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Abstract

Savannah ecosystems play a prominent role in the global carbon (C) cycle, yet

fluxes are poorly quantified, and the key processes regulating vegetation dynamics are

uncertain. Insight is particularly deficient in southern Africa’s miombo woodlands,

a woody savannah that is home to over 100 million people. This biome is heavily

disturbed, with widespread deforestation and degradation associated with agriculture,5

charcoal and timber extraction, and frequent fires from anthropogenic sources. In this

thesis I combine plot inventory data with remote sensing and modelling techniques to

improve our understanding of the miombo woodland C cycle.

Using a network of forest inventory plots, I characterise floristic and functional

diversity in a savannah-forest mosaic in southeastern Tanzania. Divergent vegetation10

structures are associated with variation in fire frequency, water supply, and soil chemo-

physical properties. Corresponding differences are noted in fire resilience, water-use,

and nutrient acquisition plant functional traits, suggesting that multiple interrelated

environmental filters act to assemble heterogeneous tree communities. Re-inventory

of forest plots was used to quantify key aspects of the woody C cycle. Tree growth15

rates are slow, calling for careful management of woodland resources, and significantly

reduced where stems were damaged. Stem mortality is rare, though elevated in the

smallest trees and where damage was recorded.

Contemporary strategies to incentivise the conservation of miombo woodland

ecosystems, such as the REDD+ programme of the United Nations, advocate payments20

for sustaining ecosystem services such as C sequestration. I report on a pilot REDD+

project aiming to reduce woodland degradation from frequent high intensity fires

in southeastern Tanzania. Model simulations suggest that woody biomass is being

gradually lost from the region, and that setting early season fires has the potential to

reverse this trend. Realising substantial changes in C storage requires a demanding25
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reduction to late fire frequency, and uncertainty in model predictions remains high.

I quantify the C cycle of southern African woodlands by combining observational

data with a diagnostic C cycle model under a model-data fusion framework. Model

outputs show substantial variation in primary production, C allocation patterns, and

foliar and canopy traits, which are associated with differences in woody cover, fire,5

and precipitation properties. C cycle dynamics correspond poorly to conventional land

cover maps, indicating they may be unsuited to upscaling measurements and models

of the terrestrial C cycle.
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Lay Summary

With the emergence of climate change as a global threat, developing a

predictive understanding of the global carbon (C) cycle is of paramount importance.

Uncertainties in emissions of CO2 to the atmosphere, the major driver of global

warming, are particularly large in savannah ecosystems such as the miombo woodlands

of southern Africa. Miombo woodlands are important as a result of their extent, their5

biological diversity, and as a home to over 100 million people. Miombo woodland

ecosystems are threatened by deforestation and degradation, and are vulnerable to

future climate change. In this thesis I use forest plots, satellite observations, and

computational models to better understand the miombo woodland C cycle.

Using a network of forest plots in Tanzania, I identify the main tree species10

communities in a diverse landscape of savannahs, woodland and forests. Vegetation

types are associated with differences in fire frequency, water supply, and soil

properties. Tree species show a variety of adaptations to these conditions, suggesting

these factors are key determinants of vegetation diversity. Reliable estimates of tree

growth and mortality rates are important for developing effective models of savannah15

ecosystem dynamics. Using re-measurement of forest plots, I estimate rates of tree

growth, mortality, and regeneration, and identify differences in tree demography

relating to stem damage, competitive stress, and tree size.

Fires are an innate part of savannah ecology, though frequent high intensity fires

have the potential to degrade miombo woodlands. I report on a conservation project20

aiming to reduce the impact of high intensity fires through burning early in the year.

These fires tend to burn slowly and patchily, and result in limited tree mortality.

Model simulations suggest that early burning has the potential to reverse woodland

degradation resulting from fire, though benefits will require a large reduction to late
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season fire frequency, and model outputs are very uncertain.

Reliable data from ecological surveys in miombo woodlands are rare, posing a

challenge to evaluation of the C cycle. Over the past two decades a large quantity

of data has been accumulated from Earth observation satellites, which when combined

with computational models can be used to generate estimates of the C cycle in miombo5

woodlands. The model predicts large differences in ecosystem properties across

southern Africa, associated with variation in tree cover, fire, and rainfall properties.
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CHAPTER 1. INTRODUCTION

1.1 Uncertainty in the global carbon cycle

The global carbon cycle is the biogeochemical cycle by which carbon (C) is circulated

between storage pools in the atmosphere, hydrosphere, pedosphere, geosphere,

biosphere, and anthroposphere of the Earth system. Along with water and nutrient

cycles, the C cycle is integral to the support of life on Earth. The global C cycle is5

inordinately complex; movement (or flux) of C between storage pools is continuous,

resulting from a large set of interacting physical, chemical, geological, and biological

processes. Together these processes determine the global C balance, which fluctuates

over daily to geological timescales (Keeling et al., 1976; Sundquist, 1986; Lüthi et al.,

2008).10

Efforts to understand the C cycle have risen in urgency as the result of rapid

anthropogenic emission of carbon dioxide (CO2) into the atmosphere (Fig. 1.1). CO2

is one of a number of atmospheric gases that has a greenhouse warming effect on the

Earth system, and is the dominant driver of ongoing climate change (IPCC, 2013).

Net C flux to the atmosphere is presently dominated by emissions from fossil fuel15

combustion (87 % of CO2 emissions in 2011), with further substantial emissions from

land use change (9 %) and industrial processes such as cement production (4 %) (Le

Quéré et al., 2013). The concentration of CO2 in the atmosphere has recently surpassed

the symbolic milestone of 400 ppm (Conway and Tans, 2016), an increase of ca. 120

ppm on the pre-industrial era (Gerber et al., 2003). Global temperatures continue to20

climb, with 2016 presently 1.03 °C warmer than the global mean temperature of the

20th century, and on-track to be by far the warmest year on record (NOAA, 2016). In

the rapidly changing climate of the ‘Anthropocene’ (Steffen et al., 2007), developing

an understanding of the C cycle is required to form reliable forecasts of future climate.

Such predictions are important both at a global and local scale in allowing societies to25

mitigate against the environmental changes and adapt to probable impacts.
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Figure 1.1: Schematic representation of the global carbon cycle. Carbon stocks are enumerated
for major pools (PgC), and for the main fluxes connecting them (PgC/yr). Elements in black
are estimates for the pre-Industrial era, and elements in red denote cumulative anthropogenic
changes to the present day. Uncertainties are particularly large in vegetation carbon stocks and
flux to the atmosphere from land use change. Diagram reproduced from IPCC (2013).

The terrestrial C cycle is by far the most poorly constrained aspect of the global

C cycle (Le Quéré et al., 2013), with uncertainty stemming from a poor knowledge of

the magnitude, distribution, and dynamics of the major terrestrial C pools. Accurate

estimation of the state and fluxes of the terrestrial C cycle is very difficult; vegetation

structure and soil properties are spatially variable (Fischer et al., 2008; Saatchi et5

al., 2011; Baccini et al., 2012), and ecosystems in different regions have profoundly

divergent characteristics. For example, deforestation and degradation are thought to
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Figure 1.2: Fires are a large source of CO2 emissions to the atmosphere. The Global Fire
Emissions Database (GFED) shows how these emissions are distributed across the planet (van
der Werf et al., 2010). Emissions of carbon from fire are concentrated in tropical regions where
savannahs are prevalent, and are particularly large on the African continent. Diagram from
http://www.globalfiredata.org/.

account for 6 - 17 % of anthropogenic CO2 emissions, with most of this uncertainty

resulting from inadequate estimates of C pools in terrestrial ecosystems (Houghton,

2005; Houghton et al., 2012; van der Werf et al., 2009; Mertz et al., 2012). Although

a large source of greenhouse gas emissions, terrestrial ecosystems act as a net sink

of C, slowing the accumulation of CO2 in the atmosphere by capturing 2.6 ± 0.85

PgC/yr over the decade 2002 - 2011 (Pan et al., 2011; Le Quéré et al., 2013). The

terrestrial biosphere also contributes significantly to inter-annual variability in net CO2

emission, varying from a 4.1 PgC/yr sink to a 0.4 PgC/yr source (Le Quéré et al., 2013).

The exact nature of the terrestrial C sink and the root causes of its variability remain

obscure, contributing significant uncertainty to projections of future climate change.10

Of the land surface processes that globally impact biosphere to atmosphere C

fluxes, fire is one of the least understood and potentially most influential (Bond et

al., 2005; Bowman et al., 2009; Hantson et al., 2016). Each year around 4 %

of vegetated land burns. This results in global CO2 emissions of ca. 2.5 PgC/yr,

4
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equivalent to around a quarter of annual CO2 emissions from fossil fuels (van der

Werf et al., 2010; Randerson et al., 2012; Giglio et al., 2013) (Fig. 1.2). Fire is a major

ecosystem disturbance, with influences on species distributions, ecosystem function,

and C storage. Of particular significance is the role of fire in maintaining the separation

between fire-prone savannah and fire-resistant forest ecosystems in the tropics (Bond5

et al., 2005), which has important implications for ecosystem dynamics and C cycling.

The African continent plays a prominent role in the global C cycle, accounting

for one fifth of total land area, around 20 % of net primary production (Ciais et al.,

2011), and more than half of global C emissions from fire (van der Werf et al., 2010).

Notwithstanding its importance, the African continent is one of the weakest links in our10

knowledge of the C cycle, and contributes a large uncertainty to the global C budget

(Williams et al., 2007; Ciais et al., 2011). Unusually, fossil fuel use accounts for

only a small fraction of total CO2 emissions, equivalent to just 3 % of the global total

(Boden et al., 2011). However, emissions from land use change are significant, with

African deforestation accounting for around half of losses of global woodland and15

forest area over the period 2000 - 2005 (FAO, 2007). Uncertainty in the African C cycle

is exacerbated by a very limited observational network; sources of scientific funding

are distant, long-term experiments are rare, and the establishment and maintenance of

tools such as flux towers is prohibitively difficult (Scholes, 2009). The result is that we

have little understanding of the spatial patterns of C exchange, very limited knowledge20

of land-use change emissions, and we do not know whether Africa is a net source or

sink of C.

1.2 The importance of savannah ecosystems

Savannah ecosystems occupy around one fifth of the Earth’s land surface area,

forming the dominant land cover of the tropics (Scholes and Walker, 1993) (Fig25
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Closed-canopy forest
Open savannah & grassland
Bare
Human modified

Figure 1.3: Savannahs and grasslands are the most extensive land cover type of the tropics,
covering a greater area than the more intensely studied tropical forest biome. Data from ESA
GlobCover 2009 land cover map.

1.3). Classifications of savannah vegetation differ, but all are characterised by the

co-dominance of C3 trees and C4 grasses (Ratnam et al., 2011). Savannah ecosystems

are distinct from grasslands or deserts, which support little woody biomass, and from

forests, which are characterised by a closed canopy that excludes shade-intolerant C4

grasses (Sage, 2004). Within this definition savannahs are extremely variable, ranging5

from areas of sparse tree cover through to dense woodlands. The grassy nature of

savannahs often supports large populations of grazing animals, and is the main source

of fuel for pervasive fires.

Conventionally, ecosystem distributions have been considered to be rigidly

determined by climate (e.g. Schimper, 1898; Holdridge, 1947), though it is now10

apparent that savannahs may dominate in areas that are climatically and nutritionally

able to support forests (Sankaran et al., 2005; Bond, 2010; Lehmann et al., 2011; Staver

et al., 2011; Murphy and Bowman, 2012). This is particularly noticeable at regional

spatial-scales, where the existence of mosaics of savannahs and forests are evidence

of the decoupling of vegetation structure from climate. The persistence of grasses15

with trees, and savannahs with forests, is not fully understood. Explanations have

invoked functional differentiation through root (Walter et al., 1971) and phenological

(Archibald and Scholes, 2007) niche separation, and the local to continental scale

6
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influences of water availability (Sankaran et al., 2005; Rossatto et al., 2012), nutrient

limitation (Cole, 1986; Ruggiero et al., 2002), and disturbance from herbivory

(McNaughton, 1992; van Langevelde et al., 2003) and fire (Bond et al., 2005). As

many of these processes interact, it is likely that no single explanation can account for

the global distribution of the savannah biome (Bond, 2008).5

Of all the processes structuring savannah ecosystems, it is the impacts of fire

that are the most clearly apparent over human timescales. Fire modifies savannah

vegetation mainly through the ‘top-kill’ of juvenile tree stems, forcing rootstocks to

resprout in order to survive (Hoffmann et al., 2003; Hoffmann et al., 2009). The

high frequency of fires results in a demographic bottleneck in savannahs, with the10

consequence that tree demographic transitions have a large impact on vegetation

dynamics (Bond, 2008; Ryan and Williams, 2011). Savannahs are understood to

exist in a state of dynamic equilibrium, where feedbacks between canopy cover,

grass growth and fire amplify differences between fire-prone open savannahs and

fire-resistant closed-canopy forests (Hoffmann et al., 2012). Understanding the15

mechanisms by which disturbance modifies vegetation structure, and vegetation

structure begets disturbance, is a continuing challenge for savannah science.

Savannahs are of critical importance to the global C cycle, accounting for ca. 30

% of global net primary production (Grace et al., 2006), over 70 % of global burned

area (Giglio et al., 2013), and ca. 44 % of all C emissions from fire (van der Werf et al.,20

2010). The savannah C cycle is not well understood; we do not have good data on the

sizes of C pools, fluxes and residence times, and there is a poor understanding of how

these vary spatially and temporally. A representative C cycle is presented in Figure

1.4, in which the major C pools and fluxes of savannah ecosystems are defined.
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Figure 1.4: Representation of the main carbon pools and fluxes in a savannah ecosystem.
Gross primary production (GPP) is allocated to carbon pools in living biomass, which turnover
to carbon pools in litter and soil. Carbon is lost to the atmosphere by autotrophic respiration
(Ra), heterotrophic respiration (Rh), and disturbance from fire. The size of carbon pools and
fluxes, and the mechanisms that regulate them, are not well understood in savannah ecosystems.

1.3 The miombo woodlands of southern Africa

In this thesis I focus on miombo woodlands, a woody savannah ecosystem unique to

the African continent. Miombo woodlands are the most extensive type of vegetation

south of the equator in Africa, covering approximately 2.7 million km2 (Frost, 1996).

Miombo woodlands span sub-Saharan Africa from Tanzania and DR Congo in the5

north, through Angola, Zambia, and Malawi, to Mozambique and Zimbabwe in the

south (Fig. 1.5). Despite their widespread nature, miombo woodlands are poorly

studied (Mistry, 2014), a situation particularly apparent when compared to Africa’s

high-profile forest ecosystems (e.g. Lewis et al., 2009; Malhi, 2010). As an ecosystem

under threat from rapid land clearance and future climate change, research into Africa’s10

savannah ecosystems is an important and urgent requirement (Bond and Parr, 2010).
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Figure 1.5: The distribution of characteristic vegetation structures across southern Africa.
Adapted from White (1983) and Olson et al. (2001).

Miombo woodlands are the source of high levels of biodiversity and endemicity,

supporting an estimated 8500 vascular plant species, including over 300 tree species

(Frost, 1996). Miombo woodlands are typified by trees of the genera Brachystegia,

Julbernardia and Isoberlinia, all belonging to the subfamily Caesalpinioideae. In

common with other savannahs, miombo woodlands are characterised by the co-5

existence of trees and C4 grasses, though as they exist at the woodier end of the

savannah spectrum they are frequently referred to as a variety of forest. The structure of

miombo woodlands is highly variable at regional to continental spatial-scales, ranging

from open grasslands to dense woodlands. The mechanisms that drive this variation

are not well understood.10

Mean annual rainfall in miombo woodlands averages 540 - 1700 mm/yr (Frost,

9
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1996), with a protracted dry season in which grasses dry out and most deciduous

trees shed their leaves (Chidumayo, 2001). Miombo woodlands are by convention

divided into ‘dry’ (< 1000 mm/yr) and ‘wet’ (> 1000 mm/yr) classes, with aboveground

biomass positively correlated with rainfall (Frost, 1996). Unlike the more frequently

studied arid and semi-arid savannahs of South Africa where dynamics are thought to5

be largely ‘climatically determined’, the dynamics of mesic savannahs such as miombo

woodlands are ‘disturbance-driven’ (Sankaran et al., 2005). This means that top-down

mechanisms such as fire are likely necessary to prevent the establishment of forests.

Miombo woodlands are typically found on soils that are acidic and nutrient-

poor, with a low organic content. Specialised adaptations for nutrient acquisition10

such as N-fixation and ectomychorrizae are common, traits that aid the persistence of

these species on infertile soils (Högberg, 1986; Högberg and Piearce, 1986). Soils

supporting miombo woodlands are usually sandy and well-drained, though poorly

drained soils subject to seasonal inundation are locally common. These areas, known

as ‘dambos’, support very limited woody biomass (von der Heyden, 2004; Woollen et15

al., 2012). A number of miombo woodland tree species have been observed to invest

in long taproots (Timberlake et al., 1993), an adaptation for obtaining water from deep

sources.

Miombo woodlands have a mean fire return interval of 1.6 - 3 years (Frost,

1996), a figure that varies widely between regions (Archibald et al., 2010). The20

vast majority of fires in miombo woodlands are ignited by humans (Chidumayo and

Gumbo, 2012), often originating accidentally from burning during land preparation

or making charcoal, but also set deliberately whilst hunting, clearing land to reduce

wildlife hazards or to stimulate grass growth for livestock (Frost, 1996). Fires are

mostly fuelled by the C4 grass understory, which grows up to 2 metres in height during25

the rainy season and dries out to form a highly flammable and well aerated fuel. Woody

material also burns and may continue to smoulder long after the fire front has passed,

10
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Figure 1.6: Results of a 50 year fire experiment in miombo woodlands in Marondera,
Zimbabwe (Furley et al., 2008). Clockwise from top left, images show the outcome of annual
burns, triennial burns, quadrennial burns and exclusion of fire. Images by Casey Ryan.

though this is a much less significant source of fuel than grasses (Chidumayo and

Gumbo, 2012). Fire is an important determinant of C stocks in miombo woodlands

(Trapnell, 1959; Furley et al., 2008; Ryan and Williams, 2011), and has a profound

impact on vegetation structure (Fig. 1.6). A high frequency of severe fires can shift

woodlands to an open state where grasses dominate, wheres reductions in fire regime5

severity can lead to canopy-closure and the exclusion of C4 grasses (Trapnell, 1959).

The capacity of fire to alter woodland structure has made modification of fire regimes

a central goal of many miombo woodland management plans.

Miombo woodlands sustain a population of over 100 million people

(Syampungani et al., 2009), most of whom are poor and heavily reliant on the resources10

that woodlands provide. African woodlands provide a range of environmental goods

11
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Figure 1.7: Miombo woodlands are threatened by deforestation and degradation resulting
from a range of human uses. Clockwise from top left, images show examples of smallholder
agriculture, timber extraction, fire, and charcoal production in Kilwa District, Tanzania.

and services, including charcoal and fuelwood (Jones et al., 2016; Woollen et al.,

2016), construction materials (Kalaba et al., 2013), traditional medicine (Stangeland

et al., 2008), and food (Carpaneto and Fusari, 2000; Akinnifesi et al., 2006). Miombo

woodlands are in a state of rapid change. Large and growing populations have placed

pressure on African woodlands, with ecosystems under pressure from agricultural5

expansion (Ryan et al., 2012), timber and charcoal extraction (Ahrends et al., 2010),

and, reportedly, fire (Fig. 1.7). Rates of deforestation in miombo woodlands are high

(Hansen et al., 2013), largely driven by expansion of smallholder agriculture (Fisher,

2010), though its magnitude may be equalled by less readily-detected woodland

degradation (Ryan et al., 2012). The future of miombo woodlands is in the balance;10

over half of global population growth before 2050 is projected to occur in Africa, with

12



CHAPTER 1. INTRODUCTION
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Figure 1.8: Location of Kilwa District and Gorongosa District study sites in southeast Africa,
overlaid with the Eastern miombo ecoregion boundary (Olson et al., 2001).

the population of the least developed countries such as Tanzania projected to quintuple

by 2100 (United Nations, 2015). Future expansion of smallholder and commercial

agriculture will likely result in further largescale deforestation (Laurance et al., 2014;

Searchinger et al., 2015), whilst future climate change threatens the long-term stability

of African woodlands.5
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1.4 Overview of the study areas

1.4.1 Kilwa District

This thesis makes particular reference to Kilwa District of Tanzania, a low lying

region of 13,920 km2 located in southeastern Tanzania between the Indian Ocean

and the Selous Game Reserve (Fig. 1.8). Kilwa District is location of the ‘Kilwa5

lowland forest mosaic’, a dynamic patchwork of miombo woodland and coastal forest

variants. As a result of its relative isolation, Kilwa District has some of the least

modified vegetation of Tanzania (Milledge et al., 2007), including several patches of

internationally important East African coastal forest (Myers et al., 2000; Prins and

Clarke, 2007).10

Annual rainfall in Kilwa District averages 900 - 1100 mm/yr (McNicol, 2014),

placing vegetation between the ‘dry’ and ‘wet’ categories of miombo woodland.

Precipitation shows considerable inter-annual variation and is highly seasonal;

typically there will be a short period of rains from November to January, followed

by a relatively dry February, then a heavier rainy season from March to May. A dry15

season follows, during which the majority of fire activity is observed. Like much of the

region, soils in Kilwa District are mostly sandy in texture and nutrient-poor. Miombo

woodlands in Kilwa District have been observed to burn frequently, largely in the late

dry season.

Kilwa District has a small population of around 175,000, equivalent to 12.620

people/km2. The majority of Kilwa’s inhabitants are subsistence farmers practising

shifting cultivation, with other important sources of income including timber

extraction, charcoal production, fishing, and hunting. Most of the population of Kilwa

District is very poor; they live in houses constructed of mud and grass, get water from

an unprotected well, and light their houses using a kerosine wick lamp (Tanzania25

14
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Figure 1.9: Layout of the 25 Permanent Sample Plots (PSPs) established in Kilwa District in
2010/11.

National Bureau of Statistics, 2002). The miombo woodlands of Kilwa District are

under pressure from shifting cultivation (McNicol et al., 2015) and timber extraction

(Ahrends et al., 2010), though the extent of woodland utilisation and its long-term

impacts are unclear.

Kilwa District is location of 25 recently established Permanent Sample Plots5

(PSPs), which aim to characterise woody biomass, species composition, and

environmental variation of a miombo woodland landscape. PSPs are 1 hectare in size

(100 x 100 m), in which all tree stems greater than 5 cm diameter at breast height

(DBH) were identified and measured with diameter tape once in 2010/11, and re-

measured in 2012/13. To ensure effective measurement of relatively rare large tree10

stems, an additional Large Sample Plot (LSP) was established at each location covering

300 x 300 m in which all stems > 40 cm DBH were measured (Fig. 1.9). Kilwa District

has ahosted a chronosequence study that measures woodland regrowth rate following

clearance events (McNicol et al., 2015), providing an estimate of woody productivity.

Kilwa District is also the focus of two novel medium resolution remote sensing datasets15

measuring aboveground woody biomass and fire frequency, allowing for a landscape

view of the distribution of vegetation structures and fire activity.

The Mpingo Conservation & Development Initiative (MCDI) are an organisation

15
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based in Kilwa District, and partners in the funding of this PhD project.

Established in 1995, MCDI promotes the environmentally sustainable and socially

equitable exploitation of valuable ‘mpingo’ trees (East African blackwood, Dalbergia

melanoxylon). The work of MCDI has enabled local communities to sell Forest

Stewardship Council (FSC) certified mpingo to markets that seek demonstrably legal5

and sustainably produced timber, helping it attain a premium price that incentivises

its sustainable management (MCDI, 2011). In 2009 MCDI were awarded a grant

of USD $1.95 million from the Royal Norwegian Embassy in Tanzania to develop

a project to allow villages to benefit from the carbon value of the woodlands under

community management (MCDI, 2012; VCS, 2015). The project aims to reduce10

miombo woodland degradation resulting from severe late dry season fires. It is

predicted that ignition of fires early in the year will prevent the build up of highly

flammable dry fuel, and reduce the loss of biomass from high intensity fires in the late

dry season. The University of Edinburgh worked with MCDI to characterise Kilwa

District’s historical fire regime, and model the impacts of an early burning regime on15

miombo woodland C storage.

1.4.2 Gorongosa District

Gorongosa District is located in Sofala Province of central Mozambique (Fig. 1.8), and

data gathered in this region are used extensively in this thesis. Vegetation in Gorongosa

District is similar to that of Kilwa District, largely consisting of miombo woodlands.20

Rainfall in Gorongosa District is similar to Kilwa District, with annual precipitation

averaging 850 mm/yr, with a similar seasonality to that of Kilwa District (Ryan, 2009).

Miombo woodlands in this region have hosted a series of experimental fires where fire

intensity and tree top-kill rates were quantified (Ryan and Williams, 2011). Data from

this site produced a series of allometric equations used for estimation of aboveground25

16
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biomass (AGB) (Ryan et al., 2011). Gorongosa District is also location of a further

chronosequence study used to estimate woodland regrowth rate (Williams et al., 2008).

17
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1.5 Thesis objectives and overview

The objective of this thesis is to improve our understanding of the miombo woodland

C cycle. Using PSP data from Kilwa District I investigate the state and variability of

miombo woodlands, and aim to identify the primary drivers of landscape heterogeneity.

PSP re-inventory data are used to investigate the woody C cycle, and to test how5

tree demographic rates in miombo woodlands respond to resource availability and

disturbance. I use a process-based model and remote sensing observations to predict

the impact of fire management on miombo woodland biomass. Finally, I retrieve

spatially-explicit estimates of C cycle state and process variables across southern

Africa by combining remote sensing observations with a mass balance model of the C10

cycle. I use these studies to address the following important and presently unresolved

research questions:

1. What are the causes and consequences of structural heterogeneity in miombo

woodlands?

2. What is the role of fire in miombo woodlands?15

3. How can we most effectively resolve the carbon cycle of miombo woodlands?

This thesis is structured as four stand-alone research chapters, each of which is

intended for publication. Below I summarise the objectives of each research chapter,

and state their key research questions and hypotheses. In the final chapter I summarise

the results of this thesis, discuss its implications for the quantification of the African C20

cycle, and identify important areas for further research.

18
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1.5.1 Paper 1: Floristic and functional divergence in an East African

savannah-forest mosaic

Some of the largest uncertainties in the terrestrial C balance stem from a poor

knowledge of the size of vegetation C pools, and how they vary spatially (Houghton,

2005). Miombo woodland landscapes are extremely heterogeneous, with a range5

of vegetation structures persisting within landscapes, which support a diversity of

species communities (Backéus et al., 2006; Ribeiro et al., 2008; McNicol, 2014;

Jew et al., 2016). Vegetation can take the form of open savannahs dominated by

grasses, woodlands where grasses and trees are co-dominant, and closed-canopy

forests where C4 grasses are excluded. The factors maintaining heterogeneous10

vegetation structures in climatically homogeneous landscapes are not well understood.

Prominent hypotheses suggest that vegetation structure may be an expression of

bottom-up regulation from differences in soil fertility and water supply, top-down

regulation from fire and herbivory, or random alternate stable-states. Determination

of which processes affect vegetation dynamics is of importance for modelling of the C15

cycle, and projecting how future changes to management and climate will modify their

distributions in the future.

In addition to differences in floristic composition and vegetation structure,

plant communities display a range of adaptations to environmental conditions. For

instance, areas with a high frequency of fire may be associated with thick bark,20

nutrient deficiency with N-fixing strategies or ectomycorrhizae, and water limitation

with physiological adaptations for water-use efficiency and drought tolerance.

These strategies can be identified through measurement of plant functional traits,

which are morphological, anatomical, physiological, biochemical and phenological

characteristics that reflect how plants are adapted to their environment (Kattge et25

al., 2011). By diagnosing the functional traits present in plant communities we can
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interpret which processes are acting to promote or exclude certain growth forms, and

identify the main drivers of vegetation heterogeneity.

The objective of this paper is to explore variation of tree species communities,

environmental properties, and plant functional traits associated with divergent

vegetation structures in Kilwa District. I present tree species composition data from5

the Kilwa District PSP network. I measure a range of biotic and abiotic environmental

characteristics at each PSP, which describe vegetation structure, fire susceptibility, soil

properties, and water supply. I also construct a database of 11 commonly measured

plant functional traits for 30 species, which together describe the adaptations of species

to competition, disturbance, water stress, and nutrient limitation.10

In this paper I address the following hypotheses:

1. Heterogeneous vegetation structures in miombo woodland landscapes are

composed of divergent tree communities which are associated with differing

disturbance regimes, hydrology, and soil properties.

2. Functional traits vary between tree species and communities, reflecting15

evolutionary trade-offs and environmental filtering into assemblages.

3. Tree community assembly is driven by a combination of disturbance, water

supply, nutrient limitation, and competition for light.

1.5.2 Paper 2: What drives variation in woody productivity and tree

mortality in miombo woodlands?20

Woody C stocks are the largest living biomass pool in miombo woodlands (Ryan et al.,

2011). Despite their importance, there exist few robust estimates of the size of this C

pool, with a particular deficiency in repeat-measurements of in situ plots to estimate

woody C fluxes. Key parameters such as woody productivity and C residence times
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are not well constrained in miombo woodlands, contributing to large uncertainties in

the African C cycle (Friend et al., 2014). Moreover, we do not have a clear idea how

these vary with landscape heterogeneity.

The magnitude of C fluxes in savannahs is closely related to tree population

dynamics, where demographic transitions exert a large influence on vegetation5

structure. For example, stem growth rates relate to the probability of juvenile stems

escaping from fire, and rates of stem top-kill are associated with canopy openness and

exposure to fire (Hoffmann et al., 2012). Reliable estimates of stem growth, mortality

and recruitment are therefore important for building accurate predictive models of

miombo woodland C cycling. Demographic rates in savannah ecosystems may be10

mediated by a number of processes, including fire, nutrient availability, hydrology,

and canopy cover (Bond, 2008), though the size of these effects and their relative

importance is not clear.

In this paper I use re-measurement data from 12,201 tree stems in the Kilwa

District PSP network to quantify rates of tree growth, mortality and recruitment.15

Allometric equations are used to generate estimates of woody productivity, C residence

times, as well as first estimates of net woody biomass change. I assess the impact of a

range of environmental (vegetation structure, fire, soil properties) and stem-specific

(damage, size, competitive stress) measurements on stem growth and mortality to

identify which are the key processes regulating savannah demographic rates.20

I addresses the following research questions:

1. What are rates of woody carbon cycling in miombo woodlands, and how do they

vary?

2. What are rates of growth, mortality and recruitment in miombo woodlands, and

how do they vary?25
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3. What biotic and abiotic processes regulate demographic rates in miombo

woodlands?

1.5.3 Paper 3: Early burning in miombo woodlands for climate

change mitigation

There is an urgent requirement for viable strategies to combat widespread and5

rapid loss of miombo woodlands. Recent efforts to reduce deforestation and

degradation have focussed on valuing woodland resources effectively and paying for

the ecosystem services they provide. One such mechanism, the Reducing Emissions

from Deforestation and forest Degradation (REDD+) programme of the United

Nations, aims to reduce net emissions of C through payments for improved forest10

management (UNFCCC, 2014). Monitoring for degradation of miombo woodlands

is particularly challenging. For instance, it is difficult to determine whether fire

is increasing and resulting in degradation of miombo woodlands over landscapes.

Though the effects of fire on miombo woodland structure are significant (Trapnell,

1959; Furley et al., 2008; Ryan and Williams, 2011), we possess few practical methods15

to predict its impacts on woody biomass.

In this chapter I report MCDI’s pilot REDD+ project, which aims to introduce

early burning to miombo woodlands as a management tool. The method uses burn scar

measurements from a 10 year time-series of Landsat imagery to determine a baseline

frequency of early and late season fires. A process-based model is used to predict20

the change in biomass resulting from a continuation of the baseline fire regime and a

range of scenarios under an early burning project. I assess the reliability of the model,

and discuss strategies to generate useful estimates of woody biomass change given

limitations in model driving data and parameterisation.

I address the following key research questions:25
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1. What is the likely magnitude of emissions reductions achieved from early

burning in miombo woodlands?

2. What are the key uncertainties in the method, and how can uncertainty be

mitigated in an operational fire-management project?

1.5.4 Paper 4: Retrieval of a data-consistent carbon cycle for5

southern Africa

Uncertainty in the terrestrial C cycle is substantial (Le Quéré et al., 2013), with

obstacles to constraining the terrestrial C budget particularly great in tropical

ecosystems such as miombo woodlands, where the size of C pools, C allocation

patterns and C residence times are highly uncertain. Though in situ ecological10

measurements are limited, an abundance of remote sensing data is now available over

southern Africa, providing information on canopy properties, woody biomass and fire

emissions. One approach to using this data to constrain the miombo woodland C cycle

exists in model-data fusion (MDF) techniques, where observational data are merged

with a vegetation models to generate data-consistent estimates of the C cycle and15

quantify parametric uncertainty.

In this study I use the CARbon DAta MOdel fraMework (CARDAMOM) to

generate estimates of the magnitudes of C pools and fluxes across southern Africa

(Bloom et al., 2016). Retrieved C cycle parameters are used to quantify the C cycle

of the miombo ecoregion, and calculate whether miombo woodlands are a net sink or20

source of C to the atmosphere. Spatial differences in C cycle dynamics are indicative

of variation in ecosystem functional properties, and so can be used to investigate the

nature of savannah heterogeneity over continental spatial-scales. I compare ecosystem

functional properties to a range of environmental characteristics relating to vegetation

structure, precipitation, soil properties, disturbance, and anthropogenic management25
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to identify the major drivers of miombo woodland heterogeneity over large scales.

I aim to answer the following key research questions:

1. What is the magnitude of carbon fluxes and residence times in the miombo

ecoregion?

2. Is vegetation in the miombo ecoregion a net source or sink of carbon?5

3. How do ecosystem functional properties vary across the miombo woodland

ecoregion, and what are its main environmental drivers?
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CHAPTER 2. FLORISTIC AND FUNCTIONAL DIVERGENCE

ABSTRACT

Background and aims: Vegetation structure in southern Africa’s miombo woodlands

is highly variable, with a dynamic mosaic of open savannahs, woodlands, and

closed-canopy forests persisting within landscapes. We aimed to measure vegetation5

heterogeneity, assess plant functional traits, and determine the key ecological processes

operating to assemble divergent tree communities.

Methods: Hectare-scale permanent sample plots (PSPs) were established across

a savannah-forest mosaic in southeastern Tanzania and measured for tree species

composition. A range of properties related to the biotic (basal area, LAI, grass10

biomass) and abiotic (soil chemical and physical properties, fire frequency, elevation)

environment were quantified at each PSP. We assembled a database of plant functional

traits (bark thickness, leaf area:sapwood area, and foliar nitrogen, phosphorus, and

stable isotopes of carbon and nitrogen) for 30 common species to assess variation in

ecological strategy.15

Results: We identify three prominent tree communities, which were associated with a

single dominant axis of variation related to canopy cover, grass biomass, fire, and soil

chemical properties. Plant functional traits were variable, with a range of fire defence,

resource acquisition and use, and water regulation strategies identified. Functional

types are linked to vegetation structure, notably being associated with a continuum of20

leaf structure, macronutrient content and stable isotope ratios.

Conclusions: Analysis of community assemblages suggests that areas of sparse tree

cover dominated by species with resource conservation strategies and areas of dense

tree cover are dominated by species with resource acquisition strategies, coinciding

with a gradient of environmental habitability. We note evidence that fire, hydrology,25

nutrient cycling, and competition all relate to differences in vegetation structure.
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2.1 Introduction

The miombo woodlands of south-central Africa are an extensive savannah formation,

spanning the continent from Tanzania and DR Congo in the north to Mozambique

and Zimbabwe in the south (White, 1983). Miombo woodlands derive importance

from their biodiversity, supporting an estimated 8500 vascular plant species including5

over 300 tree species (Frost, 1996), and the ecosystem services they provide, with a

population of over 100 million people heavily reliant on woodlands for food, fuel and

timber resources (Campbell et al., 2007; Syampungani et al., 2009). As the result

of their size, susceptibility to fire, and inter-annual variation in productivity, miombo

woodlands play an important role in the African carbon (C) balance (Bombelli et al.,10

2009), and contribute a large uncertainty to efforts to quantify the global C cycle (Ciais

et al., 2011).

Developing a predictive understanding of miombo woodland landscapes is

complicated by their heterogeneity. Neighbouring and otherwise similar locations

support markedly dissimilar growth forms, ranging from open savannah where C415

grasses dominate over sparse trees and shrubs, through open canopy woodland where

C4 grasses and trees are co-dominant, to closed-canopy forest where a C4 grass

understory is excluded by low light penetration to the forest floor (Fig. 2.1). Divergent

vegetation structures are associated with a diversity of species assemblages (Backéus

et al., 2006; Ribeiro et al., 2008; Jew et al., 2016), which have a range of vegetation20

and soil carbon stocks and associated ecological properties (Williams et al., 2008;

Rossi et al., 2009; Ryan et al., 2011; Woollen et al., 2012). Heterogeneity of

miombo woodlands is particularly poorly understood at regional spatial-scales, where

a spectrum of land cover varieties will persist under a single climate regime.

Studies have identified a number of biotic and abiotic mechanisms that govern25

ecosystem structure and function in savannahs. Fires are frequent in southern Africa’s
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savannahs (Archibald et al., 2010), fuelled by the senescence C4 grasses in the dry

season. Fires do not occur uniformly across the landscape, being dependent upon

sources of ignition, topographic barriers, and fuel conditions, and largely limited

under closed forest canopy where C4 grasses are excluded (Hoffmann et al., 2012).

Fires alter vegetation structure by interrupting tree regeneration and reducing standing5

biomass (Trapnell, 1959; Furley et al., 2008; Ryan and Williams, 2011; Saito et al.,

2014), reinforcing the separation between open and closed-canopy vegetation. Other

work has emphasised the importance of water in limiting the growth of trees, noting

correlations between woody biomass and annual rainfall (Frost, 1996), the preference

of miombo woodland species for well-drained soils (Chidumayo, 1997; Woollen et10

al., 2012), and investment in deep taproots in many species (Timberlake et al., 1993).

Water supply is closely related to topography, with seasonally waterlogged low-lying

‘dambos’ supporting only sparse tree populations (von der Heyden, 2004; Woollen et

al., 2012), the possible result of inhibited wet-season growth rates (Tinley, 1982) or

the intolerance of deep-rooting species to inundation (Rossatto et al., 2012). Miombo15

woodlands are typically found on highly-weathered and nutrient-poor soils (Frost,

1996), raising questions about the extent to which soil properties inhibit the vegetation

growth. Studies across a range of savannah ecosystems have noted a correlation

between woody cover and soil nutrient availability (Cole, 1986; Bowman, 2000;

Lloyd et al., 2008), including in miombo woodlands (Högberg, 1986). Although soil20

nutrient stocks are unlikely to be limiting in the formation of forests (Bond, 2010), soil

properties may structure savannah vegetation by impeding rates of succession (Bond,

2008). Studies have also noted that the coastal forests of east Africa are associated

with particular soil formations (Timberlake et al., 2011), implying a nutrient or soil

textural determinant of distributions of dry forest.25

In addition to conspicuous differences in vegetation structure and floristic

composition, tree communities in savannahs exhibit an array of adaptations to
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prevailing environmental conditions. These strategies can be characterised through

the assessment of plant functional traits (Violle et al., 2007). For example, resilience

to fire is associated with thick insulating bark (Hoffmann et al., 2012; Simon and

Pennington, 2012), water-stress with a reduced leaf area (Gutschick, 1999; Niinemets,

2001) and conservative opening of stomata (Farquhar et al., 1989), and nutrient-poor5

soils with strategies for nutrient-use efficiency (Bloom et al., 1985) and mechanisms

for nutrient acquisition from N-fixation and ectomychorrizae (Högberg, 1986). As

the range of viable strategies in a plant community is constrained by environmental

conditions (Weiher and Keddy, 2001), trait-based approaches offer a means to identify

the dominant drivers of tree community assembly.10

Where access to resources is limited and contested, and threats from disturbance

are varied, plants must perform trade-offs to optimally allocate resources towards

objectives of growth and persistence. At one extreme lies the conservative resource-

use of plants in a marginal habitat, where a slow-return on energy and nutrient

investment leads to a reduced risk of mortality. The opposite strategy is reliant upon15

resource acquisition and rapid growth in a benign environment, where competition

with other plants limits reproductive success. This trade-off, previously expressed as

the continuum between ‘stress tolerators’ and ‘competitors’ (Grime, 2006) and the

resource-ratio hypothesis (Tilman, 1982), can be characterised through assessment

of plant functional traits (Violle et al., 2007). For example, in the ‘leaf economics20

spectrum’, resource conservation strategies are identified from thick or dense leaves

with low nutrient content, and competitive strategies by less investment in leaf structure

and high nutrient content (Wright et al., 2004).

In this paper our objective is to identify the key biotic and abiotic factors

associated with the distribution of vegetation across a gradient of land cover ranging25

from open savannah to closed-canopy forest in southeastern Tanzania, and understand

how dominant trees are adapted to these conditions. We hypothesise that this gradient
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of vegetation structure is associated with a general trend from frequently-inundated,

nutrient-poor and highly disturbed sites to well-drained, nutrient-rich and fire-resistant

sites. We further measure a series of functional traits associated with resource-

acquisition, resource-use and resilience to disturbance, hypothesising that a range of

strategies exist amongst tree species, and that these strategies are filtered into species5

assemblages by environmental variation in miombo woodland landscapes. Whilst the

impacts of fire, water availability and soil fertility on vegetation dynamics have all

been described in savannah ecosystems, it is unclear which are the dominant processes

acting to promote structural heterogeneity in miombo woodland ecosystems. We

expect the most limiting environmental factor to be driving trait expression in each10

vegetation form, hypothesising that disturbance, water supply, nutrient limitation, and

competition for light all act to limit vegetation growth across the vegetation gradient.

We address the following specific hypotheses:

H1: Heterogeneous vegetation structures in miombo woodland landscapes are

composed of divergent tree communities which are associated with differing15

disturbance regimes, hydrology, and soil properties.

H2: Functional traits vary between tree species and communities, reflecting

evolutionary trade-offs and environmental filtering into assemblages.

H3: Tree community assembly is driven by a combination of disturbance, water

supply, nutrient limitation, and competition for light.20
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Figure 2.1: Vegetation structure in Kilwa District, Tanzania is highly heterogeneous, forming
a mosaic of grassland savannah (top), through woodlands (middle), to closed-canopy forests
(bottom).
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2.2 Methods

2.2.1 Study area

Kilwa District (8°15’ - 10°00’ S, 38°40’ - 39°40’ E) in the Lindi region of coastal

southern Tanzania is location of the ‘Kilwa Lowland Forest Mosaic’, a dynamic

patchwork of miombo woodland and coastal forest variants. For the purposes of this5

study we refer to three land cover classes identified on the basis of differing growth

form: ‘savannahs’, ‘woodlands’ and ‘forests’. Savannahs are grass-dominated with

discontinuous tree cover, and are found extensively to the west of Kilwa District and

in low-lying dambos. Woodlands consist of a mixture of tall trees with a continuous

C4 grass layer, and are the dominant land cover of Kilwa District. Forests, with tall-10

stature, continuous tree cover and a closed-canopy, predominate in riparian areas and

on higher ground. Rainfall in Kilwa District averages 900 - 1100 mm/yr, which is

concentrated in the months December - April, and has a weak precipitation gradient

from a relatively moist coast to more arid inland areas (McNicol, 2014). Kilwa District

has a low population density (ca. 12.6 people /km2), and retains a high level of tree15

cover relative to other parts of Tanzania.

2.2.2 Plot inventory

A network of 25 permanent sample plots (PSPs) were established across Kilwa

District in 2010/11. PSPs were semi-randomly located, ensuring accessibility and

representation of a range of land cover types (Fig. 2.2). Each PSP measures 100 x20

100 m, in which every tree stem above 5 cm diameter at breast height (DBH) was

measured with a diameter tape at 1.3 m above ground level, and identified using local

vernacular species names. Accurate species identification is subject to the limits of

local knowledge, and our ability to translate to binomial nomenclature. PSPs were
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Figure 2.2: Approximate distribution of vegetation types in Kilwa District study site, overlaid
with permanent sample plot locations and population centres.

re-inventoried in 2012/13; we use data from the second inventory in this study, which

is corrected for gross errors in stem diameter increments using the methods of Phillips

et al. (2009).

2.2.3 Ecological properties

A series of properties relating to vegetation structure, soil chemo-physical5

characteristics, topographic position, and disturbance were measured for each PSP

(Table 2.1); for brevity these biotic and abiotic properties are all termed ‘ecological

properties’.

Woody cover was estimated from PSP inventory data expressed as tree basal

area, and from measurements of leaf area index (LAI). LAI was measured using10

hemispherical photographs from a camera mounted on a level 1.3 m tall tripod prior
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to leaf fall in 2014 (Coolpix 4500 fitted with Fisheye Converter FC-E8 0.21x, Nikon,

Tokyo, Japan). Images were processed using Gap Light Analyzer v2.0 (Frazer et al.,

1999), integrated over zenith angles 0° - 60°. Grass biomass was measured using a

disc pasture meter (Bransby and Tainton, 1977), calibrated locally by measuring, air-

drying and weighing grass samples, and fitting with a linear model against disc height5

(R2 = 0.3). Samples of topsoil (5 cm depth core) and subsoil (30 cm depth core) were

collected, air-dried, and passed through a 2 mm sieve to remove the coarse fraction.

Soil bulk density was calculated using the dry soil mass and the volume of the subsoil

core, correcting where core depth was limited by rocks or hardpan. Soil moisture was

calculated as the volumetric water content of subsoil cores based on dry and wet soil10

mass measurements. Estimates of LAI, grass biomass and soil physical properties were

replicated at 9 equispaced locations at each PSP.

Soil cores were aggregated column-wise into 3 topsoil and 3 subsoil samples for

further analysis at Sokoine University of Agriculture. Each sample was measured for

organic carbon content (C) using the Walkey-Black wet combustion method (Walkley15

and Black, 1934; Nelson and Sommers, 1996), total nitrogen content (N) using the

Kjedahl method (Kjeldahl, 1883; Klute, 1986), and extractable phosphorus content (P)

using the Bray-1 test (Bray and Kurtz, 1945; Klute, 1986). Nutrient stocks in topsoil

and subsoil are expressed on an areal basis using bulk density and core cross-sectional

area, subtracting the nutrient content contained in topsoil from estimates of subsoil20

nutrient content. One plot (P23) had substantially outlying estimates for subsoil N,

and this measurement is excluded as a probable error. An additional sample from each

PSP was formed through a combination of sub-samples from all 9 subsoil cores and

measured for pH in water, and for soil texture using the Bouyoucos hydrometer method

(Bouyoucos, 1962; Klute, 1986). All sub-sampling was conducted with a riffle-splitter25

to ensure representative and homogenised soil samples.

Remote sensing data products were used to quantify PSP topographic position
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Table 2.1: Summary of ecological properties and plant functional traits measured in Kilwa
District.

Parameter Description Units
Ecological properties
Basal area Tree basal area at 1.3 m m2/ha
LAI Leaf area index m2/m2

Grass biomass Estimate from disc pasture meter t/ha
Soil bulk density Soil mass per unit volume kg/m3

Soil moisture Soil volumetric water content %
Soil texture Soil particle size distribution %
Soil pH Soil pH in water pH
Soil C Organic carbon content (topsoil & subsoil) kg/ha
Soil N Total nitrogen content (topsoil & subsoil) kg/ha
Soil P Extractable phosphorus content (topsoil & subsoil) kg/ha
Fire frequency Estimate from classified Landsat data /yr
Elevation Height above sea level from SRTM m
Plant functional traits
BT Bark thickness mm
La:Sa Leaf area to branch cross-sectional area ratio m2/cm2

LMA Leaf mass (dry) per unit area (fresh) g/m2

Nm Nitrogen content per unit mass %
Na Nitrogen content per unit area g/m2

C:N Mass ratio of carbon to nitrogen g/g
Pm Phosphorus content per unit mass %
Pa Phosphorus content per unit area g/m2

N:P Mass ratio nitrogen to phosphorus g/g
δ13C Stable isotope ratio 13C : 12C o/oo
δ15N Stable isotope ratio 15N : 14N o/oo

and disturbance history. PSP elevation was extracted from 1 arc-second data from

the Shuttle Radar Topography Mission (USGS, 2006). Fire frequency was estimated

using a ten year burn scar time-series from Kilwa District (see Chapter 4). All available

Landsat Thematic Mapper and Enhanced Thematic Mapper data acquisitions between

2001 - 2010 underwent cloud masking, atmospheric correction, and conversion to5

surface reflectance using the LEDAPS algorithm (Masek et al., 2008). A series of

vegetation indices were calculated using the multispectral imagery (Bastarrika et al.,

2011), and classified using a regularised logistic regression function trained using

operator-identified burned and unburned pixels. Resultant burn probability maps were

summed for each year at each PSP to generate an estimate of fire frequency.10
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2.2.4 Functional trait measurement

A database of plant functional traits was compiled for common tree species in Kilwa

District. Dominant species were identified from vernacular names in PSP data,

yielding a list of 30 unique species that accounting for 76 % of total basal area (Table

2.2). One PSP (P01) uniquely positioned over a recently abandoned field was excluded5

from further analysis as it contained a tree species community poorly represented by

the trait database. Individuals from each species (n = 8 - 10) were sampled from trees

in the PSPs in May - July 2014. Only mature trees (> 10 cm DBH) showing no sign

of disease or damage were considered, with a preference for sampling from locations

where a species showed a high relative dominance. Each species was measured at10

a minimum of three locations, except where a species’ distribution was limited to

fewer PSPs. For each tree we measured eleven functional traits representing resource-

use, fire-defence, nutrient acquisition and water-use strategies (Table 2.1). Where

applicable, measurement protocols were based on the recommendations of Pérez-

Harguindeguy et al. (2013).15

Bark thickness (BT ), a predictor of resilience to fire (Hoffmann et al., 2009),

was measured at three points on each sampled tree with a bark depth gauge (Barktax,

Haglöf, Långsele, Sweden). Three sun-exposed branches off approximately 1 cm

diameter were collected from the upper-canopy of each tree using a pole pruner. The

ratio of leaf area to sapwood area (La:Sa) is associated with drought resilience, and the20

structural costs required to support a given leaf area (Waring et al., 1982). La:Sa was

determined from the basal area of each branch, measured with vernier callipers, and its

total leaf area, calculated from total dry leaf mass and leaf mass per unit area (LMA).

LMA describes the trade-off associated with thicker or denser leaves with a high

construction cost in return for greater resilience, longer leaf lifespan and increased25

nutrient use efficiency (Niinemets, 2001; Westoby and Wright, 2006). LMA is an
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anchor trait of the ‘leaf economics spectrum’, separating resource-acquisition from

resource-conservation plant strategies (Wright et al., 2004). A single healthy and fully-

expanded leaf was selected from each branch sample, scanned at 600 DPI (CanoScan

LiDE 210, Canon, Tokyo, Japan), and the resulting image masked to calculate one-

sided leaf area using ImageJ (Schneider et al., 2012). Leaves were oven dried at 60 °C5

for a minimum of 72 hours, weighed to a precision of 0.001 g, and LMA calculated

as dry mass divided by projected leaf area. Compound leaves were measured at the

leaflet scale, including the petiole/petiolule.

Foliar macronutrients nitrogen (N) and phosphorus (P) are closely related to

photosynthetic capacity and nutrient use efficiency (Tuohy et al., 1991; Reich et al.,10

1992; Wright et al., 2004). The ratio of carbon (C) to N relates to physiological

adjustments to nutrient supply and palatability to browsers (Poorter et al., 2004),

and ratio of N:P can indicate N or P limitation in biomass production (Güsewell,

2004). Leaf samples underwent elemental analysis at The University of Edinburgh.

Dried leaves from each sampled tree were combined and powdered in a ball mill15

(MM200, Retsch, Haan, Germany). Foliar C and N content were measured using

an elemental analyser (NA2500, Carlo Erba Instruments, Milan, Italy). Foliar P

content was measured on half of the available leaf samples using the molybdenum

blue method (Grimshaw et al., 1989) with a continuous flow analyser (Auto Analyser

III, Bran+Luebbe, Norderstedt, Germany). Foliar nutrient contents were expressed on20

both a mass basis (Nm/Pm, % by mass), and on an area basis (Na/Pa, g/cm2) using LMA

estimates. Foliar nutrient stoichiometry was assessed using mass-based ratios of C:N

and N:P.

Folar stable isotope ratio 15N:14N (δ15N) is an integrated measure of nutrient-

acquisition, relating to N source and the influence of mycorrhizal interactions25

(Högberg, 1997; Robinson, 2001). In miombo woodlands, low δ15N values are

associated with N2-fixing trees and trees with ectomycorrhizae (Högberg, 1986;
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Högberg, 1990; Schmidt and Stewart, 2003). The ratio of 13C:12C (δ13C) is a measure

of intrinsic water-use efficiency, where high δ13C is associated with conservative

opening of stomata (Farquhar et al., 1989). Stable isotopes ratios δ15N and δ13C were

measured using a mass spectrometer (Thermo Electron Delta+ Advantage, Thermo

Scientific, Waltham, Massachusetts, USA), set up in series with the continuous flow5

analyser.

2.2.5 Data analysis

Statistical analysis of species composition, ecological properties, and functional trait

variation was performed in R (R Core Team, 2015) with the vegan package (Oksanen

et al., 2013). We use principal component analysis (PCA) to identify the main10

assemblages of woody species at the PSPs. Ordination was based on species abundance

by basal area transformed by the Hellinger transformation (Legendre and Gallagher,

2001). We further restrict the ordination to species noted a minimum of 20 times in

order to concentrate on distributions of species noted at multiple sites and to counter

the effect of rare synonyms and misspellings. Species communities were identified15

using k-means clustering, specifying 3 groups in the first two principal components.

Correlations between floristic composition and ecological properties were assessed

with multiple regression, where ecological variables were fitted to ordination scores

using the ‘envfit’ functional of the vegan package.

Variation in plant functional traits was assessed for both species and plant20

communities. Community traits were expressed as a community weighted mean

(CWM), where mean trait values for each species were weighted by the relative

abundance by basal area of species present at each PSP (Garnier et al., 2004; Violle

et al., 2007). CWM traits represent strategies of the dominant species in a plant

community, and therefore reflect the environmental filters that are main determinants25
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CHAPTER 2. FLORISTIC AND FUNCTIONAL DIVERGENCE

of community assembly (Grime, 1998; Cingolani et al., 2007; Domínguez et al.,

2012). PCA was used to test for collinearity between individual species and CWM

traits, and identify trade-offs between plant strategies. Variation of CWM functional

traits with ecological properties was assessed by plotting CWM traits against PSP

basal area, a correlate of the major differences in ecological properties at PSPs.5

AICc scores (Burnham and Anderson, 2002) were generated for three models (linear,

logarithmic and quadratic), selecting the most parsimonious model where p < 0.05.

Where appropriate a separate model was fitted that excluded data from forest plots,

acknowledging the presence of a potential threshold in species traits and ecological

properties between savannah (with C4 grasses) and forest ecosystems.10

2.3 Results

2.3.1 Ecosystem properties

A total of 11,851 living stems were surveyed across 24 PSPs in 2012/13. Vegetation

structure is diverse; stocking density ranges between 70 – 1456 stems/ha, basal area

between 0.9 - 18.7 m2/ha, and LAI between 0.94 and 3.5 m2/m2. Ordination of15

species abundances shows three principal tree communities, corresponding to a priori

observations of savannah, woodland and forest vegetation structures (Fig. 2.3). K-

means clustering results in a classification of 11 plots as savannahs, 10 plots as

woodlands, and 3 plots as forests. Floristic dissimilarity is high in forest plots, whereas

savannah and woodland plots appear to form a compositional gradient with a number20

of shared species.

Tree community composition is strongly correlated with basal area (p < 0.0001,

R2 = 0.84), with savannahs possessing low woody cover, forests high woody cover, and

woodlands falling in-between. Fires are on average more frequent in low basal area
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Figure 2.3: PCA ordination of PSP tree species assemblages, where species abundance is
measured as the total basal area of each species adjusted by the ‘Hellinger transformation’
(Legendre and Gallagher, 2001). Species loadings are indicated by + where identified > 20
times across all PSPs, and x and named where measured in this study. K-means clustering
identifies species communities corresponding to observations of savannah (square markers),
woodland (circular markers) and forest (triangular markers) vegetation types. Where correlated
with floristic composition, environmental vectors are displayed as arrows (where p < 0.05, *
where p < 0.01, and ** where p < 0.001). Arrow lengths are proportional to R2.
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PSPs (p < 0.001, R2 = 0.58), associated with a high grass biomass (p < 0.001, R2 = 0.54)

and low LAI (p < 0.001, R2 = 0.87). No fires were observed in the three forest PSPs,

coinciding with a closed forest canopy and near-absence of a grassy understory. Tree

density increases with elevation (p = 0.006, R2 = 0.41), a pattern particularly notable in

forest plots P22 and P25. Soil moisture was elevated in many, though not all, savannah5

locations (p = 0.010, R2 = 0.37), consistent with observations of seasonal inundation

in dambo areas. Although there is broad variation in soil properties between PSPs,

only soil pH was strongly coupled to vegetation composition (p < 0.001, R2 = 0.64),

ranging from neutral in savannahs to acidic in forests. Whilst subsoil P increases in

line with basal area (p = 0.004, R2 = 0.42), there was limited evidence of subsoil N10

relating to tree species composition (p = 0.077, R2 = 0.21). Topsoil nutrient status is

biome-specific; topsoil P is greater in woodlands (p = 0.005, R2 = 0.39), and topsoil C

(p = 0.006, R2 = 0.40) and N (p = 0.003, R2 = 0.46) elevated in forests. The data show

no evidence that vegetation type was associated with soil bulk density, soil texture, or

subsoil C. For clarity, plots of ecological variation against tree basal area are presented15

in Fig. S2.1.

2.3.2 Plant functional traits

Plant functional trait measurements suggest substantial differences in ecological

strategies between studied species and communities, with most traits displaying

between two and four-fold variation (Tables S2.1 and S2.2). The divergences we20

observe in species and CWM traits are associated with multiple significantly correlated

traits (Table S2.3).

Over half of variance in species traits is described by two principal components

of variation (Fig. 2.4a). The first principal component (describing 38.4 % of variance)

relates to foliar structure and nutrient content, correlating positively with Nm and25
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Pm, and negatively with LMA and C:N. The second principal component (23.1 %

of variance) is negatively correlated with δ15N, and positively correlated with Pa,

separating species by nutrient acquisition strategy and phosphorus use. PCA of CWM

traits depicts strengthened coordination between trait values (Fig. 2.4b). The first

principal component (43.0 % of variance) again relates to foliar investment, but with5

a stronger negative correlation with BT . The second principal component (27.0 % of

variance) is positively correlated with δ13C and La:Sa, and is less strongly correlated

with δ15N and Pa. PCA of CWM traits broadly sorts PSPs into land cover types, with

savannah, woodland and forest plots having low, intermediate and high scores in the

first principal component, and woodland plots further delineated from savannah and10

forest plots by high scores in the second principal component. Of the three land cover

types, CWM traits in savannah plots appear most variable, either relating to a greater

range of community characteristics, or low tree densities leading to a less stable mean.

2.3.3 Ecological properties and plant functional traits

CWM plant functional traits were closely related to variation in ecological properties,15

represented by basal area (Fig. 2.5). There is strong evidence of a negative relationship

between LMA and basal area (p < 0.001, R2 = 0.71), and likewise C:N and basal area

(p < 0.001, R2 = 0.63), where thick nutrient-efficient leaves are particularly apparent

in savannah plots. Foliar Nm increases with basal area (p < 0.001, R2 = 0.64) as does

Pm (p < 0.001, R2 = 0.68), though a quadratic relationship also indicates a peak in Pm20

in woodland PSPs. For both Nm and Pm, nutrient use appears most conservative where

basal area is very low. Bark thickness is notably lower in forest PSPs (p < 0.001, R2

= 0.54), coinciding with the split between flammable and non-flammable locations.

Foliar δ15N shows a similar threshold (p < 0.001, R2 = 0.77), with much higher values

in the three forest PSPs. There is some evidence that La:Sa is reduced in low basal25
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Figure 2.5: Community weighted mean plant traits along PSP basal area gradient. Graphs are
only displayed for plant traits that showed significant (p < 0.05) differences with basal area.
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functions where significant (p < 0.05, * where p < 0.01). Dashed lines exclude forest PSPs (P06,
P22 and P25), a more honest fit where a discontinuity separating forest plots from savannahs
and woodlands is apparent. Error bars show ± 1 standard error of the mean.
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area PSPs, though this is only apparent when forest plots are excluded (p = 0.047, R2 =

0.19). Foliar δ13C is elevated in woodland plots relative to savannahs and forests (p =

0.006, R2 = 0.38), with strong evidence of a continuous linear increase in δ13C across

the savannah-woodland gradient (p < 0.001, R2 = 0.51). Little evidence was found of

directional differences to Na, Pa, or N:P, with basal area.5

2.4 Discussion

In this study we investigated floristic and functional variation of dominant species

in a structurally heterogeneous miombo woodland landscape. We hypothesised that

vegetation structural differences were associated with a range of biotic and abiotic

properties, supporting a diversity of species with divergent functional traits, which10

are filtered into species assemblages by fire, water supply, nutrient availability, and

competition. Our analysis indicates the presence of three dominant tree communities

corresponding to a priori observations of savannahs, woodlands and forest vegetation

structures. We identified a number of ecological differences between plots, with a

single axis correlated with basal area, LAI, grass biomass, fire frequency, elevation,15

soil pH, subsoil P, and soil moisture describing the bulk of environmental variability.

Functional trait differences were observed between tree-species, with clear differences

in fire resilience, water regulation, and nutrient acquisition and use strategies. CWM

traits reflect environmental variation, with a trend from stress-tolerance to competition

centred traits coinciding with a sequence from open, frequently disturbed and poorly20

drained sites to densely vegetated, fire resistant and well-drained sites.
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2.4.1 H1: Heterogeneous vegetation structures in miombo

woodland landscapes are composed of divergent tree

communities which are associated with differing disturbance

regimes, hydrology, and soil properties

Our study supports a non-random distribution of species in Kilwa District, with5

distinct tree communities associated with open savannahs, miombo woodlands and

forests. Open savannahs are not sparse woodlands, nor forests dense woodlands. The

most apparent species assemblage exists in forested areas, where dominant species

H. verrucosa, H. ulmoides and P. myrtifolia are rare or absent in savannahs and

woodlands. The separation between savannahs, dominated by D. melanoxylon, A.10

nilotica and S. birrea, and woodlands, dominated by characteristic miombo species

B. spiciformis, J. globiflora and P. angolensis, is less distinct. A number of species

are shared between savannah and woodland areas (e.g. C. apiculatum), and species

composition is more diffuse, implying savannahs and woodlands represent a gradient

of land cover rather than distinct classes. There are indications of further land cover15

classes existing; for instance forest plot P06, characterised by H. ulmoides and S.

spinosa, had a species assemblage isolated from other plots and may represent a

‘thicket’ land cover type (Parr et al., 2012; Charles-Dominique et al., 2015). Whilst

the savannah/woodland/forest classification is a useful framework for conceptualising

miombo woodland heterogeneity, we acknowledge the limitations of a small-scale20

study in being able to identify only the largest tree communities.

Running from sparse in savannahs to dense in forests, tree cover is the most

conspicuous ecological difference between land cover types. Sparse woody cover is

associated with a discontinuous tree canopy with low LAI, transmitting sufficient light

to support a C4 grassy understory. As a defining characteristic that separates savannah25
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from forest ecosystems (Ratnam et al., 2011), savannah and woodland land cover

classes with extensive grassy understories will likely have very different dynamics

to the three forest PSPs. The strong association we note between the presence of

grass and fire highlights the importance of fire-exclusion in maintenance of a distinct

forest ecosystem, a pattern noted in other savannah landscapes (Hoffmann et al., 2012;5

Charles-Dominique et al., 2015). The canopy-grass-fire relationship we observe was

not without exception: heavily grazed plot P06 had little grass biomass and few

indications of fire, whereas fire was near-absent from woodland plot P09 which may

be isolated from fire by surrounding topography.

Ecological differences between savannah and woodland areas is apparent in the10

prevalence of water inundation, with the seven PSPs with greatest volumetric water

content all classified as savannahs. This is consistent with observations of dambos

limiting woody biomass in miombo woodlands (Woollen et al., 2012). The importance

of drainage is also reflected in elevation data, with savannahs predominating over

woodlands at the lowest elevations. There were two conspicuous exceptions amongst15

the savannah plots (P03 and P24), where soils were amongst the driest measured yet

tree communities resembled those of the dambo plots. Both locations were notable for

shallow soils with a high coarse fraction, suggesting that the savannah tree community

can arise from a range of conditions resulting in a marginal habitat. The importance

of hydrology in separating woodlands from forests is less clear, with no apparent20

differences in soil moisture data outside of savannahs. However, two of the three forest

plots (P22 & P25) are located on the highest ground in the study area, which may relate

to good drainage and a favourable position for the receipt of orographic precipitation.

Evidence that soil properties were a major determinant of vegetation structure

was limited. Of all measured soil properties, only soil pH was strongly associated25

with species composition, ranging from near neutral in savannahs to strongly acidic

in forests. Acidic soils are a feature typical of miombo woodland landscapes that
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generally reduces soil fertility (Frost, 1996). Similar observations have previously

been related to frequent fires resulting in cation enrichment (Trapnell et al., 1976),

with the implication that fire plays an important role in the nutrient cycle. Evidence

that subsoil nutrient content controls vegetation structure was weak; of the subsoil

chemical properties measured, only extractable P is clearly associated with tree5

species composition. Biome-specific variation in topsoil properties suggests that soil

nutrient content may follow from vegetation structure, with inputs from litterfall and

volitalisation by fire modifying underlying soil nutrient stocks.

2.4.2 H2: Functional traits vary between

tree species and communities, reflecting evolutionary trade-10

offs and environmental filtering into assemblages

The functional traits of miombo woodland tree species are widely variable. The most

apparent divergence occurs between foliar traits, with species separated by a trade-off

between high structural investment (LMA/C:N) and leaf macronutrient concentration

(Nm/Pm). This same pattern is described in the ‘leaf economics spectrum’, where it is15

ascribed to a trade-off from slow to fast return on investment of C and macronutrients

to leaves (Wright et al., 2004). The differences we observe suggest there exist niches

for both persistent and productive tree species in miombo woodland landscapes.

Divisions in fire defence, nutrient acquisition strategies, and water-use are also

apparent between tree species. BT , indicative of fire-resilience, was in particular20

associated with species at the ‘slow’ reaches of the leaf economics spectrum. Many

trees had low δ15N, a result consistent with the dominance of ectomycorrhizal trees in

miombo woodlands (Högberg, 1982; Högberg, 1986; Högberg and Piearce, 1986),

though the presence of high δ15N in some species suggests that there are enough

nutrients in at least some areas to support trees without costly adaptations for nutrient-25
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acquisition. Water-use, measured by δ13C and La:Sa, was broadly variable between

species, with traits indicative of niches for both both water-conservation and rapid

transpiration. Coordination between fire-defence, nutrient-acquisition and water-use

strategies was weak.

Relationships between traits are largely consistent between tree species and plant5

communities. Convergence of species with similar traits implies that environmental

filters are acting to sort species into communities with similar adaptations. It is

notable that trait inter-relationships are strengthened when considered as a CWM

relative to between species, a phenomenon that has been observed in other ecosystems

(e.g. Ackerly et al., 2002; Domínguez et al., 2012). This may relate to competitive10

dominance by the best adapted species in tree communities, or parallel shifts between

traits that are unrelated within species in response to environmental variation.

2.4.3 H3: Tree community assembly is driven by a combination of

disturbance, water supply, nutrient limitation, and competition

for light15

The pervasiveness of fire in savannahs and woodlands is reflected in the thick bark

of their tree communities, with a clear threshold in both fire frequency and BT found

across the woodland-forest transition. This observation indicates the importance of fire

in maintaining distinct species communities, with fire acting to prevent the spread of

forest adapted species into woodland and savannahs. This is a result consistent with the20

mechanisms reported in other savannah-forest mosaics (Hoffmann et al., 2003; Dantas

et al., 2013). Though woody biomass is closely associated with the severity of fire

regimes in miombo woodlands (Trapnell, 1959; Ryan and Williams, 2011), we note

little evidence of differences in fire frequency or bark thickness between savannah

and woodland PSPs. This suggests that factors other than fire may be the limiting25
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determinants of woody cover differences outside of forests.

Water-use traits show distinct patterns in savannah, woodland and forest tree

communities. Savannahs are characterised by a relatively low La:Sa, a conservative

allocation pattern associated with drought tolerance, coupled with a low δ13C,

suggesting a low water-use efficiency. Contrastingly, woodland species issue a greater5

leaf area with a greater water-use efficiency. This is interpretable as a trade-off between

a high leaf area allowing for rapid growth in favourable conditions against the necessity

for judicious opening of stomata in water-limited conditions. The high leaf area and

low water-use efficiency of forest communities suggests these trees are not water-

stressed, possibly linked to the closed-canopy sustaining a humid environment or to10

greater rainfall. Uniquely amongst our measurements, water availability can be related

to landscape morphology, and therefore points toward some resilience in vegetation

patterns across the landscape.

Though there is little evidence of pronounced nutrient scarcity at any single

location, a number of traits relating to nutrient acquisition and use differed between15

tree communities. Savannahs are associated with high LMA and C:N and low Nm

and Pm, traits which suggest the efficient use of available nutrients. Further evidence

of nutrient scarcity is present in the prevalence of species from the family Fabaceae

and low δ15N in savannah and woodland tree communities. Similar observations by

Högberg (1982) are attributed to large losses of N following fires, compensated for20

by N fixation by leguminous species. Observations may also relate to the use of

ectomycorrhize for direct uptake of P from soils (Högberg, 1986). The hypothesis

that P availability governs vegetation structure is supported by high foliar N:P values,

with 18 species averaging > 20 g/g, generally indicative of P limitation, and no species

recording < 10 g/g, generally indicative of N limitation (Güsewell, 2004). The forest25

species assemblage has few species from the family Fabaceae and high values of δ15N,

suggesting that nutrients are not a strong limitation in forests. As forests were not
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associated with a greatly increased soil nutrient pool, the greater nutrient accessibility

in these communities is probably related to a closed nutrient cycle rather the underlying

differences in soil properties.

The open canopy of savannah and woodland vegetation structures suggests

that competition for light is less important in structuring these tree communities.5

The lower LMA, C:N and greater Nm and Pm in the woodland species assemblage

relative to savannahs are consistent with greater photosynthetic capacity (Wright et

al., 2004), suggesting greater productivity in these locations. Forest plots show

foliar characteristics associated with rapid growth and competitive life strategies,

which along with a closed-canopy suggest that woody production is limited by light10

availability in these locations.

2.5 Conclusions

In this study we investigated the nature of vegetation heterogeneity in a miombo

woodland landscape consisting of structurally distinct savannah, woodland, and

forest vegetation forms. Divergent vegetation structures are floristically distinct, and15

associated with a range of environmental conditions that run from harsh in savannahs

to relatively benign in forests. Variation in functional traits suggests a trade-off

between resource-conservation to resource-acquisition strategies, with further notable

differences in fire-defence, nutrient cycling and water-use. We note evidence that

environmental variability acts to assemble divergent tree communities, though it seems20

unlikely that any one mechanism can alone account for the heterogeneity of miombo

woodland landscapes.
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CHAPTER 3

What drives variation in woody productivity and tree

mortality in miombo woodlands?
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CHAPTER 3. WOODY PRODUCTIVITY AND TREE MORTALITY

ABSTRACT

Background and aims: Savannah ecosystems are complex and dynamic, with

vegetation structural changes occurring continuously as a result of the altering balance

between the growth, mortality, and recruitment of individual tree stems. Developing a5

predictive understanding of the savannah carbon cycle requires quantification of stem

demographic rates, and identification of the key processes that regulate stem growth

and mortality.

Methods: This study measured tree growth, mortality and recruitment in 24 Permanent

Sample Plots (PSPs) in the structurally diverse miombo woodland landscape of Kilwa10

District, southeastern Tanzania. Tree demographic rates are calculated from changes

in PSP inventory data over 2 years, and rates of woody carbon cycling estimated

using tree allometry. We use hierarchical models and multi-model inference to relate

tree growth and mortality rates to stem size, damage, competitive stress, vegetation

structure, fire frequency and soil properties.15

Results: Growth rates in miombo woodlands are slow (1.55 ± 0.57 mm/yr), and top-kill

(4.0 %/yr) and recruitment (2.9 %/yr) are rare. Carbon fluxes from woody production

and loss are widely variable, and closely associated with standing woody biomass.

Stem growth and mortality did not occur at random, though models suggest a limited

deterministic component to individual stem development. Growth rates were slowed20

by damage, and mortality was observed to be elevated in the smallest stems, and in

cases where prior damage had been observed.

Conclusions: Stem demographic rates and woody carbon cycling are widely variable in

miombo woodlands, though differences were for the most part not predictable. We note

some evidence that environmental influences are altering tree population dynamics,25

which may translate into heterogeneity of vegetation structure.
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CHAPTER 3. WOODY PRODUCTIVITY AND TREE MORTALITY

3.1 Introduction

Savannah ecosystems play a prominent role in the global carbon (C) cycle, accounting

for approximately 20 % of the land surface and 30 % of global net primary production

(Grace et al., 2006). As the result of few dedicated observational networks, the C cycle

of savannahs is very poorly resolved (Williams et al., 2007), and the key processes5

regulating vegetation dynamics are uncertain. This problem is particularly acute in

miombo woodlands, a woody savannah ecosystem characterised by tree species of

the genera Brachystegia, Julbernardia and Isoberlinia which forms the dominant land

cover of southern Africa (White, 1983). Unlike the forests of central Africa (e.g. Lewis

et al., 2009; Willcock et al., 2014), the C cycle of miombo woodlands has received10

relatively little attention, having been only infrequently measured for C stocks, and

rarely re-censused for estimates of C stock changes.

C cycling in savannah ecosystems is closely related to tree population dynamics,

where demographic transitions exert a large influence on ecosystem structure and

function (Bond, 2008; Hoffmann et al., 2012). Understanding the processes that15

regulate savannah demography, and as a result the C cycle, is fundamental to building

accurate predictive models of savannah ecosystems. For example, the rate at which a

tree stem grows relates to its capacity to withstand fires by attaining sufficient height

(Bond and Midgley, 2000) or bark thickness (Hoffmann et al., 2009). Stem top-kill

is similarly pivotal to the dynamics of savannah ecosystems, with processes such as20

fire resulting in a wide array of vegetation structures (Furley et al., 2008; Ryan and

Williams, 2011). Reliable estimates of tree growth, mortality, and recruitment are also

important for sustainable forest management, where demographic rates are required to

calculate supportable rates of harvesting for timber and fuelwood.

Studies have identified a range of factors that mediate demographic rates25

in savannah ecosystems, though the magnitude and relative importance of these
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CHAPTER 3. WOODY PRODUCTIVITY AND TREE MORTALITY

mechanisms in miombo woodlands is uncertain. Savannah landscapes are often

extremely heterogeneous, with divergent vegetation structures related to the supply

of light, competition with other trees and grasses, and exposure to fire (see Chapter

2). Fires in particular may have a large impact on woodland structure, increasing

top-kill and impeding recruitment of woody plants (Ryan and Williams, 2011), but5

also resulting in reductions in stem growth (Murphy et al., 2010). Soils in miombo

woodlands generally have a low nutrient status, leading to questions about the extent

to which woody production is limited by nutrient availability. Variation in soil fertility

may drive divergence of savannah structure (Dantas et al., 2015), an effect we may

detect in more rapid growth rates and a reduced risk of top-kill in fertile soils.10

As well as aggregate tree community drivers, there exist a range of stem-scale

drivers that modify stem growth and mortality. As savannah trees mature they gain

greater resilience to fire and herbivory (Midgley et al., 2010; Ryan and Williams,

2011), as well as gaining localised access to resources such as water and nutrients.

Savannahs are often heavily disturbed, with trees showing accumulated damage from15

fires, elephants, and termites (Ribeiro et al., 2008). Frequent top-kill and crown-

distortion can reduce growth by diminishing a tree’s photosynthetic capacity (Holdo,

2006), and may be a precursor to mortality by leaving trees vulnerable to fire ingress

(Holdo, 2005). Tree growth and survival may also be strongly reduced by contested

access to limited soil nutrients, water and light, which are patchily distributed in20

savannah ecosystems (Woollen et al., 2012). Alternately, high disturbance frequency

may lead to competition playing a relatively small role in tree communities that are

prevented from reaching their maximum potential woody biomass.

In this paper we report on data from the Kilwa Permanent Sample Plot (PSP)

network, established in 2010/11 in southeastern Tanzania. PSP re-inventory data from25

2012/13 is used to generate estimates of productivity and turnover of woody biomass in

miombo woodlands, and estimate rates of rates of growth, mortality, and recruitment
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CHAPTER 3. WOODY PRODUCTIVITY AND TREE MORTALITY

Table 3.1: Summary of hypothesised predictors of stem growth and mortality. The global
model contains all candidate model terms used in the complete subsets regression.

Analysis Global Model
Growth Annualised stem DBH increment in relation to stem diameter
(DBH), aboveground woody biomass (AGB), indications of damage, inter-tree
competition, fire occurrence between inventories (FOBS), historical fire frequency
(FFREQ), soil properties (soil), and interactions between DBH and fire/damage.

DBH increment ~ DBH + AGB + damage +
competition + FOBS + FFREQ + soil properties
+ DBH:damage + DBH:FOBS + DBH:FFREQ ,
random = species, plot

Mortality Probability of stem mortality between inventories in relation to stem
diameter (DBH), aboveground woody biomass (AGB), indications of damage,
inter-tree competition, fire occurrence between inventories (FOBS), historical fire
frequency (FFREQ), soil properties (soil), and interactions between DBH and
fire/damage

Stem mortality ~ log(DBH) + AGB +
damage + competition + FOBS + FFREQ + soil
+ DBH:damage + DBH:FOBS + DBH:FFREQ ,
random = species, plot, link = logit

of individual stems. Our aim was to relate estimates of stem growth and mortality

to the influence of stem size, damage, competition, fire, soil fertility, and vegetation

structure (Table 3.1).

Our research questions were:

1. What are rates of woody carbon cycling in miombo woodlands, and how do they5

vary?

2. What are rates of growth, mortality and recruitment in miombo woodlands, and

how do they vary?

3. What biotic and abiotic processes regulate demographic rates in miombo

woodlands?10

3.2 Methods

3.2.1 Plot inventory

PSPs (n = 25) measuring 100 x 100 m (1 ha) were established across Kilwa District,

Tanzania in 2010/11. PSPs were were spread across a range of structurally-defined

vegetation types, here referred to as savannahs (dominated by grasses with sparse15

tree cover), woodlands (with co-dominance of grasses and trees), and forests (closed-

canopy, excluding a grassy understory) (see Chapter 2). One PSP (P01) was excluded
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from further analysis post hoc after it was established to represent regrowth of recently

abandoned field. The diameter at breast height (DBH) and species of all stems > 5

cm DBH was recorded, and each tree tagged with a unique code for re-identification.

DBH was measured at 1.3 m above ground level, and the point of measurement marked

with spray paint to aid comparable re-measurement. Where trees were split below the5

point of measurement, stems was measured separately and the tree base was assigned a

unique tag. The status (live / dead), condition (any evidence of bark loss, stem damage

or leaning), and coordinate location of each tree was recorded. As large trees are

relatively rare and mortality in these stems is infrequent, an additional Large Sample

Plot (LSP) was established at each location covering 300 x 300 m (9 ha), in which the10

status of all large stems (> 40 cm DBH) was measured to ensure a sufficient sample

size for reliable estimation of large stem mortality rates.

PSPs were re-inventoried following 2 years of growth, at the same time of year to

minimise any impact of variation in water availability on DBH. Trees were relocated,

remeasured, and an assessment made as to whether each stem was alive or dead. Where15

a stem was marked as dead, field teams recorded the mode of death (snapped, standing,

uprooted, or vanished), type of death (totally killed, top-killed with resprouting, or

top-killed with no sign of resprouting), and assessed the probable cause of mortality

(elephants, fire, human activity, impact of a neighbouring tree, termites, or wind) for

all stems where readily ascertainable.20

3.2.2 Estimation of carbon fluxes

A range of parameters relating to the aboveground woody C cycle were calculated for

each PSP (Fig. 3.1). Plot aboveground living woody biomass (AGB) was estimated

using a miombo-specific allometric equation relating the DBH of each stem to its

biomass (Ryan et al., 2011). C increases through growth and recruitment (woody25
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Inventory 1 Inventory 2
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Figure 3.1: Important parameters relating to the woody carbon cycle of miombo woodlands
were estimated using repeat forest inventory data from permanent sample plots. The translation
from measurements of stem diameter increment, mortality and recruitment, to aboveground
biomass (AGB) changes are illustrated in this schematic diagram.

productivity), and C loss through mortality were calculated from changes in AGB

between inventories. Net AGB change was determined from the difference between

woody productivity and woody loss from mortality. Woody productivity divided by

AGB measured in the first inventory provides an estimate of woody residence time, a

crucial yet highly uncertain parameter in terrestrial C cycle models (Galbraith et al.,5

2013; Friend et al., 2014). This calculation assumes that PSPs are near-equilibrium,

and are not recovering from disturbance (Malhi, 2012); the extent to which this

applies to miombo woodlands cannot be verified. To mitigate gross errors in DBH

measurements, any stem that exhibited an unrealistically high (> 40 mm/yr) or low (<

-5 mm/yr) DBH increment was estimated using the median stem diameter increment10

each PSP, assuming the second DBH measurement is the more reliable assessment.

This is a conservative correction with respect to woody productivity (Phillips et al.,

2009), and affected a total of 200 (1.5 %) of all stems.
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3.2.3 Quantification of demographic rates

Growth rates were estimated for each stem, expressed as the annual DBH increment for

trees that were recorded as living in both plot inventories. DBH increment was selected

as a measure of stem growth as it is largely self-scaling, whereby the generally greater

growth rate of large trees is offset against the reduction in diameter increment for each5

additional unit of woody biomass accumulated (Prior et al., 2004). Where gross errors

were detected in growth rates and in cases where it was necessary to change the point

of measurement between inventories, stem diameter increment estimates were omitted.

Stem mortality was noted where a tree that was recorded as alive in the first

inventory was recorded as dead in the second inventory. Tree mortality took the form10

of both stem top-kill and whole-tree mortality; here both are referred to as mortality.

Mortality was recorded separately for all stems of each tree. Where stems were

recorded as living in the second inventory but not the first, stems were treated as not

dead. It should be noted that our estimates may represent an upper bound on stem

mortality rates as it can be difficult to distinguish a stem that is dead from one that15

remains alive but dormant. Recruitment was recorded as a count of stems that were

only documented the second inventory. Mortality and recruitment are expressed as

counts and as a rate corrected for the stems that are recruited and die within the re-

inventory period (Sheil and May, 1996). The mean of stem mortality and recruitment

rates is reported as the turnover, describing the the rate at which woodland stems are20

replaced.

Demographic rates and C fluxes are presented as PSP mean averages, and by land

cover classes representing savannahs, woodlands and forests (± 1 standard deviation)

(see Chapter 2). Systematic variation in vegetation dynamics was evaluated with

ANOVA to test for differences between land cover classes, and linear regression to25

test for changes with AGB.
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3.2.4 Regulation of stem growth and mortality

We hypothesised that the growth and mortality of individual stems is influenced by

stem size, damage, competition, fire, soil fertility and vegetation structure (Table 3.1).

These variables have all previously been shown to relate to vegetation dynamics in

other studies of savannah ecosystems, justifying their inclusion in the candidate model5

set. Model variables considered are:

Stem size Stem size is represented by the DBH measurement of each stem at the

first PSP inventory. Stem size is included as a linear term in growth models (DBH)

and a logarithmic term in mortality models (log(DBH)) in recognition of observations

of considerably greater mortality in the smallest of stems (Williams et al., 1999; Prior10

et al., 2009; Ryan and Williams, 2011)

Stem damage A binary predictor of tree health is used (0 where undamaged, 1 where

damaged), with any observation of leaning, broken stems or loss of bark in the first

inventory marked as tree damage.

Vegetation structure Vegetation structure in miomvo woodlands is associated with15

a range of biotic and abiotic environmental differences (see Chapter 2). Vegetation

structure was expressed as AGB, calculated as the sum of living stem biomass in each

PSP in the first inventory.

Competition Stem competitive stress was assessed using a simple index of the DBH

of nearest neighbouring stems and their distance (Hegyi, 1974). Where a tree is multi-20

stemmed, the effective DBH of all stems was considered as a single tree. As only

stems > 40 cm DBH were measured in LSPs these stems were assigned the median

competition value for each PSP.
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Fire activity Fire was included in two model terms: a descriptor of whether a plot

was observed to have burned between inventories (FOBS), and the historical frequency

of burn scars at each plot (FFREQ). These predictors aim to respectively encode the

impact of an individual fire, and the long-term impacts of fire-prone environments on

stem demography. FOBS was determined using a combination of ground observations5

at the time of PSP measurement, aerial photography (October 2010), and manually

identified burn scars in Landsat data. FFREQ was estimated computationally from a

series of probabilistically classified Landsat scenes dating back to 10 years prior to the

first stem inventory (see Chapter 4). FFREQ was calculated by summing the probability

of the plot having burned over each year.10

Soil properties A range of soil properties (organic C, nitrogen, phosphorus, pH, and

texture) were measured at PSPs in 2014 (see Chapter 2), which are reduced to a single

soil fertility measure using principal component analysis (PCA) (Fig. S3.1). Positive

values of the resulting index (describing 35.2 % of variance in soil properties) are

associated with increased nutrient availability, lower pH, and sandy texture.15

Interactions Interactions were included between DBH and key model terms

competition, FFREQ and FOBS, all of which are expected to vary with stem size.

Data were analysed using hierarchical models, an approach allowing for the

investigation of predictors measured at both individual stem and plot-scales without

losing data through aggregation or committing pseudoreplication by treating spatially-20

clustered individuals as independent samples (Gelman and Hill, 2007). We employ

linear mixed models for analysis of growth data, and generalised linear mixed models

with a logit link for analysis of binary mortality data. Plot and species were specified

as random effects, correcting for within-plot correlations and inter-specific differences

in stem responses by varying the intercept term.25
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Models of growth and mortality were evaluated using full-subsets regression, in

which all additive combinations of parameters are represented in the candidate model

set. We acknowledge that many interactions between predictor variables probably

exist, though as their inclusion rapidly increases model complexity we limit this study

to those likely to be associated with stem size. Models were ranked using the Bayesian5

Information Criterion (BIC), a measure of the relative quality of statistical models that

strongly penalises the addition of parameters with poor explanatory power (Burnham

and Anderson, 2002). Models were compared by their probability of a particular model

offering the best fit to the data (wi) (Hurvich and Tsai, 1989). The sum of wi for all

models in which a predictor appears is reported as the weight of evidence (w+), a10

measure of the probability that a parameter is present in the top ranked model. Model

averaged parameters and standard deviations were calculated from models weighted

by their wi, a procedure reducing the uncertainty of selecting a single ‘best’ model

(Burnham and Anderson, 2002). Model fit was assessed using the pseudo-R2 measure

of Nakagawa and Schielzeth (2013), which approximates the variance explained by15

both fixed and random effects (R2
condi t ional), and fixed effects alone (R2

mar ginal).

All data analysis was performed in R (R Core Team, 2015), using lme4 (Bates et

al., 2014), MuMIn (Bartoń, 2015), siplab (Garcia, 2014), and spatstat (Baddeley et al.,

2015) packages.

3.3 Results20

3.3.1 Vegetation properties

Across the 24 investigated PSPs, 12,201 living stems were measured in the first

inventory, of which 11,266 were still living by the second inventory. A total of 585

recruited stems were recorded in the inventory period (Table 3.2). Plot AGB varied
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widely, falling between 1.9 and 43.6 tC/ha, reflecting a wide range of vegetation

structures. A large number of living trees showed some form of damage, amounting to

2,132 stems (17.5 %) in the first inventory. All recorded forms of stem damage were

fairly common, with 2.9 % of stems showing lost bark, 12.1 % leaning, and 4.2 % with

broken stems. There was no evidence that the proportion of stems showing damage5

systematically differed between land cover types (p = 0.321) or with AGB (p = 0.203).

3.3.2 Carbon cycling

Woody productivity averaged 0.40 ± 0.27 tC/ha/yr across all PSPs, and showed

appreciable variability across the landscape (Table 3.3). Woody productivity is

strongly associated with AGB (p < 0.001, R2 = 0.59), though not when considered10

as a proportional increase of AGB (p = 0.067). Woody loss to mortality averaged

0.43 ± 0.39 tC/ha/yr, and is again a strong correlate of AGB (p < 0.001, R2 = 0.65).

The increase in woody productivity with AGB was balanced by increases in woody

biomass loss through stem mortality, giving a mean net biomass change of -0.03 ± 0.29

tC/ha/yr. Mean AGB change was not significantly different from a change of 0 tC/ha/yr15

(p = 0.577), giving no evidence of directional changes to AGB in Kilwa District (Fig.

3.2). Woody C residence time averaged 63 ± 50 years, and though variable between

PSPs, was unrelated to land cover type (p = 0.917) or AGB (p = 0.915). We found

no evidence that plots that burned between PSP inventories showed any differences in

woody productivity (p = 0.121), or experienced a net loss of AGB (p = 0.129). There20

is some evidence that PSPs that burned were associated with less AGB lost to stem

mortality (p = 0.0235, R2 = 0.18), a result which is also apparent when mortality is

considered as a proportion of initial AGB (p = 0.0382, R2 = 0.14).
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Figure 3.2: Net AGB change in Kilwa permanent sample plots between stem inventories in
2010/11 and 2012/3. AGB change averages -0.03 tC/ha/yr, with no evidence that this differs
from no net AGB change (p = 0.577).

3.3.3 Demographic rates

PSP re-inventory data show broad variation in tree population dynamics (Table 3.3).

Growth increment averaged 1.55 ± 0.57 mm/yr across all PSPs, and though apparently

variable between locations and between species (Table S3.1), did not systematically

vary with land cover (p = 0.710) or AGB (p = 0.366). Rates of stem mortality and5

recruitment were similar, with mortality rates averaging 4.0 %/yr and recruitment

averaging 2.9 %/yr, an average stem turnover rate of 3.5 %/yr. Counts of stem mortality

increased with AGB (p < 0.001, R2 = 0.46) and were different between land cover

types (p < 0.001, R2 = 0.54), likely related to the greater stocking density of densely

vegetated PSPs. There was no equivalent trend in recruitment counts with AGB (p10

= 0.103) or land cover (p = 0.196), suggesting that recruitment events are stochastic,

or are simply difficult to measure. As a proportion of measured stems, there was

no evidence that mortality or recruitment differed between land cover types (p =

0.799/0.638) or with AGB (p = 0.641/0.166).
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Table 3.4: Growth and mortality models selected from complete subsets regression. Detailed
are the three top-ranked models, and a null model with random effects only. Models are ranked
by ∆BICc (relative to the best model) and the weight of evidence (wi). Model fit is assessed
with pseudo-R2 measures approximating variance explained fixed (marginal) and both fixed
and random (conditional) effects

Response variable Model df ∆BICc wi R2
mar ginal R2

condi t ional
Growth

Damage 5 0.00 0.71 0.006 0.153
Damage + Competition 6 3.00 0.16 0.007 0.149
Damage + FFREQ 6 5.28 0.05 0.017 0.152
Null 4 54.69 0.00 0.000 0.151

Mortality
Damage + log(DBH) 5 0.00 0.94 0.085 0.253
Damage + log(DBH) + AGB 6 8.11 0.02 0.089 0.257
Damage + log(DBH) + FFREQ 6 8.62 0.01 0.088 0.255
Null 3 176.28 0.00 0.000 0.233

DBH:freq

DBH:FOBS

DBH:Damage
Soil

FFREQ

FOBS

Competition

Damage
DBH

AGB

0.00 0.25 0.50 0.75 1.00
w+

Growth

DBH:Ffreq

DBH:FOBS

DBH:Damage
Soil

FFREQ

FOBS

Competition

Damage

log(DBH)
AGB

0.00 0.25 0.50 0.75 1.00
w+

Mortality

Figure 3.3: Weight of evidence (w+) for growth and mortality model parameters, equivalent to
the probability that the parameter is present in the best model. Most parameters have w+ values
close to zero, implying that lowest ranked parameters add no predictive power to the model.

3.3.4 Predictors of stem growth

The top ranked models of stem growth included predictors of damage, competition

and FFREQ (Table 3.4, Fig. 3.3). Stem damage was a strong predictor of growth rate,

coinciding with a 0.45 ± 0.06 mm/yr reduction in diameter increment. Competition

between stems predicted a reduction in growth rate, though with a much smaller5

effect size than stem damage and a much greater uncertainty. Increases in FFREQ were

associated with an increased growth rate, where stems in a plot with annual fires have

a predicted diameter growth 0.98 ± 0.49 mm/yr greater than in a fire-free stand. A low

wi and large error term associated with this model term indicates a large uncertainty
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Table 3.5: Model averaged parameter values for growth and mortality models (± 1 standard
error of the mean). Model parameters relate to a reference condition of no damage and no fire,
and are presented as the weighted average of all models containing the parameter (conditional
average).

Variable Units Growth (mm/yr) Mortality (/yr)
Intercept - 1.68 (0.16) -0.715 (0.108)
AGB tC/ha -0.0058 (0.0102) 0.00431 (0.00382)
Competition - -0.0158 (0.0063) 0.00402 (0.00573)
Damage binary -0.451 (0.056) 0.468 (0.042)
DBH, log(DBH) cm, log(cm) 0.00332 (0.00263) -0.309 (0.036)
FFREQ fires/year 0.975 (0.485) -0.173 (0.188)
FOBS binary 0.197 (0.302) -0.017 (0.112)
Soil - -0.233 (0.159) 0.0219 (0.0652)
DBH:Damage - -0.00890 (0.00783) 0.00370 (0.00686)
DBH:FFREQ - 0.0221 (0.0101) 0.00479 (0.00839)
DBH:FOBS - -0.00619 (0.00550) 0.00463 (0.00506)

associated with this prediction. There was no evidence that DBH, AGB, FOBS, soil

properties, or interaction terms were predictors of stem growth. R2
mar ginal was very

low at ~2 % for the top models, whereas R2
condi t ional was ~15 %, suggesting there exist

large inter-specific or localised differences in stem growth that were not captured by

this study. Model-averaged parameter values are detailed in Table 3.5.5

3.3.5 Predictors of stem mortality

The top ranked models of stem mortality included terms DBH and damage (Table

3.4, Figs. 3.3 and 3.4). DBH is a strong predictor of stem mortality, with low DBH

stems observed to have a much higher likelihood of mortality between PSP inventories.

Observations of stem damage were associated with a significantly higher probability of10

mortality. There was no evidence of AGB, competition, FOBS, FFREQ, soil properties, or

interaction terms having any influence on rates of stem mortality. R2
mar ginal in the best

models was low (< 8.8 %) as was R2
condi t ional (~25 %), with both measures indicating

that stem mortality was more readily predicted than for equivalent models of stem

growth.15

Qualitative reports of the causes of stem mortality revealed a range of processes

leading to stem death (Fig. 3.5). The majority of stems (55.6 %) were left standing,
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Figure 3.4: Model representation of stem mortality rates, showing effect of stem damage
relative to a reference stem with no damage. Mean mortality rates from all measured stems are
plotted as an illustrative histogram.

though large numbers of stems were also reported as snapped (17.0 %) and vanished

(8.5 %). Most stems were reported as totally killed (90.2 %), with few observations of

resprouting (8.9 %) and almost no indication of top-kill without resprouting (0.7 %).

Dominant processes reported as leading to stem mortality were elephants (10.5 %),

termites (3.5 %) , humans (3.1 %), and fire (2.2 %). In the majority of cases (79.0 %)5

it was not possible to determine the likely cause of stem mortality.

3.4 Discussion

In this study we generated estimates woody C cycling, quantified tree demographic

rates, and assessed the importance of a range of biotic and abiotic conditions on stem

growth and mortality in a structurally heterogeneous miombo woodland landscape.10

C fluxes from woody productivity and woody loss varied widely, though differences
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a) Type of death

b) Mode of death

c) Cause of death

Totally killed (90.2 %)

Top-killed, resprouting (8.9 %)

Top-killed, no sign of resprouting (0.9 %)
Can’t tell (0.1 %)

Can’t tell (17.8 %)Standing (55.6 %)Snapped (17.0 %)

Vanished (8.5 %)

Uprooted (1.1 %)

Can’t tell (79.0 %)

Elephants (10.5 %)

Termites (3.5 %)

Humans (3.1 %)

Fire (2.2 %)

Wind (1.0 %)

Neighbouring tree (0.7 %)

Figure 3.5: Type, mode, and cause of stem mortality of all stems recorded in Kilwa District
Permanent Sample Plots.
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were only strongly associated with AGB. Woody biomass increments from recruitment

were much smaller than growth, and were not correlated with AGB. Rates of stem

growth, mortality, and recruitment were diverse, though few patterns were apparent in

demographic rates at the plot-scale. Stem diameter increments were observed to be

reduced by stem damage, and mortality rates were elevated in the smallest stems and5

in cases where prior damage had been observed. Plot AGB, competition, fire, and soil

properties all showed little bearing on stem demographic rates.

3.4.1 RQ1: What are rates of woody carbon cycling in miombo

woodlands, and how do they vary?

Woody productivity in Kilwa District varies by a factor of 50, with plot-scale10

productivity estimates ranging between 0.02 - 0.99 tC/ha/yr. This variation is tightly

coupled to AGB yet is unrelated to woody residence time, implying a degree of stability

to the distribution of vegetation structures across the landscape. The mean woody

productivity we observe in this study is low, though broadly similar to other studies in

‘dry’ (< 1000 mm/yr precipitation) miombo woodlands (0.6 - 1.0 tC/ha/yr, Chidumayo,15

1991; Chidumayo, 1993), and somewhat lower than that recorded in ‘wet’ (> 1000

mm/yr precipitation) miombo woodlands (1.1 - 1.7 tC/ha/yr Chidumayo, 1990). The

low woody productivity we observe in miombo woodlands raises questions about the

long-term resilience of C stocks to frequent disturbances and widespread woodland

degradation.20

Our study did not detect any directional changes to AGB, and provides no

evidence that miombo woodlands in Kilwa District are undergoing degradation as a

result of frequent fires or land use change. Conversely, there was no evidence that

trends of woody biomass increases observed elsewhere in Africa’s forests (Lewis et

al., 2009) and savannahs (Bond and Midgley, 2000) are occurring rapidly in miombo25
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woodlands. The short time-scale of this study and its limited number of PSPs does

mean that this study has little power to detect landscape changes to AGB, so we are

only able to rule out very large directional changes to AGB in this study. It was

noteworthy that few PSPs were gaining AGB at the ∼0.7 tC/ha/yr rate observed in

chronosequence studies following land clearance (Williams et al., 2008; McNicol5

et al., 2015), implying that the low biomass savannah plots sampled in this study

are somewhat stable and are not representative of areas undergoing recovery from

deforestation or severe fire. The apparent resilience of low AGB plots may relate to the

fire feedback, hydrology, or nutrient availability imposing limits to woody productivity.

There are a number of caveats to our estimates of rates of C cycling, which10

must only be considered as rough estimates. It is common for forest plot studies to

utilise more than two plot re-inventories, reducing the probability of gross errors. For

example, the misidentification of a single large tree as dead, or an error in diameter

increment calculations in a sparsely vegetated plot can have a large impact on estimated

rates of woody C cycling. The short time period of our study limits our capacity to15

draw generalisations based on this data. Severe fires, for example, are rare, but may

have a large impact on rates of tree mortality that will only be detected given a long

study period. Whilst C flux data from the tropics remains scarce, and extremely sparse

in miombo woodlands (Jin et al., 2013), bottom-up calculations based on sample plots

remain one of the few options for estimating C fluxes, and provide a useful ballpark20

for future studies.

3.4.2 RQ2: What are rates of growth, mortality and recruitment in

miombo woodlands, and how do they vary?

The mean stem diameter increment of 1.55 ± 0.57 mm/yr we report from Kilwa District

very low, amounting to a period of 165 - 357 years for the mean average tree to reach25
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a mature size of 40 cm DBH. Although these diameter increments are slow relative

to other ecosystems, they are similar to other studies of miombo woodland species.

A dendrochronological study of Pterocarpus angolensis by Therrell et al. (2007)

found diameter increments to average 3.5 mm/yr, relative to a mean of 2.6 mm/yr

for P. angolensis trees measured at our plots. Diameter increments of Brachystegia5

spiciformis measured in Zambia by Trouet et al. (2010) found diameter increments

averaging 2.1 - 3.8 mm/yr, comparable to the of 3.0 mm/yr measured in our plots.

Similarly, a range of species measured by Holdo (2006) show diameter increments

that are broadly congruent with the results presented here. Slow growth rates of

trees in miombo woodland calls for careful management, particularly with respect to10

sustainable harvesting rates of timber species, which may be slow to recover.

Rates of stem turnover in miombo woodlands are low, amounting to 3.5 % of

stems per year. Unlike growth, stem mortality and recruitment occurs stochastically,

and only once in the lifetime of each tree, meaning more reliable estimates of their

rates will require long-term studies. Overall mortality rates were notably lower than15

those observed in miombo by Ryan and Williams (2011) following experimental fires

of a range of intensities. Despite most of our plots burning twice over the course of the

experiment, mortality rates are consistent with only the lowest recorded fire intensities,

suggesting that we did not capture the impacts of any very intense fires.

Qualitative indicators of the type, mode and cause of stem mortality reflect a20

range of processes leading to tree death. The rarity of stem top-kill observed in

this study is an unusual result in a savannah, where top-kill is expected to dominate

over stem mortality (Hoffmann et al., 2009). This result may stem from sampling

PSPs in the dry season when trees can appear completely dormant. The majority

of stems remained standing after death, which has implications for the manner of25

their decay from decomposition and fire. The causes of stem death were difficult

to ascertain, with the cause of mortality for 79 % of deaths not determined. This
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study suggests that elephants are a leading cause of mortality, though this may relate

to the ease of determining elephant-related mortality. Whilst limited by the frequent

unavailability of clear evidence, assessments of stem mortality provide a valuable

qualitative supplement to quantitative analysis of stem mortality.

Our study found little evidence that demographic rates differ systematically5

between PSPs, with similar rates of growth, mortality and recruitment of individual

stems recorded in savannahs, woodlands and forests. The greatest differences between

tree population dynamics relates more straightforwardly to variation in stem density.

3.4.3 RQ3: What biotic and abiotic processes regulate demographic

rates in miombo woodlands?10

Our models indicate that stem growth and mortality do not occur wholly at random

in miombo woodlands, with evidence that stem damage and stem size alter tree

population dynamics. The variance explained by all of our models is modest,

suggesting that the deterministic component to growth rates and probability of

mortality is low. Residual variation in our model will partly result from the short15

time-period of our study, leading to a low signal-to-noise ratio where growth rates are

slow and stem mortality rare. We note, however, that growth models of individual

trees commonly represent poor fits to data, even in larger studies (Fox et al., 2001).

Residual variation in our models may also relate to unmeasured influences, for example

fluctuating precipitation and water availability (Therrell et al., 2006; Rossatto et al.,20

2012), regrowth from shifting cultivation (McNicol et al., 2015), or complex small-

scale vegetation patchiness (Caylor and Shugart, 2004). The relative unpredictability

of savannah ecosystems is a further consideration, with non-equilibrium vegetation

dynamics and stochastic events likely to have a substantial and complicating influence

on tree populations (Higgins et al., 2000).25
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Stem diameter increments were unrelated to DBH, a property associated with

increasing woody productivity as stems get larger. Invariance of DBH increment with

size makes it a useful metric for comparing species growth rates (e.g. Table S3.1).

Stem mortality followed expected patterns, with juvenile trees much more vulnerable

to mortality. We note that although this study measured 216 ha of trees > 40 cm, sample5

sizes of large trees remained small, with only 72 of 2270 trees in the LSPs recording

mortality during the monitoring period. Further study will be necessary to more tightly

constrain the mortality rates of large trees.

Stem damage had a large impact on growth rates, accounting for a 27 % reduction

to stem DBH increment where evidence of damage was recorded in the first inventory.10

Similar results were obtained by Holdo (2006), who found that diameter increment

was particularly reduced in the largest of trees where damaged. Reduction of growth

rates suggests that wounded or senescent trees are unable to commit resources to

woody production, which given the large proportion of trees that show some form

of damage will have a significant impact on rates of C cycling. The size of the effect15

on mortality is also large; although only recorded in 15 % of stems, damage was noted

in 29 % of all stems that died during the monitoring period. Stem damage may be a

direct cause of mortality, such as through a weakened defence against fire ingress, or

an indirect predictor of mortality by indicating reduced vigour and an incapacity to

perform maintenance. Growth and mortality in damaged stems are likely to interact,20

with slow growth rates reducing the capacity of a stem to escape from the small size

classes where fire results in high rates of top-kill. Whilst our study is not able to

fully address the causes of damage, our observations and previous work suggests that

physical damage of stems is often the result of fire and elephants (Ribeiro et al., 2008),

both which are common in Kilwa District.25

Evidence that fire has a large impact on tree communities is less clear, with

no differences detected in growth and mortality in PSPs that burned, an outwardly
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surprising result given the strong evidence of fire’s role in top-kill in miombo

woodlands (Ryan and Williams, 2011). We consider this the likely outcome of the

ubiquity of fire in typical miombo woodlands of Kilwa District, where out of 24 PSPs

only 5 were not observed to burn during the study period. Amongst the plots that

did not burn, three plots (P06, P22, P25) were closed-canopy forests and resultantly5

sparingly flammable, one plot (P03) had very shallow soils and little grass growth,

and one plot (P09) was isolated from fire spread by surrounding topography. Thus the

PSPs not observed to burn are in many ways unusual, where growth and survival may

be limited by very different processes.

3.5 Conclusions10

This study has provided useful estimates of woody C cycling and tree demographic

rates, and their patterns of variation across a heterogeneous miombo woodland

landscape. We further identified important differences in stem demographic data

relating to damage, competition and fire, with potentially significant impacts on rates

of C cycling in miombo woodlands.15
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Table S3.1: Rates of growth (± 1 S.E.M) and mortality of selected species measured in Kilwa
District Permanent Sample Plots. Stem growth rates are reported both as a mean, and as the
90th percentile to approximate the potential growth rate of a species in the absence of factors
that act to suppress growth (e.g. fire, competition). See Tables 2.2 and 3.2 for full species
names.

Species Diameter increment,
mean (mm/yr)

Diameter increment,
90th percentile (mm/yr) Mortality rate (%/yr)

A. nigrescens 3.3 ± 0.5 3.5 0.7
A. nilotica 2.3 ± 0.2 6.5 5.6
A. quanzensis 2.1 ± 0.4 4.5 2.2
B. petersiana 1.0 ± 0.2 3.0 6.0
B. spiciformis 3.0 ± 0.7 2.5 0.9
B. scleroneura 1.8 ± 0.2 3.0 2.4
B. africana 2.1 ± 0.1 6.8 1.9
C. apiculatum 1.4 ± 0.1 3.8 4.2
C. zeyheri 1.5 ± 0.1 4.5 0.2
D. melanoxylon 1.7 ± 0.1 4.0 1.8
D. mespiliformis 2.1 ± 0.2 2.5 1.6
D. quiloensis 1.3 ± 0.2 5.0 0.6
D. condylocarpon 1.2 ± 0.0 2.5 3.2
F. virosa -0.4 ± 0.8 4.0 0.0
G. microcarpa 0.7 ± 0.1 4.0 7.6
H. verrucosa 1.6 ± 0.2 4.4 0.5
H. ulmoides 1.7 ± 0.0 6.5 2.7
J. globiflora 3.0 ± 0.4 5.8 4.3
M. discolor 1.8 ± 0.1 4.0 1.4
M. obtusifolia 1.0 ± 0.1 4.5 4.3
M. stuhlmannii 1.9 ± 0.2 2.5 2.4
P. maprouneifolia 1.5 ± 0.1 1.0 1.4
P. myrtifolia 2.0 ± 0.1 3.0 5.2
P. angolensis 2.6 ± 0.4 8.5 1.9
Rytiginia sp. 1.3 ± 0.2 3.5 1.4
S. birrea 3.6 ± 0.6 4.0 0.6
S. cocculoides 1.9 ± 0.2 3.5 2.2
S. spinosa 1.8 ± 0.1 3.5 0.6
S. zanzibariensis 1.2 ± 0.1 6.6 4.2
X. stuhlmannii 2.3 ± 0.4 3.0 1.9
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ABSTRACT

Background and aims: Frequent fires in the miombo woodlands of south-central Africa

are a poorly understood and potentially large source of greenhouse gas emissions.

Recent efforts to mitigate the impacts of climate change have aimed to prevent5

woodland degradation through fire management, where controlled fires in the early

dry season are used to reduce the impacts of hot late dry season fires. Such an

intervention may be financed through climate mitigation finance, such as the Reducing

Emissions from Deforestation and forest Degradation (REDD+) programme of the

United Nations, requiring a robust method to audit results-based payments. In this10

paper we report on a model-based method for monitoring fire emissions in a pilot

REDD+ project aiming to incentivise early burning in miombo woodlands.

Methods: The historical frequency of early and late dry season fires was estimated by

measuring burn scars in a 10 year Landsat time-series. We simulate the impacts of

this fire on miombo woodland biomass using a process-based model, and project the15

outcome of early burning on aboveground woody biomass.

Results: Our model predicts that fires are resulting in a gradual degradation of

woodlands in Kilwa District. Given substantial reductions to late dry season fire

frequency, the model predicts a gradual increase in woody biomass will result from

early burning. If late dry season fire frequency is reduced by 50 %, early burning has a20

climate change mitigation potential of approximately 0.34 tC/ha/yr. Uncertainty in the

model is considerable; we discuss methods by which uncertainty can be mitigated in

an operational fire management project, and identify key areas for further work.

Conclusions: Fire is an important regulator of vegetation structure in miombo

woodlands, with woody biomass vulnerable to degradation as the result intense fires.25

Early burning has the potential to mitigate this loss, though further monitoring will be

required before its long term impacts are made clear.
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4.1 Introduction

The miombo woodlands of south-central Africa are under pressure from human

expansion linked to agriculture, fuelwood, and timber extraction which all, in turn,

influence fire incidence in surrounding woodlands. Recent efforts for the conservation

of miombo woodlands have focussed on valuing their resources and paying for5

the ecosystem services they provide. Monitoring of woodland status, for instance

aboveground woody biomass (AGB) stocks, is required for auditing such payments.

In miombo woodlands where AGB may be lost as the result of gradual degradation by

fire, this monitoring presents a particular challenge.

Fire is an important regulator of carbon (C) storage in miombo woodlands10

(Trapnell, 1959; Furley et al., 2008; Ryan and Williams, 2011), and as one of

the few savannah processes that can be readily manipulated, is a key tool for land

management (Chidumayo and Gumbo, 2010). Whilst reducing the frequency of fires as

a means to increase woodland AGB may be possible, it is resource intensive, invasive,

and often undesirable, therefore management plans commonly aim to moderate fire15

intensity in degraded savannahs (Hough, 1993; Laris, 2002; Laris and Wardell, 2006;

Eriksen, 2007; Russell-Smith et al., 2009). As one of the main drivers of tree top-

kill, a reduction in fire intensity can support the maintenance of the productive mature

trees comprising the majority of AGB, and aid woodland regeneration by lifting the

demographic bottleneck disrupting the growth of saplings (Ryan and Williams, 2011).20

Fire intensity in seasonally-dry woodlands is closely related to time of year (Hoffa

et al., 1999), a cycle deriving from annual variation in rainfall and grass curing (Smit

et al., 2010). Early dry season fires typically are of low intensity, burning slowly and

patchily with a low flame height (Fig. 4.1). These fires are unlikely to carry to the tree

canopy and often self-extinguish overnight, resulting in limited stem top-kill. Late dry25

season fires are typified by a high intensity, resulting in larger fires with high rates of
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Figure 4.1: Images of eary dry season fires recorded during fire management activities in
Nanjirinji VLFR in Southwestern Kilwa District. Early dry season fires usually burn at low
intensity, burning on partially-cured fuels with a high moisture content. These fires tend to
burn patchily, removing fuel and interrupting the spread of late dry season fires. Low intensity
fires result in lower rates of tree top-kill, and encourage recruitment of new tree stems.

stem top-kill (Fig. 4.2). Late dry season fires can be uncontrollable, spread rapidly, and

frequently burn through the night. A programme of controlled early dry season burning

designed to remove dry grass fuel from the landscape without damaging mature trees

can therefore form the basis of a management intervention to support woody C stocks.

Such an intervention may be assisted by climate change mitigation finance, such as the5

incipient Reducing Emissions from Deforestation and Forest Degradation (REDD+)

programme of the United Nations.

Moderation of fire intensity has been a goal of management plans across the

African continent (Everson et al., 2004), and is a traditional form of land management
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Figure 4.2: Images of late dry season fires recorded during fire experiments in Gorongosa
District. Late dry season fires are typified by a high intensity as a result of burning on fully-
cured fuels in dry conditions. Fires tend to burn continuously over the landscape, and are not
usually extinguished overnight. High intensity fires can result in loss of large trees and high
rates of juvenile tree top-kill, interrupting woodland regeneration. Images by Casey Ryan.

with a long history in the savannahs of Africa and Australia (Laris, 2002; Laris

and Wardell, 2006). More recently, fire management protocols aiming to account

for the climate change mitigation potential of early burning have been developed in

Northern Australia, such as the established West Arnhem Land Fire Abatement Project

(WALFA) (Russell-Smith et al., 2009) and the Tiwi Carbon Study (Richards et al.,5

2012). These projects aim to reduce greenhouse gas emissions from frequent intense

late dry season fires being replaced by patchy low intensity early dry season fires.

Unlike this study, they do not consider changes to AGB resulting from management

activities. Evidence from fire experiments (Trapnell, 1959; Moreira, 2000; Russell-
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Smith et al., 2003; Furley et al., 2008), modelling work (Ryan and Williams, 2011;

Saito et al., 2014), as well as rough calculations (Stronach, 2009) suggest that the such

increases may be substantial. The extent to which woody biomass is being impacted

by current fire regimes and the potential outcomes of early burning on AGB not well

understood, and robust methods with which to project these impacts are in short supply.5

In this paper we report on a pilot REDD+ project aiming to facilitate fire

management in miombo woodlands through early burning (VCS, 2015). Our method

uses burn scar measurements from a 10-year database of Landsat imagery to determine

a baseline frequency of early and late dry season fires. We use a process-based model

to predict woodland response to changes in fire regime, with input data from radar-10

generated maps of AGB and annual field observations of fire activity. We discuss

methods of monitoring fire activity, and examine how future woodland state may

be predicted under business-as-usual and management scenarios. We also examine

the problems presented by data paucity and uncertainty in savannah ecosystems, and

present strategies that may be employed to produce reliable estimates of AGB changes15

resulting from fire management. We aim to address the following two research

questions:

1. What is the likely magnitude of emissions reductions achieved from early

burning in miombo woodlands?

2. What are the key uncertainties in the method, and how can uncertainty be20

mitigated in an operational fire-management project?
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BIOMASS MAP FOOTPRINT

Kilwa District

TANZANIA

0 20 40 km

Indian Ocean
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Village administrative area
Village land forest reserve
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Figure 4.3: Map of Kilwa District, Tanzania. Early burning is proposed for Village Land
Forest Reserves, tracts of land managed by local villages for sustainable timber production.
Permanent sample plots (PSPs) are semi-randomly located across the District for measurement
of woodland biomass. Project proponents the Mpingo Conservation & Development Initiative
are based in Kilwa Masoko.
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4.2 Methods

4.2.1 Study locations

Kilwa District, Tanzania

Kilwa District in southeastern Tanzania is the location of the Mpingo Conservation

and Development Initiative (MCDI), proponents of a pilot REDD+ project funded by5

the Royal Norwegian Embassy, Tanzania (Fig. 4.3). Land cover in Kilwa District is

heterogeneous, encompassing miombo woodlands, grassland savannahs, and patches

of threatened East African coastal forest (Prins and Clarke, 2007). Rainfall is highly

seasonal, with a pronounced dry season between May and November each year,

with total rainfall averaging 900 - 1100 mm/yr across the district. The woodlands10

and grasslands of Kilwa District have been observed to burn frequently, largely in

uncontrolled hot fires in the late dry season. Kilwa District is location of a network

of forest inventory Permanent Sample Plot (PSP), as well as a sequence of plots

measuring woodland regrowth on abandoned agricultural sites (McNicol et al., 2015).

Gorongosa District, Mozambique15

Gorongosa district is located in Sofala Province of central Mozambique. Rainfall has a

similar seasonality to Kilwa District, and annual precipitation is similar at 850 mm/yr

(Ryan, 2009). Miombo woodlands in this region have hosted a series of experimental

fires where fire intensity and tree top-kill rates have been used to parameterise a

process-based model of miombo woodland AGB (Ryan and Williams, 2011). Data20

from this site produced a series of allometric equations used for estimation of AGB

(Ryan et al., 2011), and an additional estimate of woodland regrowth rate from a

chronosequence study (Williams et al., 2008).
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4.2.2 Description of management

Fire management activities are planned in ‘village land forest reserves’ (VLFRs),

woodland reserves established by communities for sustainable forest management.

VLFRs are to a large extent protected from agricultural expansion, unsustainable

timber harvesting, and charcoal production, leaving uncontrolled fire as the principal5

potential source of woodland degradation. Fire management is focussed on areas of

miombo woodland in the AGB range 5 - 35 tC/ha, excluding savannahs not meeting

the requirement for land to be forested (FAO, 2008), and areas where a closed forest

canopy typically shades out grass fuel, inhibiting fire spread (see Chapter 2). Eligible

woodlands are burnt by local communities as soon as grasses become extensively10

flammable in the dry season, with burning restricted to backfires to limit fire intensity

and to maximise controllability. Early burning ceases when a VLFR is no longer

widely flammable, at the end of the early dry season, or when fires begin to burn

out of control, defined as the point in the year where fires continue to burn through the

night. The requirement for community involvement, capacity limitations, and the small15

scale of operations in a remote area require management interventions and monitoring

methods to be as simple as practicable.

4.2.3 Biomass measurement

PSPs were established in Kilwa District in 2010/11, located over a range of land cover

types (n = 25). Each PSP was laid out as a 100 x 100 m square (1 hectare) in which20

the diameter at breast height (DBH) of all trees > 5 cm DBH was measured, and

AGB estimated using a miombo-specific allometric equation (Ryan et al., 2011). AGB

estimates were up-scaled across the project area using data from the ALOS PALSAR

L-band synthetic aperture radar. Radar backscatter from this instrument is strongly

correlated with AGB in moderate biomass savannahs and woodlands, and has been25
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widely applied to the measurement of woody biomass across Africa (e.g. Mitchard et

al., 2009; Ryan et al., 2012). All backscatter images (HV cross-polarised) from the

2010 dry season were downsampled to 25 metre resolution, underwent topographic

correction, and were averaged. Biomass estimates from PSPs were used to calibrate a

linear biomass-backscatter relationship, resulting in an landscape-scale map of AGB.5

The map was stratified into 5 tC/ha intervals, and pixels with a biomass above or below

the target AGB range were excluded from the project.

4.2.4 Fire monitoring

A 10-year record of burn scar maps (2001 - 2010) was generated from medium

resolution optical data from Landsat Thematic Mapper (TM) and Enhanced Thematic10

Mapper (ETM+) to estimate baseline (business-as-usual) fire frequency. All available

data acquisitions from this period underwent cloud masking, atmospheric correction

and conversion to surface reflectance using the LEDAPS algorithm (Masek et al.,

2008). A series of spectral indices were calculated using the multispectral Landsat

imagery (Bastarrika et al., 2011), and classified using a regularised logistic regression15

function which was trained using a series of operator-identified burned and unburned

pixels. A burn probability cut-off of 60 % was used to separate burned and unburned

pixels into binary classes, a cut-off determined to minimise errors of commission

(Giglio et al., 2009).

Burn scars were attributed to early or late dry season fires based on a fixed cut-off20

date of 1st July, a date established by expert opinion as the average time of year where

fires begin to burn out of control in Kilwa District. As cloud cover and infrequent

satellite overpasses limit observation opportunity, classified images had to be carefully

processed to determine burn season. Some pixels can be unambiguously attributed

to early or late dry seasons (e.g. a burn scar detected in the early dry season, a burn25
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scar detected in the late dry season following a previous late dry season unburned

detection). Where the burn date of a pixel was ambiguous (e.g. burn scar detected in

late dry season following an early dry season unburned observation), fire was assigned

probabilistically and uniformly over the period to the last unburned observation. Where

no previous observation exists, or was observed more than 90 days prior, burn scars5

were allocated uniformly over the previous 90 days, a period representing the expected

rate of burn scar fading. Pixels were discarded where late dry season observations were

insufficient to logically determine its status (e.g. an unburned observation in early dry

season followed by no further observations). The probability of early (p(burn|early)),

late (p(burn|late)), and unburned (p(no burn)) burn scar observations were averaged10

for each 5 tC/ha biomass stratum.

Ongoing monitoring of fire activity is planned to be undertaken through direct

field observations since availability of remote sensing data is erratic, with a minimum

of 100 checkpoints assessed at the end of early and late dry seasons in each VLFR.

In order to claim any C emissions reductions a project must succeed in reducing15

fire impact, either through a shift in burning regime toward the early dry season, or

affecting a reduction in fire frequency. As fire management has not been widely applied

in Kilwa District at the time of writing, here we generate a range of potential reductions

in late dry season fire frequency to assess potential emissions reductions (25 %, 50 %,

and 75 %). We assume that there will be no reduction in overall fire frequency or total20

area burned, consistent with observations from management of savannah fires in South

Africa (van Wilgen et al., 2004; van Wilgen et al., 2008).

4.2.5 Prediction of woodland biomass

We use a gap dynamics model named GapFire to simulate the impacts of changes

to fire seasonality on woodland AGB in each woodland stratum (Fig. 4.4). GapFire25
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Figure 4.4: Diagrammatic representation of the GapFire model, showing patch initialisation,
growth in response to photosynthetically active radiation (PAR), fire-induced mortality and
regeneration. The model is described in detail in section 4.9.

is a process-based model of miombo woodland AGB that simulates the growth, top-

kill and regeneration of individual tree stems in small woodland ‘patches’, which are

initialised to match each AGB stratum. As woodland patches are small, vegetation

structure is heterogeneous, and mortality and regeneration processes are stochastic,

the AGB change in a single patch will not represent the trends of miombo woodland5

as a whole. The model is therefore run as an ensemble of many patches (n = 10,000),

with the average changes to AGB used to assess the balance between C sequestration

through forest regrowth and C emission from woodland disturbance. Gap models are

considered an appropriate tool for characterising miombo woodlands where vegetation

structure is profoundly modified by frequent stochastic disturbance events and explicit10

representation of demographic transitions can aid modelling of processes such as fire

(Bond, 2008). The model presented here is a modified arrangement of the published

model of Ryan and Williams (2011) for the prediction of AGB change, and is described

in detail in section 4.9.

The GapFire model has 13 parameters that determine rates of growth, top-kill and15
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CHAPTER 4. EARLY BURNING IN MIOMBO WOODLANDS

regeneration in miombo woodlands (Table 4.1). Model parameter values were derived

from the literature, field measurements and assessed with reference to local knowledge

and professional experience. Although it is usually desirable for a model to generate

a best-guess estimate of the value of a management intervention, a C management

project is motivated to ensure that predictions are conservative, guaranteeing that all5

claimed C is representative of genuine AGB changes. In the miombo ecosystem where

information is severely limited, working conservative parameter estimates is beneficial

to ensure passage of a methodology through verification schemes and to minimise risk

of project failure.

We perform multiple simulations using a Monte Carlo approach to characterise10

model uncertainty, based on assumed uniform probability distribution functions around

each parameter and 10,000 randomly generated parameter sets. Model sensitivity

to parameter changes was assessed using the Latin-Hypercube One-factor-At-a-Time

(LH-OAT) approach of van Griensven et al. (2006), a global sensitivity analysis

method using the LH design to sample the full range of parameter space whilst15

retaining the precision of OAT sampling for attribution of model output changes to

a single parameter. Sensitivity of AGB to parameter changes is calculated using an

average biomass woodland run for 10 years at baseline fire frequencies, a project

scenario assuming a 50 % reduction in late dry season fire frequency, and the difference

between the two scenarios. Model predictions of AGB were validated by comparing20

model predictions of woodland regrowth from clearance to chronosequence data from

Kilwa District and Gorongosa District to test model consistency with available data.
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Figure 4.5: Aboveground biomass map of Kilwa district generated using radar backscatter
data from ALOS PALSAR, calibrated using AGB estimates from Permanent Sample Plots.
The map is stratified into 5 tC/ha bands, where C yield is modelled separately for each stratum,
and areas < 5 tC/ha and > 35 tC/ha are excluded from fire management.
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Figure 4.6: Fire frequency estimates from 10 years of burn scars classified in Landsat data.
More fires were observed in the sparsely populated drier areas to the west than the wetter and
more densely populated east. Fires are near-absent in coastal forest and thicket areas, as well
as in riparian forests.
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Figure 4.7: Fire seasonality varies across the Kilwa District. The majority of burn scars were
assigned to the late dry season, particularly towards the agricultural coastal eastern region
where fields are burned at the end of the dry season. There is a preponderance of late dry
season fires in most areas. Early dry season fires are most frequently observed in low AGB
areas, suggesting their grasses cure earlier in the dry season.
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Figure 4.8: Number of years in which burn status was logically determinable for each
pixel between 2001 and 2010. Lighter areas show locations where cloud cover, the SLC
failure of ETM+ measurements and data availability reduce observation opportunities. Better
observational data were available for the south and west of Kilwa District, where cloud cover
is lower and data availability is better.
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4.3 Results

4.3.1 Biomass assessment

AGB estimates in PSPs ranged between 1.9 - 43.6 tC/ha, averaging 20.2 tC/ha across

Kilwa District. The calibration between radar backscatter and AGB yielded a linear

model describing a large proportion of variance in backscatter (p < 0.001, R2 = 0.85).5

The calibrated biomass map estimates mean AGB in Kilwa District as 22.5 tC/ha, with

65 % of pixels meeting early burning eligibility requirements of 5 - 35 tC/ha (Fig. 4.5).

Of the remaining areas, 12 % of pixels are excluded as low biomass grassland, and 23

% of pixels excluded as high biomass coastal forest or thicket.

4.3.2 Fire history assessment10

More than half (56 %) of land area was observed to burn each year, corresponding

to a mean fire return interval 1.8 years (Fig. 4.6). Fire frequency varies spatially,

with woodlands and grasslands to the west of Kilwa district burning on a near-annual

basis, and the coastal and agricultural regions of the east burning infrequently. Few

fires were observed in high biomass areas where grass exclusion in dense coastal and15

riparian forest interrupts the spread of fire. Fire frequency is closely related to AGB,

such that low biomass areas are observed to burn much more frequently than high

biomass areas. Of all burns observed, 75% were late dry season fires, with early dry

season dominated fire regimes mostly confined to areas of very low biomass where

grass fuels tend to dry rapidly (Fig. 4.7).20

On average, it was possible to logically determine the burn status of 60 % of pixels

in the the study region each year, though this varied between 19 % to 85 % depending

on availability of satellite data and cloud cover (Fig. 4.8). Although Landsat satellites

made an overpass every 8 days, only a small proportion of this data is now accessible,
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Figure 4.9: Landsat data were assembled for burn scar mapping from the 4 scenes that cover
Kilwa District. Of all satellite overpasses, only a small proportion are available (coloured
symbols), with most images from the ETM+ sensor of Landsat 7 (dark blue). Images from the
older TM sensor of Landsat 5 were only widely available for the years 2008 - 2010 (light blue).
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Figure 4.10: Data from Landsat were mostly unusable for burn scar mapping as the result of
cloud cover and missing data. The best data were from dry season acquisitions (day of year
150 - 300), coinciding with the fire season.
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with some years showing very limited coverage (Fig. 4.9). Of the scenes that were

available, a large proportion of pixels are discarded as a result of cloud cover and the

scan line corrector failure of Landsat 7 (Markham et al., 2004) (Fig. 4.10). Though

burn scar data are limited, the best data is available for the dry season when cloud cover

is lower, coinciding with the period of peak fire activity.5

4.3.3 Model output

With the present frequency and seasonality of fires, the GapFire model predicts a

gradual reduction in woodland AGB across all biomass strata in the baseline scenario

(Table 4.2). Assuming that a fire management project is able to halve the incidence

of late dry season fires through early burning, the model predicts that management10

activities will result in a small increase AGB over a 10 year period. The magnitude

of expected C return is proportional to initial biomass, with expected AGB change in

areas of high biomass significantly greater than low biomass woodlands. Subject to the

efficacy of an early burning program, the model predicts a climate change mitigation

potential of 0.14 - 0.53 tC/ha/yr (25 % - 75 % reduction in late dry season fire15

frequency), split roughly evenly between avoided woodland degradation and woody

biomass gain.

4.3.4 Model evaluation

Uncertainty

Model uncertainty is considerable for the prediction of AGB change, indicated by20

wide and overlapping error regions for model projections of AGB under baseline and

project fire regime scenarios (Fig. 4.11a). Whilst the magnitude of model uncertainty

suggests a difficulty in determining the extent to which woodlands are degrading over

landscapes, much of this error is negated by correlation between baseline and project
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Figure 4.11: (a) Mean trends of AGB under project (solid) and baseline (dashed) scenarios are
displayed for the initial 10 year management period. The shaded region represents model
uncertainty (± 1 standard deviation) as calculated from Monte Carlo analysis with 10,000
random permutations of input parameters. (b) As project and baseline trends are auto-
correlated under a given parameter set, uncertainty is reduced when considering the net AGB
yield of fire management.

fire scenario AGB projections (Fig. 4.11b). This results from model parametrisation

leading to a high growth rate in the project scenario being accompanied by a reduced

capacity for degradation, and parameters eliciting a low growth capacity in the

project scenario being accompanied by rapid degradation in the baseline scenario.

This property limits the capacity for changes in model parametrisation to alter net5

projections of AGB change.

Sensitivity analysis

Model predictions were found to be sensitive to parameters representing respiratory

fraction (Ra), maximum photosynthetic rate (Pmax ) and half saturation of

photosynthetic rate (Kp), which all relate to the productivity of miombo woodlands by10

controlling C assimilation and stem growth rates (Table 4.1). Ra is poorly constrained

within savannah woodlands as it is very difficult to measure in situ. However, it

is reasonably well constrained globally at around 50% (Waring et al., 1998), with
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a significant deviation from this value in miombo woodlands not expected. Kp

and Pmax describe the rate of photosynthesis that is expected under different light

conditions, with the model particularly sensitive to Pmax . In the absence of detailed

ecophysiological data from miombo woodlands, parametrisation of the shape of the

light response curve introduces a large uncertainty to model predictions.5

The model is also sensitive to late dry season fire intensity (F LIlate), which is

the primary driver of stem top-kill in the model. Model sensitivity to fire-induced

mortality is a pre-requisite to the success of an early burning management intervention,

though it’s capacity to alter model predictions necessitates careful parametrisation of

F LIlate to avoid the possibility of over-claiming AGB changes. Unlike parameters10

determining growth and top-kill rates, model projections of AGB are largely insensitive

to parameters determining regeneration. This suggests that the AGB changes resulting

from early burning are associated with the preservation of large trees rather than the

recruitment of new stems. Whilst the near-term changes to AGB resulting from the

lifting of the fire trap are likely to be small, these may translate into more significant15

AGB changes over longer time-scales than are considered here.

Validation

Chronosequence studies from both Kilwa District and Gorongosa District estimate

approximately 0.7 tC/ha/yr of AGB accumulation on abandoned land in miombo

woodlands, a situation simulated by running the model from a start-point with no large20

stems and without fire (Fig. 4.12). Mean growth rates amount to a biomass increment

of 0.61 tC/ha/yr in the first 25 years, a level slightly lower than observed in the Kilwa

District and Gorongosa District chronosequence studies, and 0.88 tC/ha/yr in the first

50 years, a level slightly higher than that observed in Kilwa District. We consider

model outputs a conservative prediction for the purposes of a 10 year fire management25

project, as the model predicts lower growth rates than observed in the first 10 years of
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Figure 4.12: Model output comparison to chronosequence data from Gorongosa and Kilwa
Districts. AGB increase following abandonment is predicted reasonably (Gorongosa: RMSE
= 5.8 tC/ha, R2 = 0.53, Kilwa: RMSE = 23.8 tC/ha, R2 = 0.20), as is basal area (Gorongosa:
RMSE = 1.7 m2/ha, R2 = 0.56, Kilwa: RMSE = 9.0 m2/ha, R2 = 0.21), though the model is not
able to effectively capture trends in stocking density of trees >5 cm DBH (Gorongosa: RMSE
= 236 /ha, R2 = 0.04, Kilwa: RMSE = 360 /ha, R2 = -0.74). The model performs better on data
from Gorongosa District than Kilwa District, with a notable under-prediction of biomass and
basal area in young sites, and an over-prediction at mature sites.

chronosequence data from both sites. The model also performs well in predicting basal

area, though is less capable of predicting changes in stocking density, highlighting a

weakness in the model’s representation of stand structure and regeneration.
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4.4 Discussion

4.4.1 RQ1: What is the likely magnitude of emissions reductions

achieved by early burning in miombo woodlands?

The miombo woodlands of Kilwa district burn at a high frequency, largely in the late

dry season. Many areas experience near annual fires, a rate which has been predicted5

by models (Ryan and Williams, 2011) and experimentally demonstrated (Trapnell,

1959; Furley et al., 2008) to result in a large reduction of AGB in miombo woodlands.

The rates of fire we have measured in Kilwa District are not unusual, and similar fire

return intervals and seasonality have been observed in Tanzania (Tarimo et al., 2015),

and in other woodland ecosystems across southern Africa (Archibald et al., 2010).10

The GapFire model predicts that the current fire regime of Kilwa District

is resulting in the gradual reduction in miombo woodland biomass. Given the

conservative parametrisation of the model we expect that the degradation predicted

by the model is existent, though note that the error bounds of our model are large.

Under a managed fire scenario, the model predicts a gradual increase in AGB, provided15

a project succeeds in substantially reducing the incidence of late dry season fire.

Biomass increase resulting from early burning is of a similar magnitude to loss in

the baseline scenario, such that C changes resulting from fire management are split

between avoided woodland degradation and woodland regrowth. Predicted changes

to AGB are greatest in higher biomass areas, where the potential for degradation and20

capacity for growth is higher.

Even assuming an ambitious 50% reduction in late dry season fire frequency,

the predicted climate change mitigation potential of 0.34 tC/ha/yr (1.25 tCO2e/ha/yr)

from fire management is small given the scale of operations. However this compares

favourably to fire management protocols that only consider emissions changes, such25
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as the WALFA project (∼0.04 tCO2e/ha/yr) (Murphy et al., 2009), as well as estimates

of AGB changes resulting from the WALFA project by Murphy et al. (2009) (∼0.11

tC/ha/yr) and Cook et al. (2015) (∼0.1 tC/ha/yr). Much of this difference can be

attributed to more limited shifts in seasonal fire activity than might be expected in

the much smaller and more intensely managed VLFRs of Kilwa District. Our model5

reports a similar mitigation potential to estimates by Williams et al. (2004) and Liedloff

and Cook (2011) (∼0.5 tC/ha/yr), and is somewhat smaller than the C fluxes predicted

by Chen et al. (2003) and Beringer et al. (2007). The extent to which fire seasonality

can be readily altered in Kilwa District is unclear, so the capacity for an early burning

project in miombo woodlands to be financially self-sustaining cannot yet be addressed.10

4.4.2 RQ 2: What are the key uncertainties in the method, and

how can uncertainty be mitigated in an operational fire-

management project?

The uncertainty associated with the method presented in this paper is substantial, with

the largest uncertainties stemming from model parametrisation, characterisation of fire15

regimes, and the dearth of appropriate validation data. Here we discuss the impact of

uncertainty on model predictions, the efficacy of efforts to mitigate against uncertainty,

and identify areas for future work.

Representation of productivity

Much of the uncertainty in modelled AGB changes relates to the high model sensitivity20

and poor constraint of respiratory fraction (Ra), and maximum (Pmax ) and half

saturation of photosynthetic rate (Kp). Though the individual parameter values

determining miombo woodland productivity are uncertain, comparisons of modelled

AGB against chronosequence data from Kilwa and Gorongosa Districts demonstrate
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that selected parameters result in reasonable predictions. Further to this we assume

chronosequence plots to have re-grown in the absence of fire, which is unlikely to be

the case. The result is that growth in GapFire is likely a conservative representation of

miombo woodland productivity. As one of the key uncertainties in projecting AGB

change, further data on woodland productivity from flux towers or forest plot re-5

inventory data (e.g. Chapter 3) will be of considerable value to understanding miombo

woodland vegetation dynamics.

Characterisation of fire

Modelled AGB changes are sensitive to top-kill resulting from late dry season fires

(F LIlate), signalling the importance of fire to miombo woodland C stocks. Whereas fire10

frequency is reasonably well-measured using remote sensing data, fire intensity is not

easily measured either remotely or through field studies. Fireline intensities recorded

in miombo woodlands vary from very low (< 300 kW/m) to high intensities (> 6500

kW/m) (Hoffa et al., 1999; Roberston, 1993; Ryan and Williams, 2011). Though our

estimates of early and late dry season intensity respectively represent conservatively15

high and low FLIs, this remains a very simple representation of fire. Fire intensity on

a given date is inter-annually variable conditional upon fluctuating weather and fuel

conditions. Predictions of fire intensity may be made more realistic by performing

experimental fires in a range of fuel conditions (e.g. Sow et al., 2013), allowing for

the annual shifting of the early burn cut-off date (Russell-Smith et al., 2009), or by20

application of widely-used models of fire intensity such as the Rothermel model of fire

spread (Rothermel, 1972; VCS, 2015).

A further obstacle to accurate determination of baseline fire regimes was high

cloud cover and poor data availability in Kilwa District. Whilst this can to some extent

be mitigated by working over large areas, data paucity becomes a significant problem25

when aiming to enumerate the fire regime of a single VLFR. Future work should
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benefit from the recent launch of Landsat 8 and Sentinel 2, as well moves towards

open data access policies.

Other emissions

As formulated in this paper, no credit or deductions are calculated for other gaseous

emissions, or for dead wood. Methane emissions are in particular a large uncertainty,5

with varied reports of the magnitude and seasonality of emission factors. Previous

work in Africa has detected sharp increases in methane emission from early dry season

fires (Hoffa et al., 1999; Korontzi et al., 2003; Korontzi, 2005), though recent work in

Australia did not detect seasonal differences in methane emission (Meyer et al., 2012).

Emissions of NOx have also been observed to be increased in early dry season fires10

in African (Mebust and Cohen, 2013) and South American (Castellanos et al., 2014)

savannah fires. Such predictions are limited by the small number of studies and the

spatio-temporal variability of fire activity, though does have the capacity to counteract

the climate mitigation potential of changes to AGB we predict here, and will require

the attention of land managers as it has received in Australia.15

4.5 Conclusions

In this paper we described a method for accounting for the climate change mitigation

potential of early burning in miombo woodlands. Early burning has the potential

to reduce woodland degradation from fire and increase AGB, though seasonal shifts

in fire frequency will have to be large to have a significant impact on C emissions.20

Uncertainty in the method is high, though in most cases it is possible to mitigate

against this using conservative model parametrisation, and by focusing on quantifying

the differences between management scenarios. Future work on this framework can

improve AGB projections through improved constraint of stem growth rates and fire-
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induced top-kill, exploiting future availability of Earth observation data, and with

further monitoring of the outcome of early burning in the miombo woodlands in Kilwa

District.
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4.9 Supplementary materials

4.9.1 GapFire model overview

GapFire is a process-based model of miombo woodland aboveground biomass (AGB),

which simulates the growth, mortality and recruitment of individual tree stems.

Woodlands are represented by individual ‘patches’ with an area roughly equivalent5

to the canopy of a large tree (0.02 ha). Model patches are treated as independent,

with fire occurrence, stem top-kill and recruitment events occurring randomly in each

patch. Each patch are initialised using stem densities and size distributions observed

at the Kilwa PSPs, and the AGB of each management stratum established by varying

mature tree density. Light is intercepted by the leaves of each stem at a rate relating10

to the height of leaves in the woodland canopy. Leaf area is calculated as a function

of stem diameter, and varies through the year with observations of leaf phenology,

restricting growth to the wet season when soil moisture is plentiful. Intercepted light

is used to assimilate carbon (C) using a miombo-specific light response curve (Tuohy

and Choinski, 1990; Tuohy et al., 1991; Woollen, 2013), and C allocated to respiration,15

leaf and fine-root formation, with remaining C allocated to increasing stem and large

root biomass. As stems increase in biomass their morphology (DBH, leaf area, canopy

structure) is altered according to a series of allometric models (Ryan, 2009; Ryan

et al., 2011). Stems are exposed to a chance of top-kill from intrinsic sources or

as a result of fire, where probability of stem top-kill is determined by stem size and20

fire intensity (Saito et al., 2014). Fire occurs probabilistically for each patch at a

rate determined by observations, with intensity expressed as representative values of

Byram’s fireline intensity (Byram, 1959) for early and late dry season fires. Woodland

patches regenerate through resprouting of top-killed rootstocks and the recruitment of

new seedlings. As patches are small, and mortality and regeneration processes are25
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Figure S4.1: GapFire model schematic. Parameters are shown in red, allometric calculations
are shown in green, and model driving data is shown in blue. Stochastic processes are indicated
with a dashed line. Light and carbon assimilation functions run on hourly time steps, and the
model produces annual output. As model patches are very small and mortality and regeneration
processes are stochastic, the model runs as an ensemble of many patches.
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stochastic, the AGB change in a single patch will not represent the trends of miombo

woodland as a whole, therefore the model is therefore run as an ensemble of many

patches (n = 10,000). The GapFire model is written in FORTRAN90, and operated

with a Python wrapper. The model is summarised in schematic form in Fig. S4.1.

4.9.2 Initialisation5

Extensive stem size data gathered from permanent sample plots (PSPs) in Kilwa are

used to set up model patches with a representative stem size distribution (SSD). Of the

25 monitored PSPs, a subset of 17 were selected fitting the miombo woodland criteria

(5 - 35 tC/ha, no closed canopy). These data comprised of a wide range of biomass

measurements (5.2 - 33.9 tC/ha), covering 17 ha of data for stem sizes 5 - 40 cm DBH10

and 170 ha of stems > 40 cm DBH. The data were fitted with two exponential trend

lines, with a break point at 15 cm DBH to optimally fit observations of stem sizes (Fig.

S4.2). From these trends, two probability density functions were generated from which

stem sizes may be randomly allocated to trees in model patches. A minimum stem size

of 1 cm DBH was imposed to match the size that a seedling may reach following one15

year of growth. An upper limit of 100 cm DBH was set to avoid the generation of

implausibly large stems. It is assumed that the relative frequencies of stem size classes

are representative of miombo woodlands as a whole and that these do not vary greatly

between regions.

AGB is strongly related to large stem density (Dlar ge) (linear regression: R2 =20

0.67, p < 0.001); accordingly the model varies large stem density to attain a range of

initial biomass levels. Large stems are comparatively rare and occur infrequently at

patch-scale, therefore stems are allocated to patches based on a Poisson distribution.

Limited evidence was found that small stem density (Dsmall) at the PSPs varies

systematically to a large degree with AGB (linear regression: R2 = 0.26, p = 0.0564).25
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Figure S4.2: The Kilwa PSPs are used to calibrate stem size distribution curves with which
the model is initialised. Two models are fitted for small (< 15 cm DBH) and large (> 15 cm
DBH) stems, taking account of an apparent break point in the data.

Dsmall was therefore set to the mean density of small stems in the PSPs. This

mechanism assumes that in the 5 - 35 tC/ha biomass range that AGB differences are

predominantly a function of large stem density in miombo woodlands.

4.9.3 Growth

Growth in GapFire is regulated by the light environment of each stem, which is5

determined from the canopy structure as determined by allometric equations (Ryan

et al., 2011). Stem growth is further moderated by phenology, respiration and

maintenance costs of trees in each patch. Stem growth is largely determined by driving

data from work on Gorongosa District of Mozambique, and is further constrained by

chronosequence data describing biomass accumulation in miombo woodlands.10

Canopy structure

At each patch, allometric equations are applied to relate stem DBH to tree-top and

canopy base heights. Tree canopy depth (Tdepth) is calculated as the difference of these

two values, giving the vertical space amongst which each tree’s leaves are distributed.
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A further allometric equation relates basal area of each stem to its leaf area. The

canopy of each patch is represented as 25 one metre deep layers, where layers are

populated with the leaf area associated with each stem, assuming that leaves are

uniformly distributed in the canopy layers over Tdepth. The total leaf area of each

layer (LAla yer) is summed to calculate leaf area index (LAI):5

LAI =
25
∑

la yer=1

LAla yer

gap_area

where gap_area = 0.02 ha (200 m2), approximately the area covered by the canopy of

a single mature tree.

Light environment

Light availability at each canopy layer is estimated using an application of the Beer-

Lambert law (Jones, 2013). The Beer-Lambert law describes the attenuation of10

light through a tree canopy, where the top canopy layer exposed to all incoming

Photosynthetically Active Respiration (PAR) and deeper layers are shaded by those

above. PAR is absorbed according to the LAla yer , assuming a spherical leaf angle

distribution (k = 0.5), that incoming radiation is diffuse, and that leaves have no

transmittance or albedo. Hourly estimates of PAR from measurements in Gorongosa15

District are used to drive photosynthesis in the model (Ryan, 2009). Growth is

restricted to the wet season by phenology inputs from monthly measurements of LAI

in Gorongosa District, expressed as a fraction of peak LAI (LAI f rac). PAR absorbed

by leaves at the top canopy layer over a year (PARmaxla yer) is calculated from the total

incoming PAR (PARin):20

PARmaxla yer = PARin · (1− e−κ·LAla yer ·LAI f rac)

PAR transmitted through to lower layers (PARthru) is calculated by differencing PARin
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and PARmaxla yer :

PARthru = PARin − PARmaxla yer

Light absorption at further layers (PARla yer) is calculated down through the further 24

canopy layers:

PARla yer = PARthru · (1− e−κ·LAla yer ·LAI f rac)

PARthru = PARla yer+1 − PARla yer

This produces a vertical profile of light absorption in each patch through each year,

which drives the photosynthesis and growth of each stem.5

Carbon assimilation

Growth is determined separately for each stem, with absorbed PAR converted to

assimilated C using photosynthetic light response curves. Two parameters describe

the light response curve: the maximum rate of assimilation (Pmax ) and the amount of

light needed to achieve half this rate (kp). For each stem, mass of photosynthate is10

summed for each canopy layer for each hour of the 12 diurnal cycles representative

of each month, and scaled up to a yearly total. The gross primary production of each

stem at each layer for each hour of daylight (GPPi) is calculated as a proportion of

maximum photosynthetic rate (Pmax ) and the total leaf area of each tree (LAt ree):

GPPi =

�

Pmax ·
PARla yer

PARla yer + kp

�

· LAt ree

The sum of GPPi over all layers over the entire year gives the total C fixation by15

each stem from photosynthesis (GPP). Net primary production of each stem (NPP) is

calculated as GPP minus the fraction of C that is respired by the plant (Ra):
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N PP = GPP · (1− Ra)

C required for the yearly replacement of leaves (Clea f ) is calculated as a function of

leaf carbon per unit area (LCA) and the total tree leaf area (LAt ree):

Clea f = LAt ree · LCA

Clea f and C in fine roots (C f r) are deducted from NPP, leaving C allocated to woody

biomass (Cwood):

Cwood = N PP − Clea f − C f r

C allocation for each tree is partitioned to above and below ground pools in proportion5

shoot_frac, following an allometric relationship. Stem C allocation (Cstem) can

therefore be calculated as:

Cstem = shoot_ f rac · Cwood

Stem growth is calculated as the annual increase in Cstem, which is related to an

equivalent increase in DBH by an allometric model. This series of calculations

accounting for growth are repeated for each stem, producing a yearly estimate of10

growth in each woodland gap.

4.9.4 Mortality

GapFire models stem mortality in response to fire occurrence and intrinsic (non-fire)

sources. Because of the importance of resprouting in fire-prone ecosystems (Bond

and Midgley, 2001; Chidumayo and Bakker, 2004; Mlambo and Mapaure, 2006),15
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aboveground stem mortality (top-kill) was decoupled from belowground rootstock

mortality. The mortality module accounts for stem top-kill, whereas rootstock

mortality is calculated with plot regeneration. Fires are stratified into early burns and

late burns, which occur with probability p(burn|early) and p(burn|late).

Fire-induced top-kill5

Stems are top-killed each year by either intrinsic sources, such as senescence,

herbivory, elephant damage and timber extraction, or as a result of fire. In a year that

fire does not occur, intrinsic mortality probability (Mi) is set at a constant rate for all

size classes. In the case of fire, stem top-kill rates are derived from field experiments

in Mozambique, which showed stem top-kill to be a function of stem diameter and10

thermal anomaly (Ryan and Williams, 2011). As stem diameter increases, thickness of

protective bark increases proportionally (Jackson et al., 1999; Miyanishi and Johnson,

2001), offering greater resilience as trees increase in size. In larger stems (>10

cm DBH), this effect saturates, and further increases in DBH provide no additional

protection from fire. This relationship was modelled with a sigmoidal function, with15

saturation for larger stems:

log odds of top-kill= −ax · DBH + bx where DBH < 10cm

log odds of top-kill= bxsat
· DBH where DBH > 10cm

Variables ax , bx , and bxsat
are determined from fireline intensity (FLI). A continuous

relationship between FLI and mortality parameters is determined from measurements

from the Nhambita fire experiments (Ryan and Williams, 2011). FLI is defined as

the release of heat energy per unit time per unit length of fire front (kW/m) (Byram,20

1959). It is widely utilised because it is relatively easy to measure, and it is known to

be significantly correlated to biologically important fire impacts including tree top-kill
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and mortality (Alexander, 1982). Fireline intensity is calculated as:

F LI = H ·w · R

where H = heat yield (kJ/kg), w = mass of available fuel (kg) and R = rate of spread

of fire front (m/s). Its relationship to top-kill variables was determined by Saito et al.

(2014) to be:

ax = −7.025 · ln(F LI)− 13.112

bx = 2.119 · ln(F LI)− 12.451

bx_sat = −123.5 · F LI−0.498

A minimum mortality rate is set to the value of Mi for all fire intensities. This results5

in a continuous relationship between fire intensity and top-kill (Fig. S4.3).

4.9.5 Regeneration

Top-killed stems above a minimum size class (Sresprout) when killed have a probability

of resprouting (1 - Smor t), where Smor t is probability of rootstock mortality based on

data from the Nhambita fire experiments. It is assumed that sprouts reach 2 cm DBH10

in their first year of growth. Additionally there is a chance of a recruitment event

occurring (Precrui t), where a number of new seedlings (Snew) are established in a patch,

reaching 1 cm DBH in their first year of growth. The initial growth of seedlings is

assumed to be smaller than sprouts due to the established sprout rootstocks providing

energy for increased growth.15
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Figure S4.3: Top-kill in GapFire in a function of stem diameter at breast height (DBH) and
fireline intensity. Data from Saito et al. (2014).

4.9.6 Output

Following the growth, mortality and regeneration at each patch at each year, C stocks

are summed using the allometric relation between stem DBH and AGB. The model

only includes stems of > 5 cm DBH when calculating biomass due to uncertainties in

the dynamics of small stems and to match measurement protocols at the Kilwa PSPs.5

As each forest patch is very small and fire and regeneration occur stochastically, the

biomass change in a single patch will not represent the trends of miombo woodland as

a whole. The model is therefore run as an ensemble, where the biomass trend is taken

to be the average biomass trend from a large number of patches (n = 10,000).
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ABSTRACT

Background and aims: The terrestrial carbon (C) cycle is the least well understood

element of the global C cycle, with poor constraint on the size of C pools, allocation

patterns and residence times leading to large uncertainties in the global C budget.5

Understanding of the African C cycle is limited by perennial data constraints, which are

particularly severe in the miombo woodlands of southern Africa. Whilst data from in

situ ecological monitoring are rare, a long record of remote sensing observations exist

over the continent which can be used to retrieve estimates of the miombo woodland C

cycle.10

Methods: We combine observational data with a diagnostic C cycle model under a

model-data fusion framework. The result is a probabilistic assessment of state, flux

and allocation variables of the C cycle across southern Africa for the period 2001 -

2010. We compare spatial variation in C cycle properties to observations of vegetation

structure, precipitation, soil properties, disturbance, and anthropogenic management15

to identify the main environmental drivers of ecosystem function.

Results: Retrieved C cycle variables indicate globally important C pools and fluxes in

southern Africa, with significant spatial variability. Model parameters imply southern

Africa acts as a small source net source of C, though there remains a large uncertainty

is associated with this prediction. Three dominant forms of ecosystem functional20

variation are identified, which relate to variation in woody cover, fire frequency, and

rainfall properties.

Conclusions: Model-data fusion is a promising technique for constraint of the

African C cycle. We note little correspondence between our estimates of C cycling

and established maps of land cover, a concern where these are used for upscaling25

measurements of the terrestrial C cycle.
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5.1 Introduction

The terrestrial biosphere is the most poorly understood component of the global carbon

(C) cycle, contributing a large uncertainty to the global C budget and projections of

future climate change. Accumulation of CO2 in the atmosphere implies the presence

of a net C sink in terrestrial ecosystems, which over the decade 2002 - 2011 captured5

2.6 ± 0.8 PgC/yr from the atmosphere (Le Quéré et al., 2013). Although equivalent

to around 30 % of annual global fossil fuel CO2 emissions, we know little about the

nature of the land surface sink, and for how long it might keep pace with anthropogenic

CO2 emissions (Luyssaert et al., 2008; Pan et al., 2011). Terrestrial ecosystems also

act as a large source of inter-annual variability in atmospheric CO2 growth, fluctuating10

between a large sink of 4.1 PgC/yr and a small source of 0.4 PgC/yr (Le Quéré et al.,

2013). This accounts for the majority of the inter-annual variation in atmospheric CO2

growth, yet we are currently unable to adequately account for this variability in models

of the global C cycle.

The need for robust quantification of the terrestrial C cycle is epitomised by15

the African continent. The African C cycle is unusual in by being dominated by

emissions from the terrestrial biosphere, which dwarf the ca. 0.3 PgC/yr from fossil

fuel emissions (Boden et al., 2011). Africa is thought to be source of around 15 %

of net C flux from global land use change (Houghton and Hackler, 2006), and has

been reported to contribute up to half of inter-annual variation in the global C balance20

(Williams et al., 2007). Uncertainties in the African C cycle are particularly large in

savannahs, an ecosystem constituting around 50 % of the land surface (Menaut, 1983)

and source of 90 % of burned area (Giglio et al., 2013). Despite the importance of

Africa’s savannahs to the global C budget, we have little knowledge of how patterns of

C exchange vary spatially (Williams et al., 2007; Valentini et al., 2014), which are the25

key environmental controls on vegetation dynamics (e.g. disturbance, precipitation,
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soil properties), and we do not know whether Africa’s savannahs are a net source or

sink of C (Bombelli et al., 2009; Ciais et al., 2009; Ciais et al., 2011; Valentini et al.,

2014).

Resolving the terrestrial C cycle is difficult; reliable observations are scarce,

and our understanding of key processes is limited. Particular uncertainty derives5

from unknowns in the sizes of ecosystem C pools (Houghton et al., 2009; Todd-

Brown et al., 2013) and their turnover rates (Friend et al., 2014), and the nature of

spatial and temporal variation in C cycle dynamics (Williams et al., 2007; Ciais et

al., 2011). Although field studies in African savannahs are very limited, we have

increasingly ready access to long records of satellite observations. One promising10

approach to utilising this information is in model-data fusion (MDF) techniques, where

observational data are combined with vegetation models to constrain the C cycle (e.g.

Keenan et al., 2012; Ziehn et al., 2012; Smith et al., 2013; Bloom et al., 2016). The

aim of MDF is to generate estimates of C cycle parameters that are consistent with

available data constraints, and to generate robust estimates of parametric uncertainty.15

By using simple models of the C cycle, MDF techniques are well adjusted to handling

multiple streams of input data to disaggregate the C cycle into its constituent pools,

fluxes, and residence times. Spatially-explicit estimates of C cycle attributes also offer

a novel opportunity to explore spatial variation in vegetation traits, where differences

in C cycle dynamics can be used to characterise ecosystem functional properties.20

In this study we investigate the C cycle of Africa’s largest savannah formation;

the miombo woodlands of sub-equatorial Africa (White, 1983). We merge data on leaf

phenology, woody biomass, soil C, and fire emissions with a mass-balance model of

the terrestrial C cycle to retrieve estimates of C cycle state and process variables. We

explore variation in ecosystem functional properties across southern Africa, and aim25

to identify the main environmental drivers of C cycle spatial variability.

We address the following research questions:
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1. What is the magnitude of carbon fluxes, pools and residence times in the miombo

ecoregion?

2. Is the miombo ecoregion a net source or sink of carbon?

3. How do ecosystem functional properties vary across the miombo woodland

ecoregion, and what are its main environmental drivers?5

5.2 Methods

5.2.1 Study region

This study is centred on the miombo woodland ecoregion of southern Africa (Olson et

al., 2001), bounded by 0°00’ - 27°00’ S, 11°00’ - 41°00’ E. As the geographical extent

of miombo woodlands is poorly delineated, we define a study region that encompasses10

an area containing all countries with large-scale miombo woodland cover; namely

Angola, Malawi, Mozambique, Tanzania, Zambia, and Zimbabwe, as well as Katanga

Province at the southern extent of DR Congo. This region totals 4.57 million km2 of

land area. Though dominated by savannah woodlands, the study region also includes

smaller expanses of forest, desert, thicket and grassland (see Fig. 1.5). Diversity15

of vegetation structure is accompanied by substantial variation in precipitation, soil

properties, disturbance frequency, and intensity of human management (Fig. S5.1).

5.2.2 The ’CARbon DAta MOdel fraMework’

We use the CARbon DAta MOdel fraMework (CARDAMOM) to retrieve estimates

of C cycle state, flux, and allocation variables for miombo woodlands (Bloom et20

al., 2016). CARDAMOM is an MDF system that is used to merge observations of

leaf area, woody biomass, and soil C with a diagnostic model of the terrestrial C
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Figure 5.1: DALEC model schematic, showing C pools, fluxes, and the observational
constraints on C cycle dynamics. Model parameters are described in Table 5.1.

cycle, the Data Assimilation Linked Ecosystem Carbon model (DALEC) (Bloom and

Williams, 2015). CARDAMOM operates using a Metropolis-Hastings Markov chain

Monte Carlo (MHMCMC) algorithm, a Bayesian method to generate parameter sets

that minimise the mismatch between model predictions and C cycle observations. The

output is a probabilistic assessment of each DALEC model parameter with specified5

uncertainty ranges. The operation of CARDAMOM is described in detail in Bloom

et al. (2016).

DALEC (version 2.0) is an ecosystem C balance model that simulates C pools in

vegetation and soils, and the fluxes connecting them (Fig. 5.1). DALEC is notable

for its simplicity, lending it to studies assimilating large volumes of remote sensing10

data and producing robust estimates of uncertainty. Unlike conventional models of

the terrestrial C cycle, DALEC does not specify plant functional types based on pre-

assigned land cover maps, and makes no assumptions of steady state. The DALEC

model is described in detail in Bloom and Williams (2015) with sensitivity analysis in
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Table 5.1: DALEC model parameter description, and prior ranges based on ecologically viable
limits (see Bloom et al. (2016)).

Parameter Description Prior range Units
Allocation of primary production
Ra Fraction of GPP to autotrophic respiration 0.3 - 0.7
A f ol Fraction of NPP allocated to C f ol 0.01 - 0.5
Alab Fraction of NPP allocated to Clab 0.01 - 0.5
Awood

∗ Fraction of NPP allocated to Cwood 0.01 - 0.5
Aroot Fraction of NPP allocated to Croot 0.01 - 0.5
Carbon pools†

C f ol Foliar C pool 0.2 - 20 tC/ha
Clab Labile C pool 0.2 - 20 tC/ha
Cwood Woody (above and belowground) C pool 1 - 1000 tC/ha
Croot Fine root C pool 0.2 - 20 tC/ha
Cl i t Litter C pool 0.2 - 20 tC/ha
Csom Soil organic matter C pool 1 - 2000 tC/ha
Canopy properties
Donset Leaf onset day 1 - 365 day
D f al l Leaf fall day 1 - 365 day
cronset Labile C release period 10 - 100 days
cr f al l Leaf fall period 20 - 150 days
ce f f Canopy efficiency parameter 1 - 100
clma Leaf mass per unit area 10 - 400 gC/m2

cl f Annual leaf loss fraction 0.125 - 1
Turnover rates‡

Twood Turnover of Cwood 2.5 × 10−5 - 2.5 × 10−3 /day
Troot Turnover of Croot 10−4 - 10−2 /day
Tl i t Turnover of Cl i t 10−4 - 10−2 /day
Tsom Turnover of Csom 10−7 - 10−3 /day
Tmin Cl i t mineralisation rate 10−5 - 10−2 /day
Θ Temperature dependence exponent factor 0.018 - 0.08

∗ Awood = 1 - A f ol - Alab- Aroot
† at year t
‡ Residence time = 1 / turnover rate
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Bloom et al. (2016); what follows is a brief overview of the model.

DALEC simulates six terrestrial C pools (C f ol , Clab, Cwood , Croot , Cl i t , Csom),

allocation fractions of gross primary production (Ra, A f ol , Alab, Awood , Aroot), canopy

properties (Donset , D f al l , cronset , cr f al l , ce f f , clma, cl f ), and residence times of C (Twood ,

Troot , Tl i t , Tsom, Tmin, Θ), detailed in Table 5.1. Gross primary production (GPP) is5

estimated using the Aggregated Canopy Model (ACM), an empirical simplification of

the Soil-Plant-Atmosphere (SPA) model (Williams et al., 1997). ACM estimates GPP

for each day of each year from inputs of atmospheric CO2, minimum and maximum

temperature, incoming radiation, and DALEC parameter values C f ol , clma, and ce f f .

GPP is returned to the atmosphere by autotrophic respiration, leaving net primary10

production (NPP) which is allocated to living C pools in foliar, labile, wood and root

biomass. Living biomass pools turnover C to dead biomass pools in litter and soil,

which are subject to heterotrophic respiration based on temperature-dependent losses

to the atmosphere. Fires are incorporated into the model as monthly removals from

live and dead C pools, and fluxes from live to dead biomass. Emissions of C to the15

atmosphere are based on the proportion of area burned and an emissions factor for

each C pool (based on van der Werf et al., 2010), and fluxes from living C pools to

litter and soil based on a fixed 50 % resilience factor of non-combusted biomass.

DALEC C pools and fluxes were modelled on a monthly time-step over the decade

2001 - 2010. The study region is represented by 6279 0.25° grid cells, where model20

parameters in each grid cell are treated as unknown values limited to ecologically

viable ranges (Table 5.1). We use CARDAMOM to sample 1500 parameter sets split

across 3 converged MHMCMC simulations. The result is a probability density function

for each model parameter in each grid cell. Grid cells are treated as independent, a

simplification that is necessary for computational tractability.25
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5.2.3 Model constraints and driving data

Observational constraints are provided by datasets describing canopy phenology,

woody biomass and soil C. Canopy phenology was characterised with a monthly time

series of leaf area index (LAI) from the Moderate Resolution Imaging Spectrometer

(MODIS), data product MOD15A2. Data were aggregated to 0.25° resolution, and5

a conservative uncertainty factor of 2 assumed. Soil C data were collated from the

Harmonized World Soil Database (HWSD) (Fischer et al., 2008), an empirically-

derived global dataset that describes soil organic matter content at 0 - 100 cm depth.

HWSD data are prescribed an uncertainty factor of 1.5, which is increased in the

locations where woody biomass is very low (see Bloom et al., 2016). We also use10

a novel woody biomass dataset derived from a mosaic l-band radar backscatter data

from ALOS PALSAR for each year over the period 2007 - 2010 (McNicol and Ryan,

in prep). The map was calibrated using estimates of aboveground biomass (AGB) from

plot inventory data from across southern Africa. AGB was converted to total woody

biomass using a fixed root:shoot ratio (Ryan et al., 2011), and downsampled from 2515

m to 0.25° resolution using the mean biomass within each grid cell. In the absence of

a fully quantified uncertainty estimate, a confidence interval of ± 50 % was applied to

the data.

Given presently available

observational data, DALEC represents an underdetermined system where there are20

more unknowns than there is prior information to constrain the C cycle. Ecosystem

C cycling can be further constrained through the use of ecological and dynamical

constraints (EDCs); a range of conditions enforcing sensible parameter inter-relations

and change trajectories (Bloom and Williams, 2015). Imposition of EDCs aims to

limit the generation of nonsensical parameter sets that can match observations whilst25

violating prior ecological knowledge (Fox et al., 2009). For example, EDCs enforce
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turnover rates that are consistent with knowledge of relative residence times in each

pool, and parameter sets must not result in an exponential accumulation or collapse

in C pools on inter-annual timescales. This method reduces uncertainty by limiting

the possible configurations DALEC can take, and ensures that generated parameter

sets are a realistic representation of reality. Where EDC conditions are not met by a5

parameter set generated by the MHMCMC algorithm, these parameters are rejected as

ecologically inconsistent, and a new parameter set generated. We employ the set of

EDCs detailed in Bloom and Williams (2015).

Climate driving data were collated from the European Centre for Medium-Range

Weather Forecasts (ECMWF) Reanalysis interim (ERA-interim) dataset (Dee et al.,10

2011). Estimates of monthly burned area and fire emissions were taken from the Global

Fire Emissions Database (GFED, version 4) (van der Werf et al., 2010; Giglio et al.,

2013).

5.2.4 Statistical Analysis

C fluxes and residence times are presented as median parameter values weighted by15

land area, with a 50 % confidence interval representing parameter uncertainty. For

illustrative purposes we refer to C allocation to aggregate ‘photosynthetic’ (C f ol +

Clab) vs. ‘structural’ (Cwood + Croot) C pools, and ‘living’ (C f ol + Clab + Cwood +

Croot) vs. ‘dead’ (Cl i t + Csom) C pools. Ecosystem fluxes are calculated for each

year 2001 - 2010, and summed to generate estimates of net ecosystem production20

(NEP) and net biome production (NBP). Principal component analysis (PCA) is used

to identify trade-offs in ecosystem functional properties, and indicate how these vary in

space. Ecosystem functional properties are defined as the median DALEC parameters

for GPP, allocation patterns, turnover rates, and canopy properties, in each grid cell.

The first three principal components of ecosystem functional variation were25
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CHAPTER 5. CARDAMOM

compared to a range of environmental and ecological properties thought to be

associated with miombo woodland heterogeneity with the aim of identifying those

factors driving vegetation heterogeneity over continental scales. Candidate drivers

representing vegetation structure (tree cover), disturbance (fire frequency, topographic

roughness), precipitation (rainfall total, rainfall seasonality, rainfall timing), soil5

properties (soil texture, total exchangeable bases, pH), and anthropogenic impact

(population density, cropland area) were assembled and aggregated to 0.25° resolution

(Table 5.2 and Fig. S5.1). Candidate variables are based largely on the studies of

Archibald et al. (2009b), Lehmann et al. (2011), and Staver et al. (2011), as well as

measurements of ecological properties in Kilwa District of Tanzania (see Chapter 2).10

The relative importance of each predictor of ecosystem function was assessed using

random forest regression trees (Breiman, 2001), a supervised learning method that is

robust to non-linearity, interactions and outliers. We use 70 % of grid cells to train

the Random Forest algorithm to predict each of the first three principal components,

retaining 30 % to assess model fit (R2).15

Data analyses were performed in Python, making use of the scikit-learn module

(Pedregosa et al., 2011).

5.3 Results

5.3.1 Retrieval of the carbon cycle

CARDAMOM estimates of GPP across southern Africa average 13.5 tC/ha/yr (with a20

12.2 - 14.8 tC/ha/yr area-weighted 50 % confidence range) over the period 2001 - 2010.

Approximately half of GPP is respired, resulting in an NPP of 6.4 (5.5 - 7.3) tC/ha/yr.

Carbon use efficiency (NPP / GPP) averages 47.9 (42.3 - 53.3) % and varies widely

across the continent, being notably elevated in regions where C emissions from fire are
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high (Fig. 5.2a). NPP is allocated in lesser proportion to photosynthetic C pools than

to structural C pools, with allocation to photosynthetic C pools averaging 39.2 (29.9 -

50.0) % of total NPP. High C allocations to photosynthetic C are particularly apparent

in areas of low woody biomass, and where fires are infrequent (Fig. 5.2b).

Residence times in photosynthetic C are shorter than in structural C, averaging5

0.75 (0.58 - 0.94) years in C f ol , 0.44 (0.40 - 0.52) years in Clab, 5.40 (4.05 - 7.62)

years in Cwood , and 2.21 (1.24 - 3.39) years in Croot . Like NPP and its allocation,

relative C residence times between photosynthetic and structural C are widely variable

across study region (Fig. 5.2c). C allocation and residence times result in mean C pool

sizes of 2.1 (1.5 - 3.7) tC/ha in C f ol , 0.3 (0.2 - 0.5) tC/ha in Clab, 13.7 (9.9 - 17.6)10

tC/ha in Cwood , and 2.6 (1.4 - 4.6) tC/ha in Croot . Photosynthetic C pools are much

smaller in size than structural C pools, and show similar patterns of spatial variability

to C allocation fractions (Fig. 5.2d). The impact of observational constraints on leaf

area and woody biomass can be seen in parameter estimates for C f ol and Cwood , which

have lower proportional uncertainty than other C pools.15

The total size of the living C pool averages 19.3 (16.1 - 22.6) tC/ha, a value

considerably smaller than the dead C pool average of 86.7 (64.6 - 116.8) tC/ha. The

dead C pool is dominated by a Csom, which averages 84.6 (63.9 - 111.9) tC/ha and

dominates terrestrial C stocks in the study region. Storage in live : dead C pools

varies widely across southern Africa, with proportionally high storage in living C pools20

coinciding with areas of high woody biomass and LAI (Fig. 5.2e). Turnover of Cl i t

is rapid, with a mean residence time of 0.75 (0.32 - 1.52) years, and turnover in Csom

is slower, with a mean residence time of 30.1 (17.1 - 53.2) years. Residence times in

living C : dead C show similar spatial patterns to the fraction of total biomass stored in

these pools (Fig. 5.2f). Uncertainties in estimates of dead C pool turnover are notably25

higher than for living C pools, highlighting the lack of observational or mechanistic

constraint on heterotrophic respiration. Total ecosystem respiration averages 12.8
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(a) NPP : GPP ratio (b) Allocation of NPP to photosynthetic : structural C pools

(c) Residence time in photosynthetic : structural C pools (d) Storage in photosynthetic : structural C pools

(e) Storage in live : dead C pools (f) Residence time in live : dead C pools
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Figure 5.2: Patterns of variation in the southern African C cycle based on median
CARDAMOM parameter values. Descriptive outputs show spatial variation in primary
production, it’s allocation to photosynthetic (foliar & labile) and structural (wood & roots)
C pools, C residence times in living and dead C, and the mean size of C pools over the period
2001 - 2010.
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Figure 5.3: Predicted vegetation C change over 2001 - 2010 in southern Africa.

(11.2 - 14.6) tC/ha/yr, and emissions from fire an order of magnitude smaller at 1.1

(0.9 - 1.4) tC/ha/yr.

5.3.2 Net carbon fluxes

CARDAMOM reports total C storage in the study region in 2001 was 50.3 PgC (with

a 40.7 - 63.1 PgC 50 % confidence range), which by 2010 was reduced to 48.0 (37.7 -5

61.3) PgC. The largest source of C originates from the comparatively small vegetation

C pool, which is reported as reducing from 9.6 (7.9 - 11.7) PgC to 8.1 (6.8 - 9.4) PgC

(Fig. 5.3). NEP averages 0.36 (-0.17 - 1.18) PgC/yr, with the highest values of NEP

aligning with areas where fires are frequent (Fig. 5.4a). Mean NBP is predicted to be

-0.17 (-0.68 - 0.62) PgC/yr, implying a slightly greater probability of southern Africa10

acting as a net C source than a C sink. C flux to the atmosphere varies spatially, with

the largest C sources likely located in Angola, DR Congo, Mozambique and Tanzania

(Fig. 5.4b). Vegetation in the northern reaches of the miombo ecoregion may be acting

as a sink of C (or a relatively small source), with C accumulation apparent in parts of

Angola, DR Congo and Tanzania.15
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(a) Net ecosystem production (tC/ha/yr) (b) Net biome production (tC/ha/yr)
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Figure 5.4: Predicted net C fluxes over the period 2001 - 2010 in southern Africa, based on
median parameter values from CARDAMOM. (a) Net ecosystem production is elevated in
regions where fires are frequent. (b) Net biome production suggests southern Africa acts as a
small net source of C across much of southern Africa, with some parts in the north acting as a
net C sink.

5.3.3 Variation in ecosystem properties

PCA of retrieved DALEC process variables finds three dominant axes of variation

that account for 56.1 % of variation in ecosystem functional properties (Fig. 5.5). A

high score in the first principal component (PC1: 28.6 % of variance) is associated

with high productivity (GPP), low respiratory fraction (Ra), large allocations of C5

to wood (Awood) and small allocations to leaves and roots (A f ol , Aroot), and slow

turnover of soil organic matter (Tsom). Positive scores in PC1 are also associated with

high canopy efficiency (ce f f ), and slow rates of canopy flush (cronset) and senescence

(cr f al l). Together these parameters describe the ‘woodiness’ of an ecosystem, where

tree-dominated areas are more productive, allocate more resources to woody C, and10

have long canopy phenological cycles. High values in PC1 are spread widely across

the study region, with low scores in PC1 predominating in northern Tanzania, Malawi,

Zimbabwe, southern Mozambique, and parts of central Angola (Fig. 5.6a).

Positive scores in the second principal component (PC2: 17.6 % of variance)

indicate tough (clma), long-lived (cl f ) foliar properties, rapid turnover of wood and15
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Figure 5.5: Principal component analysis biplots of DALEC process variables, showing
median retrieved ecosystem functional properties in the first three principal components (1
point per grid cell, coloured to indicate point density). Colours are assigned as a function of
displayed principal components, matching those in Fig. 5.6. Parameter symbol definitions are
described in Table 5.1.
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(a) PC1
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Figure 5.6: Maps of spatial distribution of principal components 1, 2 and 3 of DALEC
ecosystem functional properties. See Fig. 5.5 for ecological interpretation. See also individual
parameter maps in Fig. S5.2.

172



CHAPTER 5. CARDAMOM

litter C pools (Twood , Tl i t), and late canopy fall (D f al l). High values of PC2 are found

at the extremities of the study region, and are particularly apparent in southwestern

Angola, northern Tanzania, and coastal Mozambique (Fig. 5.6b). Low values of

PC2 dominate the northern half of the study area, as well as northern and central

Mozambique and southern Angola.5

High scores in the third principal component (PC3: 9.9 % of variance) are related

to late canopy onset (Donset), a large allocation of C to the labile pool (Alab), and lower

productivity (GPP). These together describe canopy phenological properties, ranging

from early onset of leaves in a relatively productive environment to late leaf onset with

large allocations to labile C. PC3 broadly bisects the study region, showing low values10

to the north and west and high values to the south and east (Fig. 5.6c). Low scores in

PC3 are also apparent in parts of coastal Tanzania and Mozambique.

5.3.4 Environmental drivers of ecosystem function

Correlation between ecosystem functional properties and environmental variation was

observed in model outputs (Fig. 5.7). PC1 was associated with tree canopy cover,15

where productive ecosystems with a large allocation fraction to woody C pools are

associated with high tree cover. Population density and rainfall properties also appear

related to PC1, though their relative importance is low. PC2, correlated with tough

leaves and late leaf fall, was predicted by annual burn fraction, and to a lesser extent

rainfall characteristics. Areas of frequent fires were predicted to have low values in20

PC2, whilst the highest values of PC2 were associated with reduced and more seasonal

rainfall. PC3, describing canopy phenological properties, was best predicted by total

rainfall, rainfall timing, and tree cover. In particular we note the greater total rainfall

and earlier onset of rains where values of PC3 are low. There was little evidence for

topographic complexity, cropland distributions, or soil properties being of importance25
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Figure 5.7: Random forest importance values, showing evidence of association between
ecosystem functional variation in principal components (PCs) 1, 2 and 3 and a range of
environmental properties. Environmental properties are described in Table 5.2.
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in determining ecosystem dynamics.

5.4 Discussion

The C cycle of southern Africa’s miombo woodlands is poorly constrained, and

spatial variation in its dynamics inadequately understood. In this study we used MDF

techniques to retrieve spatially-explicit estimates of terrestrial C cycling by merging a5

diagnostic model of the C cycle with observational data over southern Africa. Results

indicate that miombo woodlands play a significant role in the global C cycle, with

large C pools and fluxes with the potential to influence the global C balance. The

C cycle is spatially variable, with large differences observed in the size of pools

and fluxes across southern Africa. Model parameter estimates imply a small and10

uncertain net C source of 0.17 PgC/yr, largely from the loss of C in living vegetation.

CARDAMOM indicates that ecosystem functional properties across southern Africa

are heterogeneous, with 56.1 % of variance in modelled process variables described by

three principal components of variation. Divergence in ecosystem functional properties

is most strongly associated with differences in tree cover, fire activity, and rainfall15

properties.

5.4.1 RQ1: What is the magnitude of carbon fluxes, pools and

residence times in the miombo ecoregion?

Miombo woodlands are very productive. GPP in southern Africa totals 6.14 PgC/yr,

equivalent to 5 % of global terrestrial GPP, and ca. 20 % of that from savannahs (Beer20

et al., 2010). With a little over half of assimilated C returned to the atmosphere through

respiration, NPP in the study region was estimated as 2.93 PgC/yr, equivalent to around

15 % of global savannah NPP (Grace et al., 2006). On an aerial basis NPP averages
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Table 5.3: Net primary production and net ecosystem production estimates from a range of
African savannah ecosystems. Table based on Grace et al. (2006) and Ciais et al. (2011).

Source Region NPP (tC/ha/yr) NEP (tC/ha/yr)
This study southern Africa 6.41 (4.51 - 7.34) 0.36 (-0.17 - 1.18)
Scholes and Walker (1993) southern Africa 3.81 1.23
Hanan et al. (1998) West Africa 3.31 0.32
Chidumayo (2002) southern Africa 0.42
Veenendaal et al. (2004) southern Africa 0.12
Mordelet and Menaut (1995) Ivory Coast 6.4
Mordelet and Menaut (1995) Ivory Coast 8.1
Grace et al. (2006) Africa 5.8
Kinyamario and Macharia (1992) Kenya 6.1
Long et al. (1989) Kenya 6.2
Brümmer et al. (2008) West Africa 4.53
Archibald et al. (2009a)∗ southern Africa -0.25
Lehsten et al. (2009)∗ Africa 6.3
Kutsch and Merbold (unpublished)∗ southern Africa 8.1 0.05

∗ NPP obtained by N PP = 0.5× GPP

6.41 tC/ha/yr, a value which is broadly similar to estimates from a range of savannah

ecosystems across Africa (Table 5.3), and roughly half that of tropical rainforests

(Grace et al., 2001). Fire emissions of 0.51 PgC/yr are significant, accounting for

ca. 25 % of global fire emissions (van der Werf et al., 2010).

The C cycle of southern Africa is spatially heterogeneous, with important5

differences predicted in C allocation, pool sizes and residence times. This result

suggests that miombo woodlands cannot be readily be considered as a contiguous

region for upscaling of field observations or modelling purposes. For instance, carbon

use efficiency (GPP / NPP), which describes the capacity of vegetation to retain

atmospheric C in biomass, varied widely across southern Africa. Models of the10

terrestrial C cycle frequently consider this figure constant at around 50 % (Waring et

al., 1998), an approximation that may result in significant uncertainties to projections

of global change (DeLucia et al., 2007). In a similar manner, uniform C residence

times are often assigned to plant functional types in global C cycle models (Galbraith

et al., 2013). CARDAMOM predicts large differences to C residence times across15

the study region, which implies important biases may exist in many estimates of the
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Table 5.4: Comparison between preliminary African carbon balance estimates derived using
a range of methods in recent literature and UNFCCC national communication data. Positive
values denote a C sink, and negative values a C source. The range of values reported from this
study defines the 50 % confidence interval, and the error in valentini2014 defines ±1 standard
deviation of a calculation with a range of methods. Table based on Ciais et al. (2011).

Source NEP (PgC/yr) NBP (PgC/yr)
This study 0.36 (-0.17 - 1.18) -0.17 (-0.68 - 0.62)
Valentini et al. (2014) 2.10 0.61 ± 0.58
Bombelli et al. (2009), updated by Ciais et al. (2011) 0.69 0.07
Ciais et al. (2009) 0.28 0.15
Weber et al. (2009) 4.46 3.23
Williams et al. (2007) 0.98 0.4
UNFCCC 0.68 0.16

southern African C cycle (Friend et al., 2014).

5.4.2 RQ2: Is vegetation in south-central Africa a net source or sink

of carbon?

NEP in southern Africa averages 0.36 PgC/yr, indicating a large potential C sink in

miombo woodlands in the absence of fire. NEP was notably increased in areas subject5

to a high frequency of fires, which tend to cycle C fixed by vegetation rapidly back to

the atmosphere. NBP averaged -0.17 PgC/yr, suggesting that the miombo woodland

ecoregion is most likely to be acting as a weak net source of CO2 to the atmosphere.

The largest part of this land-atmosphere flux was the result of loss of living vegetation,

consistent with rapid deforestation and forest degradation in miombo woodlands (Ryan10

et al., 2012). Predictions of of NEP and NBP are are both broadly concordant with

pan-African estimates derived from models and measurements (Table 5.4). Though

the large uncertainty associated with our NBP predictions mean we cannot confirm

southern Africa as a net C source, in explicitly calculating confidence in model outputs

C cycle estimates from CARDAMOM are near-unique amongst present estimates of15

the African C balance.

The median C balance prediction for southern Africa is characterised by large
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areas acting as a source of C, with C emission greatest in Tanzania and Mozambique

where rates of deforestation are high (Hansen et al., 2013). Large parts of southern

Africa are characterised by little net change, such as Zimbabwe, Malawi, and

northern Tanzania, areas that are distinguished by being densely populated and heavily

cultivated. There are also several locations predicted to be acting as a net C sink,5

centred on areas adjacent to the Congo Basin in northern Angola, southern DRC

and western Tanzania. This is an interesting observation that may represent the

encroachment of forests into savannahs. Woody encroachment has previously been

reported into savannahs in central and southern Africa, an effect that has been attributed

to depopulation and management changes (Mitchard et al., 2009; Mitchard et al.,10

2011), and the effects of CO2 fertilisation on woody plants (Kgope et al., 2010;

Bond and Midgley, 2012). Uncertainties in net C fluxes from CARDAMOM are

considerable, with a large minority of retrieved parameter sets predicting a net sink of

C in the study region. We cannot therefore with confidence identify whether southern

Africa is a net source or sink of C.15

The largest uncertainties in CARDAMOM presently stem from the accuracy

and availability of C cycle observational data (Bloom et al., 2016). For instance,

measurements of woody biomass are only available for the latter part of the decade

modelled, offering little constraint on long-term woody C dynamics. It is anticipated

that the future availability of from the forthcoming ‘Biomass’ mission (Le Toan et al.,20

2011) and recently launched ALOS 2 satellite will reduce this uncertainty. There also

exists an important obstacle in estimates of ecosystem respiration flux, which in large

part results from decomposition of the poorly quantified Csom pool. Whilst presently

not well constrained by CARDAMOM, this uncertainty may be reduced in future by

satellite observations of atmospheric CO2 concentration (e.g. Crisp et al., 2004; Butz25

et al., 2011).
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5.4.3 RQ3: How do ecosystem functional properties vary across

the miombo woodland ecoregion, and what are its main

environmental drivers?

The dominant mode of variation in functional properties (PC1: 28.6 % of variation)

describes the transition from tree-less grasslands to closed-canopy forests. Regions5

with grassland vegetation are characterised by comparatively low productivity, large

allocation fractions to photosynthetic C, and rapid green-up and senescence of foliar

C. Tree-dominated vegetation is more productive, allocates a larger proportion of

C to woody biomass, and has slower leaf phenological cycles. This gradient was

most closely associated with observations of woody cover, which follows from high10

allocation and long residence times in woody C.

Distributions of savannah and forest vegetation structures in sub-Saharan Africa

are still widely debated, with climate, hydrology, soil, fire, herbivory, and human

management all likely to have some impact (Bond, 2008; Lehmann et al., 2011; Staver

et al., 2011; Murphy and Bowman, 2012). Our analysis identifies no further strong15

predictors of vegetation structure in southern Africa, even where woody cover was

excluded from the random forest analysis. This may reflect the non-deterministic

nature of savannah and forest distributions, where a range of vegetation structures can

co-occur under similar climatic and edaphic conditions (see Chapter 2). Alternatively

it may relate to the noise and uncertainty introduced to woody cover estimates by the20

model, diminishing the strength of established correlations with environmental data.

The second mode of functional variation (PC2: 17.6 % of variation) describes

differences in foliar properties, and litter and woody turnover rates. Foliar properties

cl f , clma, and D f al l together describe the trade-off between canopies with thick, long-

lived leaves that fall late in the year to those with thinner, short-lived leaves. The25

coincidence of high leaf mass per unit area (LMA) and long leaf lifespan represents
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an emergent parameter relationship in DALEC, and one that is consistent with

observations from plant trait databases (Kattge et al., 2011). The main divergences in

foliar traits are generally ascribed to a trade-off between stress-tolerant and competitive

plant strategies, where high LMA and long leaf lifespan indicate a slow return on

investment of C in a marginal environment (Wright et al., 2004). Stress-tolerant foliar5

traits were particularly apparent in dry climates and where rainfall is highly seasonal.

Low LMA and short-lived leaves were predicted in areas where fire is frequent, with

flush of C efficient leaves and grasses promoting ecosystem recovery from fire.

The third mode of functional variation (PC3: 9.9 % of variance) is associated

with canopy phenology, ranging from early leaf onset (Donset) to a later canopy green-10

up. Leaf onset begins in the Congo Basin, spreading southwards and eastwards.

Predictions of early leaf onset in the northern and western miombo ecoregion are

similar to the observations of Ryan (2009), where tree green-up is shown to spread

from west to east prior to the onset of of seasonal rains. Areas with early leaf

onset were associated with an increased GPP, indicating the importance of effective15

representation of canopy phenology in C cycle models.

The large differences in ecosystem functional properties predicted by

CARDAMOM raises questions about the extent to which miombo woodlands can be

considered as a single vegetation class for estimation of C cycling. This is of concern

where biome-specific parameters are used for upscaling C cycle estimates over large20

areas (e.g. Tables 5.3 and 5.4). Ecological patterns modelled by CARDAMOM show

little coherence with the large-scale vegetation maps of used in modelling studies (Fig.

5.8). Where land cover maps are a poor representation of the C cycle, using them for

upscaling of local-scale ecosystem measurements may result in significant biases to

predictions.25
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Globcover vegetation classes DALEC vegetation classes

Figure 5.8: Comparison of land cover types in the widely-used ESA GlobCover 2009 land
cover map and an analogous k-means classification of DALEC ecosystem functional traits.
Colours in GlobCover indicate mosaic cropland (orange), closed forest (dark green), open
forest (light green), shrubland (tan), and grassland (yellow). Colours in CARDAMOM
outputs are arbitrary, representing the closest spatial match to GlobCover data. The poor
correspondence between these maps suggests that the land cover maps that are widely used
for upscaling the C cycle may result in unreliable predictions.

5.5 Conclusions

In this study we used MDF to retrieve an estimate of the C cycle of southern Africa

with quantified uncertainty ranges. Model outputs indicate the importance of miombo

woodlands in the global C balance, and show substantial variation in C cycle properties

across southern Africa. Though uncertainties in predictions are presently large, MDF5

is one of few available techniques available to robustly quantify the C cycle where data

are limited. Spatial variation was noted in primary production, C allocation patterns,

and foliar and canopy traits, which are associated with differences in woody cover, fire,

and precipitation properties. C cycle dynamics correspond poorly to conventional land

cover maps, indicating they may be unsuited to upscaling measurements of C cycling10

in African savannahs.
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6.1 Thesis overview

The objective of this thesis was to improve our understanding of key uncertainties

in the carbon (C) cycle of the miombo woodland ecosystem of southern Africa. I

conducted investigations of:

i. The floristic and functional properties associated with diverse miombo woodland5

vegetation structures.

ii. Woody productivity and turnover, and the regulation of stem growth and mortality

in miombo woodlands.

iii. C emissions reductions resulting from introduction of an early burning fire regime

in miombo woodlands.10

iv. Estimation of the C balance of the miombo woodland ecoregion with a model-data

fusion framework.

Through the results of these studies, I aimed to advance understanding of the following

broad research questions:

1. What are the causes and consequences of structural heterogeneity in miombo15

woodlands?

2. What is the role of fire in miombo woodlands?

3. How can we most effectively resolve the C cycle of miombo woodlands?

In this chapter I summarise the main results of each of the 4 research chapters,

and review their application to the aims of this thesis. I will also identify key areas for20

further research arising from the outcomes of this work.
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6.2 What are the causes and consequences of structural

heterogeneity in miombo woodlands?

6.2.1 At landscape-scales

Vegetation in miombo woodlands is profoundly variable at landscape scales. In

Chapter 2 I identified differences in tree community composition across the structurally5

heterogeneous miombo woodland landscape of Kilwa District, Tanzania. Species

composition was correlated with differences in biotic and abiotic environmental

properties, and species communities expressed a range of divergent functional traits.

Floristic and functional variation was represented by three structurally-defined land

cover classes: ‘savannahs’, ‘woodlands’, and ‘forests’ (Fig. 6.1).10

Savannahs are areas of very low woody biomass, characterised by trees of the

species Acacia nilotica, Dalbergia melanoxylon, and Sclerocarya birrea. Savannahs

have sporadic tree cover, high grass biomass, and were subject to very frequent fires. A

particularly notable property of savannah areas was their low topographic prominence

and their commonly waterlogged soils. Species in open savannahs are geared for15

persistence in an adverse environment, with thick bark indicating defence against

fire, leaf morphology associated with drought resilience, efficient use of nutrients,

and specialised nutrient acquisition strategies. Together these suggest that areas of

open vegetation in miombo woodlands are marginal environments, most frequently

associated with seasonally flooded ‘dambos’ (von der Heyden, 2004; Woollen et al.,20

2012).

Woodlands have an intermediate woody biomass, and are dominated by the

characteristic miombo woodland species Brachystegia spiciformis, Julbernardia

globiflora and Pterocarpus angolensis . Relative to savannahs, woodlands have greater

tree cover, less grass biomass and a similar frequency of fires, and occur in well-25
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drained locations. Soil properties were generally similar between savannahs and

woodlands, with the exception of a lower soil pH and greater subsoil extractable P

in woodlands. Woodland vegetation was less adapted to nutrient-use efficiency and

drought resilience than savannahs, though showed similar adaptations to fire and for

nutrient acquisition. Water-use efficiency was significantly increased in woodlands,5

suggesting less abundant water resources or greater competition in woodland areas.

Woodlands likely represent less marginal environments than open savannahs, perhaps

as the result of their relative protection from seasonal inundation. Savannahs and

woodlands share a number of species and have many similar ecological properties,

likely representing a gradient of land cover.10

Forests are areas of high woody biomass, identifiable by the species Hymenaea

verrucosa, Hymenocardia ulmoides and Pteleopsis myrtifolia, which are very rare in

savannah and woodland vegetation types. Forests have a closed-canopy, a very limited

grassy understory, do not generally burn, and were dominant on the highest ground.

Soil pH is low and topsoil carbon and nitrogen are more abundant than in savannahs15

and woodlands. Forest vegetation showed low nutrient use efficiency, less investment

in fire resilience and nutrient acquisition, and low water use efficiency. Forests

represent a more benign environment with trees that are geared towards productivity

and competition over persistence. The distribution of forests in Kilwa District may

be related to orographic precipitation, remoteness from habitation, or simply occur20

randomly as an alternate stable-state to fire-prone savannah and woodland vegetation.

There is an urgent requirement for improved monitoring of African savannah

ecosystems such as miombo woodlands. Efficient representation of heterogeneous

landscapes with forest inventory plots will require effective strategies for landscape

stratification. The Kilwa permanent sample plot (PSP) network was established with25

the aid of optical remote sensing data classified into ‘savannah’, ‘woodland’ and

‘forest’ land cover classes (McNicol et al., 2012), though this initial classification
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was a poor match to the final vegetation types in Chapter 2. The strong correlation

between vegetation composition and aboveground woody biomass (AGB) provides a

useful means of landscape stratification in future, as AGB is readily measured by radar

backscatter data in miombo woodlands (Ryan et al., 2012).

Results from Chapter 2 suggest it should be a priority to retain a wide range of5

AGB in miombo woodland landscapes in order to maintain landscape (beta) diversity.

Effective management should therefore take into account the diversity of vegetation

form and it’s associated environmental context. For example, limiting the spread

of fire into coastal forest might be beneficial, as tree species are poorly adapted to

surviving frequent fires and a closed-canopy is required to exclude flammable C410

grasses. However, mismanagement of a fire-resilient savannah as a forest through

fire suppression could cause harm, with cascading ecosystem changes resulting in

a loss of beta diversity (Parr et al., 2012). The results of Chapter 2 also indicate a

degree of resilience to the distribution of vegetation types across the landscape. Where

vegetation form is determined by topographic position and hydrology, the impact of15

differences in landscape management such as early burning will be restricted.

There also exist important differences in the C cycle associated with landscape

vegetation heterogeneity, which are considered in Section 6.4.1.

6.2.2 At continental-scales

Divergences in miombo woodland functional properties were also identified across20

the African continent. In Chapter 5 I used the CARbon DAta MOdel fraMework

(CARDAMOM) to quantify terrestrial C cycle state and process variables in southern

Africa (Bloom et al., 2016). As well as a means to disaggregate the C cycle, parameter

sets retrieved by CARDAMOM reflect spatial variation in ecosystem functional traits.

CARDAMOM outputs identified three major trade-offs in ecosystem function, which25
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were associated with variation in tree cover, fire frequency, and precipitation patterns.

The largest differences in ecosystem functional properties were in the allocation

and residence time of C in the woody pool, describing the spectrum from grass-

dominated to tree-dominated ecosystems. This observation is analogous to the

differences in vegetation structure observed at landscape-scales, with vegetation forms5

running from open grasslands to closed-canopy forests. Vegetation structure was not

well predicted by environmental data, being only strongly associated with observations

of tree canopy cover. This result is not consistent with other studies, where fire and

rainfall have been found to be strong determinants of tree cover in Africa (e.g. Staver

et al., 2011; Lehmann et al., 2014), though the noise introduced by model-data fusion10

may act to obscure these signals.

Further differences in ecosystem function were prominent in foliar properties and

phenology. Tough and long-lived leaves were associated with drought, thin and short-

lived leaves with frequent fires, and the timing of leaf flush with the spread of rains

from the Congo Basin across southern Africa. The emergence of foliar trait variation15

in CARDAMOM is an interesting observation, with outputs showing similar patterns

to those in plant trait databases (e.g. Kattge et al., 2011), and in the measurements of

Chapter 2.

As presented in Chapter 5, the Data Assimilation Linked Ecosystem Carbon

(DALEC) model that underlies CARDAMOM is formulated for flexibility. This is20

helpful in representation of global ecosystem functional trait patterns, where data

inputs and computational power are limited (Bloom et al., 2016). Further evaluation

of ecosystem functional traits may be possible with altered model structures that better

represent savannah function. For example, the separation of DALEC’s foliar C pool

into trees and grasses may be used to answer questions about the factors leading to25

tree-grass co-existence, and incorporation of simple hydrological limitations to growth

and allocation patterns used to identify the importance of water supply on vegetation
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function at continental scales. Changes to the specification of DALEC are considered

in section 6.4.2.

6.3 What is the role of fire in miombo woodlands?

6.3.1 Measurement of fire

The effective measurement of fire regimes and their impacts on vegetation remains a5

limitation to understanding miombo woodland dynamics. In Chapter 4, I used a 10 year

time-series of burn scars identified in Landsat data to measure fire frequency in Kilwa

District. Resultant maps show fire to be pervasive, with an average return interval of 1.8

years. Compared to commonly used 500 m resolution burned area data from MODIS

(used in Chapter 5), Landsat data reveal fires to be more widespread than otherwise10

predicted (Fig. 6.2). It is likely that coarse-resolution MODIS data misses many

small and patchy fires, an important component of fire activity in human-dominated

miombo woodland landscapes (Randerson et al., 2012). The improved resolution

of Landsat data presently comes at the cost of a sparse time-series, with infrequent

satellite overpasses and cloud cover severely limiting observation opportunities. This15

deficiency in temporal resolution results in lower fire counts in most areas than MODIS

data, and uncertainty on determination of fire seasonality. The recent launches of

Landsat 8 (Roy et al., 2014) and Sentinel 2 (Drusch et al., 2012) should mitigate this

issue in future work.

Efforts to detect the impacts of individual fires on miombo woodland tree20

populations were largely unsuccessful. In Chapter 3 I investigated the status of 12,201

tree stems in the Kilwa PSP network following 2 years of fire activity monitoring.

There was no evidence of an association between stem top-kill and whether a plot

burned, a result which stands in stark contrast to observations from controlled fire
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experiments (e.g. Ryan and Williams, 2011). This is best interpreted a null result,

where fires were found to be so frequent in miombo woodlands that very few PSPs did

not burn over the monitoring period, and that PSPs that did not burn were unusual in

being nonflammable closed-canopy forest, heavily grazed, or topographically isolated.

Although there was little direct evidence of the impact of fire, models of mortality show5

that small stems are particularly vulnerable to top-kill, an observation consistent with

the smallest stems rarely surviving fire (Ryan and Williams, 2011). The ubiquity of fire

in savannahs presents a challenge to experimental design, where very large networks

of plots measured at high frequency will be required to generate the statistical power

to reliably quantify the impacts of an existing fire regime on tree populations. It is10

also likely such plots would have to be monitored over a long time period in order

to detect the infrequent extreme fires that may be an important control of vegetation

dynamics. As such intensive monitoring is unlikely to be forthcoming in the near

future, progress is more likely to be made through controlled fire experiments (e.g.

Hoffa et al., 1999; Ryan and Williams, 2011; Sow et al., 2013), and by linking these to15

landscape measurements of fire.

6.3.2 Modelling of fire

The use of process-based models is a promising approach to understanding of fire

dynamics in savannah ecosystems. In Chapter 4 I used the GapFire model to predict the

impacts of a range of fire regimes on miombo woodland AGB. The largest uncertainties20

in GapFire’s representation of fire is in the characterisation of fire intensity, a parameter

which is both difficult to measure and has a large impact on model predictions. GapFire

uses a simple measure of fire season (early/late) that defines fire intensity, though

in reality fire characteristics will vary spatially with fuel properties and temporally

with grass accumulation, fuel moisture, and time of day. More realistic descriptors25
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Figure 6.3: Predictions of fire seasonality using an application of the Rothermel model of
fire spread (Rothermel, 1972). Outputs are shown for Kilwa District over the period 2001-
2010 (grey lines), and mean average (red lines). Whilst such predictions are useful, little data
presently exists to parameterise and validate this model. See VCS (2015) for methodological
details.

of fire seasonality may be generated with fuel models, such as the Rothermel model

of fire spread (Rothermel, 1972) (Fig. 6.3), though without detailed information on

fuel structure and extensive validation data such predictions presently add little to the

quality of the representation of fire. Remote sensing data may also reduce uncertainty

in fire seasonality through direct measurement of active fire hotspots (Roberts et al.,5

2005; Wooster et al., 2005). As such measurements are presently only available at

coarse-scale or from infrequent satellite overpasses, it is not yet a viable solution to the

problem of determining fire intensity at landscape scales.

Fire activity is also represented in CARDAMOM (see Chapter 5), where estimates

of fire emissions from the Global Fire Emissions Database (GFED) (van der Werf10

et al., 2010) are removed from living and dead C pools on a monthly basis. By
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being calculated over very large areas, predictions of fire impacts by CARDAMOM

sidestep many of the limitations of GapFire; uncertainties resulting from burned

area estimates are reduced, and seasonal estimates of fire intensity from active fire

detections are more reliable. However, this is at the cost of a substantial simplification

to the mechanistic representation of fire, with combusted biomass removed as fixed-5

fractions from C pools, and mortality represented by a constant resilience factor of non-

combusted biomass. Inclusion of fire in biogeochemical models is still rudimentary,

with additional work on emissions data and vegetation impacts required for more

robust predictions.

6.3.3 Informing fire management and policy10

The sensitivity of woodland ecosystems to fire raises important questions about their

management, particularly where fire regimes are now largely anthropogenic in origin.

In Chapter 4 I described the development of a project proposing the (re)instatement

of a low severity fire regime in the miombo woodlands of Kilwa District (Fig. 6.4).

Analysis of burn scar data from Landsat and modelling with GapFire suggest that15

the present regime of frequent late season fires is resulting in the progressive loss of

AGB from Kilwa District. A reduction in fire severity through introduction of an

early burning fire regime was predicted to have the capacity to halt or reverse this

degradation, given that a substantial shift in fire seasonality is achieved.

The current frequency of fires observed in Kilwa District is not consistent with20

stability of woodland biomass, with the implication that the miombo woodlands of

Kilwa District are remnant from a more moderate fire regime than is currently present,

and that further loss of woody biomass is likely before woodlands reach an equilibrium

state. This is consistent with fire experiments (e.g. Trapnell, 1959; Furley et al.,

2008; Ryan and Williams, 2011), where fire regimes of the type observed in Kilwa25
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Figure 6.4: Trials of fire management in Kilwa District in Tanzania have aimed to implement
early burning as a management strategy to support woody biomass. The utility of this
management intervention is as yet unclear.

District result large losses of AGB. The idea that fire severity has increased and

is resulting in woodland degradation is further supported by new palaeoclimatology

data from Mozambique, where fire regimes of the relatively recent past were much

less severe than those now present (McWethy et al., 2016). However, there are

other possible interpretations of our inability to reconcile present-day woodlands with5

their fire-regimes. Trees may be more productive than we currently believe, though

this is not supported by chronosequence studies (Williams et al., 2008; McNicol et

al., 2015), or by the tree demographic measurements of Chapter 3. The leading

alternate hypothesis is therefore that uncertainty and bias in top-kill measurements

and estimates of fire intensity might be resulting in exaggerated rates of stem mortality10

in GapFire. Additional data from fire experiments will be necessary to further validate
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the predictions of GapFire.

Management of fire in savannahs is a controversial subject, with its ecological

value is questioned by a number of authors (Parr and Andersen, 2006; Archibald,

2011; Bradshaw et al., 2013). Savannahs are fire-adapted systems, and in most cases

require frequent fires to retain the characteristic co-existence between grasses and5

trees. We note that many critiques of fire management relate to drier ecosystems,

which may be expected to respond very differently to miombo woodlands where tree-

grass coexistence is contingent upon disturbance (Sankaran et al., 2005). Other authors

have considered the risk of woody thickening, a process whereby woody plants may

be encroaching on savannahs as the result of CO2 fertilisation (Bond and Archibald,10

2003; Wigley et al., 2010). Planned hot fires have been proposed as a means to slow

or reverse woody thickening (Parr et al., 2012; Smit et al., 2016). Though woody

thickening is not yet reported to be a widespread problem in miombo woodlands, it

is possible that future management priorities may make early burning an undesirable

activity. Both of these eventualities require ongoing monitoring, and the readiness to15

alter management strategies where conditions necessitate it.

There is no such thing as a savannah which does not burn, and given that fire

exclusion is anyway near-impossible, the only management choice for fire in savannahs

is between prescribed and non-prescribed fires. Estimates of the climate change

mitigation potential of early burning in Chapter 4 are fairly low under realistic early20

burning management projections, with emissions from land use change probably a

much larger and more urgent source of CO2 emissions (Houghton and Hackler, 2006).

Indeed, if agricultural conversion and expansion of livestock grazing leads to the

breakup of contiguous miombo woodland landscapes, fire frequency may dramatically

reduce in future and give way to problems associated with fire exclusion (Bistinas et al.,25

2013; Archibald, 2016). Further monitoring of small-scale fire management projects

such as that in Kilwa District should help to determine the value of early burning.
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6.4 How can we most effectively resolve the carbon

cycle of miombo woodlands?

6.4.1 Measuring the carbon cycle

Diverse vegetation structures are associated with significant differences in the miombo

woodland C cycle. In Chapter 3 I quantified rates of woody C cycling using repeat-5

measurements of trees in the Kilwa District PSP network. Woody production was

closely associated with woody biomass, with the savannah-forest transition coinciding

with increases in AGB increment through growth and loss of AGB through mortality.

Landscape heterogeneity is a challenge to bottom-up measurement of the C cycle,

leading to difficulty in upscaling and requiring effective monitoring across vegetation10

types. Whilst local-scale studies such as that in Kilwa District are useful, it is also

probable that large-scale differences exist in patterns of C cycling across the miombo

ecoregion. Similar studies in the Amazon and Congo Basin rainforests have combined

forest plot data over continental scales (Malhi et al., 2002; Lewis et al., 2009; Malhi,

2010), which has proven a powerful means of generating insight into the C cycle.15

I also investigated how rates of stem growth and mortality are influenced by

environmental variability. Stem damage has a large impact on growth and mortality

rates, suggesting that the top-down processes of fire and herbivory are important

regulators of the C cycle. No significant differences were observed with vegetation

structure, soil fertility, competition, or fire in determination of stem demographic rates20

(though see section 6.3.1). Stem demographic rates were poorly predicted by statistical

models, suggesting a limited deterministic component to stem growth and mortality.

Further monitoring of PSPs would be expected to better resolve these models, which

are presently limited by a very short re-inventory time. As effective modelling of

savannah vegetation is contingent upon knowledge of the processes that control its25
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dynamics, such efforts are of considerable value.

6.4.2 Modelling the carbon cycle

A long-term goal of savannah science is to create robust models of the C cycle in

miombo woodland ecosystems. In this thesis I have used two different approaches

to this problem: (i) GapFire: a dynamic model of miombo woodland biomass (see5

Chapter 4), and (ii) CARDAMOM: a simple box model and data assimilation system

that simulates C pools and the fluxes that connect them (see Chapter 5).

A particular strength of demographic models such as GapFire is in the explicit

representation of individual stem growth, mortality, and recruitment, which is

important where processes affect small trees differently to large trees. For instance,10

the impact of fires is dependent on both stem size and fire intensity, meaning the

simulation of individual stems is valuable for an accurate mechanistic representation

of fire. Demographic models such as GapFire show the potential to incorporate

other important drivers of miombo woodland dynamics such as stem damage and

tree harvesting, though presently available data are not well able to constrain these15

processes.

Through its simulation of large ensembles of small patches, GapFire is also

well-suited to encompassing the heterogeneity of miombo woodland structure. This

capacity may be furthered by simulating plant community variation (Bugmann, 2001;

Purves et al., 2008), such as through the ‘savannah’, ‘woodland’ and ‘forest’ functional20

types considered in Chapter 2. Such an effort will require data on the differential rates

of top-kill and photosynthetic capacity of these species. GapFire also has the potential

to represent community traits, such as simulating the grass-fire-canopy feedback where

fire is excluded from woodland patches with insufficient light for C4 grass growth.

Such a modification is currently limited by the identification of the most appropriate25
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scale for the canopy-grass feedback to be applied, and a poor understanding of how

fire is likely to spread between woodland ‘patches’.

The main strength of CARDAMOM for C cycle quantification is in its capacity

to make efficient use of data from archives of remote sensing data. Where the detailed

parameter information and driving data for models such as GapFire are scarce and5

require intensive monitoring and experimentation to determine, this is a considerable

advantage. The use of CARDAMOM comes at the cost of representing important

processes such as fire in a very coarse manner. A further concern is whether the

parameters that represent 0.25° grid cells account for the the variability we observe

at finer scales. As this heterogeneity is significant, its impact on model predictions is10

worth further exploration.

Uncertainties in CARDAMOM remain very large. For instance, the prediction

of southern Africa as a net C source of 0.17 PgC/yr is associated with a 50 %

confidence interval of -0.68 to 0.62 PgC/yr. Whilst limited by the availability

of C cycle observational data (Bloom et al., 2016), CARDAMOM is unusual in15

generating reliable estimates of parameter uncertainty, a useful property that aids

in the progressive reduction of uncertainty with new data sources and modelling

strategies. Over the long-term, reductions to uncertainty in CARDAMOM may come

from improved data constraints and new satellite sensors (e.g. Butz et al., 2011; Le

Toan et al., 2011), though in the near-term more straightforward alterations can be20

made to model specification. One development indicated as important by this work is

the separation of tree and grass foliar C pools, which have very different patterns of

phenology and productivity, and responses to fire. Ecological and dynamic constraints

(EDCs), which prevent the generation of ecologically inconsistent parameter sets in

CARDAMOM (Bloom and Williams, 2015), can then be used enforce the exclusivity25

of a flammable grass layer and a closed-canopy. Separation of foliar pools will require

an effective method of disaggregating tree and grass phenology in remote sensing
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observations, which at present remains challenging (see Ryan, 2009).

6.5 Concluding remarks

In this thesis I aimed to improve understanding of important processes determining

vegetation dynamics and quantify key aspects of the C cycle in southern Africa’s

miombo woodlands. This thesis has advanced our knowledge of patterns of vegetation5

heterogeneity in miombo woodlands at landscape and continental spatial scales, and

identified a number of environmental drivers of divergent vegetation structures. It has

also generated estimates of the miombo woodland C cycle from plot measurements

and models, and presented the C storage implications of changes to fire management.

From this work a number of questions were raised about how we can most effectively10

measure and model miombo woodlands, which will be important for predicting the

impacts of future climate change. It also highlighted the need for further observations

of C cycling from field experiments and remote sensing observations that effectively

take into account variation in vegetation pattern and processes.
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