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Abstract

Energy efficiency of agroforestry systems of large cardamom grown under N,-fixing Himalayan alder (alder-
cardamom) and natural forest (forest-cardamom) was studied in the Sikkim Himalaya. Large cardamom (Amo-
mum subulatum), the most important perennial cash crop of the region, is widely cultivated with Himalayan
alder (Alnus nepalensis) as shade tree. Energy fixation, storage, net allocation in agronomic yield, and heat re-
lease and exit from the system were respectively 1.57, 1.44, 2.24 and 2.22 times higher in the alder-cardamom
compared to the forest-cardamom system. Energy conversion efficiency and net ecosystem energy increment were
also higher in the alder-cardamom than the forest-cardamom system. Energy fixation efficiency and energy con-
version efficiency of large cardamom increased under the influence of Himalayan alder. Energy efficiency in
N,-fixation of Himalayan alder was also high (67.5 g N, fixed 10* kJ*' energy). Quantum and flux of energy
increased in the alder-cardamom compared to the forest-cardamom system that optimized the production poten-
tial of the cash crop under the influence of the Himalayan alder. Climatic sympatry of the large cardamom and
Himalayan alder, and their synergetic energy efficiency makes this association ecologically and economically
viable for the mountain regions.

Intensive studies have been carried out on alders
with emphasis on various aspects on nitrogen fixation
(Schubert and Evans 1976; Huss-Danell 1978) and

Introduction

Large cardamom (Amomum subulatum Roxb.), a na-

tive plant of the Sikkim Himalaya, is a perennial low-
volume, high-value and non-perishable cash crop
grown beneath tree cover on marginal lands. Its cul-
tivation is a unique example of ecological and eco-
nomic viability of a traditional farming system based
on indigenously evolved agroforestry practices (Shar-
ma et al. 2000). Himalayan alder (Alnus nepalensis
D. Don) is cultivated widely as shade tree in large
cardamom based agroforestry systems. The altitudinal
range of the Himalayan alder is sympatric with the
agroclimatic range of large cardamom farming. Hi-
malayan alder is nodulated and capable of nitrogen
fixation (Sharma and Ambasht 1988).

with some emphasis on nitrogen accretion (Akker-
mans and VanDijk 1976; Binkley 1981; Sharma and
Ambasht 1988; Binkley et al. 1992). Studies have
been carried out on biomass production, nutrient dy-
namics, nitrogen fixation and its accretion in an age
series of monocultures of Himalayan alder in the re-
gion (Sharma 1993; Sharma and Ambasht (1988,
1991)). Productivity and biogeochemical effects of
red alder in forestry (Binkley et al. 1992) and Hima-
layan alder in large cardamom agroforestry (Sharma
et al. (1994, 1997a, 1997b)) have been investigated.
Information on energetics of nitrogen accretion in an
age series of Himalayan alder is also available (Shar-
ma and Ambasht 1988). However, information on the



234

influence of nitrogen fixing trees on the associates and
ecosystem energetics is lacking given that rates of ni-
trogen fixation and net annual production are not con-
stant and energy requirements differ in stands with or
without N,-fixing trees.

A large amount of energy is consumed during N -
fixation (Sharma and Ambasht 1988), substantially
more than is required for nitrogen assimilation from
soil (Silsbury 1977). But, the information on energy
efficiency of nitrogen fixation with respect to associ-
ates is lacking. The present study investigates the en-
ergy efficiency of large cardamom agroforestry sys-
tems with and without N,-fixing Himalayan alder as
shade trees. The specific objectives of the study were
to determine: (a) differences in component energy
values, storage pattern and flow rates; (b) energy out-
put and input ratio, and cost-benefit analysis; (c) net
ecosystem energy increment, energy conversion effi-
ciency, energy fixation efficiency and energy accumu-
lation ratio; and (d) energy efficiency in N,-fixation
with respect to agroforestry systems as a function of
Himalayan alder as shade tree.

Methods

Large cardamom based agroforestry systems located
within the Mamlay watershed of the Sikkim Hima-
laya were selected for the study. Sharma et al. (1994)
presented the location and climate of the study sites
and descriptions of these agroforestry stands. Two
agroforestry systems selected for this study were: (i)
large cardamom with N,-fixing Himalayan alder as
shade tree (alder-cardamom stand) and (ii) large car-
damom with non-N,-fixing mix tree species (forest-
cardamom stand). Biomass, yield, litterfall, floor-litter
and decomposition values of the same stands reported
by Sharma et al. (1994, 1997a) were used for calcu-
lation.

Photosynthetically active radiation (PAR) during
the study period was recorded using dataloger-based
Campbell Scientific Inc. (USA) automatic weather
station. Each plant component was sampled in repli-
cates of five from both the agroforestry systems, ov-
en-dried at 80 °C for 48 hours, milled to pass a 2-mm
sieve, and used for estimating ash and energy con-
tents. Per cent ash content of different plant compo-
nents was estimated by burning samples in muffle
furnace at 550 °C for 2 hours. All energy estimations
were made on ash-free mass basis. Energy value of
plant materials was estimated by using the oxygen

bomb calorimeter (Lieth 1975). The energy contents
in each of the plant components of shade trees and
large cardamom crop were calculated by taking the
product of mean energy value and biomass. Energy
flow from tree leaf and twig, and cardamom leaf and
pseudo-stem to floor-litter was estimated through lit-
terfall and slashed leaf and pseudo-stem, and their
energy values. The mean energy value of floor-litter
was determined by analyzing samples at several
places (n = 10) in different layers. The component
energy contents of each tree in the sample plots were
estimated and expanded to stand values. The sum of
the energy contents of trees, understorey cardamom
and floor-litter represented stand energy content. Net
annual energy fixation in trees and understorey car-
damom was calculated similarly as biomass produc-
tion (Sharma and Ambasht 1991; Sharma et al. 1994).
Energy efficiency in N,-fixation by alder was calcu-
lated following Schubert (1982) and Sharma and Am-
basht (1988, 1991).

Decomposition of different litter fractions and an-
nual mass loss reported by Sharma et al. (1997a) were
used to estimate the total heat release from the floor-
litter. The energy loss from the root-nodules of alder
was estimated using root-nodule turnover and decom-
position rate conversion factor (Sharma and Ambasht
1986) and energy values in root-nodules.

Inputs and outputs of energy and cash were esti-
mated in both the alder-cardamom and forest-carda-
mom agroforestry systems. The inputs were mainly in
the form of farm labour and firewood used for carda-
mom curing. Energy in the form of farm labour was
calculated using 0.15 x 10* kJ energy hour™! follow-
ing Freedman (1982). Energy content of firewood was
estimated from total dry mass and its energy value.
Energy output in the form of agronomic yield, and
firewood and fodder extractions from the agroforestry
systems were calculated as a product of dry biomass
and energy values. Cash expenditure and income in
each of the systems was evaluated for cost-benefit
analysis.

Results and discussion

The energy value of component parts of the alder
ranged between 18-21 kJ g™! and mix tree species
1520 kJ g~! (Table 1). It was higher in each of the
components of the alder than that of the mix tree spe-
cies. Large cardamom crop components under the al-
der-cardamom and forest-cardamom systems did not
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Table 1. Ash content and energy value of plant components in alder-cardamom and forest-cardamom agroforestry systems in Sikkim Hima-

laya, India

Plant components Alder-cardamom

Forest-cardamom™

Ash (%) Energy value (kJ g=! ash-free dry mass) Ash (%) Energy value (kJ g™ ash-free dry mass)
Tree
Leaf and twig 2.25 21.36 = 1.06 6.65 19.88 + 0.34
Branch 2.50 19.51 £ 0.73 4.35 16.41 £ 0.21
Bole 1.95 2129 £ 0.32 122 18.58 + .08
Root 4.95 17.96 = 0.39 5.30 14.68 + 0.39
Root-nodule 12.48 21.02 + 0.80 - -
Cardamom
Leaf 573 21.17 £ 0.21 5.65 21.16 £ 0.19
Pseudo-stem 3.61 17.39 + 0.68 3.55 17.37 £ 0.71
Root/rhizome 11.10 19.72 £ 0.53 10.95 19.69 = 0.49
Fruit (capsule) 11.95 20.26 + 0.44 11.80 20.06 = 0.39
Floor-litter 13.65 2142 £ 0.16 7.35 1791 £ 0.31

*Mix tree species without N,-fixing alder. Energy values are mean + SE; n = 5.

show much difference in energy values. However,
floor-litter under the alder-cardamom contained much
higher energy value than under the forest-cardamom
system (Table 1).

Energy distribution and flow rates in components
of the alder-cardamom and forest-cardamom agrofor-
estry systems are presented in Figure 1. Photosynthet-
ically active radiation that reached the agroforestry
systems was 11822 x 10° kJ ha~' year~'. Net annual
energy fixation was higher by 1.57 times in the alder-
cardamom (221.45 x 10° kJ ha~! year™') compared
to the forest cardamom (141.16 x 10° kJ ha=! year™').
The annual allocation of net energy fixation in differ-
ent components of the alder-cardamom system (Tree
— twig and leaf 27.5%, branch 4.3%, bole 14.5%, root
4.8%, root-nodule 3.6%: Large cardamom - leaf
9.6%, pseudo-stem 26.8%, root/thizome 4.7%, and
capsule 4.2%) was different from that of the forest-
cardamom system (Tree — twig and leaf 40.9%,
branch 2.8%, bole 20.7%, root 5.1%: Large carda-
mom - leaf 6.8%, pseudo-stem 15.0%, root/rhizome
5.8%, and capsule 2.9%). Net energy allocation in the
understorey large cardamom crop was much higher in
the alder-cardamom (45.3%) than the forest-carda-
mom (30.5%) system. This showed that Himalayan
alder is better associate/shade tree than mix tree spe-
cies providing conditions for higher allocation of en-
ergy in the cash-crop system. In absolute terms, net
energy allocation in cardamom crop was 2.3 times
and in capsule 2.2 times higher under the alder-car-
damom than the forest-cardamom agroforestry sys-
tem. Floor-litter energy build-up was conspicuous due

to more litter production and accumulation in the al-
der-cardamom system and was 1.6 times more than
the forest-cardamom (Figure 1). Energy release from
the floor-litter was higher by 2.1 times in the alder-
cardamom and in this stand 5.35 x 10° kJ ha=! year™*
of energy from the alder root nodules was recorded.
The total energy storage in the perennial live compo-
nents was 1.41 times higher in alder-cardamom sys-
tem than forest-cardamom system (Figure 1). Of the
total energy, 79% was in the plant components and
21% as floor-litter in the alder-cardamom, and 81%
in plant components and 19% as floor-litter in the
forest-cardamom system. The energy exit from the
system was in the form of firewood and cardamom
capsule which was more than double in the alder-car-
damom (cardamom capsule 9.20 and firewood 30.87
x 108 kJ ha~! year™") compared to the forest-carda-
mom (cardamom capsule 4.11 and firewood + fodder
14.86 x 10° kJ ha™' year™'). The heat release value
of 93.90 x 10° kJ ha™! year™ in the alder-cardamom
was 2.3 times higher than that of the forest-cardamom
system.

Large cardamom is a less labour intensive cash
crop. The main inputs were labour and firewood used
in cardamom curing. The outputs include agronomic
yield, firewood from the agroforestry systems and
also fodder from the forest-cardamom system (Ta-
ble 2). Quantum of energy input and output was al-
most double in the alder-cardamom than the forest-
cardamom system. However, the output:input ratio in
the alder-cardamom (3.55) was lower than the forest-
cardamom (4.98) system. Cash valuations of input
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Alder-cardamom

Forest-cardamom

Figure 1. Distribution of energy storage in components, net energy flow and heat release in the alder-cardamom and forest-cardamom agro-
forestry systems in Sikkim Himalaya, India. Units are x10° kI ha~' for compartments and x10¢ kJ ha=' year™ for flows. Broken lines
indicate that values are not estimated. S = sun; PAR = photosynthetically active radiation; LT = Jeaf and twig; BR = branch; BO = bole; RT
= root; RN = root-nodule; FL = floor-litter; CL = cardamom leaf; PS = pseudo-stem; RR = root and rhizome; and CC = cardamom capsule.
This figure is drawn using the symbols given by Odum and Odum (1976).

and output have been made and presented in Table 2. cash income in the alder-cardamom and 15.67 times
Cash income from the alder-cardamom system was in the forest-cardamom system. Both, the quanta of
more than double to that of the forest-cardamom sys- energy and higher cash return from the alder-carda-

tem. The cost benefit analysis showed 18.23 times
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Table 2. Annual input and output of energy and cash in alder-cardamom and forest-cardamom agroforestry systems in Sikkim Himalaya,

India
Input/Output Alder-cardamom Forest-cardamom

Energy (x10* kJ ha™") Cash (US $ ha™") Energy (x10% kJ ha™') Cash (US $ ha™")
Input
Labour™
Weeding 2.1 2.8 42 5.6
Harvest 8.4 11.2 42 5.6
Post-harvest 42.0 55.8 21 279
Fire-wood collection 12.6 16.7 6.3 8.4
Fire-wood used in curing 1064.0 349 465 17.4
Total 1129.1 1214 500.7 64.9
Output
Agronomic yield 920 2112 411 954>
Fire-wood extraction 3087 101 1486 56
Fodder — - 596 7
Total 4007 2213 2493 1017
Output:Input ratio 3.55 18.23 4.98 15.67

*Human labour hour~! = 0.15 x 10* kJ (Freedman 1982). **Calculated at US $ 4.65 per kilogram of cardamom as per 1999 average rate.

Cash conversion @ US $ 1 = Rupees 43.

Table 3. Energy fixation, storage and efficiency of alder-cardamom and forest-cardamom agroforestry systems in Sikkim Himalaya, India

Energy/efficiency parameters

Alder-cardamom Forest-cardamom

Energy fixation (x10° kJ ha=' year™")

Energy storage (x10° kJ ha™")

Net energy allocation in agronomic yield (x10° kJ ha~! year~!)
Energy release and exit (x10° kJ ha™! year™")

Net ecosystem energy increment (x10¢ kJ ha~! year™)

Energy conversion efficiency (%)

Energy fixation efficiency (GJ GJ~! leaf energy year™)

Energy accumulation ratio

Energy efficiency in N,-fixation” (g N, fixed 10* kJ~' energy)

221.45 141.16
699.80 485.41
9.20 4.11
133.97 60.40
87.48 80.76
1.87 1.19
3.29 3.70
3.16 3.44
67.50 ---

*See Schubert (1982) and Sharma and Ambasht (1988, 1991) for calculation.

mom agroforestry support alder’s association to be an
efficient system for management.

Energy fixation, storage, net allocation in agro-
nomic yield, and heat release and exit from the sys-
tem were respectively 1.57, 1.44, 2.24 and 2.22 times
higher in the alder-cardamom compared to the forest-
cardamom system (Table 3). Energy conversion effi-
ciency (ECE) at the autotrophic level is the ratio of
energy captured by vegetation to the photosyntheti-
cally active radiation reaching an area over a period
of time expressed as a percentage (Sharma and Am-
basht 1991). The ECE of the alder-cardamom system
(1.87%) was higher than that of the forest-cardamom
system (1.19%). The range of 1.8— 3.5% ECE in age
series of Himalayan alder (Sharma and Ambasht
1991) and 1.8-4.2% in red alder stands of Canada

(Smith 1977) are indicative that 1.87% in the alder-
cardamom system is within the expected range. Ra-
wat and Singh (1988) reported 1.1% ECE in oak for-
ests of the central Himalaya which is comparable to
mix tree species forest-cardamom value of 1.19%.
The ECE contribution of large cardamom was re-
corded much higher in the alder-cardamom (0.85%)
than the forest-cardamom (0.36%) system.

Net primary production per unit weight leaf is the
production efficiency (Johnson and Risser 1974). Us-
ing this concept energy fixation efficiency (EFE) was
calculated as net energy fixation per unit energy of
leaf. Energy accumulation ratio (EAR) is calculated
as the ratio of energy storage in the system by net en-
ergy fixation. The EFE and EAR of the alder-carda-
mom system was slightly lower than the forest-carda-
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mom system (Table 3). The EAR can be used in
categorizing the production conditions of forest com-
munities as has been done earlier using biomass
(Whittaker and Woodwell 1969). The alder-carda-
mom system showed lower EAR resulting from less
energy accumulation in perennial components of al-
der tree and greater annual turnover in the form of
leaf & twigs of tree and cardamom components. This
shows higher energy dynamics in the alder-cardamom
than that of the forest-cardamom system. The EFE
may be expected to drop when fixation increases be-
cause availability of some other resources (such as
water or nutrients) limits production. The EFE in the
cardamom based agroforestry systems were generally
consistent with this hypothesis. It decreased as an in-
fluence of N,-fixing alder in the alder-cardamom
compared to the forest-cardamom system (Table 3), a
pattern consistent with the expectation that efficiency
should decrease with increasing rates of fixation.
However, the EFE contribution of large cardamom
was found higher in the alder-cardamom (3.20
GJ GJ! leaf energy year™") compared to the forest-
cardamom (3.07 GJ GJ~! leaf energy year™') system.
Sharma and Ambasht (1991) reported that energy ef-
ficiency in N,-fixation decreased with plantation age
of the Himalayan alder and ranged between 58-103 g
N, fixed 10* kJ~' energy. The energy efficiency in
N,-fixation of the Himalayan alder in the alder-car-
damom system was within this range (Table 3). Plan-
tation of the alder with large cardamom did not show
any adverse impact on the energy efficiency of N,-
fixation thereby complimenting it to be an excellent
associate.

Conclusion

Large cardamom based agroforestry as a production
option is perfectly compatible with the mountain
specificity that fulfills the conditions to be sustain-
able, and more so when the Himalayan alder is the
associate. The energy value was higher in each of the
components of the alder tree compared to the mix tree
species. Net annual energy fixation, storage, net allo-
cation in the agronomic yield, heat release and exit
from the system, and energy conversion efficiency of
the alder-cardamom system was more than the forest-
cardamom showing that plantation of N,-fixing alder
increased the quantum and energy flux optimizing the
production potential of the system. Quantum of en-
ergy, energy allocation in the cardamom crop and

cash return from the alder-cardamom agroforestry
system being higher, support the alder to be an excel-
lent associate. Energy efficiency in the N,-fixation of
the alder when planted with large cardamom based
agroforestry remains equally beneficial as pure alder
plantation in forestry. Climatic sympatry of the large
cardamom and Himalayan alder, and their synergetic
energy efficiency makes this association ecologically
and economically viable for the mountain regions.
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