
Abstract Forest defoliation by insects can lead to severe
disruptions of the nitrogen (N) cycle resulting in elevat-
ed NO3

– levels in stream water. To trace the movement
of insect-mobilized N in a forest soil, 15N-labeled gypsy
moth frass or 15N-labeled oak leaf litter was added to
trenched plots in an oak forest over 29 months. Nitrogen
movement from the frass or litter was measured in the
available, mineralizable, microbial and total soil pools.
Uptake of 15N by oak seedlings and inorganic N leaching
losses were also measured. No significant differences
were found between the frass or leaf treatments for total
N in any of the pools. Significant differences were found
among the treatments in the distribution of the 15N tracer.
Forty percent of the 15N added as frass became incorpo-
rated in the soils, with less than 1% found in oak seed-
lings. Almost 80% of 15N added as leaves remained in
the undecomposed leaf material after 2 years. Less than
0.001% of the added 15N was leached in both treatments.
Our data indicate that N in frass is mobilized more
quickly than N in leaf litter. However, this frass N may
be largely unavailable to plants and microorganisms as
little of it was found in the extractable, microbial, or
readily mineralizable pools.

Keywords N cycling · Insect defoliation · Frass · Gypsy
moth · 15N

Introduction

Defoliation by insects can be a source of stress for both
individual trees and for entire forest ecosystems. Many
studies have evaluated impacts of defoliation on trees,
but fewer have examined the ecosystem-level conse-

quences (Grace 1986). Price (1997 following Mattson
and Addy 1975) listed five effects of insect defoliation:
(1) changing the host’s physiological status, (2) increas-
ing litterfall, (3) increasing nutrient input to the forest
floor through leaching from trees, (4) changing the com-
position and structure of the forest through death of
weakened trees and release of survivor trees, and (5) en-
hancing soil microbial activity.

Seastedt and Crossley (1984) suggested that large-
scale defoliation can result in a larger input of foliar lit-
ter and frass to a forest floor with a potential increase in
nutrient cycling. Grace (1986) found that heavy defolia-
tion did not change the total quantity of litter produced
in an oak forest but did change the composition and sea-
sonal distribution of the litterfall. Over a 1-year period,
Grace (1986) found that insect defoliation increased lit-
terfall N from 31 kg N/ha in non-defoliated forests to
52 kg N/ha in defoliated forests. This input of fresh or-
ganic matter with high N and labile C may accelerate mi-
crobial activity and produce flushes of NO3

– and NH4
+

release (Harris and Riha 1991; Lovett and Ruesink
1995). However, Lovett and Ruesink (1995) found that
frass from gypsy moth caterpillars (Lymantria dispar L.)
increased microbial immobilization of N, thereby reduc-
ing, at least temporarily, the possibility of N losses from
the ecosystem. The labile C in the frass stimulated
growth and production of microbial heterotrophs, in-
creasing the demand for available N.

Investigations into large-scale defoliation events have
shown varying results. Swank et al. (1981) reported an
increase in NO3

– export in stream water after the fall
cankerworm (Alsophila pometaria Harris) partially defo-
liated an area at Coweeta Hydrological Laboratory in
North Carolina, although the quantity of N loss was
quite low (<0.5 kg N ha–1 year–1). Webb et al. (1995) and
Eshleman et al. (1998) reported an increased level of
NO3

– export in streams from areas defoliated by gypsy
moths over 3 years in the Mid-Appalachian mountains of
the United States. In contrast, after defoliation by the
saddled prominent caterpillar (Heterocampa guttivitta
Walker), no increase in NO3

– export in stream water was
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observed at Hubbard Brook in the White Mountains of
New Hampshire (Bormann and Likens 1979). These wa-
tershed studies indicate that N losses after defoliation are
variable, and that there is considerable uncertainty about
the ecosystem-scale effects of insect outbreaks.

In this study, we asked the question; how does con-
version of an oak canopy into gypsy moth frass affect
cycling and loss of N? More specifically, we asked if the
conversion to frass would increase or decrease N miner-
alization, plant uptake and leaching loss of N. To answer
these questions, 15N enriched leaf litter and gypsy moth
frass were produced and applied to trenched plots in a
mature upland oak forest, and the fate of the 15N was fol-
lowed for 29 months.

Materials and methods

Site description

The research was done in a forested upland site at the Institute of
Ecosystem Studies in Millbrook, N.Y. The site was dominated by
mature Quercus rubra L. (northern red oak), with Tsuga canaden-
sis L. (eastern hemlock), Acer rubrum L. (red maple), Q. prinus L.
(chestnut oak), and Q. velutina Lam. (black oak) found in the
overstory. This site was selected because it had a mature canopy
and a species composition that would typically favor gypsy moths.
The soils of the study site are classed as the Nassau-Cardigan
complex, hilly (15–30% slopes) and very rocky (Dutchess County
Soil and Water District 1991). These soils are generally shallow,
with many rock outcrops and are considered well drained.

Field methods

To obtain 15N enriched oak leaves a 15N solution was infused into
a black oak tree that was 9 m tall with a DBH of 12 cm. The infu-
sion solution was 5 g/l (15NH4)2SO4, 99% atom enriched in 15N.
To infuse the isotope solution, holes were drilled approximately
1 cm into the bark of the tree 1 m from the ground and neoprene
tubes with plastic connector tips were pushed into the holes. The
solution flowed by siphon action into the tree, with the tree rapidly
taking up the solution. This procedure was carried out in the
spring of 1995 (May 31) and again in the spring of 1996 (May 22)
for a total of 4 l of solution taken up by the tree. Leaf samples
from the summer of 1995 and 1996, 2 weeks after infusion, were
collected, dried and ground. These samples were sent to the De-
partment of Crop and Soil Science at Michigan State University
for 15N analysis. An atom %15N of 0.6129–0.6035 was determined
for the leaves, well above the background level of 15N of approxi-
mately 0.366 atom %.

Senescent leaves from the infused tree were collected from
natural leaf fall in October and November each year and air-dried
at room temperature for 48 h. These leaves were then applied to
the appropriate field plots in November of the same year. The
mean atom %15N of these leaves was 0.859.

To produce 15N-enriched frass, fresh leaves from the 15N-labeled
tree were harvested daily and fed to captive gypsy moth caterpillars.
Third instars were obtained from the USDA APHIS laboratory in
Massachusetts in June 1995, 1996 and 1997. These caterpillars were
reared through to pupation. The frass collected was dried at 30°C
for 48 h and stored for 1–4 weeks before application to the field
plots. The labeled frass had a mean atom %15N of 0.894.

Twelve 0.49 m2 plots were established at the field site in 
November 1994. The plots were trenched around the perimeter to
a depth of ~1 m, then the sides were lined with plastic sheeting
and the trenches backfilled on three sides. On the fourth side, the
plots were lined with plastic and the trench covered with plywood

allowing access to the subsoil. The field site had a very sparse
ground cover consisting of club moss (Lycopodium sp.) an uniden-
tified grass species and seedlings of the overstory trees. These
plants were weeded from the plots. It should be noted that the
plants removed were few and disturbance to the soil was minimal.
The 12 plots were randomly assigned to three groups: reference
(no manipulation), leaf (15N-labeled leaf litter added) and frass
(15N-labeled frass added). Note that the reference plots were used
to assess natural abundance or background 15N levels and to moni-
tor seasonal N-cycling in the absence of frass or leaf manipula-
tions. There were four replicate sub-plots for each treatment and
the reference. A 2-month-old, red oak seedling was planted in the
center of each of the twelve plots in the spring of 1995 as a “bio-
assay” for N availability. The seedlings were covered with wire
mesh (0.8 cm) cages to prevent browsing by deer. 15N-labeled se-
nescent leaves (203 g dry mass), equivalent to a normal leaf litter-
fall at this site, were added to each leaf treatment plot in Novem-
ber 1995 and November 1996 for a total of 3,049 mg N and
26.2 mg 15N added. 15N-labeled frass (52 g dry mass) was added
to the frass treatment plots at the end of June in 1995, 1996 and
1997 for a total of 3,087 mg N and 27.4 mg 15N added. This
amount of frass approximated the amount that would be produced
by a 50% defoliation of the canopy. Both frass and the forest floor
soils had a 20:1 C/N ratio while the senescent leaves had a C/N 
ratio of 64:1. Plots were sampled in August 1995 and April and
August 1996 and 1997.

For each sampling period, four soil cores were taken from each
plot to a depth of 25 cm with a 2-cm-diameter stainless steel corer.
Each core was divided into two sub-samples, 0–10 cm and
10–25 cm depth. The four sub-samples at each depth were com-
posited, creating two soil samples per plot per sample period.

Three ion exchange resin bags were placed in each of the 12
plots at a 30-cm depth to index leaching losses of N. These bags
were collected at each sampling period, with replacement bags in-
stalled. Senescent leaves were also collected from each of the 12
seedlings in October–November in 1995, 1996 and 1997. In No-
vember 1997, the entire seedling in each plot, including coarse
and fine roots, was harvested for analysis. The 12 plots were exca-
vated to a depth of 10 cm (divided into two sub-horizons of 0–3
and 3–10 cm) in 1997.

Laboratory methods

Soil analysis

After collection all soils were brought directly back to the labora-
tory where they were passed through an 8-mm sieve. Roots,
woody debris and stones, were separated from each soil sample. A
sub-sample of fresh soil was removed for extraction of available
inorganic N and for the measurement of microbial biomass N and
N mineralization potential. Another sub-sample was removed and
stored at 4°C for later pH analysis while the remainder of the sam-
ple was dried for 48 h at 60°C, and then stored in a sealed plastic
bag.

Soil pH was measured potentiometrically in a 2:1 slurry
(Nanopure water: field moist soil) 1–3 days after collection. Mois-
ture contents were determined gravimetrically after drying at 60°C
for 48 h. After moisture determination, the dried soils were ground
to a fine powder in a KLECO pulverizer. Total C% and N% were
determined on a Carlo-Erba NA1500 autoanalyzer. KCl extrac-
tions were used to measure extractable NH4

+ and NO3
– (available

inorganic N). A Perstorp Analytical, Flow Solution 3000 autoana-
lyzer was used to analyze the samples for NH4

+ (salicylate meth-
od) and NO3

– (cadmium reduction method) (Perstorp Analytical
1994). All results are reported in µg N/g DM (dry mass) soil.

To determine the readily mineralizable pools (N-mineralization
potentials), soil samples were incubated in glass quart (946 ml)
canning jars with airtight lids fitted with butyl rubber septa 
(Robertson et al. 1999). Jars were incubated in the dark at room
temperature for 10 days. Gas samples were taken for analysis of
CO2 by thermal conductivity gas chromatography (Shimadzu GC



8 A) and inorganic N was extracted and analyzed as described
above. All N mineralization and nitrification rates are reported as
µg N/g DM soil/day.

Microbial biomass of C and N content was determined using
the chloroform fumigation incubation method (Horwath and Paul
1994). Microbial biomass C was calculated by: MBC=1.73FC–
0.56UFC where MBC is microbial biomass carbon, FC is the car-
bon released from the fumigated sample, UFC is the carbon re-
leased from the unfumigated sample and 1.73 and 0.56 are con-
stants calculated by direct microscopy (Horwath et al. 1996). 
Microbial biomass N was calculated by: BN={MBC×[0.6×(FN/
FC)]}+0.09 where BN is biomass nitrogen, MBC and FC are as de-
scribed above, FN is the nitrogen found in the fumigated, incubat-
ed soil and 0.6 and 0.09 are constants from direct microscopy
(Paul and Clark 1996).

Plant tissue and frass analyses

Plant tissues included senescent leaves collected from the labeled
oak tree, senescent and green leaves from the oak seedlings,
weeds removed from the treatment plots and seedling stems and
roots harvested from the plots at the end of the field experiment.
Woody debris was separated from the soil in the final plot harvest.
Frass was collected from the reared gypsy moth caterpillars. Mate-
rial was oven dried at 60°C for 48 h, weighed, and reduced to a
powder form using a KLECO pulverizer and stored in sealed plas-
tic bags until analyzed for C and N % using a C-N analyzer 
(Carlo-Erba NA1500).

Resin bags

Resin bags consisted of two separate resin forms, a chloride (an-
ion) form (DOWEX 20-50 mesh 1-X8) and a hydrogen (cation)
form (DOWEX 20-50 mesh 50W-X8). Each bag was made using a
pre-washed nylon stocking. The stockings were soaked in 1 M
HCl for 2 h and then rinsed with deionized water. Each bag, divid-
ed in half by tying a knot in the stocking, contained 17 g moist
weight of the chloride form resin and 15 g of the hydrogen form.
The resin bags were then soaked in 2 M KCl for 2 h and then
rinsed in deionized water. Bags were stored in sealed plastic bags
at 4° C until placement in the field. After collecting, the bags were
extracted with 100 ml of 2 M KCl. Resin extracts were filtered
and analyzed for NH4

+ and NO3
– as described above. Results are

reported as µg N/g DW resin. To estimate the leaching loss of N
from the field plots, the amount of N extracted per bag was divid-
ed by the approximate area of the bag (30 cm2) and then scaled to
the area of the plot.

Isotopic analyses

To determine the abundance of 15N in the KCl extracts, a N-diffu-
sion technique (modified from Stark and Hart 1996; Brookes et al.
1989) was used. All N-diffusion samples, plus soil and plant tis-
sues were sent to the stable isotope laboratory at the University of
California at Davis for 15N atom % determination. Measurement
precision reported by UC Davis is less than 0.2‰ δ15N between
reference and check standards. A frass standard was also run in
triplicate with each group of samples submitted to UC Davis. The
isotopic values for these standards varied by less than 3%.

Mass balance of 15N

To determine the fate of the 15N added to the leaf and frass treat-
ment plots, a mass balance of the added 15N was calculated. The
reference plots provided estimates of the natural abundance or
background levels of 15N for all of the N pools sampled. The mean
atom %15N measured in the reference plots was subtracted from
each of the leaf and frass plot 15N values. This calculation provid-
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ed the 15N in excess of background levels and was the estimate of
the 15N that had been derived from either the labeled leaf or frass
material. All data presented for the mass balance calculations are
therefore for the leaf and frass treatments only.

Statistical analyses

The Shapiro-Wilk test of distribution was used to determine nor-
mality of the data. Analysis of variance was used for normally dis-
tributed data to test for differences between the treatments (refer-
ence, leaf, frass) using the means taken across sampling dates.
Within a treatment, ANOVA was used to test for seasonal differ-
ences in the response variables between the dates for the treat-
ments. A Student-Newman-Keuls test was used to determine the
significant differences among treatment means. The non-paramet-
ric Kruskal-Wallis test was used to compare treatment effects for
non-normally distributed data. All statistical analyses were done
using the SAS statistical program (UNIVARIATE, GLM, and
RANK procedures) (SAS 1989).

Results

N Pools and fluxes

Most of the soil N pools (extractable or available inor-
ganic N, mineralizable, microbial, total soil and inorgan-
ic N leaching) showed no significant differences be-
tween the treatments and the reference in the two sea-
sons sampled (Table 1). Means were calculated across
years for the 1996 and 1997 samples because significant
differences between years were not observed (Table 1).
However, August 1995 samples were not included in
those means because of significant differences in poten-
tial net N mineralization between 1995 and the other
years (Table 1). No significant differences were found
for pH or moisture values between the treatments or con-
trol for any sample dates. Estimated loss of dissolved in-
organic N below the rooting zone as sampled by ion ex-
change resins showed no significant differences between
treatments or the reference for NH4

+ or NO3
– (Table 2). 

Plant tissue

Senescent and green leaves of the seedlings showed no
significant differences in amounts of %N or %C. Neither
stem length nor stem biomass differed between the treat-
ments or reference and there were no differences in total
N (Table 2). Root lengths and weights were similar for
all seedlings from all treatment plots and there were no
differences for total N (Table 2).

To account for potential sinks of 15N added to the
plots, plants that were weeded from the plots were ana-
lyzed for element %N and atom %15N. “Weeds” includ-
ed unidentified herbaceous plants, mosses and tree seed-
lings. The mass of these plants ranged from 0.1 to
0.3 g DW plot–1 year–1 and there were no differences in
%N.
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15N concentrations, pools and fluxes

In contrast to patterns of total N pools, the concentra-
tions of 15N showed strong treatment effects. The 
frass plots exhibited higher 15N values in the extractable,
potentially mineralizable and microbial pools for all
sample dates compared to the reference and leaf plots
(Christenson 1999). The frass treatment plots had signif-
icantly higher concentrations of 15N than the reference or
leaf plots in the total N pool in both surface and subsur-
face soils on most sampling dates (Fig. 1). There were no
significant differences in atom %15N between the refer-
ence and leaf treatments.

Significant treatment differences were found for NO3
–

leaching with the frass treatment significantly higher
than the leaf treatment or reference in April 1996 and
1997 (Fig. 2). Atom %15N analysis for NH4

+ leaching
loss showed no significant differences between the treat-
ments and reference plots.

Green leaves, stems and roots (collected only in
1997) from the frass treatment plots had significantlyT
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Fig. 1 Mean (±SE) of atom % 15N for surface (0–10 cm) and sub-
surface (10–25 cm) soils. An asterisk indicates a significant
(P<0.05) difference

Fig. 2 Mean (±SE) atom % 15N of leaching losses for NO3
– in ion

exchange resin extracts. Asterisks (*P<0.05, **P<0.01, ***P<0.001)
indicate significant differences between the treatments and reference
within a sampling period
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higher atom %15N than leaves, stems and roots from the
reference and leaf treatments (Fig. 3). Atom %15N values
in weeds were also higher (P<0.001) in the frass plots
compared to the control and leaf plots (no weeds grew in
the leaf plots). There were no differences in atom %15N
values for the planted oak seedling senescent leaves for
the reference or treatment plots.

Mass balance of 15N

Mean overall recovery of the added 15N at the end of the
experiment was 81% for the leaf treatment and 40% for
the frass treatment. A large fraction (~78%) of the added
15N in the leaf treatment plots remained in the undecom-
posed leaves (Fig. 4). The mass of leaf litter remaining
on the leaf treatment plots was 5–30% less than the total
amount added over the course of the 29-month experi-
ment. Compared to the leaf litter added to these plots,
the litter harvested from the plots contained an average
of 15% more N but 22% less 15N, indicating a bidirec-
tional exchange of N between leaf litter and soil. It
should be noted that native leaf litter was excluded from
the frass and leaf treatment plots, while native litter
could accumulate on the reference plots. In the frass

treatment plots, no visible frass remained on the soil sur-
face at the time of harvest, and the recovered 15N was
primarily in the soil pools (~17% in the 0–3 cm soil lay-
er, ~5% in the 3–10 cm layer and ~19% in the 10–30 cm
layer; Fig. 4).

In both the leaf and frass treatments, the oak seedlings
took up very little of the added 15N (Fig. 4). The largest
differences in 15N pool distributions were in the soils. In
the leaf treatment, 15N recovered in the soil (0–30 cm
depth) accounted for only 2.5% of the added 15N, com-
pared to 40% in the frass treatment plots. Finally, leach-
ing losses for both treatments were very small
(0.00004% of the recovered 15N), with no statistically
significant difference between the frass and leaf treat-
ments (Fig. 4).

To compare the fate of “mobilized” 15N, we calculat-
ed the distribution of 15N that was recovered but not in
the undecomposed leaf litter (Table 3). We use the term
“mobilized” to mean that the N was moved from the soil
surface, probably by water, but not necessarily mineral-
ized. Undecomposed leaf litter was still present at the

Table 2 Total N in mg N m–2. Mean values of each treatment or sums of leaching losses across the five sample dates are presented for each
treatment. Standard errors are shown in parentheses. The percentage of the measured N pools are calculated from the total soil N pool

Treatment Soil Extract- % of Miner- % of Micro- % of Leaching Leaching Seedlings
0–10 cm able N total alizable total bial N total loss loss 

soil N soil soil (NH4
+) (N03

–) Senescent Stems Roots
N N N leaves

Reference 60,755 392 (110) 0.64 149 (51) 0.24 1,771 2.9 169 (20) 243 (108) 27 (12) 55 (29) 108 
(11,347) (398) (53)

Leaf 67,037 400 (149) 0.59 202 (61) 0.30 1,882 2.8 231 (37) 233 (31) 31 (6) 73 (8) 190 
(7,588) (310) (39)

Frass 63,667 349 (92) 0.54 86 (49) 0.13 1,869 2.9 165 (29) 292 (102) 38 (8) 53 (12) 145 
(8,045) (308) (14)

Fig. 3 Mean (±SE) atom %15N for green leaves, stems and roots.
Green leaves were sampled in July 1997 and treatment seedlings
were harvested in November 1997. Asterisks (*P<0.05, **P<0.01,
***P<0.001) indicate significant differences between the treat-
ments and reference

Fig. 4 Percent recovery of 15N added as frass or leaves at the end
of the experiment (November 1997). Percentages shown represent
the amount recovered relative to the total amount added over the
duration of the experiment



trations during this time, with concentrations then de-
clining as the experiment continued. Other workers have
also reported enhanced mineralization and nitrification
leading to increased leaching losses following soil dis-
turbance (e.g., Dhamala and Mitchell 1996). Even
though disturbance is the probable reason for the elevat-
ed concentrations and rates, the frass treatment plots still
had a significantly lower N-mineralization rate than the
leaf treatment or reference plots.

Lovett and Ruesink (1995) proposed that microbial
immobilization of N liberated from frass could act to
conserve N in a system defoliated by phytophagous in-
sects. They saw decreased potential N mineralization
rates in frass-amended soil over 120 days, which they at-
tributed to increased N immobilization by microbes. One
of the questions posed by Lovett and Ruesink (1995)
was whether this decreased N-mineralization rate would
be observable in the field and if it would continue with
repeated frass additions. Our data do not conclusively
answer this question. The N-mineralization rate was low-
er in the frass plots than in the reference or leaf plots on
some dates but not all dates, and was significantly lower
only in August 1995, when rates were elevated in all
plots due to the initial disturbance. Averaged across all
dates, however, mineralizable N in the frass plots was
less than half the level found in the leaf plots (Table 2).

One of the questions addressed in our study was
whether N derived from frass differed in its availability
to plants and microbes compared to N derived from leaf
litter. Again, the data suggest a rather complex answer.
Both microbial biomass and plant tissue were more en-
riched in 15N in the frass plots than in the leaf plots. This
occurred largely because the frass 15N was completely
mobilized in the soil, whereas the leaf 15N remained
mostly bound in undecomposed leaf material on the soil
surface (Fig. 4). Therefore more N and 15N were poten-
tially available to the system in the frass treatment dur-
ing the period of this experiment. If we compare the fate
of “mobilized” 15N however, it appears that a larger per-
centage was taken up by plants in the leaf plots than in
the frass plots, whereas frass plots had more in the deep-
er soil pool (Table 3).

Although the seedlings in the frass plots did not show
higher biomass or N concentrations, they were signifi-
cantly higher in atom %15N than the seedlings from the
reference and leaf plots, probably because so much more
15N was mobilized in the frass plots. Surprisingly, there
were no differences in atom %15N in the senescent
leaves among the treatments. This may have been due to
the preferential re-translocation of 14N, leaving slightly
higher 15N levels in the senesced leaves of all the 
seedlings and perhaps obscuring the treatment effect
(Virginia and Delwiche 1982; Garten 1993).

The low 15N mobilization in the leaf treatment plots
was partly a result of the slow decomposition of the oak
litter, which ranged from 5.5% to 30% mass loss over
the 1- to 2-year period that leaves were on the plots.
These low values are similar to those obtained in other
studies of oak leaf decomposition (e.g. Mudrick et al.
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end of the experiment, while all frass had “dissolved” in-
to the plots. There was a tendency for greater recovery of
mobilized N in the surface soils and seedlings in the leaf
plots, and greater recovery in the deeper soils in the frass
plots, although this difference was not statistically sig-
nificant. The only significant treatment effect was found
in seedling stems (leaf treatment >frass treatment).
Leaching losses of mobilized 15NH4

+ and 15NO3
– were

also not significantly different between the leaf and frass
treatments.

Discussion

The cycling and use of N in a forest ecosystem following
insect defoliation is complex and linked to the local to-
pography, climate, edaphic conditions and existing plant
and animal communities. The results of this study indi-
cate that N in gypsy moth frass had a different fate than
N in senescent oak leaves. These differences were not
distinguishable in most cases for total N pools and fluxes
but were clearly observable using the 15N tracer. In gen-
eral, the 15N from the frass was quickly mobilized then
primarily retained in the soil in pools that were not ex-
changeable (in 2 M KCl), readily mineralizable (10 day
incubation) or microbial. In contrast, the litter 15N was
primarily retained in the undecomposed litter.

The soil organic matter was the strongest sink for mo-
bilized, recovered 15N in both leaf litter and frass plots.
There was a tendency, though not statistically signifi-
cant, for the frass 15N to be retained deeper in the soil
profile than leaf 15N. Other 15N tracer experiments inves-
tigating the fate of N deposition to forests have also
found soils to be strong N sinks (Currie et al. 1999; 
Nadelhoffer et al. 1999a, b).

The disturbance created by the initial plot trenching
may have affected our measurements early in the experi-
ment. The highest concentrations of extractable, poten-
tially mineralizable and to some extent microbial N,
were found on our first sampling date (August 1995).
Both treatments and the reference exhibited high concen-

Table 3 Percent distribution of 15N that was “mobilized” (i.e., not
remaining in undecomposed leaves) and recovered in the leaf 
and frass plots and t-test comparison of leaf versus frass treatment.
(SE for the means are given in parentheses)

N pools Treatment

Leaves Frass P value

0–3 cm soil 71.7 (9.3) 45.4 (12.1) 0.09
3–10 cm soil 5.1 (3.2) 11.1 (1.72) 0.10
10–30 cm soil 19.6 (11.9) 42.8 (11.61) 0.16
Seedling stem 0.1 (0.01) 0.03 (0.008) 0.05*
Seedling roots 0.2 (0.09) 0.07 (0.01) 0.16
Seedling senescent leaves 0.7 (0.57) 0.03 (0.006) 0.30
Woody material 2.3 (1.93) 0.3 (0.07) 0.38
Loss of NH4

+ 0.02 (0.01) 0.01 (0.005) 0.50
Loss of NO3

– 0.2 (0.11) 0.3 (0.22) 0.70

* Statistically significant difference between treatments (P<0.05)



1994), and probably result from high levels of lignin and
secondary compounds such as tannins in oak leaves
(Cornelissen 1996). During the initial phase of decompo-
sition, N immobilization acts to increase leaf litter N
concentrations (Melillo et al. 1982; Mudrick et al 1994;
Nadelhoffer et al. 1995). Analysis of the leaf litter re-
maining on the leaf treatment plots showed a gain in to-
tal N but a loss in 15N amounts. This indicates a bidirec-
tional transfer of N across the litter/soil interface result-
ing in a dilution of the 15N in the leaves. Zeller et al.
(2000) described a similar fate in decomposing beech lit-
ter. The 15N that was mobilized from the decomposing
leaf litter was observed in all of the measured soil and
plant pools, resulting in atom %15N concentrations that
were usually slightly higher than the reference, but not
significantly different (Figs. 1, 2, 3).

Several studies have reported increased NO3
– leach-

ing in stream water from watersheds experiencing defoli-
ation (Swank and Crossley 1988; Eshleman et al. 1998).
MacDonald et al. (1992) attributed high NO3

– concentra-
tions (~ 0.3–0.4 mmol/l) in soil solution from Michigan
forests to episodic defoliation by the forest tent caterpil-
lar. In this study we did not measure leaching losses di-
rectly but estimated them from resin bags placed in the
subsoil of the plots. We did not observe increases in
leaching losses of N from the frass treatment compared
to the leaf treatment or the reference plots. The mean ac-
cumulated loss rate observed in the trenched field plots
was 143 mg NO3

–-N/plot over 28 months in the frass
treatment, which is equivalent to 1,269 g N ha–1 year–1.
Elevated N leaching losses that occurred in the August
1995 sample period for all treatments (reference, leaf
and frass) were attributed to disturbance in establishing
the study site. If leaching losses are calculated excluding
the August 1995 data, the cumulative NO3

–-N loss from
the frass plots was 26 mg NO3

–-N/plot over 24 months,
equivalent to 236 g N ha–1 year–1. This is less than the
values reported by Swank and Crossley (1988) (450 g
N ha–1 year–1) and much less than the amounts measured
by Eshleman et al. (1998) (980–4,900 g N ha–1 year–1).
Our study differed from the defoliation events studied by
Swank and Crossley (1988), Eshleman et al. (1998) and
McDonald et al. (1992) because in their studies frass,
green leaf litter, dead insects and molts all contribute to
N loss. In our study, only insect frass was added. Defoli-
ation events may also increase soil temperatures and
movement of soil water as the canopy cover is removed.
These factors may accelerate decomposition of surface
organic matter, releasing nutrients into solution and po-
tentially increasing leaching loss (Perry 1994). In our
study, plant uptake capacity was also minimal, as the
planted seedlings were primarily intended for use as a
bioassay of N availability to plants. The uptake by a
seedling would be small compared to an actively grow-
ing forest. Because all other root systems were cut off
from our trenched plots, leaching losses were expected
to be potentially higher than from intact forests or from
defoliated systems which retain some plant uptake ca-
pacity for N. We observed enhanced leaching of NO3

– to
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the 30-cm depth in the frass plots as shown by signifi-
cantly higher atom %15N values in this treatment
(Fig. 2). However, the leaching loss rates were very low,
accounting for <0.0001% of the 15N applied (Fig. 4).

We observed differences in the fate of 15N between
the frass and leaf treatments, despite the fact that few
significant differences were found in the distribution of
total N. In general, the 15N from the frass was more
quickly mobilized then primarily retained in the soil in
pools that were not exchangeable, readily mineralizable
or microbial. In contrast, the leaf litter 15N was primarily
retained in the undecomposed litter.

We observed important treatment differences in total
recovery of applied 15N, with 81% recovery in the leaf
litter plots and only 40% recovery in the frass plots. Be-
cause we harvested all the soil and litter in these plots to
a depth of 10 cm, and intensively sampled below that
depth, we believe that the 15N not recovered was lost
from the system. The difference in total recovery be-
tween the leaf and frass plots indicates that whatever the
mechanism of loss, at first glance it appears to operate
more strongly on the frass N than on the leaf N. Howev-
er, the percentage of 15N that was mobilized (i.e. re-
leased from the frass or litter in which it was applied)
and then not recovered was actually higher in the leaf
plots (84%) then in the frass plots (60%). This suggests
that, after the N is mobilized, the unmeasured loss mech-
anism may in fact be operating more strongly on leaf lit-
ter N than frass N. The long-term retention of leaf litter
N would depend on whether the N continued to be lost
at the same rate during the longer-term decomposition of
the leaves.

One unmeasured loss mechanism may be through gas
flux. Gaseous losses of N from forests through denitrifi-
cation are variable, but are thought to be small in well-
drained soils. Work in Europe investigating N saturation
(NITREX project) reported small N2O emission rates,
0.5 kg ha–1 year–1 to 4 kg ha–1 year–1 (Tietema et al.
1998) from northern forests. In our study a total of
62–63 kg N ha–1 year–1 over 2.3 years or approximately
27 kg N ha–1 year–1 of leaves and frass were added to the
experimental plots. Using the 4 kg N ha–1 year–1 reported
by Tietema et al. (1998), we calculated that
0.72 mg 15N plot–1 year–1 might be denitrified (this cal-
culation based on atom % 15N values of 0.36 for natural
abundance and 0.38 for enriched levels). Of the 27.2 mg
15N added in the leaf plots and 27.4 mg 15N added to the
frass plots, this equals only 2.6% of the 15N added. Ac-
cording to Groffman and Teidje (1989) and Davidson et
al. (1990), N2O emission underestimates actual rates of
denitrification that can be as high as 40 kg ha–1 year–1 in
poorly drained temperate forest ecosystems. This level of
denitrification is not likely in the well drained soils of
our field plots. There are other possible mechanisms of
gaseous loss from forest soils. Ammonia volatilization is
possible, although Lovett et al. (1998) report very low
rates of volatilization from gypsy moths and their frass.
Gaseous N loss can also occur during nitrification (e.g.
Bremner and Führ 1966; Firestone and Davidson 1989).
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Another potential mechanism for unmeasured N loss
from these plots is leaching of dissolved organic N
(DON) that is not retained in our resin bags. DON losses
reported by the NITREX experiments indicate that
0.5–9.4 kg N ha–1 year–1 leach from northern forests as
DON (Tietema et al. 1998). Magill et al (1997) reported
similar values (4–6 kg N ha–1 year–1) for temperate for-
ests in the NE United States. Using the low (0.5 kg N)
and high (9.4 kg N) values, and assuming natural abun-
dance of 15N at 0.36 atom % and enriched at 0.38 atom
%, loss of 15N as DON could be 0.09 to 1.7 mg 15N over
the experimental period, or 3–6% of the applied 15N.
However, it is possible that DON could have been
leached to soils below our maximum sampling depth
(30 cm) and retained there.

In conclusion, this study has shown that in these
trenched field plots, the fate of N from gypsy moth frass
was different than the fate of N from leaf litter. Frass N
was quickly mobilized by microbial activity or direct
dissolution. Most of the recovered 15N was in the soil or-
ganic matter, but the majority of the 15N was not recov-
ered, suggesting an unmeasured loss mechanism. In con-
trast, the leaf litter 15N remained largely in undecom-
posed leaves. The proportion of mobilized and recov-
ered N found in seedlings suggests that mobilized frass
N was less available to plants than mobilized leaf N.
Lowered N availability over the long term could result
in reduced recovery and growth of defoliated trees. It
would be interesting to examine an actual forest defolia-
tion event using the tracer techniques employed in this
study to determine ecosystem level responses and path-
ways of N movement. The long-term and cascading ef-
fects of insect defoliation should be quantified and mod-
eled if forest managers are to maintain forest health and
productivity in an environment that includes defoliating
insects.

Acknowledgements This research was supported by the U.S. Na-
tional Science Foundation (grants DEB 9527781 and DEB
0129138) and the General Reinsurance Corporation. We thank
Gary Burnon from the U.S. Department of Agriculture Animal
and Plant Health Inspection Service (APHIS) for supplying gypsy
moth caterpillars. We also thank Julie Hart, Mitch Zuckerman and
Alan Lorefice for help with field and laboratory work.

References

Bormann FH, Likens GE (1979) Pattern and process in a forested
ecosystem – disturbance, development and the steady state
based on the Hubbard Brook ecosystem study. Springer, Berlin
Heidelberg New York

Bremner JM, Fuhr F (1966) Tracer studies on the reaction of soil
organic matter with nitrite. In: The use of isotopes in soil or-
ganic matter studies. Proc Symp F.A.O./I.A.E.A. Pergamon,
New York, pp 337–346

Brookes PD, Stark JM, McInteer BB, Preston T (1989) Diffusion
method to prepare soil extracts for automated nitrogen-15
analysis. Soil Sci Soc Am 53:1707–1711

Christenson LM (1999) The fate of nitrogen in gypsy moth frass
deposited to an oak forest floor. M.Sc. Thesis, Department of
Environmental and Forest Biology. SUNY ESF, Syracuse,
N.Y.

Cornelissen JHC (1996) An experimental comparison of leaf de-
composition rates in a wide range of temperate plant species
and types. J Ecol 84:573–582

Currie WS, Nadelhoffer KJ, Aber JD (1999) Soil detrital process-
es controlling the movement of 15N tracers to forest vegeta-
tion. Ecol Appl 9:87–102

Davidson EA, Myrold DD, Groffmann PM (1990) Denitrification
in temperate forest ecosystems. In: Gessel SP, Lacate DS,
Weetman GF, Powers RF (eds) Sustained productivity of for-
est soils. Proceedings of the 7th North American Forest Soils
Conference. University of British Columbia, Faculty of For-
estry Publication, Vancouver, B.C.

Dhamala BR, Mitchell MJ (1996) Soil disturbance and elemental
dynamics in a northern hardwood forest soil, USA. Water Air
Soil Pollut 88:343–353

Dutchess County Soil and Water District (1991) Soil survey users
guide. Dutchess County, N.Y.

Eshleman KN, Morgan RP II, Webb JR, Deviney FA, Galloway
JN (1998) Temporal patterns of nitrogen leakage from mid-
Appalachian forested watersheds: Role of insect defoliation.
Water Resour Res 34:2005–2116

Firestone MK, Davidson EA (1989) Microbiological basis of NO
and N2O production and consumption in soil. In: Andreae
MO, Schimel DS (eds) Exchange of trace gases between 
terrestrial ecosystems and the atmosphere. Wiley, New York,
pp 7–21

Garten C T (1993) Variation in foliar 15N abundance and the avail-
ability of soil nitrogen on Walker Branch watershed. Ecology
74:2098–2113

Grace JR (1986) The influence of gypsy moth on the composition
and nutrient content of litter fall in a Pennsylvania oak forest.
For Sci 32:855–870

Groffmann PM, Tiedje JM (1989) Denitrification in north temper-
ate forest soils: spatial and temporal patterns at the landscape
and seasonal scales. Soil Biol Biochem 21:613–620

Harris MM, Riha SJ (1991) Carbon and nitrogen dynamics in for-
est floor during short-term laboratory incubations. Soil Biol
Biochem 23:1035–1041

Horwath WR, Paul EA (1994) Microbial biomass. In: Weaver RW,
Angle JS, Bottomley PS (eds) Methods of soil analysis. Part 2.
Microbiological and biochemical properties. Soil Science So-
ciety of America, Madison, Wis.

Horwath WR, Paul EA, Harris D, Norton J, Jagger L, Horton KA
(1996) Defining a realistic control for the chloroform fumi-
gation-incubation method using microscopic counting and 
14C-substrates. Can J Soil Sci 76:459–467

Lovett GM, Ruesink A (1995) Carbon and nitrogen mineralization
from decomposing gypsy moth frass. Oecologia 104:133–138

Lovett GM, Hart JE, Christenson LM, Jones CG (1998) Caterpil-
lar guts and ammonia volatilization: retention of nitrogen by
gypsy moth larvae consuming oak foliage. Oecologia 117:
513–516

MacDonald NW, Burton AJ, Liechty HO, Witter JA, Pregitzer KS,
Mroz GD, Richter DD (1992) Atmospheric pollutants: Ion
leaching in forest ecosystems along a great lakes air pollution
gradient. J Environ Qual 21:614–623

Magill AH, Aber JD, Hendricks JJ, Bowden RD, Melillo JM,
Steudler PA (1997) Biogeochemical response of forest ecosys-
tems to simulated chronic nitrogen deposition. Ecol Appl 7:
402–415

Mattson WJ, Addy ND (1975) Phytophagous insects as regulators
of forest primary production. Science 190:512–522

Melillo JM, Aber JD, Muratore JF (1982) Nitrogen and lignin con-
trol of hardwood leaf litter decomposition dynamics. Ecology
63:621–626

Mudrick DA, Hoosein M, Hicks Jr. RR, Townsend EC (1994) De-
composition of leaf litter in an Appalachian forest: effects of
leaf species, aspect, slope position and time. For Ecol Manage
68:231–250

Nadelhoffer KJ, Downs M, Fry B, Aber JD, Magill AH, Melillo JM
(1995) The fate of 15N-labeled nitrate additions to a northern
hardwood forest in eastern Maine, USA. Oecologia 103:292–301



Stark JM, Hart SC (1996) Diffusion technique for preparing salt
solutions, kjeldahl digests, and persulfate digests for nitrogen-
15 analysis. Soil Sci Soc Am J 60:1846–1855

Swank WT, Crossley DA Jr (eds) (1988) Forest hydrology and
ecology at Coweeta. Springer, Berlin Heidelberg New York

Swank WT, Waide JB, Crossley DA Jr, Todd RL (1981) Insect de-
foliation enhances nitrate export from forest ecosystems.
Oecologia 51:297–299

Tietema A, Emmett BA, Gunderson P, Kjønaas OJ, Koopmans CJ
(1998) The fate of 15N-labelled nitrogen deposition in conifer-
ous forest ecosystems. For Ecol Manage 101:19–27

Virginia RA, Delwiche CC (1982) Natural 15N abundance of pre-
sumed N2-fixing and non-N2 fixing plants from selected eco-
systems. Oecologia 54:317–325

Webb JR, Cosby BJ, Diviney FA Jr, Eshleman KN, Galloway JN
(1995) Change in the acid-base status of an Appalachian
Mountain catchment following forest defoliation by the gypsy
moth. Water Air Soil Pollut 85:535–540

Zeller B, Colin M, Dambrine BE, Martin F, Bottner P (2000) De-
composition of 15N-labelled beech litter and fate of nitrogen
derived from litter in a beech forest. Oecologia 123:550–559

452

Nadelhoffer KJ, Downs MR, Fry B (1999a) Sinks for 15N-enriched
additions to an oak forest and a red pine plantation. Ecol Appl
9:72–86

Nadelhoffer KJ, Emmett BA, Gundersen P, Kjønaas OJ, Koopmans
CJ, Scheleppi P, Tietema A, Wright RF (1999b) Nitrogen depo-
sition makes a minor contribution to carbon sequestration in
temperate forests. Nature 398:145–147

Paul EA, Clark FE (1996) Soil microbiology and biochemistry,
2nd edn Academic Press, New York

Perry DA (1994) Forest ecosystems. The John Hopkins University
Press, Mass.

Perstrop Analytical (1994) Enviroflow 3000 Operation Manual.
Standard Alpkem Methods. Perstrop Analytical, Perstrop

Price PW (1997) Insect ecology, 3rd edn. Wiley, New York
Robertson GP, Wedin D, Groffman PM, Blair JM, Holland EA,

Nadelhoffer KJ, Harris D (1999) Soil carbon and nitrogen
availability: Nitrogen mineralization, nitrification and carbon
turnover. In; Robertson GP, Bledsoe CS, Coleman DC, Sollins
P (eds) Standard soil methods for long term ecological re-
search. Oxford University Press, New York, pp 258–271

SAS (1989) SAS/STAT User’s Guide. SAS Institute. Cary, N.C.
Seastedt TR, Crossley DA Jr (1984) The influence of arthropods

on ecosystems. BioScience 34:157–161


