spatial area with no horizontal loss
of 15N. Since the sizes of our isotope-internal areas
(5 × 20 m) were narrower than tree canopies, it is
likely that some 15N was carried horizontally out of
our plots via woody litterfall. This, too, would cause
our field-based calculations of PR15N to be slight un-
derestimates. Together, these factors limit the use of
these model-data comparisons to make definite con-
clusions regarding the mechanisms of N partitioning
and N dynamics. Still, we suggest that it is valuable
to compare field results with model predictions if the
limitations are recognized, and we suggest that learn-
ing to make improved model-data comparisons of this
nature is an important direction for research.

TRACE embodied an expectation of gross N ex-
changes between woody detritus and pools of soil
available N that appear too high when model predic-
tions are compared against our field results. One of the
powerful aspects of using 15N in field studies lies in
the sensitivity of δ15N values to gross rates of N cyc-
ling; gross N exchanges can cause 15N labels to move
among N pools at different rates than net flows of N.
In trace, while woody detritus had zero net immob-
ilization of N, the N contained in woody debris still
underwent nonzero gross exchanges with exogenous
N pools. We had structured the model this way based
on the findings of Downs et al. (1996), in which wood
chips appeared to immobilize 15N tracers in a particu-
lar year (the fourth year of the study) even when net N
immobilization was zero. Thus, in model simulations,
gross exchanges of N – simultaneous mineralization
and immobilization of N, even while net N immob-
ilization was zero – was the main process causing
15N to appear in woody detritus. Since the model
over-predicted 15N recoveries in FWD, it appears that
TRACE over-predicted gross N exchanges between
FWD and pools of available N in soil.

A key set of model-data comparisons to make is
to compare patterns of PR15N values among treat-
ments, isotope forms, and forest types. First, TRACE
predicted greater PR15N for 15NH4 labels relative to
15NO3 (Table 3) due to greater gross immobilization
of NH4

+ vs. NO3
− in the model. Second, TRACE

predicted higher 15N recovery in FWD in ambient
plots relative to fertilized (Table 3). The mechanism
giving rise to both of these patterns in the model
was gross exchange of N. The first pattern occurred
because gross immobilization in the model had a pref-
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erence for NH4
+ (Currie et al., 1999); the second

occurred because soil N inputs were lower in ambi-
ent plots, making the atom% 15N values of the labels
there greater, causing the model to predict proportion-
ally greater 15N immobilization per unit of gross N
immobilization. These patterns are important to note
because they both disagreed with patterns in the field
recoveries of 15N. As noted above, however, these
conclusions and patterns in the field data must be inter-
preted with caution, because some FWD that retained
15N tracers may have been buried in deep Oa horizons
and excluded from sampling.

Plant N uptake

Differences in N uptake by trees in N-amended versus
ambient plots could have produced the observed pat-
terns of 15N recoveries in FWD. Three major patterns
in PR15N evident in FWD (Figure 4) are consistent
with patterns in living vegetation observed by Nadel-
hoffer et al. (1999): (1) greater values of PR15N
in N-amended plots versus ambient; (2) within N-
amended plots in both forests, greater values of PR15N
for 15NO3 labels relative to 15NH4 labels; and (3)
greater PR15N in the oak forest vegetation relative
to the pine forest. This suggests that the patterns of
PR15N in FWD have been caused by differences in
plant uptake, and the 15N tracers we recovered in FWD
eight years after labeling arose from differences in 15N
in woody litterfall.

At the Harvard Forest, uptake of N by vegetation
increased in N-amended plots over ambient, as soil
N sinks were overcome at higher rates of N inputs
(Magill et al., 1997, Nadelhoffer et al., 1999b). This
was evident in the patterns of 15N recovery immedi-
ately following the two-year period of 15N additions:
Values of PR15N in vegetation were greater in the
N-amended plots relative to the ambient plots (Nadel-
hoffer et al., 1999a). Tree uptake of N and recovery
of 15N in tree tissues were also greater in the oak
forest vs. the pine, and recovery of 15NO3 labels
were greater than those of 15NH4 labels in tree tissues
in both forests (Nadelhoffer et al., 1999a). Together
these patterns suggest that plant uptake, followed by
woody litterfall, may have been the dominant mech-
anism of 15N tracer movement into FWD over the
eight-year period. It may also be the dominant mech-
anism that caused marginally greater pool sizes of N in
FWD over the 12-year period of N amendments. This
conclusion is consistent with our interpretations that

FWD in both forest types exhibited minor fluxes of N
immobilization on the forest floor.
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