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CHAPTER VII 

7.1 INTROPUCTION 

Carbon dioxide is the most abundant greenhouse gas and the 

rei ease of C02 from· terrestrial biota, including soil emission, contributes 

stgnificantly to the present atmospheric C02 concentration (Bouwman 
' . 

1990; Sita~la et al. 1992). Its atmospheric concentration (353 ppmv) is 

a~fmt 25% higher than the preindustrial value (280 ppmv) and is 

currently increasing by 0.5% per year accounting for about 60% of the 

current increase in the greenhouse effect (Erikson 1991; Keeling & 
I . 

Wharf 1994), largely due to global increase in fossil-fuel combustion and 

defor~stattOTt (Schlesinger 1997). The increasing concentration of carbon 

dipxfde in ih~ atmosphere since the industrial evolution is among the 

most signiflctint of_ human influences on the global erlvironnient. The 

c~rrent release of carbon to the atmosphere from tropical deforestation 

could be 35-50% of current emissions from worldwide combustion of 

fo,ssil fuels. According to the analysis of Houghton et al. (1999), changes 

in land-use over the past two centUries have caused a significant release 

of C02 to tqe atmosphere from the terrestrial biota and soils. Their 

estimates show a net release of 124 Pg C to the atmosphere between 

1850-1990. 

The deliberate converswn of natural forests to cultivated 

aJ~toecosystems is responsible for a substantial increase in atmospheric 

~b2 conc~htration (Houghton et al. 1983; Houghton 1995) but a few 
, I 

sfijdi~s haye directly examined the effect of land-use change on soil 

surface C02 flux. The evidence for this rise comes primarily from the 

continuous record started in 1958 at Mauna Loa, Hawaii (Pales & 
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keeling 1~65~ Keeling· et al. 1976b), and from a paraliel record at the 

South Ppl~ (Keeling et al. 1976a). The trend of the atmospheric record 

suggests that the rate of increase of the C02 content of air is accelerating 

and concentration will reach ,...., 600 jlL/L by 2030 (Keeling & Bacastow 

1977). Thjs concentration is approximately double the level of 1900 A.D. 

!~crease of £l.tmospheric C02 is expected to cause a global warming of 2-4 
0 0, with climatic warming greater at the poles than. at the equator 

(l\1anabe & Stouffer 1979; Manabe & Wetherald 1980). 

Certain analyses of the causes of the increase in atmospheric C02 

(Bacastow & Keeling 1973; Keeling 1973a; Machta 1973; Oeschger eta!. 

19,7 5) al'~l!med that the only net source of C02 was from th~ combustion 

of fdssii tU¢is: These assumptions may not be true, as few studies indicate 

t~at the la~d-pse change also significantly contributed to the level of C02 

ris~ in the atmosphere (Houghton & Hackler 1995). Land-use changes 

affect the amount of carbon stored in terrestrial ecosystems. The greatest 

changes ih carbon storage per hectare result from the conversion of 

forests to cultivated land. Forests hold 20-50 times more carbon per 

h~ctare than qleared la~ds, and 100-200 tC ha-1 may be lost as a result of 

deforestation (Houghton & Hackler 1995). Deforestation not only 

transfers carbon stocks directly to the atmosphere by combustion, but it 

also destroys a valuable mechanism for controlling atmospheric C02. The 

1995 Intergovernmental Panel on Climate Change (IPCC) estimated that 

agriculture Was responsible for 20% of the annual increase in the total 

aJithtopogepic greenhouse gas radiative forcing poteJi.tial. Therefore, 

gteat interest exists to quantify the carbon flux on land-use/cover basis. 

Soil surface C02 flux, the sum of plant root and microbial 

respiration, is an important component of the carbon cycle of terrestrial 

ecosystems. Excluding gross canopy photosynthesis, soil surface C02 
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fl.\JX is commonly the largest flux in terrestrial ecosystem carbon budgets 

(Raich & S<;hlesinger 1992). Almost 10% of the atmosphere's ~02 passes 

tqrough soils each year (Raich & Potter 1995); this is more than 10 times 

the C02 released from fossil fuel combustion. Terrestrial ecosystems are 

ah important component of the· global C budget, but a better 
I . 

qpderstanqipg of the effect of land-use practices on the C budget, 

e~p~ci;:tl1y ~oH surface _C02 flux, is needed (Johnson 1992), Rates of soil 

respiration ate largely dependent upon soil temperatqte and moisture 

cbnditions (Stngh &·Gupta 1977; Schlentner & Van Cleve 1985; Carlyle 

& Than 1988). Soil respiration rates also vary significantly with 

vrgetation. and among major biome types (Schlesinger 1977; Raich & 

&chlesingrt 1992). Hence, changes in vegetation structure resulting from 

human activities can modify the soil-to-atmosphere C02 flux. Despite its 

importance in the ecosystem carbon cycle, no systematic research, 

however, has been made for the emission estimate of C02 on land

use/cover basis. The objective here, then was to quantify the net c·flux on 

~h annual basis for the land surface associated with the change. This 

chapter, will focus the carbon flux attributable to changes in land-
.. I . . 

use/ cbver. Ari attempt has also been made to study the respiration loss 

(litter, hu4Jus and soil), harvest flux, and land-use change emissions on 

1~nd-use/cover basis. 

7.2 MATERIALS AND METHODS 

7~2.1 ApRroach 

The C flux associated with the land-use/cover change is the product 

of C uptake via photosynthesis and C release via autotrophic and 

heterotrophic respiration. The method used to calculate emissions (and 

accumulations) of carbon from land, as a result of land-use/cover change 

is based on. field measurements. The accounting procedure i~ based on the 
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fact that niost uses of land affect the amount of carbon held in vegetation 

ahd · soiL The human activities that reduce the area of forest release I , . ' 

c~rbon to the atmosphere as a result of burning and de~ay. More subtle 

changes within forests also affect t~e storage of carbon in biomass. 

The approach used here to calculate change was based on two 

types of data. First, the land-use/cover change detection data generated 

through remote sensing technique was used to detertnihe the spatial 

e~tent af~e,cted by diff~rent land-use/covers. Second, the per hectare 

c~arlges ~fi carbon . associated with these changes iii land-use/cover 

fQrmed the basis to calculate annual changes in C ha"1
• The approach 

accounts for all of the carbon on an affected unit of land: live vegetation, 

soil, litter, humus and wood products. The losses and accumulations of 

· carbon followipg an initial change in land-use occur over years to decade, 

dead materials decays and as forests regrow following harvest. Thus the 

c~lculated flux of carbon includes only those changes in carbon that were 

associated with land-use/covers change, however, the analysis did not 
I 

include all anthropogenic effects. 

T4e ~~n~ ... use/cover C flux was partitioned into four categories, (i) 
. . 

rtet primary production, which incorporates all the biologically-driven C 
I . 

tr~nsfers o~tw~en the biosphere and atmosphere; (ii) respi~atory loss that 

accounts for C release via· litter, humus and soils; (iii) harvest flux, which 

accounts for removals associated with tree harvest; and ·(iv) land-cover 

cliange emissibns. _ 

7 .2.2 Yegetation Carbon Accretion Analyses 

The net pJjmary production flux is the product of the area within 

each inventory type. The carbon flux was measured on an annual basis 
. . . 

for t}le different compartments viz., above and belowground vegetation, 
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litter and h11mus from each.ofthe.land-use/cover. The specific importance 

qf each of these components varies widely among land-use/covers. Total 

plant productipn {i.e., above and belowground biomass) and litter and 

humus production was multiplied by the C concentration of the each of 

the compopent to express NPP on a mass-of-C basis. In cropped area of 

both the belts weed productivity were not measured. 

Monthly tree litterfall estimations were carried out in different 

~~rid-qses ~~ing five litter traps of 1 m2 
· collecting area in each sample 

plots and poo1ed to annual values. Results were converted in terms of 
" 

carbon by multiplying with per cent carbon. Decomposition was 

estimated by taking the ratio of litter production and its biomass on the 

ground. 

Turilover time of carbon in the standing vegetation was computed 

by getting the tatio of standing state and the annual uptake (Chaturvedi & 

Singh 1987; Sharma 1993). The tum over time for carbon on stand floor 

was calculated following Olson (1963). 

7 .2.3 C02 Flux Measurements 

7.2.3.1Littir and humus C02 flux 
I 

The litt~r and humus C02 flux were measured monthly and data 

w~re pooled on seasonal and annual basis. To measure the litter COr flux, 

a thick pla~tic plate was placed in between litter and humus layer in order 

to restrict humus and soil C02 flux and similarly to measure humus C02 

flux the plfistic plate was placed in between soil and humus layer to avoid 

the soil C02. :flux at random locations in each plot of the replicated 

treatments of all the land-use/covers using the C02 Infrared Gas 

Analyzer. C02 flux was translated in terms of C flux on annual basis. 
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7~f·3.2 So~l Slfrface C02jlux 

Soil surface . C02 flux was measured monthly in all the land-

. use/covers between January to December of 2000 and data were pooled 

ori seasonal and annual basis. The C-flux in soil respiration defines the 

rate of C-pycling through soils. Soil.C02 flux was measured with a C02 

II1fntreq d~s Analyzer (CI-301 PS Model, USA) equipped with a soil 

te~piqttion cijamber th~t fit on top of the soil and were generally 

c~n4uct¢d jn the morning between 0800 and 1200 hrs. This method 

provides a rapid, reliable estimate that is comparable to other approaches. 

Fl1rthermote, the method is well suited , to quantify the influence of 

eqvironmen.tal factors on in situ soil surface C02 flux measurements. The 

tq~ck-wail~d ring was inserted 2 em into. the soil at rand,om locations in 

each of the thtee replicated treatments of the nine land-use/cover types. 

The collars were relocated three times during the measurement period to 

minimize surface disturbance and over estimation of C02 flux. 

Soil respiration rates can be used to calculate the mean residence or 

tutno':'~t ttme of the soil carbon pool, provided as asstfni.ption is made 
·:1 ' 

re~atding f~ie contribution that live root respiration makes to total soil 

re~piratibrt. The remaining respiration is presumably derived from the 

depomposition of soil organic matter, representing the true turnover of 

thfS pool. Most studies indicate that live root respiration contributes 30 to 

7d% of the to.tal soil respiration (Schlesinger 1977). Turnover time is 
I . 

estimated pasefl on the assumption that 30% of soil respiration is derived 

from root respiration (Schlesinger 1984). C02 flux was translated in 

terms of C flux on annual basis. 
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7 .:Z.4 The Harvest Flux 

To quantify the effects of harvest removals adopted in this study 

ar~ based· on field measurements. The principle budget terms associated 

with loggih~ were (i) mortality or reduction of tree C from the phytomass 
I 1 J: I 

pool, anq CiD the partitioning of that tree C between_ logs removed from 

the forest arid residue which is left to decompose. 

Total tree C mortality was a function of reported growing stock 

removals and the ratio of total tree C to growing stock C. Timber harvest 

from forests was taken from the field measurement. Fuelwood removal, 

sotne of which do not show up in the growing stock harvest, may be 

greater than commercial logging removals but it is very difficult to isolate 

this flux. Small scale fuelwood gathering tends to be a dispersed activity 

and may be balanced to some degree by unquantified tree growth. 

The C in logs removed from the land base is assumed to be 

rewrneci to the atmosphere. However, some forest products have lifetime 

mi the order of hundreds of years and may thus represent a significant C 

sip!<:. Th~ ~bpl of wood products still in use and in landfills is a function 

of inputs and outputs, an.d an accounting system which tracks current and 

historical inputs, turnover times of the different product types, and the 

return of C to the atmosphere is desirable. 

7 .2.5 Land.-cover Change Emissions 

Deforestation is the most significant land-cover change in terms of 

C flux. Direct emissions associated with deforestation are a function of 

several factors including the area converted during the base period, the 

initial C poqls or standing crop and the burning efficiency. Estimates for 
' I 

rates df l~ijd-cover change were based on satellite data and ground 

suryeys. Apprpaches to estimate the standing crop biomass in forests and 

156 



agroforestry systems has already been described in Chapter IV. Burning 

efficiencies is quite low in the watershed. 

7 .2.6 Statistical Analyses 

The plots were considered the experimental unit and were in 
I 

replicate and completely random experimental design was u~ed to test the 

effects of land-use/cover changes in the carbon flux dynamics of the 
' watershed. An analysis of variance (ANOV A) was used to determine the 

effect of iand-use type and its interaction with season: All statistical 

analyses were conducted using SYSTAT version 6.0 and SPSS version 

6.0. Statisticfl.l differences among the nine land-use/covers were 

determined·using Tukey's honestly significant difference test at 5% level. 

Soil surface C02 flux was correlated to soil temperature and moisture and 

organic C and microbial C using single and multiple-variable regression 

models. 

7.3 RESVLTS 
• I 1 ; · , I 

7 .3.\ Prq<jl~¢t~vity and Carbon Accretion· 

. The :p.et c_arbon input in different land-use/covers ranged between 3 

a~d 7.43 tC ha-1 yr-1 (mean= 4.88) (Table 7.1). Analysis of variance 

showed significant variation between the land-use (P<O.OOOl). Total 

v~getation accretion was significantly greater in the temperate natural 

forest dense (P<0.05) than other land-uses. Mean difference between 

cardamom based agroforestry systems was also significantly higher than 

the other stands. Pairwise mean difference showed no significant 

differences between mandarin based agroforestry systems and open 

cropped areas {P>0.05). However, total net carbon input was significantly 

greater in tlie temperate natural forest open and subtropical natural forest 
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than mandarin based agroforestry system and open cropped areas of both 

tqe belts. 

Aboveground net C input varied significantly between the land-use 

(P<O.OOOD. Aboveground net C accretion was thtee-fold greater 

(P<0.05) for the temperate natural forest dense thCl;n the open cropped 

area subtropical (Table 7.1). Mean aboveground net C input for the 

temperate natural forest open and subtropical natural forest were 

significantly greater (P<0.05) than agroforestry systems and open 

cropped areas, while mean difference between mandarin based 

agroforestry and open cropped areas of both the belts were not significant 

(.?>0.05). However, mean difference was significantly higher in the 

cardamom based agroforestry system than mandarin based agroforestry 

and open cropped areas. 

Belpwground net C input varied significantly between the land-use 

(f<O.OOOi). Belowground net C input was significantly higher (P<0.05) 

ip cardamom based agroforestry system than other stands. Although the 

mean differences were not significant among temperate natural forest 

dense, mandarin based agroforestry and open cropped area subtropical 

(.?>0.05), temperate natural forest dense had significantly higher 

belowground C input than· temperate natural forest open and subtropical 

natural forest open. Mean difference was significantly greater (P<0.05) in 

the open cropped area temperate than other land-uses except cardamom 

based agroforestry system (Table 7.1). 

The values of turnover time and turnover rate for carbon in ,, . 

st~nding vegetation of the different land-uses are given in Table 7.2. The 

tUrnover time of carbon ranged from 1. 82 years in mandarin based 

agroforestry system to 25.7 4 years in temperate natural forest dense. 
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Turnover rate of C ranged from 0.039 in temperate natural forest dense to 

0.548 in mandarin based agroforestry system. 

7 ~3.2 Carb()n Input into Litter and Humus 

The arittual litter C input in different land-use/covers varied from 

1.13 tC ha-1 yr-1 to 1.83 tC ha-1 yr-1
• Analysis of variance showed 

significant variation between the land-uses (P<0.0001). Mean variation 
. I 

' 
between litter C input was significantly greater (P<O.OS) in cardamom 

based agrofotestry systems than other land-uses. Mean difference 

between temperate natural forest dense was also significantly higher than 

other forests and mandarin based agroforestry systems. Pairwise mean 

difference showed no significant differences between similar open forest 

st~nds (P>Q.05) while net carbon input was significantly higher in the 

itiftpdar~n bn~efl agroforestry systems than both the forests (Table 7 .3). 

Carbon entry into humus through litter decomposition varied 

significantly between the land-use (P<0.0001). Pairwise mean difference 

was significantly higher (P<0.05) in cardamom based agroforestry system 

than other iand-uses. Mean difference between temperate natural forest 

depse with other forest types was also significantly higher (P<0.05) but 
I 

open forests of both the belts were not significantly different to each other 

(Table 7.3). 

The values of turnover time and turnover rate for carbon on the 

stand floor litter are given in Table 7.4. The turnover time of carbon 

ranged ftoP11.19 years in mandarin based agroforestry system to 2.85 in 
[, 

cai·d~morh oas~d agroforestry system while turnover rate ranged from 

0.351 in cardamom based to 0.841 in mandarin based agroforestry 

systems. 
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7 .3.3 Respiration Loss 

Anaiysis of variance showed significant variation between the 

land-use and season (P<O.OOOl). Interactions between land-use and 

season were not significant (Fig. 7.1a). Litter C02 flux decreased 

si~nificantly (P<0.05) in mandarin based agroforestry system than other 

stands. Mean difference showed no significant differences between 
: I I . I . . . . 

fore~ts ~~~ f~rqamom based agrofotestry systems (P>0.05) (Fig 7.2a). 

M¢an diffyrence within seasons was not significantly different. A strong 
I 

pqsitive tei~tionship was observed in between litter C02 flux and 

moisture content of the litters (y= -0.775 + 0.119x, r2= 0.828, P<O.OOOl). 

The total annual mean C .flux from litter was 0.05 tC ha-1 yr-1 and 

3.78 tC h~-l yf1 for mandarin based agroforestry system and temperate 

natural forest dense, respectively (Table 7.3). 

7.3.3.2 Humus C02 jlux 

Humus C02 flux varied significantly between land-use and seasons. 

Interactions between land-use and seasons were not significant (Fig 7.1b). 

1\.{eah hunius C02 flux was significantly higher (P<O.Q~) in temperate 
·I ' 

rt4tutal for~st dense than other stands, but the increase in pumus COz flux 
I I 

irl open forest stands of both the belts were not signifjcantly different 
' I : • 

(f>0.05). However, mean difference was significantly higher in the 

cardamom based agroforestry systems (P<0.05) than the temperate 

n~tutal fo!est open and subtropical natural forest (Fig 7.2b). Mean 

dlfference between the seasons were significant for rainy wi~h spring and 

winter, but spring and winter were not significantly different (P>0.05). 
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7.~.3.~ Soi( surface C02jlux 

Soil ~urface C02 flux differed significantly among land-use and 

season (P<O.OOOI). The interaction effect (significant at P<O.OOOI) can 

be seen by comparing seasonal soil surface C02 flux patterns for each of 

tlie nine lqn,d-use/covers (Fig 7.1c). Mean annual so.il surface C02 flux 
I 

was significantly greater (P<0.05) in croplands than other land-uses. In 

between temperate natural forest open and both the agroforestry systems, 

soil C02 fltlx did not differ significantly. However, soil surface C02 flux 

was significantly higher (P<0.05) in the subtropical natural forest than 

other land--qses (Fig 7.2c). Soil respiration rates were consistently greater 

i:p. ' tem:p~r~re ratural forest dense than wastelands of temperate and 
\ 0 

suptropical hefts. Between the seasons, differences were significant for 

raipy with &Pfi:J;lg and winter. 

A strong seasonality in the soil surface C02 flux was observed. 

ANOV A indicated that differences in the soil C02 flux due to season 

were signipcant as was land-use x season (P<O.OOOI) (Fig 7.lc). The 

minimum values for the rate of flux occurred during the winter and 

maximum in the rainy season (Fig 7.lc). Seasonal variations in the soil 

respiration rates closely followed those of temperature variations in both 

the belts. Considering all the land-use/covers of both the belts, mean 

annual soil respiration positively correlated with surface soil temperature 

plif f~e~le (~ = 2.721+ 0.103x, r2 = 0.246, P<0.01) where a& no relation 

wa~ found with moisture (y = 4.527- 0.008x, r2 = 0.008, NS). Combining 

soil temperature and ·moisture to estimate soil C02 flux improved the 

regression equation (multiple linear regression, y = 2.982 + 0.108 T-

0.014 M, r2 = 0.273, P<0.05, where y is soil C02 flux, T is soil 

temperature and M is soil moisture) explained significantly more 

variation than a regression equation with soil temperature alone (Fig. 
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7.3a). Other factors that influence soil surface C02 flux are soil organic 

c::J.rbon and, microbial communities. 

Annual estimates of soil surface C02 flux in different land-use are 

1~.11 tC pa-1 yf1 (lowest) and 21.67 tC ha-1 yr-1 (highest) for the 

wasteland area temperate and open cropped area subtropical, respectively. 

Annual soil surface C02 flux estimates were also greater (18 tC ha-1 yr-1
) 

for subtropical natural forest than the other forests ano agroforestry 
I 

syster:p.s. 

Estiquit~d turnover time of soil carbon based on mean carbon pool 

and mean soil respiration are presented in Table 7.5. The values ranged 

frpm about 4 7 years in the temperate natural forest dense to 3 years in 

open cropp¢d area temperate. The watershed pool of soil organic carbon 

ha~ a mean residence time of about 14 years (Table 7.5). 

7.3.3.4 Carbon flux through the soil microbial biomass 

Annual flux of carbon through microbial biomass ranged from 96 

kg C ha-1 yf1 to 679 kg C ha-1 yr-1 (mean= 347 kg C ha-1 yr-1
) in 

wasteland temperate and temperate natural forest dense, respectively 

tTat>le 7.6j. the land-use change increased the rate of patbon flux and 

rti?tde the triicrobial biomass an important source of catbon. A multiple 
' 

regression was developed to see the role of soil organic C and microbial 

biomass C in soil surface C02 flux. Combining soil organic C and 

microbial biomass C to estimate soil C02 fluxes improved the regression 

equation (y= 4.392-0.7450C + 27.195 MBC, r2= 0.391, P<0.005, where, 

y= soil · surf~ce C02 flux, OC= Soil Organic Carbon and MBC= Soil 

Microbial Biomass· Carbon) (Fig 7.3b). 
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7.3.4 The Harvest Flux 

The harvest flux 1s relatively higher (2.08 tC ha-1 yr-1
) ih 

subtropical natl . .lfal forest than temperate natural forest de:hse (1.34 tC ha-1 

yr-~) and tewperate natural forest open (1.17 tC ha-1 yr-1
) (Table 7.7). It 

was clear froni the field visits that even the remotest part pf the fort1st was 
' I 

being used fot timber and fuelwood collection. Species use varied in their 

utilization for house construction, fuelwood and agricultural tools. The 

direct emissions associated with commercial harvest are greater from 
I 

SlJbtropicai natural forest because of the high level of logging. 

' 7 .3.5 Land-cover Change Emission 

The release of carbon or its accumulation depends on the standing 

stock of carbon in vegetation and soils and on the rates of deforestation. 

The vegetation stock changes as (dense forest converted into open forest 

to open ctorped area to wastelands) and consequently in the standing 

prqp of P~fpop. Thus land conversion during the past 13 years (1988-

2001) resulted into a net release of 119x103 t vegetation C and 183x103 t 

sqil C (Table 7.8). This translates into release of7.78 tC ha-1 yr-1 from the 

entire watershed due to land-cover change. 

7.3.6 Carbon Flux Variation Between Land-use/covers 

Distribution of biomass C and flow rates in different components 

of each land-use/cover are presented in Fig 7.4a, b, c, d, e, f, g, h & i. 

Values in the compartments are carbon stocks and arrows show net flow 

rate. The differences of the value on the arrows of either side of a 

compartment give the component net production. A comparative account 

of the dif:fetbit land-uses showed high biomass C build-up in temperate 

11atutal forest dense, especially of perennial parts like bole, branch and 

belowgr~n~p.q parts. Annual carbon uptake from the atmosphere was 
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highest in temperate natural forest dense (7.43 tC ha-1 yr-1
) that was more 

than 2 times greater than the mandarin based agroforestry systems and 

op~n cropped areas. In both the agroforestry systems, allocation of C 
I l 

from the annual uptake remained between 30% and 64% in cardamom 

and crops respectively. Amongst forest, allocation of C from the annual 

uptake varied from 7-10% in herbaceous biomass. 

C exit from the system in the form of harvest was highest in the 

subtropicfi.l pafural forest (2.08 tC ha- 1 yr-1
), which was 1.6 to 1.8 times 

greater tliah td;nperate natural forest dense and open, respectively. C exit 

fr~rh the system in the form of agronomic yield was highest in open 

cropped ar~a temperate (1.62 tC ha-1 yr-1
) that was about 12 times higher 

than cardamom based agroforestry system and about 2 times higher than 

1.11andarin based agroforestry systems. 

Mean C flux from soil to the atmosphere was greater in open 

cropped areas (21.28 tC ha-1 yf1
) that were 48% higher than temperate 

natural forest dense and 68% than wasteland areas. C flux from litter to 

the atmosphere was highest in temperate natural forest dense, which was 

75 times higher. than mandarin based agroforestry systems. The impacts 

of erosion wer~ not included in the C flux estimates because it is not clear 

to what degree erosional losses end up in the atmosphere. 

I , I 

7.4 DISCpSSION 

Total C input through primary productivity was higher in temperate 

natural forest dense than other stands. This is attributed to high rates of 

biomass production. The carbon storage in agroforestry systems (mean 

B/P= 4.87) was about five times lower than that in forests (mean B/P= 

19. 72), carbon flux was higher in agroforestry stands, resulting in mean 

P/B ratio 0.34 for agroforestry systems and 0.05 for forests. The 
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contribution of ground vegetation plus fine roots to total net productivity 

averaged 42o/o for agroforestry b~sed systems and only 9% for forests. 

Low standing crop of C in the agroforestry and open cropped areas where 

functional importance shift from woody canopy to herbaceous ground 

stratum with short-term vegetation predominance, was associated with 

high C flux. A similar observation was reported by Singh et al. (1991) in 

dry tropics of savanna. 

A.pnu~l input of C to the forests and agroforestry stands floor 

thhrt.igh li~et ~hd slashed pseudo-stems of cardamom rangeq from 1.13 to 

1.83 tC ha-l yr"1 to be highest in the cardamom based agroforestry system 

arid lowest in subtropical natural forest. The litterfall of cardamom based 

agroforestry system and temperate natural forest dense were higher 

because these are closed canopy systems with a greater tree density. The 

greater ra~~ of litter and residue production in the cardamom based 

agroforestty system than in the temperate natural forest dense was 

matched by a proportional increase in the litter biomass .of the ground. 

But the carbon release through respiration was slightly higher in 

temperate natural forest dense than cardamom based agroforestry system. 

C~tbqp loss through litter decomposition was higher in cardamom based 

dgrbforesti)r system than other stands. Release of carbon through 

respiration and decomposition is more than annual· litter production in 

most of the systems because the accumulated litter of the previous years 

alsb decompose and also because of microbial biomass buildup and 

activity, respiration and release. Microbial growth is exponential and 

turnover rate is fast that led to this higher contribution. The turnover time 

of C on the floor litter was slightly higher for cardamom based 

agtoforestry system than temperate natural forest dense. This suggests 

that C cycling in cardamom was much quicker than other stands. 
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Land-~s~ type influenced soil surface C02 flux (Alvarez et al. 

t998; W~~~~ et al. 1998). Mean rates of soil respiration varied widely 
'I 

within and a~ong land-use types. The highest rate of soil respiration 
I I I 

occurred ih th¢ open cropped. area subtropical where soil temperature was 

high year-tound. Published measurements of annual soil respiration rates 

in tropical and subtropical moist forests ranged from 8.90-14.50 tC ha-1 

yt-1 (Raich & Schlesinger 1992), but these data were biased towards 

lowland forest~ only. The relatively high rates observed in this study (12 

to 21, tC ha-1 yf1
) may reflect the diverse land-use/covers in the study site. 

Although sbil respiration rates are known to vary seasonally, a significant 

re~ationship between rates of soil respiration and soil temperature was 

fol.mq. Wiiciung et al. (1975) measured soil surface C02 flux in an arid 

&rasslanq m eastern washington and observed a strdng positive 
I ' 

correlation betWeen soil C02 flux and soil temperature. It was argued that 

th~ muiti:Bie regression equation using the temperature-moisture 

interaction provide the best estimate of annual C02 flux in this 

environment that has periodic moisture limitation. de J ong (197 4) also 

reported that the addition of soil moisture in a regression equation 

improved the fit for native grasslands. 

Seasonality plays an important role in soil surface C02 flux. 

Maximum soil surface C02 flux rates occur during rainy season in all the 

larid-use/covers at both the belts. Other researchers have also reported 

that maximum soil surface C02 flux occur between June and August for 
I I• 

~otests an4 agtoecosystems (Kucera & Kirkham 1971; de Jong 1974; 

Buyanovsky et al. 1987; Grahammer et al. 1991; Norman et al. 1992). 

Results of this and ·pther studies suggest that soil temperature has a 

greater effect on soil surface C02 flux than soil moisture. Soil surface 

C02 flux does not correlate well to soil moisture for all the land-use/cover 
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types. However, soil surface C02 flux may not correlate to soil moisture 

for several reasons. Soil moisture varied mostly between 17 to 34% in all 

the land-p~es ~aking it difficult to detect a significant pattern. Soil water 

cbptents may pot have !eached the extreme range necess~ry to affect 

niiprobial a~tiyity. Kucerfl & Kirkham (1971) noted that soil C02 fluxes 

were reduc¢~ only when soil moisture reached permanent wilting point or 

exceeded field capacity. 

Humans have altered the land-cover of the earth and further · 

changes in land-cover are expected as human impacts 011 earth continue. 

The obvious changes in land-use that have already occurred, and further 

changes in land-cover that is likely to occur, have the potential to alter the 

carbon flux. The release of carbon or its accumulation depends on the 

standing stock of carbon in vegetation, litter, humus and soil which 

further qe:p~nds on land-use/cover change. Land-use change detection 
I 

stUdy iqyotving a total area of3014 haindicated changes in 1046 ha. This 

involv~d ch~n~es in vegetation stock (as dense forest converted into open 

forest to open cropped area and wastelands) and consequently in the , 

standing crop of carbon. The total release of carbon to the atmosphere 

fro:p1 the watershed was 305x103 tC over 13 year's period (1988-2001). 

Reduction .in the biomass of the forests as a result of conversion were 

responsible for a net loss of 119x103 t vegetation C and 183x103 t soil C 

(Table 7.8). This translates into release of 7.78 tC ha-1 yr-1 due to land-use 

change. Thp uptake and release ratios of carbon varied between land-uses. 

The release: uptake ratio was highest (7 .20) in open cropped area 

suptropical anqlowest (2.60) in temperate natural forest dense. In 

aqditi0n to ~hanges in the area of forests are changes of biomass within 

forest~. Lap.ly (1982) reported th~t degradation, as well as deforestation, 

ar~ dccurr~hg throughout the tropics. The degradation ratio was defined 
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hete as the· t;atip of carbon lost to area lost, relative to the initial carbon (in 

biomass) per unit area. The total loss of biomass was 96032 tC and 4 7242 

tC from temperate natural forest dense and subtropical natural forest, and 

the total loss of forest area was 446.81 and 319.29 ha, respectively (Table 

7.9). Thus, the ratio of biomass lost to area lost in 13 years period was 

214.93 and i47.96 tC ha-t, respectively in temperate .natural forest dense 

and subtropical natural forest open. The average biomass of these forests 

in 1988 was 208.69 and 117.28 tC ha-1
• For the forests in the watershed, 

the degradatio:q. ratio was 1.03 and 1.26 i.e., the average carbon lost was 

i .09 and 1.29 times larger per unit area than average biomass of the 
, I I 

inttial fore~ts (Table 7.9). One interpretation of this ratio is that for every 

to:p. of carpoq released to the atmosphere through deforestation, an 

aqditional 0.09 and 0.29 of carbon is released from degradation of the 

remaining forests. These indicate that the relative importance of 

d¢~radation increased over time. Similar observation was also reported by 

Flint & Rich~fdS (1991). The degradation ratio is affected by at least 

three factors: (i) the biomass and areas of forest in the watershed, (ii) the 

amount of degradation taking place within an interval of time and (iii) the 

biomass of forests cleared in that interval. The first of these factor is the 

simplest to disc1:1ss, and sheds light on the amount of degradation likely to 

p~ve ocCUlT~d before 1988. When little degradation vyas ass-qmed to have 

occurred before 1988, the resulting degradation ratios of the experiments 

were allle~s than 1.0. They were low because the initial carbon per unit 

area (denominator in the ratio) was high. To yield degradation ratios 

above 1.0, many of the forests in 1988 must have already been degraded. 

Tlfe second factor affecting the degradation ratio is the factor of interest 

hete; the r"!-te of reduction of biomass within forests (degradation). Higher 

rates of degradation will yield higher degradation ratios. The third factor 
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is the biomass of the forest cleared. If high biomass forests are cleared, 

the degradation ratio will be greater than 1.0. The degradation ratio was 

more than 1.0 in the present study. The fact that empirical studies (Flint 

& Richards 1991; Brown et al. 1991) found degradation ratios greater 

t~an 1.0 tneaps that the flux of carbon was greater th~n would be 

caiculated dn the basis of deforestation alone. This statement is true 

w~ether t~e ratios resulted from degradation per se or fro~ deforestation 

of high-biomass forests. 

Based -on the results obtained for Mamlay watershed and assuming 

tlie same co:p.ditions, the total release of carbon from the entire Sikkim 

state and Ihdia:p. Himalayan region can be assessed. Sikkim state occupy 

284779 ha forest land (about 40% of the total geographical area of 

Sikkim), land-use change (harvest and forest clearings) release 22.16x105 

tC annually. If the same results is applied to the entire Indian Himalayan 

forests ~rea (6.692 million ha); the total release of carbon would be 

520.6x1Q5 tO ~nnually. Singh eta!. (1985) reported 46x1Q5 tC yf1 for the 

Ip.4ian Ce:p.tra1 Himalay~n region alone. The estimate . of net release is 

cohservative, because soils may loose 20-30% of their stored organic .. . . 

carbon following disturbances (Chan 1982). Similar conditions have been 

reported by Kawosa (1984) for Kashmir and other Himalayan states. It is 
i . 

clear that, because of overexploitation and continuous land conversion, 

the land-use/cover change have become a net SOl!rce of C to the 

atmosphere. It is equally clear, however, that most of these lands when 

unchanged can constitute an effective net sink of C. Obviously, further 

land-use/cover change in the Sikkim as well as in the Himalayan region 

must be prevented, the existing open forests should be allowed to attain 

dense condition and wastelands should be put back under forest to 

sequester excess atmospheric carbon as wood. 
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In coqclusion, efforts should be made to allow carbpn sequestration 

wtper the ~yoto protocol. Irrespective of scale and geographic location, a· 

k¢y objective ·should be to identify and implement best available· 

mapagement practices to improve soil quality, there by ensuring food 

Productivity ~nd sustainability, while simultaneously reducing C02 

concentrations in the atmosphere. Before implementing the "best 

pn~ctices" due attention must be paid also to any possible adverse 

environmental and socio-economic effects they may have. • 
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Table 7.1 C;:t~po~ input through net primary production (tC ha-1 yr-1
) ip. different land-

~ use/covets. Different superscript letters in each column represbnt significant 
'j,· '·. . . : l 
difference (P<0.05) (Tukey's honestly significant difference test) 

L4nd-use/cqver Components Above-ground Below-ground · Total 
vegetation vegetation 

Temperate natural forest Tree 6.57 0.33 6.90 
d!3nse 

Herb 0.43 0.10 0.53 

Total 7.0d 0.43b' 7.43d 

Temperate natural forest Tree 4.71 0.19 4.9 
open 

Herb 0.46 0.11 0.57 

Total 5.17c 0.30a 5.47b 

~ Subtropical natural Tree 4.59 0.02 4.61 
I . 

forest open 
0.10 0.50 Herb 0.40 

Total 4.99c 0.12a 5.llb 

Cardamom Based Tree 3.49 0.63 4.12 
agrbforestry system 

Cardamom 0.87 0.92 1.79 

Total 4.36b 1.55d 5.91c 

Mandarin based Tree 1.00 0.08 1.08 
agroforestry system 

Crops 1.6 0.32 1.92 
_.. 

0.40b 3.ooa Total 2.60a 

Open cropped area Crops 3.60a 0.64c 4.24a 

te~perate 

Open cropped area Crops 2.52a 0.49b 3.01a 

s1i~tropicai 
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Table 7.2 Turnover time (years) and turnover rate of carbon in the standing 

ve~etation. of different land-use/cover. Values are pooled for three sites replicate. 

Larid-use/cover Turnover time Turnover rate . ,, '. 

T~niperate ~~tural forest dense 25.74 0.039 

Tefuperat¥ natural forest open 15.75 0.064 

Subtropical natural forest open 17.66 0.057 

Cardamorrt based agroforestry system 7.92 0.126 

M~ndarin based agroforestry system 1.82 0.548 

172 



Taple 7.3 Carbon entry into litter through annual litter production and release through 

·* respiration a11d decomposition. Different superscript letters represent significant 
I' 

difference (P<q.os) (Tukey's honestly significant difference .test). 

' ' 
Lahd-use/cover Annual Release through Release through 
I I . 

litter respiration decomposition 

, I :, production 

(tC ha-1 yf1
) 

(tC ha-1 yf1
) (tC ha-1 yr-1

) 

Temperate natur~l forest dense 1.61c 3.78 2.18 

Temperate natural forest open 1.173 2.42 1.64 

I , 
S'4btrop1cal hatural forest open 1.133 2.88 1.55 

Cardamom based agroforestry 1.83d 3.07 2.47 

~ system 

Mandarin based ~groforestry 1.26b 0.05 2.32 

system 
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T~~le 7.4 Turnover time (years) and turnover rate of carbon on different land-use 

-~ floor litter in the different land-use/covers 

Land-use/ cover Turnover time Turnover rate 

Te~perate natural forest dense 0.352 2.84 

Temperate natural forest open 0.397 2.52 

s~~tropic~l rtatitr~i forest open 0.372 2.69 
. I I 

Card~mom ba&ed agroforestry system 0.351 2.85 

Mandarin based agroforestry system 0.841 1.19 

---4: 

~-
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T~~lf 7.5 Estffll~ted turnover time of soil carbon based on mean carboJi. pool top 1 m 

'~ 
, I ' I 

of ~oil and 111~~m soil respiration rates 

Lirtd-use/covers Soil C Soil Turnover 

(tC ha-1
) 

respiration 

(tC ha-1 yf1
) 

time (yr) 

Temperate natural forest dense 472 14.37 46.92 

Temperate natural forest open 219 15.80 19.80 

Subtropical natural forest open 126 18.11 9.94 

Cardamom based agroforestry system 255 16.00 22.77 

Mandarin based agroforestry system 150 16.074 13.33 
~ 

Op~n croppe# ar~a temperate 37 20.89 2.53 

dpen croppe~ area subtropical 48 21.67 3.16 
I II, . 

Wasteland an~a temperate 89 12.11 10.50 

Wasteland area subtropical 124 13.23 13.39 
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T~~le 7.6 Flux of carbon through the microbial biomass ih different land-use/covers 
·~ 

I 

Lahd-use/coyers Carbon in Annual flux 
'I 

(kg ha"1 yr"1
) microbial 

biomass (kg ha-1
) 

Temperate natural forest dense 1698 679 

Temperate n~tural forest open 1248 499 

I I 

Suptropical natural forest open 733 586 

Cardamom based agroforestry system 778 311 
I 

Mandarin based agroforestry system 593 474 

-~ Open cropped area temperate 333 133 

I 

Open croppeq arffl subtropical 201 160 
', I , 

vy asteland ar~a temperate 241 96 

Wasteland area subtropical 236 189 

Mean (j73 347 
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Table 7.7 Catbon removal out of the system through harvest.f1ux 

~ 
Umd-use/covers Components C removal 

(tC ha-1 yr-1) 

Temperate miturii1 rorest dense Tree 1.34 

T€:ff11perate ~~tJ.tr~l forest open Tree 1.17 

Subtropical natural forest open Tree 2.08 

Cfirdamom qased agroforestry system Cardamom capsule 0.14 

Mandarin based agroforestry system Orange fruit 0.28 

Crop agronomic yield 0.72 
~ 

Open cropped area temperate Crop agronomic yield 1.62 

dpen cropped area subtropical Crop agronomic yield 0.55 

~· 
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~Table 7.8 Vegetation C, soil C, litter C, humus C, and total- C injected into the:atmosphere due to land-use/cover_change durigg 

1988-2001. 

From- To Changed Release. of Release of Release of Release Total 

area vegetation 1itter_C humus C ofsoil-C release 

(ha) C (xl03 t) (xi03t) (x103 t) (x103 t) (x103 t) 

Temperate natural Temperate natural 446.810 54.761 0.728 0.237 113.043 168.769 

forest dense forest open 

Temperate natural Open cropped area 169.730 16.481 0.499 0.148 30.891 48.019 

forest open temperate 

Temperate natural Wasteland area 109.930 11.140 0.323 0.096 14.291 25.850 

forest open temperate 

Subtropical natural Open cropped area 316.37 36.1'51 0.959 0.196 24.677 61.983 

forest open subtropical 

Subtropical natural Wasteland area 2.920 0.334 0.009 0.002 0.006 0.351. 

forest open subtropical 

Total 1045.76 118.867 2.518 0.679 182.908 304.972 

No changed in area observed in cardainom and mandarin based agroforestry systems 
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Table 7.9 Area, total carbon and average carbon per hectare in forests of the Mamlay 

W8;tershed. 

P~tameters Temperate Natural Forest Subtropical Natural Forest 
Dense Open 

1988 13-year 2001 1988 13-year 2001 
change change 

Area (ha) 
' 606.81 160.00 681.54 362.25 

Loss of area (ha) 446.81 319.29 

Total carboq ~h b~pmass (tC) 126635 30603 79931 32689 

--+ 
• I 

Loss ofb10niass (tC) 96032 47242 

Average biomass (tC ha-1
) 208.69 191.27 117.28 90.24 

Ratio ofbiomass lost to area 214.93 147.96 

lost (tC ha-1
) 

Degradation ratio in 13 years 1.03 1.26 
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Fig. 7.1 C0
2 

flux from (a) litter, (b) humus and (c) soil of different land-uses; A= 
Temperate natural forest dense, B= Temperate natural forest open, C= Subtropical 
natural forest, D= Cardamom based agroforestry system, E= Mandarin based 
agroforestry system, F= Open cropped area temperate, G= Open cropped area sub
tropical, H= Wasteland area temperate and I= Wasteland area subtropical. 
ANOVA: Litter C02 flux; Land-use F

4
• 

30
= 62.257, P<0.0001; Season F2• 30= 19.402, 

P<0.0001; Land-use x Season F
8 30

= 1.801, NS. 
Humus C0

2 
flux; Land-use F

3
• 

2
i 23.256, P<0.0001; SeasonF2•24= 10.369, P<0.001, 

Land-use x Season F 
6 24 = 1.542, NS. 

Soil C0
2 
flux; Land-useF8• 

54
= 277.828,P<0.0001; SeasonF2• 54= 127,.002,P<0.0001; 

Land-use x Season F
16 54= 3.659, P<O.OOOl. 
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Fig. 7.2 Mean annual C02 flux from (a) litter, (b) humus and(c) soil of different land
uses; A= Temperate natural forest dense, B= Temperate natural forest open, C= Sub
tropical natural forest, D= Cardamom based agroforestry system, E= Mandarin based 
agroforestry system, F= Open cropped area temperate, G= Open cropped area sub
tropical, H= Wasteland area temperate and I= Wasteland area subtropical. Different 
letters above each bar denotes significant difference (P<0.05) among land-use/covers 
(Tukey's honestly significant difference test). 
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(a) 

25 35 

(b) 

5 0.1 

Fig. 7.3 Distribution of mean C0
2 

flux rates along gradients of(a) soil temperature and 
soil moisture (0-15 em). The multiple regression equation was: C0

2 
flux= 2.982 + 0.1 08T 

- 0.014 M, where Tis soil temperature and M is soil moisture, (r2= 0.273, P<0.05), (b) 
soil organic carbon and microbial biomass carbon. The multiple regression equation 
was: C02 flux= 4.392-0.745 OC + 27.195 MBC, where OC is soil organic carbon and 
MBC is soil microbial biomass carbon (r2= 0.391, P<0.005). 
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Fig. 7Aa Compartmental flow of carbon in temperate natural forest dense. Unit is tC 
ha-1 for compartments and tC ha-1 yr·1 for flows. Broken lines indicate the values are not 
measured. Curved lines indicate the loss of carbon out of the system. AT= Atmosphere, 
LF= Leaf, BO= Bole, BR= Branch, RT=Root, AG= Aboveground herbaceous biomass, 
BG= Belowground herbaceous biomass, FL= Floor litter, HM= Humus, SL= Soil and 
MB= Microbial biomass. 
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Fig. 7 .4b Compartmental flow of carbon in temperate natural forest open. Unit is tC 
ha-1 for compartments and tC ha-1 yr-1 for flows. Broken lines indicate the values are 
not measured. Curved lines indicate the loss of carbon out of the system. AT= Atmo
sphere, LF= Leaf, BO= Bole, BR= Branch, RT=Root, AG= Aboveground herbaceous 
biomass, BG= Belowground herbaceous biomass, FL= Floor litter, HM= Humus, SL= 
Soil and MB= Microbial biomass. 
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Fig. 7.4c Compartmental flow of carbon in subtropical natural forest open. Unit is tC 
ha-1 for compartments and tC ha-1 yr-1 for flows. Broken lines indicate the values are not 
measured. Curved lines indicate the loss of carbon out of the system. AT= Atmosphere, 
LF= Leaf, BO= Bole, BR= Branch, RT=Root, AG= Aboveground herbaceous biomass, 
BG= Belowground herbaceous biomass, FL= Floor litter, HM= Humus, SL= Soil and 
MB= Microbial biomass. 
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Fig. 7 .4d Compartmental flow of carbon in cardamom based agroforestry system. Unit 
is tC ha-1 for compartments and tC ha-1 yr1 for flows. Broken lines indicate the values 
are not measured. Curved lines indicate the loss of carbon out of the system. AT= At
mosphere, LF= Leaf, BO= Bole, BR= Branch, RT=Root, CK= Catkin, CL= Cardamom 
leaf, PS= Pseudostem, RR= Root/Rhizome, CP= Cardamom capsule, FL= Floor litter, 
HM= Humus, SL= Soil and MB= Microbial biom·ass. 
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Fig. 7.4e Compartmental flow of carbon in mandarin based agroforestry system. Unit 
is tC ha-1 for compartments and tC ha-1 yr-1 for flows. Broken lines indicate the values 
are not measured. Curved lines indicate the loss of carbon out of the system. AT= 
Atmosphere, LF= Leaf, BO= Bole, BR= Branch, RT=Root, OF= Orange fruit, AGR= 
Aboveground residue, BGR=Belowground residue, LCR= Litter and crop residue, 
AGY= Agronomic yield, SL= Soil and MB= Microbial biomass. 
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Fig. 7.4f Compartmental flow of carbon in open cropped area temperate. Unit is tC 
ha-1 for compartments and tC ha-1 yr-1 for flows. Broken lines indicate the values are 
not measured. Curved lines indicate the loss of carbon out ofthe system. AT= Atmo
sphere, AGR= Aboveground residue, B~R= Belowground residue, AGY= Agro
nomic yield, SL= Soil and MB= Microbial biomass. 
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Fig. 7.4g Compartmental flow of carbon in open cropped area subtropical. Unit is tC 
ha·' for compartments and tC ha·1 yr·1 for flows. Broken lines indicate the values are not 
measured. Curved lines indicate the loss of carbon out of the system. AT= Atmosphere, 
AGR= Aboveground residue, BGR= Belowground residue, AGY= Agronomic yield, 
SL= Soil and MB= Microbial biomass. 

189 



,'' 
_____ A..':: 
I I 
I I 
I I 

: VEG : 
I I 
l-------1 

.................. 

,,"' 
, 

............ 
A 

, 

-____ A..'::'',,,'' 
I 
I 

I I 

: VEG ·: 
I I 

'-------· ', 
..................... 

', A 

(h) 

AT +----

10.59 

89 r---
SL 

0.09 

0.24 
. MB 

(i) 

AT ~ 

13.39 

124 r---
SL 

0.19 

0.23 
MB 

Fig. 7.4 Compartmental flow of carbon in (h) wasteland area temperate and (i) waste
land area subtropical. Unit is tC ha-1 for compartments and tC ha-1 yr1 for flows. Broken 
lines indicate the values are not measured. AT= Atmosphere,SL= Soil, MB= Microbial 
biomass and VEG= Vegetation.The box in doted line indicates values were not mea
sured. 
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