
Chapter V

ROOT NODULE PRODUCTION, 
NITROGEN FIXATION 

EFFICIENCY AND ENERGETICS



5.1 Introduction

Nitrogen fixing species used in plantations are expected to offer 

both high rates of growth and soil enrichment. Environmental 

conditions that favour ti'ee growth should favour higher rates of 

N2-fixation, including adequate water and temperature, high 

supplies of plant nutrient and favourable soil pH. The effect, of N2- 

fixing trees on ecosystem nutrient cycle depends on the amount of 

N2-fixed, quantity of N or other nutrients taken up from the soil, 

and the quality and quantity of litter input.

Roots of Alnus spp. are nodulated with Frankia as an 

endophyte, and are efficient in biological nitrogen fixation 

(Becking 1970; Akkermans and van Dijk 1981; Sharma and 

Ambasht 1984). Information with emphasis on various aspects of 

root nodule production and nitrogen accretion are available 

(Akkermans 1971; Schubert and Evans 1976; Skeffington and 

Stewart 1976; Binkley 1981; Sharma and Ambasht 1986b, 1988).

The potential increased productivity of plants growing near 

N2-fixing species has been recognized for long on the major 

ecological interactions that occur in mixed stands of N2-fixing trees 

(Binkley 1992,1997). Mixed stand present ecological opportunities 

for increasing both the stand growth and growth of the non-N2- 

fixing associates (Cote and Camire 1987; DeBell et al. 1989; Binkley 

et al. 1992a & 1992b). The significance of N2-fixing species with 

respect to nitrogen accretion through fixation and energetics in
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association with the non-N2-fixing species to plantation age and 

energy efficiency has always been overlooked given that these are 

the phenomenal processes that change with stand age maturity. A 

large amount of energy is consumed during Nz-fixation (Sharma 

and Ambasht 1988), substantially more than is required for 

nitrogen assimilation from soil (Salisbury 1977). Nitrogen fixation 

and accretion by nepalensis is the most important functional 

attribute in the mix /\/nns-cardamom plantations in terms of 

ecosystem energetics and efficiency. However, information on the 

mixtures of N2-fixing and non-N2-fixing species with regard to 

energy efficiency in N2-fixation in relation to energy fixation 

efficiency and system functioning is lacking. Mix A/nws-cardamom 

plantation in the eastern Himalaya is a good example for 

understanding the impact of stand age on performance of mixtures 

of N2-fixing and non-N2-fixing plants.

This chapter deals with the stand energy efficiency in N2- 

fixation as a function of plantation age. The specific objectives of 

the study were to determine (a) root nodule biomass and 

production, (b) seasonal, altitudinal and diurnal variations in 

nitrogenase activity (d) N2-fixation efficiency and its energetics, 

and (e) relationship between energy fixation efficiency and N2- 

fixation efficiency in the age series of A/nz^s-cardamom plantation 

stands.
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5.2 Materials and methods

Sample plots of 30x40 m were marked (18 plots; 6  age 

groups X 3 sites) at each of the plantations in all the sites. All 

samplings were carried out in these marked plots. Altitudinal and 

diurnal variation studies were carried out by selection of an 

altitudinal gradient of 500-2100 m asl from Ranipool to 

Hanumantok in East Sikkim. Productivity, energetics and 

efficiencies are given in Chapter IV and used for quantifying the 

energy efficiency relationship.

5.2.1 Root nodule biomass and production

Root nodules of five average sized Aliiiis h'ees from all the 18 

plots were recovered for estimation of biomass and nutrient 

contents. Seasonal sampling was done during autumn, winter, 

spring and rainy in 1998-1999. All the root nodules of each of the 

trees were recovered. Root nodules in the field were classified into 

two distinct categories, i.e. active and inactive nodules, on the basis 

of their colour; they were initially confirmed by nitrogen-fixing
I

potential. The active nodules were further separated into young, 

medium and old following Sharma and Ambasht (1984, 1986b). 

Nodule age in the field was determined by colour, young being 

pale yellow, medium-aged dull yellow and old yellowish brown. 

The inactive nodules were dark brown. The total root nodule 

biomass of a single tree was multiplied to the total number of trees 

to calculate the biomass on per hectare basis. Samples were taken

94



to the laboratory and oven ‘dried (48 h, 80°C). Positive values of the 

differences of nodule biomass in progressive samplings were 

added to calculate annual production.

5.2.2 Nitrogenase activity

Nitrogenase activity was estimated by acetylene reduction 

technique (Stewart et nl. 1967). Experiments on acetylene reduction 

assay (5 replicates x 3 nodule age-class x 4 seasons x 18 plots) were 

carried out during autumn (post monsoon), winter (high litter 

production, and low temperature and moisture), spring (transition 

period between winter and pre-monsoon) and rainy (monsoon) 

season at all the sites and age groups of plantations during 1998 

and 1999.

The Alnus root nodules were excised along with subtending 

roots, seasonally. They were gently brushed to free soil particles 

and categorized into young, medium and old nodules. Samples 

were weighed ( 1  g) and h'ansferred to airtight glass vials. 

Acetylene gas was introduced using gas tight syringe and 

incubated for 1 h on the plantation floor. Acetylene reduction 

assay was carried out using Perkin Elmer 8700 Gas 

Chromatograph. Diurnal variation in niti'ogenase activity was 

conducted in the Alnws-cardamom plantations between 1300-1600 

m elevations during September 2000. Seven altitudinal gradient 

sites between 500-2100 m asl were selected and nitrogenase 

activity was estimated for altitudinal variation in September 2000.
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Quantities of nitrogen fixed were estimated by assuming 

conversion ratio of 3 moles C2H2 per mole of N2 (Hardy et al. 1973; 

Binkley 1981). Nitrogen fixation of each age-class of root nodules 

for a season was obtained by taking the product of its biomass and 

N2-fixation rate. Thus, in a stand the values of all the nodule age- 

classes were added to give seasonal accretion and total of seasons 

through the year represented annual accretion from fixation.

5.2.3 Energetics and energy cost analysis

Energy values of root nodules and other plant components 

were measured by oxygen bomb calorimeter (Lieth 1975). The net 

energy input in nodulation was calculated as the product of net 

nodule biomass production and its energy value. The energy 

required in N2 reduction at the stand level was computed using 

energy cost per mole NH4+ formed and the total amount of N2 

reduction in situ. The biological reduction of N2 to per mole NH4+ 

requires energy equivalent to 363.66 kj assuming perfect coupling 

(Schubert 1982). Net energy fixation in trees and understorey 

cardamom was calculated as the total energy contained in the 

annual biomass production. Energy efficiency in Na-fixation by 

Alnus was calculated following Schubert (1982) and Sharma and 

Ambasht (1988, 1991). N2-fixation efficiency in A. nepalensis was 

based on energy cost in N2 reduction and net energy input in 

nodulation as a function of plantation age. Net energy input in 

nodulation when combined with the amounts of energy used in N2
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reduction gives 'energy cost'. The ratio of energy cost per unit 

weight of nitrogen fixed is the 'nitrogen fixation efficiency'. Energy 

conversion efficiency (%) is the ratio of energy captured by the 

vegetation (both Alniis and cardamom) to the photosynthetically 

active radiation reaching an area over a period of time. Net energy 

fixation was calculated as the total energy contained in the annual 

biomass production.

All statistical analyses were made using Systat version 6.0 

(1996). In case of interactions being significant in analysis of 

variance the significance between means were compared using 

Tukey's pairwise mean comparison probabilities.

5.3 Results

5.3.1 Root nodule occurrence

Alniis nodulated profusely in and around cardamom bushes 

mostly on upper soil horizon of 20 cm depth. The surface soil in 

the age sequence of plantation stands is invariably loose consisting 

of humus and soil with low bulk density. In Alnus-cardamom  

plantations, the AIuus roots were interestingly dispersed more 

towards the understorey cardamom bushes showing mutual 

sharing of soil space. This ecological adaptation could be a 

commensalism type of relationship.

5.3.2 Root nodule biomass and production

The active root nodule biomass build up within the age 

series of A/nws-cardamom plantation stands increased
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progressively during the growing season (rainy and autumn) and 

peaked during July to October. Nodule biomass decreased sharply 

in winter season (Fig. 5.1). Annual formation and production of 

new active nodules in the plantation ages was «54% of the total 

nodule production. The contribution of active nodule biomass was 

52-69% that of total nodules in the plantation age series. The 

turnover time of root nodules ranged between 1.70-9.09 years, the 

lowest being recorded at 5-year stand increased with age to be 

highest at 40-year stand.

Active and inactive nodules varied significantly between the 

stand age, season and nodule age-class. Tukey's pairwise mean 

difference probabilities within the season were significant between 

10- with 15- and 20-year (P<0.001); 15- with 30- and 40-year 

(P<0.0001); 20- with 30- and 40-year (P<0.0001). Pairwise mean 

differences between the seasons were not significant except spring 

with autumn (P<0.02). Between active and inactive nodules 

differences were significant (P<0.0001).

Seasonal variation in, active root nodule biomass in an age 

series is presented in Fig. 5.2. The biomass contribution of young 

nodules were highest followed by medium and least in old 

nodules. Active root nodule biomass was highest in the 15-year 

stand and was 2.4 times that of 5-year and 2.2 times that of the 40- 

year stand.
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Analysis of variance of active root nodule biomass showed 

significant variation within stand age, nodule age-class and season. 

Interactions were also significant (Fig. 5.2). Tukey's pair wise mean 

difference probabilities also showed significant differences 

between 5- with 10-, 15- and 20-year (P<0.0001); 10- with 15-year 

(P<0.02), 20-, 30- and 40-year (P<0.0001); 15- With 20-, 30- and 40- 

year (P<0.001); and 20- with 30- and 40-year (P<0.0001). Pairwise 

differences between the stand ages were also significant 

(P<0.0001). Within seasons, difference between rainy with winter 

was not significant. Variations between the other seasons and 

nodule age-class were also significant (P<0.0001).

The biomass contiibution of inactive nodules was highest 

during spring season nearly 1,9-3.2 times more than the autumn in 

the age series of A/nws-cardamom plantations. Highest inactive 

nodule biomass was recorded during spring while lowest was 

recorded during the autumn season (Fig. 5.1). The range of inactive 

nodule biomass between seasons was lowest (40-75 kg ha- )̂ in 

40-year stand and was highest (110-221 kg ha- )̂ in the 10-year 

stand. Inactive nodule biomass between 15- and 20-year stand was 

almost similar with not much difference while there was a sharp 

decline in the 30-year and 40-year stand (Fig. 5.1).

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

the 10-year stand and lowest in the 30- (18 kg ha- )̂ and 40-year (14 

kg ha- )̂ stands. Annual production of inactive root (1.40-73.54 kg
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ha- )̂ nodules was lower than the active (12.73-109.94 kg ha-̂ ) 

nodules.

5.3.3 Nodule moisture and nitrogen concentration

The highest nodule moisture was recorded during the rainy 

(71-75%) and post-monsoon autumn (66-71%) season and lowest 

during winter (54-60%) which is the period of low rainfall (Table 

5.1).

Nitrogen concentrations were highest (1.87-2.66%) in old 

nodules followed by medium (1.25-2.07%) and least in young 

(1.23-1.91%) (Table 5.2). It was highest in the 20-year stand with 

about 1.4-1.7 times more than the 40-year stand.

The fresh weight: dry weight ratios of nodule age-class were 

just inverse of the nitrogen concentration, being highest (3.13-3.70) 

in young nodules, fairly low (3.02-3.44) in the medium and lowest 

(2.88-3.34) in the old (Table 5.2).

5.3.4 Nitrogenase activity

Seasonal variation in nilTogenase activity was significant 

between the plantation age, season and nodule age-class (Fig. 5.3). 

Range of seasonal nitrogenase activity was lowest in the 5-year 

stand (4-28 C2H4 i-imoles g'̂  d. wt, nodules h '), high in the 15-year 

stand (5-52 C2H4 fimoles g-̂  d. wt. nodules h' )̂ and highest in the 

40-year stand (3-65 C2H4 [.imoles g-> d. wt. nodules h' )̂ (Tables 

5.3-5.6). Activity in young nodules ranged from 14-28 C2H4 

(xmoles g'̂  d. wt. nodules l r ‘ in 5-year, 18-52 C2H4 fimoles g'̂  d. wt.

1 0 0



nodules h'̂  in 15-year and 19-65 C2H4 famoles g-̂  d. wt. nodules Ir̂  

in 40-year during peak-growing season. But, during the dry winter 

season, activity was comparatively low and ranged between 4-17 

C2H4 iimoles g-̂  d. wt. nodules h'̂  in 5-year, 5-15 C2H4 [imoles g-̂  

d. wt. nodules h'̂  in 15-year and 3-17 C2H4 nmoles g‘̂  d. wt. 

nodules Ir̂  in the 40-year stand. Activity remained almost similar 

in all the stand ages during winter season. Analysis of variance 

showed significant variation between stand age, season and 

nodule age-class. Interactions were also significant (Fig. 5.3). 

Tukey's pair wise mean difference probabilities showed significant 

differences between plantation age -  5- with 10- (P<0.001), 15- 

(P<0.0001) and 20- (P<0.01); 10- with 30- and 40-year (P<0.003); 15- 

with 30- and 40-year (P<0.0001); and 20- with 30-year (P<0.05) 

stand. Pair wise difference between season and nodule age-class 

was also significant.

Among the nodule age-class, activity was highest in young 

nodules (8-65 C2H4 [.imoles g ' d. wt. nodules h-') followed by 

medium (5-34 C2H4 fimoles g-̂  d. wt. nodules h-̂ ) and least (3-19 

C2H4 fimoles g-‘ d. wt. nodules Ir') in old nodules (Table 5.3-5.6 ). 

Difference in nitrogenase activity among nodule age-class in 

younger plantations was low that appeared distinct with 3-5 and 

2-3 times that of old in young and medium aged nodules beyond 

15 years age. Nitrogenase activity was higher in autumn season 

(onset of growing season) than spring (season of higher growth
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rate) although there was a negligible temperature difference of 

1±0.5°C.

Alniis and cardamom plantations between 1100-1700 m asl 

during rainy season was found most active and thus selected for 

the diurnal variation study. Experiment was conducted between 

05.00-20.00 h in September. Nitrogenase activity showed marked 

diurnal variability (Table 5.7). Activity increased (23 C2H4 ^mioles 

g-̂  d. wt. nod. h' )̂ from 5.00 h in the morning to a peak value at 

8.00 h (58 C2H4 {.imoles g ‘ d. wt. nodules Ir') and lowered in the 

evening with a least value at 2 0 . 0 0  h ( 1 2  C2H4 (imoles g ' d. wt. 

nodules h-̂ ). There was no activity during the predawn hours; the 

first activity was recorded just at the sunrise. Activity was fairly 

high in the afternoon and lowered by 4.8 times at 20 h.

Nitrogenase activity was highly dependent on nodule 

moisture and soil temperature. Relationships between nitrogenase 

activity with nodule moisture and soil temperature showed 

significantly positive relationships in the age series of Alnus- 

cardamom plantation stands (Fig. 5.4).

Nitrogenase activity along the altitudinal gradient in Alnus- 

cardamom plantation was lowest at both the exti'eme high ( 2 1 0 0  

m) and low (500 m) altitudes (Table 5.8). Activity in the Alnus- 

cardamom plantations was optimum between 700-1900 m 

elevations. This elevation range represents the major large 

cardamom growing areas in the eastern Himalaya. At 500 m and
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2100 m activity were 1.8 and 2.7 times, respectively, less than at 

1500 m (71 C2H4 [imoles g-̂  d. wt. nodules h ').

5.3.5 Nitrogen fixation and energy cost analysis

Nitrogen fixation in the age series of A/nus-cardamom 

plantation stands showed high and low accretion periods, 

maximum fixation (64-74%) during the growth period between 

rainy and autumn seasons, and comparatively low (24-26%) in the 

dormant growth period of severe winter and spring seasons (Table
j

5.9). These seasons correspondingly coincide with the cardamom 

flowering and fruiting stage and a period of dormant growth. 

During rainy and autumn seasons, fixation was maximum and 

ranged between 15-18 kg ha-i in 5-year, 47-69 kg ha-̂  in 15-year 

and 15-27 kg ha-̂  in the 40-year stand. Conversely, fixation ranged 

between 5-14 kg ha'  ̂ in 5-year, 14-25 kg ha-i in 15-year and 5-11 

kg ha'  ̂ in the 40-year stand, during the winter and spring seasons. 

There was a tremendous variation of nitrogen fixation with 3.69- 

5.84 times in rainy season as great as that of winter in the age series 

of /\//7//s-cardamom plantation. Per cent contribution of nitrogen 

fixation was highest in Alnus young nodules (54-60%), fairly low 

(27-30%) in medium and lowest (10-19%) in old nodules.

Annual nitrogen fixation increased from 5-year (51.96 kg ha- 

1) to reach highest at the 15-year stand (154.48 kg ha- )̂ and then 

decreased to remain stagnant around the 30- and 40-year stand (58 

kg ha- )̂. Plantation age between 10 to 20 years added substantial
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amount of nitrogen in the stands. Of the total N uptake (90-239 kg
<

ha-i year^) in the plantation age series, addition through biological 

fixation contributed 39-66%. Nitrogen fixation was consistent with 

the stand productivity rates (7-22 t ha-i) and energy conversion 

efficiency (1-4%) in the age series of Alnus-cardamom  plantations.

Energy utilized in N2-fixation and net input in nodulation 

was 2.5 and 2.9 times higher, respectively, in the 15-year stand 

(2028x104 kj year-1) than in the 5-year and 40-year stands (Table

5.10). These stands possess the largest amount of nodule biomass 

and eventually brought about higher nitrogen fixation. Energy cost 

in N2-fixation and nodulation and energy per kg Nz-fixation was 

comparatively higher in the young nodules followed by medium 

and low in old nodules. Of the total energy utilized in Nz-fixation 

and nodulation, young nodules used 43-45%, medium around 

30-31% and old nodules 23-26% of energy in the plantation age 

series. Net energy input in nodulation for unit Nz-fixation in the 5- 

year stand (13x10^ kJ kg-̂  N2 fixation) was much higher that 

hovered around lO.S-l'l.SxlO^ kJ kg ' N2 fixation in 1 0 -, 15-, 20- and 

30-year stands, and recorded lowest in the 40-year stand (9 x1 0  ̂ kJ 

kg'i N2 fixation). The younger plantation stand accounted to be the 

more cost-effective system in terms of energy utilization. 

Although, the unit energy requirement in nodulation for unit N2- 

fixation was proportionately substantial in the 40-year stand. The 

total energy cost in N2-fixation and nodulation in the 5-year and
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40-year stands was only 40% and 34% of the total energy cost 

(2028x104 kj year^) utilized in the 15-year stand.

Energy required per kg Nz-fixation was 16x10‘̂ kJ in the 5- 

year stand that gradually decreased to a value of 12x10̂  ̂ KJ in the 

40-year stand. Energy conversion efficiency, energy fixation 

efficiency and net ecosystem energy increment were greater at the 

younger stands and reduced to >50% in the older stands, hi 

contrast, the energy efficiency in N2-fixation was lowest (64 g N2 

fixed 10  ̂ kj-̂  energy) in the 40-year stand. At the stands with low 

energy conversion efficiency Nz-fixation efficiency increased. 

Energy utilized per kg N2 fixed consistently increased with 

increase in energy conversion efficiency. N2-fixation efficiency 

showed a significant negative relationship with energy conversion 

efficiency and energy fixation efficiency while energy utilized per 

kg N2-fixed showed positive relationship with energy conversion 

efficiency (Fig. 5.5). This is an indication of greater energy demand 

for efficient functioning although there was low energy conversion 

efficiency in the older stands. Energy input in nodulation for unit 

N2-fixation showed an inverse function with stand age (Fig. 5.5).

5.4 Discussion

Alnus root nodule formation in and around the cardamom 

bushes and mutual rhizospheric sharing is an interesting 

ecological adaptation in Alnus-cardamom  plantations. Many 

workers have reported estimates on root nodule biomass of Alnus.
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Zavitkovski and Newton (1968) estimated the nodule biomass of 

117 kg ha-̂  in 7-year and 244 kg ha-‘ in the 30-year-old pure Alnus 

nihra stands. Akkermans and van Dijk (1976) recorded 454 kg ha-̂  

in a 20-year old A. glutinosa stand and Binkley (1981) reported 390 

and 110 kg ha-̂  in A. rubra and /\. simintn stands. Sharma and 

Ambasht (1986b) estimated 457 kg ha*' in the 7-year and 149 kg ha- 

 ̂ in the 56-year-old pure /\. nepalcusis stands, hi the present study, 

root nodule biomass of /\. nepnlensis estimated was highest 

(302-416 kg ha-i) at the 15-year stand and lowest in the 40-year 

stand (112-145 kg ha- )̂. Root nodule biomass estimates between 

10- to 30-year A/nws-cardamom plantations were comparable to 

estimates cited above.

Of the total root nodule production, 52-69% was contributed 

by active and 31-48% by inactive nodules. The annual root nodule 

production was always smaller than the actual nodule biomass at a 

time per unit area. The increase in inactive nodule was due to the 

transition of 1 -2 -year-old active nodule formation, growth and 

decay are the continual processes with little nodule biomass 

accumulation (Sharma and, Ambasht 1986b). Turnover time of the 

nodules is the time required to provide a quantity equal to 

maximum biomass and was longest in the 30-year (8.26 year) and 

40-year (9.09 years) stands and shortest between 5- to 15-year 

stands (1.7-2.65 years). These Alnus cardamom plantations had 

higher standing nodule biomass and lower production rate (i.e.
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slower nodule turnover) compared to pure A. nepalensis stands 

(Sharma and Ambasht 1986b).

Reports on the nitro'gensase activity based on acetylene 

reduction assay are available. Although acetylene reduction 

technique is not accurate as studies but it works well for 

comparative studies as this one between ages and seasons. Sharma 

and Ambasht (1984) reported highest activity rate of 35.3 nmole 

C2H4 mg'i nod. min-  ̂ during July in a pure A. nepalensis stands. 

Nitrogenase activity in the /\/;7//s-cardamom plantations estimated 

was truely seasonal with highest activity during the growth 

period. The high nitrogenase activity during the rainy and autumn 

season correlates with high temperature, adequate moisture and 

high growth rates. Nitrogenase activity showed a positive 

relationship with soil temperature and nodule moisture in the age 

series. Changes in the ambient air and soil temperature, 

photoperiodicity and light intensity also leinforce each other on 

the effect of seasonal variation in nita'ogenase activity. The 

optimum temperature for acetylene reduction was between 2 0 -  

25°C in most actinorhizal plants- A. glutinosa (Akkermans 1971; 

Wheeler 1971) and A. nepalensis (Sharma and Ambasht 1984). 

Nitrogenase activity in the age series remained fairly optimum 

until plantation age attained 40-year. The highest nodule biomass 

production and nitrogenase activity during the growing season 

suggests that there is a greater requirement of warmer pholoperiod
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than cool dark nights, which directly corresponds to nutrient 

requirement of cardamom for flowering and fruiting.

Nitrogenase activity recorded was highest between 1300- 

1500 m altitudes, but was fairly high between 700-1900 m the 

major cardamom growing elevation in the region. Most 

interestingly, the activity was recorded comparatively low at the 

high and low altitudinal zone which is on the extremes of 

ecological amplitude of occurence for both Alnus and cardamom. 

Sharma (1988) recorded highest activity at 1830 m elevations in 

Alnus naturally regenerating on land-slide affected sites.

Diurnal fluctuations in nitrogenase activity have been 

reported in A. nepnlensis with highest activity during 13.00-14.00 h 

(Sharma 1988). Activity in young plants of A. glutinosa and Myrica 

gale growing in a glass house under natural illumination was also 

maximal during mid day (Wheeler 1969). In the present study, 

activity increased with increase in light and temperature during a 

day and peaked between 8.00-14.00 h and decreased to low values 

by evening. Diurnal fluctuations in the fiekl are often due mainly 

to changes in temperatures and irradiation that lead to 

photosynthetic allocation to the root nodules resulting into higher 

activity and inturn falls when carbohydrate levels in nodules are 

all metabolized in the dark period (Wheeler 1971).

Per cent nitrogen concentrations of root nodules were highest 

in old nodules, less in medium and comparatively low in young
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nodules irrespective of the plantations. The fresh weight: dry 

weight ratios of nodule age-class were proportionately opposite 

with highest in young and lowest in old. Regression analysis 

between nodule nitrogen with nitrogenase activity gave 

significantly negative relationship (Nitrogenase activity=40.87- 

11.6 N concn., ^^=0.30, P<0.005). The relationship predicts the 

higher nodule activity coupled with lower nitrogen activity 

(Skeffington 1975; Sharma and Ambasht 1984).

Average annual fixation of nitrogen in /\//i//s-cardamom 

ecosystems based on acetylene reduction assay was highest (130 kg 

ha- )̂ in A. ruhra stands and fixation value of 20 kg ha-̂  was 

recorded in 15- to 20-year A. simuila and A. crispa mixed stands 

(Binkley 1981). Annual fixation was reported to be highest (117 kg 

ha ha'i) in 7-year and lowest (29 kg ha-i) in 56-year stand of pure A. 

nepalensis plantations (Sharma and Ambasht 1988). In the present 

mixed stands of A/«ws-cardamom plantations, annual nitrogen 

fixation recorded was highest in 15-year stand (155 kg ha- )̂ and 

lowest in 5-year stand (52 kg ha- )̂. Annual nitrogen fixation 

recorded in this study was higher side of above reports. This is 

mainly due to management of Ahms-cardamom  system. Newton et 

al. (1968) reported annual nitrogen fixation as high as 130 kg ha-̂  

between 2- to 15-year-old A. rubra stands. Of the total nitrogen 

uptake in the age series, conhibution of niti^ogen fixation ranged 

from 39-66% and the higher percentage was recorded in 10-, 15-,
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and 20-year plantation stands. In /l/ttHS-cardamom plantations, the 

mechanism of nitrogen accumulation through fixation and stand 

productivity are counter balanced to the requirement for system 

equilibrium, irrespective to their stand age and microclimatic 

regulations.

The energy cost in Ni-fixation and nodulation increased with 

stand age and decreased sharply in the older plantations. This was 

due to the increase of nodule biomass production and nitrogen 

accretion in the younger stands and reduction in older stands. 

Sharma and Ambasht (1988) reported that Nz-fixation efficiency, 

and energy cost in Nz-fixation and nodulation decreased from 7- 

year to 56-year with corresponding decrease in nitrogen accretion 

and nitrogen demand in a pure A. nepalensus plantations. 

Relationship between energy input in nodulation for unit N2- 

fixation with stand age and energy efficiency in Nz-fixation with 

energy fixation efficiency and energy conversion efficiency showed 

an inverse function. Nz-fixation efficiency increased in the stands 

with low energy conversion efficiency while energy utilised per kg 

N2-fixed consistendy increased with increase.: iii energy

conversion. Thus, an energy balance between the stands is 

maintained. This was attributed to the decrease in energy 

conversion efficiency, energy fixation efficiency and net ecosystem 

energy increment beyond 20-year plantation age in Alnus- 

cardamom system. Energy utilized per kg N2 fixed was dependent
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on energy conversion efficiency,and showed a positive relationship 

with energy conversion efficiency. High Nz-fixation efficiency in 

older stands and low energy input for unit Nz-fixation indicates a 

greater energy demand for nodulation and Nz-fixation. However, 

substantial amount of energy is supplemented by the younger 

stands through their high energy consumption processes of 

conversion and fixation cfficicncy. The inverse relationship 

indicates that the stand energy efficiency in N2-fixation is subsided 

over by energy conversion and fixation efficiency and is highly 

dependent on plantation age. The root nodule production, nitrogen 

fixation and stand energy efficiencies reduced to almost >50% in 

the older stands. The inverse relationships between energy 

efficiency in N2-fixation against energy fixation efficiency and 

energy conversion efficiency suggests that the immature 

plantations until 15 year function as the most efficient system, 

while the mature plantations beyond 20 years age are least 

efficient. A. nepalensis adds significant amount of nitrogen to the 

A/ni(s-cardamom plantation stands and proves itself to be an 

excellent associate for efficient system functioning of cardamom 

plantations in the eastern Himalaya. Cardamom yield depends 

largely on the performance of both the associates. Performance of 

the mixture of cardamom with Nz-fixing A. nepalensis in the age 

series suggests that a rotational cycle of 20 year could be 

maintained for its sustainability <♦
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Table 5.1. Seasonal variation in Alnus active root nodule moisture (%) content in an

age series o f  Almis-cmdamom  plantation stands. Values are mean ±SE, n=3.

Stand age 
(year)

Seasons

Winter Summer Rainy Autumn

5 54.27±2.98 ,69.69±0.12 71.40±0.39 66.65±1,43

10 58.31±1.82 69.02±0,64 73.18±1.53 71.31±0.51

15 60.84±2.74 68.73±0.53 73,07±0.32 68.7910.77

20 51.56±1,49 70.88±0.25 75.53±0.99 74,68±0,49

30 50.700±5.33 69.81±0,45 74.65±0.74 73.2410.46

40 59,113±3.68 64.35±0.98 73.76±1.34 65.97+0.58

ANOVA-. Season 7^3,48=115.530, P<0.0001; Stand-age F ,5,48= 3 .4 2 4 , P<0.001; 

Interaction between the stand-agcs and seasons not significant.
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Table 5.2. Nitrogen concentration and fresh weight; dry weight ratio of the three

age-classes of root nodules of Almis in the age series of /i/niw-cardamom

plantation stands. Values are mean +SE; n=9.

Nodule
age

Nitrogen/
weight

Stand age 
(year)

ratio
5 10 15 20 30 40

Young Nitrogen 1.49
±0.02

1,57
±0.15

1,63
±0.19

1.91
±0,08

1,86
±0,07

1.23
±0,03

Weight
ratio*

3.13
+0.23

3.28
±0.19

3,36
±0.15

3.70
±0,28

3,58
±0,23

3.37
±0,29

Medium Nitrogen 1.79
±0.38

1.76
±0.01

1,77
±0,09

2.07
±0,04

1.91
±0,01

1.25
±0,04

Weight
ratio*

3.02
±0.24

3.13
±0.23

3.44
±0,25

3,44
±0.25

3.38
±0.22

3.38
±0.22

Old Nitrogen 1.87
±0.42

1.87
±0,72

2.02
±0,17

2.66
±0,18

2,11
±0,07

2,01
±0,07

Weight
ratio*

2.88
±0.27

2.97
±0.22

3,34
±0,23

3.34
±0.23

3,32
±0,20

3.32
±0,20

*Fresh weight: dry weight ratio
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Table 5.3. Nitrogenase activity and fresh weight/dry weight ratio of the three

age-classes of Alnus root nodules in an age series of Alnus-cardamom  plantation

stands in winter season. Values are mean ±SE, n=3.

Stand age 
(year)

Nodule
age

Fr. wt/d. 
wt. ratio

C2 H4 ^jmoles g’’ 
d. wt. nodule h'''

C2H4 ijmoles g'̂  
nodule N min ''

5 Young 2.36 16,71±0,63 18.69±0.70

Medium 2.31 7.88±1.61 7.34±1.49

Old 2.0 3.51±0.32 3.12±0.28

10 Young 2.61 21.26±0,89 22.57±0,94

Medium- 2.37 8.31+1.53 7.87±1.45

Old 2.23 3.37±0.39 3.00±0.35

15 Young 2.97 14.81±1.12 15.15+1.15

Medium - 2.37 8.19±0.13 7.72±1.06

Old 2.40 4.56±0.30 3.76+0.25

20 Young 2.91 8.95±0.35 17.81±0.30

Medium 2.62 4.9B±0,43 4.01±0.35

Old 2.61 3.18±0.11 1.99+0.20

30 Young 2.93 12.58±2.6 11.28±2.32
Medium 2,70 6.91±1.1 6.03±0.96
Old 2.62 3.79±0.86 2.30±0.68

40 Young 2.72 17.11±0.73 29.19±0.99
Medium 2.61 6.02±0.97 8.03±1.29
Old 2.08 3.14±0.43 2.60±0.35
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Table 5.4. Nitrogenase activity and fresh weight/dry weight ratio o f the three 

age-classes o f Almts root nodules in an age scries of Almis-caxAamom  plantation 

stands in spring season. Values are mean ±SE, «=3.

Stand age 
year)

Nodule age Fr. wt./d. wt. C2 H4 pmoles g'̂  
d. wt. nodule

C2H2 Mmoles g'̂  
nodule N min'̂

5 Young 3.33 24.84±0.71 27.78±0.79

Medium 3.31 14.06±3.28 13.09±3.05

Old 3.28 9.10+0.22 8.1110.19

10 Young 3.36 24.67±4.29 26.19±4.55

Medium 3.16 16.65±1.29 15.77±1.22

Old 3.05 9.09±2.65 8.11±2.36

15 Young 3.30 21.59±1.11 22.08±1.13

Medium 3.18 10,42±2.27 9,81±1.94

Old 3,05 5.36±0.47 4.43+0.39

20 Young 3.52 24.29±3.39 21.19±2.96

Medium 3.41 9.99±1.21 8.0410.97

Old 3.36 5.18±1.04 3.2410.65

30 Young 3.41 31.05±13.7 27.82112.2
Medium 3.33 13.29±1.08 11.5910.94
Old 3.24 7.66±1.58 6.0511.25

40 Young 3.32 27,45±3.98 37.1915.39
Medium 3.22 12.15±1.09 16.20+1.46
Old 3.12 8.99+0.19 7.4610.16
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Table 5.5. Nitrogenase activity and fresh weight/dry weight ratio of the three

age-classes of Abuts root nodules in an age series of .4/«iM'-cardamom plantation

stands in rainy season. Values are mean ±SE, n=3.

Stand age 
(year)

Nodule age Fr.wt./d.wt. C2 H4 pmoles g"̂  d. 
wt. nodule h'̂

C2H4 ^jmoles g ’ 
nodule N min ’

5 Young 3.55 28.2111.12 31.5511.26

Medium 3.51 18.16+0.74 16.9110.68

Old 3.40 13.6411.52 12.1611.36

10 Young 3.58 31.0210.87 32.9310.93

Medium 3.51 24.4111.87 23.1111.78

Old 3.31 16.83l0.43 14.9910.38

15 Young 3.79 51.83+8.30 52.6018.48

Medium 3,71 28.5714.90 26.9014,61

Old 3.64 17.66+3.19 14.5712.63

20 Young 4.44 38.93i0.54 33 9710.47

Medium 3.91 27.07l2.24 21.8011,80

Old 3.81 13.5812.38 8.51+1.44

30 Young 4.17 48.16+1.27 43.1711.13
Medium 3.89 27.42l2.43 23.92l2.12
Old 3.78 10.81+0.56 8.5410.45

40 Young 4.24 65.1218.77 88.23+11.78
Medium 3.68 34.39+1.23 45.8611.64
Old 3.51 19.1713.56 15.9012.90
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Table 5.6. Nitrogenase activity and fresh weight/dry weight ratio of the three

age-classes of Alnus root nodules in an age series of Almis-cardamom  plantation

stands in autumn season. Values are mean ±S1-, n- 3̂.

Stand age Nodule age Fr.wt./d.wt. C2 H4 ijm oles g‘^
(year) Ratio d. wt. nodule h'̂

C2H4 pm oles g'̂  
nodule N min'^

10

15

20

30

40

Young

Medium

Old

Young

Medium

Old

Young

Medium

Old

Young

Medium

Old

Young

Medium

Old

Young
Medium

Old

3.27

2.93 

2.82

3.56

3.46

3.33

3.36

3.16

3.09

3.93 

3,83

3.60

3.80

3.70

3.60

3.14
3.02

2.85

25.52±2.92

10.40±1.08

7.03±0.55

26.84+6.92

12.28±1.89

9.88±0.36

45.22±11.6

15.92+6.21

6.09±0.28

41.04±8.90

26.14±3.28

13.35±0.95

24.33±6.53

19.01±2.33

10.88±2.78

33.36±4.85
19.3911.76

10.0112.6

28.54+3.3

9.68+1.02

6.2610.49

28.49+7.3

11.6311.8 

8.8110.32

46.64111.9

14.9915.8 

5.0210.23

35.8217.8

21.0412.6 

8.3710.59

21.8015.8 

16.5912.1 

8.6012.20

45.2016.6

25.8612.3

8.30+2.2
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Table 5.7. Diurnal variation in soil temperature, ambient air temperature and

nitrogenase activity in the root nodules of Alnus in 20-year-old

y^/nw^-cardamom plantation stand. Values are mean ±SE, n=6.

Time Soil temperature Ambient air Nitrogenase activity
(hours) C'C) temp. (C2H4 jLtmoies g'̂

C'C) d. wt. nodules h' )̂

5.00 17.91±0.21 18.51±0.33 23.17±5.96

8.00 19.81±0.15 20.01±0.21 57.87±6.13

11,00 21.48±0.18 23.78±0.31 39.57±1,98

14.00 22.05±0.16 25.41±0.34 37.08±1.73

17.00 21,42±0.14 20.97±0.21 35.06±4.11

20.00 16.18±0.31 15.22+0.32 12.05±1.81
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Table 5.8. Altitudinal variation in nitrogenase activity of root nodules oiAlnus

md soil temperature 

tSE, n=6.

in yi//7i/.v-cardamom plantations. Values are mean

Elevation
(m)

Soil temperature 
C'C)

Nitrogenase activity 
(C2H4 iimoles g'̂  

d. wt. nodules h ’)

500 26,31±0.35 33.69±0.92

700 25.34±0.53 38.73±1.69

900 24.32±0.45 44.81±2.14

1100 23.52±0.43 54.13±3.31

1300 22.52±0.52 64.44±0.63

1500 21.25J0.54 70,94 ±2.91

1700 19.51±0.61 50,94±2.81

1900 ,18.21±0,54 ' 35.94±3.95

2100 17.12+0.13 26.37±1.55
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Table 5.9. Seasonal fixation of nitrogen (kg h a ')  by three age-classes of Alnus root

nodules based on acetylene reduction assay in the age series of

v4/«w5-cardamom plantation stands. Values are means of three site replicates.

Stand
age

(year)

Seaso n Nitrogen fixation 
(kg ha^)

Young Medium Old Stand total

5 Winter 3.25 1.28 0.47 5.00
Spring 7.27 3.89 2.68 13.84
Rainy 9.32 5.25 3.87 18.44
Autumn 8.47 3.81 2.40 14.68
Total 28.31 14.23 9.42 51.96

10 Winter 8.85 3.54 1.10 13.49
Spring , 13.17 7.78 3.95 24.90
Rainy 24.67 17.86 11.91 54.44
Autumn 18.18 9.73 7.25 35.16
Total 64.87 38.91 24.21 127.99

15 Winter 8.28 4.06 2.05 14.39
Spring 13.60 6.55 3.13 23.28
Rainy 37.46 19.80 12.14 69.40
Autumn 31.98 10.96 4.47 47,41
Total ■ 91.32 41.37 21.79 154,48

20 Winter 4,17 2.22 1.19 7.58
Spring 11.92 4.65 2.23 18.80
Rainy 23.81 14.19 6.25 44.25
Autumn 21.64 12.69 6.47 40.80
Total 61.54 33.75 16.14 111.43

30 Winter 3.29 1.79 0.93 6.01
Spring 8.45 3.24 1.73 13.42
Rainy 13.81 7.43 2.92 24.16
Autumn 7.07 5.08 2.49 14.64
Total 32.64 17.54 8,07 58.25

40 Winter 3.38 ' 1.16 0.62 5.16
Spring 6.59 2.93 1.52 11.04
Rainy 16.59 8.59 2.10 27.28
Autumn 8.18 4.59 2.14 14.91
Total 34.74 17.27 6.38 58.39
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Table 5.10. Energetics of N2-fixation and nodulation in an age series of

Alnus-c&xAmnom plantation stands.

Efficiency
param eters

Stand
age

(year)

Nodule age

Young Medium

36.9

101.0

107.4

87.6

45.5

44.8

Old

Stand
total

Energy used in N2 
reduction to N H / 
(xlO'^kJ ha‘' year'')

5

10
15

20
30

40

73.5 

168.4 

237.1 

159.7

84.6 

90.2

24.5

62.9

56.5

41.9

20.9

16.6

135

332

401

289

151

152

Net energy input
in nodulation
(X 10̂  Id ha' year-')

5

10
15

20
30

40

282.3 

596.7

651.4

502.2

268.2 

226.2

214.5

473.6

528.4 

394.8

213.4 

172.2

182.5

409.6

447.2 

346.5

190.3

148.7

679

1480

1627

1244

672

547

Energy cost in 
N2-fixation and 
nodulation
(xlO'^kJ ha"' year'')

5

10
15

20
30

40

355.8 

765.1 

888.5

661.9 

352.8

316.4

251.4 

574.6

635.8

482.4

258.9

217.1

207.0

472.5

503.7

388.4

211.2

165.3

814

1812

2028

1533

823

699

Energy cost 
(x10 kJ) per kg 
N2-fixation

5
10
15
20
30
40

15.66
14.16
13.13 
13.75
14.13 

11.96

The biological reduction of N 2 to per mole N I l4'̂  requires energy equivalent to 
363.66 kJ (Schubert 1982)
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Fig.5.1. Seasonal variation in active and incative root nodule biomass (kg ha ') o f  Alnus in the age 

series of v4/«M5-cardamom plantation sands. Values are means of three site replicates. ANOVA 

showed significant variation between stand age {F̂  ^̂ =̂45.4; P<0.0001), all interactions were also 

significant. Tukey’s pairwise mean difference probabilities are: between stand age- 5- with 10-, 15- 

and 20-year (P<0.0001); 10-with 15-and 20-year(/’<0.001); 15-with30-and40-year(f’<0.0.0001); 

20- with 30- and 40-year (P<0.0001); Seasons- spring with autumn (P<0.023); Nodule age class- 

active with inactive (/*<0.0001).
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Fig. 5.2. Seasonal variation in active root nodule biomass (kg ha ') in an age series oiAlnus- 
cardamom plantation stands. ANOVA : Stand ages 6218, P<0.0001; Nodule ages 
220,P<0.0001; Seasons 1047, P<0.0001; Stand agex Nodule age, |^^=6.7,P<0.0001; 
Stand age x Season F ,̂ \AA = 192, /*<0.0001; Nodule age x Season, 5.2, P<0.0001;
Stand age xNodule age x Season P<0.0001; LSD (0.05) = 0.48.Tukey’s pairwise
mean difference probabilities are: between stand age - 5- with 10-, 15- and 20-year (/*<0.0001), 
10-with 15-year (P<0.025), 10-with 20-30-and 40-year (P<0.0001), 15-with 20-, 30-and 40- 
year (/’<0.0001), 20- with 30- and 40-year (P<0.0001); between season - winter with spring and 
autumn (P<0.0001), spring with rainy and autumn (P<0.0001), and rainy with autumn (P<0.014); 

and between nodule age-class differences were not significant.
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Fig. 5.3, Seasonal variation in nitrogenase activity in the young (# ), medium ( ■ )  and 
old ( A ) root nodules of Alnus in the age series of ̂ /«w^-cardamom plantation stands. 
Values are means of three site replicates. ANOVA showed significant variation 
between stand age „,= 1102; P<0.0001), season (F̂  ,̂ ^=2521, P<0.0001) and nodule 
age-class (F̂  |̂ ^=3917; P<0.0001), all interactions were also singificant. Tukey’s pairwise 
mean difference probabilities are: between stand age- 5- with 10- (P<0.001), 15- 
(P<0.0001), and 20-year (i’<0.01); 10- with 30- and 40-year (P<0.003); 15- with 30 and 
40-year (P<0.0001); and 20- with 30-year (P<0.05); between season- winter with rainy 
and autumn (P<0.0001), spring with rainy (?<0.0001 and autumn ( / ’<0.023); and rainy 
with autumn (P<0.007); between nodule age-class- young with medium and old 
(/’<0.0001), medium with old (P<0.006), W=winter, S=spring, R=rainy, A=autumn
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Fig. 5.4. Relationships between nitrogenase activity of root nodules of Alnus 

with its moisture and soil temperature in the age series of ̂ /«W5'-cardamom 

plantation stands.
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Fig. 5.5. Relationships between energy efficiency in N^-fixation with energy conversion 

efficiency and energy fixation efficiency, and energy utilized per kg fixed with energy 

conversion efficiency; and net energy input in nodulation for unit N^-fixation with stand 

age in the age series of yi/wwj'-cardamom plantation stands.
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