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Deforestation to establish monocrops in the tropics is causing massive reductions in ecosystem C stocks.
Amazonia is a principal targets of this process, owing to the expansion of the agribusiness frontier throughout the
transition with the Cerrado biome, the zone known as the “Arc of Deforestation”. In this vast contact region
between the two largest South American biomes, the conversion of primary forest to soybean and pasture systems has led to the deforestation of nearly ﬁve million hectares since 1980. Despite this, we lack precise understanding of the eﬀects of land use on ecosystem C stocks and pools in this region. Addressing this knowledge
gap is crucial to improve predictions and ﬁt models for diﬀerent land use scenarios in Amazonia. To reduce
uncertainty regarding the magnitude of the impacts of deforestation on the C cycle, we evaluated ecosystem C
stocks in contrasting land-use systems across a topographically, climatically, and edaphically near-homogeneous
landscape in southern Amazonia. We investigated the soil, litter, ﬁne root and aboveground biomass (AGB) C
stocks of soybean plantations and compared them to those of remnant native forests and rubber plantations; the
latter is considered a priori as a cropping system with low impact on the C cycle. We found that the conversion of
native forest to soybean plantation caused a 130.5 Mg C ha−1 loss, about threefold higher than the loss when
forest is converted to rubber plantations, 48.5 Mg C ha−1. While 30-year old rubber plantations had recovered
84% of forest carbon stocks, all plantation types induced sustained losses of at least one-third of the original soil
carbon. Fine root allocation changed sharply in the two crops following conversion, indicating an alteration in
plant nutrient dynamics. Our results show that perennial and annual monocrops have very diﬀerent impacts on
the C cycle, which need to be accounted for in carbon-climate models as well as in public policies regulating land
use in Amazonia. Our results show that while silviculture has the potential to restore most of the above-ground C
stocks of previously forested areas, but neither silviculture nor conventional agriculture may ever restore
Amazon soil C stocks once they become vulnerable and oxidized after deforestation. If such conversion-driven
soil carbon losses were scaled across the Amazon they would induce a cumulative loss of more than 5 Pg in soil
carbon by 2050.

1. Introduction
One of the greatest uncertainties surrounding land use in the tropics
is the impact of agriculture on Amazon Forest C stocks. Additionally, we
are unsure about the sustainability threshold of traditional agricultural
systems established in the savannas of central Brazil once applied in
Amazonia (Petter et al., 2017). Brazilian agriculture has worldwide
importance; it is mainly based on cereal crops and covers nearly 59

⁎

million hectares (CONAB, 2016), 60% of which is located in the Cerrado biome (IBGE, 2016). Amazonia borders this agribusiness belt from
northwest to northeast, and, due to the scarcity of new agricultural
land, is being pressured by the intense conversion of native forests to
pasture and annual cropping systems, especially that of soybean
(Persson et al., 2014; Farias et al., 2016). The largest supply of land is
located exactly at the transition zone between Amazonia and Cerrado,
the world’s largest ecotonal complex. The conﬂuence of the two ﬂoras
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Fig. 1. Location of the Tanguro Farm, Querência, MT.

These modiﬁcations are the result of a reduction in vegetation structure
and the simpliﬁcation of trophic interactions (Moore et al., 2005). In
addition, land-use change can alter C residence time in the system,
increasing the necessity for repetitive fertilization (Drinkwater &
Snapp, 2007), thus leading to instability and unsustainability.
Nevertheless, the magnitude of the eﬀects of those changes can vary
greatly among crops (Kotowska et al., 2015) and management systems
(Petter et al., 2017). Annual and perennial monocrops, for instance,
diﬀer in C storage and cycling patterns (Baldotto et al., 2015). Successive harvests in short-cycle crops are responsible for signiﬁcant C
exportation (Zeri et al., 2013) and a consequent reduction in soil stocks,
even when direct planting is used. This results mainly from the traditional agricultural management system based on soybean planting
during the summer followed by corn during the interharvest season
(Petter et al., 2017). On the other hand, perennial crops such as rubber
tree can positively inﬂuence this scenario by incorporating large
amounts of organic matter into the substrate, which consequently
protects against erosion and leaching (Suddick et al., 2013) and favors
biogeochemical cycles by maintaining C stocks. As a result, perennial
crops need lower nutrient additions and interventions compared to
annual crops.
Because cropping systems show distinct behaviors, we aimed to
assess the impacts of native forest conversion to soybean plantations
(high-impact annual monocropping systems), also comparing with
rubber tree plantations (low-impact perennial monocropping systems),
in terms of C stocks and dynamics in distinct ecosystem compartments
in the Arc of Deforestation. To achieve this goals, we generate prior
knowledge on the impacts of such conversion by addressing these
questions:

in addition to the largest and most dynamic agricultural frontier in the
tropics result in a vast area of agribusiness occupation extending for
nearly six thousand kilometers and known as the “Arc of Deforestation”.
The native vegetation remnants in this ecotonal complex contain
greater species diversity than each biome separately in unique physiognomies such as cerradão and transitional forests. However, the expansion of agribusiness in this contact zone has led to a series of massive environmental impacts (Costa & Pires, 2010), such as a rapid loss of
biodiversity (Wearn et al., 2012) and soil and water degradation (Maia
et al., 2010; Neill et al., 2013). Another impact of regional land use is
substantial C transfer from soil-plant systems to the atmosphere
(Friedlingstein et al., 2010; Coe et al., 2013), initially one of the results
of deforestation and ﬁre and, later, intensive land use, especially in the
traditional soybean cropping system.
This scenario of land-use change is reﬂected on the C cycle and may
lead to signiﬁcant alterations in ecosystem structure, composition and
functioning (Ojima et al., 2013). The conversion of native vegetation to
agricultural and pasture lands compromises nutrient cycling (Davidson
et al., 2004), alters organic matter dynamics (Don et al., 2011), and
consequently has negative eﬀects on the integrity of biogeochemical
cycles, especially that of C. As estimated by Buckeridge (2008), the
conversion of Brazilian forests in crop/pasture systems over the past
140 years has led to a net release of 121 Pg C to the atmosphere. This C
increase alters not only the climate but also biodiversity patterns
(Strassburg et al., 2010), considerably modifying ecosystems.
However, uncertainty still predominates in estimating the eﬀects of
land use on biogeochemical cycles and their consequences on the regional C balance. Current knowledge gaps exist regarding the impacts
of native vegetation conversion to soybean plantations on CO2 emissions in the Arc of Deforestation. Moreover, there has been no detailed
research on the ways in which the substitution of native ecosystems by
agroecosystems could reduce and/or redistribute C stocks in the biosphere. In this case, seasonal patterns of biomass deposition and allocation may also change (Yang et al., 2004), thus aﬀecting the balance of
nutrients, water and C (Wilson et al., 2000; Kotowska et al., 2016).

(1) What is the magnitude of the diﬀerence in native forest conversion
impacts on C stocks between annual (soy) and perennial (rubber)
monocrops?
(2) In the conversion of native forest to rubber tree monocrops, do C
stocks tend to become similar to the original stocks of native forest
over time?
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Fig. 2. Monthly mean precipitation and temperature from 2005 to 2012 and in 2013 (sampling year) in the region where the four study sites are located, Tanguro Farm, Querência, MT.

(syn. Brachiaria brizantha) for beef production until 2002 and then
converted to soybean cultivation (Fig. 3). The oldest rubber tree stand
was established in the late 1970s by directly clearing the forest (Fig. 3).
The sites were chosen in a way to be closest to one another to minimize
edaphoclimatic variability. At each site, we sampled 25 contiguous
20 m × 20 m plots (1 ha), totaling 4 ha of sampling. Within the plots,
we sampled the following ecosystem compartments: soil, litter, roots
and aboveground biomass. We sampled the areas four times: twice
during the dry season (June and September) and twice during the rainy
season (February and December).

(3) Does the conversion of native forest to soy and rubber monocrops
change the annual dynamics of biomass deposition and allocation
and consequently the system’s nutrient dynamics?
2. Materials and methods
2.1. Study sites
This study was conducted at Tanguro Farm (80,000 ha), located in
Querência, Mato Grosso State, Brazil, southeastern Amazon basin
(Fig. 1). The property, which belongs to the Amaggi Group, is located in
the transition zone between the Amazon and Cerrado biomes, where
Semideciduous Seasonal Forests predominate (Veloso et al., 1991).
Nearly 50% of the farm was cleared for pasture land during the early
1980s, but after 2003, most of the pastures were converted into
monocropping systems, especially those of cereals.
The mean annual rainfall is 1770 m, with an intense dry season
between May and September, and the mean annual temperature is 25 °C
(Neill et al., 2013). During the sampling year, we recorded slightly
atypical rainfall, with some rain events until early June, although the
other months were within ± 50% of the normal means (Fig. 2). Additionally, temperatures were slightly above average, consistent with
the long-term warming trend in southern Amazonia (Jiménez-Muñoz
et al., 2013). Soils in the study site are mainly deep, dystrophic, acidic,
nutrient-poor Oxisols and have a sandy-clay texture, and the groundwater level is between 12 and 15 m depth (Balch et al., 2008).
Unfortunately, data regarding the soil and native vegetation prior to
the conversion to pasture and crops are not available. To our knowledge, no previous botanical or soil data are available for any area
within the Arc of Deforestation in southern Amazonia covered by forest
for the past thirty years. However, the landscape of the study sites is
very uniform; the sites all belong to the same physiographic unit, occur
at nearly the same altitude, and have similar topography (plain) and
soil physico-chemical characteristics (Radambrasil, 1981). Furthermore, the intact forest remnants at the study sites are very similar in
terms of species composition, basal area and biomass. Such conditions
were veriﬁed in a ForestPlots analysis (www.forestplots.net), where
three forest plots appeared to be very similar to one another in 2015:
154, 164, 153t AGB ha−1 and trees ≥10 cm diameter at breast height
(DBH) (biomass calculation based on the model in Chave et al., 2014).
To address our research questions, we chose four sampling sites
with distinct land-use systems and histories (Table 1; Fig. 3). The land
was cleared (deforested) to plant soybeans during the early 1980 s,
initially converted to a pasture of the African grass Urochloa brizantha

2.2. Soil sampling
To determine the soil organic matter (SOM) contents, we collected
samples during the peak of the rainy season (February) and the peak of
the dry season (September). We randomly collected one sample per plot
at both 0–10 and 10–20 cm soil depths for a total of 50 samples per
study site. Each sample was labeled and air dried for physico-chemical
analyses according to Embrapa (1997).
The soil variables assessed were pH, using the electrode method, P
and K, extracted with diluted concentrations of strong acids [0.5 N
HCl + 0.025 N H2SO4 (Mehlich I)], and Ca, Mg and Al, extracted in 1 N
KCl. We determined the Phosphorus concentration by the colorimetric
method, Ca and Mg by atomic spectroscopy, K by ﬂame emission
spectrometry, and the potential acidity (H + Al) by extraction with a
0.5 mol L−1 calcium acetate solution at pH 7.1–7.2 and titration with
0.025 mol L−1 NaOH, using 10 g L−1 phenolphthalein as an indicator.
We obtained the cation exchange capacity using the sum of Ca, Mg and
K. In Brazil, the levels of Na+ in the study region (Amazon biome) are
very low, and for this reason, it is not included in the CEC calculation.
We calculated the base saturation using the following equation:

Base saturation (%) = 100 × {(Ca + Mg + K )/[Ca + Mg + K
+ (H + Al)]}.
To determine the total organic carbon (TOC) we used oxidation
Walkey-Black method as described in Nelson and Sommers (1996). This
method employs organic matter oxidation by potassium dichromate in
sulfuric acid. We estimated the organic carbon content in the soil by
titration of excess dichromate following oxidation.
To obtain the apparent density of the soil (ADS), we collected intact
soil cores at the same sampling points and depths using a volumetric
cylinder (97 cm3). The samples were oven dried at 105 °C until they
reached a constant dry weight to obtain the soil dry mass. The ADS
(g cm−3) was calculated according to Blake & Hartge (1986).
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Table 1
Land-use systems selected for this study at Tanguro Farm, Querência, MT.
Land use

Description

Native forest (reference area)
12°82′63.56″ S 53°35′29.89″ W
Soybean plantation (Glycine max L. Merrill) 12°49′40.39″ S
52°22′06.73″ W

Extensive and well-preserved fragment of Evergreen Seasonal Forest. No record of previous use.

Rubber plantation of 30 years in age
12°52′31.56″ S 52°22′32.62″ W
Rubber plantation of 5 years in age
12°52′34.66″ S 52°22′31.69″ W

Used for cereal crops since 2003. This site was amended with limestone (∼1500 kg ha−1) during the conversion of
pasture to soybeans in 2002. Additionally, it receives yearly additions of KCl (granular potassium chloride) and P
(phosphate, simple superphosphate and triple superphosphate) at 80 kg ha−1 year−1 (K) and 50 kg ha−1 year−1 (P).
Current management includes direct planting where soil is no longer tilled.
Site used for rubber monocropping (Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg, clone RRIM 600) since 1970,
although there is no precise information on the type of soil management employed at that time. Spacing is
7.5 m × 2.0 m.
This recent stand also used clone RRIM 600. Land was prepared by plowing and harrowing, and dolomitic limestone
was applied (Ca:Mg 3:1) to increase the soil base saturation by 50%. One month after planting, 30 g N per plant was
applied, which was repeated twice as cover fertilization during the ﬁrst year after planting. Currently, N, P2O5 and
K2O fertilization occurs at appropriate doses for this clone. Spacing is 7.5 m × 2.5 m.

2.3. Litter biomass sampling

In (BA) = −2.5202 + 2.14∗In (D) + 0.4644∗In (H )

We collected litter samples during the four ﬁeld data collection efforts. For this procedure, we used the Marimon-Hay device (Marimon
Junior & Hay, 2008), which provides thickness, density and volume
data for the collected material. We randomly collected samples at one
point in each plot for a total of 25 samples per study site. The collected
material was oven dried at 70 °C until it reached a constant weight
based on a precision scale.

where BA = aboveground biomass (kg tree−1), ρi = wood density
(g cm−3), D = diameter at breast height (cm) and H = height (m).
To quantify the aboveground biomass in the soybean plantation, we
randomly selected 10 quadrats of 0.25 m2, from which all plants (whole
individuals) at the peak of their physiological development (R6 stage)
were collected at the ground level. Samples were oven dried at 70 °C
until a constant weight was reached as, determined by a precision scale.
We estimated the dry biomass per hectare according to Arevalo et al.
(2002).

2.4. Fine root biomass sampling
We sampled ﬁne roots at 0–10 and 10–20 cm depths during the
same sampling times and at the same sampling points where litter was
collected. We collected core samples using a cylindrical root borer with
known volume (Fugiwara et al., 1994). All live roots (clear and ﬂexible)
with a diameter ≤2 mm were manually separated in the laboratory,
whereas dead roots (dark and rigid) were discarded (Hendricks et al.,
2006). The selected roots were oven dried at 70 °C until a constant
weight was reached, determined by a precision scale.

2.6. Carbon stock calculation
We estimated the soil C stocks for the top 20 cm since this represents
the soil depth of greatest inﬂuence for the root zone of soybean and
pasture. Greater depths are inﬂuenced only over the short term in native forests or perennial plantations, such as those of rubber. Therefore,
short-term comparisons at depths greater than 20 cm for annual soybean monocrops or even new rubber plantations with native forests and
mature rubber plantations may lead to conclusion errors.
To calculate the C stocks in the soil at all sites we used the Eq. (3),
proposed by Veldkamp (1994):

2.5. Aboveground biomass sampling
To estimate the aboveground biomass of the native forest, we used
the method proposed by Baker et al. (2004) using a multispeciﬁc allometric equation based on individual diameter and wood density (Eq.
(1)). For the rubber plantation sites, we used the equation proposed by
Nelson et al. (1999) adjusted for the diameter and height of the individuals (Eq. (2)). In the native forest and 30-year-old rubber plantation, we sampled all individuals with a diameter at breast height
(DBH) ≥ 10 cm, while in the 5-year-old rubber plantation, we sampled
all standing individuals. Wood densities were obtained from the ForestPlots.net dataset (Lopez-Gonzalez et al. 2011).

BA =

ρi
exp(0.33[InD] + 0.933[InD]2 −0.122{InD ]3 −0.37
0.67

(2)

ECsoil =

CO∗DAS∗e
10

(3)

where ECsoil = organic C stock at the considered depth (Mg ha−1);
CO = total organic C at the sampled depth (g kg−1); DAS = apparent
density of the soil (kg dm−3) and e = depth of the considered layer
(cm).
Next, we applied Eq. (4) as a correction for ECsoil, as proposed by
Sisti et al. (2004). This prevents estimation errors from changes in ADS
due to the conversion of native vegetation to pasture and later to soybean and rubber plantations.

(1)

Fig. 3. Land-use history of the four study sites at Tanguro Farm, Querência, MT. FOR: Native forest; SOY: Soy plantation; RUB30: 30-year-old rubber plantation; RUB5: 5-year-old rubber
plantation.
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Cs =

∑
i=1

n

n

⎤
⎡
Cti + ⎢Mtn−( ∑ Mti− ∑ Msi) ⎥ ∗Ctn
i=1
i=1
⎦
⎣

(4)

where Cs = total organic C stock, corrected as a function of the soil
n−1
mass of a reference area; ∑i = 1 Cti = sum of ECsoil from the ﬁrst to the
second-to-last sampled layer (Mg ha−1); Mtn = soil mass of the last
n
layer in the treatment (Mg ha−1); ∑i = 1 Mti = sum of the total soil mass
n
−1
under the treatment (Mg ha ); ∑i = 1 Msi = sum of the total mass of the
soil sampled in the reference area (Mg ha−1) and Ctn = soil organic C
content in the last layer sampled (Mg C Mg−1 soil).
For the other compartments – litter, ﬁne root mat and aboveground
biomass – we calculated the C stocks by multiplying the values found
for biomass by the factor for the C percentage found, which is 0.39 for
litter and 0.485 for root and aboveground biomass, according to
Higuchi (1998).
2.7. Data analysis

Fig. 4. Organic C stocks of the four study sites at Tanguro Farm, Querência, MT. Total
values with the same letter do not statistically diﬀer.

Initially, we assessed the signiﬁcance of the spatial structure for the
entire dataset through correlograms with Moran’s I index (Legendre &
Fortin, 1989) and local spatial autocorrelation maps (LISA maps) for
each distance class (Anselin, 1995). To test the global signiﬁcance of
the correlograms, we used Bonferroni’s sequential correction (Fortin &
Dale, 2005). Since the residuals of the models showed signiﬁcant spatial
structure, we chose to calculate and add spatial autovectors (ﬁlters) as
covariates in the multiple comparison tests. These ﬁlters were obtained
using a connectivity matrix calculated with the maximum distance
criterion (Griﬃth, 2013), completely eliminating the spatial autocorrelation in the residuals.
To compare the responses of the variables for each ecosystem
compartment, we tested the assumptions of the covariance analysis.
Normality and homoscedasticity were veriﬁed using D’Agostino’s and
Levene’s tests, respectively (Zar, 2010). The homogeneity of the regression slopes was tested using interaction models (Sullivan &
D’Agostino, 1996), while linearity between covariables and response
variables was conﬁrmed with Pearson’s correlation coeﬃcients (Zar,
2010). Since the assumptions of normality and homoscedasticity were
not met, we performed nonparametric covariance analyses according to
Marôco (2011). As suggested for designs with multiple factors and response variables, we performed multivariate covariance analyses, also
according to Marôco (2011). Signiﬁcance in post hoc comparisons
among groups was indicated by Tukey’s HSD test at the 5% probability
level (Zar, 2010).
To compare the simultaneous responses of all collected variables,
we performed a permutational multivariate analysis of variance (PERMANOVA) based on the Euclidian distance (Anderson, 2005). To test
for homogeneity of dispersion between sites, we performed permutational tests of multivariate dispersion (PERMDISP) with 9999 randomizations (Anderson, 2004). Signiﬁcance of variances was indicated by
Tukey’s HSD post hoc test.

Fig. 5. Diﬀerences in C stocks indicated by bidimensional ordination of variances of the
dataset with respect to the centroids of the four study sites at Tanguro Farm, Querência,
MT.

p < 0.001) but also revealed the similarity between the soybean and 5year-old rubber monocrops, which is associated with habitat homogenization by recent management practices (Fig. 5).
Our results also reveal that the response of each ecosystem compartment to the conversion of the native vegetation varied by monocrop
type and season. Moreover, the respective intensity of this response also
signiﬁcantly varied between ecosystem compartments within each
study site. This variation within and across sites highlights the complexity of the measured variables as a function of the intense transformation of the environments, which shifted from well-preserved
primary forest to homogeneous agricultural systems. Thus, we describe
the results obtained for each ecosystem compartment at each site
below.

3. Results
Native forest conversion to soybean plantation led to a reduction in
the total organic C stocks of 130.5 Mg C ha−1 and, for the rubber tree
monocrop, 48.5 Mg C ha−1 (F(1.98) = 174.16; p = 0.00). These decreases were 72 and 27%, respectively, which means that the conversion to rubber tree cultivation is 2.7-fold less impactful. This diﬀerence
results from a sharp reduction in post-conversion aboveground biomass
in the soybean plantation. The perennial crop, on the other hand,
presents aboveground biomass replacement over time. This condition
was clear in the 5-year-old rubber plantation, which showed similar C
contents as those in soybean, revealing an important initial loss of C
stocks during its establishment (Fig. 4). In this case, the similarity was
evident through the results of the permutational tests of dispersion,
which not only noted diﬀerences among sites (F(3.96) = 24.728;

3.1. Soil
The soils at all sites are acidic, clayey and present low cation exchange capacity (CEC) in addition to diﬀering in all physico-chemical
attributes (FMANCOVA nonparametric(3.192) = 720.66; p = 0.00) except for
textural class (only slightly for soy). The soils under the monocrops had
lower CEC values than those under native forest since the latter undergoes the constant production and decomposition of litter (organic
matter and nutrients). However, we found low aluminum saturation
and a high sum of bases and base saturation in soils under crops compared to forest soils, which is related to the eﬀect of the successive
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Table 2
Soil physico-chemical attributes (mean ± standard deviation) in both layers sampled at the four study sites at Tanguro Farm Querência, MT. Means followed by the same lower-case
letter in a row do not statistically diﬀer.
Native Forest

Chemical attributes
pH H2O
pH CaCl2
CECpH7,0 (cmolc dm−3)
SumBase (cmolc dm−3)
Base sat. (%)
Al sat. (%)
Physical attributes
Sand (g kg−1)
Silt (g kg−1)
Clay (g kg−1)
Textural Class

Soybean

5-Year-Old Rubber

30-Year-Old Rubber

0–10 cm

10–20 cm

0–10 cm

10–20 cm

0–10 cm

10–20 cm

0–10 cm

10–20 cm

4.25c
± 0.16
3.56c
± 0.15
11.89 a
± 1.77
0.72b
± 0.14
6.00c
± 1.18
72.31 a
± 6.00

4.28c
± 0.26
3.61c
± 0.25
8.32b
± 1.25
0.55b
± 0.17
6.60c
± 1.87
76.37 a
± 6.51

6.24 a
± 0.27
5.61 a
± 0.27
6.91 bc
± 1.10
4.65 a
± 1.07
65.13 a
± 10.71
0.00b
± 0.00

5.87 a
± 0.41
5.11 ab
± 0.40
5.47 d
± 0.88
2.54 a
± 0.85
48.44 a
± 13.04
3.62b
± 6.76

5.79 ab
± 0.29
5.03b
± 0.28
6.75c
± 0.64
3.11 a
± 0.67
45.63 ab
± 8.25
2.55b
± 4.82

5.56b
± 0.25
5.79 a
± 0.26
5.77 d
± 0.43
2.23 a
± 0.51
38.53b
± 7.75
6.82b
± 8.36

4.74c
± 0.32
3.99c
± 0.31
6.54c
± 0.68
0.72b
± 0.38
11.35c
± 5.24
55.93 a
± 16.98

4.58c
± 0.27
3.85c
± 0.26
5.39 d
± 0.56
0.45b
± 0.22
8.94c
± 4.04
68.21 a
± 13.76

463.4 ± 60.7
124.6 ± 10.8
412.0 ± 50.1
Clay

309.8 ± 18.1
155.0 ± 7.8
535.2 ± 11.8
Clay

376.4 ± 7.6
137.8 ± 3.3
485.8 ± 5.3
Clay

420.0 ± 13.7
133.6 ± 3.1
446.4 ± 12.0
Clay

was higher in the dry season for soybean (Table 4).

additions of limestone and fertilizers to those managed soils (Table 2).
The conversion of native forest to both monocrops reduced soil
organic C stocks (Corg) by 39% on average in the top 20 cm (FANCOVA
nonparametric(3.192) = 454.23; p = 0.00). The 30-year-old rubber plantation was the system that had the highest soil C deﬁcit, with a surprising
reduction of 31.9 Mg C ha−1 compared to the forest. We did not ﬁnd
signiﬁcant variation in C stocks between the two soil depths at any of
the sites except the oldest rubber plantation, where a 33% decrease in
the 10–20 cm soil layer was found when compared to the superﬁcial
layer (Table 3).

3.3. Fine roots
Our results indicate large alterations in the C stocks in this compartment, not only among sites but also between depths and seasons
(FANCOVA nonparametric(3.784) = 5.45; p = 0.00). In the oldest rubber
plantation, the ﬁne root biomass was nearly four-fold lower than in the
forest, while the other sites showed nearly a 20-fold decrease. We also
found a greater amount of root biomass in the 0–10 cm layer for all land
uses. We observed that the forest presented a higher quantity of ﬁne
roots during the dry season, while the opposite was found for soybean
and the oldest rubber plantation (Table 5).
Considering the ﬁne root total C stocks at the 20 cm soil depth (total
layer), the impacts of native forest conversion to monocrops were also
signiﬁcant (FANCOVA nonparametric(3.192) = 716.12; p = 0.00). Land-use
change to soybean and rubber plantations reduces C stocks by over 90%
in this compartment and changes their allocation patterns (Table 6),
with possible modiﬁcations to biogeochemical cycling.

3.2. Litter
Carbon stocks signiﬁcantly decreased in the litter layer (FMANCOVA
= 2395.8; p = 0.00), where a greater diﬀerence was
found between the native forest and the youngest rubber plantation in
contrast to the mature plantation (Table 4). We recorded 4.2- and 3.7fold reductions in the litter layers of the soybean and 5-year rubber
plantations, respectively, revealing the high impact of these types of
land use on the soil organic layer. No diﬀerences in seasonality were
observed for biomass or C stocks, which reveals the lack of a seasonal
eﬀect on those variables. The forest and soybean litter layers showed a
higher thickness and volume during the rainy season, while the density
nonparametric(3.192)

3.4. Aboveground biomass
Forest conversion caused a loss of 102.8 Mg C ha−1 of aboveground

Table 3
Soil organic C contents, apparent density (ADS) and C stocks (mean ± SD) at the four study sites at Tanguro Farm, Querência, MT. Means followed by the same lower-case letter in a row
for the 0–10 and 10–20 depths and the same upper-case letter in a column for the total depth (0–20 cm) do not statistically diﬀer.
Site

Depth (cm)

C Content (g C dm−3)

ADS (g cm−3)

Corg stock (Mg C ha−1)
Calculated

Corrected

Forest

0–10
10–20
0–20

27.94
19.51

1.40
1.70

39.11 a ± 7.92
33.17 a ± 7.50
72.28 A ± 7.71

39.11 a ± 7.92
33.17 a ± 7.50
72.28 A ± 7.71

Soybean

0–10
10–20
0–20

15.87
11.75

1.73
1.94

27.45b ± 7.77
22.79b ± 6.74
50.25B ± 7.25

25.30b ± 6.90
20.48b ± 6.33
45.78B ± 6.61

5-Year-old rubber

0–10
10–20
0–20

15.64
12.54

1.64
1.55

25.65b ± 6.94
19.44 bc ± 4.26
45.08B ± 5.60

25.64b ± 6.9
19.38 bc ± 4.18
45.02B ± 5.54

30-Year-old rubber

0–10
10–20
0–20

15.03
11.34

1.31
1.26

19.69 bc ± 2.21
14.29c ± 2.69
33.98C ± 2.45

24.16b ± 3.97
16.22c ± 2.81
40.38C ± 3.39
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Table 4
Thickness, volume, density, total biomass and C stocks of the litter layer (mean ± SD) at
the four study sites during both seasons at Tanguro Farm, Querência, MT. Means followed
by the same lower-case letter in a row and the same upper-case letter in a column do not
statistically diﬀer.
Site

Dry

Table 7
Aboveground biomass and C stocks in Mg ha−1 (mean ± SD) at the four study sites at
Tanguro Farm, Querência, MT. Means followed by the same upper-case letter in a column
do not statistically diﬀer.
Site

Aboveground biomass

C Stock

C Loss

Forest
Soybean
5-year-old rubber
30-year-old rubber

216.26 A ± 93.07
4.39 D ± 1.40
18.64C ± 4.52
182.75B ± 39.36

104.88 A ± 45.14
2.13 D ± 0.67
9.04C ± 2.19
88.63B ± 19.09

–
102.75
95.84
16.25

Rainy

Thickness (cm)
Forest
Soybean
5-year-old rubber
30-year-old rubber

1.11
0.41
0.31
1.07

Volume (m3 ha−1)
Forest
Soybean
5-year-old rubber
30-year-old rubber

111 Ab ± 38.4
41 Bb ± 36.8
30.5 Ba ± 46.64
107 Aa ± 35.41

131 Aa ± 29.04
92 Ba ± 45.35
15.5 Ca ± 17.68
108 Aa ± 44.71

Density (g cm−3)
Forest
Soybean
5-year-old rubber
30-year-old rubber

0.035
0.035
0.045
0.034

0.03
0.01
0.05
0.03

Aa
Bb
Aa
Aa

±
±
±
±

0.008
0.008
0.05
0.01

Biomass (Mg ha−1)
Forest
Soybean
5-year-old rubber
30-year-old rubber

3.78
1.23
0.85
3.53

Aa
Ba
Ba
Aa

±
±
±
±

1.32
0.65
0.45
1.15

4.16
0.98
1.13
3.21

Aa
Ba
Ba
Aa

±
±
±
±

1.39
0.37
0.69
0.66

C Stock (Mg ha−1)
Forest
Soybean
5-year-old rubber
30-year-old rubber

1.47
0.48
0.33
1.38

Aa
Ba
Ba
Aa

±
±
±
±

0.51
0.64
0.45
0.44

1.62
0.38
0.44
1.25

Aa
Ba
Ba
Aa

±
±
±
±

0.54
0.52
0.68
0.65

Ab ± 0.38
Bb ± 0.37
Ba ± 0.46
Aa ± 0.35

1.31
0.92
0.16
1.08

Aa
Ba
Ca
Aa

±
±
±
±

0.29
0.45
0.17
0.45

of land use and management (FANCOVA nonparametric(3.95) = 593.17;
p = 0.00), showing the following order: native forest > mature rubber
plantation > young rubber plantation > soybean plantation.
4. Discussion

Aa
Aa
Aa
Aa

±
±
±
±

0.012
0.05
0.04
0.01

We investigated the carbon losses related to the land-use in the “Arc
of Deforestation” in the Southern Amazon. Our results indicate a collapse in the carbon stocks in the ecosystem caused by the conversion of
native forests to soybean and rubber plantations. This eﬀect is mainly
due to the reduction of aboveground biomass, a continuous decrease of
the carbon content in the soil and biomass losses of ﬁne root mat. On
the other hand, the recovery of C stocks in the aboveground biomass of
rubber trees reached nearly 84% after 30 years, indicating this crop’s
strong capacity to mitigate the eﬀects of deforestation on CO2 emissions. For example, if we consider the total area destined for soybean
and rubber monocropping in Amazonia (Abiove, 2012; IBGE, 2013), we
would infer a minimum biomass C loss of 274 · 106 Mg in the conversion
to soybean in contrast to only 1.49 · 106 Mg in that to rubber tree
monocropping. However, it is necessary to adjust the calculations and
predictions to other sites within Amazonia owing to important variation
in species composition, wood density and aboveground biomass. In
addition, some areas in Amazonia are not suitable for rubber trees because of pathogens (e.g., Microcyclus ulei), which thus must be excluded
from calculations. Even so, those values indicate signiﬁcant C loss as a
result of the substitution of native vegetation by arable lands, mainly in
the current scenario of deforestation in southern Amazonia.
Other studies have also found reductions in soil Corg stocks following a shift from native vegetation to soybean plantations (Bayer
et al., 2002; Calonego et al., 2011; Perrin et al., 2014), by nearly 16 to
79%. Nevertheless, we did not expect the soil under the soybean crop to
present a higher Corg stock than that under the mature rubber plantation. Several authors (Moraes & Moreira, 2003; Alvarenga & Carmo,
2006; Patricio, 2014) have stressed that rubber plantations are systems
with higher potential to store Corg in the soil compared to annual
monocrops, as no intensive tilling occurs, and the amount of litterfall is
similar to that in areas with native vegetation. In addition, previous
studies have shown post-conversion soil C losses in rubber plantations
of between 14 and 35% (Schroth et al. 2002; Yang et al. 2004; Blécourt
et al. 2013), that is, a slight loss compared to that observed in conversions to soybean or other annual crops. However, this trend was not
detected in our study, and estimates of loss by conversion to rubber
(44.13%) surpassed those found in the literature.
In contrast, the soil Corg stock in the 5-year-old rubber crop was
higher than that estimated for the oldest crop, which can be related to
the land-use history. Before the 5-year-old rubber plantation was established, that land had been used for pasture for approximately
26 years. The capacity of pastures to store C in the soil (Assad et al.,
2013), the time during which pasture was the type of land use, and the
establishment of the rubber crop contributed to the higher C accumulation in that soil. A similar result was found by Saengruksawong et al.
(2012), who associated the large amount of C stored in soils under
young rubber plantations to the history of land use and management
employed until 10 years following establishment (e.g., plowing and
fertilization).

Table 5
Fine root biomass in Mg ha−1 (mean ± SD) at diﬀerent depths and during diﬀerent
seasons at the four study sites at Tanguro Farm, Querência, MT. Means followed by the
same upper-case letter in a column (same depth), the same lower-case letter in a row and
subscripted in a column (between depths) do not statistically diﬀer.
Site

Dry

Rainy

0–10 cm
Forest
Soybean
5-year-old rubber
30-year-old rubber

0.855
0.012
0.034
0.094

Aaa
Cba
Caa
Bba

±
±
±
±

0.571
0.016
0.051
0.072

0.593
0.055
0.046
0.205

Aba ± 0.244
Caa ± 0.067
Caa ± 0.058
Baa ± 0.147

10–20 cm
Forest
Soy
5-year-old rubber
30-year-old rubber

0.258
0.003
0.018
0.090

Aab
Cbb
Cab
Bbb

±
±
±
±

0.164
0.004
0.028
0.155

0.166
0.007
0.007
0.098

Abb ± 0.091
Cab ± 0.010
Cbb ± 0.036
Bab ± 0.113

Table 6
Organic C stocks in Mg ha−1 (mean ± SD) in ﬁne roots at 20 cm depth at the four sites
studied at Tanguro Farm, Querência, MT, during the rainy and dry seasons. Means followed by the same upper-case letter in a column and the same lower-case letter in a row
do not statistically diﬀer.
Site

Dry

Forest
Soybean
5-year-old rubber
30-year-old rubber

0.540
0.008
0.026
0.090

Rainy
Aa
Cb
Ca
Bb

±
±
±
±

0.248
0.006
0.020
0.057

0.368
0.030
0.036
0.148

Ab ± 0.136
Ca ± 0.026
Ca ± 0.023
Ba ± 0.078

biomass in the soybean plantation, while only 16.3 Mg C ha−1 was lost
in the 30-year-old rubber monocrop (Table 7). These results indicate
decreases in aboveground biomass and C by nearly 98% for soybean
and only 15% for the mature rubber plantation. Reductions in C stocks
in the aboveground biomass were also high in the youngest rubber
plantation, and there were signiﬁcant diﬀerences among all of the types
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may be strongly related to the timing of plant responses to soil moisture
(Espeleta & Clark, 2007). This is possible because canopy water interception and transpiration, among other factors, can delay soil water
replacement so that the highest moisture content of the soil may occur
during the mid (or late) rainy season. This scenario enhances root
production during that period, which can be extended until the
moisture content begins to decline during the early dry season. Moreover, the topsoil water holding capacity as a function of texture and
porosity may also enhance production and lead to higher root phenological activity during the rainy-dry interseason. In our soils, the clay
texture and the atypical pluviometric behavior during the sampling
year enabled longer water retention and consequently a great accumulation of live roots during the dry season. Therefore, it is clear that
climate change may interfere with mechanisms of root renewal as well
as the conversion of native vegetation to agroecosystems.
It is noteworthy to mention that there is no literature on ﬁne root C
stocks in the Amazon-Cerrado transition. This highlights the importance of new regional studies on this compartment since mechanisms of turnover and biomass allocation in the superﬁcial root mat may
indicate important aspects in the dynamics of C and nutrient cycles.
Thus, this information can be very useful for the elaboration of strategies for sustainable land use and management.
Even though the conversion of native forest to soybean and rubber
tree crops may have caused reductions in soil, litter and ﬁne root C
stocks, the aboveground biomass was undoubtedly the compartment
that quantitatively most contributed to the C loss. The establishment of
soybean led to a reduction in C storage by 98% in that compartment,
while the youngest rubber plantation showed a 91% decrease.
Nevertheless, the rubber tree aboveground biomass C stock tends to
increase considerably over time without reaching that found in the
native vegetation. Furthermore, the annual harvesting of soybeans
constantly removes massive amounts of C from the system, which is
disadvantageous when compared to rubber plantations.
We emphasize, however, that despite the longer rotation cycles of
rubber plantations (30 years on average), there are also massive C losses
during crop renovation. Hence, although these systems reach a stationary state equilibrium, the removal of trees to renew the rubber
plantation and use the wood will result in substantial C loss and
therefore large structural and functional changes that will later be oﬀset
by planting new rubber trees. Even so, the resident C stock in the
agroecosystem between planting, harvesting and reforming cycles will
still be considerable at a large scale, as planting and renovation are not
concurrent.
We can consider that the rubber tree plantation is not the best solution for carbon emissions and biodiversity losses in Amazon.
However, the management of rubber tree stands of various ages can be
considered a viable alternative to mitigate C stock losses compared to
annual crops since the impact of harvesting rubber trees for renovation
is minimized by the size of the stock. Furthermore, rotational management of distinct stand ages guarantees continuous income to the
farmer. That is, such activities can be economically and environmentally sustainable in terms of C emissions for southern
Amazonia, possibly minimizing the impacts of agribusiness frontier
expansion in the Arc of Deforestation.
Additionally, our results reveal that primary forest conversion to
perennial and annual monocrops in Amazonia contributes, distinctly, to
changes in the global C cycle. This condition must be duly considered in
the construction of carbon-climate models and the elaboration of public
policies for all tropical forests, not only in South America. However,
new studies should test the eﬀects of primary forest conversion to
agricultural and pasture land based on soil C stocks to a depth of 4 m.
Furthermore, it is necessary to test for conversion impacts on nutrient
cycling and other ecosystem functions, such as the regulation of the
hydrological cycle. These ecosystem functions are key in maintaining
tropical forests on nutrient-poor soils (Oliveira et al., 2017). Lastly, we
suggest economic viability studies addressing alternatives to cereal

Our results reveal that all crops have much lower soil C stocks than
forest soils, suggesting a near-permanent loss of soil C – i.e., soil C
stocks have no resilience in terms of their ability to recover from landuse-change-induced losses, at least over the period of years to decades.
Moraes et al. (1995) estimated that 45% of all soil C in Amazonia is
concentrated in the top 20 cm, which may add up to 21 Pg C in the
entire basin. Based on our results, the mean reduction in soil Corg stocks
in the 20 cm depth would be 35%, suggesting C losses to the atmosphere of approximately 13.65 Pg C if our values were extrapolated to
all of Amazonia. If we consider the 40% deforestation estimate for
Amazonia by 2050 (Soares-Filho et al., 2006), this would potentially
transfer 5.46 Pg C to the atmosphere only from the soil. However, to
conﬁrm this estimate, new studies must be conducted across distinct
soils and management systems. Similar studies should be conducted
globally, since high rates of deforestation are also observed in other
tropical forests, such as in Asia and Africa, where the average aboveground carbon losses are estimated at 26.6 and 16.6 Mg C ha−1, respectively (Baccini et al., 2017).
No diﬀerences in C stocks in the litter layer were found between
native forest and the 30-year-old rubber crop, which indicates the capacity of Hevea brasiliensis clone RRIM 600 to maintain this ecosystem
function comparably to that in the original vegetation or even increase
it, as shown by Ren et al. (1999) in rubber plantations in southwest
China. In certain cases, this situation can be reversed, with lower foliar
input, as recorded by Kindel et al. (2006) in clone RRIM 600 compared
to primary forests in Brazil. Regardless, the similar amount of litter
between the rubber crop and forest does not enhance the soil C content.
Such a condition indicates that recalcitrant soil C stocks operate on
particular time scale in relation to agricultural and silvicultural management. The apparent lack of recovery after three decades suggests
that the readjustment of soil C might require a century or more. Thus,
for all practical carbon management purposes, this soil C has been
permanently lost from the ecosystem.
Apart from the implications in terms of C stocks, the diﬀerences in
the amount of litter accumulated across the study sites may aﬀect the
soil C balance. Since soybean and 5-year-old rubber plantations have
lower amounts of litter, we may infer that C incorporation into the soil
at both sites is lower than that in the forest and at the mature rubber
plantation. This means that there is low input and high losses of particulate Corg due to soil tillage and therefore low storage potential in
that fraction. The aforementioned nutritional imbalance is most likely
the greatest change in biogeochemical cycles caused by the conversion
of primary forest to agricultural land, which leads to mandatory annual
fertilization considering the dystrophic condition of the soil.
Similarly, the ﬁne root biomass was lower in both the soybean and
5-year-old rubber plantations. This quantity is not signiﬁcant at the
ecosystem level, but the importance to cycling and nutritional balance
dynamics is crucial, especially in ecosystems with dystrophic soils
(Vitousek & Sanford, 1986). Nonetheless, the seasonal behavior of roots
is still controversial. Our results for primary forest, for instance, diﬀer
from those found in other studies (Green et al., 2005; Metcalfe et al.,
2008; Jiménez et al., 2009), which found higher ﬁne root biomass
during the rainy season. The pattern described by those authors was
recorded here for soy and mature rubber, evincing discrepancies in site
nutritional dynamics. Generally, an increase in ﬁne root production is
expected during the peak of the rainy season to enhance water and
nutrient absorption during the period of highest availability (Green
et al., 2005). However, it must be taken into account that such production is more intense at the soil-litter interface, where nutrients are
released in greater quantities (Vitousek, 1984). Therefore, during the
rainy season, the majority of ﬁne root biomass may be strategically
concentrated above the soil level, in contact with the litter layer rather
than in the hemiorganic layers. This nutrient absorption strategy is
commonly found in tropical forests, systems with higher root competition, niche exploitation and strong trade-oﬀs.
The unexpected root biomass accumulation during the dry season
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crops in Amazonia, such as rubber trees, which occupy less territory
and can be managed by small farmers.
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5. Conclusions
The conversion of native forest to a soybean plantation caused a 2.7
times greater loss in total C stocks compared to forest-to-rubber tree
conversion. This can be related to the low aboveground biomass cover
and litter enrichment of annual crops. The mean reduction in soil Corg
stocks by 35% in the top 20 cm in both crops suggests a permanent loss
of soil C and low resilience of this component to environmental alterations. The conversion of native forests to soybean or rubber tree
plantations could represent soil C losses to the atmosphere of up to 5.46
Pg considering the 40% deforestation estimate for all of Amazonia by
2050.
Even though both monocrops present similar changes in the annual
pattern of root biomass allocation, rubber trees have a more developed
litter layer with a 4.2-fold greater C stock. This fact in addition to wellestablished nutrient cycling contribute to rubber tree cropping as being
less impactful in terms of agroecosystem function and production.
Therefore, rubber tree cropping may be considered to be an ecological
and economical alternative to extensive soybean cultivation, thereby
contributing to a reduction in global C emissions. In addition, rubber
plantations are likely contributing to other key ecosystem services, such
as recharging of atmospheric moisture and reducing local temperature.
Therefore, if this and other tree crops were widely adopted as an alternative to soybean cultivation could minimize the impacts of land use
in Southern Amazonia would be substantially reduced.
On the other hand, as observed in any monoculture, the conversion
of native forests into rubber plantations results in high losses of biodiversity and some important ecosystem functions. We emphasize that
more detailed analyses about trophic connectivity, turnover processes
and C ﬂuxes among the various ecosystem compartments are necessary
and can contribute to concomitantly reducing the costs of crop establishment and management, making the system ecologically and economically more sustainable.
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