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In Sikkim more than 80% of the population have farming as 

primary livelihood. In recent years, the population growth and 

consequent fragmentation of farmland in Sikkim has caused 

reduction in per capita holdings ar\d has forced farmers to cultivate 

cash crops such as potatoes, ginger, mandarin and large 

cardamom. This study on cardamom based agfororestry aims to 

address the fulfilment of the concept of "sustainable agriculture" 

which would be an example of how local mountain niche can be 

exploited sustainably. ^

Investigations on "Productivity and nutrient cycling in an age 

series of Ainus-cardamom  agroforestry in the Sikkim Himalaya" 

was undertaken with the following broad objectives to examine (i) 

biomass, productivity, energetics and efficiencies, (ii) nitrogen 

fixation efficiency and energetics, (iii) litter production, 

decomposition, and nutrient and energy release, (iv) seasonal soil 

nutrient dynamics, fluxes and availability, and (v) retranslocation, 

use efficiency and biogeochemical cycling of nutrients; in the age 

sequence of A/nws-cardamom agroforestry plantations in the 

Sikkim Himalaya.

Three experimental sites selected during the study period 

(1997-2000) are located at Kabi (North District), Thekabong (East 

District) and Sumik (East District) in Sikkim of the Eastern 

Himalaya. These sites fall within 27° 15' 05" and 24° 17' 36.6" N 

latitude and 8 8 ° 28' 6.9" and 8 8 ° 39' 27.1" E longitude with a range
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of elevation between 1350-1600 m asl. These study sites are more 

than 80 km distance apart and relates to the major areas of large 

cardamom cultivation in Sikkim. The study area is in the Indian 

monsoon region with a temperate climate having the three main 

seasons; viz., winter (November-February), spring (March-May) 

and rainy (June-October). Mean monthly maximum temperature 

ranged from 14.3-23.3°C, mean monthly minimum temperature 

from 5.4-15.8°C, and rainfall between 3000-4500 mm at the study 

sites. Relative humidity varied between 80-95% during the rainy 

season and decreased to about 45% in spring.

Large cardamom {Amomum suhulatum Roxb.) is a perennial cash 

crop cultivated under the shade trees predominantly in association 

with Alnus nepalensis. All the three experimental sites in Sikkim 

have several pure stands of A. nepalensis tree with understorey 

large cardamom plantations of different age classes. Large 

cardamom and Alnus trees in a selected stand are of the same age, 

therefore age designation to the stand refers to the same age for 

both large cardamom and Alnus. The selected AZnws-cardamom 

stands at each of these sites represented plantations of an age 

sequence of 5-, 10-, 15-, 20-, 30- and 40-years numbering a total of 

18 ( 6  plots X 3  sites). These stands at each of the sites are closely 

comparable; the structural and functional differences are attributed 

to the age of the plantations. Soil was acidic (pH 3.8-5.6) and pH 

varied widely with depth; the variation in pH of surface soils was
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small between plantations (17%). The soil was sandy loam ranging 

in horizons from 11-30% clay, 15—40% silt and 34—65% sand in a 1 

m profile.

Salient findings of the research

1. ^ree height and DBH range of Alnus were lowest in the 5-year 

stand that increased with age to be highest in the 40-year 

stand.-The basal area also increased with age ranging from 8.3 

m̂  ha-̂  in the 5- to 30.3 m̂  ha-̂  in the 40-year stand. În 

contrary, the tiller density as well as basal area of cardamom 

increased from the 5-year, was highest in the 15-year and then 

decreased to lowest value in the 40-year stand.'

2. Annual litter production of both Alnus and slashed cardamom 

tillers increased from 5.9 t ha-̂  (5-year) to 10.3 t 

ha-i (15-year) and declined down to 4.1 t ha'  ̂ (40-year). 

Plantation floor-litter increased from the 5-year (19 t ha-̂ ) 

stand that peaked at the 15-year stand (35 t ha-̂ ) and then 

decreased in the 40-year (15 t ha-̂ ) stand. Stand total biomass 

increased from 41 t ha-i (5-year) to 132 t ha-̂  (40-year). The 

standing tree biomass showed negative relationship with 

stand tree density, while it was positive with the tree basal 

area. Biomass accumulation ratio of the stand total and Alnus 

tree showed strong positive relationship with stand age, 

however, in understorey cardamom it was significant though
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feeble. Net primary production was lowest (7 t ha' )̂ in the 40- 

year stand and was 22 t ha-̂  (highest) in the 15-year stand. 

Agronomic yield of large cardamom peaked at 20-year 

plantation stand. Cardamom production doubled in the 15- 

year stand compared to the 5-year stand and then declined 

with age. Production efficiency showed highly negative 

relationships with plantation age for stand total, and for both 

Alnus tree and under storey cardamom.

3. Net energy storage ranged between 1053-2635x10^ kj ha'  ̂with 

lowest value in the 5-year and highest value in the 40-year 

stand. Annual net energy fixation was highest (444xlO  ̂kJ ha'̂  

year-1) the 15-year which was 1.4 times that of the 5-year 

and 2.9 times that of the 40-year stand. Net ecosystem energy 

increment showed a strong negative relationship with stand 

age while energy accumulation ratio showed a positive 

relationship with stand age. Energy conversion efficiency with 

stand age was negatively related in all the three cases such as 

Alnus, cardamom and stands total. Both energy fixation 

efficiency and net ecosystem energy increment were highest in 

the 5-year stand and decreased with advancing age. N2- 

fixation efficiency was lowest (64 g N2 fixed 10̂  kj-̂  energy) in 

the 5-year and increased by 1.3 times in the 40-year stand. It 

showed a significant negative relationship with production
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efficiency. Inverse relationship of production efficiency, 

energy conversion efficiency and energy utilized in N2-fixation 

against stand age; and positive relationship between 

production efficiency and energy conversion efficiency suggest 

that the younger plantations are more productive.

4. Annual root nodule production was highest (165 kg ha-̂ ) in the 

10-year stand and lowest in the 30-year (18 kg ha-̂ ) and 40- 

year (14 kg ha-̂ ) stands. Annual production of inactive root 

nodule (1.43-73.54 kg ha-̂ ) was lower than the active root 

nodule (13-110 kg ha- )̂. Range of seasonal nitrogenase activity 

was lower in 5-year (4-28 C2H4 fxmoles g-̂  d.wt. nodules h-̂ ), 

higher in 15-year (5-52 C2H4 îmoles g-̂  d.wt. nodules h-̂ ) and 

highest in the 40-year (3-65 C2H4 nmoles g-̂  d.wt. nodules h'̂ ) 

stand. Peak activity was recorded during rainy (11-65 C2H4 

[imoles g-̂  d.wt. nodules h-̂ ) and minimum activity was 

recorded in winter (3-21 C2H4 îmoles g-̂  d.wt. nodules h' )̂. 

Diurnal variation showed peak activity (37-58 C2H4 jumoles g-̂  

d.wt. nodules h-̂ ) during 8.00-14.00 h. Altitudinally, activity 

was lowest (26 and 34 C2H4 iimoles g-̂  d.wt. nodules h-̂ ) at 

2100 m and 500 m elevations and highest (51-71 C2H4 (imoles 

g-̂  d.wt. nodules h-̂ ) between 1100-1700 m in Alnus- 

cardamom plantations.
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5. Annual N fixation was highest; in the 15-year (155 kg ha-̂ ) and 

lowest in the 5-, 30- and 40-year stands (51-58 kg ha-̂ ) with 

maximum fixation (64-774%) during rainy and autumn, and 

minimum (24-26%) during winter and spring seasons. 

Nitrogen fixation conhibuted 39-66% of the total N uptake. 

Energy utilized per kg N2-fixed was 16x10'  ̂ kj in 5-year that 

decreased by 1.3 times in the 40-year stand. N2-fixation 

efficiency showed a negative relationship with energy 

conversion efficiency. The quantum of energy input in 

nodulation for Nz-fixation was optimum until 20 years and 

reduced with decline in energy conversion efficiency. Alnus 

contributes substantial amount of N in the younger plantations 

than older, and it controls N dynamics in the Ahms-cai'damom  

agroforestry systems. Inverse relationship between energy 

input for unit Ni-fixation with stand age; energy efficiency in 

N2-fixation with energy fixation efficiency and energy 

conversion efficiency suggests that plantations until 2 0  year 

functions most efficiently.

6 . Decomposition ar^ ash-free mass loss were not conspicuous 

during first three month and showed 15-20% of the initial 

mass loss. In the first six month >30-40% of initial mass was 

lost. The half life and turnover time of ash-free mass was 

lowest (9.55-13.41; 12.76-19.35) in the 15-year stand with high
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decomposition constant (0.62-0.94). Ash free mass of 

decomposing litter remaining at different retrieval dates was 

associated with narrowing of the C:N ratio. The single 

exponential decay functions show that the k values decreased 

with plantation stand maturity, indicating that loss was faster 

in younger stands.

7. Seasonal rates of decomposition, nutrient and energy release 

were distinct, with highest (30-40%) rate in the first six 

months (warm rainy season) followed by subsequent seasons 

of the year. Among the stands, decomposition rate was highest 

in 10- and 15-year stands (stand with dense canopy). 

Decomposition was slow at high lignin:N and C:N ratios. 

Inverse curvilinear relationships exist between k values on ash- 

free mass and N expressed as a function of initial lignin to 

initial N concentration.

8 . The quantities of nutrients and energy released per unit area in 

24 months were highest in the 15-year stand (N 36.6 g m-2; P 

3.9 g m-2; energy 55024 kj m-2) and lowest in the 40-year (N

14.5 g m-2; P 1.3 g m-2; energy 21626 kJ m-̂ ) stand. The relative 

loss rate of ash-free mass, nutrient and energy content was 

strongly related to C:N ratio, litter temperature and litter 

moisture. Relative loss rate of ash-free mass and nutrients of
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the litter fractions depended more strongly on litter quality 

followed by litter temperature and then litter moisture, 

whereas in the case of energy, litter temperature had greater 

effect than C:N ratio and litter moisture. The magnitude of 

release of nutrients and energy in the younger stands were 

rapid indicating accelerated nutrient cycling through litter 

production, decomposition and heat sink than older stands 

beyond 2 0  years age.

9. Soil was acidic and acidity increased with age. The influence of 

Alnus on acidity in the AZnus-cardamom plantation stands 

showed less chances of soil neutralization capacity and 

accumulation of base cations as the plantation age progressed. 

There was a decrease in SOM, organic carbon with consistent 

decrease in litter accumulation and productivity in the 20-, 30- 

and 40-year stands. SOM was negatively related to soil pH. 

Total-N, total-P, inorganic-P, organic-P and available-P 

contents increased until 15-year and decreased thereafter with 

increase in stand age indicating limitations of these nutrients 

in older plantations.

10. Net rate of N-transformation through N-mineralization and 

nitrification were more than twice in the younger plantations 

up to 2 0  years and consequently more is available for plant
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uptake. Both N-mineralization and net nitrification were 

inversely related to soil moisture and SOM, and positively 

related to soil pH. Soil N-availability indexed by in situ field 

incubation revealed a strong pattern of stand age effect with 

highest (24-61 kg ha-̂ ) at 15-year which was 1.7 and 2.2 fold 

increase compared to 5- and 40-year stands, respectively. The 

15-year stand showed the lowest C:N ratio indicating higher N 

availability. The C:N ratio was inversely proportional to 

mineralization. The potential net rate of N-transformation 

through N-mineralization and nitrification were more than 

twice in the younger plantations than the oldest and 

consequently more is available for plant uptake in the younger 

plantations.

11. In the soil total-P, most of the P was in organic form. 

Availability of phosphorus was highly dependent on pH and 

showed a positive relationship in different stands. Secondarily 

fixed phosphates in the forms of Ca-P, Al-P, Fe-P and occluded 

Fe-P were fractionated. Seasonal fluctuation and lower 

concentrations of Ca-P, Al-P, Fe-P, and occluded Fe-P with 

increasing acidity in the older plantations resulted into lower 

available-P in the older plantations. In contrast, among all the 

fractionated forms, occluded Fe-P was 14-47 times greater 

than other forms which would be a potential source of
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available-P in Alnus-cardamom  plantations. In course of stand 

aging, the processes of N-transformation and P solubilization 

declined with time and showed lower availability in the older 

plantations after 20 years. Thus, N and P budgets and 

availability is mainly controlled by N2-fixing Alnus and it 

tends to be a successful associate in the A/nws-cardamom 

agroforestry.

12. Foliar concentration of nutrients showed inverse relationships 

with stand age. Standing states of nutrients including that of 

floor-litter was recorded lower (N 554 kg 

ha-i; P 37 kg ha*̂ ) in 5-year and highest (N 1084 kg ha-̂ ; P 48 kg 

ha-i) in 15-year, and decreased thereafter with advancing age. 

Nutrient uptake was lowest in the 40-year and highest in the 

15- and 5-year stands. Nutrient storage in cardamom was very 

high up to 31% N and 59% P in 15-year of the total vegetative 

components of stand. Total nutrient input through litter 

production ranged from 3.6 kg ha-̂  year^ P and 62 kg ha-̂  year 

 ̂ N in the 40-year stand to 7 kg ha-i year*  ̂ P and 163 kg ha-̂  

year^ N in 15-year. Nutrient use efficiency was higher (with 

faster turnover times) in younger stands and decreased with 

increase in plantation age.
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13. Nitrogen retranslocation showed positive relationship while P 

showed negative relationship with stand age. Nitrogen uptake 

that included addition through biological fixation was lowest 

in the 5-year (90 kg ha-̂ ) and highest in the 15-year (239 kg 

ha-i) stand. Annual return of N to the soil through 

decomposition to that of uptake ranged from 32-58% being 

higher in the younger stands whereas P ranged from 44-66% 

being higher at 15- and 20-year stands. Nutrient standing state 

and return were highest in 15-year and lowest in the 40-year 

stand. The poor nutrient conservation of Alnus and 

malleability of nutrient cycling under its influence also make it 

an excellent associate promoting greater availability and faster 

nutrient cycling. Nitrogen and P cycling were balanced due to 

the influence of Alnus. Nutrient cycling and dynamics 

indicated that the Alnus-cardamom  performed well between 

15 and 20 years.

14. Traditional stand tree density management should be slightly 

improved by planting more than 600 Alnus trees per hectare at 

the time of establishment. Reduction of tree density by heavy 

thinning should be avoided. Density of 500-600 trees ha-̂  with 

subsequent gap filling by planting cardamom would be 

appropriate for higher energy conversion efficiency, 

production efficiency, nitrogen fixation and dynamics of
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nutrient cycling balance. This will also ensure substantial yield 

and provide additional income in the form of timber and fuel- 

wood from the harvested trees at the end of rotational cycle.

15. Appropriate shade conditions and canopy interference of light 

are the determining factors for humidity and moisture 

retention, as cardamom requires both of these at high 

percentage. Cardamom requires diffuse light radiation that 

minimizes evapotranspiration. High canopy of tall trees 

beyond 1 2  m height results in-canopy wind flows which is also 

not suitable for large cardamom.

16. The inclusion of Nz-fixing Alnus in the cardamom plantations 

helped in maintaining ecosystem functioning through 

accelerated biogeochemical cycling of nutrients and energy 

dynamics. It is concluded that the performance of Alnus- 

cardamom plantations is ecologically and economically 

beneficial up to 20 years of age. It is suggested that the 

agroforestry stands which are old should be replaced by 

replantation. Adoption of replantation cycle of 20 years for 

both Alnus and cardamom would be highly beneficial and this 

will ensure the practice to be sustainable <♦
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