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ABSTRACT One striking example of such changes is the replace-
ment of forest by pasture in the Amazon Basin (MoraesConversion of tropical forest to agricultural management has im-
et al., 1996; Piccolo et al., 1996; Steudler et al., 1996;portant implications for C storage in soils and global climate change.
Fearnside and Barbosa, 1998; Cerri et al., 1999). TheThe Nova Vida Ranch in the Western Brazilian Amazon basin pro-

vided a unique opportunity to study the conversion of tropical forests Amazon Basin covers an area of some 7 million km2,
to pastures established in 1989, 1987, 1983, 1979, 1972, 1951, and 1911, and the central part is almost entirely located within
in comparison with uncleared forest. Soils were analyzed for organic Brazilian territory (Pires and Prance, 1986). This region
C, bulk density, total N, pH, clay content, and biomass C. The forest has the highest rates of deforestation in the world (Skole
soil contained 34 Mg C ha�1 in the 0- to 30-cm layer: modeling clear- and Tucker, 1993; INPE, 1998). Between 15 000 and
ance and conversion to pasture caused an initial fall in the C stock, 29 000 km2 of forest were cleared every year over the
followed by a slow rise. After 88 yr, the pasture soil contained 53% past two decades, and the total area deforested now
more C than the forest soil. The increase in total N on conversion to exceeds 500 000 km2 (INPE, 1998). Cattle pasture domi-pasture was less marked, which led to C/N ratios in the pasture soils

nates this once-forested land in most of the basin (Piresbeing higher than in the forest soil. The Rothamsted C turnover model
and Prance, 1986; Skole and Tucker, 1993). Fearnside(RothC-26.3) was used to simulate changes in the 0- to 10- and 0- to
and Barbosa (1998) estimated that 75% of the defor-30-cm layer of soils when forest was converted to pasture. The model
ested land had been managed as pasture at one stagepredicted that conversion to pasture would cause a 54% increase in
or another.the stock of organic C in the top 30 cm of soil in 100 yr. The modeled

input of plant C to the 0- to 30-cm layer of soil under pasture was A decline in soil C stocks is almost universally ob-
assumed to be 8.28 Mg C ha�1 yr�1. The model provided a reasonable served when tropical forest is cleared and cropped
estimate of the microbial biomass (BIO) C in the 0- to 10-cm soil (Batjes and Sombroek, 1997; Shang and Tiessen, 1997;
layer. This was an independent test of model performance, because Lal, 1998; Bruce et al., 1999). In contrast, pasture grasses
no adjustments were made to the model to generate output. have the potential to introduce large amounts of organic

matter to the soil (Fisher et al., 1994; Boddey et al., 1996;
Rezende et al., 1999). Increased soil C concentrations in

Land-use change in the tropics is of critical impor- surface horizons are a common consequence of pasture
tance in the global C cycle because: (i) soil organic formation from cleared moist tropical forest in the Ama-

matter turnover is faster in tropical than in temperate zon Basin (Bonde et al., 1992; Moraes, 1995; Trumbore
ecosystems (Trumbore et al., 1995); (ii) tropical ecosys- et al., 1995; Moraes et al., 1996; Neill et al., 1997; Ber-
tems contain large amounts of C (Moraes et al., 1995; noux et al., 1998a). Fearnside and Barbosa (1998) re-
Fearnside and Barbosa, 1998; Bernoux et al., 1998a; viewed soil C changes brought about by conversion of
Cerri et al., 1999); and (iii) land-use change is occurring the Brazilian Amazon forest to pasture and found that
rapidly in tropical regions (Skole and Tucker, 1993; Neill pasture soils can be a net sink or a net source of C,

depending on management.et al., 1997; Instituto Nacional de Pesquisas Espaciais
Our goal in this paper was to model long-term impacts[INPE], 1998).

of converting forest to pasture on C stocks, using dataOver the last 25 yr more than 70 million ha of native
collected from the Nova Vida ranch in the Westernvegetation in Brazil have been replaced by pastures for
Brazilian Amazon basin. Some of these data are newbeef production. The substitution of native vegetation
and some come from earlier work.on such a large scale with African grasses (often from

the genus Brachiaria) is likely to have an impact on
nutrients and organic matter composition, as well as a MATERIALS AND METHODS
regional impact on hydrology and water quality. It

Description of the Study Areawould be expected to affect CO2 respiration and C se-
The study area is located in the Western Brazilian Amazonquestration in soils. In turn, these effects on C dynamics

Basin, in the state of Rondônia, at the Nova Vida Ranch (62�at large landscape scales would be important in global
49� 27″ W long.; 10� 10� 05″ S lat.), between the cities ofC budget and climate change.
Ariquemes and Jaru. The climate of the region is humid tropi-
cal, with a dry season from May to September. Annual rainfall
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Table 1. Nova Vida Ranch chronosequence data compiled fromThe Nova Vida Ranch covers an area of 22 000 ha, and
different authors (all citations reported forest data).is a mixture of native forest and pastures of different ages.

Different areas of the ranch were converted from forest to Chronosequence site sampled
Citation Year sampled (Age in years as of 1999)pasture in 1989, 1987, 1983, 1979, 1972, 1951, and 1911. Dates

of conversion were established from Nova Vida records and This publication†‡ 1999 12, 16, 27, 88
from satellite images (Moraes et al., 1996). All the pastures Feigl et al. (1995)†§ 1991/1992 3, 5, 9, 10, 12, 16, 20, 42, 82

Moraes (1995)†¶# 1991 3, 5, 9, 10, 12, 16, 20, 41, 88studied in this work are within 5 km of each other and the study
Moraes et al. (1996)†‡¶# 1992 2, 3, 4, 6, 9, 13, 19, 27, 41, 81area has a similar topography (Moraes et al., 1996; Steudler et
Neill et al. (1996)†‡¶†† 1993 2, 3, 5, 9, 13, 20, 41, 81al., 1996). Piccolo et al. (1996)†¶ 1994 3, 5, 20

According to Neill et al. (1997) this chronosequence repre- Fernandes et al. (2001)†§ 1994 3, 6, 10, 12, 21, 81
sents one of the longest sequences in the Amazon region. The

† Total C and N content.pastures were converted directly from forest without interme- ‡ pH in water.
diate use for annual crops. This makes them particularly valu- § Microbial biomass C content.

¶ Bulk density.able for evaluating the effects of continuous pasture, without
# Clay content.the confounding factor of those brief cropping phases that are
†† Effective cation-exchange capacity and base saturation.common in the Amazon and which complicate many pas-

tures studies. (Table 1). Soil data from the 1999 sampling has not beenSoils are classified as Podzólicos Vermelho-Amarelo (Red previously published (Table 2). Data was combined from pas-Yellow Podzolic) in the Brazilian classification scheme and ture sites sampled in 1991, 1992, 1993, 1994, and 1999, whichas Ultisols (kandiuldults) in the U.S. soil taxonomy (Moraes provided a pasture chronosequence of 0 (forest), 2, 3, 4, 5, 6,et al., 1995). This soil type covers about 35% of the Brazilian 9, 10, 12, 13, 14, 16, 19, 20, 21, 27, 41, 42, 81, 82, or 88 yr.Amazon Basin (Bernoux et al., 1998a; Bernoux et al. 1998b; In 1999, soil samples were collected from the forest andCerri et al., 1999). According to Moraes et al. (1996), the Red from pastures created in 1911, 1972, 1983, and 1987. NineYellow Podzolic occurs on both the top and the upper slope small pits, each spaced 50 m apart on a 3 by 3 grid, were locatedof the low hills that characterize this region. Below the leaf on representative areas of the forest and at each pasture site,litter, the surface horizon is normally a very thin (10 cm) layer making a total of 45 soil pits. Soil samples (each �2 kg) wereof bleached sand. The A horizon is a weakly structured sand taken by knife from the 0- to 5-, 5- to 10-, 10- to 20-, and 20-clay loam, about 10 cm thick. The AB horizon extends to to 30-cm layers down the side of each pit. Samples were air-25 cm. The B1 horizon is brown or yellowish red, gradually dried and sieved (2 mm) to remove stones and root fragmentschanging with depth to a sandy clay, with a weakly developed before analysis.blocky structure. The underlying B2 horizon is yellowish red Soil chemical and physical properties for the samples col-to red, soft, porous, sandy clay in texture with a massive struc- lected in 1999 were analyzed in the same laboratory, usingture. The lower part of this horizon may contain up to 50% the same techniques that were used to analyze the samplesgravel and stones (from 2–20 cm in diameter) composed of collected in 1991, 1992, 1993, and 1994. This procedure wasflat ferruginous sandstone, subrounded ferruginous rock, and adopted so that the analytical techniques were consistent overangular and subangular quartz. The average depth of this the whole time span, using the same quality controls. Soil bulkgravel and stone layer is 150 cm, with an observed range of density, clay content, pH, effective cation-exchange capacity50 to 250 cm. In the underlying BC layer, no gravel is encoun- (CEC), base saturation, soil BIO C, C and N concentrationstered but some fragments of weathered rock can be observed. were measured as described by Anderson and Ingram (1989),The clay minerals consist of kaolinite and small amounts of Embrapa (1979), Piccolo et al. (1996), Moraes et al. (1996),gibbsite in both B and C horizons. Feigl et al. (1995), and Fernandes et al. (2001).The native forest vegetation of the ranch is classified as Bulk density was measured in the field with volumetric steel“open humid tropical forest,” with large numbers of palms. rings. Particle-size fractions were determined by hydrometerThe most common palms are Orbignya barbosiana, Oenocar- after destruction of organic matter with H2O2, followed bypus spp., Jessenia bataua, Euterpe precatoria, and Maximiliana dispersion in a mixer with sodium hexametaphosphate (2 gregia (Pires and Prance, 1986). Selective logging removed three in 250 mL water). Soil pH was measured in water (2.5:1) onor four economically valuable trees per hectare in the forest air-dried soil. Total C and N were measured by dry combustionsites between 1987 and 1990 (Piccolo et al., 1996). The pasture on a LECO CN elemental analyzer (furnace at 1350�C in puresites were developed by a slash and burn technique used to oxygen). Microbial biomass C, measured by Feigl et al. (1995)clear the original forest and then establish the grass species and Fernandes et al. (2001), was determined using the chloro-
(Graça et al., 1999). This was done by cutting brush in March, form fumigation-extraction technique (Brookes et al., 1985;
followed by tree harvest in June and July. The remaining trees Vance et al., 1987). Soil samples (corresponding to 25 g of
and bush were burned at the beginning of the next rainy season dry weight) were fumigated with CHCl3 for 24 h at 25�C
in September or early October, followed by seeding of pasture (Jenkinson and Powlson, 1976). After removal of the CHCl3,grasses. All pastures were created in a similar manner. The the C was extracted from fumigated and unfumigated samples
pastures cleared in 1989, 1987, 1972, and 1911 are dominated with 0.5 M K2SO4 for 1 h on an end-over-end shaker (soil/
by brachiarão (Brachiaria brizantha) and the pastures cleared solution 1:4). Organic C in the filtered extracts was determined
in 1983, 1979, and 1951 are dominated by colonião (Panicum by the acid dichromate oxidation method. Microbial biomass
maximum). Mechanized agricultural practices or chemical fer- C flush (difference between extractable C from fumigated and
tilizers were not used on any of the pastures (Steudler et unfumigated samples) was converted to soil BIO C using a
al., 1996). KEC factor of 0.30 (Feigl et al., 1995).

Soil Chemical, Physical, and Biological Properties Soil Carbon Stocks Adjusted for Bulk Density
Most of the soil data used in this paper was taken from Measurement of soil bulk density is essential to calculate

Feigl et al. (1995), Moraes (1995), Moraes et al. (1996), Neill soil C stocks (Bernoux et al., 1998b). Several studies have
reported increases in soil bulk density in tropical pastureset al. (1996), Piccolo et al. (1996), and Fernandes et al. (2001)
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Table 2. Carbon and N concentrations in soil sampled in 1999 sites. It is now not possible to check these assumptions because
under forest and pasture from the Nova Vida Ranch, Brazil. the soils were not sampled when pastures were created, nor

was plant productivity measured. However, there were differ-Land use/pasture
establishment year Pasture age C N ences in clay content among sites that would not have changed.

On the other hand pasture management was similar for allyr g kg�1

pastures (e.g., establishment, animal stocking rate, grass spe-0–5 cm
cies), which means disturbance and C inputs were likely similar

Forest 14.4 (5.6)‡ 1.2 (0.4) across the chronosequences.1987† 12 28.0 (6.4) 1.8 (0.4)
1983 16 19.1 (3.4) 1.4 (0.2)
1972 27 23.4 (3.7) 1.7 (0.3)

Statistical Analysis1911 88 22.5 (4.1) 1.8 (0.4)
5–10 cm We used the following tests to compare the difference be-

Forest 9.7 (2.0) 0.9 (0.2) tween measured and simulated data from the Nova Vida
1987 12 13.5 (1.7) 1.2 (0.1) Ranch chronosequence: sample correlation coefficient (r),
1983 16 11.8 (1.7) 1.1 (0.1)

root mean square error (RMSE), and mean difference be-1972 27 13.0 (1.8) 1.1 (0.1)
tween measurements and simulation (M). Details of these1911 88 15.2 (2.2) 1.4 (0.2)
tests can be found in Smith et al. (1996) and Smith et al. (1997).10–20 cm

Forest 7.6 (1.5) 0.7 (0.1)
1987 12 9.0 (1.6) 0.8 (0.1)
1983 16 8.7 (1.0) 0.8 (0.1) RESULTS AND DISCUSSION
1972 27 8.0 (1.5) 0.7 (0.1)
1911 88 11.6 (1.4) 1.0 (0.1) Total Soil and Microbial Biomass Carbon

20–30 cm The spatial arrangement of the pastures and forests
Forest 5.7 (0.7) 0.6 (0.0) on the study site evolved over time. Thus, this did not1987 12 6.2 (1.2) 0.6 (0.1)
1983 16 6.4 (1.1) 0.6 (0.1) provide a robust design for rigorous statistical analysis.
1972 27 5.8 (0.8) 0.6 (0.1) None-the-less, the unique chronosequence and use of
1911 88 7.6 (1.2) 0.7 (0.1)

univariate statistics provides important inferences on C
† year of pasture establishment. dynamics and is a basis for predicting long-term effects
‡ Numbers in parentheses are standard errors.

of pasture on C stocks in soils. The concentrations of
C and N in the soils sampled in 1999 are given in Table 2.relative to the original forest (Bonde et al., 1992; Trumbore
Table 3 presents a compilation of data from all the worket al., 1995; Moraes et al., 1996; Neill et al., 1997; Bernoux
on the Nova Vida soils, including that in Table 2. Whereet al., 1998b; Fearnside and Barbosa, 1998). We used the
necessary, data for Table 3 were estimated by interpola-methodology described in Moraes et al. (1996), to correct soil
tion, using weighted averages, calculated from data col-C stocks to an equivalent depth basis, that is, the depth of

pasture soil that contains the same mass of soil as the corre- lected in other sampling years in the same pasture. As
sponding layer of the original forest. Therefore, we corrected expected, the lowest C concentrations in the chrono-
soil C stocks to 30 cm based on sampling of a soil mass in the sequence occurred in the forest and in the youngest
pastures that was equal to the mass to 30-cm depth in the pasture and the highest concentrations in the oldest
native forest. This resulted in calculating C stocks based on pastures (Table 3).
a depth of slightly �30 cm when bulk density increased under Nitrogen content did not increase with age of thepasture and slightly �30 cm when the bulk density decreased.

pasture, contrary to C, which did increase. Forest sites
showed similar concentrations of N as pasture areas. In

The Rothamsted Carbon Model Para, Brazil (which has a similar ecosystem to ours),
We used the Rothamsted Carbon Model (RothC-26.3) to Buschbacher et al. (1988) also found no clear relation-

simulate changes in soil C in the chronosequence. The RothC- ship between soil N content and pasture age, but that
26.3 (described in detail by Jenkinson et al., 1992; Coleman soil N content was lower in an intensively managed 8
and Jenkinson, 1996 and Coleman et al., 1997) model predicts yr-old pasture than a less intensively managed pasture.
organic C turnover in non-waterlogged topsoils according to After pasture establishment, the N content of the 0- to
soil type, temperature, moisture content, and plant cover. It 5-cm layer ranged from 1.3 to 1.7 g kg�1. In the 5- touses a monthly time step to calculate total C, BIO C, and �14C

10-cm layer, N varied from 0.7 to 1.2 g kg�1 (Table 3).on a years-to-centuries timescale. In this model, soil organic
Carbon/N ratios were generally higher in the surfaceC is split into four active fractions and one small inert organic

soils of the pastures than in the native forest (Table 3).matter (IOM) fraction. The four active fractions are decom-
This behavior is consistent with the relatively greaterposable plant material (DPM), resistant plant material (RPM),

BIO, and humified organic matter (HUM). Each fraction de- accumulation of C compared with N in the older pas-
composes by a first-order process with its own characteristic tures (Moraes, 1995; Neill et al., 1996).
rate. The IOM fraction is resistant to decomposition. Forest clearance caused soil pH in the top 10 cm to

RothC is solely concerned with soil processes and does not increase by about two units within 5 yr after which it
contain a submodel for plant production as does the CEN- slowly decreased (Table 3). Clay content increased with
TURY model (Parton et al., 1987). The RothC model’s main soil depth and was different between sites, but theseadvantage is that it runs on data that are readily available

are not related to pasture age (Moraes et al., 1996;(Smith et al., 1997).
Bernoux et al., 1998a). The bulk density of forest soilWe used the RothC under the assumptions that (i) all sites
in the surface 0- to 5-cm soil layer ranged from 1.14 towere the same before forest clearance and, (ii) that subsequent

pasture developments proceeded similarly in the different 1.24 Mg m�3 compared with pasture which was higher



1882 SOIL SCI. SOC. AM. J., VOL. 67, NOVEMBER–DECEMBER 2003

Table 3. Soil properties at depth increments to 30 cm under forest or pastures established since 1911 to 1989 at Nova Vida Ranch, Brazil.

Land Use Clay C N Bulk density pH (H2O)

g kg�1 Mg m�3

0–5 cm
Forest 183 15.00 (4.7)‡ 1.3 (0.3) 1.19 (0.05) 5.1 (0.5)
1989† 185 15.60 (6.3) 1.4 (0.5) 1.32 (0.11)§ 6.8 (1.1)
1987 259 22.20 (12.2) 1.7 (1.1) 1.32 (0.14) 7.6 (0.5)
1983 196 19.70 (6.4) 1.3 (0.4) 1.48 (0.09)§ 6.1 (0.2)
1979 203 20.10 (10.1) 1.5 (0.5) 1.36 (0.11) 6.1 (0.1)
1972 223 21.40 (5.8)§ 1.5 (0.6)§ 1.25 (0.10) 5.7 (0.4)§
1951 248 20.20 (5.4)§ 1.3 (0.4)§ 1.32 (0.10) 5.9 (0.3)§
1911 131 23.80 (3.2) 1.6 (0.7) 1.28 (0.05)§ 5.9 (0.4)

5–10 cm
Forest 264 9.80 (1.7) 0.9 (0.2) 1.37 (0.08) 4.7 (0.2)
1989 289 8.50 (1.9) 0.8 (0.2) 1.40 (0.08)§ 6.4 (1.0)
1987 316 11.40 (2.7) 1.0 (0.8) 1.41 (0.08) 7.2 (0.3)
1983 288 11.30 (1.9) 0.9 (0.1) 1.52 (0.10)§ 6.1 (0.3)
1979 242 9.80 (2.0) 0.7 (0.1) 1.41 (0.05) 6.1 (0.3)
1972 237 13.30 (3.3)§ 1.1 (3.0)§ 1.39 (0.08) 5.7 (0.3)§
1951 251 16.20 (4.1)§ 1.1 (1.8)§ 1.40 (0.13) 5.9 (0.4)§
1911 160 16.00 (2.4) 1.2 (0.9) 1.39 (0.07)§ 5.9 (0.5)

10–20 cm
Forest 300 7.10 (1.2) 0.6 (0.2) 1.44 (0.10) 4.5 (0.2)
1989 339 7.30 (1.1) 0.7 (0.1) 1.46 (0.11)§ 5.8 (0.9)
1987 346 8.30 (2.8) 0.7 (0.3) 1.39 (0.15) 6.9 (0.3)
1983 316 7.00 (1.1) 0.6 (0.1) 1.51 (0.08)§ 6.3 (0.3)
1979 281 6.10 (1.4) 0.5 (0.1) 1.43 (0.05) 6.2 (0.3)
1972 285 7.00 (1.1)§ 0.7 (0.2)§ 1.36 (0.07) 5.7 (0.3)§
1951 292 9.10 (1.5)§ 0.6 (0.2)§ 1.44 (0.11) 5.8 (0.2)§
1911 149 10.50 (1.0) 0.8 (0.1) 1.47 (0.06)§ 5.9 (0.5)

20–30 cm
Forest 345 5.90 (1.1) 0.4 (0.2) 1.45 (0.05) 4.8 (0.3)
1989 382 5.60 (1.4) 0.5 (0.1) 1.44 (0.09)§ 5.5 (0.7)
1987 383 6.40 (2.5) 0.5 (0.1) 1.38 (0.11) 6.6 (0.7)
1983 369 5.40 (1.7) 0.4 (0.2) 1.45 (0.04)§ 6.4 (0.3)
1979 305 4.80 (0.8) 0.3 (0.1) 1.41 (0.07) 6.2 (0.4)
1972 352 5.40 (0.6)§ 0.5 (0.2)§ 1.48 (0.08) 5.5 (0.4)§
1951 345 6.80 (2.2)§ 0.5 (0.1)§ 1.47 (0.13) 5.7 (0.6)§
1911 165 7.10 (0.3) 0.5 (0.3) 1.49 (0.05)§ 5.9 (0.2)

† Year of pasture management.
‡ Numbers in parentheses are standard errors.
§ Value estimated by interpolation.

and ranged from 1.25 to 1.48 Mg m�3 in the 0- to 5-cm Modeling the Soil Carbon Dynamics
layer. Averaging the data in Tables 2, showed that 56% Modeling Soil Organic Carbon Before Forest Clearing
of the total soil C was in the top 10 cm.

Before fitting the model to the data from the sevenCarbon stocks in the top 10 cm tended to increase
pasture sites in the chronosequence, it was necessary towith pasture age (Table 4). All seven pastures created
run RothC to generate the C content in the soil at theat different times had higher C stocks than the forest.
starting point, taken to be 34.4 Mg C ha�1 for all sevenThe smallest gains were in the youngest pasture and the
preclearing forest sites. At that time the organic C con-highest gain, about 11 Mg ha�1, in the oldest.
tent of the forest soil was assumed to be in steady state.The BIO C in the 0- to 10-cm layer ranged from 0.29

To do this, RothC was run for 10 000 yr with a DPM/to 0.86 Mg C ha�1, the smallest value being observed
RPM ratio value of 0.25, the value specified by Jenkin-for the 3-yr-old pasture (Table 4). The forest site con-
son et al. (1992) for deciduous or tropical woodland.tained 0.39 Mg biomass C ha�1, which represents 2.5%
Inert organic matter was calculated from the equationof the total soil C in the 0- to 10-cm layer. Pasture sites
of Falloon et al. (1998), since the radiocarbon age ofcontained between 1.7 to 3.3% of their total soil C in
the soil had not been measured on any of the soils inmicrobial C. This range is similar to that reported for
Table 3. From the measured C content of the 0- to 30-cmtropical soils by Grisi et al. (1998).
layer (34.4 Mg C ha�1), the Falloon et al. (1998) equationThe CEC varied from 3.79 to 8.41 cmol(�) kg�1

gave a value of 2.75 Mg C ha�1 as IOM. In the 0- to(Table 4). The CEC increased in young pastures (3 and
10-cm layer the measured C was 15.7 Mg C ha�15 yr old), but thereafter declined to levels markedly
(Table 4), giving an IOM of 1.13 Mg C ha�1. Althoughbelow that of the native forest soil. Base saturation
we have no radiocarbon measurements to set IOM,increased in young pastures and decreased somewhat
work by Gomes (1995) and Pessenda et al. (1998) indi-in the older pastures, driven by declines in exchangeable
cates that the Falloon et al. (1998) equation is not seri-base cations and increases in exchangeable Al3�. Ac-
ously in error when applied to these samples. From thecording to Neill et al. (1997), the short-term increases
radiocarbon measurements made by Gomes (1995) onin soil pH and in CEC at Nova Vida arise because the

forest was cleared by burning. soil sampled in 1994 from a forested area of the Nova
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Table 4. Soil characteristics for a chronosequence of native forest and pastures ranging from 2 to 88 yr at Nova Vida Ranch, Brazil.

C stocks
Biomass C CEC† Base saturation

Land use 0–30 cm 0–10 cm 0–10 cm 0–10 cm 0–10 cm

Mg ha�1 Mg C ha�1 cmol(�) kg�1 %
Forest 34.4 (2.02)‡ 15.7 (0.92) 0.39 (�0.01) 6.09 45
Pasture age (yr)
2 27.8 (1.40) 14.3 (0.72) — — —
3 35.3 (1.36) 17.1 (0.66) 0.29 (�0.01) 6.90 93
4 34.0 (1.07) 16.3 (2.09) — — —
5 44.6 (4.36) 24.2 (2.61) 0.41 (0.02) 8.41 96
6 43.9 (4.81) 23.1 (0.66) 0.40 — —
9 41.2 (2.25) 24.3 (1.19) 0.52 5.32 91
10 39.3 (2.02) 21.9 (1.58) 0.70 (0.22) — —
12 49.4 (3.57) 28.1 (2.02) 0.32 (0.17) — —
13 36.4 (1.56) 21.2 (0.91) — 3.79 86
14 35.4 (1.85) 19.9 (1.60) — — —
16 43.9 (4.48) 23.2 (1.98) 0.86 (�0.01) — —
19 29.8 (3.22) 14.5 (2.14) — — —
20 39.8 (2.53) 22.3 (0.88) 0.67 (0.06) 4.57 58
21 38.6 (1.98) 20.3 (1.60) 0.58 — —
27 43.9 (4.06) 24.3 (2.29) — — —
41 48.6 (2.95) 26.4 (0.98) 0.82 (0.07) 4.75 73
42 46.3 (3.62) 23.1 (1.42) 0.71 (0.19) — —
81 41.1 (1.77) 28.3 (2.31) 0.66 (0.06) 4.74 82
82 50.0 (1.32) 26.8 (0.98) 0.58 — —
88 52.6 (3.12) 24.9 (2.03) — — —

† Effective cation-exchange capacity.
‡ Numbers in parentheses are standard errors.

Vida ranch, we used RothC to calculate that 6.6% of phase. The clay content used for modeling was 286 g
kg�1 soil in the 0- to 30-cm layer and 234 g kg�1 soil forthe organic C in the 0- to 30-cm layer was in IOM. The

corresponding value calculated from the Falloon et al. the 0- to 10-cm layer, which was the same for forest.
The annual input was iteratively adjusted to give the(1998) equation was about 8%. The weather inputs were

taken from the meteorological station at Nova Vida least squares best fit between model and data. The best
fit for the 0- to 30-cm layer is shown in Fig. 1 for an inputRanch. Except when otherwise noted, the clay content

of the soil was taken as the mean (weighted averages) of 8.28 Mg C ha�1 yr�1. Figure 2 shows the correspond-
ing best fit for the 0- to 10-cm layer; the input is 4.68of all the data, that is, 234 g kg�1 for the 0- to 10-cm

layer and 286 for the 0- to 30-cm layer. Mg C ha�1 yr�1. Visual evaluation shows tolerable agree-
ment between modeled and measured data, especiallyThe annual input of C (from plant debris, roots, etc.)

needed to generate 34.4 Mg C ha�1 at the starting point in older pastures. The model predicts an initial decline
in soil C stock in the first years, following conversionwas calculated to be 4.52 Mg C ha�1 yr�1 for the 0- to

30-cm layer (monthly input 0.38 Mg C ha�1). In the
same manner, to obtain 15.7 Mg C ha�1 in the 0- to
10-cm layer we needed an input of 2.04 Mg C ha�1 yr�1

(0.17 Mg C ha�1 mo�1).

Predicting Soil Organic Carbon After Forest Clearing

According to Boddey et al. (1996), pasture needs
some time to become fully established after forest clear-
ance. To allow for this, we arbitrarily set the plant input
to zero in the first year of pasture creation: thereafter
annual input was taken as constant, even though it prob-
ably took 2 or 3 yr to achieve this constant value. The
input was applied uniformly throughout the year, even
though measurements of aboveground production in
Brachiaria pastures in Brazil and Colombia show pro-
duction to be markedly greater in the wet season than
in the dry (Boddey et al., 1996; Rezende et al., 1999).
Jenkinson et al. (1992) specified two DPM/RPM ratios
for grassland: 0.67 for unimproved grassland and scrub;
and 1.44 for improved grassland. We decided that the

Fig. 1. Predicted (solid line) and measured (symbols) total soil C inpasture sites at Nova Vida are more similar to improved
the 0- to 30-cm layer from the Nova Vida Ranch chronosequence,than unimproved grassland and used a 1.44 DPM/RPM Brazil. Clay content assumed to be 286 g kg�1 and C input assumed

ratio. The 0- to 30- and 0- to 10-cm layers were modeled to be 8.28 Mg ha�1 yr�1; pasture age (�) and forest (∗). Bars indicate
standard errors.separately: the weather inputs were used for the forest
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ferences between measured and simulated values were
small. Root mean square error can also be used directly
to compare errors in simulations made by different mod-
els, a lower value of RMSE indicating a more accurate
simulation (Smith et al., 1996). The RMSE values in
Table 5 are comparable with those found by Falloon
and Smith (2002), who also used RothC to simulate data
from six long-term experiments under temperate con-
ditions.

There are no measurements where total annual C
input was reduced to compare with our modeled value
of 8.28 Mg C ha�1 yr�1 for the 0- to 30-cm layer of soil,
although there are some measurements of aboveground
production that are broadly compatible with our calcula-
tions. Boddey et al. (1996) measured a mean herbage
production (aboveground) of 22.1 Mg DM ha�1 yr�1 in
a range of Brachiaria pastures—equivalent to 8.84 Mg
C ha�1 yr�1. Rezende et al. (1999) developed a value of
20.6 Mg DM ha�1 yr�1 (8.24 Mg C ha�1 yr�1) for Brachi-
aria pastures with a stocking rate of 2 animals ha�1.Fig. 2. Modeled (solid line) and measured (symbols) total soil C in
Herbivores will consume some of this aboveground pro-the 0- to 10-cm layer from the Nova Vida Ranch chronosequence,
duction, of which part will be returned in feces, makingBrazil. Clay content assumed to be 234 g kg�1 for all pastures and

C input assumed to be 4.68 Mg ha�1 yr�1; pasture age (�) and annual return to the soil lower than aboveground pro-
forest (∗). duction by an amount dependent on intensity of grazing.

Belowground production will contribute directly to the
from forest to pasture, and then a steady increase during annual input.
pasture establishment. The qualitative visual examina- The most likely explanation for the variation in the
tion of the simulations (Fig. 1 and 2) is supported by stock of soil C along the chronosequence (Fig. 1 and
the statistical analysis. Statistical tests between modeled 2) is variability in the input of C from the pastures,
and measured data in Fig. 1 gave a correlation coeffi- particularly in the early years. Another possible expla-
cient (r) of 0.73, RMSE (showing total error) of 4.93% nation is that there were pre-existing differences in the
and a M (showing bias) of 0.67 Mg C ha�1. The corre- total amount of soil C between sites at the time of
sponding values for Fig. 2 were 0.64, 3.69m, and 0.98, clearing (Neill et al., 1997). Again this would be most
respectively (Table 5). important in the early years after pasture establishment.

The statistical tests given in Table 5 evaluate the Table 2 suggests that a Panicum dominated pasture
model simulations of soil C content against the mea- (that started in 1983) accumulated less C in the top
sured data to assess the performance of the model. The 10 cm of soil than pastures dominated by Brachiaria
correlation coefficients of 0.73 and 0.64 show a positive (those started in 1987, 1972, and 1911). However, the
correlation between simulated and measured values. unknown spatial variability of soil properties among
The calculated values of 0.67 and 0.98 Mg C ha�1 for pastures mean that these differences must be treated
M indicate that bias (or consistent error) was small. with caution.
Because M does not include a square term, simulated
values above and below the measurements cancel out Analysis of RothC Assumptionsand so any inconsistent errors are ignored (Smith et al.,

Figure 3 shows how three of the assumptions made1996). The coincidence between measured and simu-
in modeling the data in Fig. 1 affect the fit. The firstlated values were assessed by calculating an absolute
assumption is related to the DPM/RPM ratio. The valuevalue for total difference, expressed as the RMSE. The

values found for RMSE (Table 5) indicate that the dif- specified in RothC for improved grassland (1.44) gives

Table 5. Statistical tests for agreement between predicted and measured values for organic C and microbial biomass C in soils from the
pasture chronosequence at Nova Vida Ranch, Brazil.

Statistical tests

Data modeled as a chronosequence r† RMSE‡ M§ n¶

% Mg ha�1

Total C in the 0 to 30-cm soil layer 0.73 4.93 0.67 21
Total C in the 0 to 10-cm soil layer 0.64 3.69 0.98 21
Microbial Biomass C in the 0 to 10-cm soil layer 0.56 0.15 0.03 14
Perfect fit 1.00 0.00 0.00

† Simple correlation coefficient.
‡ Root mean square error.
§ Mean difference between observations and simulation.
¶ Number of observations.
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Fig. 3. Effects of varying the DPM/RPM ratio, input distribution and Fig. 4. Predicted (solid line) and measured (symbols) soil microbial
clay content on model outputs. ——— Input 8.28 Mg C ha�1 yr�1, biomass C content of the 0- to 10-cm soil layer from the Nova
distributed uniformly through the year; DPM/RPM ratio 1.44; clay Vida Ranch chronosequence, Brazil. Clay content assumed to be
content 286 g kg�1 soil (same as Fig.1). – – – – Input 8.28 Mg C 234 g kg�1 for all pastures and C input assumed to be 4.68 Mg
ha�1 yr�1, distributed uniformly through the year; DPM/RPM ratio ha�1 yr�1; pastures created at different times (�) and forest (∗).
0.67; clay content 286 g kg�1 soil. –··–··–··– Input 8.28 Mg C ha�1

yr�1, all added as a simple pulse in June; DPM/RPM ratio 1.44;
10-cm layer of the Nova Vida chronosequence, usingclay content 286 g kg�1 soil. - - - - - Input 8.28 Mg C ha�1 yr�1,

distributed uniformly through the year; DPM/RPM ratio 1.44; clay the same average clay content (234 g kg�1) for all the
content 153 g kg�1 soil. pastures. The annual input was also set to be the same

as in Fig. 2 (4.68 Mg C ha�1 yr�1). Bearing in mind that
no model adjustments were made to generate the valuesthe fit shown in Fig. 1 with an input of 8.28 Mg C ha�1

in Fig. 4 and that there were some large errors in measur-yr�1. Using a DPM/RPM ratio of 0.67 (as specified for
ing BIO; the modeled quantities of soil BIO C fit theunimproved grassland and scrub) and the same annual
measured data reasonably well. Table 5 gives the resultsinput, increases the modeled C content of the soil 100 yr
of statistical tests for the accuracy of the BIO C simula-after conversion to pasture by 6.2% (Fig. 3).
tion, and the tests are similar to those already used forThe second assumption is the distribution of C inputs
total C simulations. The correlation coefficient is lessthroughout the year. To generate the modeled line in
than that for the corresponding total C simulation, pre-Fig. 1, plant input was distributed evenly through the
sumably as a result of larger errors in some of the bio-year. If the entire annual input was added in June and
mass C measurements. A M value of 0.03 Mg C ha�1nothing in the other months, the model output is almost
and RMSE value of 0.15% shows no consistent errorindistinguishable from that when the input is evenly
in the fitting, and a negligible mean error between simu-distributed (Fig. 3), over the time scales considered in
lated and measured data points.this paper.

The third assumption is the use of average clay con-
tent for all the pastures, regardless of the measured PERSPECTIVES
content as given in Table 3. Figure 3 illustrates the worst

The RothC model for the turnover of organic C givescase—the pasture created in 1911, with clay content of
a plausible representation of the effects of land manage-153 g kg�1 soil, as opposed to the average for all the soils
ment on the stocks of C and of BIO held in the soilsof 286 g kg�1 soil. One hundred years after conversion to
of the Nova Vida Ranch. Roth C predicts that conver-pasture the modeled C content, using 153 g clay kg�1

sion to pasture will cause a 54% increase in the stocksoil, of this site is only 7.4% lower than when modeled
of organic C held in the top 30 cm of soil in 100 yr—andwith the average clay content (Fig. 3). Smith et al. (2000)
that this increase will continue after 100 yr.examined some of the data in Table 3 and came to a

Our conclusions on the turnover of organic C in Ama-similar conclusion about the effects of clay. It is there-
zonian pastures are based on data from a single, well-fore unlikely that differences in clay content are in them-
managed ranch. Furthermore, more work is needed onselves sufficient to explain the discrepancies between
other ranches to determine if the Nova Vida pasturespredicted and measured in Fig. 1 and 2.
are representative of other pastures in the Amazon re-
gion. It is commonly considered that cattle ranching inModeling Microbial Biomass Carbon the Amazon region can never be a profit-making ven-

Microbial biomass C measurements provide an inde- ture, as long as the only revenue is from the sale of cattle.
pendent test of model performance. Fig. 4 shows pre- But if monetary incentives or other subsides become

available for C sequestration and land rehabilitation,dicted and measured values for soil BIO C in the 0- to
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trends in soil organic carbon in long-term experiments usingthis might provide additional motivation to improve
RothC-26.3. Geoderma 81:29–44.management of areas already converted to pasture.

Embrapa. 1979. Manual de método de análise do solo. (In Portuguese.)
Models that consider soil, pasture, and animal vari- Empresa Brasileira de Pesquisa Agropecuária/SNLCS. Rio de

ables will be essential if we are to understand the impact Janeiro.
Falloon, P., P. Smith, K. Coleman, and S. Marshall. 1998. Estimatingof management on pasture sustainability and calculate

the size of the inert organic matter pool for use in the Rothamstedthe financial implications of any specified system of
carbon model. Soil Biol. Biochem. 30:1207–1211.management. Models for the turnover of organic C in Falloon, P., and P. Smith. 2002. Simulating SOC changes in long-term

soil, such as RothC, can contribute to our understanding experiments with RothC and Century: Model evaluation for a
regional scale application. Soil Use Manage. 18:101–111.of long-term ecosystem sustainability.
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