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Abstract

Two watersheds are part of an on-going long-term artificial acidification experiment: the treatment watershed (WS3) has
received 60.5 kg S ha™! year~! and 54 kg N ha~! year™! via aerial applications of ammonium sulfate fertilizer since 1989.
After 3 years of treatment, freshly fallen leaves of four hardwood tree species (Liriodendron tulipifera, Prunus serotina,
Acer saccharum, and Betula lenta) were collected and placed in litter bags, which were placed in stands in the treatment and
control watersheds. Decay rates differed for L. tulipifera, Prunus serotina, and B. lenta between the two watersheds, with
litter from WS3 decaying more slowly over the 2 year study period than litter from the control watershed. Initial
concentrations of N, Ca, and K differed between treatment and control watersheds, but these differences disappeared after 2

years. Nutrient loss rates did not vary with treatment.

Keywords: Organic matter; Nitrogen; Calcium; Nutrient ratio

1. Introduction

Decomposition of annual leaf fall in hardwood
forests releases nutrients for cycling within the stand
(Johnson, 1995), and provides carbon and nutrients
to other organisms in a more available form. Leaf
litter can also serve as a temporary sink for nutrients
such as N, S and P (Peterson and Rolfe, 1982; Blair,
1988b; White et al., 1988). Because of the important
role of litter decomposition in regulating nutrient
fluxes, factors influencing litter decomposition have
important implications for long-term productivity of
forest ecosystems. Forests of the central Appalachian
Mountains are in increasing demand for forest prod-
ucts and recreation and as wildlife habitat, all of
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which assume continued high forest productivity. In
addition, these ecosystems receive some of the high-
est levels of nitrogen deposition in North America
(20-25 kg ha™! year™!, National Atmospheric De-
position Program, 1992). Most forests have been
assumed to be N-limited (Melillo, 1981), recently,
however, a concern has arisen about excess nitrogen
of atmospheric origin resulting in leaching of base
cations (Aber et al., 1989) and soil acidification,
with negative implications for long-term forest pro-
ductivity.

A whole-watershed acidification experiment has
been in progress since 1989 on the Fernow Experi-
mental Forest, West Virginia, with the objective of
understanding the responses of Appalachian forest
ecosystems to increases or accumulations of S and N
(Adams et al., 1993; Edwards et al., 1993; Adams et
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al., 1995). This experiment provided an opportunity
to examine effects of elevated N and S inputs on
litter decomposition in forest stands. The objectives
of this study were to compare decay rates of litter of
different tree species in stands with different treat-
ment histories, and to compare patterns of nutrient
loss, focusing on N, P, K, Ca and Mg. We hypothe-
sized that changes in litter nutrient concentrations
and /or changes in soil chemistry associated with
elevated N and S inputs would result in different
rates of decay and nutrient immobilization /minerali-
zation.

2. Methods

2.1. Description of watersheds

Two adjacent watersheds on the Fernow Experi-
mental Forest (FEF) near Parsons, West Virginia,
were used for this study. Watershed 3 (WS3) is the
treatment watershed, and watershed 7 (WS7) serves
as a control. The FEF, located on the unglaciated
Allegheny plateau of the Appalachian mountains, is
characterized by steep slopes and shallow soils (less
than 1 m). Precipitation is distributed evenly between
dormant and growing seasons; average precipitation
pH is 4.2, but pH values below 4.0 are common in
summer (Edwards and Helvey, 1991). The predomi-
nant soil type is Calvin channery silt loam (loamy-
skeletal, mixed, mesic Typic Dystrochrept) underlain
with fractured sandstone and shale of the Hampshire
formation (Losche and Beverage, 1967). Stands on
both watersheds have similar species composition
and originated at the same time (Table 1). Although
aspect varies between the two watersheds, average
soil temperatures (10 cm depth) do not vary greatly
(K.G. Mattson, unpublished data, 1992).

Ammonium sulfate fertilizer was evenly applied
to all of WS3 three times per year beginning in 1989.
March and November applications consisted of 33.6
kg fertilizer ha™', which corresponds to 8.1 kg ha™!
and 7.1 kg ha™! of S and N, respectively. July
applications consisted of 100.8 kg fertilizer ha™!, or
244 kg ha™' and 21.2 kg ha™! S and N, respec-
tively. Thus, the total amount of S and N deposited
annually on the treatment watershed was 60.5 kg S

Table 1
Description of stands on two experimental watersheds. Fernow
Experimenta} Forest, Parsons, WV

Watershed 3 “Watershed 7

Age (ycars) 25 A
Area (ha) RER 142
Aspect S ENE
Minimum elevation {m) 738 75
Maximum elevation (m) 860 353
Average annual precipitation (mm) 1471 1417
Average annual stream flow (mm) 666 382
Average annual litterfall (mt ha™') 3.3 32
Mean summer soil temp. 17.5 17.8

at — 10 cm depth (°C)

and 53.8 kg N ha™', or approximately three times
the ambient inputs to the control watershed (WS7).

This study was begun after 3 years of artificial
acidification treatment. Freshly fallen leaves of yel-
low-poplar ( Liriodendron tulipifera 1.), black cherry
(Prunus serotina L.), red maple ( Acer saccharum
Marsh.) and black birch (Betula lenta 1..) were
collected in the fall of 1992 from both watersheds.
These species were selected for study because they
are the most common tree species in these stands.
The leaves were air-dried and placed into 20 cm X 20
cm fiberglass screen bags (2 mm mesh). Approxi-
mately 5 g of leaves were placed in each bag, which
was then closed and weighed. Five 2 m X 2 m plots
were established on each watershed at five different
topographic locations (streamside flat, east-facing
ridge top, east-facing mid-slope, west-facing mids-
lope, and ridge) and 16 litterbags of each tree species
were placed randomly in each plot in November
1992. Bags were placed directly on the mineral soil,
and litter was placed on the watershed: from which it
originated. Four soil samples per plot (0-15 cm
depth) were collected at time of bag placement and
composited for analyses.

Two bags of each species were collected per plot
and returned to the laboratory to calculate handling
loss. Litter bags were thereafter collected every 2
months during the first year, and then again at the
end of year 2 (November 1994). Samples were
oven-dried (70°C, 48 h) and weighed. Loss on igni-
tion (550°C, 4 h) was determined on an approximate
1 g subsample to calculate ash-free dry mass
(AFDM). Remaining material was ground and com-



M.B. Adams, T.R. Angradi / Forest Ecology and Management 83 (1996) 61-69 63

Table 2

Mean initial soil chemical properties (0-15 cm) on two watersheds
in the Fernow Experimental Forest. Standard errors are given in
parentheses

Watershed 3 Watershed 7
Total N (%) 0.21(0.02) 0.23 (0.02)
Organic C (%) 8.60 (0.51) 8.40 (0.85)
pH 4.34(0.12) 4.52 (0.06)
CEC (meq per 100 g) 6.14 (0.58) 5.16(0.41)
Ca{mgkg™ 1) 84.00 (15.42) 88.00 (14.43)
K (mgkg™") 78.40 (3.17) 84.40 (8.68)
Mg (mgkg™") 13.66 (1.45) 16.20 (1.45)
P(mgkg ") 1.32 (0.24) 1.76 (0.47)

posited for nutrient analysis at the University of
Maine Analytical Laboratory. Total Kjeldahl-N was
determined by autoanalysis following block diges-
tions with H,80, and K,SO,/CuSO,. Other ele-
ments were determined by plasma emission spec-
trophotometry following dry ashing and extraction
with HC1 and HNO,. Soil pH was determined in
water (1:1, w:v) and soil nutrients determined by

NH,CI extraction at 1:20 (w:v). Differences were
evaluated using analysis of variance.

Litter decay rates were calculated from percent
AFDM remaining using a negative exponential model
X/X,=e ", where X/X, is fraction mass remain-
ing at time ¢, and k is the annual decay constant
(Olson, 1963). Annual constants (k) were calculated
for the first year of data, and for both years of data.
Analysis of covariance was used to test the interac-
tions of treatment (watersheds) X time and species X
time. To test watershed differences for each species,
one-sided t-tests of the mean difference between
watersheds were used.

Nutrient analyses were conducted on samples col-
lected at time O, and after 2, 4, 6, 12, and 24 months.
Because so little material remained after 2 years in
the field, samples were composited by species and
watershed to provide sufficient material for analyses.
Percent nutrient remaining at time t was calculated
as the product of percent AFDM remaining and
nutrient concentration in the residual material at time
t divided by initial nutrient concentration. Paired

Table 3
Decay rates (SE) and r? values for leaf litter in the Fernow Experimental Forest during 1 year and for both years 1 and 2 (overall)
Species Watershed Year 1 k Year 1 r2 Overall k Overall r?
Black birch 3 -0.893 0.447 -0.384 0.234
(0.140) (0.093)
7 -0917 0.499 -0.434 0.389
(0.123) (0.066)
Yellow-poplar 3 —-0.890 0.606 -0.482 0.475
(0.088) (0.058)
7 —1.141 0.672 -0.834 0.568
(0.094) (0.084)
Black cherry 3 —1.442 0.451 -0.706 0.290
(0.225) (0.148)
7 —1.381 0.613 -1.156 0.611
(0.138) 0.112)
Red maple 3 ~1.268 0.502 -0.430 0.188
(0.174) (0.113)
7 —1.425 0.498 -0.667 0.328
©.177) (0.112)
Black birch Pooled * —-0.910 0.478 -0.414 0.309
0.093) (0.055)
Yellow-poplar Pooled —-1.014 0.625 -0.567 0.451
(0.0665) (0.050)
Black cherry Pooled —1.413 0.528 -0.918 0.433
(0.125) (0.093)
Red maple Pooled —1.350 0.502 -0.481 0.209
(0.123) 0.077)

? Pooled across watersheds.
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t-tests were used to test for watershed differences for
each sampling date. Nutrient decay rates were caicu-
lated as for litter decay rates. Carbon:nutrient ratios
(e.g. C:N, C:P) were calculated based on the assump-
tion that C content equalled 50% of AFDM.

3. Results
3.1. Soil chemistry

Soil chemical properties of the two watersheds
did not differ significantly at the initiation of this
study (Table 2) despite 3 years of elevated inputs of
N and S to WS3. Gilliam et al. (1996) also found no
differences in total soil N, or C:N after 5 years of
treatment in the same experiment. Thus, it is unlikely
that soil chemistry explains variability in litter de-
composition between the two watersheds.

3.2, Litter decomposition

Decay rates did not vary among topographic posi-
tions, so data were pooled by watershed. Litter from
the four species decomposed at different rates (Table
3) and the rates of decay of the four species varied
over time. In the first year, black cherry litter decom-
posed most rapidly, followed by red maple and
yellow-poplar then black birch. Over the two years,
black cherry litter decomposed most rapidly, fol-
lowed by yellow-poplar, red maple and black birch.
AFDM appeared to increase from 400 to 700 days,
although these increases were not all statistically
significant. We attribute this to increased variability
with smaller samples (less sample remaining over
time) and possibly to increasing -microbial /detri-
tivore biomass in the samples.

Decay rates did not differ significantly between
watersheds when all species were included in the

Yellow-poplar

120

% AFDM remaining
8

0 200 400 600

SE.

800 O 200 400 600 800
Days

Fig. 1. Percent ash-free dry mass (%AFDM) remaining in leaf litter of four hardwood species as a function of time. Values are means + 1



M.B. Adams, T.R. Angradi / Forest Ecology and Management 83 (1996) 61-69 65

analysis, but did vary over time. The watershed X
time interaction was statistically significant across
species, suggesting that the effect of treatment on
mass loss varied over time for at least one of the
species. Specifically, watershed differences were sta-
tistically significant for yellow-poplar and black
cherry (P <0.05) and marginally significant for
black birch (P =0.063), and litter from WS3 de-
cayed more slowly over the 2 year study period than
litter from WS7 (Fig. 1). K.G. Mattson (unpublished
data) reported lower CO, evolution from WS3 than
from WS7, also suggesting lower decomposition.

3.3. Litter nutrient levels

Initial nutrient concentrations varied among
species (Table 4). Yellow-poplar contained the high-
est concentrations of all nutrients except Mg. Initial
N, K, and Ca concentrations differed significantly

Table 4

Mean nutrient concentrations in litter at initiation of study, and
after 1 and 2 years in the field. Values are expressed in mg kg™',
except nitrogen (%)

Nutrient Black birch Yellow-poplar Black cherry Red maple
Nitrogen

Initial 1.42 1.5 1 0.91
Year | 2.11 2.49 193 1.82
Year 2 1.97 193 1.59 1.65
Phosphorus

Initial 492 915 421 458
Year | 1034 1207 855 782
Year 2 1068 1080 910 1065
Potassium

Initial 4515 11018 9498 4358
Year ! 2547 2378 2028 2670
Year 2 2997 3145 2620 2922
Calcium

Initial 8572 12947 11518 10681
Year | 6487 8892 10100 8422
Year 2 4407 5165 3715 5245
Magnesium

Initial 994 1602 2137 802
Year 1 1212 1155 1118 1318
Year 2 878 860 806 884

14000 14

12000 =
S 10000
S
g 8000
X g
< 6000 =
(6]

4000

2000

0

WS3
BB ca N« [N

Fig. 2. Initial N (%), Ca and K concentrations (mg kg~') in
freshly-fallen leaf litter from the treated stand (WS3) and control
(WS7). Bars represent 1 SE of the mean.

between the two watersheds (Fig. 2). Nitrogen con-
centrations were higher in the litter from WS3 than
WS7; K and Ca values were significantly lower on
WS3 than on WS7. After 1 year, these differences
were negligible and had disappeared after 2 years.
Nutrient decay rates did not vary significantly be-
tween the two watersheds.

Litter nutrient concentrations varied between years
and among species (Table 4). Nitrogen concentra-
tions increased during the first year of the study, then
decreased during the second year. Phosphorus con-
centrations increased through the course of the study
except in yellow-poplar litter. K, Ca and Mg de-
creased during the first year and then continued to
decrease (Ca, Mg) or increased slightly during the
second year.

The absolute amount of N in litter increased
during the initial 6 months in the field, then de-
creased to approximately 30-50% of the original
amount at the end of the first year (Fig. 3). N then
increased or remained constant (yellow-poplar) dur-
ing the second year. This pattern did not vary signifi-
cantly between the two watersheds. Phosphorus con-
tent increased during the first 6 months for all species
except yellow-poplar (Fig. 4), then decreased to the
end of the first year, and increased or remained
constant (yellow-poplar) through the second year. K
was released rapidly, presumably due to its high
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Fig. 3. Percentage of initial N content in leaf htter of four
hardwood species as a function of time.
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solubility and consequent rapid leaching, with only
slight changes after the inial 2 months. Calcium
content increased initially in black birch and black
cherry, then decreased by the end of the first year so
that all species contained nearly the same amount of
Ca (approximately 20% of original). There was little
change during the second year. Magnesium declined
rapidly, although not as quickly as K, then increased
slightly (black birch, red maple) or decreased further
(yellow-poplar, black cherry).

Carbon;nutrient ratios varied over time (Fig. 5),
reflecting initial immobilization and reiease for N
and P, and rapid leaching losses for K and Mg. Two
peaks in immobilization /releasc were apparent for
Ca. With the exception of Ca. there was little change
in C:nutrient ratios after the first year. Some ratios
also varied significantly between the two watersheds
(Table 5). C:Ca differed significantly between the
watersheds for all species except yellow-poplar, and

120
o Biack birch K
= Yellow-poplar

1008 . Black cheny
4 Red maple

% Remaining

40 |

20t

800
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Fig. 4. Percentage of initial P, K, Ca, and Mg content in leaf litter as a function of time.
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Fig. 5. C:nutrient ratios of leaf litter as a function of time.

C:N varied between the watersheds for yellow-poplar
and red maple (Table 5). C:K and C:P ratios for the
two watersheds were significantly different for yel-
low-poplar, while C:K and C:Mg differed for black

cherry.

4. Discussion

Only red maple decomposition rates did not differ
significantly between the two watersheds. Black
birch, yellow-poplar and black cherry decomposed
more rapidly on the control watershed (WS7) than
on the treated watershed (WS3), suggesting that the
treatment may have resulted in slower litter decom-
position. Other researchers have reported contradic-
tory results. Fenn (1991) reported that elevated N
deposition from air pollution increased site fertility,
specifically soil N, in the San Bernardino Mountains,
leading to changes in litter quality, and faster decom-
position of litter of Jeffrey pine ( Pinus jeffreyi Grev.
and Balf.). Wright and Tietema (1995) reported de-
creased decomposition of Calluna vulgaris litter in

an alpine catchment in Norway as a result of 9 years
of N additions, but with no change in foliar N
contents. Emmett et al. (1995) found no changes in
litter decomposition with only a slight increase in
foliar N levels in current-year foliage of Sitka spruce
(Picea sitchensis (Bong.) Carr.) in Wales following
2.5 years of N additions. Differences in results among
these studies possibly reflect whether litter quality
was substantially changed as a result of elevated N
inputs.

Litter quality has been variously defined and is a
function of more than just changes in total N concen-
tration or content of foliage. Lignin (Fogel and Cro-
mack, 1977; Meentemeyer, 1978) and C:N ratios
(Taylor et al., 1989) have been used to examine litter
quality in more detail. No lignin or other N fractions
were measured in this study, therefore we limit the
following discussion to nutrient ratios. C:nutrient
ratios have been used to predict immobilization or
nutrient release (McClaugherty et al., 1985; Blair,
1988b). Above a critical C:nutrient ratio, nutrients
are immobilized in microbial biomass. When the
critical ratio is reached (as C is mineralized) nutrient
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Table 5

C:nutrient ratios in litter of four hardwood tree species in the
Fernow Experimental Forest, WV. Values are means of five
collection dates

Black birch Yellow-poplar Black cherry Red maple

C:N

WwS3 25 207 27 3
WwSs7 25 17 30 29
C:p

WS3 638 391 ° 675 638
WS7 659 307 727 629
CK

WS3 290 235 ° 295 252
WS7 272 156 241 249
C:.Ca

WS3 64 ° 38 48 © 45 ¢
W87 50 29 28 34
C:Mg

WS3 760 387 488 * 649
WwS7 718 362 365 626

" Significant effects of WS at o = 0.05.

loss is roughly proportional to mass loss. In our
study, C:N ratios declined to about 6 by the end of
the first year, with a slight increase for all species
during the second year (Fig. 5), suggesting a critical
ratio between 5 and approximately 25.

Absolute N increased through much of the first
year in the field, then decreased by the end of the
first year, reflecting initial N immobilization in the
litter, then eventual N release. Blair (1988b) reported
similar results, except that his initial leaching phase
was not observed in this study. Differences between
the studies, in timing of litter bag placement (Blair’s
bags were placed in January, ours were placed in
November) and differences in climate (our climate
being cooler but drier) may explain this lack of
initial leaching. McClaugherty et al. (1985) and Mu-
drick et al. (1994) also reported nitrogen accumula-
tion during initial stages of decomposition. The in-
crease in N concentration is correlated with C loss,
suggesting that the accumulation of N is microbially
mediated. Litter appears to act as a short-term reser-
voir for N, but significant retention does not occur
over longer time spans.

Phosphorus and Ca also showed early immobiliza-
tion, except in yellow-poplar, generally followed by

release after approximately one year. The apparent
increase in P in litter of black birch and red maple
during the second year suggests a new immobiliza-
tion or reimmobilization of P. which is reflected in
only a slight change in the C:P ratio. Blair (1988b)
showed near constant (continuous) immobilization of
P in red maple and chestnut oak litter during 2 years
of incubation. Other research has suggested critical
C:P ratios between 360 and 480 (Gosz et al., 1973).
This value obviously varies with species and climate
but we hypothesize lower critical C:P ratios for all
four species at the FEF. Ca showed two peaks of
immobilization followed by release, based on the
C:Ca ratios. This probably reflects the loss of struc-
tural Ca after approximately 1 year.

Potassium and Mg were lost rapidly from the
litter, as has been reported elsewhere (Blair, 1988a).
Biological immobilization of Mg has been reported
for Scots pine litter in the latter stages of decay or in
litter with low initial Mg concentrations (Staaf and
Berg, 1982). However, K and Mg release in this
study did not appear to depend on biotic activity, but
were the result of physical leaching.

In summary, although mass loss of three of the
four species studied did differ significantly among
the two watersheds, the rates of nutrient loss or
immobilization did not vary, and there were few
significant differences in nutrient concentrations or
amounts between the treated and untreated watershed
after 2 years in the field. We conclude that three
years of the artificial acidification treatment has only
minimally affected the quality of the litter on WS3.
Although four species of differing litter quality were
selected, the results might be different with species
such as oak, which contain higher quantities of lignin
and other recalcitrant compounds. Although elevated
N and S inputs are of concern for many ecological
processes, in the hardwood forest ecosystem- we
studied, the implications for changes in nufrient cy-
cling due to changes in litter decomposition rate are
not great.
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