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Abstract The influence of stand age (5, 10, 15, 20, 30 and
40 years) on the decomposition of litter fractions,
nutrient and energy release of mixtures of N2-fixing al-
der (Alnus nepalensis) and non-N2-fixing large carda-
mom (Amomum subulatum) systems was compared.
Seasonal decomposition rates were distinct with the
highest rate in the first 6 months followed by subsequent
seasons. The decomposition rate was substantially high
in younger stands (10- to 15-years) and declined in the
older stands. Heat sink from the stand floor litter in-
creased from 171 · 106 kJ year�1 in 5 years to 299 · 106

kJ year�1 at 15 years and then considerably decreased
with advancing age. However, energy and nutrient re-
leases were slow at a high initial lignin-to-initial N ratio
and C-to-N ratio, and there was an inverse relationship
between the k-value of ash-free-mass and N expressed as
a function of the C-to-N ratio. Quantities of nutrient
release and energy loss per unit area in 24 months of
decomposition were highest in 15 years and subse-
quently they lowered with advancing age. Nutrient loss
indicated approximately uniform absolute and relative
rates. Absolute energy consistently decreased by 81–
88% in 24 months. Ash-free mass of decomposing litter
remaining at different retrieval dates was associated with
a narrowing of the C-to-N ratio. The relative loss rate of

ash-free mass, nutrients and energy content was strongly
related to the C-to-N ratio, litter temperature and litter
moisture. The influence of Alnus in the younger stands
on nutrient and energy releases were rapid, indicating
accelerated nutrient cycling and energy dynamics. The
intensity of the processes was highly phenomenal and
considerably high in younger stands up to 20 years.
Thus, an appropriate management cycle of the Alnus-
cardamom system for sustainability is 15–20 years.
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Introduction

Large cardamom (Amomum subulatum) is the most
important perennial cash crop of the eastern Himalayan
region, with 30,000 ha cultivated in Sikkim and Dar-
jeeling between elevations of 600 and 2,000 m (Spices
Board 2001). In recent years, the cultivation of large
cardamom has been extended in eastern Nepal and
southern Bhutan in the eastern Himalayas. Its capsule
(fruit) is used as a spice/condiment and contains about
3% essential oil rich in cineole (Gupta et al. 1984). It is
cultivated as an understorey crop with Himalayan alder
(Alnus nepalensis) as a shade tree; both are native to the
region. The increased productivity of plants growing
near N2-fixing species has long been recognized.

Studies on litter production and decomposition
dynamics of managed agroforestry systems are limited.
There has been a growing effort to include N2-fixing
species in agroforestry systems of tropic and temperate
regions, which is a new intervention for influencing the
soil fertility and quick nutrient dynamics. There are re-
ports of much greater litter production in mixed stands
of tree plantations with N2-fixing associates than in
stands containing only non-N2-fixing trees (Tarrant
et al. 1969; Binkley et al. 1992a). Litter of N2-fixing
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species generally decomposes faster, and the addition of
N2-fixing tree litter may accelerate the decomposition of
non-N2-fixing litter types (Taylor et al. 1989). The ratio
of initial lignin-to-N and C-to-N predicts litter
decomposition well in temperate forests (Berg and
McClaugherty 1987; Osono and Takeda 2004). The
decomposition of N2-fixing litter is typically much
higher than those of other species, although decompo-
sition rates can vary substantially among N2-fixing trees
(Sankaran et al. 1993; Mwiinga et al. 1994).

Many litter decomposition studies have been carried
out in the tropics (Mugundi and Nair 1996; Loranger
et al. 2002; Kwabiah et al. 1999; Seneviratne 2000), but
the literature is sparser for the Himalayan region.
Nitrogen and P are essential elements limiting litter
decomposition (Berg 1986; Melillo et al. 1989; Aber
et al. 1990; Bargali et al. 1993). Some studies have
analyzed the dynamics of N and P based on the rela-
tionship with lignin (Aber and Melillo 1982; Berg and
McClaugherty 1989; Osono and Takeda 2005) and have
suggested that lignin is an indicator for N and P
dynamics.

Inclusion of mixtures of N2-fixing Alnus in large
cardamom agroforestry in the eastern Himalayas is a
good example for understanding the influence of stand
age and performance. Few reports on accelerated cycling
of N and P in the mixed stands of N2-fixing Alnus and
Albizia are available (Binkley et al. 1992b; Sharma et al.
1994). Sharma et al. (2002a, b) carried out a detailed
study to see the impact of age on the performance of
Alnus-Cardamom agroforestry in the eastern Himalayas
with respect to productivity, energetics, efficiency and
nutrient dynamics. The present study quantifies the
influence of stand age on nutrient cycling of mixed N2-
fixing tree- and non-N2-fixing cash crop-based agrofor-
estry and on the decomposition and dynamics of energy
and nutrient release from the litter fraction. It also deals
with the initial lignin-to-N ratio as a determinant of N
and P dynamics along the agroforestry age series for
understanding the interaction between the litter lignin
and relative changes in decomposition with time.

Methods

Study area

Three experimental sites selected for the study are lo-
cated at Kabi (north district), Thekabong (east district)
and Sumik (east district) of Sikkim in the eastern
Himalayas. These sites extend within 27�15¢ 05¢¢ to
24�17¢ 36.6¢¢ N latitude and 88�28¢ 6.9¢¢ to 88�39¢ 27.1¢¢ E
longitude with an elevation distribution between 1,350
and 1,600 m asl. These study sites are in the Indian
monsoon region with a temperate climate. Mean
monthly maximum temperature ranged from 14.3 to
23.3�C, mean monthly minimum temperature from 5.4
to 15.8�C and rainfall from 2,500 to 3,500 mm at the

study sites. Relative humidity varied between 80 and
95% during the rainy season and decreased to about
45% in spring.

All three experimental sites have several pure
agroforestry stands of large cardamom grown under
A. nepalensis shade trees. These Alnus-cardamom agro-
forestry stands at each of the sites represented an age
series of 5, 10, 15, 20, 30 and 40 years numbering 18
plots altogether. Age designation refers to the same age
of both large cardamom and Alnus as they are planted at
the same time. The study sites at three locations were
closely comparable; the structural and functional dif-
ferences were attributed to the age of the agroforestry
systems. The soils are in general acidic in reduction due
to heavy rainfall and leaching of bases from surface soil
to represent Typhic Hapludolls and Dystric Eutrochr-
epts largely under cardamom plantations. Red and yel-
lowish podzolic soils are found in the agroforestry
stands of Sikkim (Mukhopadhyaya 1998). The soil was
acidic (pH 3.8–5.6), and pH varied widely with depth;
the variation in pH of surface soils was small between
stands (17%). The soil was sandy loam in composition
ranging from 11 to 30% clay, 15 to 40% silt and 34 to
65% sand.

Litter decomposition

Sample plots of 30 · 40 m were marked at each of the
six Alnus-cardamom agroforestry stands (5, 10, 15, 20,
30 and 40 year stands), with all three sites giving a total
of 18 plots (0.36 ha per age group, totaling 2.16 ha).
Litter production and decomposition were estimated at
each of the plots. Litter decomposition studies were
carried out by using the litterbag technique (Witkamp
and Olson 1963). Freshly fallen litter from Alnus and
slashed cardamom pseudo-stem and leaves was collected
in December 1997. Dried litter was placed in nylon lit-
terbags (20 · 20 cm) with a mesh size of 1 mm to permit
only the movement of microarthropods and other
microbial invasion. At the time of cardamom harvest
fruited pseudo-stems with leaves were harvested as part
of management practice. Monthly litter production
estimations were carried out (1998–2000) using five litter
traps of 1 m2 collecting area in each sample plot and
pooled to annual values. The equivalent of 10 g dry
weight litter from air-dried stock was placed in each
litterbag. This litter weight per unit area of litterbags
falls within the range of annual litter production weights
per unit area on the floor.

Four major litter fractions comprised of Alnus leaf
(AL), Alnus twig (AT), cardamom leaf (CL) and car-
damom pseudo-stem (CPS) were sampled for decom-
position. A total of 864 litterbags were placed within a
plot size of 4 · 4 m in 18 plots (288 m2) at different
sample sites in the age series of Alnus-cardamom agro-
forestry stands in January 1998. Litterbags containing
litter fractions were retrieved in replicates of three at
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each collection time of 3, 6, 12 and 24 months from the
date of placement for analysis.

Samples were cleaned carefully and oven-dried at
80�C for 48 h, weighed and ground to pass through a 2-
mm sieve. Ground samples were analyzed for total
nitrogen by modified Kjeldahl method and phosphorus
following ascorbic acid method (Anderson and Ingram
1993). Lignin of the decomposing litter fraction was
estimated by using the Tecator Fibertec system. Carbon
contents of the plant samples were estimated by
assuming 48% carbon at different stages of decomposi-
tion (Sharma and Ambasht 1987).

Energy value on an ash-free mass basis was estimated
by using an oxygen bomb calorimeter (Lieth 1975). The
mean energy content of floor litter was calculated by
analyzing the calorific content of different litter layers
estimated during different intervals of decomposition for
all age groups of agroforestry stands. The sum of the
total heat release values of different stages of decom-
posing litter samples per year gave the total heat release
from the floor litter (Sharma et al. 1997). The sum of the
heat release values from different stages of decomposing
litter samples per year represented the total heat release
from the floor litter. Rainfall data were recorded using
an automatic weather station (Campbell Scientific Inc.,
UT). Temperature measurements were made using a soil
thermometer placed within the litter–soil interface at
every stand. Statistical analysis was done using Systat
version 6.0. Loss of ash-free mass, N, P and energy
contents from decomposing litter fractions was de-
scribed by a single exponential decay function. The half-
life (T1/2) was calculated using the decomposition con-
stant (k) as 0.693/k (Olson 1963).

Results

Litter composition and initial chemical properties

Among the litter fractions, the concentrations of nutri-
ents were highest in leaves of both Alnus (N 2.63–3.64%;
P 0.15–0.21%) and understorey cardamom (N 1.97–
2.16%; P 0.09–0.17%). Concentrations were compara-
tively low in Alnus twig (N 0.78–0.95%; P 0.02–0.05%)
and cardamom pseudo-stems (N 0.33–0.61%; P 0.03–
0.08%).

Ratios of dry litter composition through production
by both N2-fixing Alnus and non-fixing understorey
cardamom and their chemical content were highly
variable in the age sequence. The production of litter
by the 5-year stand was 5.88 t ha�1 (Alnus 64%,
cardamom 36%). This subsequently increased to
10.25 t ha�1 (Alnus 60%, cardamom 40%) at age 15
and consistently declined to >50% by age 40 years.
Litter production increase was attributed to an increase
in tree and understorey cardamom bush density from
5-year (347 trees ha�1, 6,786 bush ha�1) to 15-year
(553 trees ha�1, 25,316 bush ha�1) stands. After 15-year
stands, tree density decreased with advancing age due

to thinning as a management practice, while cardamom
bush also decreased in aging agroforestry stands. The
stand dry mass contribution of Alnus was 56–69%,
while cardamom contributed between 31 and 44%.
Similarly, stand nutrient contribution by Alnus (66–81%
N, 52–79% P) was higher than cardamom (20–34%
N, 22–48% P). The initial N content was significantly
correlated to the initial P content of the litter fractions
of all stands (r2 = 0.94, P < 0.001). The mean ratio of
contents of N and P was 19:01.

The percent initial lignin and initial lignin-to-N ratio
in litter fractions were variable. Percent lignin was
highest in Alnus leaf (32.63 ± 2.31) followed by Alnus
twig (26.45 ± 1.32), and comparatively less in carda-
mom leaf (21.31 ± 1.89) and cardamom pseudo-stem
(22.37 ± 1.17). Percent initial lignin-to-N ratio was
highest in cardamom pseudo-stem (34.54 ± 1.62)
followed by Alnus twig (25.21 ± 1.78), cardamom leaf
(15.66 ± 2.41) and Alnus leaf (13.15 ± 1.48). Lignin
concentration remained relatively constant or fairly
increased during the first 3 months, and subsequently
decreased thereafter during the decomposition period.

Mass loss rate of litter and nutrient and energy
release during decomposition

The percent ash content ranged from 3.05 to 16.30 in the
litter fractions with the highest value in Alnus leaf and
lowest in cardamom pseudo-stem at different stages of
decomposition. As the decomposition progressed, per-
cent ash increased consistently with time, whereas ash-
free mass remaining in decomposing litter fractions
during each sampling date decreased significantly
(P < 0.0001) among stand age, retrieval date and litter
fraction. The ash-free mass remaining in the Alnus leaf
ranged within 15–32%, Alnus twig 28–47%, cardamom
leaf 17–38% and pseudo-stem 18–41%, during the 24
months of decomposition.

Decomposition and ash-free mass loss were not
conspicuous during the first 3 months, while in the first 6
months, about 30–40% of initial mass loss was recorded.
The environmental factors relating to decomposition
were favorable during the warm rainy season and ex-
tremely slow during dry winter. Patterns of ash-free
mass loss in different litter fractions in 24 months was in
the order of Alnus leaf > cardamom leaf > cardamom
pseudo-stem > Alnus twig, while between stand ages it
was in the order 15 > 10 > 5 > 20 > 30 > 40 year
stand. The T1/2 values of ash-free mass among the litter
fractions was lowest in Alnus leaf (8.84–14.85 months)
and highest in Alnus twig (13.41–17.69 months), indi-
cating that the mass loss was much more rapid in leaf
litter of N2-fixing Alnus. The half-life and turnover time
of ash-free mass were lowest (8.84–13.41; 12.76–19.35) in
the 15-year stand with a high decomposition constant
(0.62–0.94). The decomposition constant (k) was lowest
(0.43–0.57) in the 40-year stand with a corresponding
high value of half life and turnover time of the litter
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fractions. The k value was recorded in the order
15 > 20 > 10 > 5 > 30 > 40 years in the age series
of agroforestry stands (Table 1). The single exponential
decay functions show that the k values decreased with
stand maturity, indicating that loss was faster in younger
stands. Relationships between ash-free mass remaining
as a function of the C-to-N ratio of litter fractions
were highly significant for all the agroforestry stand
ages (r2 = 0.76–0.91, P < 0.0005).

The dynamics of N, P and energy showed a similar
pattern in all the agroforestry age sequence. Nitrogen
and P remaining in decomposing litter fractions de-
creased significantly (P < 0.001) with advancing re-
trieval time, whereas the concentration increased as the
decomposition progressed. An inverse relationship was
recorded between the percent weight remaining and N
concentration in the residual litter fraction in the age
series (r2 = 0.62–0.88, P < 0.005–0.0001). The 15-year-
old stand consistently lost more N and P from the lit-
terbags than other stands, while the 40-year-old stand
showed the least. Within the litter fractions, nutrient loss
was comparatively more in Alnus leaf followed by car-
damom leaf. The nutrient turnover time and half-life in
decomposing litter fractions were highly variable within
the agroforestry stands in the order 15 > 20 > 10 >
5 > 30 > 40 years stand. Within the litter fractions,
the half life and turnover time of N was highest in Alnus
twig.

The quantities of nutrient release per unit area were
highest in 15-year (N 36.56 g m�2, P 5.45 g m�2), about
1.6–2.5 times more for N and 2.5–3.6 more for P than

that of 5- and 40-year-old stands (Table 2). The absolute
release of nutrients in the age sequence was
15 > 20 > 10 > 5 > 30 > 40 years. The release of
nutrients (N 6.02–10.84 g m�2, P 0.48–1.59 g m�2) was
highest in the first 6 months and declined gradually with
time. The nutrient loss and release pattern were the same
for all agroforestry stand ages, and the relative mobility
of nutrients was P > N; the absolute release of N in
comparison to P was 10–15 times higher. The initial
percentage of labile fraction of N was more than the P.
The k value and turnover time of P ranged between 0.64
and 0.88 (highest) in Alnus leaf and 0.41–0.81 (lowest) in
Alnus twig. The k value was comparatively higher for P
than N in the litter fractions with the consequence that
T1/2 values were short for P. The T1/2 values for both
N and P leaf litter were lower, indicating faster decom-
position (Table 1). Stand total nutrient release increased
with age and peaked at intermediate 15-year-stands
and decreased thereafter with a relatively very low value
in 40 years. The contribution of nutrient release by
Alnus litter (N 8.26–23.81 g m�2, P 0.87–3.17 g m�2)
was fairly high compared to cardamom (N 6.27–
12.72 g m�2, P 0.71–2.28 g m�2).

Energy content of the litter fraction decreased
significantly at every retrieval date from the initial
values throughout 24 months. The mean caloric content
of Alnus leaf (20.92 ± 0.82%) was highest followed
by Alnus twig (20.44 ± 0.16%), cardamom leaf
(19.93 ± 0.22%) and cardamom pseudo-stem (15.02 ±
0.08%). The absolute energy content in decomposing
litter fractions decreased significantly (P < 0.0001) with

Table 1 Single exponential decay function parameters (decomposition constant k, half-life T1/2 and turnover time) describing decom-
position in 5-, 15- and 40-year Alnus-cardamom agroforestry stands

Parameters 5 years 15 years 40 years

k
(per year)

T1/2

(months)
Turnover
time (months)

k
(per year)

T1/2

(months)
Turnover
time (months)

k
(per year)

T1/2

(months)
Turnover
time (months)

AFM
AL 0.76 10.94 15.78 0.94 8.84 12.76 0.56 14.85 21.42
AT 0.54 15.40 22.22 0.62 13.41 19.35 0.47 17.69 25.53
CL 0.83 10.01 14.45 0.87 9.55 13.79 0.57 14.58 21.05
CPS 0.60 12.79 18.46 0.80 10.39 15.00 0.43 19.33 27.90

Nitrogen
AL 0.67 12.41 17.91 0.76 10.94 15.79 0.40 20.79 30.00
AT 0.51 16.31 23.52 0.75 11.09 16.00 0.46 18.08 26.08
CL 0.67 12.41 17.91 0.64 12.99 18.75 0.51 16.31 23.52
CPS 0.40 20.79 30.00 0.61 13.63 19.67 0.42 19.80 28.57

Phosphorus
AL 0.86 9.67 13.95 0.79 10.55 15.19 0.64 12.99 18.75
AT 0.81 10.27 14.81 0.78 10.66 15.38 0.41 20.28 29.27
CL 0.83 10.01 14.46 0.83 10.02 14.46 0.54 15.40 22.22
CPS 0.78 10.66 15.38 0.75 11.09 16.00 0.49 16.97 24.49

Energy
AL 0.96 8.66 12.50 1.05 7.09 11.43 0.87 9.56 13.79
AT 0.78 10.66 15.38 0.88 9.45 13.64 0.73 11.39 16.44
CL 0.96 8.66 12.50 0.95 8.75 12.63 0.79 10.53 15.19
CPS 0.89 9.34 13.48 0.95 8.75 12.63 0.70 11.88 17.14

Values are means of three site replicates (n = 9)
AFM ash-free mass, AL Alnus leaf, AT Alnus twig, CL cardamom leaf, CPS cardamom pseudo-stem)
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incubation time in the analysis of variance. Interactions
between the stand ages and retrieval of litter fractions
were also significant.

The energy loss per unit area almost doubled in the
15-year-old stand (55,025 kJ m�2) compared to the
premature young and oldest stands (Table 2). The T1/2

values (7.09–9.45 months) and turnover time (11.43–
13.64 months) of energy in decomposing litter fractions
were lower at the 15-year stand (Table 2). Half life and
turnover time of energy in Alnus leaf were lowest (7.09–
9.56; 11.43–13.39 months) among the litter fractions.
The energy loss pattern was similar in all the stand ages
and the sequence of absolute energy loss was
15 > 20 > 10 > 5 >30 > 40 year stand. The sam-
pling interval and cumulative loss from the decomposing
litter fraction showed that a considerable amount of
energy was lost during 24 months, with the highest loss
(30–40%) during the first 6 months. Energy loss was
more from Alnus leaf and least from Alnus twig among
the litter fractions. Loss of energy from the litter frac-
tions after 6 months of decomposition was relatively
uniform and closely resembled ash-free mass losses in all
the agroforestry stand age sequences.

Relationships between decomposition rates,
litter quality and environmental factors

Multiple regression analysis was carried out to under-
stand the relationships of ash-free mass with the C-to-N,
C-to-P and N-to-P ratios remaining in litter for the
retrieval dates of each age, but the ash-free mass

appeared to be strongly related to the C-to-N ratio
only (Table 3). Thus, relationships between the ash-
free mass and C-to-N ratio were observed in the
simple linear regression analysis. It showed that the
reduction in the ash-free mass remaining for all the litter
fractions was associated with narrowing of the C-to-N
ratio in the agroforestry stands. Coefficients of deter-
mination, variance ratio and intercepted slopes of ash-
free mass as a function of the C-to-N ratio of retrieved
decomposing litter fraction in the age series of agrofor-
estry stands were highly significant (r2 = 0.76–0.91,
P < 0.0005).

The relative loss rate of ash-free mass, nutrient and
energy content was strongly related to the C-to-N ra-
tio, litter temperature and litter moisture (Table 3).
The relative loss rate of ash-free mass and nutrients of
the litter fractions depended more strongly on litter
quality followed by litter temperature and then litter
moisture, whereas in the case of energy, litter temper-
ature had a greater effect than the C-to-N ratio and
litter moisture.

Discussion

The maximum litter decomposition was reported at the
time of canopy closure (20 to 30 years of age) using the
production to accumulation ratio in Douglas fir stands
(Turner and Long 1975). It was supported by k values
based on the litterbag technique after 12 months
decomposition in the same stands (Edmonds 1979).
Sharma and Ambasht (1987) reported the maximum

Table 2 Ash-free mass (AFM) remaining (g m�2) and N, P (g m�2) and energy (KJ m�2) release after 24 months of litter decomposition
in the 5-, 15- and 40-year-old Alnus-cardamom agroforestry stands

Litter Fractions 5 years 15 years 40 years

AFM N P Energy AFM N P Energy AFM N P Energy

Alnus leaf 411 11.58 0.94 9688 664 17.49 1.76 16569 261 6.93 0.56 7499
Alnus twig 216 2.50 0.54 4868 538 6.32 1.41 12506 137 1.33 0.29 3018
Cardamom leaf 372 5.97 0.65 8286 705 8.36 1.44 14549 267 4.28 0.42 6243
Cardamom pseudostem 384 2.10 0.48 6552 725 4.39 0.84 11401 243 1.98 0.29 4866
Total 1383 22.15 2.61 29394 2632 36.56 5.45 55025 908 14.52 1.56 21626

Values are pooled from three site replicates

Table 3 Multiple regression equation relating the relative loss rate, litter quality and environmental factors in the age series of Alnus-
cardamom agroforestry stands together; squared multiple correlation coefficient (R2) and F statistics are also given

Litter Regression equation R2 F

Ash-free mass RLR = �0.086 + 0.005CNR + 0.002MLT � 0.001 LM 0.89 58
Nitrogen RLR = �0.066 + 0.005CNR + 0.002MLT � 0.001 LM 0.84 36
Phosphorus RLR = �0.024 + 0.003CNR + 0.002MLT � 0.001 LM 0.75 16
Energy RLR = �0.077 + 0.002MLT + 0.005CNR � 0.002 LM 0.85 38

RLR relative loss rate (calculated by dx/dtx, where dx change in mass/ nutrient content/energy content, dt change in time and x is the
fraction of mass/nutrient content/energy content remaining); CNR C-to-N ratio; MLT mean maximum litter temperature; and LM litter
moisture (%). All partial regression coefficients are significant (P < 0.005). R2 values are significant (P < 0.0001) with df 20. F values are
significant (P < 0.001) with 3 and 20 df
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decomposition at the time of canopy closure in a 30-year
Alnus nepalensis stand. In the present study, using both
the above methods maximum decomposition and heat
release were recorded in the younger stands (10 to 15
year stands) with full canopy closure that declined with a
decrease in tree density and crown cover. As a man-
agement practice, a substantial reduction of tree densi-
ties after heavy thinning has been found in the older
agroforestry stands after 15 years. The decomposition
constant (k) in alder-cardamom stands was high (0.59–
1.05) at low half life (7.09–14.09 months) and turnover
time (11.43–20.34 months). The lowest k value, half-life
and turnover time at the 40-year stand were attributed to
the low canopy closure and low tree density factor. The
loss of initial ash-free mass after 12-month decomposi-
tion was 46–67%. This rate is comparable to 46–61%
loss of ash-free mass per year in A. nepalensis (Sharma
and Ambasht 1987) and 55% decomposition per year in
A. rubra (Edmonds 1980) and A. crispa (Van Cleve
1971).

Decomposition rates of all the litter fractions are
predicted from lignin or nutrient (N and P) content and
the C-to-N ratio and lignin:N ratio. An inverse curvi-
linear relationship between the decomposition constants
of ash-free mass and N expressed as a function of the
ratio of initial lignin-to-N ratio was observed in the
regression analysis, indicating that high levels of lignin
may slow decomposition rates, which was also reported
by Aber and Melillo (1982). A significant non-linear
relationship was reported between relative initial pro-
portions of labile to recalcitrant fraction of both initial
lignin content and initial C-to-N ratio (Wieder and Lang
1982). Initial lignin content or initial C-to-N ratio of
litter determines the decomposition rate to a consider-
able extent (Meentemeyer 1978; Melillo et al. 1982). Our
study recorded slow decomposition at high initial lignin-
to-N and C-to-N ratio. The relationship suggests that
the higher the lignin content of the litter fraction, the
larger the change in the N concentration of the material
per unit carbon respired during decomposition (Aber
and Melillo 1982).

Irrespective of agroforestry age and site, litter
exhibited an increase in N concentration during
decomposition, but the absolute N content decreased
from the beginning, which is also reported in pure A.
glutinosa and A. nepalensis stands (Bocock 1964; Sharma
and Ambasht 1987). The reason would be due to the
microbial invasion in litter fractions, mineralization of
nutrients in soils and microbial immobilization during
the process of decomposition (Osono and Takeda 2004).

In A. rubra (Edmonds 1980) and A. nepalensis
(Sharma and Ambasht 1987) stands, P was found to be
rapidly lost in the first 3 months, and absolute weights
never exceeded the initial weights. Phosphorus loss in
this study was relatively high during the first 6 months
of decomposition. Phosphorus release per unit area in-
creased from 5 years onwards and decreased sharply
after 20 years showing maximum availability in the
younger stands. The initial C-to-P ratio (300–686) of the

litter fractions in all the plantation stands was compa-
rable to A. rubra (574) and A. nepalensis (637) stands
(Edmonds 1980; Sharma and Ambasht 1987). High
rainfall during 3–6 months of decomposition may be the
reason for rapid P loss. The pattern of release of P from
a unit area of floor was similar in all the agroforestry
stands.

The proportion of ash-free mass and energy content
of decomposing litter fractions in litterbags within a 24-
month period declined at different absolute and relative
rates. The loss of nutrients indicated approximately
uniform absolute and relative rates in all stands across
the sampling dates. Energy release in the form of heat
was substantial in the 15-year stand. The energy value
per unit weight of the residual ash-free mass of decom-
posing litter decreased across the entire decomposition
period. Absolute energy content also decreased consid-
erably with 81–88% loss during the 24-month decom-
position.

The relative decomposition rates of ash-free mass, N
and P were significantly related to the C-to-N ratio, litter
temperature and moisture in the multiple regression
analysis. Linear regression of ash-free mass remaining as
a function of the C-to-N ratio of retrieved litter during
decomposition showed a strong positive relationship.
The ash-free mass release and nutrient mineralization
were also related to the C-to-N ratio, with high partial
regression coefficients of the C-to-N ratio for nutrient
mineralization.

The ash-free mass, nutrient and energy release during
the first 6 months of decomposition were highest, which
is attributable to the high rate of loss of labile fractions
and most favorable environmental conditions for
decomposition. Each fraction of litter decomposes at a
specific rate and is variably dependent on resource
quality (C-to-N ratio, initial lignin-to-N ratio) and lar-
gely contributed by environmental factors. We conclude
that the C-to-N ratio was better predicted to nutrient N
release throughout the decomposition period, which can
be compared to the report made by Seneviratne (2000).
The initial lignin-to-N ratio and C-to-N ratio of the
litter fractions played a more important role in deter-
mining the rate of litter decomposition than litter
moisture and temperature. Osono and Takeda (2004)
have also reported that the lignin-to-N ratio and lignin-
to-P ratio are the indicators of N and P dynamics during
decomposition. The relative loss rate of 60–90% of the
ash-free mass, nutrients and energy in the present study
were related to the lignin-to-N ratio, litter quality and
environmental factors. In the growing age series until 20-
year stand, N availability also increases through N2-
fixation by Alnus; during such situation high N con-
centrations may have an accelerating effect on lignin
degradation and thus faster decomposition.

The release of nutrients due to rapid decomposition
from nutrient-rich litter of Alnus makes more nutrients
available for uptake by associate cardamom, and with
time, the nutrient cycle is expected to be accelerated,
even in the non-N2-fixing associate. The percent
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contribution of nutrient release by the shade tree Alnus
was substantial (N 57–63, P 54–58) compared to the
understorey cardamom crop (N 35–43, P 42–46). This
provides better production potential for associate crops
in the stands with nitrogen fixers (Sharma et al. 1997;
Sharma et al. 2002b). The magnitude of release of
nutrients and energy in the younger plantations was
rapid, indicating accelerated nutrient cycling through
litter production, decomposition and heat sink com-
pared to the older stands beyond 20 years age. This is
explained by high tree density, productivity, energetics
and efficiencies, litter production, N2-fixation and effi-
ciency, resource quality, cardamom crop management
and environmental factors in these stands (Sharma et al.
2002a, b). The intensity of these processes was phe-
nomenal and observed to be considerably high in
younger plantations up to 20 years of age. Thus, the
appropriate management cycle of the Alnus-cardamom
system for its sustainability is 15–20 years. The system
also provides additional income at the end of the rota-
tional cycle by harvesting Alnus.
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