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Abstract

Within the field of ecosystem science, substantial progress has been made towards
our knowledge of the factors which shape the global distribution of vegetation.
However, factors which control the biogeography of belowground vegetation
structure and function remain less understood than their aboveground counterpart.
Vegetation types can differ substantially in terms of belowground processes such as
root growth, root turnover, and resulting vertical root distributions. Fine roots
provide an exchange surface, allowing transport of water and nutrients to the leaves.
On the other hand they also represent a significant sink for photosynthetically fixed
carbon to the soil in terms of maintenance and growth. Overall, root processes have a
major influence on fluxes of water, carbon and nutrients within ecosystems.
In this thesis, an electrical impedance method was used to determine the area
of ‘active’ root in contact with the soil for the purpose of absorption. These
measurements were compared to the leaf area of the trees, for the first time allowing
the aboveground and the belowground resource exchange areas of plant to be
contrasted. This approach was first developed to compare the exchange surface areas
of leaves and roots within a Sitka spruce (Picea sitchensis) managed forest, making
measurements in adjacent stands of differing tree density, but identical in age. Stem
density was found to significantly influence the proportion of absorbing root area
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relative to leaves. Following the successful test of the method, it was used to
compare the resource exchange areas of eight stands of forest and savanna vegetation
in central Brazil. Across a broad gradient of vegetation structure, the results showed
progressively more investment in fine root area relative to leaf area across the
transition from dense forest to open savanna. However, a contrasting result showed
that the forests had a higher absorbing root area to leaf area ratio than savannas.
Furthermore, these measured ratios were strongly correlated with tree height across
the eight structurally contrasting stands. It appears that absorbing root area index
provides a physiologically meaningful way of characterising belowground water
uptake ability, it is possible that excessive investment in fine root area, relative to
leaf area, may reflect differences in the requirement for nutrient uptake in poor soils.
Complementary to the analysis of root absorbing area, measurements of root
activity and belowground carbon cycling were made by focussing on two of the eight
tropical study sites. Here, the carbon costs of root growth and respiration were
quantified to develop a belowground carbon budget for two structurally contrasting
Brazilian savannas, using soil respiration measurements and a root presence/absence
manipulation experiment. Annual estimates showed that at least 60% of the total
CO2 efflux from the soil was contributed by autotrophic processes, with this value
rising to 80% during the dry season. Seasonal fluctuations of soil respiration were
strongly correlated with soil moisture for both the autotrophic (R2=0.79, pvalue<0.05) and heterotrophic (R2=0.90, p-value<0.05) components, with maximum
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flux rates corresponding with 16.4 and 17.7% soil moisture content respectively.
Furthermore, autotrophic respiration was found to varied with phonological patterns
of fine root growth (R2=0.80, p-value<0.05). It follows that, the way in which
phenological processes respond to a changing climate is of potential importance
within seasonally dry regions. Diurnal fluctuations of heterotrophic CO2 efflux were
correlated with soil temperature (R2=0.74, p-value<0.05), demonstrating a Q10 value
of 1.6 across both sites. In contrast, total soil CO2 efflux was not correlated with
temperature (p-value=0.31), suggesting that autotrophic respiration is predominantly
limited by substrate supply.
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Symbols and Abbreviations
Where appropriate, units are indicated in parentheses.
Symbol/Abbreviation

Description

ℜ

Universal gas constant (J K-1 mol-1)

Abas

Basal area (m2 or m2 ha-1)

Acrown

Crown area (m2)

Asocial

Social area (m2)

C

Carbon

D

Stomatal density (mm-2)

DBH

Diameter at breast height (cm)

EI

Earth Impedance

Emax

Maximum transpiration rate (mmol s-1 m-2)

kroot

Absorbing root hydraulic conductance per unit surface area
(m3 MPa-1 m-2 s-1)

ks

Hydraulic conductance per unit sapwood area
(m3 MPa-1 m-2 s-1)

L

Guard cell length (µm)

LAI

Leaf Area Index (m-2 m-2)

LAIfall

Index of surface area of litterfall expressed per unit ground
area (m-2 m-2)

LAImax

Maximum Leaf Area Index (m-2 m-2)

LAItranspiring

Transpiring Leaf Area Index (m-2 m-2)
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P

Atmospheric pressure (MPa)

P

Precipitation (mm)

Q10

Quotient of change in respiration caused by a change in
temperature by 10 degrees Celsius

R

Electrical impedance (Ohms)

Ra

Autotrophic respiration (µmol m-2 s-1)

Raboveground

Plant aboveground respiration (µmol m-2 s-1)

RAI

Root Area Index (m-2 m-2)

RAIabsorbing

Absorbing Root Area Index (m-2 m-2)

RAIfine

Fine Root Area Index (m-2 m-2)

Rbelowground

Plant belowground respiration (µmol m-2 s-1)

Re

Ecosystem respiration (µmol m-2 s-1)

Rh

Heterotrophic respiration (µmol m-2 s-1)

Rrg

Root growth respiration (µmol m-2 s-1)

Rrm

Root maintenance respiration (µmol m-2 s-1)

Rsoil

Soil respiration (µmol m-2 s-1)

S

Total Root Absorption Surface (m2)

SPI

Stomatal Pore Index (m-2 m-2)

T

Temperature (Celsius or Kelvin)

Vstem

Stem volume (m-3)

∆Bfr

Fine root production (MgC/unit time)

∆Bleaf

Leaf production (MgC/unit time)

Θ

Volumetric water content (m3 m-3)
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µ

Viscosity of water at a given temperature (m2 s-1)

Ρ

Electrical resistivity of water conducting tissue (ohm.meters)

Ψ

Water potential (MPa)
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Part I: Context

1.1 Introduction and Overview
The distribution of terrestrial ecosystems is principally determined by climate (Bond
et al., 2005; Malhi et al., 2009), and the resulting vegetation cover plays an important
role within the climate system by influencing energy, water, and gas exchange with
the atmosphere (Sellers et al., 1997; Eastman et al., 2001; Law et al., 2002). As a
result the dynamic equilibrium that exists between vegetation and regional climate
may be altered if either component changes (Foley et al., 1998). One such delicate
balance exists at the boundaries between tropical forests and savannas. The distinct
structure of these vegetation types has profound effects on their function (Breshears,
2006) by influencing rates of transpiration and production (Leuning et al., 2005;
Gotsch et al., 2010), nutrient cycling (Singh et al., 1989), and consequently regional
biogeochemical cycles (Neilson, 1993). Given that the transition between tropical
forests and savannas is anticipated to be highly sensitive to changes in climate,
disturbance regimes, and land use (House et al., 2003; Mayle et al., 2007; Sankaran
et al., 2008; Malhi et al., 2009), a better understanding of the mechanistic processes
regulating the dynamics and feed-backs of this putative transition is urgently needed.
The structure and distribution of ecosystems forming the transition between
tropical forests and savanna is thought to be influenced by four major environmental
17

factors: water availability, nutrient availability, fire, and herbivory (Lopes and Cox,
1977; Furley and Ratter, 1988; Sankaran et al., 2008; Hoffmann et al., 2009; Furley,
2010). Sankaran et al. (2008) found that a combination of all these drivers explained
70% of the variation of woody cover across African savannas. However, mean
annual precipitation was the most important predictor of vegetation structure.
Consequently, water availability is considered to be one of the critical drivers of the
distribution of tropical ecosystems. It has been forecast that an increase in drought
frequency and severity within these environments may be induced by several factors
including : (1) A temperature increase associated with global warming may increase
the rate of evaporation from the soil surface (Nepstad et al., 2004). (2) The
replacement of natural vegetation with agriculture or pasture reduces water cycling
leading to a reduction in rainfall (Nobre et al., 1991; Zhang et al., 1996; Hoffmann
and Franco, 2003). (3) Increases in atmospheric CO2 may induce a decline in evapotranspiration, consequently curtailing a major source of moisture for regional
precipitation (Cox et al., 2000). Additionally, drought is often associated with an
increase in fire frequency, which can further inhibit rainfall by creating condensation
nuclei, thus reducing warm rain processes in convective tropical clouds (Graf, 2004;
Koren et al., 2004; Beerling and Osborne, 2006). Consequently, such changes could
induce shifts in ecosystem structure and composition between forests and savanna.
An important adaptation observed in tropical savannas is the partitioning of a
greater proportion of biomass belowground relative to forest ecosystems (Castellanos
18

et al., 1991; De Castro and Kauffman, 1998). Root processes and functioning are
therefore of fundamental importance to the comparative advantage of savanna
vegetation. Roots perform a variety of functions that are critical to plant survival,
including; acquisition of water and nutrient from the soil, mechanical stability of
plants, and the storage of carbon compounds. However, the principal function of
plant roots is to provide an exchange surface for water and nutrients between the
plant and the soil. Roots thereby provide a pathway for fluxes of water and other
materials via the plant canopy to the atmosphere. The flux of water from the leaves
to the atmosphere is regulated by the stomata. However, assuming no hydraulic
capacitance, the rate of transpiration cannot exceed the supply of water from the soil.
Consequently, the hydraulic properties of root systems have the potential to limit the
flow of water through plants and thereby photosynthesis (Magnani et al., 1998;
Sperry et al., 1998). Conversely, the maintenance and growth of an extensive root
system comes at a significant carbon cost. As a result, there exists a trade-off
between the form and function of plant root systems.
The carbon demands of root production, maintenance and turnover require
transport of carbon and energy from the canopy to the soil, consequently influencing
the biogeochemical cycle in terrestrial ecosystems (Norby and Jackson, 2000;
Lauenroth and Gill, 2003; Trumbore and Gaudinski, 2003). Fine roots (<2 mm in
diameter) are considered to be the dynamic part of the root system, and thereby
responsible for most belowground carbon and nutrient cycling. It has been estimated
19

that fine roots account for at least 33% of global annual terrestrial net primary
production (Jackson et al., 1997). Optimality theory predicts that plants will
minimize the carbon costs associated with their root network while maximizing
water and nutrient uptake (Sperry et al., 1998). As a result, plants must balance the
carbon costs of new root growth with the benefits of young, more efficient fine roots
which can colonise nutrient-rich microsites. This balance is influenced by a
multitude of factors including: increased maintenance costs associated with higher
temperatures, nutrient status of the soil, plant water availability, and mycorrhizal
colonization (Eissenstat et al., 2000; Joslin et al., 2000; Norby and Jackson, 2000;
Pregitzer et al., 2000). Finally, when roots die and decompose, some of their carbon
is released to the atmosphere while some may remain as soil organic matter pool.
Hence, root turnover is a major component of ecosystem carbon cycling and is an
important sink for plant primary productivity.

1.2 Aims and Objectives
Tropical forests and savannas have been seen to show contrasting belowground
vegetation structure and function. It has been well documented that tree species
which are adapted to dry climatic regimes generally have a higher root:shoot ratio
(R:S), and deeper rooting systems than species that are more suited to a mesic
climate (Schenk and Jackson, 2002). Measurements of fine root turnover produced
varying results, however those reported for savanna ecosystems are at the high end of
20

the range for tropical biomes. Such high rates of fine root turnover represent a
significant sink for photosynthetically fixed carbon. This high carbon cost is thought
to have functional benefits in terms of an efficient exchange surface for both water
and nutrients. Consequently, the main aim of this thesis was to better understand the
links between form and function for root systems, and the associated carbon costs of
root systems,

in seasonally dry climates making comparisons between tropical

deciduous forests and savanna ecosystems.
A newly developed earth impedance (EI) method for measuring the active
absorbing root surface area of individual trees (Aubrecht et al., 2006; Čermák et al.,
2006) was used to develop a novel approach allowing us to quantify and compare the
belowground and aboveground resource absorbing areas at the ecosystem level. This
approach was explored by comparing measurements of absorbing root area (using the
EI method), fine root area, and leaf area across three Sitka spruce stands of
contrasting tree density. Using this new and promising method, relationships
between absorbing root surface areas and leaf areas across a natural gradient in
vegetation structure in the zone of transition between the Amazon forest and
Brazilian savanna were investigated. These results will allow us to better understand
the physiological functioning of root systems in relation to structure within
contrasting vegetation types.
Another aim of this thesis was to understand how vegetation structure (with
respect to carbon allocation patterns), and climatic variables (ie. soil temperature and
21

moisture) independently influence the respiration costs of growth and maintenance of
the root system in seasonally dry climates. The influence of vegetation structure can
be assessed by making comparisons between the autotrophic component of soil
respiration within two structurally contrasting woody savannas existing in the same
climate and relating these measurements to seasonal fluctuations in fine root
productivity. A root presence/absence manipulation experiment was used to
determine how the soil respiration components independently respond to these
abiotic and biotic variables.
This thesis has been divided into two main sections (Part II & Part III); the
first of these sections focuses on quantifying and analysing resource exchange
surface areas of plants, while the second section explores the belowground carbon
dynamics of tropical savannas. Part II begins with a general introduction on plant
hydrology and a discussion of different methods for measuring root systems. This is
followed by two complementary research papers. The first research paper entitled
‘Estimates and relationships between aboveground and belowground resource
exchange surface areas in a Sitka spruce managed forest’ (Published in Tree
Physiology) explores a new approach to measuring the belowground exchange
surface area within a controlled experimental setting. The second reseach paper
entitled ‘Absorbing root areas and transpiring leaf areas at the tropical forest and
savanna boundry in Brazil’ evaluates ecophysiological allocation patterns of leaves
and absorbing roots across a natural gradient in vegetation structure. The second
22

main section (Part III) follows on from the analysis of absorbing root area to evaluate
the influence of root activity on belowground carbon cycling. This section begins
with some background information on the influence of root activity on soil
respiration processes. This is followed by the final reseach paper entitled ‘Soil
respiration and belowground carbon dynamics in two structurally contrasting
woody savannas in central Brazil’, which focuses on the influence of phenological
cycles of fine root turnover and leaf litter fall on soil CO2 efflux. Finally, the thesis
concludes (Part IV) by considering the implications of this research within a general
discussion.
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Part II: Root Form and Function

2.1 Plant Hydrology
Terrestrial plants rely on the supply of water from the soil to replace the evaporation
that occurs while atmospheric CO2 is diffusing into photosynthetic tissue. Water used
for transpiration moves from the soil through the plant to the atmosphere, along a
continuum of increasingly negative water potential (ψ) which flows ‘downhill’
thermodynamically but ‘uphill’ physically from the roots to the leaves. Plant water
loss is controlled by stomatal conductance and atmospheric demand. However, for
the plant to avoid desiccation, water loss cannot exceed the maximum supply from
the roots. Consequently, carbon assimilation may be significantly constrained by the
hydraulic pathway from the soil to the leaf.
The movement of water from the soil through the plant is in many ways
analogous to Ohm’s law of electrical conductivity (Figure 2.1-1). The supply of
water to the canopy (Emax) is directly proportional to the water potential gradient
from the soil to leaf (∆ψ) and inversely proportional to the resistance of the hydraulic
pathway. The total resistance consists of a root (Rroot) and shoot (Rshoot) component
arranged in series:

E max =

leaf
∆ψ soil
Rroot + Rshoot

(1)
24

Hydraulic limitations arise because the resistances experienced by the water flow are
not constant. As the water potential deficit increases between the leaf and the soil the
resistance to water flow also increases. This increased resistance occurs at two weak
points in the soil-plant-atmosphere hydraulic continuum: (1) at the root-soil interface
where steep water potential gradients can create dry non-conductive zones, and (2) in
the xylem where cavitations can eliminate water transport. Additionally, the leaf
water potential diminishes with increasing tree height due to a gravitational
component, potentially resulting in cavitation processes.
The hydraulic resistance of the root system is predominantly determined by
the radial resistance across the soil-root interface and is therefore inversely related to
surface area of the absorbing roots:
Rroot =

1
k root S root

(2)

where kroot is the absorbing root hydraulic conductance per unit surface area, and Sroot
is the absorbing root surface area. However, due to the difficulties in measuring root
hydraulic resistances they have been largely neglected in hydraulic models.
A model proposed by Whitehead et al. (1984) predicts that the leaf area (Al)
to sapwood area (As) ratio will decline with increases in tree height. Thereby
preventing the development of damaging water potential gradients, while minimizing
reductions in canopy conductance:

25

Al
k s ⋅ ∆ψ
=
As H ⋅ µ ⋅ g s ⋅ D

(3)

where ks is the hydraulic conductance per unit sapwood area, ∆ψ is the soil to leaf
water potential deficit, H is tree height, µ is the viscosity of water at a given
temperature, gs is canopy conductance to water vapour, and D is atmospheric vapour
pressure deficit. However, this model is based on the assumption that all the
hydraulic resistance is located in the shoot, and the effects of varying the root surface
area have been largely ignored.
CO2

Atmosphere
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Leaves

ψl
Rp

ψs1

ψs2

ψsn
Soil

Rs1

Rr1

Rs2

Rr2

Rsn
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C

Stem

Roots

Plant

Figure 2.1-1: The resistance network for sap flow through the soil-plant-atmosphere system.
Resistances to the supply of water to the absorbing roots through the soil are shown as Rs. Multiple (n)
absorbing root resistances are shown in parallel, each with a specific resistance, Rr. The plant stem has
a single resistance Rp and a capacitance (C) component. Current is generated by transpiration
(Williams et al., 2001).
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2.2 Methods for Measuring Root Systems
Increasing our knowledge of belowground processes has not simply been a matter of
allocating more effort to the topic. We have fundamentally been limited by the
methods that are available to assess belowground processes from the individual plant
level right up to the ecosystem level. Conventional methods for measuring root
systems have included both destructive excavation such as soil coring, monoliths and
in-growth cores, and non-destructive monitoring such as minirhizotron imaging
(Vogt et al., 1998). Digital photography along with specialist software has been
adopted in conjunction with these methods to measure fine root surface areas
(Himmelbauer et al., 2004). However, our limited ability to distinguish between
absorbing and non-absorbing root surfaces represents a major shortcoming of
traditional methods. Whereas it is easy to visually discriminate between foliage and
branches as functional organs, absorbing and non-absorbing roots cannot be easily
distinguished.
The electrical properties of roots can be exploited to measure the absorbing
soil-root interface non-destructively. This approach was first explored through
measurements of capacitance, which was thought to be related to the extent and
active surface area of the root system (Chloupek, 1977; Preston et al., 2004; McBride
et al., 2008). However, moisture in the soil-root system had a significant influence on
the capacitance measurements (Dalton, 1995). More recently electrical impedance
spectroscopy has been adopted for the study of root systems (Repo et al., 2005). This
27

technique has been developed to assess the absorbing root surface area of individual
trees in field conditions (Aubrecht et al., 2006).
The earth impedance method is based on the physical principle of electrical
current continuity. If a simple electrical circuit is established between a tree and the
soil, the current will only enter (or exit) the tree through the same porous surface area
used in water and nutrient uptake. From the difference in conductivity of tree tissue
and the soil, the soil–root exchange surface area is estimated (Aubrecht et al., 2006).
A large field trial has shown absorbing root surface area to be proportional to the
cross-sectional area of aboveground conducting tissue (Čermák et al., 2006).
Additionally, lab-based studies have found electrical resistance to be correlated with
geometric root surface areas (Cao et al., 2010). It appears therefore, that the
development of the earth impedance method for measuring soil-root interface has the
potential to address questions related to root functioning.
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2.3 Estimates and relationships between aboveground and
belowground resource exchange surface areas in a
Sitka spruce (Picea Sitchensis) managed forest
Butler, A., Barbier, N., Cermak, J., Koller, J., Thornily, C., McEvoy, C., Nicoll, B., Perks, M., Grace, J. & Meir,
P. (2010) Tree Physiology, doi:10.1093/treephys/tpq022.

Abstract
Our knowledge of the nature of belowground competition for moisture and nutrients
is limited. In this study we used an earth impedance method to determine the root
absorbing area of Sitka spruce (Picea sitchensis (Bong.) Carr.) trees, making
measurements in stands of differing density (2, 4, and 6 meter inter-tree spacing).
We compared absorbing root area index (RAIabsorbing; based on the impedance
measure) with fine root area index (RAIfine; based on estimates of total surface area
of fine roots) and related these results to investment in conductive roots. Root
absorbing area was a near-linear function of tree stem diameter at 1.3 m height. At
the stand level RAIabsorbing which is analogous to and scaled with transpiring leaf area
index (maximum stomatal pore area per unit ground area; LAItranspiring) increased
proportionally with basal area across the three stands. In contrast RAIfine was
inversely proportional to basal area. The ratio of RAIabsorbing to LAItranspiring ranged
from 7.7 to 17.1, giving an estimate of the relative above versus belowground
resource exchange areas. RAIabsorbing provides a way of characterising ecosystem
functioning as a physiologically meaningful index of belowgound absorbing area.
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Introduction
Plants acquire carbon and nutrients from the environment, which are then allocated
to new tissue growth or maintenance of existing tissue (or storage). This partitioning
of resources influences the efficiency of future acquisition rates of carbon and soil
resources. For example, increased allocation to photosynthetically active leaf area
must be supported by an increase in water supply from the soil through the absorbing
root surface (Shipley and Meziane, 2002). Therefore, the ratio of absorbing root area
to transpiring leaf area is of fundamental importance to plant survival (Sperry et al.,
1998).
The pipe model theory predicts that a given unit of leaf area is supported by a
continuation of conducting tissue of constant cross-sectional area, analogous to a
pipe system (Shinozaki et al., 1964). More recent research suggests that plants adapt
to hydrological pressures by differentially adjusting the cross-sectional area of xylem
conducting tissue relative to their leaves (Magnani et al., 2000). However, this theory
has never been extended to the belowground absorbing surface area of the roots. It
has been estimated that the radial conductivity through the absorbing roots is eight
orders of magnitude lower than that of the saturated conductivity of the xylem and
soil (Steudle and Peterson, 1998). This may suggest that the supply of water to the
leaves is predominantly controlled by the hydraulic properties of the absorbing roots
(Sperry et al., 2002). Consequently, the absorbing root to leaf area ratio may provide
useful insights into the way plants adapt to their environment.
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Plant root systems perform a range of functions including structural support, storage,
transport and absorption (Schulze et al., 1983; Körner, 1994). Conventionally, the
functional components of the root system have often been differentiated according to
soil depth and diameter. Coarse roots (>2 mm in diameter) are generally woody and
provide mechanical support and conductive capacity to the tree (Jackson et al., 1996;
Nicoll and Ray, 1996; Čermák et al., 2008). In contrast, fine roots (often defined as ≤2

mm in diameter) have been distinguished as the primary exchange surface for water
and nutrients between the soil and plant, analogous to the role played by leaves for
carbon and energy uptake (Hendrick and Pregitzer, 1992; Pregitzer et al., 1993,
2002; Jackson et al., 1997; Gill and Jackson, 2000). However, unlike leaves and
branches, it is difficult to distinguish between absorbing and conducting (nonabsorbing) roots. A recently established earth impedance (EI) method allows us to
isolate the absorbing root surface area of individual trees (Aubrecht et al., 2006;
Čermák et al., 2006), which has the potential to improve our understanding of water

and nutrient uptake at the soil-root interface.
The EI method is based on the physical principle of electrical current
continuity (Aubrecht et al., 2006). A large field trial has shown absorbing root
surface area to be proportional to the cross-sectional area of aboveground conducting
tissue (Čermák et al., 2006). Additionally, lab-based studies have found electrical
resistance to be correlated with geometric root surface areas (Cao et al., 2010).
However, it is important to establish how this method relates to the more
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conventional measure of fine root area at the stand level. Therefore, the main
objective of this study is to further evaluate the EI method within a Sitka spruce
managed forest, making comparisons between stands of different tree densities. We
will do this by establishing allometric relationships with aboveground biometric
parameters and making comparisons with the geometric surface area of fine roots
across different stand densities. An additional core objective is to use the EI method
to evaluate the role of plantation density on ecophysiological allocation patterns of
leaves and roots.

Materials and Methods
Study Site
The study was carried out during July-August 2007 at Cloich, which is part of the
Forestry Commission’s Glentress Forest, ~32 km outside of Edinburgh, UK, at
55°42’N, 03°16'W. The site was originally planted in 1970 with Sitka spruce (Picea
sitchensis (Bong.) Carr.) at an average tree density of ~3000 stems per hectare
(equivalent to approximately a 2 m inter-tree spacing). In early 1986, three plots of
differing tree density were established by selectively thinning the existing forest to
625 and 278 stems per hectare, which corresponds to inter-tree spacings of ~ 4- and
6-m, respectively (Greens et al., 1995). This management intervention has resulted in
trees with widely varying trunk diameters. These distinctive aboveground
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characteristics may be supported by correspondingly distinctive belowground root
distributions.
At the time of planting, the soil was prepared by ploughing the topsoil to
excavate drainage trenches. The trees were planted on parallel-mounded ridges (also
known as ribbons) separated by the drainage trenches. The soil on the ridges was ~15
cm deeper than the furrows. The trees in all three stands are sustained by a shallow
peat (~30 cm deep in the furrows) overlaying Silurian Ordovician greywacke
(Sheppard et al., 1995). There was no significant understorey in any of the plots.

Root Absorbing Area
Root absorbing area was evaluated using the EI method (Aubrecht et al., 2006). If a
simple electrical circuit is established between a tree and the soil, the current will
only enter (or exit) the tree through the same porous surface area used in water and
nutrient uptake. From the difference in conductivity of tree tissue and the soil, we
estimated the soil-root exchange surface area based on the equation:
S = ρl

I
U

(1)

where S is the total root absorption surface (m2), ρ is the resistivity of the water
conducting tissue (ohm.meters), l is the distance from the stem (m), I is the current
flowing through the wood stem, root system and soil to auxiliary metal electrodes
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from an external power supply (amperes), and U is the potential difference between
the stem boundary and a potential electrode in the soil (volts).
We inserted six electrodes into the stem of the tree and eight soil electrodes in
a 60° arch around the stem and connected them to an alternating current generator.
The soil electrodes were 10 mm in diameter and inserted 20 cm into the soil to
ensure a sufficient conducting surface. An auxiliary potential electrode was inserted
at the base of the trunk and another in the soil at a defined distance, l, from the stem.
The distance from the stem to both the current and potential soil electrodes was
determined by the course of potential (voltage) characteristics. The amount of current
flowing from the tree stem to the surrounding soil, via the root segment, decreases
with increasing distance from the tree. This drop in voltage was mapped by
progressively moving the soil potential electrode away from the stem in a radial
direction. The point at which the drop in voltage plateaus is considered to be l, which
corresponds to the mean distance of all the absorbing root segments of the tree.
Resistivity of the water conducting tissue (ρwood) of the roots was calculated
using the four point Wenner method, where ρwood=2πaR (Aubrecht et al. 2006). The
four electrodes were inserted into the sapwood at an equal distance, a, apart. The
electrical impedance, R, was measured with the electrodes 2-, 4-, and 6- cm apart and
the mean was taken. Current was generated and the impedance measurements were
made using a four pole Avo Megger DET 5/4D Earth/Ground Tester.
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In each stand (2-, 4-, 6-m spaced trees) 6 trees were measured using the
electrical impedance method. The target trees in each stand were chosen based on the
quantiles of total method (Čermák et al., 2004), such that the whole range of tree
sizes were covered and each tree represented approximately the same fraction of
stand basal area. The measurement was repeated for four 60o segments, each of
which was multiplied by 1.5, and summed to estimate the whole tree root surface
(360o). Two segments were measured in opposite directions along rows where trees
were planted, and two others were measured along perpendicular segments (across
trenches), as there is reason to believe that roots preferentially grow within the ridges
(Savill, 1976).

Fine Root Area
We sampled for fine root area by taking intact soil cores in each of the plots.
Sampled soil cores had a diameter of 8 cm and a depth of 30 cm. Random stratified
core samples were taken on the planting ridges (n=15) and in the furrows (n=15) in
the 2 m spaced plot. In the 4 m spaced plot an additional 15 core samples were taken
on ridges devoid of trees. Finally, in the 6 m spaced plot, a further 15 additional
cores were taken in trenches surrounded by ridges with no trees. This sampling
regime was applied to explore possible differences in fine root area both between
treatments and within plots, which will allow us to accurately scale to the stand level.
Samples were taken at 0-15 cm and 15-30 cm below the soil surface by splitting each
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core into two. We carefully washed all the roots out of the soil and separated the live
and dead roots based on a visual distinction in colour and resilience. Live roots ≤2
mm in diameter were then scanned dried and weighed. As there was no significant
understorey we are confident that the vast majority of fine roots were produced by
the large Sitka spruce trees. The roots were scanned at 600 dpi on an Epson GT
10000 A3 flat bed scanner and the images were analysed using WinrhizoTM software
to calculate surface area of fine roots (cm2). We scaled root area to the plot level by
multiplying the mean fine root area per unit ground area by the total area occupied by
each of the sampling locations.

Coarse Root Volume
Roots of the target trees were also excavated using an air spade (Soil Pick; MBW,
Slinger, Wisconsin, USA). Roots were exposed along two 30° horizontal angular
sectors down to a depth of 30 cm. The centre of each sector corresponded to those
measured by the EI method. The coarse root architecture of each of the target trees
was mapped by measuring the root diameters (Dtsxi: Diameter of individual root i
from tree t, sector s and distance x) at defined distances from the stem (50, 75, 125,
175, 250, 325 cm) using a calliper and a measuring tape anchored near the trunk.
The cross-sectional area (Atsxi; m2 of individual root i from tree t, sector s and
distance x) of all the individual roots was calculated and summed at each distance for
each angular sector:
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Atsx = ∑i Atsxi

(2)

For each sector a 2 or 3 degree polynomial function f(x) was used to link Ats (m2)
with distance x (m). Root volume (Vts, m3) was calculated for each tree and sector,
via the bounded integral of function f(x):
b

Vts = ∫ f ( x)dx

(3)

a

a was defined as 50 cm from the stem, due to the presence of small buttresses, and b

was the maximum radial distance of root growth from the stem. The total root
volume for each tree was calculated by multiplying the two measured sectors of 30o
by 6 to account for the full 360o of root extension.

Tree Social Area
We used a measure of social area (Asocial, m2) to estimate the apparent competitive
environment surrounding a tree (Figure 2.3-5). Social area is a share of the stand area
associated with a particular sample tree according to its size and the available
surrounding space. Asocial was calculated from Equation (4), where di (m) is a series
of distances to nearest neighbouring trees which are weighted by the corresponding
basal area of the sample tree (Abas_s, m2) and that of each neighbouring tree (Abas_i,
m2) as a circular area (Čermák et al., 2006):
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Asocial

 n 

Abas _ s

= π  ∑ di 
 i =1  Abas _ s + Abas _ i  




2

(4)

In addition projected tree crown area was calculated from field measurements and
analysed using an irregular octagon approach.

Leaf Area Index (LAI)
Leaf area index (LAI) was estimated from a published allometric relationship
between DBH and foliar biomass based on data from a Sitka spruce stand growing in
similar conditions (Tobin et al., 2006). We applied this equation to all the trees in
each of the treatment plots and summed the values to estimate the total foliar
biomass in each stand. We calculated the foliar biomass per unit ground area and
used a half-surface specific leaf area value of 4.48 m2kg-1 to convert from foliar
biomass to LAI (Tobin et al., 2006).
LAI accounts for the entire surface area of the leaf organ and is thus much

larger than the water conducting surface area, which is determined by stomatal
diameter and density (stomatal pore area). In order to make a direct comparison with
our measure of root absorbing area we calculated stomatal pore area index (SPI), a
dimensionless index of stomatal pore area per unit lamina area (Sack et al., 2003).
Jeffree et al. (1971) measured the maximum possible surface area of an individual
stomatal pore in Sitka spruce to be 127×10-8 cm2 with 6000 pores per cm2 across the
needle lamina. Based on these measurements we calculate the SPI to be 7.62×10-3
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cm2cm-2, which we multiplied by our estimate of LAI to obtain the transpiring leaf
area index (LAItranspiring).

Data Analysis
Relationships between root absorbing surface area and DBH; stem resistivity and
DBH; and stem/root volume and social area were determined using ordinary least

squares regression analysis. Differences in the estimated parameters of the power
functions for root absorbing area (EI method) fitted between soil segments that run
parallel or perpendicular to the drainage trenches were determined using an analysis
of covariance on linearized data (log-log transformation). Plot differences between
fine root surface area were determined using a hierarchical nested analysis of
variance with location (i.e. ridge or furrow with or without trees) nested within plot,
to test for the effect of tree density on RAIfine. Statistical tests were done in R (R
Development Core Team, 2009).
Plot level coarse root volume was calculated by generating eight random
neighbours for each of the sample trees from a population of 50 trees. The distances
between neighbours were based on the assumption of systematically distributed grid
tree spacing within each of the three plots. Equation (4) was applied to each of the 50
trees and the coarse root volume was calculated from the log-linear relationship
between social area and coarse root volume (the intercept was set at the origin to
avoid negative root volumes; Figure 2.3-6a).
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Results
The management intervention of selective thinning resulted in distinctive tree metrics
within the three treatment plots. Generally, the biometric parameters, such as tree
diameter and crown projected area, were smallest in the 2 m plot and reached a
maximum in the 6 m plot. In contrast, the basal area was highest in the 2 m plot and
lowest in the 6 m plot. The thinning treatment has resulted in progressively fewer but
larger trees (Table 2.3-1).
Using the EI method we found that trees with diameters in the range of 15-50
cm had absorbing root surface areas in the range of 4-10 m2 (Figure 2.3-1). Within
the range of trees that we measured, the relationship between DBH and absorbing
root surface area was linear. However, a fitted non-linear power function (Figure 2.31) allowed the predicted values of the model to approach the origin. Given the high
variance in absorbing root surface area, the effect of the curvature is small. In
contrast, a linear model has a y-intercept of 2.6 m2, thus overestimating the root
absorbing area for small trees. Consequently, we applied the power function to our
tree inventory data in order to extrapolate the total root absorbing area to the stand
level. We used this measure of root area to estimate the absorbing root area index
(RAIabsorbing). RAIabsorbing ranged from 0.28 m2 m-2 in the 6 m spaced plot to ~1.11 m2
m-2 in the 2 m spaced plot (Table 2.3-1). These values are substantially lower in
magnitude than the range in LAI (4.8-8.5 m2 m-2). However, RAIabsorbing is more
closely analogous to and scales with LAItranspiring, which represents 0.8% of the total
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estimated LAI (Table 2.3-1). LAItranspiring ranged from 6.5×10-2 in the 2 m spaced plot
to ~3.7×10-2 in the 6 m spaced plot. The resulting RAIabsorbing: LAItranspiring ratios fall in
the range of 7.7-17.2, which is a functionally descriptive estimate of the relative
aboveground versus belowground resource-capturing ability. The values are an order
of magnitude greater than those for the RAIfine:LAI ratio (0.7-1.6).
There was significantly more root absorbing surface area in segments that ran
along ridges created by the drainage furrows (p<0.01). This distinction is the
expression of a significantly different estimate of the power or allometric parameter,
b in the power law function, y=axb (p<0.01). That is, the proportional change in

absorbing root surface area associated with DBH is distinct between segments that
were oriented parallel to the drainage channels and those perpendicular to the
drainage trenches (Figure 2.3-2). The observed difference is more pronounced for
larger trees, indicating that there is continual preferential growth along ridges or
ribbons as the trees mature. Additionally, we found the resistivity of the waterconducting tissue (ρ in Equation (1)) to be a negative power function of DBH (Figure
2.3-3) within the range of data (p<0.01, r2= 0.64).
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Table 2.3-1: A comparison of above and belowground resource capturing areas of three Sitka spruce
(Picea sitchensis) stand of differing tree densities. Measurements of stand structure (including coarse
root volume) show distinct biomass allocation patterns. Belowground resource capturing area is
expressed as root area index, RAI (root area per unit ground area). RAIfine is estimated from fine root
excavation and geometric calculation, RAIabsorbing is estimated from earth impedance method. Where
applicable we report the standard errors. a and b indicate statistical distinction at the 5% level (where
applicable).

2 meter plot

4 meter plot

6 meter plot

Tree density [Stems ha-1]

3000

625

278

Basal Area [Abas, m2ha-1]

71.43

55.56

50.69

Mean diameter at breast height [cm]

19.9 (±0.69)

29.0 (±0.99)

42.3 (±1.06)

Mean crown projected area [m2]

6.2 (±0.47)

15.9 (±1.16)

39.0 (±2.28)

Fine root area index [RAIfine, m2m-2]

5.56 a (±0.44)

7.13 b (±0.57)

7.55 b (±0.54)

Absorbing root area index [RAIabsorbing, m2m-2]

1.11

0.50

0.28

Leaf area index [LAI, m2m-2]

8.5

5.8

4.8

Transpiring leaf area index [LAItranspiring]

6.5×10-2

4.4×10-2

3.7×10-2

RAIfine:LAI ratio

0.7

1.2

1.6

RAIabsorbing:LAItranspiring ratio

17.1

11.3

7.7

Social area [Asocial, m2]

4.84 (±0.21)

19.51 (±0.43)

43.99 (±0.55)

Coarse root Volume [m3ha-1]

33.67

38.44

22.11

Absorbing root area per unit coarse root
volume [m2m-3]

331.22

129.65

124.48
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Figure 2.3-1: Absorbing root surface area of Sitka spruce (Picea sitchensis). Relationship between
diameter at breast height and absorbing root surface area derived from the impedance method in 3
treatment plots (2 (■), 4 (▲) & 6 (●) meter spacing between trees). Both a linear (y=2.4+0.14x,
R2=0.60, p-value<0.01), and a power function (y=0.7x0.65, R2=0.67, p-value<0.01) was applied to the
data.
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Figure 2.3-2: Comparison of absorbing root surface area of Sitka spruce (Picea sitchensis) based on
earth impedance method. Measurements were taken parallel (solid symbols) and perpendicular (clear
symbols) to drainage channels in 3 treatment plots (2 (■,□), 4 (▲,∆) & 6 (●,○) meter spacing
between trees). The stem segments (120 deg) parallel to the drainage channels are fitted by
y=0.39x0.68 (R2=0.65, p-value<0.01). The stem segments (120 deg) perpendicular to the drainage
channels are fitted by y=0.78x0.3345 (R2=0.22, p-value<0.05) (R development core team, 2008).

Calculations of mean RAIfine from core samples, ranged from 5.56 m2m-2 in
the 2 m spaced plot to 7.55 m2m-2 in the 6 m spaced plot (Table 2.3-1). There was a
significant difference between the 2 m plot and both the 4- and 6-m plot. Though
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there appears to be a slight negative trend with basal area, there was no significant
difference between the 4- and the 6-m spaced plots (Table 2.3-1). Including the
location where each core sample was taken (i.e. ridge or furrow with or without trees
present), nested within each individual plot, significantly increased the explanatory
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power of the model (p<0.01, r2=0.13; Figure 2.3-4).
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Figure 2.3-3: Resistivity of water conducting tissue as a function of diameter at breast height of Sitka
spruce (Picea sitchensis) across 3 treatment plots (2 (■), 4 (▲) & 6 (●) meter spacing between trees).
The fitted curve is a power function: y=2204.6x-0.63 (R2=0.64, p-value<0.01).
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Figure 2.3-4: Fine root area index, based on surface area of root less than 2 mm in diameter, across all
plots (2-, 4- and 6-m spacing between trees) and locations (error bars represent standard errors).The 2m plot is significantly distinct from the 4- and 6-m plot (p-value<0.05)

We used social area as a measure of the competitive environment of
individual trees, which can be compared with projected crown area (Figure 2.3-5).
Our mean estimates for social area for a sample of 50 trees within each plot were:
4.8, 19.5, and 45 m2 for the 2-, 4-, and 6-m plots respectively (Table 2.3-1). This
shows that the trees in the 6 meter plot experience less competitive pressure despite
the presence of larger neighbours.
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2 meter spaced plot, Abase=0.054
m2, Social Area (---) =18.4 m2,
Crown Area (─) =9.5m2.

2 meter spaced plot, Abase=0.023
m2, Social Area (---) =3.6 m2,
Crown Area (─) =3.0m2.
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6 meter spaced plot, Abase=0.122
m2, Social Area (---) =40.0 m2,
Crown Area (─) =31.3m2.
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Figure 2.3-5: Spatial representation of six individual sample trees and their nearest neighbours from
three differentially spaced Sitka spruce plots (2 meter, 4 meter and 6 meter). Tree location and basal
area is represented by - ☼. Social area of target trees are calculated according to Equation (4)
(Čermák et al. 2006) and are represented by broken lines. Crown area is represented by the solid line.

47

0.08
0.06
0.04
0.02
0.00

coarse root volume (m

3

)

(a)

10

20

30

40

50

0.0 0.5 1.0 1.5 2.0 2.5 3.0

stem volume (m

3

)

2

social area (m

)

20

40

(b)

10

30

50

2

social area (m

)

Figure 2.3-6: (a) Relationship between root volume and social area of individual Sitka spruce (Picea
sitchensis) trees. The trend line is a logarithmic relationship Vcoarse_root = 0.028Loge(Asocial) - 0.037
(R2=0.71, p-value<0.01). (b) Relationship between shoot volume and social area of individual Sitka
spruce (Picea sitchensis) trees. The trend line is a logarithmic relationship Vcoarse_root =
0.7961Loge(Asocial) - 0.7391 (R2=0.87, p-value<0.01). Symbols represent the 2 (■), 4 (▲) & 6 (●)
meter spacing between trees.
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The coarse root network was evaluated as each individual plant’s investment
in the total volume of coarse roots (for practical purposes, defined as roots ≥5 mm in
diameter). The coefficients of determination for the polynomial fits f(x) used to link
radial root area (Ats, m2) with distance (x, m) within Equation (3), were fairly high
(mean r²=0.85). Social area accounts for ~71% of the variation in root volume
investment (Figure 2.3-6a). This relationship appears to plateau as social area
increases above ~30 m2. The aboveground stem volume shows a similar relationship
(Figure 2.3-6b) indicating a proportional investment in aboveground and
belowground tissue. At the stand level, the proportion of absorbing root area per unit
coarse root volume declines with reduced tree density (Table 2.3-1).

Discussion
For the most part, field studies of root systems have failed to address their resource
capturing ability. Here, we use an EI method to measure the absorbing root surface
area. The results from our study show a strong correlation between absorbing root
surface area and DBH (Figure 2.3-1), and also show good agreement with
measurements made on Norway spruce (Picea abies) (Čermák et al., 2006). The
observed trend is in accordance with conventional hydraulic theory where a given
unit of sapwood area would be expected to be supported by a proportional amount of
absorbing root surface area (Sperry et al., 1998).
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We observed a distinct asymmetry in the development of the root system
around individual trees. The method of spaced-furrow ploughing is known to restrict
root development, with roots preferentially proliferating along the lines of the
ploughed ridges (Savill, 1976). This differential development of the root system is
expressed in the amount of root absorbing surface area that was measured in
segments along ridges and those across ridges. This disparity was more pronounced
in the larger trees with a maximum discrepancy of ~3 m2 of absorbing root surface
area in the largest trees (Figure 2.3-2).
Conventionally it has been assumed that fine roots are the functional
equivalent of leaves in their ability to capture resources. This idea is complicated by
the ambiguous definitions used for fine roots, having been classified by various
authors anywhere in the range of <1mm to as much as <5mm in diameter (Persson et
al., 1995; Pregitzer et al., 1998; Vanninen and Makela, 1999). Here we quantified a
measure of root area index (m2 root area per unit ground area) based on fine root
excavation (RAIfine) and our estimates across the three plots (Table 2.3-1) correspond
well to global estimates in temperate coniferous forests and boreal forests of 11 and
4.6 m2m-2 respectively (Jackson et al., 1997). These estimates are comparable in
magnitude to LAI, with the ratio of RAIfine:LAI ranging from 0.7 to 1.6 (Table 2.3-1).
RAIfine was significantly lower in the 2 m plot relative to the other two study plots,
despite having the largest basal area, which conflicts with the requirement for a
correlation between the hydraulic conducting surface areas of the roots and stem. The
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traditional approach of inferring root physiological function based on arbitrary size
classification has been questioned before (Pregitzer, 2002). The widely held
assumption that all roots of a given size class (fine roots) function in the same way in
terms of water and nutrient uptake may not be true, and consequently, measurements
of RAIfine may be misleading in this context. Furthermore, there is evidence to
suggest that the absorbing surface area of roots is only represented by a short zone (≈
100–200 mm) behind the root tip (Steudle, 1994). Consequently, any inconsistency
in the ratio of fine root biomass to number of root tips will introduce error into the
measurements and interpretation of fine root surface area.
In contrast RAIabsorbing (based on the EI method) was proportional to basal
area across the three stands, ranging from 0.28 m2 m-2 in the 6 m spaced plot to ~1.11
m2 m-2 in the 2 m spaced plot (Table 2.3-1). Interestingly, RAIabsorbing was not directly
proportional to RAIfine, with the absorbing component accounting for between 3.7
and 19.6% of the total fine root area (Table 2.3-1). This outcome probably reveals
differences in the proportion of total fine root surface area that is used for nutrient
and water uptake, although independent measures of the absorbing zone of the fine
roots of each tree would be needed to explore this further.
Our measure of RAIabsorbing is analogous to LAItranspiring, which is the
proportion of the total LAI accounted for by the SPI. Functionally, SPI has been
shown to correlate well with the hydraulic conductance of the leaf lamina (Sack et
al., 2003). The ratios of RAIabsorbing:LAItranspiring observed here may indicate a
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comparatively higher root absorbing surface area with respect to stomatal pore area,
possibly to compensate for dry non-conductive zones that may develop in the
rhizosphere (Newman, 1969; Bristow et al., 1984; Sperry et al., 1998).
Electrical resistance (R, Ω) of an object (such as a tree stem) is dependent on tree
height (h), stem cross-sectional area (Abas), and the nature of the water-conducting
tissue or resistivity, (ρ, Ωm) in Equation (5):

R=

ρh
Abas

(5)

Resistivity is a material specific constant, at a given temperature. Therefore, we
would expect the observed differences in resistivity to be attributed to differences in
the xylem structure, assuming constant temperature. The smaller trees have the
highest electrical resistivity of the water conducting tissue (Figure 2.3-3). This is
likely to be associated with differences in stem density. It is well understood that the
space available for the growth of a tree will affect the characteristics of its woody
tissue, with high stand densities yielding more dense wood (Brazier, 1970; Petty et
al., 1990). Furthermore, the basic density of Sitka spruce wood depends primarily on
tracheid diameter relative to wall thickness (Mitchell and Denne, 1997). This
suggests that the trees in the 2 m plot will generally have thinner tracheids which are
associated with lower cavitation risk, and consequently, low hydraulic conductivity.
Accordingly, the higher RAIabsorbing:LAItranspiring ratio observed in the 2-m plot may
correspond to lower plant hydraulic conductivity. This relationship is supported by
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modelled predictions of root:leaf area ratios, with higher ratios corresponding to low
soil and xylem conductivity (Sperry et al., 1998).
The conducting root system functions to mobilize soil resources across the
soil profile, because unlike the atmosphere, the soil experiences little mixing
(Carvalheiro and Nepstad, 1996). The network of coarse conducting roots of
individual trees, measured as root volume, varies in accordance with the competitive
environment (social area) (Figure 2.3-6a). It is well established that both competition
and resource availability influence biomass allocation during tree growth (Gersani
and Sachs, 1992; Reynolds and Pacala, 1993; Belcher et al., 1995; Maliakal et al.,
1999). As tree density decreases, each individual tree will have more resources (both
light and soil resources) available. Therefore, as social area increases, individual
plants are more productive both aboveground and belowground. However, at large
separation (large social areas) both these relationships plateau (Figure 2.3-6).
Hydraulic constraints associated with increasing tree height may account for
a reduced investment in stem tissue (Schafer et al., 2000; Koch et al., 2004; Niklas,
2004). In contrast, root proliferation may be constrained by diminishing marginal
returns (Bloom et al., 1985), assuming that a benefit is accured by maximising leaf
area and stomatal conductance while minimising root biomass (Sperry et al., 1998;
Shipley and Meziane, 2002). Mechanical constraints (e.g. increased wind loading) on
trees with reduced density and increased crown dimensions may also contribute to
additional investment in structural root architecture (Greens et al., 1995; Nicoll and
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Ray, 1996). Furthermore, root efficiency can be determined by the differences
between an individual’s nutrient and water uptake, and the cost of growth and
maintenance of servicing roots (Gersani et al., 2001). Consistent with these ideas, the
efficiency of belowground investment can be illustrated in our data by the amount of
absorbing root area per unit coarse root volume (Table 2.3-1). Our results
demonstrate that, as the tree density decreases across the plots, every additional unit
of absorbing root area is supported by a proportionally greater investment in coarse
conducting roots (Table 2.3-1), rendering further investment progressively less
efficient.

Conclusions
Conventionally, fine roots (commonly defined as being ≤2 mm in diameter) have
been thought to function as the pathway for water and nutrient uptake by plants,
analogous to the role that leaves play for carbon and energy uptake (Jackson et al.,
1997; Pregitzer et al., 2002). Consequently, an accurate and physiologically
meaningful measure of root area index is of fundamental importance in establishing a
functional understanding of energy exchange and nutrient cycling. Despite the
fundamental role that roots play in global biogeochemical cycles, they are poorly
represented in global models relative to their foliar counterparts (Woodward and
Osborne, 2000). Leaf area facilitates accurate simulation of carbon and energy gain
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in terrestrial models. In a similar way, root area, measured using the EI method, may
provide physiologically meaningful data for simulating soil resource acquisition.
The inherent difficulties in conducting studies with an integrated approach to the
plant-soil continuum have dramatically hindered our understanding of this functional
association (Högberg and Read, 2006). Here, we express a physiologically relevant
estimate of RAI (RAIabsorbing), which is fundamental to our understanding of roots as
functional plant organs. This variable has considerable potential to improve our
efforts of modelling water and nutrient uptake. Additionally, comparison between
leaf and root areas as resource capturing organs will improve our understanding of
the functionally important exchange surfaces between plants and their environment.
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2.4 Absorbing root areas and transpiring leaf areas at the
tropical forest and savanna boundary in Brazil
Submitted to Trees: Structure and Function

Abstract
Plants capture essential resources for growth via absorbing surfaces on both roots
and leaves. As a result, the allocation of assimilates to these resource exchange
surface areas are of fundamental importance to plant growth and survival. Previous
work on tropical forests and savanna vegetation has mainly focused on broad
root:shoot biomass ratios. Yet, uptake of CO2 (leaves), water and nutrients (roots) is
a surface area phenomenon. In this study we compared the root:leaf ratio of the
active absorbing area at the ecosystem scale, within eight structurally diverse stands,
that were chosen to characterise the transition between the Amazonian forest (closed
canopy) and Brazilian Cerrado (savanna). We use an earth impedance method to
quantify the absorbing root area index (RAIabsorbing) at each site, and compare these
measurements to the more widely used fine root area index (RAIfine). Surprisingly, we
found that RAIabsorbing and RAIfine were not correlated, leading us to conclude that the
two measurements are not direct substitutes. Additionally, we compared both
measures of RAI with the leaf area index (LAI) in these contrasting ecosystems. The
resulting RAIfine:LAI ratio (R2=0.85) was inversely proportional to basal area, with
the highest values in the savanna vegetation. On the other hand, the RAIabsorbing:LAI
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ratio showed an opposite trend with basal area (R2=0.83), with highest values in the
forest. We suggest this paradox may reflect different growth patterns by plants to
access adequate water and nutrient resources.

Introduction
Plants are capable of adjusting the relative size and distribution of organ systems,
such as stems, leaves and roots, in response to changes in resource availability and
disturbance regimes (De Castro and Kauffman, 1998; Magnani et al., 1998). As
resources are generally partitioned either aboveground (with respect to carbon
dioxide and light) or belowground (with respect to the availability of water and
nutrients), it is thought that plants adjust their biomass partitioning to counterbalance
the relative abundance of aboveground and belowground resources (Robinson, 1986;
Johnson and Thornley, 1987; Gedroc et al., 1996). These adjustments are a
functional response, which determine the efficiency of future resource acquisition.
This theory of optimal partitioning has been used to explain distinct root:shoot ratios
between forests and woody savannas (Reynolds and Pacala, 1993; Belcher et al.,
1995). For example root:shoot ratios in Brazilian woody savannas (Cerrado) range
from 2.9-7.7 (De Castro and Kauffman, 1998), while tropical dry forests have
significantly lower ratios in the range 0.42-0.84 (Murphy and Lugo, 1986;
Castellanos et al., 1991). These distinct biomass allocations in turn result in
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contrasting vegetation structures which are thought to be associated with
physiological adaptations to their contrasting environments.
Root:shoot ratios have often been interpreted as a differential investment of
photosynthetically fixed carbon between above and belowground organs to maximise
acquisition of limiting resources (Titlyanova et al., 1999). However, roots are known
to perform a range of functions including structural support, storage, transport and
absorption (Schulze et al., 1983). Acquisition of resources only occurs only through
the absorbing surface area, which may not be strongly related to biomass (Butler et
al., 2010). Therefore, the root:shoot biomass ratio may only be a coarse indicator of
physiological processes. In contrast, the partitioning between actively absorbing
roots and transpiring leaves is functionally more informative, especially with respect
to maintaining an efficient water balance (Shackleton et al., 1988; Litton et al., 2003;
Butler et al., 2010)
Quantifying the belowground resource capturing ability of terrestrial
vegetation remains a major challenge in ecosystem science. Conventionally, it is
thought that fine roots represent the absorbing surfaces for both water and nutrient
uptake (Hendrick and Pregitzer, 1992; Pregitzer et al., 1993; Gill and Jackson, 2000).
Accordingly, the belowground resource exchange surface area has previously been
measured as the live fine root area index (RAI; surface area of fine roots per unit
ground area). Resulting global estimates of RAI range from 4.6 in boreal forests to
42.5 in tropical grasslands and savannas (Jackson et al., 1997). However, in recent
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methodological advancements electrical impedance spectroscopy has been used to
provide a direct estimate of the area of root surface which is in physiological contact
with the soil (Aubrecht et al., 2006; Čermák et al., 2006). This method has the
potential to provide an independent measure of RAI, allowing us to explore the links
between biomass allocation and the physiological function of root systems (Butler et
al., 2010).
The main objectives of this study was to compare the absorbing root area and
leaf area of different vegetation types characterising the transition zone between the
Amazonian forest and the Brazilian Cerrado. We quantified and compared RAI
estimates using both the earth impedance method, and live fine root surface area. We
then contrasted these estimates with the analogous aboveground measure of leaf area
index (LAI) across eight structurally contrasting stands. We evaluated the role of
vegetation structure and density on ecophysiological allocation patterns of leaves and
roots.

Materials and Methods
Study Site
The study area was located in the northeast region of the state of Mato Grosso,
Brazil, within the municipalities of Nova Xavantina and Ribeirão Cascaliera (Table
2.4-1). The region is classified as an area of ‘ecological tension’ in the transition
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zone between savanna (cerrado) and dry forest (floresta estacional) on the Mapa de
Vegetação do Brasil (IBGE, 1993). The climate is characterised by a seasonal

rainfall pattern, with close to no precipitation for three consecutive months of the
year (Figure 2.4-1). We chose eight locations representing two main vegetation
types, savanna and dry forest, growing on a variety of soil types (Table 2.4-2). The
study sites spanned a broad vegetation gradient with a basal area between 3.22 and
28.47 m2ha-1 and a mean tree height between 5.6 and 18.4 meters (Table 2.4-3). The
three most dominant species for each of the study sites are listed in Table 2.4-1. All
the plots had dominant woody vegetation of both trees and shrubs with very limited
grass cover.
Seven one hectare (100 × 100 m) and one previously established 0.6 hectare
plots were surveyed (Table 2.4-2). Four of the plots were located within the
municipality of Nova Xavantina and four within the municipality of Ribeirão
Cascaliera. A detailed inventory of the vegetation was carried out on all the trees
larger than 10 cm diameter at breast height (DBH; 1.3 m). The species, DBH and
crown diameter (two perpendicular measurements) were recorded for each tree in the
plot. All measurements were taken in April 2007, at the end of the wet season when
root biomass is expected to be at its maximum.
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Table 2.4-1: Names of the three most dominant species from each study site.
Plot

Vegetation Type (Classification)

Dominant species

1

Cerrado sensu stricto (savanna)

1.
2.
3.

Qualea parviflora
Davila eliptica
Ropala Montana

2

Cerradão (savanna)

1.
2.
3.

Hertella glandulosa
Sclerolobium paniculatum
Xylopia aromatic

3

Evergreen mono-dominant (Brosimum) forest

1.
2.
3.

Brosimum rubescens
Amaioua guianensis
Cheiloclinium cognatum

4

Dry deciduous forest

1.
2.
3.

Cheiloclinium cognatum
Amaioua guianensis
Tetragastris altissima

5

Cerrado sensu stricto (savanna)

1.
2.
3.

Emmotum nitens
Pouteria ramiflora
Mouriri elliptica

6

Cerradão (savanna)

1.
2.
3.

Xylopia sericea
Mezilaurus crassiramea
Pterodon pubescens

7

Cerrado aberto (savanna)

1.
2.
3.

Mezilaurus crassiramea
Eugenia dysenterica
Bowdichia virgiliodes

8

Dry deciduous forest

1.
2.
3.

Amaioua guianensis
Soloanea simemariensis
Cheiloclinium cognatum

Absorbing Root Surface Area
Root absorbing area was quantified using an electrical impedance (EI) method
(Aubrecht et al., 2006; Čermák et al., 2006; Butler et al., 2010). When a simple
electrical circuit is established between a tree and the soil, current passes across the
tree-soil interface through the same channels used for water and nutrient uptake
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(Figure 2.4-2). From the difference in conductivity of the water-conducting tissue of
the tree and the soil, we can estimate the soil-root exchange surface area (Equation
1).

S= ρl

I
U

(1)

where S is the total root absorbing surface area (m2), ρ is the resistivity of the water
conducting tissue (Ωm), l is the distance from the stem (m), I is the current (Amps)
flowing between the tree and soil to auxiliary metal electrodes from an external
power supply, and U is the potential difference between the stem boundary and a
potential electrode in the soil (Volts).
Following established methods (Aubrecht et al., 2006; Čermák et al., 2006;
Butler et al., 2010), we inserted between four and six (depending on the size of the
tree) electrodes into the stem of the tree and ten soil electrodes in a 60° arc around
the stem and connected them to an alternating current generator. The soil electrodes
were 10 mm in diameter and inserted 20 cm into the soil to ensure a sufficient
conducting surface. An auxiliary potential electrode was inserted at the base of the
trunk and another in the soil at a defined distance, l, from the stem. The distance
from the stem to both the current and potential soil electrodes was determined by the
course of potential (voltage) characteristics. The amount of current flowing from the
tree stem to the surrounding soil via the root segment decreases with increasing
distance from the stem. This drop in voltage was mapped by progressively moving
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the soil potential electrode away from the stem in a radial direction. The point at
which the drop in voltage reached a plateau is considered to be l, which corresponds
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Figure 2.4-1 Geographical location of the study areas and mean monthly maximum temperature
(circles) and precipitation (bars) (data obtained from WorldClim).
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Table 2.4-1: Plot location and meteorological information

Plot

Vegetation
Type
(Classification)

Location
(nearest town)

Latitude

Longitude

Mean Annual
Precipitation (mm)

Mean Precipitation of Mean Precipitation of
the Wettest Quarter
the Driest Quarter
(mm)
(mm)

1

Cerrado sensu stricto
(savanna)

Reserva Biológica, Municipal
Mário Viana (Nova Xavantina)

14°71'S

52°35'W

1508

747

16

2

Cerradão (savanna)

Reserva Biológica, Municipal
Mário Viana (Nova Xavantina)

14°70'S

52°35'W

1508

747

16

3

Evergreen mono-dominant
(Brosimum) forest

Fazenda Vera Cruz
(Nova Xavantina)

14°83'S

52°16'W

1516

754

16

4

Dry deciduous forest

Fazenda Vera Cruz
(Nova Xavantina)

14°83'S

52°17'W

1512

754

16

5

Cerrado sensu stricto
(savanna)

Fazenda Santa Marta (Ribeirão
Cascaliera)

12°82'S

51°77'W

1603

820

16

6

Cerradão (savanna)

Fazenda Santa Marta (Ribeirão
Cascaliera)

12°82'S

51°77'W

1603

820

16

7

Cerrado aberto (savanna)

Fazenda Santa Marta (Ribeirão
Cascaliera)

12°83'S

51°77'W

1599

818

16

12°81'S

51°85'W

1613

826

16

8

Dry deciduous forest

Fazenda Floresta
(Ribeirão Cascaliera)

The resistivity of the water conducting tissue (ρwood) of the roots was
calculated using the four point Wenner method, where ρwood=2πaR (Aubrecht et al.
2006). The four (or six) stem electrodes were inserted into the sapwood at an equal
distance, a, apart. The electrical impedance, R, was measured with the electrodes 2,
4, and 6 cm apart and the mean was taken. Current was generated and impedance
measurements were made using a Earth/Ground Tester (Model 1623, Fluke, Utah,
USA).
A minimum of 12 trees were measured within each plot using the electrical
impedance method. The target trees were chosen from a stratified random sampling
method based on diameter sizes classes. Due to methodological complications trees
only single stem trees were measured. Measurements were repeated for two 60o
segments (Figure 2.4-2) which were multiplied by three to estimate the whole tree
root surface (360o). Two segments were measured in the opposite directions of North
and South. For each of our target trees we recorded: species, DBH, height of the first
branch, tree height and crown cover (based on longest and shortest crown diameters).

Fine Root Area
We measured fine root area by taking 15 intact soil cores in each of the 8 plots. Each
core had a diameter of 8 cm and a depth of 30 cm. We carefully washed all the roots
out of the soil and separated the live and dead roots based on visual distinction in
colour and resilience. For each plot, a subsample of live fine roots (≤2 mm in
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diameter) were scanned, dried and weighed. The images from the scans where then
analysed using the WinRhizo software to calculate the surface area of fine roots
(cm2). The resulting relationship with the sample weights were used to estimate the
total surface area of the remaining samples. We calculated the fine root area index
(RAIfine) as the surface area of fine roots per unit ground area.

Figure 2.4-2: Diagramatic representation of the earth impedance method. G is an alternating current
generator, mA is a milliammeter, V is a voltmeter.
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Leaf Area Index
Images of the canopy were taken from the ground, at a height of 1m, with an
upward-viewing digital camera and hemispherical lens (Nikon Coolpix 900, Nikon
Corporation, Japan) at 25 locations within each plot (Breda, 2003). Images were
always taken in the late afternoon with the bottom of the camera facing north, in the
absence of direct sunlight. The images were then analyzed with image analysis
software (Gap Light Analyser, ring 5, GLA). For the forest plots we calculated LAI
(m2m−2) directly using the GLA software. However, the assumptions of this method
are not consistent with the fragmented canopy structure found in savanna
environments. Therefore, we used published values of leaf area per unit crown area
within similar cerrado vegetation (Hoffmann et al., 2005). Canopy cover for the
savanna plots was measured using the GLA software. Subsequently, to obtain an
estimate of overall LAI, the leaf area per unit crown area was multiplied by the total
canopy cover.

Stomatal Area
We measured the stomatal dimensions of the five most dominant species based on
their importance value (IV), within all the plots located in the Nova Xavantina
municipality. Species which presented difficulties in visualising the stomata were
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excluded from the study and the next most important was taken. Each species was
represented by a sample of two sun leaves from five individuals. Stomatal density, D,
and guard cell lengths, L, were determined using an optical microscope (Carl Zeiss
Microlmaging GmbH 37081 Gottingen, GERMANY). Measurements were taken on
the abaxial surface located centrally, midway between the midrib and margin. The
lengths of five guard cells were averaged within each sample leaf, and a species
average was compiled from the five sampled individuals. We estimated the area of
each individual stomate as L multiplied by the guard cell width, which we
approximated as half L. We then calculated stomatal pore area index (SPI) which is a
dimensionless index of the stomatal pore area per unit area of the leaf laminar (Sack
et al., 2005; England and Attiwill, 2006).

Data Analysis
To explore general differences in absorbing root area between forest and savanna
species we used an analysis of covariance to investigate vegetation specific
correlations with various above ground biometric parameters. However, there was
reason to believe that there may be variation associated with plot specific factors,
such as vegetation structure, or soil type. Therefore the fixed effects assumptions of
the analysis of covariance were untenable, leading to systematic error when scaling
to the stand level. Consequently, we estimated plot specific coefficients in a mixed68

effects model taking into account the differences between plots in terms of there
contribution to the variance (Model 1):
S = αA β + Zu + ε

Model 1

where S is root absorbing area (m2), A is basal area, α and β are coefficient vectors, Z
is the plot where the each tree was situated, u is a coefficient for the random plot
level effects, and ε is the error term. Restricted Maximum likelihood estimates were
used to derive the regression coefficients. We applied this model to the tree inventory
data of each individual plot to estimate the total root absorbing area for each stand.
We investigated possible differences between the root absorbing area of
evergreen and deciduous species within the savanna vegetation type using an
analysis of covariance, as we felt any systematic differences would affect our results
when scaling to the stand level. We pooled brevi-deciduous species as evergreen, as
there is evidence to suggest they are physiologically similar (Jackson et al. 1999).
Additionally, we evaluated differences between the stomatal size and density of
forest and savanna species using the unpaired Wilcoxon rank sum test.
From our estimates of the total absorbing root area for each stand we
estimated the absorbing root area index (RAIabsorbing), which is a dimensionless index
of the total absorbing root area per unit ground area. The correlations between RAI to
LAI ratios (both RAIabsorbing:LAI and RAIfine:LAI) and other biometric parameters
(including basal area, mean canopy height) were determined using ordinary least
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squares regression analysis. We used a weighted average of SPI, based on the
importance value of the measured species, which was multiplied by LAI to estimate
to the transpiring leaf area index (LAItranspiring). All statistical analyses were done
using R (R Development Core Team, 2009).

Results
Vegetation Structure
The study plots spanned a wide gradient of basal area and tree density. At the low
end of the range was the open savanna or ‘Cerrado aberto’ (STM-03) with a basal
area of 3.2 m2ha-1 and tree density of 170 stems per hectare, while the high end was
represented by the Brosmium mono-dominant forest (VCR-01) with a basal area of
28.5 m2ha-1 and a tree density of 468 stems per hectare (Table 2.4-3). This structural
gradient in the vegetation was also characterised by an increase in the mean tree
height. Additionally, LAI increased rapidly with basal area among the savanna plots,
saturating at basal areas represented by the forest stands (Table 2.4-3 & Figure 2.44). In summary, the climates of all the study plots were very similar, yet they
spanned a large structural gradient.
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Absorbing Root Surface Area
We found the absorbing root area of individual trees, defined from the impedance
method, to vary between 0.25 and 5 m2 across all tree sizes and vegetation types. We
explored allometric relationships between absorbing root area (S) and basal area
(Abas), tree height (h), crown area (Acrown), and stem volume (Vstem), for both forest
and savanna species. Each of the aboveground biometric parameters showed a
reasonably good correlation with absorbing root surface area (S) with 39-69 % of the
variation explained by each parameter (p≤0.05; Figure 2.4-3 & Table 2.4-4). There
was considerably more unexplained variation within the savanna vegetation with R2
values ranging from 0.39-0.55, with crown projected area performing the best in
terms of explained variation in S. Generally, savanna trees had significantly (p≤0.05)
less absorbing root area than their forest counterparts, with the difference increasing
at larger tree sizes (Figure 2.4-3). Absorbing root area showed a power function
relationship with Abas, crown projected area and stem volume, saturating at high
values (Figure 2.4-3:A, C, & D). In contrast, height showed a clearly linear
correlation with absorbing root area (Figure 2.4-3B). Additionally, we found no
significant difference between evergreen and deciduous species (p>0.05).

Stomatal Area
We found that stomatal density ranged from 205-848 mm-2 across all species, while
guard-cell length ranged from 9.3-36.2 µm. We did not find any significant
71

difference between the stomatal density of forest and savanna species (p=0.381),
however, forest species had significantly (p=0.01) smaller stomata. Consequently,
the stomatal cells of forest species occupied significantly (p=0.01) less leaf surface
area. The stomata of the forest species in this study were on average about 30%
smaller, and the mean proportion of the leaf laminar occupied by stomatal cells was
10% for forest species and 17% for savanna species (Table 2.4-5).

Table 2.4-3: Stand level biometric data, including root area index (RAI) estimates based on both fine
root and earth impedance measurements (standard errors are reported where appropriate).

Vegetation

Tree
Density
(stems
ha-1)

Basal
Area
(m2 ha-1)

Mean
Tree
Height
(m)

Leaf Area
Index
(m2m-2)

Fine Root
Area Index
(m2m-2)

Absorbing
Root Area
Index (m2m2
)

STM-03

Cerrado aberto
(savanna)

170

3.22

5.61

0.48

4.5 (±0.3)

0.01

NXV-01

Cerrado sensu
stricto
(savanna)

341

5.27

6.56

1.55

7.4 (±0.3)

0.03

STM-01

Cerrado sensu
stricto
(savanna)

364

6.37

7.15

1.44

7.4 (±0.7)

0.04

STM-02

Cerradão
(savanna)

411

7.11

7.88

1.22

6.9 (±0.5)

0.04

NXV-02

Cerradão
(savanna)

564

10.27

9.95

2.36

7.3 (±0.4)

0.07

VCR-02

Dry deciduous
forest

459

16.45

13.57

2.69

5.5 (±0.6)

0.11

FLO-01

Dry deciduous
forest

604

18.44

15.49

2.62

6.8 (±0.4)

0.11

Evergreen
mono-dominant
(Brosimum)
forest

468

28.47

18.44

2.65

6.4 (±0.5)

0.13

Plot

VCR-01
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Figure 2.4-3: Absorbing root area derived from the EI method of forest and savanna trees. Correlation
with, (A) basal area, (B) height, (C) crown area, and (D) stem volume. Equations for numbered
regression lines are reported in Table 2.4-4 (all p-values are ≤0.05).
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Table 2.4-4: Estimated parameters and statistics for relationships between absorbing root surface area
and aboveground biometric parameters (corresponding to regression function in Figure 2.4-3).
Regression
Line
1
2
3

Equations

S = α ⋅ Abas

Vegetation

β

S =α ⋅h + β

4
5
6
7
8

S = α ⋅ Acrown
S = α ⋅ Vstem

β

β

Estimated parameters

R2

α

β

Forest

0.45

0.28

0.69

Savanna

0.31

0.23

0.41

Forest

0.13

0.18

0.62

Savanna

0.07

0.46

0.39

Forest

0.67

0.35

0.47

Savanna

0.46

0.29

0.55

Forest

2.62

0.21

0.67

Savanna

1.52

0.18

0.45

Root Area Index
Estimates of RAIfine from core samples ranged from 4.5 m2m-2 in the Cerrado aberto
(STM-03) to 7.4 m2m-2 in both of the dense savanna (‘Cerrado sensu stricto’) plots
studied (STM-01 & NXV-01; Table 2.4-3 & Figure 2.4-4). In contrast, to scale
RAIabsorbing to the stand level we used a random effects model correlating absorbing
root area with Abas independently for each plot (AIC=98.11). We found plot level
differences to be significant (p=0.02). The resulting estimates of RAIabsorbing across all
the plots ranged from 0.01 in the Cerrado aberto (STM-03), to 0.13 m2 m-2 in the
Brosimum mono-dominant forest (VCR-01). We found no significant correlation
between RAIfine and RAIabsorbing (p=0.87; Figure 2.4-5A).
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Table 2.4-5: Stomatal dimensions of species represented in four plots in the Nova Xavantina
municipality.
VEGETATION/ Species

Importance
value
(IV)

Stomatal density
(mm-2)

Guard cell
length
(µm)

Percent epidermal area
occupied by stomata
(%)

CERRADO sensu strict
Qualea parviflora

1st

27.9

499.2 (±23.5)

17.4 (±0.7)

7.6 (±0.5)

Davila elliptica

2nd

19.9

492.8 (±23.5)

17.6 (±0.4)

7.7 (±0.5)

Roupala montana

3rd

13.8

326.4 (±8.9)

24.9 (±0.8)

10.1 (±0.7)

Vochysia rufa

th

7

8.2

620.8 (±10.3)

20.6 (±0.7)

13.1 (±0.6)

Kielmeyera rubriflora

8th

8.2

281.6 (±19.8)

20.7 (±0.9)

5.9 (±0.3)

Byrsonima pachyphylla

10th

8.0

552.0 (±17.8)

17.8 (±0.3)

8.7 (±0.1)

Hirtella glandulosa

1st

41.7

233.6 (±17.2)

18.2 (±0.2)

3.8 (±0.2)

Sclerolobium paniculatum

2nd

24.1

435.2 (±16.7)

19.7 (±0.7)

8.5 (±0.7)

Xylopia aromatica

3rd

20.8

633.6 (±23.5)

17.3 (±0.3)

9.4 (±0.3)

Eriotheca gracilipes

th

4

11.5

206.4 (±11.1)

36.2 (±0.5)

13.4 (±0.6)

Guapira graciliflora

6th

11.3

361.6 (±15.9)

20.5 (±0.5)

7.5 (±0.3)

Roupala montana

7th

11.2

307.2 (±29.4)

20.7 (±0.8)

6.4 (±0.4)

Cheiloclinium cognatum

1st

36.0

478.4 (±17.2)

11.5 (±0.7)

3.2 (±0.4)

Amaioua guianensis

2nd

29.3

204.8 (±16.7)

17.9 (±0.7)

3.2 (±0.04)

Tetragastris altissima

3rd

23.6

643.2 (±29.0)

9.6 (±0.6)

2.9 (±0.2)

Himenaea courbaril

th

4

17.0

528.0 (±21.9)

18.2 (±0.6)

8.7 (±0.6)

Mabea fistulifera

7th

13.4

521.6 (±13.5)

14.4 (±0.5)

5.4 (±0.2)

CERRADÃO

DRY DECIDUOUS FOREST

BROSIMUM MONO-DOMINANT EVERGREEN FOREST
Brosimum rubescens

1st

131.9

243.2 (±16.9)

18.3 (±0.8)

4.1 (±0.4)

Amaioua guianensis

2nd

29.9

275.2 (±13.0)

19.2 (±0.4)

5.1 (±0.04)

Cheiloclinium cognatum

3rd

29.6

536.0 (±12.6)

9.9 (±0.2)

2.6 (±0.2)

Tetragastris altissima

4th

18.3

848.0 (±20.4)

9.3 (±0.2)

3.6 (±0.2)

4.2

684.8 (±13.5)

18.1 (±0.1)

11.2 (±0.3)

Ephedranthus parviflorus

th

10

75

0.20
0.15

8

)
Absorbing RAI (m ⋅ m

−2

0.10

2

2

LAI & fine root RAI (m ⋅ m

−2

)

6

2

LAI
RAI (fine)
RAI (absorbing)

0
0

5

10

15

20
2

25

0.00

0.05

4

30

−1

Basal area (m ⋅ ha

)

Figure 2.4-4: Ecosystem level resource exchange surface area indices across a gradient of basal area.
Indices include leaf area index (LAI) and root area index (RAI) based on the earth impedance method
(RAIabsorbing) and fine root surface area (RAIfine), across eight one hectare plots representing tropical
forest and savanna vegetation types (error bars represent standard errors were applicable).

We found the RAIfine:LAI ratio to be inversely proportional to basal area
across all the study sites (p≤0.05, R2=0.85; Figure 2.4-5B), with savanna vegetation
having more fine root area relative to leaf area. In contrast, the ratio of RAIabsorbing to
LAI was directly proportional to both basal area (p≤0.05, R2=0.85; Figure 2.4-5C)
and mean tree height (p≤0.05, R2=0.83; Figure 2.4-5D). Consequently, the forest
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plots with taller trees had a higher RAIabsorbing:LAI

ratio than their savanna
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Figure 2.4-5: Comparison of root area index (RAI) based on the earth impedance method (RAIabsorbing)
and fine root surface area (RAIfine), across eight one hectare plots representing tropical forest and
savanna vegetation types. (A) relationship between RAIabsorbing and RAIfine. (B) Relationship between
RAIfine:LAI ratio and stand basal area. (C) Relationship between RAIabsorbing:LAI ratio and stand basal
area. (D) Relationship between RAIabsorbing:LAI ratio and mean tree height. RAIabsorbing:LAI ratios are
multiplied by a factor of 100.
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The stomatal pore area index ranged from 0.11 to 0.17, while the ratio of
RAIabsorbing:LAItranspiring ranged from 0.26 to 1.23 across the four plots (Figure 2.4-6).
The Brosimum forest (VCR-01) was the only vegetation type to have a ratio greater
than one, indicating a higher surface area at the root-soil interface. In contrast, only a
quarter of the aboveground exchange surface area is mirrored belowground in the
Cerrado (NXV-01) vegetation (Figure 2.4-6).

1.23
Brosmium forest

VCR-01

0.95
Dry deciduous forest

VCR-02

0.41
Cerradao

NXV-02

0.26
Cerrado

NXV-01

0.2

0.15

0.1

0.05

transpiring leaf area index

0

0.05
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0.15

0.2

absorbing root area index

Figure 2.4-6: Comparison of absorbing root surface area index with transpiring leaf area index
(stomatal pore area per unit ground area) of two forest and two savanna vegetation types. Ratios of
RAIabsorbing:LAItranspiring are presented above each bar.
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Discussion
Absorbing Root Surface Area
In general we would expect a given unit of absorbing root area to support a
proportional amount of leaf area or water conducting tissue (Shinozaki et al., 1964;
Sperry et al., 1998). Accordingly, the results from more than a hundred trees
representing a high diversity of species show a consistent and reasonably strong
relationship between absorbing root area and both basal area and crown projected
area (Figure 2.4-3). However, within these relationships there is a divergence
between forest and savanna species, with savanna trees surprisingly showing less
absorbing root surface area for a given basal area. We speculate that the difference
between these relationships could be related to the attainment of maximum tree
height. A large root absorbing area will reduce the resistance to water flow across the
soil-root boundary, thereby offsetting any increase in hydraulic resistance associated
with tall trees (Magnani et al., 2000). This theory is additionally supported by the
linear relationship between tree height and root absorbing area (Figure 2.4-3B).
Alternatively, savanna trees have a greater proportion of their fine roots deeper in the
soil profile (Jackson et al., 1997). Therefore, if the EI method only measures the
surface roots this will result in an underestimate of the absorbing root surface areas
of savanna trees.
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Root Area Index
Up to now, root area index has been estimated from the geometric surface area of
fine roots (Jackson et al., 1997). RAI estimates from similar vegetation to that in our
study fall in the range of 6.3 in tropical deciduous forests to 42.5 in tropical
grasslands (Jackson et al., 1997). Our estimates of RAIfine across all the study sites,
all of which were dominated by trees, are most similar to those reported for tropical
deciduous forests. However, the suitability of fine roots to represent absorbing root
area has been questioned in recent studies (Butler et al., 2010). We have therefore
used an alternative approach to isolate the absorbing area of roots, which has resulted
in estimates of RAIabsorbing. The earth impedance method was used on individual trees
(Aubrecht et al., 2006; Čermák et al., 2006; Butler et al., 2010), and these measurements

were scaled to the stand level to provide estimates of the functional soil-root
interface (RAIabsorbing). These values fell in the range of 0.01 to 0.13, and are more
than an order of magnitude smaller than RAIfine (Figure 2.4-4). Surprisingly, we
found that RAIabsorbing was not correlated with RAIfine, which implies that fine root
surface area is not necessarily equivalent to the belowground absorptive surface area
(Butler et al. 2010). We acknowledge that there are discrepancies between these two
estimates of RAI; for example, RAIabsorbing only includes the larger trees (≥10 cm
DBH), while RAIfine encompasses the vegetation as a whole. However, these
discrepancies would not account for the size of the differences between the two
estimates.
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Root to Leaf Area Ratios
A fundamental adaptation for maintaining an efficient water balance in arid climates
is the absorbing root area to leaf area ratio (Shackleton et al., 1988; Sperry et al.,
1998; Litton et al., 2003). In this study we have compared our estimates of RAI to the
analogous LAI. The RAIfine:LAI ratio varied widely across the eight study sites and
was strongly correlated with basal area; with low basal areas corresponding to the
highest root to leaf area ratios. Generally we observed that savanna ecosystems
allocate more resources to fine roots relative to leaves, suggesting that they are
limited by belowground resources. In contrast to the RAIfine:LAI ratio, we found that
the RAIabsorbing:LAI ratio showed the opposite trend with basal area, with forest
vegetation types having the highest values. This paradox may be explained by a
dichotomy between the requirements for the acquisition of nutrients and water. It has
been proposed that a dominant limitation to growth in Brazilian Cerrado
environments such as the ones under study here is a severe shortage of nutrients in
the soil (Arens, 1963). Accordingly, several authors have found a correlation
between basal area and soil fertility in the cerrado (Goodland and Pollard, 1973;
Lopes and Cox, 1977). Additionally, pronounced differences in soil fertility have
also been found between semi-deciduous forest and cerrado ecosystems (Ruggiero et
al. 2002). Cerrado soils also have high levels of soluble aluminium which compete
with other essential nutrients for the same chemical sites on the soil particles, thus
further promoting soil impoverishment (Arens, 1963; Furley and Ratter, 1988). We
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therefore speculate that Cerrado vegetation requires a proportionally larger fine root
network to explore an adequate soil volume to supply a given leaf area with
nutrients. A similarly large network of fine roots near the soil surface may not be
needed for water acquisition alone.
Differences in the RAIabsorbing:LAI ratios between different vegetation types are
strongly correlated with canopy height. As stated above, there is a potential
advantage of increasing the absorbing root to leaf area ratio with tree height
(Magnani et al., 2000; McDowell et al., 2002), and it is interesting that we found that
all the vegetation types fell on the same regression line. This suggests a homeostatic
balance in the way in which these vegetation types adapt to hydrological pressures
(Figure 2.4-5).

Stomatal Area
Canopy conductance is influenced by the combination of the total leaf area and the
proportion of that area which is occupied by stomata. At the individual leaf level it
has been shown that SPI correlates well with leaf laminar conductance (Sack et al.,
2005). Overall we found that the SPI was significantly less for forest species than for
savanna trees. This indicates that forest species will also have a lower stomatal
conductance, which we would expect due to the hydraulic constraints imposed by
increased tree height (Sack et al., 2003, 2005; England and Attiwill, 2006). However,
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this difference in SPI is driven by a reduction in the size of the stomatal aperture in
forest leaves rather than a change in stomatal density. Smaller stomata have been
shown to enhance water use efficiency, both by responding faster to reduced soil
water supply, and also by having a shorter diffusion distance that would allow for
more efficient gas exchange (Aasamaa and Sober, 2001; Franks and Farquhar, 2007).
Consequently, smaller stomata would minimise exposure to excessive leaf water
potential deficits, thereby helping to protect plants from hydraulic damage.
We scaled the porous leaf-atmosphere interface represented by stomata to the
stand level which is directly analogous to the porous soil-root interface measured by
the EI method. We found that the differences in leaf area between the plots were
counterbalanced by differences in stomatal pore area, resulting in largely similar
values of LAItranspiring across the different vegetation types. It has been well
documented that stomatal conductance decreases with tree height to control the
minimum leaf water potential (Ryan and Yoder, 1997; Magnani et al., 2000).
However, the benefits of increased root absorbing area to avoid potentially damaging
effects of large water potential deficits of tall trees has not been previously
investigated. Increasing the surface area for water exchange between the roots and
the soil, relative to the leaf area, may allow taller trees to avoid dangerously negative
water potential deficits, while limiting any reduction in the supply of water to the
canopy (Sperry et al., 1998; Magnani et al., 2000).
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Conclusions
The results from this study have demonstrated that measures of fine root area and
absorbing root area (using the EI method) are not direct substitutes. Allocation
patterns between leaves and fine roots are associated with a gradient of aboveground
biomass, with savanna vegetation having the highest fine root to leaf area ratio.
However, this measure of fine roots is not reflected in the functionally absorbing area
for water uptake. We propose that excessive investment in fine root area relative to
leaf area may reflect the requirement for nutrient uptake in poor soils. This finding
questions the use of fine roots as a measure of water uptake ability, which highlights
the need to develop an alternative approach for estimating water absorption in
terrestrial vegetation models.
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Part III: Belowground Carbon Cycling

3.1 Ecosystem Carbon Cycling
Ecosystem carbon cycling starts when plants fix CO2 from the atmosphere and
convert it to organic carbon compounds through photosynthesis. These organic
carbon compounds are used for both the growth of new plant tissue as well as the
maintenance of existing biomass. At the same time, plants discard dead plant
material (i.e. litter) which is decomposed by microorganisms in the soil to provide
energy for microbial growth. During this process of microbial respiration, CO2 is
released back to the atmosphere. The plant also breaks down some of the generated
organic carbon compounds through respiration to supply the plant with energy, and
through this process CO2 is also released back into the atmosphere. Plant respiration
takes place both aboveground through leaves and branches, as well as belowground
through living roots and their mycorrhizal fungal partners. Thus, ecosystem
respiration can be analysed as the equivalent of the total CO2 emissions from these
different processes.
In temperate forests, soil respiration typically contributes between 30%-80% of the
total ecosystem respiration (Curtis et al., 2005), while estimates from tropical
Amazonian forests represent approximately 46% (Chambers et al., 2004). Chen et al.
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(2003) produced one of the first comprehensive studies of an ecosystem carbon
balance in a tropical savanna in northern Australia. The authors estimated that soil
respiration represented approximately 84% of the total ecosystem respiration,
highlighting the importance of belowground carbon dynamics in tropical savannas.
Table 3.1-1: Mean rates of soil respiration in different types of vegetation (Raich and Schlesinger,
1992).
Vegetation Type

Soil Respiration Rate (gC/m2/yr)
(mean ± se.)

Tundra

60 (± 6)

Boreal forests and woodlands

322 (± 31)

Temperate grasslands

442 (± 78)

Temperate deciduous forests

681 (± 95)

Mediterranean woodlands and heath

647 (± 51)

Croplands, fields, etc.

713 (± 88)

Desert Scrub

544 (± 80)

Tropical savannas and grasslands

224 (± 38)

Tropical dry forests

629 (± 53)

Tropical moist forests

1260 (± 57)

Northern bogs and mires

94 (± 16)

Marshes

413 (± 76)

Mean rates of soil respiration have been shown to vary widely within and
among major vegetation types (Table 3.1-1) (Raich and Schlesinger, 1992). Globally,
these variations are driven by temperature and moisture. The lowest rates of soil
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respiration occur in the cold and dry tundra, while the highest rates occur in tropical
moist forests where both temperature and moisture are high throughout the year.
Improved understanding of the controlling factors influencing the patterns of soil
respiration in this region would be an important contribution to our knowledge of
global carbon cycling.
The efflux of CO2 from the soil surface alone (Rsoil) is the product of both
autotrophic respiration (Ra, contributed by living plant roots and their symbiotic
mycorrhizal fungal partners) and heterotrophic respiration (Rh, contributed by
microbial decomposition of detritus and soil organic matter) (Figure 3.3-1):
Rsoil = Rh + Ra

(1)

There is mounting evidence that as much as half of the soil CO2 efflux originates
from an autotrophic source (Craine et al., 1999; Hogberg et al., 2001; Leake et al.,
2006). Within tropical environments it is estimated that autotrophic respiration
contributes 46-63% of the total soil CO2 efflux (Trumbore et al., 1995; Malhi et al.,
1999; Metcalfe et al., 2007). There is also evidence to suggest that these distinct
sources of CO2 respond differently to environmental variables (Pregitzer et al., 2000;
Law et al., 2002), highlighting the need to consider them as independent processes.
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Figure 3.1-1: Ecosystem carbon processes.

3.2 Soil Respiration: Processes and Controls
In order to understand soil respiration rates and their patterns in changing
environments it is important that we understand all the controlling factors that affect
the associated CO2 fluxes. It has been well documented that the most important
factors which influence soil respiration are substrate supply and quality, temperature,
and moisture.
Substrate Supply
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Heterotrophic respiration mainly depends on the supply of plant litter to the soil
environment. On average, and across all forest ecosystems, Davidson et al. (2002),
estimated that about 25% of total soil CO2 efflux is contributed by aboveground
litter. In contrast, Chen et al. (2003) estimated that only 6% of total soil respiration
was contributed by aboveground litter fall in a tropical savanna of northern Australia.
Furthermore, the authors estimated that as much as 49% of total soil respiration is
represented by fine root litter input, demonstrating a dominance of belowground
processes in tropical savannas. There is also growing evidence that dead mycorrhizea
and root exudates may represent significant sources of carbon for heterotrophic
respiration (McDowell et al., 2001; Hobbie et al., 2004). It has been estimated that as
much as 62% of the carbon entering the soil organic matter pool can come from
mycorrhizal turnover, exceeding the input of both leaf litter and fine root turnover
(Godbold et al., 2006).
Autotrophic respiration, conversely, is directly dependent on aboveground
photosynthesis. A multitude of field experiments using physiological manipulations
and canopy-labelling techniques have demonstrated that as much as half of soil CO2
efflux has its origins in the recently fixed carbon by the canopy (Andrews et al.,
1999; Craine et al., 1999; Hogberg et al., 2001). This connection between soil
respiration and aboveground photosynthesis has also been demonstrated by other
studies which looked at the impact of factors determining aboveground capacity to
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assimilate carbon including; availability of nutrients (Nadelhoffer, 2000), light
(Craine et al., 1999), and leaf area (Curiel-Yuste et al., 2004).

Temperature
Temperature primarily influences soil respiration at the biochemical and
physiological levels. Low temperatures can limit the effectiveness of both the soluble
and membrane-bound enzymes, while high temperatures can restrict the transport of
the products from metabolism via diffusion processes. Consequently, the temperature
sensitivity of metabolic processes associated with soil respiration are not constant
(Lloyd and Taylor, 1994). The relationship between temperature and the biochemical
processes of soil respiration have most commonly been described by the following
equations:
βT
Van’t Hoff: R soil = α e (where Q10=e β×10)
 − Ea


ℜT 

Arrhenius: Rsoil = αe 

 − E0


( T −T0 ) 

Lloyd & Taylor: R soil = αe 

(1)
(2)
(3)

where Rsoil is soil respiration, α, β, Ea (activation energy), E0, and T0 are fitted
parameters,

T is measured temperature (in degrees Kelvin for the Arrhenius

function), ℜ is the universal gas constant, and Q10 is a quotient of change in
respiration caused by a change in temperature of 10 degrees Celsius.
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The temperature sensitivity of soil respiration varies widely between
geographic location and ecosystem type. Q10 values are generally derived from
seasonal variation in temperature. Resulting temperature sensitivity may therefore be
the consequence of the confounding effects of temperature with covarying variables
such as light, moisture, phenological patterns in photosynthetic activity (Davidson et
al., 1998; Curiel-Yuste et al., 2004). Additionally, there is evidence to suggest that
autotrophic and heterotrophic components of soil respiration are differentially
influenced by temperature (Boone et al., 1998; Schindlbacher et al., 2008). In a field
warming experiment, which excluded confounding effects of soil moisture and
carbon flow from the canopy, Schindlbacher et al. (2008) estimated that the
autotrophic Q10 response was twice as high as the heterotrophic component of soil
respiration in a mature coniferous forest.

Soil Moisture
Soil moisture affects soil respiration both directly through its effect on physiological
processes of roots and microorganisms, as well as indirectly via diffusion of
substrates and oxygen. Conceptually, soil CO2 efflux is thought to be low in dry
conditions, to reach an optimal rate in intermediate moisture levels, and to decrease
at high soil moisture content. The optimal water content for soil respiration is when
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the macropore spaces are mostly air-filled, thereby facilitating oxygen diffusion, and
the micropore spaces are mostly water-filled, thus allowing diffusion of soluble
substrates. However, there is no consensus on the best way to mathematically
describe the effects of soil moisture on soil respiration. Numerous equations have
been proposed with soil water content being expressed in a variety of forms (Table
3.2-1).
The few studies describing soil respiration in tropical savanna environments
indicate that soil moisture has a dominant influence (Gupta and Singh, 1981; Pinto et
al., 2002; Chen et al., 2002a). Pinto et al. (2002) collected data over one wettingdrying cycle in the Brazillian Cerrado. They found that the stochastic effect of
rainfall and the great fluctuations in soil moisture led to significant variation in soil
respiration. However, fitting a single straightforward relationship to this variation is
very difficult. The data showed that when soil was dry before rainfall, soil respiration
was very low. Rainfall, when added to dry soil surfaces resulted in bursts of CO2
released from the soil, which declined over time. The lack of consensus on how to
relate soil moisture to respiration processes is a reflection of the numerous
mechanisms involved in the process between soil environments, roots and microbial
activities throughout different regions and seasons.
Table 3.2-1: Selected functions relating CO2 production in soils to soil water content. (α & β
represent fitted parameters.)
Orchard & Cook (1983) lab incubations.

R = α ln( −ψ ) + β
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ψ = water potential
Wildung et al. (1975) field fluxes in an arid grassland in central Washington State.

R = α ± β (θ )(T )
θ = % water content, T = temperature
Howard & Howard (1993) lab incubations.

ln R = α + β1 (T + T * ) + β 2 (T − T * ) 2 + Y1 ( M − M * ) + Y2 ( M − M * ) 2
M = % water holding capacity, M* = mean M, T = temperature, T* = mean T
Raich & Potter (1995) global analysis of published field fluxes.

(

R = F × e Q×T × P

+P

K

)

F = flux when temperature is zero and moisture is not limiting, Q = Q10 factor,
P = mean monthly precipitation, K = half saturation coefficient of precipitation
Hanson et al. (1993) field fluxes in a mixed hardwood forest, Tennessee.


R = (Rb ⋅ α (T / 10 ) )1 − Cf
100 


( ⋅ ⋅R )
Rb = β θ max

(( β ⋅ θ ) + Rmax )

θ = volumetric water content, Cf = course soil fraction, T = temperature,
Rmax = maximum flux when Ws = 100%
Tang & Baldocchi (2005) field fluxes in an oak-grass savanna, California.

R = α ⋅ e β1T ⋅ e β2θ + β3θ

2

θ = volumetric water content, T = temperature
Schlentner & Van Cleve (1985) field CO2 fluxes in Alaskan forests.
 (T −10 ) 
 Ws
 α 2

10 

 × α 3 × α 4 
R = 
(
)
(
)
α
α
+
W
+
W
s 
2
s 
 1

Ws = volumetric water content, T = temperature

Understanding the factors that control the CO2 efflux from the soil is central to
our ability to predict the influence of a changing climate on the storage of carbon
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sequestered from the atmosphere. Generally, the belowground carbon budget
depends on the balance of carbon inputs and fluxes at the soil surface. However, this
balance varies temporally in response to a multitude of environmental drivers.
Additionally, there is growing evidence that heterotrophic and autotrophic
components may respond differently to these drivers. Consequently, in order to
construct accurate global carbon budgets there is a need for detailed local scale
studies from a diverse range of ecosystems which isolate individual respiration
components.
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3.3 Soil respiration and belowground carbon cycling
dynamics in two structurally contrasting woody
savannas in Central Brazil
Submitted to Plant and Soil

Abstract
Trees allocate a large portion of gross primary production belowground for the
growth and maintenance of roots and mycorrhizae. The ecosystem processes
controlling belowground carbon dynamics are central to understanding the transfers
of carbon between the atmosphere and terrestrial systems. Here we examine the soil
CO2 fluxes within the context of a belowground carbon budget for two structurally
contrasting woody savannas in central Brazil. Mean monthly soil CO2 efflux ranged
from 1.5 to 12.6 µmol m-2 s-1 across both study sites. This resulted in an average
annual losses of carbon from soil respiration of 17.3 Mg C ha-1.Between 60-66% of
the total soil CO2 efflux was accounted for by autotrophic respiration. Seasonal
fluctuations of soil respiration were strongly correlated with soil moisture for both
the autotrophic (R2=0.79, p-value<0.05) and heterotrophic (R2=0.90, p-value<0.05)
components, with maximum flux rates corresponding with 16.4 and 17.7% soil
moisture content respectively. Furthermore, seasonal fluctuations in autotrophic
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respiration were strongly correlated to phenological patterns of fine root production
(R2=0.80, p-value<0.05). Diurnal fluctuations of heterotrophic CO2 efflux were
correlated with soil temperature (R2=0.74, p-value<0.05), demonstrating a Q10 value
of 1.6 across both sites. In contrast, total soil CO2 efflux was not correlated with
temperature (p-value=0.31), providing evidence that autotrophic respiration does not
respond to temperature in cerrado environments.

Introduction
Terrestrial ecosystems are sustained by the photosynthetic fixation of carbon, most of
which is then released by respiratory processes occurring belowground. Globally,
soil respiration releases 68-80 billion tons of carbon each year (Raich and
Schlesinger, 1992; Raich et al., 2002). This represents the second largest carbon flux
between ecosystems and the atmosphere, corresponding to more than 10 times the
current rate of fossil fuel emissions (Reichstein et al., 2003). Therefore, even small
changes in soil respiration have the potential to influence atmospheric CO2
concentrations associated with climate change (Jenkinson et al., 1991).
Understanding the factors that control belowground terrestrial carbon cycling is
critical for estimating global carbon budgets.
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The efflux of CO2 from the soil surface originates from two distinct sources:
autotrophic respiration (contributed by living plant roots and their symbiotic
mycorrhizal fungal partners) and heterotrophic respiration (contributed by microbes
involved in the decomposition of detritus and soil organic matter). The dynamics of
these different components are controlled by a variety of biotic and abiotic variables
including: temperature (Lloyd and Taylor, 1994; Davidson and Janssens, 2006), soil
moisture (Bunnell et al., 1977; Davidson et al., 2000), litter quality (Raich and
Tufekciogul, 2000), aboveground vegetation structure (Tang and Baldocchi, 2005),
and photosynthetic activity (Curiel-Yuste et al., 2004). Despite this complexity,
modelling soil respiration on large spatial scales requires simple empirically derived
relations with easily measured parameters. Consequently, modelling soil respiration
relies heavily on simple Q10 or Arhennius-derived functions of temperature
sensitivity, which are often combined with a water availability function (Davidson et
al., 2005). The temperature response of soil respiration has been shown to vary
between its different components, with autotrophic respiration generally being more
sensitive within temperate forests (Boone et al., 1998). In contrast, studies that have
compared the differential response of the component parts of soil respiration in
seasonally dry environments have found confounding effects of temperature and
moisture (Rey et al., 2002; Almagro et al., 2009). These uncertainties have limited
our understanding of how different components of soil respiration respond to soil
moisture.
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The cerrado (woody savanna) is the second most extensive biome in Latin
America originally covering a land area of around 2×108 hectares . It is represented
by a variety of physiognomic forms; including tall dense cerradão to the more
widespread cerrado sensu strictu. The vast expanse of the land covered by cerrado
vegetation means it plays a potentially significant role in both regional and global
carbon budgets (Miranda et al., 1997). There is evidence to suggest that in these
vegetation types soil CO2 efflux is principally controlled by soil moisture (Pinto et
al., 2002). However, it has also been widely reported that fine root productivity is
limited by water supply within tropical regions with pronounced seasonality of
rainfall (Chen et al., 2004; M'bou et al., 2008; Lima et al., 2010). However, very
little is known about how such phenological processes influence the component parts
of soil CO2 efflux.
In this study, we compare the seasonal and diel patterns of both the
autotrophic and heterotrophic components of soil CO2 efflux in two adjacent,
structurally contrasting forms of cerrado vegetation. This approach allows us to
assess the influence of vegetation structure on the component parts of soil respiration
under similar climatic regimes. Additionally, we coupled seasonal measures of
autotrophic soil CO2 efflux with phenological patterns of fine root proliferation.
Thus, allowing us to isolate root growth respiration from total root respiration at the
stand level. Consequently our aims were to (1) assess the seasonal variations in total,
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autotrophic and heterotrophic soil CO2 efflux at each site, (2) determine the
contribution of each component to the annual soil carbon efflux, (3) to determine the
environmental drivers of seasonal and diel patterns of the component parts of soil
CO2 efflux, and (4) to explore the relationship between autotrophic respiration and
fine root dynamics in these two semi-deciduous ecosystems.

Finally, we will

incorporate these measurements into a belowground carbon budget.

Materials and Methods
Study site
The study was carried out in the northeast region of the state of Mato Grosso, Brazil,
within the Parque Municipal do Bacaba (14°41’S, 52°20’W) in the municipality of
Nova Xavantina. The reserve lies at an altitude of 318 m. The mean annual
temperature is 24.9°C and ranges between 14 and 33.4°C.

The mean annual

precipitation is 1500 mm, with a highly seasonal distribution resulting in close to no
precipitation for three months of the year between June and August (Fig. 3.3-1a and
3.3-2a). The soils are characterised as deep, well drained dystrophic Ferrasols
(Marimon Jr. and Haridasan, 2005). Within the reserve we established two 1 hectare
plots representing two structurally distinct physiognomic forms of cerrado
vegetation; cerrado sensu stricto (s.s.), and cerradão. The cerrado s.s. was
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characterised by a basal area of 11.4 m2 ha-1 and an open fragmented canopy (36%
canopy cover; estimated from inventory of canopy dimensions of trees greater than
10 cm diameter at breast height). The three most dominant species in the cerrado s.s.
were Qualea parviflora, Davila eliptica, and Ropala Montana. In contrast the
cerradão had a basal area of 15.7 m2 ha-1 and a closed canopy (69% canopy cover).
The three most dominant species in the cerradão were Hertella glandulosa,
Sclerolobium paniculatum, and Xylopia aromatic.

Soil respiration measurements
We used a root exclusion method to isolate the heterotrophic component of the total
soil CO2 efflux. All the roots were severed around the perimeter of treatment areas of
1 m2, to a depth of 50 cm, and root re-growth into these areas was prevented. Twenty
treatment areas were established within each plot on a 4 by 5 matrix with 20 meter
spacing. Consequently, the input of recently fixed carbon from the canopy was
excluded. We estimated the autotrophic flux component to be the difference between
the mean monthly total soil respiration and the heterotrophic component for each
plot.
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Fig. 3.3-1: Seasonal variations in biotic and abiotic factors that influence the carbon dynamics of a
cerrado savanna near Nova Xavantina, Mato Grosso, Brazil. (a) Seasonal variation in monthly
precipitation and volumetric soil moisture (at a depth of 0-30 cm, n=20). (b) Average maximum air
temperature and average soil temperature (at a depth of 6 cm, n=20). (c) Average seasonal trend in
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Flux measurements were made using a closed static system, by circulating air
between a PP systems CIRAS-1 infrared gas analyzer and a flux chamber consisting
of a PVC collar (15 cm diameter) and a vented PVC cover. The total volume of the
sealed chamber was 3 litres. The collars were permanently inserted about 2 cm into
the soil, two weeks before starting the measurements. In order to ensure the pressure
within the chamber was at equilibrium with the atmosphere at all times, we used a
stainless steel vent (10 cm long with an internal diameter of 2 mm). The CO2
concentration was recorded at 10 second intervals. The rate of change in
concentration was then estimated using the slope of a linear regression over a time
period of about 2 minutes, beginning 30 seconds after placing the cover over the
collar. The soil CO2 efflux (Rsoil, µmol m-2 s-1) was calculated using the following
equation:

Rsoil =

dCO2 PV
×
dt
ART

(eq. 1)

where P is the atmospheric pressure (Pa), V is the volume of the chamber (m3), A is
the area of soil enclosed by the chamber (m2), R is the universal gas constant, and T
is the air temperature (K).
Each sampling location consisted of a root exclusion area (n=20), and an
adjacent location which was not manipulated (n=20). Soil CO2 efflux, soil
temperature, and soil moisture measurements were made at each soil collar.
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Measurements were made monthly, from April 2008 through March 2009, avoiding
days when it was raining. Measurements were taken between 11 am and 2pm, during
which time plants would have been photosynthetically active. We also measured
diurnal variation of CO2 efflux once, at the end of the wet season in April 2008,
when soil respiration was not moisture limited. Measurements were taken once every
half hour over a 24-hour period for both total and heterotrophic respiration within
each plot. Soil temperature was measured at a soil depth of 6 cm. Soil moisture was
measured to a depth of 30cm using a portable CS615 time domain reflectometer
(TDR; Campbell enviScientific, Logan, UT) coupled with a digital multimeter
(O'Brien and Oberbauer, 2001). We estimated annual emissions by extrapolating the
measurement for each month to a 30-day period (15 days either side of the
measurement date) and summing for a year.
Autotrophic respiration can be further divided into, growth respiration a (gC
g-1) and maintenance respiration m (gC g-1) over the three month measurement period
(Lehto and Grace, 1994). These can be estimated using the following linear
regression equation:
ti

∑R
t0

a

 dw 
= a
+m
 dt 

(eq. 2)

where Ra (gC m-2) is the total autotrophic respiration per square meter over the same
three month period during which fine root growth was measured (ti=3 months), w is
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root weight (g), and t is time (three month growth period). The cost of coarse root
growth has been ignored in this estimation, however we believe fine root production
to be the dominant source of CO2 (Chen et al., 2003).
Table 3.3- 1: Methods for estimating components of the cerrado carbon balance.
Symbol

Component definition

Data source

∆Bleaf

Leaf production

Leaf litter traps

∆Bfr

Fine root production

Root in-growth cores (Vogt et al. 1998)

Rsoil

Total soil respiration

Soil respiration was measured using closed
chamber technique.

Rh

Heterotrophic respiration

Root exclusion method (Hanson et al. 2000)

Ra

Autotrophic respiration

Ra=Rsoil - Rh

Rrg

Root growth respiration

Based on analysis in Lehto and Grace (1994)

Rrm

Root maintenance respiration

Based on analysis in Lehto and Grace (1994)

Bab

Aboveground biomass

Based on allometric equations developed by
Delitti, Meguro & Pausas (2006)

Bbl

Belowground biomass

The biomass of fine roots was estimated using soil
cores, and that of coarse roots from root:shoot
ratios reported by De Castro & Kauffman (1998)

Biomass and turnover
We measured the diameter at breast height (DBH, 1.30 m) of all the trees greater
than 10 cm DBH. To estimate tree height, we measured a sub-sample of 50 trees and
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developed allometric equations with DBH which were applied to the remaining trees.
Additionally, we also measured the DBH and height of all the trees between 0.510cm DBH, in half the plot. Using these parameters, we calculated total leaf and
stem biomass, using an allometric equation developed specifically for cerrado
vegetation (Delitti et al., 2006). Within each plot leaf litterfall was recorded by
measuring the monthly accumulation of litter within 20 mesh traps located on a 4 by
5 matrix with 20 meter spacing. Each trap covered 0.44 m2 and was placed 1 m
above the ground surface. The leaves from each trap were oven dried at 70oC and
weighed. Fine root biomass was measured from soil cores taken in the middle of the
wet season (January) when biomass has been reported to be at its maximum (Delitti
et al., 2001). Fine root production was measured using in-growth cores (Vogt et al.
1998). Soil cores (n=25) of 8 cm diameter and 30 cm deep were extracted from the
soil within each plot. We carefully picked all the roots out the soil and separated the
live and dead roots based on colour and resilience. The live roots ≤ 2 mm in diameter
were then rinsed, oven dried at 70oC, and weighed, giving an estimate of the
maximum standing stock. The root free soil was then returned to the hole from which
it came and the location was marked using a mesh crown. At three month intervals
the cores were re-extracted and the newly grown roots were removed, to give an
estimate of fine root production.
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Assuming steady state conditions (i.e. annual changes in soil carbon storage
are small relative to the carbon fluxes into and out of the soil) the belowground litter
contribution was estimated as the difference between the heterotrophic soil
respiration and aboveground litter contribution (Table 3.3-4). Changes in the carbon
storage in the soil were probably quite small at our sites due to the fact that: (1)
savanna vegetation is thought to acts as a carbon sink, particularly in the absence of
fire (Miranda et al., 1997; Grace et al., 2006), (2) our sites had relatively low soil
organic matter content (Scholes and Hall, 1996), (3) both sites hosted mature/climax
vegetation, (4) the reserve was protected from fire which could stimulate abrupt
changes in carbon flow dynamics (Bird et al., 2000). The methods used for
estimating components of the carbon balance are summarised in Table 1.

Soil organic carbon stocks
We used a previously defined stratified sampling strategy for the determination of
soil organic carbon (SOC) stocks, which accounts for the potential heterogeneity
within tropical savanna ecosystems (Bird et al., 2004; Wynn et al., 2006).
Accordingly ten sample locations were located within each plot with five of the
samples taken near trees (at half the crown radius from the trunk) and five away from
trees (at half the maximum distance between trees). Surface litter was removed
previous to sampling and samples were collected using a stainless steel corer down to
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a depth of 30 cm, and were oven-dried at 60oC. Carbon content (%C) was
determined with a ThermoQuest-Finnigan Delta Plus isotope ratio mass spectrometer
(Finnigan-MAT; CA, USA) interfaced with an Elemental Analyzer (Carlo Erba,
model 1110; Milan, Italy) at the Laboratory of Isotope Ecology (CENA-USP,
Brazil). Soil bulk density was calculated by dividing the oven-dried weight of the
soil sample by volume of soil corer. Accordingly, soil bulk density and organic
carbon concentration determined at each sampling location were then used to
calculate SOC stocks to a depth of 30 cm. The resulting SOC estimates near trees
and away from trees were then weighed according to crown cover in order to obtain a
representative average estimate.
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Data analysis
To examine the influence of temperature and soil moisture on soil respiration we
used ordinary least squares regression of a bivariate model (model 1) proposed by
Tang and Baldocchi (2005). Additionally, we decomposed this function into
individual moisture (model 2) and temperature (model 3) components.
Ri = αe β1T e β2θ + β3θ
Ri = αe β2θ + β3θ
Ri = αe β1T

2

2

(model 1)

(model 2)

(model 3)

where R is the rate of soil CO2 efflux (µmol m-2s-1) from source i (total,
heterotrophic, and autotrophic soil respiration), T is the mean soil temperature (oC), θ
is the mean volumetric water content (%), and α, β1, β2, and β3 are the regression
coefficients. We applied these three models individually to the monthly mean values
of the total, heterotrophic, and autotrophic components of the soil CO2 efflux.
The relationship between diurnal variation in soil respiration and temperature
was based on repeated measures on individual soil collars. Therefore, the error terms
will not be independent, it is thus reasonable to suspect some degree of
heteroskedasticity. We used the Breusch-Pagan test for heteroskedasticity, and
estimated our parameters using feasible generalized least-squares regression analysis
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of model 3. A dummy variable was used to allow for differences in the slope and
intercept between sites. The Q10 (the factor by which soil CO2 efflux is multiplied for
every 10°C increase in temperature) was calculated as Q10=eβ×10 for model 3. Finally,
the influence of fine root growth on autotrophic soil respiration was assessed using
ordinary least squares regression analysis of equation 2. All statistical tests were
done in R (R Development Core Team, 2009).

Results
Ecosystem carbon stocks
Estimates for the carbon stocks of the above and belowground components (foliage,
stem, fine roots and coarse roots) in the cerrado s.s. and cerradão environments are
presented in Table 3. The total ecosystem carbon pool was 96.9 and 175.4 Mg C ha-1
for the cerrado s.s. and cerradão respectively. Of this total stock approximately 77%
and 69% was stored belowground in each site respectively, of which the main
component was coarse roots (approximately 53% and 72%). Soil organic carbon
represented the second largest belowground carbon pool accounting for 38% and 23
% of the total (Table 3.3-2). Woody tissue accounted for 94% of the total
aboveground carbon pool.
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Table 3.3-2: Ordinary least squared estimates for parameters in three different soil respiration models.
Each model was applied to the total, heterotrophic, and autotrophic soil respiration components from
two structurally contrasting cerrado environments.
Soil
Estimated parameters
Equation
R2
Respiration
α
β
β
β
3
1
2
Component
Total

R = αe

β1T

e

β 2θ + β 3θ 2

Heterotrophic
(Model 1)
Autotrophic

R = αe β 2θ + β3θ
(Model 2)

-0.02
(±0.004)***

6.1×10-5

(±4.8×10-5)***

0.05

1.11

-0.03

(±0.05)

(±0.2)***

(±0.007)***

0.02

2.3×10-3

0.63

-0.02

(±0.009)***

(±0.03)

(±0.12)***

(±0.004)***

2

1.3×10-4

(±9.3×10-5)***

0.03
(±0.14)***

Total

Autotrophic

0.73
(±0.11)***

(±0.003)***

Autotrophic

Heterotrophic

0.01
(±0.03)

0.01

Total
Heterotrophic

0.01
(±0.005)***

R = αe β1T
(Model 3)

—
—
—

0.08

0.16

(±0.07)

(±0.07)*

6. ×10-4

0.30

(±0.0006)*

(±0.12)*

0.20

0.10

(±0.14)

(±0.05)*

0.74

-0.02

(±0.1)***

(±0.004)***

1.15

-0.03

(±0.2)***

(±0.007)***

0.9
0.89
0.78
0.9
0.9

0.63

-0.02

(±0.05)***

(±0.004)***

—

—

0.15

—

—

0.18

—

—

0.13

0.79

Notes: standard errors reported in parenthesis, *** indicates significance at less than 0.1%, ** indicates significance at less than
1%, * indicates significance at less than 5%.

Seasonal variation of soil respiration
Through the year mean monthly measurements of total soil CO2 efflux ranged
between 1.5 and 12.6 µmol m-2s-1 with a mean value of 5.2 µmol m-2s-1 across both
the study sites. The variation in soil respiration closely followed seasonal variations
in precipitation and consequently soil moisture (Fiure 3.3-1 and 3.3-2), where mean
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wet season (November through April) soil CO2 effluxes were 7.7 and 7.9 µmol m-2s1

, and mean dry season (May through October) fluxes were 2.2 and 2.6 µmol m-2s-1

for the cerrado s.s. and cerradão respectively. Therefore, about 75% of the total
annual CO2 efflux occurs during the wet season for both sites. Furthermore, during
the wet season the heterotrophic component of the soil respiration accounted for 44
and 46% of the total, while in the dry season it only accounted for 17 and 24% for
the cerrado s.s. and cerradão respectively (Figure 3.3-1c and Figure 3.3-2c).
Seasonal variation in soil temperature was found to be weakly correlated with
all the components of soil respiration, within model 3 (Figure 3.3-3a, 3.3-3c, and 3.33d, and Table 2). Moreover, when accounting for soil moisture, within model 1,
temperature was no longer a significant influence on any of the components of soil
respiration (R2 values and significance levels are reported in Table 3.3-2). In contrast,
soil moisture (model 2) explained 90% of the seasonal variation in both the total and
heterotrophic components of soil CO2 efflux (Figure 3.3-3b and 3.3-3d), while the
autotrophic respiration had an R2 of 0.79 (Figure 3.3-3f and Table 3.3-2). The
parabolic shape of the regression functions in Figure 3.3-3b, 3.3-3d, and 3.3-3f,
demonstrate a diminishing effect of soil moisture on the individual components of
soil respiration. Accordingly, the maximum respiration values occur at 17.2, 17.7 and
16.4 % soil moisture content for the total, heterotrophic, and autotrophic components
respectively (Figure 3.3-3b, 3.3-3d, and 3.3-3f). Additionally, we relate autotrophic
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respiration to fine root growth. Seasonal fluctuation in fine root productivity
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explained 80% of the seasonal variation in autotrophic respiration (Figure 3.3-4).
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Figure 3.3-4: Response of autotrophic respiration to fine root growth in two contrasting cerrado
environments. Each data point represents the mean (n=25) fine root growth over a three-month period
and the total autotrophic respiration accumulated over the same time period. The regression line is
linear: Ra=38.9+3.4(dw/dt) (p<0.05).
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Diurnal variation of soil respiration
Over a single diurnal cycle soil temperature in the cerrado s.s. varied by 11.8 oC
while in the more shaded cerradão the variation was only 4.5 oC (Figure 3.3-5). Over
the same diurnal cycle total CO2 flux rates varied by 1.3 and 4.2 µmol m-2s-1 in the
cerrado s.s. and cerradão respectively (Figure 3.3-5a and 3.3-5b). Furthermore, the
flux variation for the heterotophic soil respiration for both sites was 1.2 µmol m-2s-1
(Figure 3.3-5c and 3.3-5d). The total soil CO2 efflux was not correlated with
temperature in either of the two sites (p=0.31), despite respiration rates varying by
4.23 µmol m-2s-1 across both sites (Figure 3.3-6a). In contrast, the heterotrophic CO2
efflux was significantly correlated with temperature (p<0.05, R2=0.74). After
normalizing for site, the temperature response from the heterotrophic respiration
corresponded to a Q10 of 1.6 (Figure 3.3-6b).
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Contribution from the different components of soil CO2 efflux
When estimating the annual carbon flux from soil respiration we excluded the
unusually high flux measured in the cerradão plot in April (Figure 3.3-2c). Instead
we estimated the flux for April from the average respiration rates from the two
bracketing months.

Accordingly, total soil respiration accounted for an annual

carbon flux, of 17.41 and 17.22 Mg C ha-1 for the cerrado s.s. and cerradão
respectively (Table 3.3-4). Autotrophic respiration was the main component of total
soil respiration, accounting for 60 and 66% of the total in the cerradão and cerrado
s.s. respectively. We observed a strong seasonal pattern of fine root production, with

almost all growth occurring in the wet season (Figure 3.3-1d and Figure 3.3-2d).
Furthermore, we estimate root growth accounted for 27% and 19% of the total
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respiration for the cerrado s.s. and cerradão respectively. In the cerrado s.s.
heterotrophic soil respiration resulted in an annual carbon flux of 6.49 Mg C ha-1,
while organic matter inputs amounted to 0.81 and 0.42 Mg C ha-1 from leaf litter fall
and fine root production respectively. Similarly, in the cerradão heterotrophic soil
respiration resulted in an annual carbon flux of 6.83 Mg C ha-1, while organic matter
inputs amounted to 1.64 and 0.29 Mg C ha-1 from leaf litter fall and fine root
production respectively. Accordingly, there is 5.26 and 4.90 Mg C ha-1 being lost
from the soil surface through heterotrophic respiration which is unaccounted for by
measured organic matter input for the cerrado s.s. and cerradão respectively.
Table 3.3-3: Estimated stocks of carbon (Mg C ha-1) in two cerrado environments.
Parameter
Cerrado s.s.
Cerradão
Aboveground
Tree foliage

1.6

2.9

Tree stem

21.1

51.9

Total tree

22.7

54.8

5.6 (±0.18)

5.5 (±0.22)

Course roots

39.9

87.4

Soil organic matter

28.7

27.7

Total belowground

74.2

120.6

96.9

175.4

Belowground
Fine roots

Ecosystem
Total ecosystem
(above + belowground)
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Discussion
Seasonal patterns of soil respiration
Mean monthly estimates of the rate of total soil CO2 efflux (1.5-12.6 µmol m-2 s-1) at
both our study sites are at the high end of the range of reported fluxes in cerrado
environments (Meir et al., 1996; Pinto et al., 2002).However, these results agree well
with those of Valentine et al. (2008) who reported a range of 4.15 to 10.7 µmol m2 s-1
in a deciduous dry forest within the zone of transition between the Amazonian rain
forest and the cerrado in Mato Grosso, Brazil. Compared to other measurements in
Amazonian forests our study shows greater seasonal variation, with wet season
fluxes comparable to the maximum of previously measured flux rates (Davidson et
al., 2000; Sotta et al., 2004).
Models of soil CO2 efflux based on simple biochemical theory (Model 3) in
which temperature governs enzyme activity, were a very poor predictor of the
seasonal variation of all the soil respiration components in this study (Figure 3.3-3a,
3.3-3c, 3.3-3e, and Table 3.3-2). Furthermore, any correlation with soil temperature
and soil respiration are confounded by seasonal variations in soil moisture. That is,
soil temperature does not have a significant effect on soil CO2 efflux if we account
for seasonal variation in soil moisture (Table 2, Model 1). Therefore, within these
seasonally dry ecosystems, soil moisture plays a central role in influencing the soil
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CO2 efflux for both the heterotrophic and autotrophic respiration components (Figure
3.3-3d and 3.3-3f). Conceptually, soil CO2 efflux is thought to be low in dry
conditions, increasing to a maximum rate for intermediate moisture levels, and
decreasing at high soil moisture contents. The optimal water content for soil
respiration is when the macropore spaces are mostly air-filled, thereby facilitating
oxygen diffusion, and the micropore spaces are mostly water-filled, thus allowing
diffusion of soluble substrates (Bunnell et al., 1977; Ilstedt et al., 2000).
Accordingly, heterotrophic respiration appears to be limited by the diffusion capacity
of soluble substrates at low soil moisture levels increasing to a maximum rate at
17.7% volumetric soil moisture.
There have been few studies that have addressed how soil moisture influences
autotrophic soil respiration (Rey et al., 2002; Saiz et al., 2006; Almagro et al., 2009).
At our study sites we observed a maximum soil respiration rate at 16.4% soil
moisture for the autotrophic component. At low soil moisture levels, autotrophic
respiration is likely limited by substrate supply from seasonal fluctuation in
photosynthetic activity (Andrews et al., 1999; Craine et al., 1999; Högberg et al.,
2001; Curiel-Yuste et al., 2004). As a result, during the wet season when productivity
is highest fine root proliferation significantly increases soil CO2 efflux (Fig. 4). In
contrast, at high water content oxygen deficiency in the rooting zone may cause a
depression in fine root proliferation and associated respiration (Drew, 1997).
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Table 3.3-4: Estimated carbon fluxes (Mg C ha-1) in two cerrado environments.
Processes

Cerrado s.s.
Wet
season

Dry
season

Cerradão
Annual

Wet
season

Dry
season

Annual

Aboveground
Litter-fall

0.13

0.68

0.81

0.37

1.27

1.64

(±0.03)

(±0.09)

(±0.13)

(±0.06)

(±0.12)

(±0.18)

-

-

-

-

Belowground
Belowground litter †
Fine root production
Total soil respiration
Heterotrophic respiration
Autotrophic respiration
Root growth respiration
Root maintenance respiration

5.68
(±1.0)

5.19
(±0.96)

0.35

0.07

0.42

0.22

0.07

0.29

(±0.04)

(±0.01)

(±0.05)

(±0.04)

(±0.01)

(±0.05)

13.26

4.15

17.41

12.37

4.84

17.22

(±1.15)

(±0.32)

(±1.47)

(±1.15)

(±0.33)

(±1.48)

5.78

0.71

6.49

5.69

1.14

6.83

(±0.77)

(±0.1)

(±0.87)

(±0.61)

(±0.17)

(±0.78)

8.12

3.44

11.56

6.68

3.70

10.39

(±1.97)

(±0.41)

(±2.38)

(±1.95)

(±0.5)

(±2.44)

2.58

0.54

3.12

1.63

0.54

2.18

(±0.34)

(±0.08)

(±0.42)

(±0.3)

(±0.08)

(±0.41)

5.54

2.90

8.44

6.41

3.16

9.56

(±2.54)
(±0.49)
(±2.8)
(±0.89)
(±0.58)
(±1.5)
Notes: propagated errors reported in parenthesis.
† Belowground litter is calculated as the difference between C loss from the soil via heterotrophic respiration and aboveground
litter-fall, based on the assumption that soil C pool is in a steady and stable condition.

Diurnal patterns of soil respiration
In accordance with conventional biochemical theory, diurnal fluctuations of
heterotrophic soil respiration responded to variations in soil temperature (Lloyd and
Taylor, 1994). This relationship with temperature translates to a Q10 of 1.6 (Figure
3.3-6b), which is in agreement with other values reported for cerrado environments
(Meir et al., 1996). Interestingly, diurnal fluctuations of the total soil CO2 efflux in
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the wet season showed no response to soil temperature (Figure 3.3-5a, 3.3-5b, and
3.3-6a). The decoupling of total soil CO2 efflux from diurnal fluctuation in soil
temperature indicates that autotrophic respiration was not influenced by temperature
at our study sites. However, despite not responding to temperature, there was
significant variation in total soil CO2 efflux, particularly in the cerradão site,
suggesting strong influence from other variables (Figure 3.3-5a and 3.3-5b). We
speculate that autotrophic respiration may be limited by the photosynthetic supply of
carbon, as stomata responded to high vapour pressure deficits associated with high
mid-day temperatures (Tang and Baldocchi, 2005). Accordingly, we generally
observe the lowest flux rates at both sites during the hottest part of the day giving
tentative support to this theory. It appears that in dry tropical environments, the
influence of diurnally fluctuating photosynthetic substrate supply on root respiration
outweighs that of temperature.

Contribution from the different components of soil CO2 efflux
Davidson et al. (2002) estimated that on average 25% of total soil CO2 efflux is
contributed by aboveground litter across all forest ecosystems. Our estimates are
significantly lower, with aboveground litter only contributing between 5 to 8% of
total annual CO2 efflux. This probably reflects higher belowground carbon allocation
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in the form of increased belowground productivity and associated autotrophic
respiration (Chen et al., 2003). Based on the carbon-balance estimates for the cerrado
s.s. and cerradão, belowground litter input was 5.7 and 5.2 Mg C ha-1yr-1

respectively, but only 6 to 7% of these carbon inputs could be accounted for by fine
root production (Table 3.3-4). However, the values of net primary production of fine
roots presented in this study (0.4 and 0.3 MgC ha-1) are at the low end of the range
(0.2-11.2 Mg C ha-1 yr-1) of those reported for tropical forests (Priess et al., 1999;
Trumbore et al., 2006; Metcalfe et al., 2008) and significantly lower than those
reported for both drought-deciduous woodlands 5-19 Mg C ha-1 yr-1 (Menaut and
Cesar, 1979), and tropical savannas 7-14.3 Mg C ha-1 yr-1 (Chen et al., 2003, 2004),
indicating an underestimated values for our sites.
These relatively low values of fine root production could have resulted for
several reasons including both methodological considerations and ecological
processes. Fine root production estimates from ingrowth cores can result in
underestimates due to unmeasured root mortality over the deployment period. It has
been estimated in temperate forests that in-growth cores may underestimate fine root
production by about 54% relative to the minirhizotron technique (Hendricks et al.,
2006). Furthermore, ecological processes influencing belowground litter dynamics
include carbon input from coarse root litter, mycorrhizae, and root exudates
(McDowell et al., 2001; Hobbie et al., 2004). The low nutrient status of the soils at
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our study site (Marimon Jr. and Haridasan, 2005) is a likely driver of a high level of
mycorrhizal infection, which would allow host plants to access nutrients (Thomazini,
1974; Bustamante et al., 2004). It is therefore possible that a large proportion of the
belowground litter contribution does not come directly from roots, but rather from
their associated mycorrhizae. Högberg and Read (2006), suggested that we should
view the finest roots as mycorrhizal hyphae, and that carbon in the fungal partner
may turnover at a much faster rate than the fine roots themselves. It has been
estimated that as much as 62% of the carbon entering the soil organic matter pool can
come from mycorrhizal turnover, exceeding the input of both leaf litter and fine root
turnover (Godbold et al., 2006). It is unlikely that any of these explanations alone can
reconcile the magnitude of the discrepancy between the carbon balance and ingrowth core approach for measuring belowground litter input. We propose a
combination of these possible explanations, highlighting the need for further research
in this area.
We estimate that 60 and 66% of the total soil CO2 efflux originated from
autotrophic respiration for the cerrado s.s. and cerradão respectively. This is at the
high end of other estimates in tropical environments, which range from 46-63%
(Trumbore et al., 1995; Malhi et al., 1999; Metcalfe et al., 2007), reflecting the high
level of belowground carbon allocation in savanna ecosystems (De Castro and
Kauffman, 1998). Autotrophic respiration consists of two components, growth
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respiration and maintenance respiration. We estimate that approximately 23% of the
autotrophic respiration can be attributed to growth at our study sites. Using this type
of analysis we can identify the carbon balance associated with fine root growth,
which is necessary to aquire new soil resources. We hypothesize that ecosystems
with a fast turnover of fine roots will display higher respiration rates per unit
belowground biomass, as they metabolise glucose associated with the synthesis of
fine roots. In contrast, autotrophic respiration in ecosystems with slow fine root
turnover may be expected to be dominated by maintenance respiration. However, an
underestimate of fine root proliferation in this study would result in a over inflated
estimate of root growth respiration.

Conclusions
Our study showed that more than 60% of the total CO2 efflux originated from
autotrophic respiration in cerrado environments, making it the dominant source of
carbon released to the atmosphere. Therefore, it is important that we understand the
mechanisms which control the seasonal and inter-annual fluctuations of this carbon
source. Autotrophic respiration was strongly correlated with seasonal fluctuations of
soil moisture, which may limit substrate supply from the canopy through a reduction
in transpiration. Accordingly, seasonality in the synthesis of fine roots appears to the
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main driver of fluctuations in autotrophic respiration. Heterotrophic decomposition
was mainly governed by seasonal fluctuation in soil moisture, although diurnal
temperature fluctuations were also shown to influence heterotrophic respiration.
However, leaf and fine root litter combined to accounted for as little as 19-28 % of
the heterotrophic respiration. Thus highlighting the need to better understand the
belowground carbon input to heterotrophic soil respiration, including fine root
proliferation, mycorrhizal turnover and root exudates, paying special attention to
measurement techniques.
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Part IV: Discussion
4.1 Critical Appraisal of the Earth Impedance Method
The earth impedance method is a recently established non-destructive method for
measuring root surface area based on the electrical properties of root systems
(Aubrecht et al., 2006; Čermák et al., 2006). In this method, the soil–root–stem
system of an individual plant is connected to an electric circuit, and a low frequency
current is applied through electrodes set in the stem and soil. According to the
theory, the current passes between the plant root systems and the soil predominantly
at the root tips through the same channels used in water up-take (Aubrecht et al.,
2006). Accordingly, the measured electrical resistance is assumed to be related to
absorbing root surface area when controlling for the longitudinal electrical resistance
of the root system. Therefore based on the difference in conductivity of the tree
tissue and the soil it is possible to estimate the magnitude of the contact surface area
between the absorbing roots and the soil. The presumed relationships and contacts at
the root soil interface are based on James Clerk Maxwell's equations of current
continuity, which describes the movement of a conserved electrical charge. In the
case of the single root and its interface with the soil the continuity equation can be
expressed as:
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I=

U 1 U 2 U 1 S1 U 2 S 2
=
=
=
R1 R2
ρL1
ρL 2

(eq. 1)

Figure 4.1-1: Current field passing between the soil solution and the conducting root cross-section
(S2). The thickness (L1) of the absorbing zone (S1) consists of the root cortex enveloped by an endo
and exodermis (U1 is the potential drop across distance L1). L2 is the distance between S1 and S2 (U2 is
the potential drop across distance L2).

where I is the current (amperes) passing between the root and soil, ρ is the resistivity
(Ω·m) of the respective water conducting tissue. The area (m2) we are interested in is
the magnitude of conducting root surface area (S1). However, The drop in potential
(U1) across the radial path between the xylem and soil (L1) is difficult to measure
accurately particularly in the case of an entire root system. Consequently, the
theoretical description of the method assumes that the conducting cross-sectional
area of the xylem vessels is simply a continuation of the conducting root surface
area, analogous to an open ended pipe, where S1 is equivalent to S2 (Aubrecht et al.,
2006). Accordingly, the root is treated as a two-compartment system with an internal
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compartment (xylem trachid elements) and an external (soil solution). The barrier
between these two compartments is thus treated as a perfect conductor. However, in
reality the barrier between the internal xylem elements and the soil potential
electrode consists of the anatomically complex absorbing root tissue (Figure 4.1.2)
and the soil solution between the absorbing root surfaces and the soil potential
electrode. If the radial path between the xylem and soil solution were to significantly
contribute to the measured resistance the magnitude of the conducting surface area
would be larger.

Figure 4.1-2: Pathway for the for the movement of water and solutes in absorbing roots. The
apoplastic path (a) refers to the flow around protoplasts. The symplastic component defines flow from
cell to cell via plasmodesmata (b). Water passes across cell membranes within the trascellular path
(c). The Casparian bands in the exo- and endodermis partially interrupts the apoplastic path.
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The radial hydraulic resistance of roots strongly depends on their anatomy,
presenting a larger resistance to flow that the axial flow along the xylem vessels
(Steudle, 2000a). The structure of absorbing roots optimally prevents leakage of
nutrients from the xylem while at the same time offering an efficient path for the
uptake of water (Steudle, 1994). A Casparian band forms in the radial wall of the
endodermis, and acts as an osmotic barrier thus preventing leakage. There exists
three parallel pathways for water uptake: (1) the apoplastic (which accounts for the
vast majority of water uptake), (2), the symplastic, and (3) transcellular path (Steudle
and Peterson, 1998). The Casparian band interupts the appoplastic path which is
thought to be the rate limiting step to water transport across young roots (Steudle,
1994, 2000b; Steudle and Peterson, 1998). Furthermore, root anatomy which dictates
water transport can be quite variable between species, habitats, and growth
conditions. Therefore, it is likely that the same complex root anatomy that regulates
water flow through roots will also present a significant resistance to electrical current
flow. It seems reasonable that some datum on the electrical resistance of the
absorbing root surfaces needs to be incorporated into any measurement of root area.
Current entering or exiting the root system of the tree must must pass through
the soil before reaching the soil potential electrode. Therefore the resistivity of the
soil will also play a significant role in our electrical circuit. The flow of electricity in
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the soil is largely electrolytic, and is determined by the transport of ions dissolved in
soil moisture. Consequently, soil moisture and highly mobile ions, such as K+ and Clcould influence our measure of root surface area (Dvořák et al., 1981). Soil
properties, such as soil moisture, salinity, and soil texture, have been observed to
affect capacitance and impedance measurements of root systems (Dalton, 1995).
Therefore, it is only reasonable to take measurements of absorbing root area using
the earth impedance method when soil moisture content high enough (i.e. the field
capacity), and consequently soil resistance will be minimized (Dalton, 1995; van
Beem et al., 1998).
Another fundamental assumption of the earth impedance method is that the
mature roots are electrically insulated from the soil. Therefore all current enters or
exits the plant through its absorbing fine root surfaces. When a low frequency
alternating current is a applied to plant tissue it flows through extracellular spaces
(apoplastic channels), while its passage through the symplast is limited by the high
impedance of the cellular membrane (Cole, 1968; Mancuso, 1999). The development
of the Casparian band as roots mature, interrupts the apoplastic channels between the
xylem and soil solution, thus increasing their electrical resistivity. However, the
sympast becomes less resistant to the flow of current as the frequency increases
(Cole, 1968; Cao et al., 2011). Therefore special attention should be paid to the
frequency of current when measuring root systems. The use of high frequency
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current may lead to the leakage of current into the soil through mature suberized
roots which are not active in the uptake of water from the soil. However, fairly little
is known about the contribution of older thickened roots to overall water uptake.
Particularly for woody species, these roots are covered with several layers of
suberized cells presumably acting as an electrical insulator. Usually it is thought that
because of suberization, these arrays do not contribute significantly to overall water
uptake. However, there is significant evidence suggesting older suberized roots may
also contribute to water uptake (Kramer, 1946; MacFall et al., 1990; Macfall et al.,
1991; Kramer and Boyer, 1995). It remains to be established if electrical current is
also able to pass through these mature roots and how this may affect our estimate of
absorbing root area (Urban et al., 2011).

4.2 Resource Capturing Ability: Links between form and
function
Fundamental plant processes, such as carbon assimilation and associated evapotranspiration, are significantly constrained by the supply of water from the soil to the
leaf. Evaluation of hydraulic constraints on plant function could have considerable
significance to models of forest productivity, and consequently biogeochemistry.
However at present, most models of plant processes do not take account of hydraulic
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limitations. A new generation of plant hydraulic models have identified the soil-root
interface as the location of greatest hydraulic resistance, making it a fundamental
factor affecting plant physiological processes (Sperry et al., 1998; Magnani et al.,
2000; Williams et al., 2001). However, quantifying the soil-root interface at both the
individual and stand level remains a significant challenge. Up to now, these models
have been validated using fine root biomass measurements at the stand level
(Magnani et al., 2000; Williams et al., 2001), or root length per leaf area of
individual potted plants (Sperry et al., 1998). However, the recently developed EI
method provides a means of measuring the soil-root interface of individual trees in
the field, from which absorbing root surface area can be derived (Aubrecht et al.,
2006; Čermák et al., 2006). The data obtained using this method can easily be scaled
to the stand level (Butler et al., 2010).
How can we best quantify the absorbing surface area of root systems at the
ecosystem level? Jackson et al. (1996, 1997) compiled published data on the global
distribution of fine roots, introducing the idea of fine root area index (RAIfine) as a
parameter which is analogous and comparable with LAI. These authors estimated
that tropical evergreen forests and tropical deciduous forests have a RAIfine of 7.4 and
6.3 m2m-2 respectively. Corresponding values for tropical grasslands/savannas are an
order of magnitude higher (42.5); however this disparity may not be reflected in their
water uptake per area of land. Our results for RAIfine from tropical forests and woody
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savannas are in strong agreement with values reported for deciduous forests,
however we found no clear distinction between these different biomes (Table 2.4-2
& Figure 2.4-4). This suggests that simply compiling mean ecosystem values of RAI
may not be very meaningful. Alternatively, the ratio of RAIfine to LAI appears to be a
more meaningful metric which varies along a continuum of vegetation structure
(Figure 2.4-5). Here we introduce an alternative measure of root area index,
RAIabsorbing, based on the EI method. The values of RAIabsorbing recorded in this study
vary by an order of magnitude, representing between 0.2 and 2.0 % of corresponding
RAIfine values within tropical ecosystems. Similarly, within a Sitka spruce forest the
absorbing component accounted for between 3.7 and 19.6% of the total fine root
surface area.
Why is there such a large disparity in the magnitude of values of RAIfine and
RAIabsorbing? The surface area of fine roots is conventionally estimated as the
geometric surface area of small cylinders (fine roots are represented by small
cylinders). In contrast, to quantify the soil-root contact surface area the EI method
applies James Clerk Maxwell’s (1861) equations of current continuity (Aubrecht et
al., 2006). These equations are based on the fact that, in a similar way to mass or
thermal energy, electrical charge cannot be destroyed and is therefore conserved in a
closed system. For a steady state one dimensional flow in a pipe or channel with a
cross sectional area S, the continuity equation shows a constancy of flow rate jS =
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constant. Current density, j, is a measure of density of flow of a conserved electrical
charge (amperes/m2). Through this theory the EI method estimates the porous surface
area used in water uptake. At present no alternative method allows us to
independently verify the accuracy of this measure of absorbing root surface area.
However, our estimates of RAIabsorbing are similar in magnitude to the porous leaf
surface area (LAItranspiring stomatal pore area per unit ground area). In accordance
with pipe model theory (Shinozaki et al. 1964), this indicates that our measures of
absorbing root surface are reasonable (Table 2.3-1 & Figure 2.4-6).
If we are to view mycorrhizal hyphae as the finest roots they must also be
included in any estimate of the soil-root interface (Högberg and Read, 2006).
Principally, rhizomorphs are considered to be a major site of nutrient and water
transfer from mycorrhizal symbionts to the plant (Duddridge et al., 1980; Smith and
Smith, 1990; Cui and Nobel, 1992; Smith et al., 1994, 2003). The efficiency of both
nutrient and water transfer from the fungus to the plant (or carbon in the opposite
direction) could be expressed as a flux per unit surface area. The surface area of the
plant-fungal interface can now be quantified using laser scanning microscopy
(Dickson and Kolesik, 1999; Schweiger et al., 2002). However, to the best of our
knowledge there have been no attempts at ecosystem-level estimates. This issue is
further complicated by evidence suggesting that fungal species differ in there
capacity to transport water to recipient host plants (Plamboeck et al., 2007).
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However, it remains unclear whether absorbing root area measured by the EI method
represents only fine roots, or incorporates their mycorrhizal partners.
Here we have compared traditional measures of fine root surface area with
estimates of absorbing root area at the stand level. Surprisingly, we found no strong
correlation between fine root biomass and EI measurements of root absorbing surface
area, which suggests that these different approaches to quantifying the resource
exchange surface area between the vegetation and soil are not direct substitutes
(Table 2.3-1 & Figure 2.4-5). Micro-scale investigation has identified a short zone (≈
100–200 mm) behind the root tip as the absorbing surface area of fine roots (Steudle,
1994). Therefore the EI method is more likely to be correlated to the number of
active root tips rather than fine root biomass as a whole. Our results lead us to
questioning the suitability of fine root biomass as a proxy for water uptake ability.
The role of deep roots in water uptake is still not well understood, however in
seasonally dry environments they are presumed to extend the period of
photosynthesis and transpiration during the dry season. In eastern Amazonia an
evergreen canopy, covering an area of more than 1,000,000 km2, is sustained
principally by water extracted from 2-8 meters below the soil surface (Nepstad et al.,
1994). However, discrepancies exist between the amount of root biomass and the rate
of water uptake from the soil; for example, low root densities in deep soil have been
shown to significantly contribute to rates of evapo-transpiration during periods of
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drought (Bruno et al., 2006; Quesada et al., 2008). Accordingly, further insight could
be gained by adapting the EI method to differentiate absorbing root surface area
measurements in distinct soil layers. This could be achieved by sequentially
removing soil layers and their associated roots and repeatedly measuring the same
individuals. These measurements could then be associated with fine root area
measurements, thus allowing us to quantify the efficiency of deep roots for water
uptake.
Over the short term plants respond to soil and plant water deficits by reducing
stomatal conductance (Jarvis, 1976). However, over longer time periods adjustments
in hydraulic architecture and intrinsic physiology can occur (Mencuccini and Grace,
1995; Magnani et al., 2000). For example, a combination of leaf shedding and fine
root growth triggered by water stress can result in a higher root to leaf area ratio, thus
maintaining a favourable water balance (Tyree et al., 1993; Ewers et al., 2000; Hacke
et al., 2000). For example, Hacke et al. (2000) found that trees growing on sandy,
drought-prone soil, showed a six-fold increase in the root to leaf area ratio relative to
similar trees growing on loamy soil. However, there is growing evidence that both
water and nutrient availability interact to influence root to leaf area ratios (Keyes and
Grier, 1981; Haynes and Gower, 1995; Ewers et al., 2000). A study focusing on the
hydraulic architecture of Pinus taeda trees found that a fertility treatment decreased
the root to leaf area ratio without significantly limiting water extraction during
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drought (Ewers et al., 2000). Similarly, our results demonstrate that tropical savanna
vegetation growing on dystrophic soil had higher fine root to leaf area ratios than
more fertile forest sites. However, the absorbing root area did not reflect this
relatively high investment in fine roots. This apparently excessive investment in fine
root area relative to leaf area likely reflects requirements for nutrient uptake rather
than water (Sperry et al., 1998).
A related hypothesis is that plants growing in a seasonally dry climate should
have a relatively high absorbing root to leaf area ratio, in order to minimize
dangerous water potential deficits during periods of drought. However, we estimated
dramatically higher RAIabsorbing:LAItranspiring ratios in a Sitka spruce forest in Scotland
compared to the tropical dry-deciduous and woody savannas in central Brazil. The
volume of water moving across a given surface area, Ai, (where i could be root
absorbing surface area, sapwood area, or the transpiring leaf area) is also influenced
by the volume flux density of water across component i, JVw (m3 m-2 s-1). In steady
state conditions the flow of water across each component, JVw·Ai (m3 s-1), should be
constant as nearly all the water taken up by the roots is lost through transpiration
(Equation 1):

i
J Vw
⋅ Ai =

∆ψ i
≅ CONSTANT
Ri

(1)
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Therefore any differences in the hydraulic resistances of water conducting organs
(Ri) between these two contrasting environments will complicate any comparisons.
Molecular studies of Aquaporins indicate they may be important for bulk water flow
though absorbing roots (Luu and Maurel, 2005). Aquaporins are membrane waterchannel proteins that facilitate water movement along a passive gradient in water
potential. For example, the hydraulic conductivity of root cortex cells, as measured
with a cell pressure probe, was reduced by upto 30% by altering the expression of an
aquaporin gene (Javot et al., 2003), while elsewhere, over expression of aquaporins
in rice plants was shown to increase the radial hydraulic conductivity by 140% which
resulted in an increase in the mass ratio of shoot to root of 150% (Katsuhara et al.,
2003). There is also evidence to suggest that aquaporins interact with mycorrhizal
fungi to regulate root hydraulic properties (Aroca et al., 2007).
More generally, root:shoot biomass ratios have been estimated to be about
three times higher in the Brazilian Cerrado relative to their forest counterparts
(Castellanos et al., 1991; Abdala et al., 1998; De Castro and Kauffman, 1998). These
distinct allocation patterns have often been interpreted to reflect a greater
belowground resource capturing ability, however the absorbing root area data
presented in this thesis have brought this interpretation into question (Figure 2.4-5).
One alternative hypothesis is that the relatively high coarse root biomass found in
savannas serves a capacitance (water storage) or energy storage (carbohydrates)
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function. Domec et al. (2006) found that daily embolism in xylem conduits of lateral
roots of neo-tropical savanna trees were refilled during night-time transpiration. The
authors proposed that such a mechanism could allow the stomata to maintain the
structural integrity of the hydraulic pipeline within the stem. Alternatively, high root:
shoot ratios are also thought to be an adaptation to reduce exposure of biomass to fire
(De Castro and Kauffman, 1998).
In 1948, van den Honert drew parallels between the movements of water in
plants and the flow of electricity in accordance with Ohm’s laws of electrical
conductivity. With the development of the EI method we may now be able to
physically quantify the relationship between hydraulic and electrical resistances. In
this thesis we showed that stem resistivity varied with tree size and consequently
tracheid diameter (Butler et al., 2010). Speculatively, we may be able to quantify
xylem hydraulic resistance in terms of its electrical resistance. Similarly, axial root
hydraulic resistance is proportional to the absorbing root surface area and axial root
resistivity (specific resistance). Results from pressure probe experiments have
provided estimates of hydraulic root resistivity, where flow is driven by both
pressure and osmotic forces (Steudle, 1994). However, these estimates are expressed
per unit surface area of fine root. Accordingly, there is an opportunity to combine
root pressure probe data with electrical impedance measurements, resulting in
hydraulic resistivity expressed per unit electrical impedance. This would allow us to
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better interpret earth impedance data with respect to water relations. A foreseeable
complication with this approach may arise because hydraulic resistances are not
constant. At high water potential deficits the resistance to water flow increases.
Nonetheless, this concept would merit further investigation.
In conclusion, within this thesis we have used a tested method for quantifying
the absorbing root surface area. We have gone on to use the resulting data in a novel
analysis, combing above and belowground exchange surface area for resource
capture at the ecosystem level. Here we investigated potential links between biomass
allocation patterns between leaves and fine roots and resource capturing ability. We
found a consistent relationship for the allocation pattern between leaves and fine
roots across a broad gradient of vegetation structure. Moving from dense forest to
open savanna the fine root area to leaf area ratio increased dramatically. The
absorbing root area (measured with the EI method) to leaf area ratio also showed a
consistent and strong relationship across the same vegetation gradient. However, in
contrast to the biomass allocation pattern (RAIfine:LAI ratio) the absorbing root area
to leaf area ratio decreased from dense forest to open savanna. Our results question
the widely-held assumption that ecosystem fine root surface area provides a measure
of water uptake ability. It appears that the use of fine root area measurements to
estimate plant water uptake in terrestrial vegetation models may not always be
appropriate, and instead the models need to be integrated with a better understanding
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of the active area of exchange between the roots and soil (Aubrecht et al., 2006;
Čermák et al., 2006; Butler et al., 2010). The analysis presented in this thesis
examines a more mechanistic approach to understanding fine root functioning in
relation to water uptake and how interaction with nutrient limitation may also be a
controlling factor. We can now build on this initial analysis to create a more
integrated approach which would incorporate RAIabsorbing measurements and soil
hydraulic properties along a depth profile allowing us to better quantify soil water
supply to the canopy.

4.3 Belowground Carbon Cycling: Progress and challenges
Seasonally dry environments are prevalent within tropical regions; however they are
dramatically under-represented in studies of soil respiration (Meir et al., 1996; Pinto
et al., 2002; Chen et al., 2002b; Valentini et al., 2008). We have demonstrated in this
study that soil respiration within these environments is strongly linked to plant
phenology and to the belowground production of plant litter (Figure 3.3-6 & Figure
3.3-7). Therefore, to advance our understanding of the contribution of soil processes
to the atmospheric concentration of carbon dioxide we must gain a greater
appreciation of the coupling between the canopy and belowground processes.
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The fraction of photosynthetically fixed carbon allocated belowground often exceeds
the sum of aboveground litterfall and respiration, making it the dominant carbon sink
component in an ecosystem (Janssens et al., 2001), but quantifying this fraction
continues to be a major challenge at both short and long timescales. Davidson et al.
(2002) used a carbon balance approach to quantify the belowground flux of carbon
(assuming stocks of soil organic matter, roots and litter):
TBCA = Rsoil − Litterfall

(1)

where TBCA is the total belowground carbon allocation, Rsoil is total annual soil
respiration, and Litterfall is the total annual leaf litterfall.
Davidson et al. (2002) estimated that TBCA in mature forest sites was on
average twice the annual aboveground litterfall. The limited amount of comparable
data from savanna vegetation indicates that soil respiration represents a larger flux
relative to aboveground litterfall than that observed for mature forests (Figure 4.3-1).
On average TBCA for three savanna sites (including the two sites from the study in
this thesis) was ten times the annual aboveground litterfall. We acknowledge that
significant respiration by grasses within woody savannas could be a confounding
factor to estimates of belowground carbon allocation, but this is unlikely to account
for the size of the difference estimated between forest and savanna.
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Soil respiration is the dominant path for carbon leaving terrestrial ecosystems.
In many models, soil respiration has been mostly treated as a heterotrophic process
and assumed to respond to temperature and moisture (Raich and Schlesinger, 1992;
Kicklighter et al., 1994). However, soil respiration processes includes both
autotrophic respiration by roots, mycorrhizae, and the rhizosphere, as well as the
decomposition of litter inputs comprising roots, mycorrhizae, and foliage
(heterotrophic respiration) (Bhupinderpal et al., 2003; Godbold et al., 2006). Only
soil organic matter consumed by heterotrophic micro-organisms has the potential to
be stored as soil carbon. On the other hand, autotrophic respiration directly releases
CO2 from the soil. To be able to understand the underlying processes that contribute
to this complex composite flux, as well as the factors which affect it, the individual
components need to be disentangled. That is, the separation of these distinct
respiration processes is vital for advancing our understanding and modelling of soil
respiration.
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Figure 4.3-1: Correlation of soil respiration with the amount of aboveground litterfall across many
forest and savanna ecosystems. Data were taken from Davidson et al. (2002) with additional savanna
data points from Chen et al. (2003), and this study. The regression line excludes the savanna sites
(p<0.01, R2=0.73).

The autotrophic component of soil respiration is strongly dependent on recent
aboveground photosynthesis. It has been clearly demonstrated that as much as half of
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the soil CO2 efflux has its origins in carbon recently fixed by the canopy (Andrews et
al., 1999; Craine et al., 1999; Hogberg et al., 2001). Consequently, aboveground
photosynthetic activity, in conjunction with the prevailing pattern of carbon
allocation patterns is strongly linked to CO2 efflux at the soil surface (Craine et al.,
1999; Nadelhoffer, 2000; Curiel-Yuste et al., 2004). In this thesis we demonstrated
links between phenological fluctuations in leaf area, root growth and soil respiration
in a semi-deciduous savanna environment (Figure 3.3-6 & Figure 3.3-7). It follows
that the extent to which phenological processes are genetically controlled will have
important implications for the way in which soil respiration responds to a changing
climate (Bullock and Solis-Magallanes, 1990; Williams et al., 1997, 2001; Oleksyn
et al., 2000), although our understanding of both the biotic and abiotic control of root
phenology is particularly limited in tropical environments (Pregitzer et al., 2000;
Tierney et al., 2003).
Plant vegetative cycles, such as the timing and duration of both foliage and
fine root shedding and re-growth, determine exchange periods of carbon dioxide and
water between the earth surface and the atmosphere (Keeling et al., 1996). Within
tropical ecosystems there is evidence to suggest there is some degree of plasticity in
canopy phenology, with the controlling factors being seasonal rainfall (Bie et al.,
1998; Bach, 2002) or photoperiod (Borchert and Rivera, 2001; Archibald and
Scholes, 2007). However, these climatic factors often interact concurrently to control
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phenology (Jolly et al., 2005). Nevertheless, this apparent plasticity may also be
constrained by genetic limitations, consequently limiting the degree of response to
environmental change (Billington and Pelham, 1991). Similarly, root growth and
phenology are likely to be strongly linked to canopy processes and cycles (Comas et
al., 2005).
In conclusion, the flux of carbon to the atmosphere is strongly dominated by
soil respiration in savanna ecosystems. In this study we found that autotrophic
respiration was the dominant source of CO2 efflux at the soil surface. However, there
were major fluctuations in this source between the wet and dry season, which we
have directly linked to the seasonality of fine root growth. The observed reduction in
root growth is likely to be limited by a lower photosynthetic capacity during the dry
season. Importantly, we were unable to demonstrate that autotrophic respiration
responded to temperature (Figure 3.3-1), probably because substrate supply from the
canopy was limiting. Therefore, our data suggest that a measure of phenological
processes is needed to realistically simulate belowground respiration within
seasonally dry environments. Rates of heterotrophic respiration were related to
temperature fluctuations (especially diurnal cycles), but seasonal changes in soil
moisture were a dominant controlling factor over the course of the year. Since we
found that root and leaf litter inputs to the soil only accounted for 28% of the
heterotrophic respiration, it is likely that mycorrhizae make a dominant contribution
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to the soil organic matter in these environments. This highlights the urgent need for
further studies on mycorrhizal turnover within tropical savannas. It is becoming
increasingly clear that roots and microbes respond differently to environmental
conditions; therefore they should be treated as separate processes within a modelling
context.

148

Part V: Appendix

5.1 Soil Respiration Chamber
Enclosed chambers have been used to measure soil respiration for many decades.
However, when a chamber is placed over the soil surface the concentration of trace
gases within the chamber headspace begins to rise, thus altering the natural diffusion
gradient. Consequently, enclosure dimensions and deployment times should be
carefully selected so that the negative feed back on the diffusion rate is minimised. In
this study we used a chamber with a high volume:basal area ratio to avoid rapid
feedback to the concentration gradient driving molecular diffusion (Figure 5.1-1)
(Conen and Smith, 2000; Matthias et al., 1978).
Fans are sometimes used to mix the air within the chamber; however this can
create artefacts by altering the concentration gradient (Le Dantec et al., 1999).
Excessive air movement can disrupt the boundary layer at the soil surface thus
increasing the CO2 concentration gradient at the soil surface and over estimating the
flux. Consequently, we adopted a method for mixing the air whereby air enters the
chamber through a perforated circular manifold at the bottom of the chamber.
Concurrently, air is extracted from the top of the chamber trough a similar manifold,
thus naturally mixing the air (Figure 5.1-1).
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Figure 1: Soil respiration chamber design, showing dimensions and air flow.

It is generally recommended that flux chambers have vents to equilibrate the
pressure between the chamber and atmosphere (Davidson et al., 2002). A small
amount of gas exchange will occur through the vent, thus diluting the air in the
chamber. However, it has been estimated that the resulting error is less than 3%
(Longdoz et al., 2000). A much larger error can result either from an over pressurized
chamber impeding diffusion, or an under pressurized chamber sucking air out of the
soil. In order to ensure the pressure within the chamber was at equilibrium with the
atmosphere at all times, we used a stainless steel vent 10 cm long with an internal
diameter of 2 mm (Hutchinson and Mosier, 1981).
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