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Abstract

Dissolved forms of carbon and nitrogen have become recognized for their importance in forest nutrient cycling. The role of

dissolved organic carbon (DOC) as an energy source for microbial metabolism is of particular interest. A laboratory
decomposition experiment was conducted to examine the relationship between potential increased N inputs (via acid deposition)
and DOC production in the forest litter layer and subsequent e�ects on DOC availability in the forest ¯oor. Air-dried leaf litter
(seven species) was treated with nitrogen (nitrate or ammonium) or deionized (DI) water at weekly intervals throughout 15

weeks and leached with DI water at 1 or 2 week intervals. Leachate was analyzed for DOC, inorganic nitrogen (NO3
ÿ-N and

NH4
+-N) and dissolved organic nitrogen (DON). Litter was analyzed for percent C, percent N, weight loss and percent cellulose

and lignin. Nitrogen treatments did not greatly a�ect DOC concentrations in litter leachate. Di�erences in DOC concentrations

were primarily due to a wide range of initial litter chemistries, where species with high extractives and low lignin had the highest
DOC leachate concentrations. Nitrogen treated samples showed greater weight loss than controls although nitrate and
ammonium treatments were not signi®cantly di�erent. Between 6 and 39% of total carbon loss was leached as DOC. These

®ndings suggest that di�erent forest types could vary greatly in the quantity of carbon consumed or released and that nitrogen
inputs appear to a�ect this overall cycle by increasing respiration (as measured by weight loss), rather than increasing DOC
release into the soil solution. Further examination of the fate of DOC as it moves down in the soil pro®le and measurements of
CO2 evolution during laboratory decomposition, are necessary to better understand these processes. 7 2000 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Increases in atmospheric nitrogen deposition over
the last several decades have led to concerns regarding
the ability of forest ecosystems to assimilate and retain
additional nitrogen (AÊ gren and Bosatta, 1988; Aber et
al., 1989; Durka et al., 1994; Stoddard, 1994; Wright
and van Breemen, 1995; Dise and Wright, 1995).
Although forests are often N-limited (Mitchell and
Chandler, 1939; Aber et al., 1989; Aber, 1992), assimi-

lation of N by vegetation is small relative to the quan-
tity of N retained by soil organic matter (Aber et al.,
1993; Magill et al., 1996; 1997; Nadelho�er et al.,
1995). The processes by which N retention and incor-
poration occur and the e�ect on soil nitrogen cycling
dynamics are not well understood.

Many important transformations of nitrogen within
the soil system are microbially driven (Coleman and
Crossley, 1996), including immobilization and mineral-
ization of N during decomposition. A source of labile
carbon is necessary to drive immobilization processes,
particularly in ecosystems exposed to elevated N depo-
sition. Annual production of foliar litter in temperate
forests is a large source of high C-to-N ratio material
containing a range of di�erent carbon compounds
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(Swift et al., 1979; Aber and Melillo, 1991; Qualls et
al., 1991) and may provide the carbon substrate
necessary for incorporation of added N.

Numerous decomposition and mineralization studies
have examined carbon and nitrogen availability under
ambient environmental conditions (Bocock, 1964;
Anderson, 1973; Fogel and Cromack, 1977; Berg and
Staaf, 1980; Melillo et al., 1982; McClaugherty et al.,
1985; Blair, 1988) or under laboratory conditions
(Daubenmire and Prusso, 1963; Taylor et al., 1989).
These con®rm that carbon quality and nitrogen con-
tent of the material control both mass loss and nitro-
gen dynamics of decomposition (Berg, 1986; Aber et
al., 1990). However, little experimental work has been
done on micro-scale changes in carbon and nitrogen
cycling under elevated nitrogen concentrations.

Labile soil carbon is a relatively small fraction of
total soil carbon (Killham, 1994; Lynch, 1982; Vance
and David, 1991). Recent work has begun to empha-
size the importance of dissolved organic forms of C
and N in ecosystem processes and nutrient balances. A
number of investigations have shown that in forest
ecosystems, solutions passing through the organic soil
horizon are enriched with both dissolved organic car-
bon (DOC) and dissolved organic nitrogen (DON)
(e.g. McDowell and Likens, 1988; Qualls and Haines,
1991; Currie et al., 1996). McClaugherty (1983) deter-
mined that 33% of the soluble compounds in sugar
maple litter were subsequently leached to the DOC
pool in the forest ¯oor. In addition, Qualls and Haines
(1992) measured the biodegradability of dissolved or-
ganic matter (DOM) in di�erent forest solutions and
found that degradation of leaf leachate and throughfall
(40±70% degraded) was greater than degradation of
solutions from lower in the soil pro®le (30%
degraded). These results suggest that leaf litter is an
important source of easily metabolized DOC for mi-
crobial metabolism. What is unknown is whether
increased availability of labile nitrogen from nitrogen
deposition will alter the ¯ux of DOC from the decom-
posing litter layer and change the labile carbon pool.

A laboratory leaf litter decomposition experiment
was initiated to investigate DOC and nitrogen
dynamics in litter leachate. The following assumptions
were made: (i) that the primary source of microbially
available carbon in temperate forest soils is in the
form of dissolved organic carbon, which is added to
the soil as root exudates (Smith, 1969; Killham, 1994),
as by-products of litter decomposition and as through-
fall and; (ii) that DOC is present in low concentrations
which can become limiting to microbial growth. Given
these conditions, the experiment was designed to exam-
ine the litter layer as the top horizon in the soil pro®le
and to determine: (i) its role as a DOC source or sink;
(ii) the e�ect of nitrogen additions on the release of
DOC, DON and inorganic nitrogen to the soil solution

and (iii) the e�ect of nitrogen additions on weight loss
and DOC release from decomposing litter.

2. Materials and methods

2.1. Field collections

Fresh leaf litter was collected in the fall of 1992. Lit-
ter collectors were located at the University of New
Hampshire's Woodman Experimental Farm, a wooded
area containing a mix of natural and introduced
species. Litter from nine tree species common to New
England forests was collected using nylon screens and
plastic baskets. Foliage was gathered in paper bags, air
dried at room temperature then separated by species.
Species were selected to cover a wide range of chemical
characteristics such as carbon-to-nitrogen ratios. The
following species of litter were used, listed here by
common name, Latin name and abbreviation used in
®gures of this paper: black oak (Quercus velutina L.),
BO; black birch (Betula lenta L.), BB; red maple (Acer
rubrum L.), RM; sugar maple (A. saccharum Marsh.),
SM; white ash (Fraxinus americana L.), WA; black
cherry (Prunus serotina Ehrh.), BC; shagbark hickory
(Carya ovata Mill.), HI; American beech (Fagus grand-
ifolia Ehrh.), AB and; white pine (Pinus strobus L.),
WP.

Fig. 1. Schematic of the incubation and ®ltration apparatus used to

incubate and leach decomposing litter samples. Cups were stored on

racks between leaching.
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2.2. Incubation experiment

Two sets of preliminary experiments were run in
order to determine the following variables: (i) leaf
sample size; (ii) type of ®lter to use in the bottom of
the incubation cup; (iii) technique for application of
the fertilizer or water treatments; (iv) desirable moist-
ure content and; (v) stage of decomposition at which
DOC is released. As a result of these tests, the follow-
ing procedure was used.

Litter was incubated for 15 weeks in 90 mm dia
polypropylene cups with ¯at, perforated bottoms that
were attached to a funnel (Fig. 1). Cups were lined
with approximately 5 g acid-washed glass wool
(soaked in 10% HCl for 24 h then DI rinsed), oven
dried at 708C for 24 h and then weighed. Air-dried lit-
ter was cut into pieces 2 � 4 cm in size. Each cup was
®lled with 3.820.2 g of cut litter, covered with plastic
wrap and secured with an elastic band. This weight
was equivalent to annual litter production for a mixed
hardwood stand (3000±4000 kg litter haÿ1 yrÿ1), scaled
to the area of the cup. Both plastic cover and cups
were labeled with a unique number for each sample,
hung on plywood racks and placed in a wooden cabi-
net. Air temperature inside the cabinet was recorded
twice weekly and averaged between 20 and 238C.

Three fertilizer treatments (Table 1) were used: con-
trol (DI water), nitrate (50 kg N haÿ1 yrÿ1 equivalent
as NaNO3) and ammonium (50 kg N haÿ1 yrÿ1 equiv-
alent as (NH4)2SO4). Amendments were added weekly
using a graduated cylinder and spray bottle mechan-
ism. The plastic covering was removed, fertilizer
sprayed on and the cover replaced for each individual

cup in order to prevent fertilizer contamination. The
®rst nine fertilizer applications were at the rate of 25
ml per cup. After 9 weeks, the samples appeared to be
saturated, so treatments were reduced to 15 ml per cup
for the remaining applications. Concentration of the
fertilizer was increased to maintain the same appli-
cation rate throughout the experiment.

Sample cups were leached with 200 2 1 ml of DI
water according to the schedule in Table 1. Samples
were leached on Monday and fertilizer was added on
Thursday of each week. Following the initial leaching,
5 ml of inoculant was added to each cup. Inoculant
was made by combining 1 l of throughfall with 150 g
of organic soil, mixing for 2 h, allowing it to settle
overnight and then ®ltering the mixture through a G6,
1.5 um ®lter.

The combined volume of fertilizer and leaching
water (395 mm over 105 d) was equivalent to the
expected volume of fall precipitation in the region,
relative to the size of the cup. Average precipitation at
the Harvard Forest, Oct±Jan 1992 and 1993 was 427.5
mm over 123 d or 364.9 mm calculated as a 105 d
rate. Leachate was stored in HDPE bottles and re-
frigerated for up to 1 week prior to analysis.

2.3. Leachate analysis

Leaf leachate was analyzed for NO3
ÿ-N and NH4

+-N
using a Bran & Luebbe Traacs 800 Autoanalyser.
NH4

+-N was analyzed using the Berthelot Reaction
chemistry (Technicon Method 780-86T; Technicon
Industrial Systems, 1978); NO3

ÿ-N was determined
using hydrazine sulfate reduction (Technicon Method

Table 1

Experimental design

� Total added over the 15 week incubation.
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782-86T; Technicon Industrial Systems, 1977). Detec-
tion limits for both NO3

ÿ-N and NH4
+-N are 0.20 mg

lÿ1 using these techniques.
Total Dissolved Nitrogen (TDN) was determined

using an adaptation of the persulfate-base digestion
technique commonly used for analysis of nitrogen in
seawater (Solorzano and Sharp, 1980; Kal� and Bent-
zen, 1984). This method is preferred over the Total
Kjeldahl Nitrogen (TKN) method for samples contain-
ing high amounts of NO3

ÿ since NH4
+ and organic

nitrogen are converted to NO3
ÿ (Smart et al., 1981).

Digested samples were then analyzed for NO3
ÿ-N on

the Traacs Autoanalyser. DON was calculated as
TDN-DIN (Dissolved Inorganic Nitrogen) where DIN

�NOÿ3 -N�NH�4 -N:
DOC was measured using a Shimadzu TOC-5000

Total Organic Carbon analyzer. Samples were acidi®ed
with 2 N HCl and sparged with ultra zero grade CO2

free air to remove all inorganic carbon. Sparged
samples were combusted at 6808C and CO2 detected
using a nondispersive infrared (NDIR) detector.

2.4. Litter analysis

A subsample of each species was oven dried for 48 h
at 708C to determine the initial moisture content of
the litter and an air dry±oven dry conversion factor
was calculated. Initial samples were ground using a
Wiley Mill with a 1 mm mesh screen and analyzed for
total nitrogen and carbon content on a Perkin Elmer
2400 CHN elemental analyzer. Initial carbon chemistry
was measured with a sequential extraction digestion
technique (McClaugherty et al., 1985; Newman et al.,
1994); percent polar and nonpolar compounds, cellu-
lose and lignin were determined for all sub-samples
(Table 2). Incubated litter samples were weighed to 10
mg both initially and at the end of the 15 weeks and
total weight loss was determined. Final decomposed
samples were analyzed for total carbon and nitrogen
in the same manner as initials and for percent nitro-
gen, lignin and cellulose using near-infrared spec-
trometry (Bolster et al., 1996).

2.5. Statistics and calculations

Oneway analysis of variance (ANOVA) was used to
test for signi®cant di�erences �P � 0:05� between treat-
ments and within species. All leachate concentrations
were reported as mg of measured compound gÿ1 initial
litter weight. These values were calculated for each in-
dividual cup and averaged for the four replicates per
species. Cumulative concentrations were calculated by
summing the concentrations from each leaching event
on an individual cup basis, then averaging the summed
values to obtain a mean cumulative value.

2.6. Budget calculation

A carbon budget was calculated for each treatment
and species combination by measuring initial litter car-
bon concentration, subtracting DOC losses and
measuring ®nal carbon content. Total carbon losses
were assumed to be the sum of DOC loss and respir-
ation loss, the latter calculated as the di�erence
between total C loss and DOC loss.

2.7. Terminology

Nitrate and ammonium were added to leaf litter as
fertilizer treatments and were also measured in lea-
chate. For clarity, fertilizer treatments are written out
as nitrate and ammonium and measured leachate con-
centrations are referred to as NO3

ÿ-N and NH4
+-N.

3. Results and discussion

The original experiment was designed to examine
the e�ects of N additions on DOC release from
decomposing litter. Measurement of litter character-
istics allowed for examination of nitrogen treatments
on litter chemistry and weight loss as well.

Table 2

Carbon fractions as percent of total carbon compounds and carbon-to-nitrogen ratio of initial litter samples

Species Nonpolar Polar Lignin Cellulose C-to-N ratio Lignin-to-N ratio

Am. beech 2.58 17.60 27.14 52.68 56.5 61.79

Black birch 7.56 26.45 22.37 43.62 49.3 43.29

Black oak 3.48 33.62 24.34 38.56 65.7 50.40

Red maple 4.50 52.98 15.72 26.80 90.7 47.86

Sugar maple 3.32 44.61 15.68 36.39 99.3 77.01

White ash 3.21 26.40 17.99 52.40 56.6 63.14

White pine 12.28 22.96 25.62 39.14 165.3 118.60

Black cherry 3.92 30.26 18.62 47.20 62.5 61.91

Hickory sp. 3.00 20.63 26.63 49.74 42.7 44.81
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3.1. Leachate DOC

Leachate chemistry was compared for each of the
seven species receiving fertilizer applications. Overall,
di�erences in concentration of DOC leached due to

nitrogen treatment during the incubation period were

few (Fig. 2, Table 3). Signi®cant di�erences between

treatments were found for some species on a weekly

basis (Table 3). Where these occurred, ammonium-

treated litter generally released less DOC than control

or nitrate treatments, suggesting slightly increased

metabolism of DOC in the presence of the most easily

assimilated form of mineral nitrogen. Soil solution

samples collected below the forest ¯oor in six am-

monium nitrate treated plots at the Harvard Forest,

Petersham MA (Aber et al., 1993; Magill et al., 1997)

also showed little or no change in DOC even at

amendment N rates of 150 kg N haÿ1 yrÿ1 (McDowell

et al., 1998). The same lack of response was seen in

lysimeters placed below the rooting zone (Magill et al.,

unpublished data).

Di�erent species varied considerably in the pattern

of DOC released regardless of treatment. Red maple

and sugar maple exhibited a large DOC pulse in the

Fig. 2. Time series graphs of weekly DOC-C leached from decom-

posing litter over the 15 weeks as mg C gÿ1 initial litter. Each point

represents the mean of four replicate cups within each species and

treatment. Note the scale di�erences for red and sugar maple litter.

Statistical data presented in Table 3.

Table 3

E�ect of treatment on DOC production as shown in Fig. 2. Letters that di�er within species and week indicate signi®cant di�erences between

treatment at the P � 0:05 level. Di�erences determined using ANOVA and the Bonferroni mean separation test. Letter in the ®rst position=con-

trol, second position=nitrate, third position=ammonium e.g. for black oak, week 3, nitrate was signi®cantly di�erent from control and am-

monium, control and ammonium were not di�erent from each other

Time (week) Am. beech Black birch Black oak Red maple Sugar maple White ash White pine

0 a,a,b a,a,b a,a,a a,a,a a,a,a a,a,a a,a,a

1 a,a,a a,a,a a,b,b a,a,a a,a,a a,b,b a,b,b

2 a,b,b a,a,a a,a,a a,a,a a,a,a a,b,b a,b,b

3 a,a,b a,a,a a,b,a a,a,a a,a,b a,b,b a,b,b

4 a,b,a a,a,a ab,a,b a,a,a a,a,a a,a,a a,b,b

5 a,a,b a,a,b a,b,a ab,a,b ab,a,b a,ab,b a,b,b

7 a,a,b a,a,a a,a,b a,a,a a,b,a a,ab,b a,a,a

9 a,a,b a,a,a a,b,c a,b,a a,b,a a,ab,b a,a,b

11 a,ab,b a,a,a a,b,c a,b,a ab,a,b a,b,b a,a,b

13 a,ab,a a,a,a a,b,a a,a,a a,b,ab a,a,a a,b,c

15 a,a,a a,a,a a,b,ab a,a,a a,ab,b a,a,a a,b,a

Fig. 3. Relationship between initial polar extractive content in litter

and total DOC released during the 15 week incubation. n � 4 repli-

cates for each treatment and for initial litter analysis.
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®rst week (20 mg DOC gÿ1 litter), dropping to half
that amount by week 2 (Fig. 2). The same pattern was
seen for white ash and black birch, although initial
DOC pulse concentrations were less than half that of
the maples. In contrast, white pine DOC concen-
trations were low initially and increased gradually over
time. DOC concentration in leachate from beech litter
remained relatively constant over the 15-week incu-
bation. These species di�erences can be explained in
part by initial carbon chemistry (Table 2); high DOC
concentrations are correlated with high percent polar
extractable compounds in initial litter (Fig. 3.).
Although di�erences in litter quality are recognized as
having an e�ect on decomposition rates (Berg, 1986;
Aber et al., 1990), these data demonstrate the potential
for litter quality of di�erent forest or community types
to in¯uence soil solution DOC concentrations as well.

3.2. Leachate nitrogen

Inorganic nitrogen concentrations in leachate
increased directly as a result of treatments (Fig. 4).
NO3
ÿ-N was released from nitrate-treated samples and

NH4
+-N from ammonium-treated samples. Small

amounts of the non-treatment compound were
detected in some samples (i.e. NO3

ÿ-N in ammonium
treated leachate), but never comprised more than 3%
of total dissolved inorganic nitrogen (DIN).

DON in leachate varied depending upon species, but
overall, concentrations were much lower than DIN.
There was no clear, overall e�ect of nitrogen treatment
on cumulative DON released (Fig. 4), although DON
in leachate from nitrate-treated cups was consistently
higher than from controls. This suggests that a portion

of the added nitrate may be converted to DON. DON
in leachate from ammonium-treated cups varied
greatly, from the highest of the three treatments for
black birch, to zero or negative values in some species.
Negative values resulted because of the manner in
which DON is calculated [(TDN-(NO3

ÿ-N+NH4
+-N)]

and could indicate that the persulfate digestion tech-
nique was not completely converting NH4

+-N to NO3
ÿ-

N. This would result in post-digest TDN values which
were lower than pre-digest measurements of inorganic
nitrogen (NO3

ÿ-N+NH4
+-N). The combination of high

inorganic N concentrations due to fertilizer additions
and the inherent error in the TDN method due to
repeated dilutions, could account for the inability to
accurately detect DON at such low concentrations.

DON accounted for 93 to 100% of TDN released
from litter in control cups, although cumulative con-
centrations of TDN were never greater than 2 mg N
gÿ1 initial litter. Red and sugar maple were the only
species to release DIN from untreated cups and both
species had substantially higher DOC concentrations
in leachate than any other litter type. This suggests
that highly leachable species have the potential to lose
nitrogen during the initial stages of decomposition.
Although few decomposition studies to date have
quanti®ed this amount, Aerts and de Caluwe (1997)
measured potential N leaching from litter of four
Carex species (96 h lab incubation in distilled water)
and found that between 4±20% of initial N was
removed into solution. These data support the ideas of
Berg and Sta� (1980), who theorized that prior to im-
mobilization, some nitrogen may be lost via leaching.

Hedin et al. (1995) found that DON comprised up
to 95% of total nitrogen in streams draining a high-el-
evation, coniferous forest in Chile. Organic N com-
prised from 17±30% of total N in the leachate from

Fig. 5. Leachate DOC:DON ratios for control and nitrate treated

samples only. Ratios derived from 15-week cumulative values, n � 4:
Nitrogen was not detected in WP control litter therefore ratio could

not be calculated.

Fig. 4. Total dissolved nitrogen released from litter over 15 weeks,

by treatment for the seven treated species of litter. NO3
ÿ-N or NH4

+-

N were released primarily from cups to which that type of fertilizer

was added and DON is the major N type leaching from unfertilized

litter. WP litter in control cups released no detectable nitrogen.

Values are sums of the three N compounds measured in litter lea-

chate.
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laboratory incubated mineral soils (Robertson et al.,
1988). Sollins and McCorison (1981) measured inor-
ganic and organic nitrogen in a Douglas ®r watershed
in Oregon. Their data revealed that DON comprised
72 and 70% of total dissolved nitrogen in throughfall
and litter leachate, respectively and they emphasized
the necessity to include DON measurements in any
watershed study that is attempting to accurately
measure nitrogen ¯uxes.

3.3. DOC-to-DON ratios

DOC-to-DON ratios are used to estimate the C-to-
N ratio of organic materials in the soil solution
(Melillo et al., 1989; Qualls et al., 1991; Currie et al.,
1996). Control and nitrate-treated cup DOC-to-DON
ratios were calculated (Fig. 5) using 15-week cumulat-
ive DOC and DON. DOC-to-DON ratios from am-
monium-treated cups were not calculated due to the
uncertainty in measuring TDN for those samples.
Cumulative values were used because of the low
weekly concentrations of DON in litter leachate. Red
maple and sugar maple DOC-to-DON ratios were 224
and 221, respectively, with DI water additions and 115
and 53, respectively, with nitrate additions. The large
decrease in DOC-to-DON with nitrate additions is due
to small absolute increases in DON concentration,
although relative amounts are 2 to 3 times that of the
controls. DOC-to-DON ratios for the other species
were substantially lower than the maples and di�er-
ences between control and nitrate treatments were
small. High maple DOC-to-DON ratios were due to
high DOC leaching from those species during the ®rst
week of incubation, which resulted in elevated cumu-
lative DOC, as compared to other species.

Average, autumn DOC-to-DON ratios of Oa lea-

chate (i.e. soil water draining from below the organic
horizon) were 40 in a red pine stand and 35 in a mixed
hardwood stand at the Harvard Forest (Currie et al.,
1996). Qualls and Haines (1991) measured similar
ratios (46 in August and 50 in December) in Oa lea-
chate from a mixed hardwood forest in North Caro-
lina. These ®eld measurements of Oa leachate DOC-
to-DON ratios were low compared with litter leachate
DOC-to-DON ratios from this study (Fig. 5). Since
small changes in DON resulted in large changes in the
DOC-to-DON ratio of litter leachate, it is likely that
additional DON sources in the organic horizon could
cause the decrease in Oa leachate DOC-to-DON ratios
observed by Currie et al. (1996) and Qualls and Haines
(1991). Although it is di�cult to make direct compari-
sons between laboratory and ®eld values, results from
this study do provide an estimate of litter leachate
inputs to the forest ¯oor.

Fig. 7. Percent of initial nitrogen remaining after 15 weeks of de-

composition. Error bars are one S.D., n � 4: BC and HI samples

were not included in the fertilizer portion of the experiment.

n.d.=no data.

Fig. 6. Percent of initial litter weight remaining after 15 weeks of de-

composition. Error bars are one S.D., n � 4: BC and HI samples

were not included in the fertilizer portion of the experiment.

n.d.=no data.

Fig. 8. Percent of initial lignin remaining after 15 weeks of decompo-

sition. Error bars are one S.D., n � 4: BC and HI samples were not

included in the fertilizer portion of the experiment. n.d.=no data.
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3.4. Litter mass loss and chemistry

Mass loss was accelerated by nitrogen additions for
most species, but the form of N added was rarely sig-
ni®cant (Fig. 6). As nitrogen treatments did not a�ect
total DOC losses from litter (Fig. 2), this suggests that
di�erences in weight loss were a function of carbon
losses via respiration of nonsoluble carbon com-
pounds.

Litter chemistry of decomposed samples was
reported as percent of original nitrogen, lignin or cellu-
lose remaining over time (Figs. 7±9). Increases in net
nitrogen immobilization in response to N additions
were large relative to increases in mass loss, suggesting
increased N incorporation gÿ1 of carbon respired. In-
corporation of NH4 generally exceeded that for NO3,
although mass losses were similar. There was no net N
immobilization in the control cups as no external
source of N was available.

Lignin content of treated samples did not change
signi®cantly from controls (Fig. 8). Given the short
duration of the laboratory incubation, lignin would
not be expected to decompose; most ®eld studies show
an increase in lignin concentration for the ®rst 1±2 yr
of decomposition followed by a gradual decrease over
time (McClaugherty and Berg, 1987; Aber et al., 1990;
Magill and Aber, 1998). Cellulose content decreased
signi®cantly from initial concentrations and treated lit-
ter was signi®cantly lower than control litter in all but
AB nitrate-treated samples (Fig. 9). These data indi-
cate that cellulose may be a more important microbial
carbon source than soluble forms of carbon, which
may be less bioavailable (Yano et al., 1998). One of
our assumptions was that small, soluble, low molecular
weight compounds are by virtue of their size, labile.
However, many of these small compounds, such as
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Fig. 9. Percent of initial cellulose remaining after 15 weeks of de-

composition. Error bars are one S.D., n � 4: BC and HI samples

were not included in the fertilizer portion of the experiment.

n.d.=no data.
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tannins or phenols are in fact the among the most re-
sistant to decay. Cellulose, although it is a large poly-
mer, is composed primarily of glucose molecules that
can be decomposed by a wide range of microorganisms
(Paul and Clark, 1996) and therefore may be more
easily accessed and consumed.

Total DOC leached correlates well with initial polar
extractable carbon (Fig. 3) but not with initial cellu-
lose, a further indication that many soluble com-
pounds are leaving the litter layer without being
degraded and that decomposition of larger polymers is
not the primary source of DOC. However, numerous
rapidly-occurring biological and physical±chemical
processes a�ect DOC concentrations in the litter layer
such that initial labile DOC may be consumed and
other dissolved carbon compounds produced or
released from litter, resulting in no net change in DOC
leaching. Examination of chemical transformations of
litter through measurement of speci®c groups of com-
pounds (i.e. sugars, amino acids etc.) as well as
measurements of CO2 respiration, are necessary to
determine speci®c processes involved in litter weight
loss.

3.5. Carbon budget

Total carbon loss was calculated as the di�erence
between initial and ®nal litter carbon and the portion
of C loss due to DOC leaching was determined
(Table 4). Carbon loss not accounted for as DOC
leaching was assumed to have been respired as CO2.
The proportion of total carbon lost via leaching varied
widely with species but was not greatly a�ected by
nitrogen treatments. Litterfall mass loss has generally
been assumed to be equivalent to respiration (Olson,
1963; Bocock, 1964; Blair, 1988; Aber and Melillo,

1991). However, given that 10±30% of carbon loss
from decomposing litter can be accounted for by DOC
leaching (Fig. 10), models of forest carbon balance
which equate litter mass loss with respiration could
overestimate soil carbon cycling and CO2 ¯uxes to the
atmosphere.

The high rate of transfer of carbon from litter to
soil in dissolved form emphasizes the importance of
understanding the fate of this carbon. Once DOC lea-
ches from the litter layer, it may be respired at a lower
point in the soil pro®le, therefore increasing CO2 losses
to the atmosphere. In contrast, the potential for chela-
tion and sorption of DOC in the mineral horizon is
high (McDowell and Wood, 1984; Jardine et al.,
1989). Once DOC is retained in lower soil horizons,
conversion to CO2 could be forestalled for decades to
centuries resulting in an accumulation of soil organic
matter. In addition, transformations of carbon from
labile compounds to complex or recalcitrant forms
(McClaugherty, 1983) would decrease DOC avail-
ability as a substrate for microbial respiration. Little is
known of the relationship between these various car-
bon pathways, but the balance between them is a key
determinant of carbon dynamics in forest soils.

4. Conclusions

Forest litter is an important source of DOC to the
forest ¯oor and lower soil horizons. The ¯ux of DOC
from litter to soils can vary widely depending on the
species present. Nitrogen availability does not appear
to alter the ¯ux of DOC from litter, however,
increased N availability does increase the DON ¯ux
thereby decreasing leachate DOC-to-DON ratio.

Leaching processes are also important for determin-
ing changes in the carbon and nitrogen chemistry of
litter. Up to 30% of carbon loss from litter occurs as
DOC leaching. N additions increase mass loss from lit-
ter without altering DOC leaching rates, indicating
that DOC may not be the primary carbon source for
microbial respiration. Instead, cellulose appears to be
the most degraded carbon fraction.

Understanding the fate of DOC leached from litter
to soils is critical for accurate predictions of carbon
balances of forest soils. The processes controlling the
adsorption, transformation and leaching of DOC are
numerous, as are the number of compounds that com-
prise soil solution DOC. Measurements of total DOC,
although applicable on a large scale, are inadequate
for determining microbial carbon use dynamics. Frac-
tionation of DOC by chemical class (Leenheer, 1981;
David et al., 1989; Qualls and Haines, 1991) and by
bioavailability (Yano et al., 1998) is essential for deter-
mining sources of labile carbon and understanding
®ne-scale carbon cycling dynamics.

Fig. 10. DOC-C loss versus total C loss in mg C. Y-axis values are

mean leached DOC concentration for the 15 weeks �n � 11 leach-

ings) for each sample cup. X-axis values are total C loss from litter.

Points represent individual cups; all treatments included.
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