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Abstract

Biomass of roots, the root : shoot ratio (ratio of below to aboveground biomass) and carbon
stocks below ground (to 100 cm depth) are estimated in different open savannah
environments in the extreme north of the Brazilian Amazon. Sampling was conducted in
permanent plots established in two open savannah areas in the state of Roraima. We
identified four phytopedounits in the 27 plots sampled in two areas: four in dry grasslands on
Argisol/Ultisol soils (DG-Arg), eight in dry grasslands on Latosol/Oxisol soils (DG-Lts), five
in a mosaic of grasslands with savannah-parkland on Latosol/Oxisol soils (GP-Lts) and ten in
seasonally flooded (wet) grasslands on Hydromorphic/Entisol soils (WG-Hyd). Fine roots (<
2 mm diameter) dominated the 0-100 cm vertical profile in the four phytopedounits (>
92.5%). Biomass of the roots in WG-Hyd (29.52 + 7.15 Mg ha™) was significantly higher as
compared to the other phytopedounits studied, although the carbon stocks did not differ
among the phytopedounits (6.20-7.21 MgC ha™). The largest concentration of roots was
found in the upper three 10-cm sections of the soil profile, ranging from 56.3 to 82.9% in the
four environments. The root : shoot ratio based only on living biomass of roots with diameter
> 2 mm (standard IPCC methodology) ranged from zero for seasonally flooded grasslands to
0.07-0.20 for unflooded grasslands on clay soils. The results indicate that the root : shoot
ratio (expansion factor) for belowground biomass in open savannah ecosystems in the
northern Amazon are low and differ from the default values used in Brazil’s reference report
to the Climate Convention.

Introduction

Savannah is a common type of vegetation in the tropics, including the Neotropics
(Solbrig et al. 1996; Furley 1999). Their terrestrial coverage has been estimated to be 16-19
x10° km?, depending on the ecogeographical definitions used (Scholes and Hall 1996; Asner
et al. 2004). Most studies on the vertical and horizontal structure of these ecosystems are
aimed at identifying structural patterns associated with biological diversity and aboveground
biomass or carbon stocks. Root biomass and carbon are often not reported on a small scale
because they demand so much time and effort to sample. However, even with the small
number of studies, some reviews suggest that roots in tropical savannah and grassland
ecosystems represent a major compartment for carbon accumulation (Jackson et al. 1996;
Mokany et al. 2006). Estimates of these stocks are important for national inventories of
greenhouse gases under the UN Framework Convention on Climate Change (UN-FCCC).

Generally, distribution, production and accumulation of roots are related to water
availability in the soil (climatic seasonality), which is a variable with strong temporal
fluctuations in the more superficial soil layers in savannahs and grasslands (San José et al.
1982; Baruk 1994; Delitti et al. 2001). Other factors have been investigated in order to
understand which processes regulate subterranean biomass, such as physionomic structure
(Sarmiento and Vera 1979; Castro and Kauffman 1998), nutrient availability (Kellman and
Sanmugadas 1985; February and Higgins 2010), human alterations (Fiala and Herrera 1988),
fire (Menaut and Cesar 1979; Castro-Neves 2007) and grazing (Pandey and Singh 1992;
Milchunas and Lauenroth 1993; McNaugthon et al. 1998). These studies make it possible to
assess parameters such as root : shoot ratio (the “expansion factor” used for inferring
belowground biomass from aboveground biomass measurements) and rates of growth of root
biomass under different successional paths, which are crucial to the understanding of
belowground carbon allocation. However, no study has been conducted in Amazonian
savannahs.
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In savannahs, the thicker roots represent an important reservoir of carbon at greater
depths, especially in physiognomies that are more densely populated by trees (Abdala et al.
1998; Schenck and Jackson 2002). However, these open-vegetation environments are
characterised by having large grassy expanses and a low-density tree component. Most roots
in these ecosystems are located in the most superficial layers of the soil and are characterised
by having small diameter (< 2 mm) (Knoop and Walker 1985). It is estimated that the
different forms of savannahs (open and wooded) contain ~ 20% of all of the fine-root
biomass on Earth to a depth of 30 cm (Jackson et al. 1997). This category of roots has a high
rate of replenishment in tropical grasslands and savannahs, making it a critical component in
sequestering atmospheric carbon by allowing constant accumulation of organic matter in the
soil (Stanton 1988; Gill and Jackson 2000; Chen et al. 2004). However, the
Intergovernmental Panel on Climate Change (IPCC 2006) suggests that this category of roots
(< 2 mm in diameter) should not be included as part of the "belowground biomass™ because it
is difficult to distinguish it empirically from soil organic matter.

Savannahs, grasslands and other natural non-forest ecosystems occupy ~200,000 km?
(about 5%) of the Brazilian Amazonia (Santos et al. 2007). Although the area of these
ecosystems is substantial, all existing studies on the biomass of roots in natural vegetation in
the Amazonian biome in Brazil are from forest ecosystems due to the much larger area of
forests (Klinge 1973; Thompson et al. 1992; Luizéo et al. 1992; Nepstad et al. 1994; Cattanio
et al. 2004). Estimates of the temporal dynamics and spatial distribution of roots in different
phytophysionomies of Amazon savannahs are nonexistent, representing an important lacuna
in our knowledge about this potential below-ground carbon reservoir in the Amazon. These
data are important for understanding the role of these environments in mitigating global
warming (IPCC 2007).

The first Brazilian inventory of greenhouse gases, which was submitted to the Climate
Convention (UN-FCCC) in 2004, did not consider the roots, explaining that “the
consideration of carbon below ground (roots) is complex and was not included in this
inventory" (Brazil, MCT 2004, p. 146). Of course, considering the carbon stock in roots to be
zero, and consequently considering the emission from this source to be zero after clearing the
vegetation, represents a substantial underestimation, especially in savannahs, where the great
majority of the biomass is below ground. The second Brazilian inventory used the default
root : shoot ratios values presented by IPCC (2003, p. 3.109, Table 3.4.3) to estimate total
biomass for all grassland and savannah environments listed in Brazil, MCT (2010, pp. 236-
237). This was done both for the cerrados of central Brazil and for Amazon savannahs. The
root : shoot ratio is an expansion factor used to estimate below-ground biomass from above-
ground biomass (IPCC 2006, p. 6.7). However, use of the IPCC default values for
calculating below-ground biomass in open-vegetation systems under different environmental
conditions can cause undesired distortion in the final values for total biomass.

Within this context, our goal was to estimate the biomass of roots in different open
savannah environments in Roraima in view of the combination of two effects
(phytophysionomic structure and soil class, forming a "phytopedounit™). The phytopedounits
presented here are similar to the "landscape system units” defined by Sombroek et al. (2000).
A classification including both vegetation and soil effects is important in order to prevent
phytophysionomies with the same structure on different soil classes from being analysed as
the same ecological unit. This strategy includes spatial variations that occur along different
edaphic gradients that may affect the modelling of root biomass (Espeleta and Clark 2007).

The current study included the following questions: (i) Does the allocation of total
carbon to roots differ among open savannahs on different phytopedounits? (ii) Does the
vertical distribution of root biomass differ among these environments?, and (iii) Does the
ratio between the biomass of roots (total and > 2 mm) and the aerial biomass (root : shoot)
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differ among the phytopedounits investigated? Our results represent an opportunity to
reformulate the estimates of below-ground biomass and carbon stocks in Amazonian
savannas, providing appropriate regional values for open vegetation systems with low
densities of trees and shrubs.

Material and Methods
Savannahs of Roraima

Savannahs of Roraima are part of the Rio Branco-Rupununi complex located in the
triple frontier between Brazil, Venezuela and Guyana (Beard 1953; Eden 1970). Altogether,
these continuous savannahs cover 68 x10° km? the Brazilian part being approximately 43 x
10° km? (~ 63%) (Barbosa et al. 2007; Barbosa and Campos 2011). In general, these
savannahs are located on poor soils with high frequency of fire and strong climatic
seasonality that directly influences the fluctuation of the water table and the
phytophysionomic structure (Miranda et al. 2002; Barbosa and Fearnside 2005a). The climate
type of this whole region is Awi according to the Koppen classification, with average rainfall
of approximately1650 mm year™; the peak of the dry period is between December and March
and the rainy period between May and August (Barbosa 1997). These savannahs have a wide
variety of phytophysionomies ranging from grasslands that are totally devoid of trees to
densely populated types on different soil classes (Brazil Projeto RADAMBRASIL 1975;
Barbosa and Fearnside 2005b). The Venezuelan llanos have structure and species
composition that are similar to those of the savannahs of Roraima (San José and Farifias
1983; Medina and Silva 1990) and neither of these should be confused with the savannahs
(cerrados) of central Brazil (Eiten 1978).

Study areas

The study was carried out in two savannah areas that have sample grids for a
Research Program on Biodiversity (PPBio): (i) Agua Boa Experimental Station (AB) and (ii)
Cauameé or “Monte Cristo” Campus (MC) (Fig. 1). The grids are composed of walking trails
in the North-South (N-S) and East-West (E-W) directions that cross the area at intervals of
500 m. All sampling was performed based on permanent plots (10 m x 250 m) that are
systematically distributed at points equidistant from the intersections of E-W and N-S trails.
Each plot is an independent sampling unit that follows the contour line established beginning
from the initial picket. This configuration was adopted to minimise the effects of topographic
variability in each plot (Magnusson et al. 2005). All plots are individually classified by soil
class and vegetation physionomy. The general descriptions of the sample sites are given
below:

*** Figure 1 ***
Agua Boa Experimental Station (AB)

This experimental station of the Brazilian Enterprise for Agriculture and Ranching
Research (EMBRAPA-Roraima) is located approximately 35 km south of the city of Boa
Vista, on the BR-174 Highway (02° 51' 49" N, 02° 53' 6" N and 60° 44' 14" W, 42° 60' 27"
W). The grid area is 616 ha and relief is typically flat with an average altitude of 77.7 £ 1.3
m. Seventeen of the 22 terrestrial plots in this grid were sampled. The soil classes determined
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by Brazil’s National Soil Survey and Conservation Service (SNLCS) indicate that most of the
area has low fertility and high aluminium toxicity (Brazil SNLCS 1996).

Most of the grid is seasonally flooded grasslands with various species of Poaceae and
Cyperaceae (Araujo and Barbosa 2007). In this area the soils are typically hydromorphic and
of sandy texture due to an association of Gleysols with quartzo-arenitic Neosols (Entsols). A
smaller part of the grid has two types of savannah on clay soils that are not exposed to
periodic flooding (dry grasslands) and are characterised by the high density of the tree-bush
component: (i) low density (< 5% canopy cover), represented by grassland savannahs mixed
with scrubby savannah (shrublands) and (i) medium density (5-20%), characterised by
shrublands mixed with grassland and savannah-parkland. In this sector of the grid the soil is
well drained and problems of flooding are not present.

Cauamé Campus (MC)

The Cauamé Campus, known as “Monte Cristo” (MC), belongs to the Federal
University of Roraima (UFRR) and is situated approximately 15 km north of the city of Boa
Vista on the BR-174 Highway segment that leads to the border with Venezuela (02° 38' 07" N
02°40' 11" N and 60° 49' 25" W, 60° 52' 28" W). The grid has an area of 498 ha with an
average altitude of 77.3 £ 4.9 m. The relief is flat to gently rolling and is derived from the
Apoteri Geological Formation. This area is the most densely wooded type on clay soils. Ten
of the 12 terrestrial plots in this grid were sampled. The soil classes were determined by
Benedetti et al. (2011), indicating that this grid has soils with better drainage as compared to
the Agua Boa grid.

Sampling design and procedures

The sampling period for collections and field assessments was between 03.06.2009
and 27.02.2010. Samples were paired in all plots between the rainy and the dry season. We
adopted this criterion in order to avoid distortions that would either under- or over-estimate
biomass depending on the collection period. This was necessary because there is strong
seasonal variation in root production in grassland and savannah areas (Neill 1992).

Our first goal was to quantify total aboveground biomass through direct methods (for
herbaceous vegetation) and indirect methods (for trees and bushes). We sampled roots using
two methods: (a) direct (destructive) to understand the vertical distribution of small-diameter
roots, which are generally associated with grasses and herbs, and (b) indirect (regression) to
calculate the total biomass of the root crown in the tree-bush component. Although the term
“root crown” is usually used to refer to roots located immediately below the surface of the
soil under the main stems of the plants (Snowdon et al. 2000), we use this term to specify
coarse roots at the transition point between stem and soil, including all roots > 10 mm in
diameter up to 1 m depth. The term “root crown” has been used by Abdala et al. (1998) to
refer to roots in this diameter and depth range that are located directly beneath the aerial
portion of the tree, thereby distinguishing these roots from roots of the same diameter located
in the open spaces between the trees. However, in the case of open savannahs in Roraima,
where trees are widely spaced and root diameter distributions are dominated by small and
medium-diameter roots, the biomass of roots > 10 mm in diameter is negligible in the open
spaces, and a separate category for these roots would have minimal effect on the overall total.

Total aerial biomass was estimated from the sum of its two components: (i)
herbaceous and (ii) tree-bush. Herbaceous biomass was defined as “grasses” (Poaceae,
Cyperaceae, seedlings, small dicots and litter) and woody individuals with diameter at the
base (Db) < 2 cm, measured at 2 cm above the ground. We sampled this group by
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establishing four subsampling points in each permanent plot. The first subsample was
established just to the right (R) of the 50-m picket, perpendicularly at a distance of 5 m from
the reference line for the central trail in the permanent plot. This procedure was performed
alternately using the picket at 100 m (L-left), 150 m (R) and 200 m (L).

After marking the four points we used a 1-m? metal frame to delimit the area for
destructive sampling. All individuals in this group within the metal frame were cut close to
the ground using metal blades. They were then weighed to obtain the wet weight
corresponding to the subsample point. A composite sample of herbaceous biomass (80-150 g)
was brought to the laboratory for determination of its dry weight after drying in an oven at
70-75°C until constant weight. The total herbaceous biomass in each plot was estimated by
discounting the water content from the total fresh weight of each subsample and then
calculating a simple mean of the four subsamples.

To estimate the total carbon corresponding to the herbaceous biomass we used the
carbon content (%C), in the form of a weighted average of the different components of this
group as described by Barbosa (2001). The weighted average of %C was calculated
separately for each experiment station: 34.4% (MC) and 36.2% (AB).

Live tree-bush biomass was defined as the group of woody individuals composed of
two vertical strata (tree and bush or shrub) as set in Miranda et al. (2002) and Barbosa et al.
(2005). The area used for sampling the arboreal stratum was 10 m x 250 m, while the shrubs
were sampled in a sub-plot (2 m x 250 m). The central trail of the plot was always used as the
baseline for the sampling. All individuals in the tree-bush group were identified
taxonomically and inventoried by measuring biometric parameters: Db = diameter of the base
of the stem measured at 2 cm above the ground; D3 = diameter of the stem measured at 30
cm height; Dc = diameter of the canopy calculated as the average of the largest and smallest
individual crown diameter; Ht = total height, defined as the distance from the insertion of the
stem in the ground to the top of the canopy. These parameters were used to indirectly
estimate the biomass of each tree-bush individual based on the regression model developed
by Barbosa and Fearnside (2005b) for savannahs in Roraima. Tree-bush biomass of each plot
was derived from the sum of all individual biomasses.

The carbon corresponding to the tree-bush biomass of species inventoried in the two
grids was estimated from data derived from Barbosa (2001) for biomass of savannah species
in Roraima, according to the weighting given in on-line supplementary material A.

Total biomass of roots
Direct method (destructive)

The sampling of root biomass using the direct (destructive) method came from the
same four subsampling points established for herbaceous biomass estimates. The goal of this
method was to obtain mean data for each plot at five depths in the soil column: 0-10 cm, 10-
20 cm, 20-30 cm, 30-40 cm and 40-50 cm. This method checks the inventory and the vertical
distribution pattern of small-diameter roots present along the altitudinal gradient in the plots.
In general, these roots are associated with grasses, herbs and the lateral roots of the small-
diameter individuals of the tree-bush component.

Each subsample was obtained at the exact geometric centre of the metal frame used to
delimit the area for destructive sampling of the herbaceous biomass. We used a soil collector
measuring 0.8 m in length by 0.1 m in diameter adapted for collecting soil at depths up to 0.5
m. Each sample was placed directly in a plastic bag identified individually by depth, and was
then weighed to obtain the net weight in the field. The samples were then forwarded to the
laboratory for separation of the roots and for determination of air-dried weight. These weights
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allowed calculation of soil density (dry weight of the soil divided by its saturated volume) for
each 10-cm section of the soil column.

We separated live roots manually, packing them in plastic bags identified by the plot,
the subsample point and the depth in the profile. After this initial screening and separation,
the residual soil was subjected to the floatation process as suggested by McKell et al. (1961).
This method consists of adding water to the residual soil so that the lighter plant material that
was not visible in the first separation would float and could be collected and added to the
roots separated in the previous stage. After this process the roots were placed in a drying
oven at 70-75°C until they attained constant weight.

Throughout the process all of the collected material was separated by diameter
category (d) using the classes suggested by Abdala et al. (1998): d <2 mm (very fine + fine
roots) 2 <d < 10 mm (medium) and d > 10 mm (coarse). After sorting, washing and drying,
all categories were weighed individually to obtain the mean biomass of roots by diameter
category, depth section, plot and phytopedounit.

Indirect method (root crown)

This method was to estimate the biomass of the “root crown” (as defined above) of
the individual trees or bushes with D3p > 2 cm. In open savannah ecosystems of Roraima the
tree-bush component is present at low density, and our destructive method therefore cannot
provide values for the biomass of the root crown of trees and shrubs. We therefore used an
indirect method, applying the linear regression of Abdala et al. (1998) to estimate this
category. We assumed that the values derived from the regression correspond to the “root
crown” (roots > 10 mm in diameter) connected to the trees and bushes with D3y > 2 cm up to
1-m depth.

Laboratory analyses

All of the biomass of roots collected by the direct method was separated by plot and
vertical section of depth, and then ground using a knife mill. The samples were then sent to
the Soil and Plant Thematic Laboratory at the National Institute for Research in the Amazon
(INPA), Manaus, Amazonas, Brazil, for determination of carbon content (%C). The %C was
determined using a CHN Auto-Analyzer (Vario MAX, Elementar, Germany). This equipment
performs the analysis by combustion at high temperatures, followed by reduction (Nelson and
Sommers 1996). In the case of %C for the root crowns of trees and shrubs we used the same
values for aboveground tree-bush biomass.

Data analysis

The differences between all values obtained for the herbaceous and tree-bush
components and for the total biomass in each environment were verified using the Kruskal-
Wallis non-parametric test (Ho0s) (Zar 1999). In cases where the null hypothesis (equal
means) was rejected, the Student-Newman-Keuls (SNK) test was applied for multiple
comparisons (p < 0.05).

All values for root biomass (total biomass and biomass by diameter category) were
transformed into units of weight per unit area, for each 10-cm section of the soil profile.
Using the results for the biomass of roots for each section of the 0-50 cm soil profile, we
derived an estimate for the 50-100 cm section. This estimate was to combine the information
from this method with the same profile (0-100 cm) adopted for calculating the root crown.
For both, each result obtained from destructive subsamples (0-50 cm) was applied using an
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exponential model (Y =a x b x e™), with a unique value for the 50-100 cm section for each
subsample (see Jackson et al. 1996).

Different sections up to 1 m depth were summed to determine the biomass in the
vertical soil column. We also used the Kruskal-Wallis test (Ho¢s) to assess biomass
differences (by diameter category and total) in the soil column and the vertical distribution
patterns of biomass in all environments. The total biomass per unit area for roots to 1 m depth
was added to the values estimated by regression for root crowns in the tree-bush stratum.

Carbon allocation in aerial biomass and roots was calculated from the multiplication
of each of these groups by the corresponding carbon fraction. For calculating the root : shoot
ratio for each phytopedounit we used the values of live aboveground and belowground
biomass and carbon (direct and indirect methods). We also carried out a separate analysis for
roots with diameter > 2 mm (direct + indirect methods). The purpose of this second analysis
was to provide values for Amazon open savannahs that could be used in the national
inventory, as recommended by the IPCC (2006, p. 8).

Results
Aboveground biomass and carbon

Four phytopedounits were observed in the 27 plots sampled in the two experimental
grids in open savannahs in Roraima. The main tree-bush species present in dry grasslands
both on Argisols (DG-Arg) and on Latosol (DG-Lts), as well as in the more densely wooded
landscapes (GP-Lts), were Curatella americana L. (Dilleniaceae), Byrsonima crassifolia (L.)
Kunth (Malpighiaceae) and B. coccolobifolia Kunth (Malpighiaceae). In WG-Hyd woody
individuals were not found with D3y > 2 cm.

Herbaceous and tree-bush biomasses differ significantly among environments (Table
1). The total herbaceous biomass of WG-Hyd (9.01 + 2.86 Mg ha™) was the largest value
among all of the phytopedounits, although it only differed from the DG-Arg environment. No
significant difference was detected between the largest total biomass (WG-Hyd) and the other
phytopedounits due to a greater presence of the tree-bush component in the dry grasslands
and in the mosaic of grasslands with parkland savannahs.

xk Taple 1 **

The WG-Hyd phytopedounit had the largest carbon stock in the herbaceous
component (3.26 + 1.04 MgC ha™), but GP-Lts (3.47 + 0.89 MgC ha™) had the largest total
aboveground carbon stock (Fig. 2). In this environment the tree-bush component represents a
greater proportion of the biomass and has greater carbon content per unit of weight.

*** Figure 2 ***
Belowground total biomass and carbon

The total biomass of roots determined for the 0-100 cm profile (direct + indirect
method) of WG-Hyd (29.52 + 7.15 Mg ha™) was greater as compared to the other
phytopedounits studied (Table 2). The phytopedounits with tree-bush biomass all have the
smallest values for root biomass. Fine roots (< 2 mm) in diameter dominated the 0-100 cm
vertical profile for the four open savannah phytopedounits evaluated in Roraima. The
concentration of this category reached 100% in WG-Hyd and was between 92.5 and 97.9% in
the other environments. The medium-diameter roots (2-10 mm) were found in three
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landscapes that contained tree-bush biomass, with no significant differences being detected
between these phytopedounits for this diameter category. Coarse roots (> 10 mm) were
determined only by the indirect method, with no concentration of this diameter class being
detected by the direct (destructive) method.

% Table 2 %%

The carbon content (%C) in the root biomass measured by the direct method varied
from 24.8% in WG-Hyd, where herbaceous biomass predominated on sandy soil, to 31.7% in
GP-Lts, which was the environment with the greatest presence of tree-bush biomass on clay
soil (Table 3).

*** Table 3 ***
Vertical distribution

The vertical distribution of root biomass for the four phytopedounits evaluated in
open savannahs of Roraima, measured by the direct method, followed a pattern of
exponential decrease, with the greatest values in the 0-10 cm section, and smaller values in
the subsequent sections (Fig. 3). The largest concentration of roots (fine + medium) was
found in the first three sections of the vertical profile of the soil (0-30 cm), ranging from 56.0
to 64.6% in the four environments. Taking into consideration only these three sections of
depth, the biomass of the roots of WG-Hyd was significantly different from the other
environments that had a tree-bush component.

*** Eigure 3 ***
Root : Shoot ratio (biomass and carbon)

WG-Hyd was the environment with the highest absolute root : shoot ratio, taking into
consideration the total aboveground and belowground live biomass (Table 4). The values of
the root : shoot ratios calculated on the basis of carbon were smaller than those calculated on
the basis of biomass in all phytopedounits. Using only the carbon values for roots > 2 mm in
diameter, the root : shoot ratio have the highest values in GP-Lts and DG-Arg (both with high
tree-bush biomass).

*** Table 4 ***
Discussion
Aboveground biomass and carbon

All of the environments evaluated had tree-bush biomass values within the expected
range for open savannahs in Roraima (0.05-3.64 Mg ha™) (Barbosa and Fearnside 2005b). On
the other hand, our values for total herbaceous biomass are closer to the values found by
Castro and Kauffman (1998) (6.0-7.5 Mg ha™') and Castro-Neves (2007) (6.2-10.4 Mg ha™)
for cerrado areas near Brasilia (in central Brazil) than to those found by Barbosa and
Fearnside (2005b) for open savannahs in Roraima (2.55-4.18 Mg ha™). Both studies in
cerrado carried out their sampling at the peak of the dry period because they were interested
in estimating the emission of greenhouse gases by burning. Our research took measures over



414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463

10

the wet and dry periods to avoid biasing the mean for each environment. In the short term this
method entails higher values for herbaceous biomass due to more favourable edaphic
conditions in the wet season and even in the early months of the dry season, as in the case of
WG-Hyd. This environment is characterised by the dominance of a grassy stratum that makes
use of the soil moisture in order to expand its above-ground biomass. In the long term,
savannah ecosystems where water availability is not limiting or that are protected from fire
tend to increase their belowground biomass (Sarmiento 1984; San José et al. 1998).

Our results imply that, while the herbaceous and tree-bush components are
heterogeneous amongst themselves, the results for aboveground total biomass and carbon of
each phytopedounit may be considered homogeneous, representing the same set of open
savannah environments in Roraima. The phytophysionomic groups with low or average
density of trees and bushes have total biomass and carbon that are similar to exclusively
grassy environments under periodic flooding, regardless of the soil type.

Below-ground biomass and carbon

Our values for total biomass of live roots (direct + indirect methods) for WG-Hyd are
higher than the 11.4-18.9 Mg ha™ presented by Sarmiento and Vera (1979) for savannah
gradients between grasslands and woodlands in the VVenezuelan llanos up to 2 m depth.
However, despite differences in the sampling depth, more than 90% of the roots found in the
study by Sarmiento and Vera are located in the top 60 cm, which is a value very close to 76-
83% of our study to 50 cm. On the other hand, the biomass of roots derived from studies in
the cerrado of central Brazil is larger. Abdala et al. (1998) estimated a total value of 41.1 Mg
ha™ (live + dead) in a 6.2-m profile for a cerrado “sensu stricto” on dark red latosol near
Brasilia, of which ~ 23.3 Mg ha™ were in the first 50 cm (excluding the root crowns).
Similarly, Castro and Kauffman (1998) found values ranging from 16.3 to 52.9 Mg ha™ (2 m)
for live roots in different savannah types ranging from grassland (campo limpo or “clean
field”) to woodland (cerrado denso or “dense cerrado”), also located close to Brasilia, with ~
80% concentrated in the first 50 cm of depth.

Differences between our results for total belowground live biomass in Roraima and
those for the cerrado of central Brazil are clearly due to sampling being performed at sites
with different phytophysionomies, depths and burning schemes. Despite this contrast, it is
possible to infer that, regardless of the depth or savannah type, the total biomass of live roots
in areas of open savannah in Roraima with a low or medium presence of the tree-bush
component are closer to those in the Venezuelan Ilanos than to those of the cerrado of central
Brazil. This should be expected since both the VVenezuelan llanos and the open savannahs of
Roraima have similar species composition, physionomic structure, soil type and rainfall
regime (San José and Farifias 1983; Medina and Silva 1990; Miranda et al. 2002).

Another important inference is that the WG-Hyd phytopedounit, which is grassy and
seasonally flooded, can have a large absolute increment in the biomass of live roots even in
hydromorphic soils. This observation was also made by Menaut and Cesar (1979) when they
investigated 7 types of savannah in Lamto (Ivory Coast), also indicating that the biomass in
wooded environments is almost always constant regardless of the density of trees. This
contrasts with the general conclusions of Castro and Kauffman (1998) in the cerrado of
central Brazil, indicating that dominance of aboveground woody biomass is reflected in
increased belowground biomass. In our study, total carbon allocated to roots did not differ
between the phytopedounits evaluated in open savannahs of Roraima, supporting the idea of
uniformity among the open environments studied with low or no tree density.

The concentration of fine roots in the first layers of the soil in tropical savannah and
grasslands is a pattern detected globally. Oliveira et al. (2005) observed that up to 1 m depth
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fine roots represented ~ 90% of the total determined for two types of cerrado (campo limpo
“grassland” and campo sujo “scrubby savannah”) in central Brazil. In a general review,
Jackson et al. (1996) calculated 57% (9.90 Mg ha™) as the average proportion of fine roots in
the upper 30 cm of soil in tropical savannahs and grasslands. Our study indicates that in open
savannahs of Roraima these figures are higher in absolute terms and can reach values almost
double the general average found by Jackson and collaborators for fine roots to 30 cm depth
(11.5-19.1 Mg ha™* or 55-65% for the 0-100 cm profile).

The most significant example is the WG-Hyd savannah type, which is seasonally
flooded and has 100% fine roots (< 2 mm) throughout the sampled soil column. The plants in
this type of environment are fully adapted to soils with sandy texture, periodic flooding and
aluminium toxicity, but this savannah type has the largest biomass of roots even under these
unfavourable edaphic conditions. In part, this expansion is explained by the prolonged
maintenance of moisture in the soil in these phytopedounits even during the dry season. WG-
Hyd has the largest concentration of roots between 0 and 10 cm depth (26.4%) and the lowest
between 50 and 100 cm depth (17.1%), suggesting that the exploitation of nutrients in this
soil is very superficial. Environments with greater presence of grasses are more efficient in
absorbing water and nutrients in the upper soil layers because of the high concentrations of
fine roots (Knoop and Walker 1985). In addition, sandy soils can also have a positive effect
on root biomass increase as compared to soils with more clayey soil texture (Silver et al.
2000). Roots with smaller diameter have higher surface area relative to their size or weight
and are more effective in capturing water and nutrients (Newman 1966; Vitousek and
Sanford 1986). Nutrient-poor tropical environments therefore tend to have larger quantities of
fine roots in the upper layers of the soil, with high rates of replacement (turnover rate), and
better capacity to absorb nutrients (Jordan and Escalante 1980; Priess et al. 1999).

The larger-diameter roots (> 2 mm) are essential for the calculation of the total
belowground biomass and carbon stock, even in environments with low tree-bush density, as
in the case of open savannahs in Roraima. The direct method allowed us to sample medium-
diameter roots (2-10 mm) under conditions of lateral rooting. Adding this medium-root
biomass to the biomass determined by the indirect method for coarse roots (> 10 mm)
indicates that 0-7.5% (0-1.65 Mg ha™) of the total belowground biomass in savannahs with
low tree-bush density in the far northern part of Amazonia is live roots with >2 mm
diameter. In the more-wooded environments of the cerrado of central Brazil, the biomass of
this component can reach values > 20 Mg ha * (Abdala et al. 1998; Castro-Neves 2007),
depending on the tree-bush structure and density.

The smaller carbon content (%C) in roots found in the 0-50 cm soil column suggests a
direct relationship with the large quantity of fine roots found in all of the savannah types
studied. For example, Manlay et al. (2002) also found low values for carbon content (29.8-
35.1% C) for fine roots under agricultural crops established in savannah areas in West Africa.
Carbon content values lower than 40% are not common in the literature, but can be expected
where the material analysed does not have lignified parenchyma. Fine roots are characterised
as non-ligneous, almost all being without bark and with a short life cycle (McClaugherty et
al. 1982). These smaller-diameter roots die steadily throughout the year and quickly
disappear from the system (Yavitt and Wright 2001) providing an important source of
organic matter and mineral nutrients for maintenance and functioning of ecosystems (Luiz&o
et al. 1992).

Gill and Jackson (2000) presented a range of 0.64 - 0.88 for the turnover rate in open
environments in tropical zones (grasslands, shrublands and wetlands). Taking the midpoint of
this range (0.76) and applying the results derived for the total carbon stock of roots in the
phytopedounits evaluated in Roraima (Table 3), we estimate an annual carbon cycling on the
order of 4.7-5.5 MgC ha™* (0 - 100 cm). In temperate forest ecosystems it is estimated that ~
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1/3 of this carbon is used in the production of new roots (Nadelhoffer and Raich 1992), but
there are no estimates of this for tropical Amazonian savannahs and grasslands.

Vertical distribution

The distribution pattern of root biomass within the vertical soil profile observed in
four phytopedounits was typically exponential with most of the roots concentrated in the
surface layers. This pattern is the same as that observed in other studies of Neotropical
savannahs and grasslands in northern South America (Sarmiento and Vera 1979; San José et
al. 1982), in Central America (Kellman and Sanmugadas 1985; Fiala and Herrera 1988) and
in the Brazilian cerrados (Abdala et al. 1998; Castro and Kauffman 1998; Delitti et al. 2001,
Rodin 2004; Oliveira et al. 2005; Castro-Neves 2007; Paiva and Faria 2007). This is also an
overall global pattern observed in other ecosystems where the great majority of roots is
concentrated in the top 30 cm of the soil (Jackson et al. 1996; Schenk and Jackson 2002a).

In our case the extinction or decay coefficient () cannot be calculated using the
formula of Gale and Grigal (1987) because our data were divided into 10-cm sections only up
to 50 cm depth, whereas at least 100 cm would need to be so divided for a calculation of this
type (see Jackson et al. 1996). However, based on the decay pattern in the current data up to
30 cm depth, we suggest that all environments investigated have a superficial root
distribution, with WG-Hyd (grassy environment on sandy soil) being most prominent (Bso cm
= 0.95) as compared to tree-bush environments on clay soils (Bso cm = 0.96).

These values are lower than those given in the general review of Jackson et al. (1996)
for the tropical savannah and grassland biome (0.972), but this could be a reflection of the
small number of studies available at the time of the review (5 in Africa, 1 in Indiaand 1 in
Cuba). Recent investigations in the cerrado of central Brazil found values of 0.97 (cerrado
stricto sensu) and 0.99 (campo sujo “shrublands”) (Rodin 2004), and ranging from 0.88 to
0.92 for cerrado stricto sensu under different burning regimes (Castro-Neves 2007). This
variation in values indicates that f is very variable and is highly dependent on the time of
sampling (dry or wet season), soil type (clay or sand), drainage of the environment
(hydromorphy) and phytophysionomy (grassy or different forms of wooded savannah).

Root : Shoot ratio

Use of the root : shoot ratio as an indicator of the relationship between the below-
ground and aerial biomass (total live) is very important because it can serve as an estimator of
below-ground carbon based on a simple biometric survey of above-ground biomass with
lower costs (Schenk and Jackson 2002b). Realistic root : shoot ratios are necessary to
improve the accuracy of estimates of root biomass and to estimate the effects of management
and land-use change in national inventories of greenhouse gas emissions (Mokany et al.
2006). In our study we calculate the root : shoot ratio based on biomass and carbon. This
latter form provides ecological values closer to reality for calculation of stock, production and
ecosystem productivity. This is because the carbon content (%C) of the different above-
ground components is not the same as that applied to below-ground biomass. In ecosystems
where the biomass of fine roots is overwhelmingly superior to the other categories, as in the
case on the open savannahs of Roraima, the carbon content can be lower, causing the root :
shoot ratio based on biomass to not represent the ecosystem faithfully.

The values of the root : shoot ratio based on total live biomass varied between 2.7 and
3.8, reflecting discrepancies between the total values above and below ground for all
phytopedounits. Higher ratios (3 to 5) were determined in the savannahs in Lamto (lvory
Coast), indicating greater total belowground biomass to a depth of 1 m as compared to aerial
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biomass (Menaut and Cesar 1979). However, these values are extremely variable and
dependent on the depth of sampling. In the cerrado of central Brazil, Castro and Kauffman
(1998) found high values for savannahs with low tree density (5.6-7.7) and smaller values for
more wooded phytophysionomies (2.6 - 2.9) to 2 m depth, even without including any
estimate for the biomass of the root crowns. Thus, although the phytopedounits investigated
in Roraima are limited by the low density of tree individuals, our values are closer to those of
the wooded cerrado environments of Castro and Kauffman (1998) than to grassland
environments. Our results indicate that the total biomass of roots (0-100 cm depth) is a
component of great importance in the open savannah environments of Roraima, representing
2.4-3.3 times the total carbon allocated to above-ground biomass.

The IPCC (2006, p. 4.72) suggests that fine roots (< 2 mm) are an integral part of the
soil and, therefore, should be considered in the calculations of soil carbon. To have a valid
correction for this it is necessary to disaggregate the results and use only the categories of
roots > 2 mm in diameter. This is required to prevent double counting of inventory values
derived for soil carbon stocks. Thus, using our results for roots with diameter > 2 mm for
open savannah phytopedounits studied in Roraima, the root : shoot ratio, based on biomass, is
between 0 (seasonally flooded grasslands) and 0.07-0.20 (grasslands with low tree density),
or between 0 and 0.08-0.24, based on carbon (see Table 4). These values are lower than those
indicated as the default values by the IPCC (2003, p. 3.109, Table 3.4.3; 2006, p. 6.8, Table
6.1) for sub-tropical/ tropical grassland (1.6), woodland/savannah (0.5) and shrubland (2.8).
However, the IPCC strongly suggests that default values only be used when the country does
not have regional values that better reflect the ecosystem (IPCC 2006, p. 6.8).

The second Brazilian inventory used the default values for all grassland and savannah
environments as listed in Brazil, MCT (2010, pp. 236-237). This was done both for the
cerrados of central Brazil (for which published estimates of below-ground biomass existed)
and for Amazon savannahs (for which the present study provides the first estimates).
Although few in number, it is possible to make inferences about the root : shoot ratio for
Brazilian savannahs, including cerrados (Table 5). For example, the Brazilian estimates for
root : shoot ratio (roots > 2 mm) vary tremendously depending on the vegetation type, fire
regime, seasonality of the water table, soil class and sampling depth. Environments in central
Brazil with greater above-ground biomass and that are not influenced by the water table have
root : shoot ratios from 7 to 27 times higher than those in Amazonian grasslands and
savannahs with low arboreal biomass.

*k Table 5 **

We therefore propose a reformulation of the calculations for the next Brazilian
national inventory. We suggest a minimum standardization of 1 m depth for the estimates of
below-ground biomass and carbon, in addition to region-specific values for root : shoot
ratios, with different ratios, for Amazonian grasslands/savannahs and for central Brazilian
cerrados. This calculation strategy would bring advantages in avoiding the use of empirical
default values from the IPCC (2003; 2006), thereby providing more realistic values for total
biomass and carbon for ecosystems with open vegetation in Brazil.

Conclusions
The total biomass of roots of seasonally flooded grasslands is higher than the root

biomass of grasslands with low tree-bush density, although the total below-ground carbon
stock does not differ among phytopedounits.
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The vertical distribution pattern of root biomass follows an exponential model, with
the largest concentration of roots being in the more superficial layers of the soil. This pattern
does not differ among phytopedounits.

The total biomass of roots (direct + indirect methods) in open savannah environments
of Roraima represents a pool 2.4 - 3.3 times the total carbon stocked in above-ground
biomass.

The expansion factor (root : shoot ratio) used by IPCC for below-ground biomass in
roots > 2 mm diameter, starting from live above-ground biomass, is zero for seasonally
flooded grasslands of Roraima (in northern Amazonia). For unflooded grasslands with low
densities of trees the values of this factor range from 0.07 to 0.20 on a biomass basis, or from
0.08 to 0.24 on a carbon basis.

The standardization of the minimum sampling depth and the use of region-specific
values for root : shoot ratios to calculate below-ground biomass in grasslands and savannahs
is advantageous because it provides more realistic values of total biomass and carbon.
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FIGURE LEGENDS

Fig. 1 — Location of the two sample areas (AB = Agua Boa; MC = Monte Cristo) established
in savannahs (lavrado) in Roraima, Brazil.

Fig. 2 — Distribution of aboveground biomass carbon stock in two components (herbaceous
and tree-bush) for the four phytotopedounits sampled in open savannahs of Roraima, Brazil.

Fig. 3 - Vertical distribution of root biomass (Mg ha™) by depth interval as estimated by the
direct method (50-100 cm, calculated by exponential regression) in four open savannah
phytotopedounits evaluated in Roraima. Values with the same letter in each depth interval
have no significant difference between means, as determined the by SNK test; p < 0.05).
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Table 1. Aerial biomass distribution by group in different phytopedounits in two grids
of open savannahs in Roraima, Brazil (mean + SD Mg ha™). Values in parentheses
represent the plot’s live component (Mg ha') with the litter (dead biomass) already
discounted. Different lower-case letters indicate distinct significance among values in each

column (SNK test; p < 0.05).

Number of Plots

Phyto(p :;j ounit (n) Herbaceous Tree-bush Total
AB MC
DG-Arg 0 5.2?41;;).9:?6 a 1.06+0.68 bc 6.3&[5"_.'2.58)8 a
DG-Lts 5 674(;188)1 ab  0.60+1.08 b 7.3;]-6"_.'26536 a
GP-Lts 2 61(2;231)8 ab 2.76x1.59 c 8.8(78"_.']25;3 a
WG-Hyd 10 902.71258)6 b 0.00a 9.02.71'623.526 a

(A) Dry grasslands on Argisols = DG-Arg; Dry grasslands on Latosols = DG-Lts;

Mosaic of grasslands with savannah-parkland on Latosols = GP-Lts; Wet grasslands on

Hydromorphic soils = WG-Hyd (AB = Agua Boa and MC = Cauamé/Monte Cristo).



w

Table 2. Distribution of root biomass (mean + SD) by diameter category (0-100 cm).
Different lower-case letters in each column indicate a distinct difference among values

(SNK test; p < 0.05).

Fine Roots  Medium Roots Coarse Roots

Total
Phytopedounit (<2 mm) (2-10mm) (>10 mm)

Mg ha* Mg ha* Mg ha* Mg ha*
DG-Arg 20.27+1.39a 0.26%0.15b  0.87+0.72 bc 21.40+2.47 a
DG-Lts 22.14+147a 0.14+0.100Db 0.33+0.33b 22.62+2.21a
GP-Lts 20.49+1.69a 0.39+0.15Db 1.26£0.22c 22.14+x4.90a
WG-Hid 29.5242.40 b 0.00 a 0.00 a 29.5247.15Db




Table 3. Carbon content (%) and total carbon stock (mean + SD) in roots of open
savanna phytopedounits in Roraima, Brazil (0-100 cm depth). Mean %C was calculated
by weighting between direct and indirect methods. There is no significant difference between

values with the same letter on each line (SNK test; p < 0.05).

Sub-Total Sub-Total Total
Phytopedounit (Direct Method) (Indirect Method)
MgC ha* %C MgCha! %C  MgCha®  %C

DG-Arg 6.28+0.29a 31.10+2.90 0.41+0.34bc 46.80 6.69+0.29a 32.06
DG-Lts 6.04+1.15a 27.03+2.63 0.21+0.14 b 46.73 6.25+1.12a 27.69
GP-Lts 6.62+2.00a 31.73+4.10 0.58+0.10 ¢ 46.09 7.21+1.85a 32.89
WG-Hid 7.10+1.65a 24.80+6.16 0.00 a - 7.10+1.65a 24.80




Table 4. Root : shoot ratio in different phytopedounits sampled in open savannas of
Roraima, Brazil for total (live) biomass and carbon, and separately for roots with > 2

mm diameter .

Root :Shoot

Phytopedounit Total >2mm
Biomass Carbon Biomass Carbon

DG-Arg 3.79 3.33 0.20 0.24
DG-Lts 3.48 2.64 0.07 0.08
GP-Lts 2.73 241 0.20 0.24
WG-Hyd 3.86 2.56 0 0
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Table 5. Root : shoot ratio in the form used by the IPCC (ratio the biomass of roots
> 2 mm in diameter to live aboveground biomass) from the current study and

recalculated from published studies on other Brazilian savannas.

Root Shoot R/S
IBGE Depth
Phyitophysionomy Mg ha* Mgha® (> 2mm) Reference
Legend®  (m)
(>2mm)
Cerrado Sensu Stricto Sa 6.2 21.40 34.58 0.62 B
Campo limpo (grassland) Sg (Gr) 2.0 11.57 2.90 3.99
Campo sujo (shrublands ) Sg (Sh) 2.0 21.37 3.90 5.48
Cerrado Sensu Stricto (open cerrado) Sa 2.0 33.02 17.60 1.88 ©
Cerrado Sensu Stricto (dense cerrado) Sd 2.0 37.56 18.40 2.04
Cerrado Sensu Stricto (biennial precocious) Sa 0.5-1.0 38.15 21.00 1.82
Cerrado Sensu Stricto (biennial modal) Sa 0.5-1.0 43.61 29.00 1.50
Cerrado Sensu Stricto (biennial late) Sa 0.5-1.0 39.18 22.90 1.71 °
Cerrado Sensu Stricto (quadrennial) Sa 0.5-1.0 39.86 26.30 1.52
Dry grassland (Argisol) Sg (Gr) 1.0 1.14 5.65 0.20
Dry grassland (Latosol) Sg (Gr) 1.0 0.47 6.50 0.07
Mosaic grasslands/shrublands (Latosol) Sg/Sp 1.0 1.65 8.10 0.20 -
Campo Umido (Hydromorphic) Sg (Hy) 1.0 0.00 7.65 0.00

(A) Brazilian vegetation classification code determined by IBGE (1992).
(B) Abdala et al. (1998); includes live and dead roots.

(C) Castro and Kauffman (1998); does not include tap roots. These authors
considered fine roots to be < 6 mm diameter. The biomass of roots < 2 mm was

estimated as 29% of the total of roots in a 2 m profile according to Abdala et al. (1998).

(D) Castro-Neves (2007); uses Abdala et al. (1998) for calculation of coarse roots

(0-100 cm) and a direct method for estimating fine roots up to 50 cm depth.

(E) This study.
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Supplementary Material A. Carbon concentration (%C) of the main tree and shrub
species by biomass category (leaves and diameter classes of wood pieces 'd") observed in

open savannahs in Roraima.

Species Category Fraction %C Weighted %C
Bowdichia virgilioides Kunth Leaves 0.1458 50.98
(Fabaceae) d>10cm 0.1406 47.33 47.93
5<d<10cm 0.5826 47.62 '
d<5cm 0.1309 46.53
Byrsonima crassifolia (L.) Kunth Leaves 0.1998 51.66
& B. coccolobifolia Kunth d>10cm 0.0597 46.29 4786
(Malpighiaceae) 5<d<10cm 0.5845 47.18 '
d<5cm 0.1560 46.15
B. verbascifolia (L.) Rich. ex Juss. Leaves 0.3723 50.01
(Malpighiaceae) d>10cm - - 4852
5<d<10cm 0.6058 47.72 '
d<5cm 0.0218 45.53
Curatella americana L. Leaves 0.1760 44.14
(Dilleniaceae) d>10cm 0.1235 44.99 44 85
5<d<10cm 0.4718 45.24 '
d<5cm 0.2287 44.52
Hymatanthus articulatus (Vahl) Woodson Leaves 0.2663 51.34
(Apocynaceae) d>10cm 0.2191 45.33 47 62
5<d<10cm 0.3883 47.01 '
d<5cm 0.1264 45.67
Others (16 species) Leaves 0.1549 50.18
d>10cm 0.1355 45.81

5<d<10cm 0.5753 45.63 46.28

d<5cm 0.1343 45.07




Supplementary Material B. Density (number ha’) and basal area (cm? ha) of the tree-bush component present in different

phytopedounits in two open savannah areas in Roraima (AB = Agua Boa; MC = Cauamé/Monte Cristo).

) Plot (n) Density (number ha) Basal Area (cm? ha™)
Phytopedoun It AB MC Family Species Dge>5cm  2cm <Dg<5cm Total Dz>5cm  2cm <Dsp<5cm Total
0 4 Apocynaceae Himatanthus articulatus 1.04 15.63 16.7 43.85 437.47 481.3
Dilleniaceae Curatella americana 11.29 25.83 37.1  2955.44 441.02 3396.5
Fabaceae Bowdichia virgilioides 4.17 10.42 14.6 241.24 176.15 4174
DG-Arg Malpighiaceae  Byrsonima coccolobifolia 17.08 15.63 327  1369.77 278.21 1648.0
Byrsonima crassifolia 27.63 31.25 58.9  2396.61 570.76 2967.4
Proteaceae Roupala montana 2.08 0.00 2.1 542.72 0.00 542.7
Total DG-Arg 63.3 98.8 162.0  7549.6 1903.6 9453.2
5 3 Dilleniaceae Curatella americana 5.10 2.50 7.6 1576.78 81.98 1658.8
Malpighiaceae ~ Byrsonima coccolobifolia 8.76 5.00 13.8 564.44 85.14 649.6
DG-Lts Byrsonima crassifolia 15.07 10.48 255  1420.49 154.15 1574.6
Proteaceae Roupala montana 0.50 0.00 0.5 30.09 0.00 30.1
Total DG-Lts 29.4 18.0 474 3591.8 3213 3913.1
2 3 Anonnaceae Xylopia aromatica 0.80 0.00 0.8 69.33 0.00 69.3
Apocynaceae Himatanthus articulatus 3.20 4.00 7.2 605.50 42.10 647.6
Dilleniaceae Curatella americana 28.80 12.00 40.8  8119.37 324.90 8444.3
Fabaceae Bowdichia virgilioides 0.80 0.00 0.8 19.50 0.00 19.5
GP-Lts Loganiaceae Antonia ovata 0.00 8.00 8.0 0.00 125.30 125.3
Malpighiaceae  Byrsonima coccolobifolia 4.80 0.00 48 380.80 0.00 380.8
Byrsonima crassifolia 36.00 36.00 720 2729.77 792.71 3522.5
Proteaceae Roupala montana 16.00 4.00 20.0 1972.58 64.18 2036.8
Total GP-
Lts 90.4 64.0 1544  13896.8 1349.2 15246.0

WG-Hyd 10 0 - - 0.0 0.0 0.0 0.0 0.0 0.0




1 Supplementary Material C. Distribution of root biomass (mean + SD) by diameter category and method in the different vertical sections

2 of the soil (0-100 cm). Different lower-case letters in each column indicate a distinct difference among values (SNK test; p < 0.05).

3
_ Fine roots Medium roots _ Subtotal (In dlsrg(k:]tt cl)\}laeltho d Total
Phytopedounit Depth (cm) (< 2mm) (2-10mm) (Direct Method) >10mm)
Mg.ha* Mg.ha? Mg.ha* % Mg.ha* Mg.ha*
DG-Arg 00-10 4.48+0.53 0.14+0.27 4.62+0.54 22.51
10-20 3.96+0.36 0.10£0.23 4.06+0.45 19.79
20-30 2.79+0.57 0.02+0.05 2.81+0.59 13.69
30-40 2.28+0.47 0.00 2.28+0.47 11.12 0.87+0.72 bc 21.4042.47 a
40-50 1.88+0.51 0.00 1.88+0.51 9.17
50-100 4.87+1.73 0.00 4.87+1.73 23.73
Total DG-Arg 20.27+1.39 a 0.26+£0.15b 20.53+1.79a  100.0
DG-Lts 00-10 5.27+0.93 0.05+0.11 5.32+0.93 23.87
10-20 4.5740.72 0.08+0.20 4.65+0.66 20.87
20-30 3.35+0.79 0.01+0.03 3.36+0.78 15.06
30-40 2.62+0.55 0.00 2.62+0.55 11.74 0.33+0.33 b 22.62+2.21a
40-50 1.85+0.51 0.00 1.85+0.51 8.28
50-100 4.49+1.33 0.00 4.49+1.33 20.17
Total DG-Lts 22144147 a 0.14+0.10 b 22.28+2.41a 100.0
GP-Lts 00-10 4.50£1.03 0.11+0.19 4.61+1.08 22.07
10-20 4.00+0.96 0.12+0.20 4.12+0.96 19.74
20-30 2.96+0.84 0.07+0.12 3.03+0.86 14.50
30-40 2.35+1.02 0.07+0.18 2.42+1.14 11.59 1.26+0.22 ¢ 22.14+49a
40-50 1.87+0.78 0.02+0.10 1.89+0.85 9.07
50-100 4.81+2.24 0.00 4.81+2.24 23.04
Total GP-Lts 20.49+1.69 a 0.39+0.15 b 20.88+4.82a  100.0
WG-Hyd 00-10 7.79+2.53 0.00 7.79+2.53 26.37
10-20 6.43+1.64 0.00 6.43+1.64 21.78 0.00 a 29.52+7.15b

20-30 4.86+1.29 0.00 4.86+1.29 16.48




30-40 3.25+0.80 0.00 3.25+0.80 11.02

40-50 2.13+0.57 0.00 2.13+0.57 7.22

50-100 5.06+1.84 0.00 5.06+1.84 17.13
Total WG-Hyd 29.52+2.40 b 0.00a 29.52+2.40 b 100




Summary text

Root biomass, root : shoot ratio and below-ground carbon stocks in the open savannahs
of northern Amazonia were estimated. The results indicate that the expansion factor for
below-ground biomass in these ecosystems are low and differ from the default values
used in Brazil’s reference report to the Climate Convention.



