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Abstract

The strength of carbon sink and stock was assessed in a protected savanna of the Orinoco Llanos by the harvesting plant
phytomass and using allometric relationships between the dry mass and the censuses of plant height. Thus, changes in the
carbon stock and the proportion in the tree /grass proportion were evaluated throughout age states. Results indicate that the
carbon stock in the vegetation increased from 207 to 9215 g C m™2 whereas in the soil, it varied 6680 to 12196 g C m ™2,
The carbon stock accumulation was mainly related to increases in the woody layer from 36 to 9215 g C m~? (255-fold) and
in the soil from 1341 to 12196 g C m™? (nine-fold), respectively. The estimated pool of carbon sequestered in the Orinoco
Llanos by the restored forest in 51 years was 5.69 Pg C. The expansion and conservation of this carbon pool might remove
CO, from the atmosphere to help compensate for CO, liberation associated with other land uses or industrial practices.

© 1998 Elsevier Science B.V.
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1. Introduction

Savannas are characterized by a wide range of
physiognomic types, which primarily reflect varia-
tion in tree cover and density (San Jose and Montes,
1991). The balance between tree /grass components
is dynamic and a function of the complex interaction
of climate, soil, water availability and disturbance
(Whittaker, 1975; Walker and Noy-Meir, 1982; Cole,
1986; Yeaton, 1988: Skarpe, 1991, 1992). Grass-
dominated vegetation, including savannas, covers 20

Corresponding author. E-mail: jsanjose @oikos.ivic.ve.

to 30% (1500 X 1012 m?) of the terrestrial biosphere
(Pemadasa, 1991; Werner, 1991). As a result, this
vegetation type has the potential to influence the
global carbon budget.

Humans have a history of influencing the
tree /grass balance in neotropical savannas dating
back to the last glaciation (Wijmstra and van der
Hammen, 1966; van der Hammen, 1992). Recently,
the impact of human activity on savannas has in-
creased due to demographic and economical pres-
sures (Young and Solbrig, 1993). Predictions indi-
cate that the savanna human population, now calcu-
lated to be in one-fourth of the world’s population,
will increase significantly in the near future (Scoones
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et al., 1993). Much of the land has been converted
into forestal plantations or developed for intensive
agriculture and pasture. In addition, intensive
petroleum extraction and refining activities in the
Orinoco Llanos, where the petroleum belt covers
over 25% of the whole area, released on estimated
0.057 Pg C yr~' in 1990. This is equivalent to 6% of
the total carbon emission in the northern of the
Orinoco Llanos (MARNR, 1995). Together, these
changes in savanna land use have the potential to
influence global biochemical.

Neotropical woody vegetation has been cleared
and opened by fire yielding wide-spread savannas in
the tropical zone (San Jose et al., 1991). The annual
rate of conversion of tropical grassland to agriculture
is 0.0033 X 10'> m* yr~! and the annual deforesta-
tion is 1.7% (FAO, 1983). The human impact on this
vegetation has released a significant magnitude of
CO,, due to changes in soil carbon associated with
harvested wood and the increase in cultivated areas.
Conversion of tropical forest to permanent agricul-
ture and grazing lands has reduced the carbon den-
sity by 40%; whereas conversion to pasture has
reduced the carbon content by 20% (Detwiler and
Hall, 1988a,b). In the neotropics, the net release of
carbon to the atmosphere due to deforestation ranged
from 0.20-2.5 Pg C yr™!; particularly the grazing
systems released 0.046 Pg C yr~' (Molofsky et al.,
1984; Detwiler et al., 1985; Detwiler and Hall, 1988b;
Hao et al., 1990; Houghton, 1991b). Houghton et al.
(1987) have reported that for 1980, approximately
80% of the net carbon flux from biota (1.8 Pg of C
yr~') is associated with change in land use in the
tropics.

The net balance between carbon sinks and sources
in the savanna region as well as the management of
the size and nature of sinks to control the greenhouse
effect have been predictively modelled by several
authors (Emanuel et al., 1985a,b; Keeling et al.,
1989; Tans et al., 1990; Burke et al., 1991; Schimel
et al., 1990; Mosier et al., 1991; Ojima et al., 1993;
Taylor and Lloyd, 1992; Parton et al., 1995). How-
ever, there is scarce information on the savanna
carbon budget.

The aim of this work is to temporarily assess the
strength of a protected neotropical savanna as a
carbon sinks in the Orinoco Llanos. In this protected
savanna, allometric relationships between the dry

mass of the individual trees species and plant height
were used for scaling the temporal variation in the
carbon proportion of the tree/grass components.
Probable consequences of the change in the savanna
carbon budget are analyzed.

2. Materials and methods
2.1. Study site

The area was located at the Biological Reserve,
Calabozo, Venezuela (8°56'N; 76°25' W). The land-
scape of the study site is an alluvial highland formed
from detrital material (alluvial cones and deltaic
deposits), accumulated during lower Pleistocene in
the Mesa formation (Hedberg and Pyre, 1944). The
soil was classified as Haplustox according to the US
Soil Taxonomy System (Soil Survey Staff, 1975).

The vegetation growing season occurs from April
to November with 98% of the annual precipitation
(1249 mm). The studied area presents a megaisother-
mal climate with monthly mean temperature ranging
from 29.0 (April) to 26.7°C (December). This small
annual variation contrasts with the daily oscillation,
which ranges from 10 to 15°C. Annual pan evapora-
tion was 2210 mm, which reflects a proportion of 2:1
in comparison with the rainfall data.

The vegetation is a closed bush island savanna
(Hill, 1969), consisting of isolated patches of semi-
deciduous forest (San Jose et al., 1978). Characteris-
tic species of the upper stratum (12-25 m) were
Cassia moschata, Hymenaea courbaril and Co-
paifera publiflora. A second stratum (5-12 m) was
characterized by Lonchocarpus ernestii, Luehea
candida, Pterocarpus podocarpus, Fagara caribaea,
Vochysia rvenezuelana, Cochlospermum vitifolium
and Godmania aesculifolia. The inconspicuous shrub
stratum (2-5 m) was dominated by Chomelia
spinosa, Ervthroxylum orinocense and Randia ac-
uleata. A discontinuous herbaceous stratum included
Xanthosoma helleborifolium, Caladium bicolor,
Bromelia chrysantha and Ruellia paniculata. Plant
names follow the nomenclature Venezuelan National
Herbarium.

The patches of semi-deciduous forest are vegeta-
tion remnants, which are protected by chance. They
occupy an area usually <12 m in diameter, al-
though this may sometimes increase to 1 ha or more.
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One of the main reason for their permanence is the
belt of fire resistant species, such as Curatella amer-
icana, Bowdichia virgilioides and Byrsonima crassi-
folia, that surrounds the edge of the patches that act
as firebreaks and thus, provide fire protection to
seedlings.

2.2. Census of vegetation

Temporal changes in carbon stock were assessed
in a 3 ha permanent plot, which was protected from
tire and cattle grazing. This method is the more
reliable for studying vegetational changes (Mueller-
Dombois and Ellemberg, 1974; Austin, 1981; Kent
and Coker, 1992). Thus, the 3 ha-plot was censused
periodically for tree density in 1961 (Blydenstein,
1963), 1969 (San Jose and Farifias, 1971), 1977 (San
Jose and Farifias, 1983) and 1986 (San Jose and
Farifias, 1991). The initial stage of this plot repre-
senting a burned savanna with grass dominated cover
and few scattered trees served as a control or base-
line from which were compared and evaluated
changes in the protected savanna. The vegetational
trend observed in this plot (San Jose and Farifias,
1991: San Jose et al., 1994) indicate that after 25
years of protection, the savanna is changing toward a
woodland vegetation, which is similar to the patches
of semi-deciduous forest found in the annually burned
savannas. Therefore, the vegetational sequences in-
ferred from the protected plot was completed by
including the largest semi-deciduous forest found in
the Biological Reserve.

The tree density trend observed in the protected
plot toward the semi-deciduous forest was assessed
in terms of the standing crop using a dimension
analysis consisting of the allometric relationships
between the aboveground dry mass of individual tree
species and plant height. Censuses of plant height
were taken in the protected plot at the assumed age
states (1961, 1964, 1977 and 1986) by recording
individuals of each species and numbering all stems
above or equal to 0.05 m. Since some new tree
species have spread vegetatively, it was impossible
to determine whether new individuals were the re-
sults of new seed establishment or vegetation propa-
gation of existing trees. Therefore, we will refer to
them as tree stems or stems. Structure and descrip-
tion of the studied vegetations were given elsewhere

(Montes and San Jose, 1995). The largest forest
patch of semi-deciduous forest (1.3 ha) was selected
at the Biological Reserve and all the stems (> 5 cm
height) were counted during 1991 as described above.

2.3. Determination of the carbon stocks in the vege-
tation and soil at the assumed age states

2.3.1. Woody component

2.3.1.1. Aboveground carbon stock. Allometric rela-
tionships. Allometric relationships have been used
for determinations of the standing crop in a wide
range of woody vegetations. A review on this
methodological approach was outlined by Whittaker
and Mark (1975), Brown et al. (1989), Kauppi and
Mielikaimen (1992) and Wofsy et al. (1993). Thus,
height /biomass relationships were determined for
each tree species found in the studied savannas. The
full range of heights represented in stands was sam-
pled for 0.5 m height increments by felling 40 trees
per height class. The trees were selected at random
in protected and burned savannas, including scattered
individuals in the herbaceous layers as well as trees
growing in the semi-deciduous forest patches.
Leaves, branches and stems were weighted, and
subsamples were oven-dried at 80°C until constant
dry mass. Whole plant fresh weights were then
converted to dry weight based on these fresh/dry
weight ratios from subsamples.

2.3.1.2. Belowground carbon stock. In the study
plots in Section 2.3.1.1, the number of soil plots
needed for 20% precision in the belowground carbon
stock determinations was assessed (Sokal and Rohlf,
1981) using the following procedure. Plots of 25 m’
each were randomly selected for among those when
trees had been harvested. The soils were excavated at
0.1 m increments to 0.3 m depth. Soil samples from
0.0 to 0.3 m depth contained more than 85% of the
tree belowground dry mass up to 2 m soil depth (San
Jose et al., 1995). Roots were separated by flotation
method (McKell et al., 1961) and it was possible to
distinguish the tree roots from these herbaceous plants
because of differences in morphological aspects and
the resistance to breaking of the woody roots (Bohm,
1979). Roots samples were dried out at 80°C until
constant dry mass. The previous procedure indicated
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that four plots of 25 m? were needed for 20%
precision in the belowground determinations.

2.3.2. Herbaceous components. Aboveground and
belowground carbon stocks

At the protected plot, the herbaceous phytomass
was determined when censuses for tree height were
carried out at each age state. Ten samples, each 16
m?, were harvested at random for peak aboveground
phytomass. As the herbaceous layer composition
changed along gradients extending from beneath trees
to between trees, we just sampled between the trees
for dealing with this spatial variation at the plot
scale. At harvest time, the material was separated by
species into assimilatory and non-assimilatory phy-
tomass material. Samples were oven dried at 80°C to
a constant dry mass.

At each aboveground sampling, three soil sam-
ples, each 4 m? were chosen to estimate below-
ground dry mass (Weigert, 1962). The samples were
dug up to 0.3 m, where soil contains more than 80%
of the total belowground dry mass (San Jose et al.,
1985). Roots were separated by the flotation method
(McKell et al., 1961) and oven dried at 80°C to a
constant dry mass.

2.3.3. Calculation of areal carbon stock encompass-
ing woody and herbaceous components

Areal carbon stock was obtained by summing
area-weighted plots estimates from the area covered
by woody and herbaceous within the protected plot.
The woody vegetation area was calculated from the
horizontal projection of the tree crowns by taking the
elliptical axes. A temporal series of aerial pho-
tographs (1:25.000) corresponding to the censused
data, were used to validate the calculated tree crown
area. The carbon density in the dry mass of the
vegetation was calculated using the proportion of
carbon in woody and herbaceous vegetations (43%)
as found by Hedges et al. (1986).

2.3.4. Soil component

At each age state, triplicates of soil samples were
taken up to 1 m at 0.1 m depth increment for the
percent of organic carbon by the Walkley and Black
method (Jackson, 1958). The percent of soil organic
matter was converted to percent of total organic
carbon by dividing the percent of total organic mat-

ter by 1.724. The factor 1.724 is based on the
assumption that carbon constitutes about 58% of the
soil organic matter (Cox, 1972). Subsequently, the
percent of total organic carbon was converted to g C
m? by correcting the percent of total organic carbon
for readily oxidizable carbon as it was by 0.77
(Walkley, 1947) and relating the corrected values to
soil volume by considering soil bulk density. Soil
bulk density was determined by the method proposed
by Pla Sentis (1977).

3. Results
3.1. Allometric relationships

The relationship between total aboveground dry
phytomass (Y) and plant height ( x) were statistically
fitted (Table 1) using the equations: (1) Y = ae”~; (2)
Y=ab*; (3) Y=ae"/* and (4) Y=ax". Standard
errors of the regression coefficients (Sokal and Rohlf,
1981) ranged from 0.015 to 0.355 for all tree species.
Systematic error in the logarithmic calculations was
corrected by following Baskerville (1972) and
Beauchamp and Olson (1973).

Above 83% of the variance in dry mass was
explained by tree height. The test for equality of
slopes (Sokal and Rohlf, 1981) indicated that
height-biomass relationships differed significantly
among species. An exception of these results were
the equation for Bactris sp. and Casearia hirsuta.
Therefore, we used species-specific regressions for .
estimating biomass.

The accuracy of the assessments was evidenced
when the regression estimates were compared with
the harvesting of the aboveground dry mass from
four savanna stands of 625 m? each, which included
a density spanned from 300 to 1000 individuals
ha~'. This density range represents the change in
density measured in the protected plot throughout
time (San Jose and Farifias, 1991). The calculated
results based on allometric relationships were differ-
ent, 12% in relation to the harvested aboveground
dry mass.

3.2. Carbon stocks and fluxes with the conversion of
savanna to a semi-deciduous forest

Temporal changes in the woody carbon stock
from a protected savanna to a semi-deciduous forest
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Table |

Allometric relationships between dry mass in grams (Y} and plant height (x) (m) for the specie growing in the Biological Reserve of the

Orinoco Llanos

Species Coefficient
Model a b S.E.

Allophylus occidentalis Radl. 1 419.90 0.64 0.125
Buctris sp. 3 18704.71 7.13 0.290
Bowdichia virgilioides HBK 4 184.61 3.39 0.1t6
Byrsonima crassifolia HBK 4 342,92 3.21 0.089
Caesalpinia coriaria Willd | 2823 1.19 0.036
Casearia decandra Jacq. 4 106.81 3,07 0.176
Casearia hirsuta Sw. 3 19651.43 —6.53 0.312
Cuassia moschata HBK 4 186.63 3.12 0.176
Cecropia peltata L. 4 106.28 3.11 0.321
Cereus jamacaru DC. 1 281.22 0.59 0.061
Cochlospermum vitifolium (Willd.) Spreng 4 40.61 3.10 0.106
Connarus venezuelensis Baill l 105.79 0.71 0.058
Copaifera officinalis HBK 4 9.84 4.10 0.338
Cordia hirta Johnston 4 85.84 2.69 0.159
Curatella americana L. 4 486.82 298 0.126
Fugura caribaea Engl. 1 264.91 0.61 0.042
Ficus sp. 1 257.75 0.55 0.045
Genipa caruto HBK 1 275.17 0.74 0.041
Godmania macrocarpa Hemsley 1 444 .47 0.53 0.023
Guazuma ulmifolia Lam 4 15.65 3.80 0.213
Guettarda elliptica Sw 1 168.69 0.60 0.019
Lonchocarpus ernestii Harms. 4 25.14 347 0.118
Mimosa tenuiflora L. 4 198.60 2.51 0.079
Luehea candida (DC) Mart. 1 531.88 0.50 0.036
Machaerium pseudoacutifolium Pittier 1 208.68 0.62 0.052
Pithecellobium carabobense Harms 4 23.78 3.74 0.355
Platymiscium pinnatum (Jacq.) Dugan 1 166.00 0.065 0.057
Protium sp. 4 218.62 1.99 0.186
Pterocarpus podocarpus Blake 1 163.32 0.53 0.027
Spondias mombin L. 4 54.07 345 0.189
Tabebuia blakeana Pittier 1 254.70 0.64 0.053
Vitex appuni Moldenke 1 194.82 0.78 0.037
Vochysia venezuelana Stafleu 1 174.00 0.60 0.019
Xylopia aromatica (Lam.) Mart. | 376.24 0.52 0.015
Xylosma pallidifolium Sleumer 4 241.93 2.55 0.190

Mode! number (1) ¥ = ae”*; (2) Y =ab*: (3) Y =ae”/* and (4) Y = ax”.
a and b are the coefficients for the model and S.E. is the standard error of the regression coefficient ()

are shown in Table 2. This forest represents the
restored vegetational step following savanna protec-
tion (San Jose et al., 1991). Results (Table 2) indi-
cate that after protection, the aboveground carbon
stock in the woody vegetation increased from 20 g C
m® in the burned savanna to 8006 g C m~2 in the
forest (390-fold). The belowground carbon stock in-
creased from 15 to 1209 g C m™? and the total

carbon sequestration in the vegetation increased from
36109215 ¢ C m™2.

Before protection, pyro-resistant species (Table 2)
(Curatella americana, Byrsonima crassifolia and
Bowdichia virgilioides) in the burned savanna accu-
mulated 98% of the aboveground carbon stocks in
the vegetation. After 25 years of protection, these
species retained 50% of the aboveground carbon
stock accumulated by the community. Among the
non-resistant, the species Cochlospermum vitifolium
accumulated the relatively greater percent of carbon
(3%). 1n the forest, these pyro-resistant species stored
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Table 2

Temporal changes in the plant carbon stock (C g m™?) of all tree species in the censuses of a savanna plot (3 ha) protected against fire and
cattle grazing since 1961 as compared to carbon stock in a semi-deciduous forest at the Orinoco Llanos. Woody cover was determined from
aerial photographs

Species Burned savanna Years after savanna protection Semi-deciduous forest
8 16 25
Allophylus occidentalis Radl. - - - 4.329 -
Bactris sp. - - 0.016 0.034 0.459
Bowdichia virgilioides HBK 4.357 5.703 14.343 30.277 291.032
Byrsonima crassifolia HBK 14.583 23.553 26.802 157.804 566.774
Caesalpinia coriaria Willd — - - - 5.163
Casearia decandra Jacq. - 0.074 0.885 12.082 2.698
Casearia hirsuta Sw. - - - 2.071 -
Cassia moschata HBK 0.249 0.624 0.651 5.741 1225.810
Cecropia peltata L. - - - 8.107
Cereus jamacaru DC. - - - - 0.046
Cochlospermum vitifolium (Willd.) Spreng ~ 0.110 1.419 15.113 375.042
Connarus venezuelensis Baill - 0.001 0.006 0.089 0.028
Copaifera officinalis HBK - — 0.002 0.079 1448.045
Cordia hirta Johnston - 0.066 0.017 1.098 0.857
Curatella americana L. 1.364 9.387 25.090 202.887 869.886
Fagara caribaea Engl. - - 0.002 0.360 61.813
Ficus sp. — - - - 662.182
Genipa caruto HBK - 0.114 0.454 3.478 28.707
Godmania macrocarpa Hemsley — 0.209 0.201 6.710 95.444
Guazuma ulmifolia Lam - - - - 41.581
Guettarda elliptica Sw - 0.066 0.262 9.288 121.510
Lonchocarpus ernestii Harms. - - - - 194.135
Mimosa tenuiflora L. - - - 0.003 -
Luehea candida (DC) Mart. - - 0.149 5.257 0.338
Machaerium pseudoacutifolium Pittier - - 0.063 1.958 341.544
Pithecellobium carabobense Harms - - - - 3.237
Platymiscium pinnatum (Jacq.) Dugan - 0.008 0.037 1.162 121.781
Protium sp. - - - 1.514 -
Pterocarpus podocarpus Blake - - - 1.992 157.102
Spondias mombin L. - - - 2.217 3.160
Tabebuia blakeana Pittier - - - 0.575 14.719
Vitex appuni Moldenke - - - - 1311.027
Vochysia venezuelana Stafleu - - 0.016 0.068 53.703
Xylopia aromatica (Lam.) Mart. - - 0.069 0.405 -
Xylosma pallidifolium Sleumer - - 0.000 0.001 -
Aboveground carbon stock (g C m™?) 20.566 39.889 70.742 463.652 8006.000
Belowground carbon stock (g C m™2) 15.507 25.616 31.824 162.497 1209.300
in vegetation
Total 36.073 65.505 102.566 626.149 9215.300
Annual mean absolute C uptake rate 4.205 4.632 58.175
(gCm~2 yr™ 1)
Annual mean relative C uptake rate 0.085 0.056 0.201
(gCm™2 yr™ 1)
21% of the aboveground carbon stock. Only three ground carbon. These results indicate that after sa-
species (Copaifera officinalis, Vitex appuni and Cas- vanna protection, there were few species determining

sia moschata) accumulated 48% of the total above- the carbon partitioning in the vegetation. As the
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protection time proceeded, species invaded the plot
and total carbon in the community was stored by a
larger number of species. In the forest, the species
individually accumulated less than 20% of the
aboveground carbon stock in the community.

The total carbon stock (W) as a function of the
protection time (#) was expressed by the following
equation: W =26.655 ¢*''*'; r? =0.99; Fs = 124.3.
This equation was used to calculate the restoration
time of the protected vegetation to reach a forest
state. Consequently, it was estimated in 51 years.

The annual mean absolute carbon uptake rate
(AMACUR) (Table 2) of the vegetation was calcu-
lated for each protection interval by using the data
from the increment in carbon stock (AW) and its
respective interval of time (At). This rate is given by
the following equation (Watson, 1952; Lieth, 1965)
AMACUR = AW/At. The calculated AMACUR
varied from 4 to 58 C g m™? yr~'. The annual mean
relative carbon uptake rate (AMACUR) was evalu-
ated from the equation (Blackman, 1919; Fisher,
1921) AMACUR = (InW, — InW,) /At. The calcu-

Table 3

lated annual mean absolute carbon uptake
(AMACUR) of the vegetation varied throughout the
protection time from 0.085 to 0.201 g m™2 yr™'.

3.3. Areal carbon stock in the temporal scaling
vegetation considering the weighted areas of the
herbaceous and woody layers

In the burned savanna vegetation (Table 3), the
areal aboveground carbon stock encompassing the
weighted herbaceous and woody components was
228 g C m~2. After protection, the areal above-
ground stock increased to 8006 g C m™? in the
forest. The areal belowground carbon stock increased
from 172 to 1209 g C m~2. Thus, after protection,
the areal total carbon stock in the vegetation in-
creased from 407 to 9215 g C m~2, Therefore, the
forest stored 22-fold more carbon than that in the
burned savanna. This increment of carbon density
reflects a greater carbon stored in the aboveground
compartment (35-fold) as compared to that in the
belowground compartment (seven-fold). The areal

Temporal changes in the plant carbon stock (g C m™2) of the herbaceous, woody and soil components in the savanna and semi-deciduous
forest groves of the Orinoco Llanos. Woody cover was determined from aerial photographs

Burned savanna

Years after savanna protection

Semi-deciduous forest

8 16 25
Aboveground carbon stock
Herbaceous component 207.937 279.223 453.270 322.199 -
Woody component 20.566 39.889 70.742 463.652 8006.0
Total 228.500 319.112 524.012 785.852 8006.0
Belowground carbon stock
Herbaceous component 156.793 179.312 203914 112.922 -
Woody component 15.507 25.616 31.824 162.497 1209.3
Total 172.300 204.929 235.739 275.419 1209.3
Total carbon stock
Herbaceous component 364.730 458.535 657.184 435.121 -
Woody component 36.073 65.505 102.566 626.149 9215.3
Total vegetation carbon stock 400.806 524.040 759.750 1060.270 9215.3
Soil carbon stock
Associated with herbs 5339.1 5166.7 5093.1 2414.0 -
Associated with trees 1341.5 1494.0 1646.4 7195.6 12196.0
Total soil carbon stock 6680.6 6670.7 6639.5 9609.6 12196.0
Total system carbon stock 7081.406 6941.100 7399.250 10670.870 214113
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carbon stock in the soil of the burned savanna reached
75% of the total carbon stored in the system. Whereas
in the forest, it was 56%.

In the herbaceous layer, the total sequestered car-
bon increased from 364 to 657 g C m~? during 16
years of protection. Thereafter, it decreased up to
435 g C m™?. Whereas, in the woody layer, it
increased throughout the protection time from 36 to
626 g C m 2. In the soil of the herbaceous layer, the
carbon stock decreased from 5339 to 2414 g C m 2.
Whereas, in the woody layer, it increased from 1341
to 9609 g C m~2. The forest stored three-fold more
carbon (21411 g C m™?) in both the vegetation and
soil compartments than that in the burned savanna
(7081 g C m™2).

4. Discussion

Results indicated that burned savannas of the
Orinoco Llanos released from 97 ¢ C m™2 yr™'.
This value was corrected for the production of char-
coal during pyrolysis (18-24% for grasses on an
ash-free dry mass basis) as well as for the emission
of particulates from the savannas (1 g 100 g~' of
burned organic matter) (Seiler and Crutzen, 1980). If
the surface covered by the Orinoco plains (0.28 X
1012 m?) was behaving in the same way as these
types of savanna and the average burning efficiency
was 75% (Seiler and Crutzen, 1980), then the carbon
released by burning savannas would be 0.020 Pg C
yr~!. A relatively lower value (0.0031 Pg C yr™')
was estimated by the Venezuelan Environmental
Ministry (MARNR, 1995) using an average burned
efficiency of 13%. However, if the efficiency were
75%, such as that proposed by Seiler and Crutzen
(1980), then the estimated carbon released using the
data from MARNR (1995) would be 0.0178 Pg C
yr“, which is similar to that reported here. Our
value represent 0.7% of the annual carbon output
from savanna burning around the world (2-4 Pg C
yr~!) as proposed by Seiler and Crutzen (1980). For
the entire tropics, the net annual source from the
Orinoco savannas represents 10% of the carbon re-
leased from humid savannas (0.12—-0.30 Pg C yr ")
as estimated by Lanly (1982) due to land use change.

In the protected savanna systems, change in car-

bon stock occurred with the invasion of woody
species. It affected the relative proportion and pro-
duction of the tree /grass components. Such changes
result in modification of the carbon stocks in the
herbaceous and woody components as well as in the
soil. Thus, a protection consequence was to increase
the total areal carbon stock from 7081 to 21411 g C
m~2. This variation was mainly due to a carbon
increase in the vegetation from 400 to 9215 g C m~*
(22-fold); whereas in the soil, it spanned from 6680
to 12196 g C m~?2, (2-fold). The carbon increase in
the vegetation reflects a major variation in the car-
bon stock of the woody layer from 36 to 9215 g C
m~2 (255-fold). Therefore, after the protection, the
woody layer was the major sink for carbon seques-
tering. A similar sequestered amount of carbon (4000
to 10000 g C m™?) has been reported for tropical
open forest by Whittaker and Likens (1973), Seiler
and Crutzen, 1980, Brown and Lugo (1984). Thus,
tree invasion of the protected savanna represents a
terrestrial sink, with an annual mean strength of 45 g
Cm™2 yr '

In the burned savanna and forest, the soil carbon
stock was 6680 and 12196 g C m™?, respectively.
These values were lower as compared to those in the
native savannas of Carimagua and Matazul Farm at
the Meta plains, Colombia (18 650-19700 g C m~?)
(Fisher et al., 1994). This variation might reflect
unlikeness in species composition, soil types includ-
ing depth of sampling and climatic conditions. If the
differences between the soil carbon stock in the
burned savanna and forest were used to estimate the
carbon release from a disturbed forest soil, then the
suggested annual carbon lost would be 108 g C m~?2
yr~ !, which represent 45% of the total soil carbon in
the forest. Similar maximum finding (114 ¢ C m™2
yr~!) has been reported by Seiler and Crutzen (1980).
However, a literature review suggests a relatively
lower reduction (20-25%) as a typical value for loss
of carbon from soils after disturbance (Schlesinger,
1986; Detwiler et al., 1985).

The data from the changes in the areal carbon
stock from the protected savannas toward a semi-de-
ciduous forest could be used to infer the carbon
sequestering pool by the forest vegetation in the
Orinoco Llanos. Thus, if the total carbon stock in the
analyzed forest was 21411 g C m™? and if the area
covered by the Orinoco plains (0.28 X 10" m? in

S AT
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area) in northern South America was behaving in the
same way as this type of vegetation, then the seques-
tering pool of carbon in the restored forest would be
5.99 Pg C in 51 years. The assumption of a semi-de-
ciduous forest covering partially the Orinoco Llanos
is based on the studies of the permanent plot (San
Jose et al., 1994) and the bio-climatic features of the
Orinoco Llanos as a dry tropical forest as outline by
the Holdrige’s approach (Ewel and Madriz, 1968). In
the vegetation of the semi-deciduous forest, the car-
bon pool (2.58 Pg C) represents 44% of the total
carbon pool calculated for open forests of tropical
America (Brown and Lugo, 1984). Therefore, a pro-
tected vegetation sink might remove CO, from the
atmosphere to compensate for CO, emissions, and it
might provide a means of controlling CO, concentra-
tion. As a result of protection of the savannas as well
as expansion and conservation of the semi-deciduous
forest in the Orinoco Llanos, significant quantities of
carbon could be sequestered in the region. Natural
regeneration of disturbed forest seems to have a
larger effect on carbon sequestration as compared to
plantation and agroforestry (Houghton, 1991a,b;
Trexler and Haugen, 1993). Recently, evaluations of
forests as carbon sources and sinks has been carried
out at different latitudes (Wisniewski and Sampson,
1993; Dixon et al., 1994; Rodriguez Murillo, 1997).

The results of the present work indicate that
savannas could accumulate carbon over decades if
they were protected. Such changes would result not
only in modification of the carbon stocks in the
herbaceous and woody components, but also in feed-
back effects on atmospheric properties as related to
variation in albedo and hydrological features (Reck,
1989), thereby affecting the water balance and local
energy balance.

Year-to-year fluctuations in the carbon balance
budget of the semi-deciduous forest of the Orinoco
Llanos seems to be considerable. Thus, in a forest
patch, the difference between soil respiration (Zelwer,
1969) and litter production might be up to 124 g C
m~* yr~'. Such results demonstrate the potential of
the forest to act as a carbon source. If all the forest
of the Orinoco Basin (0.28 X 10'2 m?) were behav-
ing in the same way as the semi-deciduous forest, the
carbon source in the basin would be 0.034 Pg C
yr~'. On the other hands, the undisturbed tropical
forest accumulated (0.56 Pg yr~') in southwest

Amazonian (Grace et al., 1995). Therefore, year-to-
year fluctuations in the carbon balance budget in
mature forest would result in an annual carbon up-
take or release from the system. Therefore, long term
measurements will be necessary in order to obtain a
net result of the system as carbon sink or source in
the global carbon cycle. Furthermore, nutrients and
water might constrain community CO, uptake, and
as a consequence of climatic change, the carbon
released by respiration and decomposition might in-
crease (Ojima et al., 1993; Cebrian and Duarte,
1995, Parton et al.,, 1995). In the atmosphere, the
equilibrium condition seems to be changing as the
level of the atmospheric CO, increases up to 2 ppm
yr~! due to fossil fuel combustion and land use
change (Detwiler et al., 1985; King et al., 1992).
Therefore, net uptake of CO, by the mature forest
communities can decrease the greenhouse effect
(FAO, 1983; Lugo and Brown, 1992; Wofsy et al.,
1993; Grace et al., 1995).

Acknowledgements

This work was conducted within the Savanna
Bioproductivity MAB (UNESCO) project of the
Venezuelan Institute for Scientific Research (IVIC)
and partially sponsored by the National Research
Council of Venezuela (CONICIT) and as a part of
the Man and the Biosphere Programme (MAB /UN-
ESCO). We appreciate the skillful technical assis-
tance of R. Bracho MSc, N. Nikonova MSc and C.
Buendia MSc, from the Ecological Center at IVIC.

References

Austin, M.P., 1981. Permanent quadrats: an interface for theory
and practice. Vegetatio 46, 1-10.

Baskerville, J., 1972. Use of logarithmic regression in the estima-
tion of plant biomass. Can. J. For. Res. 2, 49-53.

Beauchamp, J.J., Olson, J.S., 1973. Corrections for bias in regres-
sion estimates after logarithmic transformation. Ecology 54,
1403-1407.

Blackman, V.H., 1919. The compound interest law and plant
growth. Ann. Bot. 33, 353-360.

Blydenstein, J., 1963. Cambios en la vegetacién después de la
proteccién contra el fuego: Parte 1. El aumento anual en



260 J.J. San Jose et al. / Forest Ecology and Management 105 (1998) 251-262

materia vegetal en varios sitios en la Estacién Bioldgica. Bol.
Soc. Vene. Cienc. Natl. 23, 233-238.

Bohm, W., 1979 Methods of Studying Root Systems. Ecological
Studies, Vol. 33, Springer-Verlag, Berlin, 188 pp.

Brown, S., Gillespie, A.J., Lugo, A.E., 1989. Biomass estimation
methods for tropical forest with applications to forest inven-
tory data. For. Sci. 35, 881-902.

Brown, S., Lugo, A.E., 1984. Biomass of tropical forest: a new
estimate based on forest volume. Science 223, 1290-1293.
Burke, I.C., Kittel, T.G., Lauenroth, W.R., Snook, P., Yonker,
C.M., Parton, W.J., 1991. Regional analysis of the Central

Great Plains. BioScience 41, 685-692.

Cebrian, J., Duarte, C.M., 1995. Plant growth-rate dependence of
detrital carbon storage in ecosystems. Science 268, 1608-1610.

Cole, M.M., 1986. The Savannas: Biogeography and Geobotany.
Academic Press, New York, 738 pp.

Cox, G.M. 1972. Laboratory Manual of General Ecology, 2nd
edn., Brown, Iowa, USA, 195 pp.

Detwiler, R.P., Hall, C.A., 1988a. The global carbon cycle (letter).
Science 241, 1738-1739.

Detwiler, R.P., Hall, C.A., 1988b. Tropical forest and the global
cycles. Science 239, 42-47.

Detwiler, R.P., Hall, C.A., Bogdonoff, P., 1985. Land use change
and carbon exchange in the tropics: II. Estimates for the entire
region. Environ. Manage. 9, 335-344.

Dixon, R.K., Brown, S., Houghton, R.A., Solomon, A.M., Trexler,
M.C., Wisniewski, J., 1994. Carbon pools and flux of global
forest ecosystems. Science 263, 185-190.

Emanuel, W.R., Shugart, H.H., Stevenson, M., 1985a. Climatic
changes and the broad-scale distribution of terrestrial ecosys-
tem complexes. Clim. Change 7, 29-43.

Emanuel, W.R., Shugart, H.H., Stevenson, M., 1985b. Response
to comment: climatic change and the broad-scale distribution
of terrestrial ecosystem complexes. Clim. Change 7, 457-460.

Ewel, J., Madriz, A., 1968. Zonas de Vida de Venezuela, Ministe-
rio Agricultura Cria. Editorial Sucre, Caracas, 264 pp.

FAO, 1983. Production Yearbook. FAO., Rome, 350 pp.

Fisher, R.A., 1921. Some remark on the methods formulated in a
recent article on the quantitative analyses of plant growth.
Ann. Appl. Biol. 7, 367-372.

Fisher, M.J., Rao, LM., Ayarza, M.A., Lascano, C.E., Sanz, J.I,
Thomas, R.J., Vera, R.R., 1994. Carbon storage by introduced
deep-rooted grasses in the South American savannas. Nature
371, 236-238.

Grace, J., Loyd, J., Mclntyre, J., Miranda, A.C., Meir, P., Miranda
Heloisa, S., Nobre, C.. Moncrieff, J., Massherder, J., Malhi,
Y., Wright, 1., Gash, J., 1995. Carbon dioxide uptake by an
undisturbed Tropical Rain Forest in Southwest Amazonia,
1992 to 1993. Science 270, 778-780.

Hao, W.H., Liu, M.H., Crutzen, P.J., 1990. Estimates of annual
and regional release of CO, and other traces to the atmosphere
from fire in the tropics. In: Goldammer, J.G. (Ed.), Fire in the
Tropical Biota. Ecological Studies, Vol. 48, Springer-Verlag.
Berlin, pp. 440-462.

Hedberg, H., Pyre, A., 1944. Stratigraphy of northern Anzoategui,
Venezuela. Am. Assoc. Petro. Geol. Bull. 28, 1-28.

Hedges, J.J., Clark, W.A., Quay, P.D., Richey, J.E., Devol, A.H,,

Urbento, S.M., 1986. Compositions and fluxes of particulates
organic material in the Amazon river. Limn. Ocean. 31,
717-730.

Hill, T.L.. 1969. The savanna landscapes of the Amazon Basin.
Savanna Research Series No. 14, McGill Univ., Canada, 39
PP-

Houghton, R.A., 1991a. Tropical deforestation and atmospheric
carbon dioxide. Clim. Change 19, 99-118.

Houghton, R.A., 1991b. Biomass burning from the perspective of
the global carbon cycle. In: Levine. S. (Ed.), Global Biomass
Burning: Atmospheric, Climatic and Biosphere Implications.
Massachusetts Institute of Technology Press, Cambridge.
Boston, MA, pp. 321-325.

Houghton, R.A., Boone, R.D., Fruci, J.R., Hobbie, J.E., Melillo,
J.M., Palm, C.A., Peterson, B.J., Shaver, G.R., Woodwell,
G.M., Moore, B., Skole, D.L., Myers, N., 1987. The flux of
carbon from terrestrial ecosystems to the atmosphere in 1980
due to changes in the land use: geographic distribution of the
global flux. Tellus 39B, 122-139.

Jackson, M.L., 1958. Soil Chemical Analysis. Prentice-Hall, New
York, 360 pp.

Kauppi, P.E., Mielikaimen, K.K., 1992. Biomass and carbon
budget of European forests, 1971 to 1990. Science 256, 70-74.

Keeling, C.D., Bacastow, R.B., Carter, A.F., Piper, S.C., Whorf,
T.P., Hjeimann, M., Hook, W.G., Roeloffzen, H.A., 1989. A
three-dimensional model of atmospheric CO, transport based
on observed winds: 1. Analysis of observational date. In:
Peterson, D.H. (Ed.), Geophysical Monograph, No. 55, Ameri-
can Geophysical Union, Washington, DC, pp. 165-236.

Kent, M., Coker, P., 1992. Vegetation Description and Analysis.
A Practical Approach. CRC Press, Boca Raton, FL, 363 pp.

King, A., Emanuel, W., Post, W., 1992. Projecting future concen-
trations of atmospheric CO, with global carbon cycle models:
The importance of simulating historical changes. Environ.
Manage. 16, 91-108.

Lanly, L.P., 1982. Tropical forest resources. United Nations 32 /6,
1301-78-04, Technical report 4, FAO, Rome.

Lieth, H., 1965. Okologische Fragestellungen bei der Unter-
suchumg der biologischen Stoffproduction: . Qualitas Plant.
Mater. Vegetabilies 12, 241-261.

Lugo, A.E., Brown, S., 1992. The storage and production of
organic matter in tropical forest and their role in the global
cycle. Biotropica 14, 161-187.

MARNR, 1995. Inventario preliminar de emisiones de gases de
efecto invernadero en Venezuela. Proyecto PNUMA,
GF /4102-92-40, Ministerio Ambiente Recursos Naturales
Renovables y Ministerio Energia Minas, Caracas, Venezuela,
61 pp.

McKell, C.M., Wilson, A.M., Jones, M.B., 196]1. A flotation
method for easy separation of roots from soil samples. Agric.
J. 53, 56-57.

Molofsky, J.. Menges. E.S., Hall, C.A., Armentano, T.V., Ault,
K.A., 1984. The effects of land use alteration on tropical
carbon exchange. In: de Vezirogh, T.N. (Ed.), The Biosphere:
Problems and Solutions, Elsevier, Amsterdam, pp. 181-194.

Montes, R., San Jose, J.J., 1995. Vegetation and soil analysis of
topo-sequences in the Orinoco Llanos. Flora 190, 1-33.



J.J. San Jose et al. / Forest Ecology and Management 105 (1998) 251-262 261

Mosier. A., Schimel, D., Valentine, D., Browson, K., Parton, W.,
1991. Methane and nitrous oxide fluxes in native, fertilized
and cultivated grasslands. Nature 350, 330-332.

Mucller-Dombois. D., Ellemberg, H., 1974. Aims and Methods of
Vegetation Ecology. John Wiley and Sons, New York, 547 pp.

Ojima, D.S.. Parton. W.J., Scurlock, J.M.. Kittel, T.G., 1993.
Modeling the effect of climatic and CO, changes on grassland
storage of soil C. Water Soil Pollut. 70, 643-657.

Parton. W.J.. Scurlock. J M., Ojima. D.S.. Schinel, D.S., Hall,
D.O.. Scopegram Groupmembers, 1995. Impact of climate
change on grassland production and soil carbon worldwide.
Global Change Biol. 1, 13-22.

Pemadasa, P.S., 1991. Tropical grasslands of Sri Lanka and India.
In: Werner, P.A. (Ed.), Australian Perspectives and Interconti-
nental Comparisons. Blackwell Scientific Publications, Lon-
don, pp. 51-58.

Pla Sentis, 1., 1977. Metodologia para caracterizacion fisica con
fines de diagndstico de problemas de manejo y conservacién
de suelos en condiciones tropicales. Curso de Post-grado en
Ciencias del suelo. Facultad de Agronomia, Universidad Cen-
tral de Venezuela, Mimeografiado, Maracay, Venezuela, |11

Reclpf R.A., 1989. The albedo effect. Sci. Am, 261, 2-3.

Rodriguez Murillo, J.C., 1997. Temporal variations in the carbon
budget of forest ecosystems in Spain. Ecol. Appl. 7, 461-469.

San Jose, J.J., Farifias, M.R., 1971. Estudio sobre los cambios de
la vegetacién protegida de la quema y el pastoreo en la
Estacién Bioldgica de los Llanos. Bol. Soc. Vene. Cienc. Natl.
119-120, 136-146.

San Jose, J.J., Farifias, M.R., Ravinovich. J., 1978 Anilisis
cuantitativo de la vegetacién arbérea de la Estacién Biologica
de los Llanos: 1. Mapa de disposicién, frecuencia y densidad.
Bol. Soc. Vene. Cienc. Natl. 33, 5-147.

San Jose, J.J., Farifias, M.R., 1983. Changes in tree density and
species composition in a protected Trachypogon savannas,
Venezuela, Ecology 64, 447-453.

San Jose, J.J., Farinas, M.R., 199]. Temporal changes in the
structure of a Trachypogon savanna protected for 25 years,
Acta Oecologia 12, 237-247.

San Jose, J.J., Farifias, M.R., Rosales, J., 1991. Spatial patterns of
trees and structuring factors in a Trachypogon savanna of the
Orinoco Llanos. Biotropica 23, 114-123.

San Jose, J.J., Farifnas M.R., Montes, R.A., 1994. Assessment of
the ecological equilibrium in a neotropical savanna excluded
from fire as a driving force. Proc. 2nd Int. Conf. Forest
Research, Coimbra 21 /24 Nov. 1994, Portugal, pp. 875-884.

San Jose. J.J.. Montes, R.A., 1991. Regional interpretation of
environmental gradients which influence Trachypogon savan-
nas in the Orinoco Llanos. Vegetatio 91, 21-32.

San Jose. J.J.. Montes, R.A., Florentino, A., 1995. Soil dynamic
and water balance in a semi-deciduous forest grove of the
Orinoco savannas. Oecologia 101, 141-150.

San Jose. J.J.. Montes. R.. Garcia Miragaya, J., Orihuela, B.,
1985. Bioproduction of Trachypogon savannas in a latitudinal
cross-section of the Orinoco Llanos, Venezuela. Acta Oeco-
logica 6. 25-43,

Schlesinger, W.H.. 1986. Changes in soil carbon storage and

associated properties with disturbance and recovered. In: Tra-
balka, J.R., Reichle, D.E. (Eds.), The Changing Carbon Cy-
cles. Springer-Verlag, Berlin, pp. 194-220.

Schimel, D.S., Parton, W.J., Kittel, T.G., Ojima, D.S., Cole, C.V.,
1990. Grassland biochemistry: links to atmospheric processes.
Clim. Change 17. 13-25.

Scoones, I.. Toulmin, C., Lane, C., 1993. Land tenure for pastoral
communities. In: Young, M.D., Solbrig, O.T. (Eds.), The
World’s Savannas. Economic Driving Forces, Ecological Con-
straints and Policy Options for Sustainable Land Use. Man and
the Biophere Series, Vol. 12, The Pathernon Publishing, New
York, pp. 49-64.

Seiler, W., Crutzen, P.C., 1980. Estimates of gross and net fluxes
of carbon between the biosphere and the atmosphere from
biomass burning. Clim. Change 2, 207-247.

Skarpe, C., 1991. Spatial patterns and dynamics of woody vegeta-
tion in an arid savanna. J. Veg. Sci. 2, 565-572.

Skarpe, C., 1992. Dynamics of savanna ecosystems. J. Veg. Sci.
3, 293-300.

Soil Survey Staff, 1975. Soil Taxonomy. A basic system of soil
classification for making and interpreting soil survey. USDA
Agriculture Handbook 436. US Government Printing Office
Washington, DC, 539 pp..

Sokal, R., Rohlf, F., 1981. Biometry, New York, 859 pp.

Tans. P.P., Fung, 1.Y., Takaharhi, T., 1990. Observational con-
straints on the global atmospheric carbon dioxide budget.
Science 247, 1431-1438.

Taylor, J.A., Lloyd, J., 1992. Sources and sinks of atmospheric
CO,. Aust. J. Bot. 40, 407-417.

Trexler, M.C., Haugen, G.A., 1993. Keeping it green: using
tropical forestry to mitigate global warming. World Resources
Institute, Washington, DC.

van der Hammen, T., 1992. Historia, Ecologia y Vegetacion.
Colombiana para La Amazonia. Araracuara. Editorial Gente
Nueva, Santafé de Bogotd, Colombia, 411 pp.

Walker, B.H., Noy-Meir, 1., 1982. Aspects of the stability and
resilience of savanna ecosystem. In: Huntley, B.J., Walker,
B.H. (Eds.), Ecology of Tropical Savannas. Springer-Verlag,
Berlin, pp. 556-590.

Walkley, A.A., 1947. A critical examination of a rapid method for
determining organic carbon in soils: effects of variations in
digestion conditions and of inorganic soil constituents. Soil
Sci. 63, 251-261.

Watson, D.J., 1952. The physiological basis of variation in yield.
Adv. Agron. 4, 101-145.

Werner, P.A., 1991. Savanna ecology and management (special
edn.), J. Biogeography. Blackwell Scientific, London, 221 pp.

Whittaker, R.H., 1975. Communities and Ecosystems, 2nd edn.,
Macmillan, New York, 385 pp.

Whittaker, R.H., Likens, G.E., 1973. Carbon in the biota. In:
Woodwell, G.M., Pecan, E.V. (Eds.), Carbon and the Bio-
sphere. US Atomic Energy Commission CONF-720510. Natl.
Tech. Inf. Ser., Springfield, VA, USA. pp. 281-302.

Whittaker, R.H., Mark, L., 1975. Methods of assessing terrestrial
productivity. In: Lieth, H., Whittaker, R.H. (Eds.), Primary
Productivity of the Biosphere. Ecological Studies No. 14,
Springer-Verlag, Berlin, pp. 55-118.



262 J.J. San Jose et al. / Forest Ecology and Management 105 (1998) 251-262

Weigert, R.T., 1962. The selection of an optimal quadrat size for
sampling the standing crop of grasses and forbs. Ecology 43,
125-129.

Wijmstra, T.A., van der Hammen, T., 1966. Palynological data on
the history of tropical savanna in northern South America.
Leidse Geologische Medelingen. 38, 71-90.

Wisniewski, J., Sampson, R.N., 1993. International workshop on
terrestrial biosphere carbon fluxes: quantification of sink and
sources of CO,. Bad Harzburg, Germany, March 1993. Water,
Air and Soil Pollution 70, 1-4.

Wofsy, S.C., Goulden, M.L., Wunger, J.W., Fan, S.M., Bakwin,

P.S., Daube, B.C., Bassow, S.L., Bazzaz, F.A., 1993, Net
exchange of CO, in a mid-latitude forest. Science 260, 1314—
1317.

Yeaton, R.I., 1988. Porcupines, fires and the dynamics of the tree
layer of the Burkea africana savanna. J, Ecol. 76, 1017-1029.

Young, M.D., Solbrig, O.T., 1993. The World’s Savannas. The
Parthenon Publishing Group, Man and the Biosphere Series.
UNESCO, Paris, 350 pp.

Zelwer, M., 1969. Contribucién al problema de la respiracin
edafica. Tesis de Licenciatura en Biologia, Escuela de Biologfa,
Universidad Central de Venezuela, Caracas, Venezuela, 45 pp.



