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 Abstract 
 

Tropical forests and savanna ecosystems play a fundamental role in maintaining and supporting 

biological diversity and ecosystem services. Tropical ecosystems regulate climatic processes by 

actively sequestering atmospheric carbon into plant structures, a process known as net primary 

productivity (NPP). However, anthropogenic impacts are increasingly threatening long-term 

carbon stability across tropical regions. In this context, understanding how shifting climates and 

fire regimes affect productivity dynamics will allow for better management strategies that 

optimise climate mitigation and ecosystem conservation under global change. Focusing on 

Brazilian Cerrado savannas and Bornean dipterocarp rainforests and taking advantage of long-

term monitoring datasets, this thesis studies NPP responses to extreme climate events and altered 

fire regimes, investigating how these changes are influenced by plant functional traits. This 

objective was addressed in three data chapters. In Chapter 3 (Research Paper 1), I investigate 

how annual, biennial and triennial fires influence different productivity and respiration fluxes 

within Cerrado savannas. Individual fluxes were then scaled up to ecosystem-level impacts on 

productivity and plant carbon expenditure. Repeatedly burning Cerrado vegetation limits woody 

encroachment and reduces NPP, carbon use efficiency and carbon uptake. Overall, more intense 

fires had stronger impacts on productivity. In Chapter 4 (Research Paper 2), I focused on woody 

stem productivity dynamics of Cerrado vegetation in more detail, using tree inventory and 

functional trait data to reveal that generalist species dominate ecosystem NPP under fire 

suppression, but are replaced by savanna specialists after burning. After intense fires, bark 

protection and light-adapted photosynthesis maintain woody stem productivity. In Chapter 5 

(Research Paper 3), I sought to explore whether productivity-stressor-trait interactions remain 

comparable across ecosystems and drivers of change, investigating stem NPP responses to long-

term climate variation in lowland dipterocarp forests. Extremes of temperature and drought 

constrained productivity in old-growth forests. In the logged forest, faster photosynthetic rates 

and higher concentrations of foliar nitrogen were associated with more productive species that 

were more sensitive to heat and drought extremes. This thesis shows that the productivity of 

lowland dipterocarp rainforests and Cerrado savannas is strongly influenced by changing climate 

and fire regimes. In both ecosystems, traits associated with stress tolerance and resource 

acquisition play an important role in supporting NPP dynamics in a context of global change. 

Photosynthetic rates are identified as useful predictors of NPP across environmental contexts, and 

periodic burning and enrichment planting are revealed to be efficient strategies for restoring 

carbon cycling and ecosystem functioning in savannas and forests, respectively.  
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 Resumo 
 

As florestas e as savanas desempenham um papel fundamental no suporte da biodiversidade e dos 

serviços ecossistêmicos. Esses ecossistemas tropicais regulam as mudanças climáticas ao absorver 

carbono atmosférico em estruturas vegetais, um processo conhecido como produtividade primária 

líquida (PPL). No entanto, a estabilidade do carbono em ecossistemas tropicais está cada vez mais 

ameaçada. Nesse contexto, uma melhor compreensão dos impactos das mudanças do clima e dos 

regimes de fogo na produtividade vegetal permitirá desenvolver melhores estratégias de manejo 

capazes de otimizar a mitigação climática e a conservação dos ecossistemas. Com foco nas 

savanas do Cerrado brasileiro e nas florestas de dipterocarpos de Bornéu, e utilizando dados de 

monitoramento de longo prazo, esta tese investiga como a PPL responde aos eventos climáticos 

extremos e a mudanças na frequência de queimas. Também analisamos como essas respostas são 

influenciadas pelos traços funcionais das plantas. Esse objetivo foi abordado em três capítulos. 

No Capítulo 3 (Artigo 1), investigamos como queimas anuais, bienais e trienais influenciam 

diferentes fluxos de produtividade e respiração nas savanas do Cerrado. Esses fluxos foram então 

utilizados para calcular impactos ao nível do ecossistema. A ocorrência repetida de fogo limita a 

expansão de espécies lenhosas e reduz a PPL total, a respiração, e a eficiência do uso do carbono. 

Queimas mais intensas apresentaram impactos mais fortes sobre a dinâmica de produtividade. No 

Capítulo 4 (Artigo 2), aprofundamos na análise da PPL lenhosa de árvores do Cerrado, utilizando 

dados de inventário florestal e traços funcionais. Os resultados mostram que espécies generalistas 

dominam a PPL do ecossistema sob supressão do fogo, mas são substituídas por espécies de 

savana após as queimas. Após fogos mais intensos, uma maior proteção de casca e uma 

fotossíntese adaptada à grande luminosidade ajudam a manter a produtividade arbórea. No 

Capítulo 5 (Artigo 3), investigamos se as interações entre produtividade e traços funcionais são 

comparáveis em diferentes ecossistemas, analisando como a PPL lenhosa em florestas de 

dipterocarpos responde a mudanças no clima. Extremos de temperatura e seca limitaram a 

produtividade em florestas primárias. Em florestas exploradas, maiores taxas fotossintéticas e 

maiores concentrações de nitrogênio foliar estiveram associadas a espécies mais produtivas, 

porém mais sensíveis a extremos de calor e seca. Esta tese demonstra que a produtividade de 

florestas e savanas tropicais é fortemente influenciada por mudanças climáticas e regimes de fogo. 

Em ambos os ecossistemas, traços associados à tolerância ao estresse e à aquisição de recursos 

desempenham um papel importante na sustentação da PPL, sendo as taxas fotossintéticas 

preditoras da PPL em diferentes contextos ambientais. Em suma, o uso controlado do fogo e o 

plantio de mudas são apontados como estratégias eficazes para restaurar o ciclo do carbono e o 

funcionamento dos ecossistemas em savanas e florestas, respectivamente. 
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 Abstrak 
 

Hutan tropika dan ekosistem savana memainkan peranan asas dalam mengekalkan dan menyokong 

kepelbagaian biologi serta perkhidmatan ekosistem. Ekosistem tropika mengawal proses iklim dengan 

menyerap karbon atmosfera ke dalam struktur tumbuhan secara aktif, suatu proses yang dikenali 

sebagai produktiviti primer bersih (NPP). Walau bagaimanapun, impak antropogenik semakin 

mengancam kestabilan karbon jangka panjang di kawasan tropika. Dalam konteks ini, pemahaman 

perubahan iklim dan rejim kebakaran mempengaruhi dinamik produktiviti akan membolehkan strategi 

pengurusan yang lebih baik untuk mitigasi iklim dan pemuliharaan ekosistem yang optimal untuk 

menghadapi ancaman perubahan iklim. Dengan memberi tumpuan kepada savana Cerrado di Brazil 

dan hutan hujan dipterokarpa di Borneo, serta mengguna data pemantauan jangka panjang, tesis ini 

mengkaji tindak balas NPP terhadap kejadian iklim ekstrem dan perubahan rejim kebakaran, serta 

meneliti bagaimana perubahan ini dipengaruhi oleh ciri-ciri fungsi tumbuhan. Objektif ini dicapai 

melalui tiga bab berasaskan data. Dalam Bab 3 (Kertas Penyelidikan 1), saya mengkaji bagaimana 

kebakaran tahunan, dwitahunan dan tiga tahunan mempengaruhi pelbagai aliran produktiviti dan 

respirasi dalam savana Cerrado. Aliran individu ini kemudiannya diskala kepada peringkat ekosistem 

untuk mengkaji kesan terhadap produktiviti dan perbelanjaan karbon tumbuhan. Pembakaran berulang 

terhadap vegetasi Cerrado mengehadkan pencerobohan tumbuhan berkayu serta mengurangkan NPP, 

kecekapan penggunaan karbon dan penyerapan karbon. Secara keseluruhan, kebakaran yang lebih 

intensif memberi kesan yang lebih tinggi terhadap dinamik produktiviti. Dalam Bab 4 (Kertas 

Penyelidikan 2), saya memberi tumpuan terperinci kepada dinamik produktiviti batang berkayu 

dalam vegetasi Cerrado, dengan menggunakan data inventori pokok dan ciri fungsi tumbuhan. 

Hasilnya menunjukkan bahawa spesies generalis mendominasi NPP ekosistem apabila kebakaran 

dihadkan, tetapi digantikan oleh spesies khusus savana selepas pembakaran. Selepas kebakaran yang 

intensif, perlindungan kulit batang dan fotosintesis yang disesuaikan dengan cahaya membantu 

mengekalkan produktiviti batang berkayu. Dalam Bab 5 (Kertas Penyelidikan 3), saya meneroka 

sama ada interaksi antara produktiviti, tekanan persekitaran dan ciri tumbuhan adalah konsisten 

merentasi ekosistem dan pemacu perubahan, dengan mengkaji tindak balas NPP terhadap variasi iklim 

jangka panjang dalam hutan dipterokarpa tanah rendah. Suhu ekstrem dan kemarau mengehadkan 

produktiviti di hutan tua. Dalam hutan yang telah dibalak, kadar fotosintesis yang lebih tinggi dan 

kepekatan nitrogen daun yang lebih tinggi dikaitkan dengan spesies yang lebih produktif tetapi lebih 

sensitif terhadap tekanan haba dan kemarau. Tesis ini menunjukkan bahawa produktiviti hutan hujan 

dipterokarpa tanah rendah dan savana Cerrado sangat dipengaruhi oleh perubahan iklim dan rejim 

kebakaran. Dalam kedua-dua ekosistem, ciri-ciri yang berkaitan dengan toleransi tekanan dan 

pemerolehan sumber memainkan peranan penting dalam menyokong dinamik NPP dalam konteks 

perubahan global. Kadar fotosintesis dikenal pasti sebagai peramal berguna bagi NPP merentasi 

pelbagai konteks persekitaran, manakala pembakaran berkala dan penanaman pengayaan dikenal pasti 

sebagai strategi yang berkesan untuk memulihkan kitaran karbon dan fungsi ekosistem masing-masing 

di savana dan hutan. 
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 Chapter 1: Introduction 

 

1.1. Thesis rationale 

 

1.1.1. Tropical forests and savannas in a changing world 

 

Tropical forests and savanna ecosystems play a fundamental role in the functioning of the Earth 

system. They are reservoirs of huge biological diversity, containing more than 75% of taxa such 

as terrestrial birds and mammals, amphibians, freshwater fish and flowering plants (Barlow et al., 

2018). Beyond taxonomic richness, tropical ecosystems hold extensive functional and 

phylogenetic diversity which supports ecosystem processes and contributes to the maintenance 

of ecological functioning under environmental change (Silver et al., 1996; Aguirre‐Gutiérrez et 

al., 2022). The tropics are also important with regard to human habitation, since approximately 

40% of the world’s population is located in tropical areas (Marcotullio et al., 2021). In terms of 

Nature’s contribution to people, tropical systems can be framed as sources of key ecosystem 

services, not just for tropical communities and nations – which are disproportionately vulnerable 

in socioeconomic terms – but also for the entire global population (van der Hoff et al., 2022; 

Aguirre-Gutiérrez et al., 2023). Tropical ecosystems support livelihoods by providing food and 

marketable products (Woollen et al., 2016; Cuni-Sanchez et al., 2019) and by sustaining 

agriculture, fisheries, and nature-based markets, as well as holding cultural, spiritual, and 

relational significance for indigenous and local communities (Ryan et al., 2016; Reed et al., 

2017). In addition, tropical ecosystems deliver key regulating services – such as pollination, water 

cycling and soil stabilisation – that underpin food security and maintain regional and global 

economies (Hipólito et al., 2019; Rodrigues et al., 2021; Borma et al., 2022).  
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Tropical forests and savannas also have a central role in the global carbon cycle. By actively 

sequestering atmospheric carbon dioxide, these ecosystems control atmospheric concentrations 

of greenhouse gases and regulate global circulation and climatic processes (Pan et al., 2011). 

Together, tropical forests and savannas account for ~60% of global gross primary productivity 

(GPP), that is, the total rate at which ecosystems sequester carbon via photosynthesis (Beer et al., 

2010). Tropical forests and savannas each contribute to about one-third of terrestrial net primary 

productivity (NPP), describing the net rate of ecosystem carbon gain after discounting for losses 

via respiration (Malhi, 2012; Parr et al., 2014). Tropical forests store ~25% of the carbon in the 

terrestrial biosphere (Bonan, 2008; Baccini et al., 2012), whilst savannas maintain ~15% of 

biospheric carbon (Grace et al., 2006; Parr et al., 2014). Despite broad similarities, important 

differences in carbon cycling distinguish tropical forests and savannas. In savannas, frequent fire 

constitutes a major pathway of carbon release to the atmosphere, reducing the overall carbon sink 

strength (Grace et al., 2006; van der Werf et al., 2017). Whereas carbon in tropical forests is 

predominantly found in aboveground biomass, savanna carbon stocks are disproportionately 

allocated to belowground pools, particularly soils (Malhi, 2012; Zhou et al., 2023). These patterns 

reflect differences in the ecological processes and functional mechanisms that structure carbon 

allocation and turnover in forests and savannas, shaping how carbon is stored, cycled, and retained 

within each system (Oliveras & Malhi, 2016). 

 

 

 
 

Figure 1.1, global map of tropical wet forests, savannas and dry forests. Reprinted from Current 
Biology, Vol. 28, Pennington RT, Lehmann CER, Rowland LM, Tropical savannas and dry 
forests, pp. R541–R545 (https://doi.org/10.1016/j.cub.2018.03.014), Copyright (2018) with 
permission from Elsevier.  

https://doi.org/10.1016/j.cub.2018.03.014
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Tropical forests and savannas differ fundamentally in terms of structure, disturbance regimes and 

plant functional strategies. Tropical forests can be classified into wet and dry forest types. 

Tropical wet forests generally occur where precipitation is greater than ~2000 mm annually, with 

little to moderate dry seasons, and are characterised by tall, closed evergreen canopies (Guan et 

al., 2015). Canopy structure in wet forests is typically complex and multi-layered, with emergent 

trees, a continuous upper canopy, sub-canopy layers, and a shaded understory (Gallery, 2014). 

Productivity is high, and ecological dynamics are driven by competition for light and nutrient 

resources, as well as biotic interactions such as herbivory and predation (Gallery, 2014). In 

contrast, tropical dry forests occur in regions with lower annual precipitation (typically 500-2000 

mm) and pronounced dry seasons lasting several months (Pennington et al., 2018). These systems 

are characterised by shorter, sparser canopies and a high proportion of deciduous species that shed 

leaves during the dry season (Pennington et al., 2009). Water availability is the primary limiting 

factor, strongly constraining tree growth and shaping plant functional strategies (Murphy & Lugo, 

1986). Tropical forests are structured by patch-scale disruptions (e.g., treefall gaps) and infrequent 

disturbances such as storms, and drought-induced mortality (Hunter et al., 2015; Siyum, 2020). 

Because closed canopies in wet and dry forests suppress grass growth, fire is typically rare, 

meaning wet and dry forests are considered to be sensitive to burning (Dexter et al., 2018). 

 

Savannas, by comparison, are defined by a continuous C4 grass layer combined with a 

discontinuous tree layer, with tree densities ranging from fully open landscapes with sparse 

individuals to relatively dense woodlands (Lehmann & Parr, 2016). They support high diversity 

in the herbaceous layer, which often dominates ecosystem productivity and drives seasonal 

changes (Ratnam et al., 2011). Savannas are strongly influenced by frequent disturbances, 

particularly fire and/or herbivory, which limit tree cover and maintain an open landscape structure 

(Bond, 2021; Hoffmann et al., 2003). Ecological dynamics are characterised by strong grass-tree 

interactions and functional trade-offs, where allocation to growth, defence, and resprouting 

capacity determines persistence (Sankaran et al., 2005; Bond, 2008; Simon & Pennington, 2012). 

Fires in savannas are frequent and burnt area is extensive (Parr et al., 2014). Although biomass 
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burning in savannas accounts for a substantial proportion of fire-derived carbon emissions (above 

60% globally according to van der Werf et al., 2017), rapid post-fire regrowth sustains carbon 

uptake and allows for a quick recovery of ecosystem productivity (Grace et al., 2006). In recent 

years, however, global patterns of burnt area are becoming increasingly variable, with extreme 

periods of flammability and emission anomalies across savanna regions (Kelley et al., 2025). 

 

Broadly, tropical forests and savannas are distinguished at the (sub)continental scale as distinct 

biomes (Figure 1.1), that is, major vegetation formations with characteristic physical forms and 

ecological processes (Prentice et al., 1992). Historically, climate has been used to delimit biomes 

usually in terms of mean annual precipitation, seasonality and temperature (e.g., Holdridge, 1947; 

Whittaker, 1970). However, biomes are now understood as large-scale ecological units emerging 

from the interaction of climate, disturbance regimes, evolutionary history and biotic feedbacks 

(Mucina, 2019). In regions where climatic conditions allow for the existence of both forest and 

savanna ecosystems, factors such as fire regimes and soil properties play a critical role in shaping 

ecological filtering and vegetation structure (Pausas & Bond, 2020). Extensive areas of humid C4 

savannas in South America and Africa have the climate potential to support closed-canopy forests, 

but are maintained as open systems by recurrent fire (Lehmann et al., 2014). Soil fertility may 

also determine the distribution of dry forests, typically found on less acidic soils than savannas, 

where higher nutrient availability supports tree growth and canopy closure, suppressing grasses 

and fire occurrence (Pennington et al., 2018). Together, these patterns highlight the critical role 

of ecosystem processes and vegetation feedbacks in maintaining structure and function in tropical 

ecosystems (Zuidema et al., 2013). However, environmental change is altering key ecological 

mechanisms and interactions, having far-reaching consequences for the stability, resilience, and 

long-term persistence of both forests and savannas (Edwards et al., 2019; Williams et al., 2022). 

 

Anthropogenic impacts on tropical ecosystems are now pervasive and widespread at many scales, 

caused by a multitude of interacting drivers ranging from direct processes such as land clearance 

or timber harvesting to indirect ones like climatic changes and altered fire regimes (Malhi et al., 
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2014; França et al., 2020). The dynamics of deforestation and land conversion have been an 

important research focus given the critical importance of maintaining tropical ecosystem function. 

Amazonian annual deforestation rates have remained above 5,000 km2 over the last decade and 

annual degradation rates from fire, fragmentation and timber extraction have been estimated to 

reach even higher levels (Lapola et al., 2023). In Borneo, an estimated 18.7 million hectares 

(34%) of rainforest cover have been cleared between 1973 and 2015 (Gaveau et al., 2016); whilst 

native vegetation clearance of the Brazilian Cerrado has accelerated to alarming rates and 

accounts for more than 46% of the region (Bispo et al., 2024). It is important to highlight the 

multifaceted consequences of land conversion and degradation, leading not just to direct impacts 

in terms of carbon and biodiversity but also having the potential to reinforce change through 

climatic and fire feedbacks (Figure 1.2). For example, the pronounced (8-11%) reductions in 

annual precipitation in the southern Amazon basin can be primarily attributed to widespread 

deforestation over South America (Cui et al., 2026). Similarly, Chapman et al. (2020) showed 

conversion of Bornean forests to oil palm and plantations would result in a drier, warmer climate 

(4.6% less dry season rainfall, 0.39ºC temperature increase), exacerbating fire risk and El Niño 

intensity. In the Cerrado, temperatures have increased by 2-4ºC between the 1960s and the 2020s, 

and annual rainfall in some regions has decreased by 50% (Hofmann et al., 2021; Hofmann et al., 

2023), with recent drought and fire seasons being unprecedented in the last 700 years (Stríkis et 

al., 2024). Shifts in climatic conditions and associated fire regimes are reshaping tropical forest 

and savanna systems, amplifying vulnerability and threatening long-term function and stability 

(França et al., 2020; Hantson et al., 2024). 

 

1.1.2. Impacts of climate change and altered fire regimes on tropical 

          forests and savannas: a key research priority 

 

Tropical ecosystems globally are already facing altered climate and fire regime patterns; and 

extreme temperatures, droughts and fire events are expected to become more intense and 
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increasingly common (Deb et al., 2018; Figure 1.2). For example, Kahana et al. (2024) predicted 

precipitation will decline over most parts of Brazil by 2100, with a drier Amazonia experiencing 

less frequent but higher intensity rainfall events. In Malaysia, Loh et al. (2016) projected 

temperature increments of about 2-4ºC for different development scenarios, with increasing 

rainfall variability and a 20-40% decrease of rainfall during the dry season. Singo et al. (2023) 

predicted widespread temperature rises (between 4.5°C and 6°C) and monthly rainfall reductions 

(-20 mm) across South African savannas, whilst vapour pressure deficit (VPD) in the Cerrado is 

projected to surge by 30% and 60% under low and high emissions scenarios respectively by the 

end of the century (Cattelan et al., 2024). Under high-emission scenarios, large areas of tropical 

ecosystems are expected to shift to hot ‘hypertropical’ climates, that is, beyond temperature and 

humidity conditions currently recognised as equatorial climate (Chambers et al., 2026). 

 

Climate change is also associated with critical shifts in fire regimes (Burton et al., 2024). Longer 

dry seasons and more extreme droughts and heatwaves are contributing to increasing fire size, 

intensity and frequency across tropical regions (Flannigan et al., 2013; Jolly et al., 2015). Human 

activities are similarly linked with increases in the flammability and number of ignitions, but also 

with landscape fragmentation, fuel discontinuity and fire suppression (Andela & van der Werf, 

2014; Archibald, 2016). Brando et al. (2020) showed Amazonian fire regimes will intensify under 

low- and high-emission scenarios, and revealed climate change will double the area burned by 

wildfires by 2050. González et al. (2025) forecasted fire risks in Orinoco savannas could increase 

by 40% under low-mitigation scenarios. Fire events are predicted to become more frequent, 

severe and extensive in all biomes globally (except in grassland ecosystems) and the likelihood 

of fire regime change will increase with higher warming scenarios, leading to reductions in 

biodiversity, carbon storage, and other ecosystem services (Sayedi et al., 2024). Savanna regions 

worldwide are expected to continue experiencing widespread fire suppression (Moura et al., 

2019). Because savannas are open ecosystems structured by frequent disturbance, altered fire 

regimes in the form of fire absence are also disrupting ecological processes and degrading savanna 

structure and function (Stevens et al., 2017). 
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Climate change and altered fire regimes are already affecting plant performance worldwide, 

primarily by constraining survival and regeneration (McDowell et al., 2018). Hotter conditions 

and more frequent droughts limit the resources and conditions needed for sustained functioning 

and biomass accumulation (Rifai et al., 2018). Low water availability and heat stress restrict 

photosynthetic activity, impair canopy development, shorten growing periods and reduce overall 

growth rates, and can ultimately lead to tissue dieback, topkill and plant death (Teskey et al., 

2015). Fire also impacts plant growth and survival through direct combustion and heat damage to 

tissues, as well as increasing post-fire stress and vulnerability to drought, pests, and other 

disturbances (Brando et al., 2012; for more details on the impacts of extreme climate and fire on 

ecosystems see Chapter 2). It is important to note that although heat, drought, and fire stress are 

in principle harmful to plant tissue and functioning, they are integral parts of all ecosystems to 

varying degrees (Bond & Keeley, 2005; Allen et al., 2010). This means that ecosystems are 

generally adapted to extreme weather and fire events within their typical frequency, intensity, and 

extent (Seidl et al., 2017; Grau-Andrés et al., 2024). It is when climate and fire regime conditions 

deviate from these historical patterns that vegetation is driven beyond its natural capacity for 

recovery and resilience (Moss et al., 2024; Lindenmayer et al., 2025). 

 

 
 
 

Figure 1.2, deforestation and surface warming across the tropics. A) percentage-point change in 
forest cover from 2001 to 2020. B) absolute change in annual mean land surface temperature (ΔT 
ºC) between the 2001–2003 mean and the 2018–2020 mean. Reproduced from Reddington et al., 
2025, Tropical deforestation is associated with considerable heat-related mortality, Nature Climate 
Change, Vol. 15, pp. 992–999 (https://doi.org/10.1038/s41558-025-02411-0), under a Creative 
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
Please note panel C from the original image was cropped out of the figure. 

https://doi.org/10.1038/s41558-025-02411-0
http://creativecommons.org/licenses/by/4.0/
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As a result, lower rates of growth and survival reduce net primary productivity, thereby decreasing 

biomass accumulation (Bonal et al., 2016). At larger scales, this diminishes carbon uptake and 

storage in vegetation and soils (Anderegg et al., 2012). Reduced productivity, combined with 

increases in carbon emissions from fire and decomposition from dead stems, can shift ecosystems 

from functioning as carbon sinks to becoming intermittent or persistent carbon sources (Bonal et 

al., 2016). More intense warming, drying, and burning could therefore further reduce productivity 

and carbon storage in tropical forests and savannas through a self-reinforcing carbon feedback 

(Flores & Staal, 2022). 

 

The impacts of climate and fire regime changes on the carbon dynamics and storage capacity of 

forest and savanna ecosystems are thus critically important, but still poorly understood (Hantson 

et al., 2024). Major uncertainties concern how repeated droughts, heatwaves, and altered fire 

regimes reshape productivity over the long term through their effects on vegetation structure and 

recovery dynamics (Grau-Andrés et al., 2024; Moss et al., 2024). While individual climate events 

or fires can cause immediate reductions in growth and survival, it remains unclear whether these 

impacts are transient or instead lead to persistent declines in productivity by altering vegetation 

structure and shifting species composition (Ohlert et al., 2025; Sanchez-Martinez et al., 2025; 

Singh et al., 2023). At the same time, productivity responses are spatially heterogeneous and 

strongly context dependent, varying with local climate, ecosystem organisation, and disturbance 

history, making it difficult to scale plot-level observations to landscape, regional, or pan-tropical 

estimates (Rodal et al., 2025). Although forests and savannas differ in terms of ecological 

dynamics and trait adaptations, both biomes exhibit productivity changes mediated by plant 

strategies and shifts in functional composition, raising questions about the extent to which similar 

mechanisms govern resilience and long-term carbon balance across these systems (Aleixo et al., 

2019; Paudel et al., 2025). 

 

Climate- and fire-related impacts on tropical forests and savannas should also be considered 

alongside other drivers of ecosystem functioning and environmental change. Soil nutrient 
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availability, land-use history and rising atmospheric CO2 all influence ecosystem productivity and 

mediate the ability of ecosystems to resist and recover from the impacts of drought, heat, and fire 

in complex ways (Malhi et al., 2014). Although these factors are not directly analysed in this 

thesis, they provide important context for interpreting variation in ecosystem responses to fire and 

extreme climate. It is therefore important to recognise that altered climate and fire regimes 

represent only part of a broader set of drivers of long-term productivity dynamics. 

 

For example, soil characteristics are one of the main drivers influencing the distribution, structure 

and productivity of forests and savannas worldwide (Pennington et al., 2018; Cunha et al., 2022), 

playing a key role in complex feedback processes (e.g., as a result of herbivory, Staver et al., 

2017; and across vegetation types, Lacerda et al., 2025) that determine vegetation growth 

responses to fire and extreme climate (da Silva & Batalha, 2008; Manu et al., 2024; Coetsee et 

al., 2010). Logging, grazing, land abandonment and devegetation also impact tropical forests and 

savannas by degrading biodiversity, altering ecosystem structure and reinforcing climate, fire and 

nutrient changes (Gaveau et al., 2014; Yusuf et al., 2015; Segura-García et al., 2025). In turn, 

increasing atmospheric levels of CO₂ may enhance plant water-use efficiency, potentially 

allowing for faster biomass growth and resistance to drought in tropical forests (Fleischer et al., 

2019), whilst encouraging C3 tree growth and encroachment over C4 vegetation across savanna 

regions (Bond & Midgley, 2012). However, these ecological effects are interactive and complex, 

shaping biomass carbon growth through ecological processes and limitations (van der Sleen et 

al., 2015). Responses in productivity and biomass are further influenced by the biogeographical 

contexts of forests and savannas. For example, Bornean forests differ from other rainforest sites 

in being dominated by large dipterocarp trees, which are sensitive to disturbance and regenerate 

poorly (Slik et al., 2008). In comparison, productivity and recovery in Cerrado savannas are 

strongly shaped by bark protection and belowground persistence traits (Dantas & Pausas, 2013). 

 

Together, these uncertainties limit our ability to determine whether climate and fire regime 

changes will result in temporary fluctuations in productivity or sustained reductions in ecosystem 
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carbon uptake (Grau-Andrés et al., 2024; Moss et al., 2024). Addressing climate- and fire-related 

impacts on forests and savannas will improve our interpretation of plot- and landscape-scale 

observations of growth, mortality, and recovery, and will help clarify how patterns in vegetation 

structure and functional composition translate to changes in productivity (Clark, 2007). At 

broader scales, it will enable more robust regional and biome-wide estimates of biomass growth 

and carbon storage, contributing to climate budgets and Earth-system model predictions (Bonan 

& Doney, 2018). Understanding productivity responses to altered climate and fire regimes will 

also help inform effective climate adaptation and mitigation strategies in tropical regions, where 

carbon sequestration and storage are central to climate regulation efforts (Anderegg et al., 2020). 

 

1.2. Thesis aims and research framework 

 

The overarching aim of this thesis is to identify and compare productivity responses to altered 

climate and fire regimes, and investigate how these changes are influenced by plant strategies 

and functional traits. This thesis aims to separately investigate the impact of altered climate and 

fire regimes on tropical ecosystem productivity by focusing on two ecosystem case studies: 

Cerrado savannas and lowland dipterocarp rainforests. The research presented here is thus 

integrated within larger scientific projects, which provide the opportunity to take advantage of 

long-term experimental datasets and collaborative networks to assess productivity responses 

across tropical systems. In the three data analysis chapters (Research Papers 1 to 3), I combine 

existing datasets on carbon fluxes and tree inventories with newly collected measurements to 

quantify changes in net primary productivity at ecosystem and stem levels (Figure 1.3). I 

investigate the effects of fire regime shifts on Cerrado savannas and extreme climate on lowland 

dipterocarp rainforests, and evaluate how functional traits shape productivity and survival 

responses across tree species. I use a similar analysis approach that accommodates different 

methodologies and dataset structures to identify mechanisms explaining impacts of disturbance. 

Specifically, within each of my data analysis chapters, I focus on the following research aims:  
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1. The main aim of Chapter 3 (Research Paper 1) is to investigate carbon flux dynamics of 

Cerrado savannas within experimental fire regimes of different burning frequencies, and 

was addressed through the following objectives: 

 

1.1. To quantify the main carbon fluxes within Cerrado savanna, illustrating flux seasonal 

changes and trends over time where sampling intensity and temporal replication allow. 

 

1.2. To determine how the cumulative effects of annual, biennial, and triennial experimental 

fire frequencies have influenced the main carbon fluxes of Cerrado savanna by 

comparing estimates in burnt plots against estimates in fire exclusion plots. 

 

1.3. To provide estimates of ecosystem total carbon budget metrics for Cerrado savanna that 

has been subjected to fire suppression and compare them to metrics for plots that have 

experienced annual, biennial, and triennial burns. 

 

2. The main aim of Chapter 4 (Research Paper 2) is to assess the impacts of changing fire 

regimes on woody productivity and survival of Cerrado savanna trees – both the continued 

exclusion of fire and the reintroduction of periodic burning at different frequencies, and 

was addressed through the following objectives: 

 

2.1. To evaluate differences in species contributions to total stem productivity and mortality 

at the plot scale, comparing patterns across fire regimes of different frequencies. 

 

2.2. To assess if experimental fire regimes influenced the average stem productivity and 

survival rates, focusing on patterns of temporal change across 16 dominant tree species. 

 

2.3. To investigate if variations in leaf, bark, wood and photosynthetic plant functional traits 

explain patterns in species-level stem productivity and survival of dominant tree species. 
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3. The main aim of Chapter 5 (Research Paper 3) is to investigate if extreme climate has 

consistently influenced stem productivity and survival of seedlings planted in lowland 

dipterocarp rainforests, comparing productivity and survival dynamics in an old-growth 

and a logged forest site, and was addressed through the following objectives: 

 

3.1. To compare stem productivity and survival dynamics of seedlings planted at old-growth 

and logged forest sites, considering the potential effects of logging on forest regeneration. 

 

3.2. To investigate how extreme climate associated with heat and drought stress affects the 

stem productivity and survival of seedlings planted at old-growth and logged forest sites. 

 

3.3. To explore whether plant functional traits explain patterns of vulnerability in seedling 

stem productivity and survival to extreme climate at both forest sites. 

 

1.3. Thesis structure 

 

This thesis is presented in accordance with the requirements for the degree of Doctor of Philosophy 

in Biology at the University of Oxford, and follows the integrated, article-based format. The thesis 

is organised into 6 chapters. This chapter (Chapter 1) introduces the thesis rationale and sets out 

the overarching research aim, as well as the specific objectives formulated within each of the data 

analysis chapters. Chapter 2 contextualises this thesis by providing background knowledge and 

identifying the research gaps that motivate the research questions that are addressed. It reviews 

the impacts of climate change and altered fire regimes on plants and ecosystems, introduces 

Cerrado savannas and lowland dipterocarp rainforests as study systems, and outlines how plant 

strategies can be used to identify common productivity responses across locations and stressors. 

 

The main body of the thesis (Chapters 3 to 5) consists of three data chapters corresponding to 

original scientific articles published in or submitted to peer-reviewed journals: 
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• Chapter 3 (Research Paper 1) is titled ‘The effect of fire on the carbon fluxes and 

productivity of Brazilian woodland savannas’. In this paper, I investigate carbon 

flux dynamics within woodland Cerrado savannas making use of a prescribed fire 

experiment at Serra das Araras, Brazil. I present estimates of ecosystem-level carbon 

budgets, and reveal how annual, biennial and triennial fires influence productivity 

and respiration fluxes corresponding to different ecosystem components (stems, 

leaves, roots, herbs and soil). This chapter provides a broader overview of the impacts 

of different fire frequencies on individual fluxes, which are then scaled up to estimate 

ecosystem-level impacts on plant carbon expenditure and carbon-use efficiency. This 

chapter has been published as an original research article in the journal Science of 

the Total Environment: https://doi.org/10.1016/j.scitotenv.2025.179626.  

 

• Chapter 4 (Research Paper 2) is titled ‘Bark protection and light-adapted 

photosynthesis influence woody productivity of Cerrado trees in changing fire 

regimes’. Varying trends of change across different ecosystem-level carbon fluxes 

reveal the need for in-depth analyses of fine-scale patterns behind long-term flux 

changes. For that reason, in this second paper, I investigate woody stem productivity 

dynamics of Cerrado vegetation in more detail, aiming to understand the mechanisms 

behind long-term changes across different fire frequencies. I used tree inventory and 

functional traits data from Serra das Araras to determine i) how different species 

contribute to community-scale stem productivity and how this changes with fire; ii) 

how different fire frequencies affect the average stem productivity and survival of 

dominant species; and iii) how changes in average stem productivity and survival are 

influenced by functional traits. This chapter has been published as an original research 

article in the journal Annals of Botany: https://doi.org/10.1093/aob/mcag115. 

 

https://doi.org/10.1016/j.scitotenv.2025.179626
https://doi.org/10.1093/aob/mcag115
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• Chapter 5 (Research Paper 3) is titled ‘Extreme heat and drought influence 

seedling productivity in tropical forests: insights from two decades of intensive 

growth and survival monitoring’. Building on my previous chapters, I sought to 

explore whether productivity-stressor-trait interactions remain comparable across 

other ecosystems and drivers of change. I continue focusing on stem productivity and 

survival responses, but my work shifts to study the effects of long-term climate 

variation on tree dynamics in lowland dipterocarp forests in Borneo, comparing old-

growth and logged forests. I assess if extremes in temperature, precipitation, vapour 

pressure deficit, and cumulative water deficit affected productivity and survival over 

a period of over two decades, and then explore if species-level responses are 

associated with key functional traits. This chapter will be submitted to the journal 

Global Change Biology after submission of the thesis. 

 

Chapter 6 concludes this thesis by presenting a synthesis of the results and discussing the 

implications of the research findings. It addresses common patterns in productivity responses 

across the case study ecosystems and outlines key divergences, limitations and complementarities. 

Finally, it points to future research avenues and outstanding questions identified by the thesis.  

 

 

 
 

Figure 1.3, schematic diagram describing each of the data analysis chapters integrated in this 
thesis (Research Papers 1 to 3) and their respective case study ecosystem, location, stressor and 
methodological approach. 

Paper I Paper II Paper III
Ecosystem
Location

Cerrado woodland savanna 
Serra das Araras, Brazil

Cerrado woodland savanna 
Serra das Araras, Brazil

Lowland dipterocarp rainforest
Danum Valley, Malaysia 

Driver of change
Driver approach

Altered fire regimes
Experimental burns 

Altered fire regimes
Experimental burns 

Climate change
Climate fluctuations

NPP scale
Comparisons

Ecosystem-wide
(stems, leaves, roots, herbs, soil)

Woody stems
(16 dominant species)

Woody stems
(16 planted species)

NPP approach
Methodology

Intensive carbon monitoring
RAINFOR-GEM Protocol

Monitoring all woody stems
Community-scale censuses

Monitoring planted seedlings
Cohort-level censuses
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 Chapter 2: Research Background 

 

In this chapter, I review key scientific topics and ecological themes providing information and 

context to support the research undertaken as part of this thesis. I elaborate on the state of 

knowledge concerning ecosystem responses to altered fire regimes and climate change. I give a 

brief overview of the importance of investigating responses in terms of primary productivity, and 

outline the main methodologies used to quantify NPP. I describe the concept of plant strategies 

and plant functional traits, and propose ways in which they can help us understand responses to 

altered climate and fire regimes in a more mechanistic way. Finally, I introduce Cerrado savannas 

and lowland dipterocarp rainforests, describe the ecological characteristics and conservation 

status of these regions, and briefly describe the relevance of the locations of study. 

 

2.1. On the impacts of extreme climate on tropical ecosystems  

 

The frequency and intensity of heatwaves and droughts are increasing across tropical regions, 

with potential for profound consequences for plant demography and ecosystem productivity (Xu 

et al., 2019). Drought and heat are biological stressors that impose critical physiological limits on 

plant function (Burgess, 2024). At the leaf scale, high temperatures disrupt leaf physiology by 

impairing metabolic stability and altering water balances, whilst drought conditions reduce leaf 

water availability leading to turgor loss, limited plant water transport and reduced photosynthesis 

(Sato et al., 2024). Balancing leaf and photosynthetic function in the face of dehydration and heat 

is therefore a fundamental trade-off allowing for continued carbon uptake. Temperature and water 

stress reduce carbon gain, meaning that continued exposure to heat and drought can limit plant 

fitness and growth (Corlett, 2016). Plant biomass is built primarily from assimilated carbon, and 

declines in carbon gain directly constrain the supply of carbohydrates available for growth and 

maintenance (Bonal et al., 2016). As carbon assimilation approaches respiratory demand, a 

greater proportion of fixed carbon may be used to sustain basic metabolism rather than to support 
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new tissue production (Crous et al., 2022). Over time, this shift reduces stem and root growth, 

canopy development, and energy storage reserves, limiting overall biomass accumulation and 

diminishing the capacity of plants to compete and recover from stress (Teskey et al., 2015).  

 

Extreme climate events are already affecting tropical forest net primary production and woody 

growth (Figure 2.1). Using dendrometer growth measurements from across the tropics, Rifai et 

al. (2018) found that changes in forest woody growth are best predicted by anomalies in vapour 

pressure deficit, water deficit and shortwave radiation, and that El Niño events caused pronounced 

declines in global tropical forest stem growth (-8.3% in 1997/1998, and -9% in 2015/2016), with 

particularly large impacts in Amazonia. This pattern is consistent with long-term changes in forest 

biomass. For example, Bauman, Fortunel, Cernusak et al. (2022) used 50 years of plot survey 

data to show that increases in atmospheric evaporative demand and solar radiation consistently 

reduced tree growth across the Australian wet tropics. In terms of the geographical distribution 

of climate impacts, Zuidema et al. (2022) describe how pantropical dry-season growth responses 

are amplified in regions that are drier, hotter and more climatically variable, indicating that global 

warming will aggravate drought-induced declines in tropical vegetation productivity. Although 

in a more recent publication, Zuidema et al. (2025) reveal that drought currently exerts moderate 

effects on tree growth, they also confirm climate impacts are expected to become progressively 

more severe under increasing aridity, diminishing the strength of the terrestrial carbon sink.  

 

Persistent reductions in carbon gain due to heat and drought can eventually lead to plant death 

through carbon starvation (McDowell et al., 2008). Another mechanism explaining tree mortality 

under extreme climate is the hydraulic-failure hypothesis, describing how reduced water 

availability leads to cavitation in xylem conduits, reducing water transport and causing cell 

desiccation and tissue death (Martı́nez-Vilalta et al., 2002). Empirical studies have demonstrated 

that vulnerability to embolism strongly predicts mortality of tropical trees in the face of climatic 

stress, revealing hydraulic safety as the dominant mechanism influencing survival and biomass 

dynamics in tropical forests (Anderegg et al., 2016; Tavares et al., 2023; Tavares et al., 2026). 
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Intense droughts and heatwaves have therefore become key drivers of tree mortality across 

tropical forest ecosystems (Powers et al., 2020). In Sabah, Malaysian Borneo, extreme climate 

associated with El Niño events has been shown to impair tree growth and survival across 

elevations and vegetation types, increasing seedling mortality rates by more than three times 

(Nakagawa et al., 2000; Bebber et al., 2004; Miyamoto et al., 2021). In tropical moist forests in 

Panama, community-wide seedling mortality increased by 11% during the extreme 2015-2016 El 

Niño (Browne et al., 2021). Seven years of long-term throughfall exclusion at Caxiuanã, 

Amazonia, doubled mortality rates compared to the control plots (da Costa et al., 2010), although 

after 20 years, mortality and plant biomass stabilised, demonstrating forest resilience through 

ecosystem reorganisation (Sanchez-Martinez et al., 2025). Using almost 50 years of growth data, 

Bauman, Fortunel, Delhaye et al. (2022) showed that higher atmospheric water stress consistently 

increased tree mortality rates in Australian rainforests. After collating tree survey data from more 

than 100 monitoring plots across Southeast Asia and the Americas, Phillips et al. (2010) showed 

that stem mortality of trees increased with the intensity of moisture stress during drought intervals, 

indicating forest biomass sensitivity to drying climate may be widespread across tropical regions.  

 

 

 

Figure 2.1, pantropical forest maps of predicted woody stem productivity (NPPstem) anomalies 
during the extreme El Niño events of 1997-1998 and 2015-2016. Units are expressed in MgC ha-

1 year-1. Reproduced from Rifai et al. (2018), ENSO Drives interannual variation of forest woody 
growth across the tropics, Philosophical Transactions of the Royal Society B, Vol. 373(1760), 
20170410 (https://doi.org/10.1098/rstb.2017.0410), with permission from The Royal Society. 

https://doi.org/10.1098/rstb.2017.0410
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Altered climatic conditions drive changes in growth and mortality that scale up to influence 

ecosystem biomass accumulation. Extreme episodes of combined heat and drought in tropical 

forests are thus particularly concerning due to significant impacts on carbon storage and 

greenhouse gas emissions (Barlow et al., 2020; Berenguer et al., 2021). In Southeast Asia, 

biomass accumulation and carbon sequestration are periodically suppressed by extreme drought 

during ENSO events (Qie et al., 2017; Kondo et al., 2018). Furthermore, during the 2015/2016 

El Niño, unprecedented temperatures and rainfall deficits caused a 36% reduction in net carbon 

uptake within African forests (Bennett et al., 2021), and reversed the carbon sink capacity of the 

Amazon forest region (Bennett et al., 2023). 

 

More extreme climates are also expected to substantially alter plant demography and ecosystem 

productivity in tropical savannas (Sankaran, 2019). For example, Pillay & Ward (2022) found 

that water availability limited grass production and savanna sapling growth. Fensham et al. (2009) 

describe how an overall increase in tree cover over five decades of above-average rainfall in 

Australian savannas was offset by sudden tree death after an extreme drought. Gnanamoorthy et 

al. (2026) demonstrated that woody savanna vegetation in Yunnan, China, declined for 3 years 

after a period of extreme heat and water stress, with disproportionate decreases in shrub 

abundance. Structural changes caused sustained reductions in evapotranspiration, although gross 

primary production recovered in the years after drought. Zanella de Arruda et al. (2016) reveal 

that net ecosystem exchange in campo sujo savannas in Brazil responded rapidly to temporal 

variations in soil water availability, becoming a net source of CO2 during dry periods. 

 

However, in tropical savannas, drought and heatwave impacts on plant performance are not only 

predicted by tolerance to heat and water stress. Drought-temperature dynamics in open landscape 

vegetation are instead influenced by many factors including tolerance-avoidance trade-offs, 

neighbourhood effects, herbivory and competition (Sankaran, 2019). Carbon depletion is thought 

to play a more prominent role in driving mortality risk in savannas compared to tropical forests, 

because savanna plants depend heavily on stored carbon reserves to support recovery following 
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fire, herbivory and seasonal drought (Case et al., 2019). Global change impacts in savannas are 

also difficult to monitor and measure. Although structure is considered a reliable indicator of 

forest ecosystem decline (Gao et al., 2020), savannas differ from forests in that structural loss 

does not necessarily imply functional or compositional degradation (Veldman, 2016). 

 

Ecosystem responses in tropical savannas are further complicated by complex interactions 

between the two main vegetation layers – trees and grasses – which respond differently to 

environmental and biotic changes (Sankaran, 2019). For example, Wigley et al. (2024) found that 

although rising CO₂ concentrations may favour trees, increasing variability in dry season length 

could give grasses a greater relative advantage, as they are able to exploit moisture availability 

more efficiently. In turn, Pillay & Ward (2022) demonstrated that experimental warming had a 

positive effect on tree sapling growth but not on grass biomass. Furthermore, in savanna systems, 

vegetation dynamics are shaped by fire regimes, which are inherently linked to heat and drought 

through the dependence of fire behaviour on weather conditions. In the long term, climate 

conditions influence fuel loads, whilst shorter-term variations in temperature and moisture 

determine flammability and fire severity (Alvarado et al., 2020). Fire intensity and spread are 

strongly mediated by heat and drought, making it extremely challenging to isolate the independent 

effects of fire from those of climate extremes (Cardoso et al., 2022).  

 

Understanding how climate influences fire regime attributes and coexistence between trees and 

grasses will be essential for accurately predicting and scaling savanna carbon responses to global 

change (Accatino et al., 2010; Staver, 2018). Across the entire tropics, current knowledge of long-

term productivity responses to climatic changes is limited because studies investigating the 

impacts of droughts and heatwaves have largely focused on single events or on relatively short-

term treatments (Bonal et al., 2016). In the current context, studies that evaluate the consistency 

of responses to repeated droughts and heatwaves, or the cumulative effects of long-term 

interventions, could provide valuable insight on the interactive mechanisms structuring ecosystem 

responses to altered climate (Metcalfe et al., 2010; Müller & Bahn, 2022; Cera et al., 2025).  
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2.2. On tropical ecosystem responses to altered fire regimes 

 

Fire is also considered to be another major driver of ecological degradation in tropical ecosystems, 

particularly in tropical forests (Malhi et al., 2014). Tropical forest systems have evolved in the 

context of relative fire absence, and are therefore fire vulnerable (Figure 2.2), as species have 

few adaptations to resist burning (Brando et al., 2012). Fire can cause extreme tree mortality 

affecting forest structure and composition (Barlow et al., 2003; Armenteras et al., 2021). Even 

low-intensity understory fires can kill a high proportion of the tree community (Slik, Breman et 

al., 2010; Balch et al., 2015). Barlow & Peres (2006) found that post-fire mortality of small trees 

reached 42% in Amazonian forests, and Barlow et al. (2003) demonstrated that 3 years after fire, 

live stem density and biomass were 52% and 49% of those found in the unburnt forest 

respectively. In rainforests in Indonesian Borneo, Slik et al. (2008) found that aboveground 

biomass decreased between 40 and 92% 1.5 years after fire, with highest relative biomass losses 

in small diameter classes. Across tropical forests, fires can contribute to similar rates of 

biodiversity loss as deforestation, and significantly compromise key biophysical processes 

including evapotranspiration and biomass accumulation (Lapola et al., 2023).  

 

Impacts of fire on tropical forests are further amplified by changing climate, as heat and drought 

associated with extreme weather events increase fire severity and impair plant recovery 

(McDowell et al., 2018). Extreme weather increases forest flammability due to reduced air and 

vegetation moisture (Ray et al., 2010) and increased fuel accumulation from litterfall and 

mortality (Ray et al., 2005), meaning that fires occurring during drought years tend to be larger 

and more intense, with a disproportionate effect on mortality (Alencar et al., 2015). For example, 

Brando et al. (2014) revealed that experimental burning in Southern Amazonian forests during 

drought years abruptly increased fire-induced tree mortality by 226% and 462%. After a drought 
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in East Kalimantan, Borneo, van Nieuwstadt & Sheil (2005) found that stem mortality in burnt 

dipterocarp forests reached ~80%, compared to ~26% in the unburnt forest.  

 

However, fire can also play an important role in maintaining plant function and ecosystem 

dynamics in fire-adapted systems such as savannas (Higgins et al., 2000; Figure 2.2). Fire-

tolerant plant species possess trait adaptations that allow rapid resprouting following fire, and are 

able to take advantage of increased light availability and reduced competition (Gomes et al., 

2021). Fire can also trigger reproductive responses such as germination and flowering, aligning 

recruitment with periods of favourable resource availability (Fidelis & Zirondi, 2021). In the 

context of fire-dependent ecosystems, it is changes in fire regime attributes that drive plants 

beyond ecophysiological and performance thresholds. For example, more frequent fires shorten 

the interval available for recovery between disturbance events, depleting carbohydrate reserves, 

limiting resprouting capacity and reducing stem growth and canopy development over time 

(Fairman et al., 2019; Mndela et al., 2023). Frequent fire may also prevent individuals from 

reaching reproductive maturity, lowering propagule production and recruitment (Plumanns-

Pouton et al., 2024). Conversely, extended intervals without fire can promote canopy closure and 

fuel accumulation, limiting photosynthesis, growth and recruitment, as well as increasing the 

likelihood of more intense fires (Chiminazzo et al., 2025). More intense fires – often associated 

with increasingly extreme climatic conditions – have greater impacts on plant structure, 

increasing the extent of scorching, combustion, and heat injury (Grau-Andrés et al., 2024). 

 

Many studies have used distinct seasonal burns as experimental proxies to approximate variation 

in temperature, fuel moisture, and fire intensity, in an attempt to understand climate and fire 

behaviour influences on vegetation (Rissi et al., 2017). For example, in Guinean savannas, spread 

and intensity of mid-season and late-season fires were significantly greater than those of early-

season burns (N’Dri et al., 2018). In Kruger National Park, South Africa, fire season had a 

significant effect on fire intensity, with very intense winter fires being associated with reductions 

in grass fuel moisture (Govender et al., 2006). Savannas may face increasingly severe ecological 
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impacts as climate change and human ignitions shift fire occurrence towards periods of extreme 

heat and drought, with important impacts on vegetation dynamics (Croker et al., 2023). 

 

Longer dry seasons and more extreme climates are indeed contributing to an increase in wildfire 

intensity and frequency across savannas worldwide (Jones et al., 2022). Additionally, human 

activities promote flammability and increase the number of ignitions (Flannigan et al., 2013; Jolly 

et al., 2015). Changing fire regimes can profoundly affect the fitness and persistence of savanna 

plant species and communities by influencing population dynamics and vital rates (Hoffmann et 

al., 2002; Section 2.1), which in turn shape ecosystem-level responses in terms of structure and 

function (Le Stradic et al., 2018). Previous studies have shown that burning savannas at different 

frequencies and intensities significantly affects plant growth and survival (e.g., Rodrigues & 

Fidelis, 2022; Fontenele & Miranda, 2024) as well as primary production and carbon cycling 

(e.g., Teixeira et al., 2025). Scaling up individual- and species-level responses to understand and 

predict shifts in ecosystem structure and function remains one of the key challenges in deciphering 

the consequences of changing fire regimes in tropical savannas (Grau-Andrés et al., 2024). 

 

Fire regimes in savannas are also changing as a result of landscape fragmentation, fuel 

discontinuity and fire suppression (Archibald, 2016), and the burnt area of savannas globally has 

actually declined over the last decades (Andela et al., 2017; Jones et al., 2022). Because fire is a 

crucial factor maintaining open canopies and preventing tree growth (Oliveras & Malhi, 2016; 

Pausas & Bond, 2020), reduced burnt area and fire occurrence have contributed to extensive 

woody encroachment and fuel buildup (Stevens et al., 2017). Unlike forests, tropical savannas 

are functionally maintained by fire regimes, where natural or traditional burns are required to 

promote vegetation regeneration, sustain nutrient cycles, support biodiversity and maintain 

ecosystem structure (Pivello, 2011; Staver et al., 2011; Figure 2.2). Decreasing fire frequency 

and occurrence allows for increased tree establishment and the eventual shift towards higher-

biomass woody vegetation, which can be associated with acute losses in savanna species richness 

and ecosystem services (Abreu et al., 2017; Skhosana et al., 2025).  
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Figure 2.2, comparison of fire regime changes in tropical forests and savannas. In savannas, 
periodic fires maintain biodiversity and ecological processes, but anthropogenic burning increases 
fire frequency and intensity, killing young trees and reducing aboveground biomass. Fire 
exclusion also leads to degradation via tree encroachment, impacting biodiversity and ecosystem 
processes. In wet forests, natural fires are almost absent, but recurrent fires open up and degrade 
the forest, reducing biomass, biodiversity and ecosystem function. Reproduced with permission 
from Pivello et al. (2021). This article (https://doi.org/10.1016/j.pecon.2021.06.005) was 
published in Perspectives in Ecology and Conservation, Volume 19, Issue 3, pages 233-255. 
Copyright Elsevier (Associação Brasileira de Ciência Ecológica e Conservação) 2021. 
 
 
 
 
2.3. On productivity as a key indicator of ecosystem function 

 

Changes in growth and mortality as a result of altered climate and fire regimes scale up to impact 

the functioning of tropical forests and savannas at the ecosystem scale (Anderegg et al., 2016). 

Plant growth rates determine biomass accumulation in plant structures. Consequently, extreme 

climate or fire events that reduce photosynthesis, increase autotrophic respiration and limit plant 

performance can have a strong impact on ecosystem carbon (Corlett, 2016). Additionally, tree 

mortality leads to reduced biomass due to the loss of growing stems; given that carbon 

accumulation in tropical forests is closely linked to tree basal area (Brienen et al., 2015). Mortality 

also reduces biomass accumulation as carbon in dead stems is lost to soils and atmosphere via 

plant matter decomposition (Anderegg et al., 2016). In this context, quantifying growth and 

https://doi.org/10.1016/j.pecon.2021.06.005
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mortality as carbon fluxes allows us to investigate vegetation dynamics within a common 

currency of energy flow and ecosystem function. Characterising ecosystem carbon fluxes also 

provides a clearer framework for understanding interactions among vegetation, soils, and the 

atmosphere, and for interpreting the processes that regulate carbon storage within the broader 

carbon cycle (Malhi, 2012).  

 

In the broadest of terms, ecosystem carbon fluxes include gross primary productivity (GPP) and 

net primary productivity (NPP). GPP is the total uptake of carbon by an ecosystem through 

photosynthesis (Malhi et al., 2009). It is an important metric that accounts for the total carbon 

allocation of ecosystems into growth or metabolic activities (Litton et al., 2007). Overall, plant 

carbon uptake (GPP) can be allocated into tissue growth and metabolism. NPP describes the net 

ecosystem carbon gained by plants and accrued into vegetation (Girardin et al., 2010). In other 

words, NPP represents plant growth in terms of biomass. Photosynthetic carbon (GPP) is invested 

into biomass (NPP) but is also allocated to plant metabolism for growth and maintenance, and 

lost to the atmosphere in terms of autotrophic respiration (Rautotrophic; Malhi et al., 2021). The ratio 

of net primary productivity (NPP) to gross primary productivity (GPP) is defined as carbon use 

efficiency (CUE) and describes how efficiently organisms or ecosystems convert assimilated 

carbon into biomass rather than respiring it back to the atmosphere (Doughty et al., 2018). 

Biomass storage in plant structures is not indefinite, however, and structural carbon is transformed 

into atmospheric CO2 by organisms that consume organic tissues (Rheterotrophic, Malhi, 2012). In 

terrestrial ecosystems, Rheterotrophic is dominated by microbial decomposition of dead plant material, 

leaf litter, dead roots and soil organic matter (Malhi & Grace, 2000). The difference between GPP 

and total ecosystem respiration (Rautotrophic + Rheterotrophic) is defined as net ecosystem production 

(NEP), and represents the net rate of carbon accumulation in an ecosystem (Malhi et al., 2015). 

Positive NEP indicates the ecosystem is storing carbon and functioning as a carbon sink, whilst 

negative NEP means the ecosystem is acting as a source of atmospheric carbon (Malhi et al., 

2009). These processes are all expressed as rates of carbon flux per unit land area over time, 

typically in units of megagrams of carbon per hectare per year (MgC ha⁻¹ year⁻¹; Figure 2.3). 
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Ecosystem carbon fluxes can be measured using the eddy covariance method, which quantifies 

the movement of carbon dioxide between an ecosystem and the atmosphere (Malhi et al., 1998). 

Eddy covariance provides continuous measurements of net ecosystem exchange (NEE) and 

allows ecosystems to be assessed as carbon sinks or sources over time. Gross primary productivity 

(GPP) and total ecosystem respiration (Reco) can then be derived from NEE measured by eddy 

covariance (Campioli et al., 2016). In theory, NEP should be equivalent to the net ecosystem 

exchange, where negative NEE indicates net carbon uptake (Clark et al., 2001). However, eddy 

covariance is costly, and only provides a top-down measure of ecosystem carbon fluxes (Malhi 

et al., 2021). Instead, productivity and respiration fluxes can be estimated using a bottom-up 

approach, in this case, by measuring the carbon fluxes associated with individual ecosystem 

components: canopy and leaves, stems or wood, roots, and soils (Moore et al., 2018). Carbon flux 

measurements from different ecosystem components can then be summed up to estimate total 

ecosystem productivity, respiration, and carbon balance (Malhi, 2012). Because ecosystem 

components are linked to different physiological processes, environmental variables and 

ecological constraints, quantifying carbon fluxes also helps us identify how altered climate and 

fire regimes are driving changes in tropical carbon cycling (Poorter et al., 2012).  

 

Changes in climate and fire regime conditions have complex effects on NPP across ecosystem 

components. For example, over the first 4 years of the Caxiuanã Amazon drought experiment, 

reduced soil moisture led to a small decline in total litterfall (12%), but a very strong decline in 

reproductive litterfall (54%), as litterfall patterns de-coupled from seasonal climate variables 

(Rowland et al., 2018). However, after 10 years of drought treatment, flowering, fruiting and 

litterfall-climate relationships re-stabilised. At the ecosystem scale, rainfall exclusion slightly 

reduced total NPP, but increased autotrophic respiration despite recovery of tree growth (da Costa 

et al., 2010). Alternatively, 21-year monitoring of aboveground NPP within a Costa Rican 

rainforest revealed that woody production declined in years with warmer nights and hotter dry 

seasons, but NPPlitterfall was related with CO2 and radiation (Clark et al., 2021). Similarly, Hofhansl 
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et al. (2014) found that NPPstem decreased significantly in response to increasing temperatures 

during El Niño, reducing ecosystem carbon uptake, but subsequently recovering during La Niña. 

In Xishuangbanna, Southwest China, precipitation had a positive influence on NPP of both stems 

and leaves, and periods of low rainfall strongly regulated the productivity of tropical seasonal 

rainforests (Linger et al., 2020). In savannas, previous studies have demonstrated that fire impacts 

ecosystem carbon uptake through direct emissions, as well as via reduced productivity of stems 

and canopies (Beringer et al., 2007). Murphy et al. (2010) estimated that post-fire reductions in 

tree growth across North Australian savannas reduce woody NPP by 0.19 MgC ha-1 year-1 (0.51 

MgC ha-1 year-1 in the case of severe fires) compared to overall NPP of 1 to 2 MgC ha-1 year-1.  

 

 
 

Figure 2.3, example of the full carbon cycle for a tropical forest in Caxiuanã, Brazil. GPP, gross 
primary productivity; Rtotal, total ecosystem respiration; RAut, autotrophic respiration; RHet, 
heterotrophic respiration; NPPTotal, total net primary productivity; NPPAg, above-ground NPP; 
NPPBg, below-ground NPP; NPPcanopy, canopy NPP; NPPleaf, leaf NPP; NPPrep, reproductive NPP; 
NPPtwigs, twig NPP; NPPVOC, volatile organic compound NPP; NPPbranch turnover, branch turnover 
NPP; NPPstem, above-ground stem wood NPP; NPPcoarse roots, coarse root NPP; NPPfine roots, fine root 
NPP; Dfine litterfall, canopy litterfall; DCWD, woody mortality; DRoot, fine root detritus; FDOC, outflow 
of dissolved organic carbon; Rsoil het, soil heterotrophic respiration; Rroots, root respiration; RCWD, 
coarse woody debris respiration; Rsoil, soil respiration; Rstem, above-ground woody respiration; 
Rleaf, leaf dark respiration. All fluxes are in MgC ha−1 year−1. Reproduced from Malhi Y (2012), 
The productivity, metabolism and carbon cycle of tropical forest vegetation, Journal of Ecology, 
Vol. 100(1), pp. 65-75 (https://doi.org/10.1111/j.1365-2745.2011.01916.x), with permission from 
John Wiley & Sons (on behalf of the British Ecological Society). 

https://doi.org/10.1111/j.1365-2745.2011.01916.x
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Patterns of NPP allocation can also shift in response to environmental conditions, resource 

availability and plant stress (Girardin et al., 2010). For example, across tropical regions, logging 

and forest disturbance have been shown to shift NPP patterns towards increased allocation into 

stem biomass development, although responses in net ecosystem balances vary depending on 

respiration and mortality changes (Riutta et al., 2018; Mills et al., 2023; Makelele et al., 2026). 

Plants can also use a greater proportion of NPP in growing fine roots to increase access to soil 

resources, whilst allocating more carbon to leaf production and canopy expansion for improved 

light capture (Malhi et al., 2011). To cope with drought conditions, plants can allocate a greater 

proportion of NPP to root systems to enhance water uptake, while reducing investment in leaves 

to limit water loss through transpiration (Yaffar et al., 2024). Fire disturbances also alter 

allocation patterns, for example, in terms of rapid resprouting and regrowth, which allows for a 

quicker recovery of photosynthetic capacity after fire (Pausas et al., 2016). In ecosystems with 

frequent fires, plants can also invest in belowground productivity, allowing for structures such as 

roots or storage organs to support post-fire regeneration (Zhou, 2023).  

 

Our understanding of primary productivity in tropical forests has improved over recent decades 

thanks to the development of monitoring networks and standard measurement approaches 

(Phillips, 2023). Plot inventory networks such as ForestGEO, RAINFOR and Forestplots.net 

continue to provide new insights into the variability of forest structure and plant communities, 

making use of repeated records of tree size and mortality to reveal changes in productivity and 

carbon balances (Peacock et al., 2007; Lopez-Gonzalez et al., 2011; Davies et al., 2021). 

Monitoring networks in dry tropical forests and savannas (DRYFLOR, SEOSAW, SECO) have 

also been consolidated, but important research gaps remain due to the lack of long-term datasets 

and uneven spatial coverage (The SEOSAW partnership, 2021; Moonlight et al., 2021). However, 

most of these efforts largely focus on woody stem dynamics, overlooking important contributions 

from other ecosystem components. To complement these large-scale tree monitoring efforts and 

provide a more comprehensive understanding of ecosystem carbon dynamics, the Global 



Chapter 2: Research Background 
 

 38 

Ecosystems Monitoring (GEM) network was developed, aiming to describe the productivity and 

carbon cycling of tropical forests and savannas in greater detail (Malhi et al., 2021). It relies on 

intensive measurements of multiple ecosystem components, including tree growth, litterfall, root 

production, stem respiration, soil respiration, and leaf gas exchange.  

 

Taken together, tree surveys and carbon flux measurements can provide deeper insight into the 

integrated responses of ecosystems to changing climates and altered fire regimes. For example, 

Rocha et al. (2014) investigated the effect of annual burns on carbon cycling within the southern 

limit of the Amazon rainforest in Mato Grosso, Brazil, and found a 15% reduction in total NPP 

as a result of fire treatment. Although all individual components of NPP declined after fire, losses 

in productivity were driven by fine root NPP and litterfall NPP, which accounted for 91% of the 

overall reduction. The authors conclude that the strong decrease in NPPfine roots was probably 

caused by the destruction of surface root mats due to fire. Reis et al. (2025) investigated 5 years 

of productivity dynamics in typical Cerrado savanna and transitional forest-savanna vegetation 

(cerradão), and demonstrated that cerradão productivity declined by 29% during the 2015/2016 

El Niño event, while savanna NPP remained constant over the years. In the cerradão, stem 

productivity was reduced by 58%, and was attributed to the decline of two dominant species. In 

the savanna, the most affected component was fine roots, which declined by 38%, and could be 

linked to a more conservative water use strategy of savanna species. Productivity is thus a useful 

indicator of ecosystem function because it integrates the effects of underlying ecological 

processes and environmental controls with ecosystem-level changes in carbon and energy flows. 

Because productivity underpins plant strategies and ecosystem carbon balances, it provides an 

important basis for climate budgeting and helps inform our understanding of ecosystem responses 

in the face of global change (Davidson et al., 2022). 

 

2.4. On functional traits as a tool to assess productivity responses 
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Plant functional strategies can help explain patterns in ecosystem productivity, as they underpin 

plant performance and shape responses to environmental stress (Mauki et al., 2025). Plant 

functional strategies describe the ways in which plants allocate resources and express traits in 

order to maintain fitness, allowing for survival, growth, and reproduction under particular 

environmental conditions (Zhou et al., 2022). Plant functional strategies reflect evolutionary 

adaptations to environmental pressures and resource limitations, including nutrient availability, 

water supply, temperature, and disturbance (Volaire, 2018). By examining how plants balance 

trade-offs between growth, survival, and reproduction, one can better understand how vegetation 

communities are structured, and predict how plants respond to environmental changes (Dalle 

Fratte et al., 2025). A major way of understanding plant functional strategies is through the study 

of plant functional traits (Laughlin, 2023).  

 

Functional traits are mensurable morphological, physiological and phenological characteristics 

that impact fitness via their effects on growth, reproduction, and survival (Violle et al., 2007). 

Traits can be measured at the individual level, and connect organismal performance to 

environmental responses and ecosystem processes, acting as key indicators of functional 

strategies (Diaz et al., 2004). Plant traits are also linked with species distribution patterns and 

community assembly processes, and trait-based approaches allow researchers to predict how plant 

communities may respond to disturbances and climate variability (Shipley et al., 2006). Traits 

indicate species’ capacity to maintain function and ensure survival under environmental stress 

(Violle et al., 2007). Because carbon accumulation depends on sustained plant survival, trait 

adaptations that enhance species persistence help maintain plant populations and ecosystem 

productivity (Lavorel & Garnier, 2002). Plant strategies could also help explain patterns in 

ecosystem productivity by linking functional traits with rates of carbon assimilation and growth 

(Falster et al., 2018). However, mechanistically integrating plant traits to predict ecosystem 

primary productivity remains one of the key challenges in functional and community ecology 

(Yan et al., 2023). 
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A wide range of functional traits are thought to be important in determining plant growth and 

survival in the face of extreme climate. In tropical forests and savannas, functional strategies that 

allow for growth and survival under drought conditions involve maintaining hydrological 

balances and physiological function despite water deficits (O’Brien et al., 2017). Plants can avoid 

water stress by accessing deeper soil layers via increased root depth, whilst reduced leaf area, 

bark protection and waxy cuticles help limit transpiration (Fensham & Fairfax, 2007; Duursma et 

al., 2018; Wolfe, 2020). Drought-tolerant species may also allow for tight stomatal regulation and 

osmotic adjustments, which help reduce water loss and maintain turgor pressure (He et al., 2024). 

Plants can also adjust their life histories and phenological traits to escape drought altogether, for 

example, by shedding leaves during dry periods to reduce transpiration (Vico et al., 2017). Xylem 

anatomy traits such as vessel diameter, density and maximum length are also important in 

determining plant resistance to embolism and are good predictors of drought tolerance across 

ecosystems (Markesteijn et al., 2011). Species with denser wood tend to have higher density of 

smaller xylem tissues, allowing for increased structural integrity, resistance to cavitation and 

hydraulic safety margins (Anderegg et al., 2016). Consequently, wood density emerges as a key 

indicator of tree drought tolerance across tropical biomes (O’Brien et al., 2017). Non-structural 

carbohydrates also act as critical energy reserves that buffer against carbon imbalances during 

drought, maintaining metabolic activity and allowing for rapid recovery (O’Brien et al., 2020). 

However, their precise role in mediating responses to extreme climate across different ecosystems 

remains unresolved (Piper & Paula, 2020). 

 

Extreme heat also constrains plant function, primarily through interactions with water availability 

and drought (Sato et al., 2024). Plants regulate leaf temperatures through evaporative cooling, but 

this increases transpiration and may intensify water stress (Evans et al., 2025). As a result, drought 

and heat tolerance strategies are often physiologically and functionally coordinated (Wang et al., 

2026). In this context, traits that reduce water loss, increase hydraulic safety, or enable seasonal 

deciduousness also contribute to growth and survival during periods of high temperatures (Zhou 

et al., 2023). Structural traits that help maintain growth and survival under heat stress include 
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reflective leaf surfaces, waxy cuticles and leaf pubescence, which reduce the amount of solar 

radiation absorbed by leaves, lowering leaf temperatures (Holmes & Keiller, 2002). Leaf angle 

also plays an important role in limiting light interception and potential heating (Ishida et al., 

1999). In turn, smaller leaf sizes and increased leaf thickness and leaf mass per area provide 

greater structural buffering against high temperatures and allow leaves to dissipate heat more 

efficiently (Slot et al., 2021; Pedraza, 2024). At the cellular level, biochemical traits that allow 

for continued carbon assimilation under extreme heat include the production of protective 

molecules and the stabilisation of photosynthetic machinery (Hasanuzzaman et al., 2013).  

 

Functional traits are also important in allowing for plant growth and survival within fire regimes 

(Figure 2.4). Plant species can persist after fire by having traits that promote the survival of 

established individuals through protection and regeneration, or that allow for populations to be 

maintained through reproductive traits (Clarke et al., 2013; Pausas & Keeley, 2014). Traits that 

enhance post-fire survival include thick bark and leaf bundles that thermally protect vital tissues 

such as tree cambium and meristems (Pausas, 2015). Protected bud banks beneath the bark or 

below ground – coupled with energy storage – allow plants to recover rapidly after fire by 

resprouting (Pausas et al., 2016). Plant size, architectural traits and leaf flammability also 

influence plant exposure to flames and can constrain or promote fire damage (Vesk, 2006; 

Schwilk, 2015). Reproductive traits that allow populations to be maintained even if some adult 

plants are killed by fire include post-fire flowering to take advantage of reduced competition 

(Zirondi et al., 2021); serotiny, where seeds are stored in the canopy and released in response to 

fire (Lamont et al., 2020); and persistent soil seed banks that survive heating and germinate after 

fire (Pausas & Lamont, 2022).  

 

Fire-adapted plants are often classified into broad functional types such as ‘obligate seeders’, 

‘facultative seeders/resprouters’, and ‘obligate resprouters’ based on post-fire recovery traits, 

although life-history strategies and competitive processes should be better integrated into these 

classifications (Plumanns-Pouton et al., 2024). Trait syndromes that allow for persistence can 
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also be classified according to the fitness advantage they confer to plants (Archibald et al., 2019). 

For example, by minimising fire damage through bark protection (‘resistance’), by avoiding 

exposure to fire through deciduousness or belowground life forms (‘avoidance’), or by allowing 

recovery through resprouting or recruitment (‘tolerance’; Pausas, 2019; Chiminazzo et al., 2023). 

In ecosystems where fire-related traits enable regeneration, vegetation productivity and survival 

are closely linked with fire regimes (Pausas & Ribeiro, 2013; McLeod et al., 2025). However, it 

is important to note that functional trade-offs between fire resilience strategies, resource 

acquisition, and resistance to heat and drought also have important implications for plant survival 

and ecosystem productivity (Clarke & Knox, 2009; Post-Leon & Anderegg, 2026). 

 

 

 
 
Figure 2.4, functional trait adaptations allowing for plant growth, survival and reproduction in 
fire-prone ecosystems: A-F) southeastern Australia, G-J) Cerrado savannas of South America. 
Traits include A) basal sprouting in Eucalyptus sp., B) epicormic resprouting in Angophora sp., 
C) aboveground resprouting in Xanthorrhoea sp., D) post-fire seed germination in Eucalyptus sp., 
E) serotinous cone in Banksia sp., F) post-fire flowering in Xanthorrhoea sp., G) thick and corky 
bark in Machaerium opacum, H) post-fire flowering in Hippeastrum goianum, I) xylopodium in 
Anemopaegma sp. which enables resprouting after fire, J) thick, fire-resistant terminal branches 
in Kielmeyera coriacea. Reproduced from Laughlin DC (2023), Plant Strategies: The Demographic 
Consequences of Functional Traits in Changing Environments, Figure 7.11, Copyright © 2023, 
Oxford Publishing Limited (https://doi.org/10.1093/oso/9780192867940.003.0007). Reproduced 
with permission of the Licensor through PLSclear. Image material was originally sourced from 
Nolan RH et al. (2021), Limits to post-fire vegetation recovery under climate change, Plant, Cell 
& Environment, Vol. 44(11), pp. 3471-3489 (https://doi.org/10.1111/pce.14176), Figure 3, 
reproduced with permission from John Wiley & Sons; and from Simon MF and Pennington T 
(2012), Evidence for adaptation to fire regimes in the tropical savannas of the Brazilian Cerrado, 
International Journal of Plant Sciences, 173(6), pp. 711-723 (https://doi.org/10.1086/665973), 
Figure 1, reproduced with permission from University of Chicago Press. 

https://doi.org/10.1093/oso/9780192867940.003.0007
https://doi.org/10.1111/pce.14176
https://doi.org/10.1086/665973
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Functional traits also reflect different ways in which plants allocate resources to growth, survival, 

and reproduction, as individuals are unable to optimise all functions simultaneously under 

variable environmental constraints and biotic conditions (Violle et al., 2007). Economics spectra 

describe these fundamental trade-offs in plant strategies between fast resource acquisition and 

slow resource conservation (Reich, 2014). Although the most well-known example is the leaf 

economics spectrum (Figure 2.5; Wright et al., 2004), these trade-offs can be conceptualised in 

terms of other components (wood, bark, roots) or integrated into a whole-plant spectrum (Li et 

al., 2021). One end of the plant economics spectra is defined by “fast” or acquisitive strategies, 

where plants invest in traits that maximise resource capture and growth under favourable 

conditions (Donovan et al., 2011). Resource acquisitive plants tend to have high specific leaf area, 

high leaf nutrient concentrations, and fast assimilation rates, but lower leaf thickness and wood 

density, allowing for quick returns on investment at the cost of durability and resistance to stress 

(Chave et al., 2009). At the other end are “slow” or conservative plant strategies. In this case, 

plants exhibit traits that promote longevity and resource retention, such as thicker leaves, denser 

wood, and high leaf mass per area and structural investment (Gorné et al., 2022). Conservative 

strategies allow species to better cope with resource limitations or stressful environments, 

increasing survival rates and maintaining growth long-term (Onoda et al., 2017). Plant economic 

spectra also provide a mechanistic justification for the growth-survival trade-off observed in many 

tropical ecosystems (Meira-Neto et al., 2019). This principle highlights that organisms cannot 

simultaneously maximise fast growth and high survival, and must allocate limited resources to 

one or the other, meaning that fast-growing species often have low survival rates, whereas slow-

growing, conservative species tend to live longer and tolerate stress (Wright et al., 2010).  

 

Stress tolerance traits, and traits that inform about potential resource acquisition trade-offs, offer 

the potential to explain patterns in tree growth and survival as a result of altered climate and fire 

regimes (Gignoux et al., 1997; Wright et al., 2010). For example, Berenguer et al. (2018) 

discovered that wood density was a significant factor that helped explain the difference in growth 
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between trees in burned and unburned forests in eastern Amazonia, with low wood-density trees 

growing significantly faster in burned sites. Nottingham et al. (2023) found that artificial warming 

in a tropical forest caused relative growth declines in nitrogen-fixing seedlings, suggesting 

increased nutrient acquisition may be linked with increased vulnerability. In southern African 

savannas, Wargowsky et al. (2023) found that traits describing root vascular anatomy predicted 

relative growth rates in both trees and grasses. A functional trait framework can therefore help us 

understand how plants will respond to changes in climate and fire regimes acting as shifting 

environmental filters (Enright et al., 2014). However, key uncertainties remain in predicting how 

interacting functional traits underpin different facets of plant function, and in integrating trait-

response relationships across ecosystem types and under novel environmental conditions (Liu et 

al., 2021). Better understanding the role of plant strategies in species responses to altered climate 

and fire regimes will enhance our ability to predict ecosystem responses to change, linking plant 

characteristics with ecosystem function and anticipating impacts on productivity and carbon 

balances within tropical forests and savannas (Mauki et al., 2025).  

 

 

 

 
 
Figure 2.5, schematic representation of the leaf economics spectrum, illustrating coordinated 
variation in leaf functional traits along a continuum from “fast” to “slow” ecological strategies. 
Reproduced from Laughlin DC (2023), Plant Strategies: The Demographic Consequences of 
Functional Traits in Changing Environments, Figure 6.15, Copyright © 2023, Oxford Publishing 
Limited (https://doi.org/10.1093/oso/9780192867940.003.0007). Reproduced with permission of 
the Licensor through PLSclear. 
 

https://doi.org/10.1093/oso/9780192867940.003.0007
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2.5. On Cerrado savannas and lowland dipterocarp rainforests  

 

Chapters 3 and 4 of this thesis focus on investigating productivity dynamics within Cerrado 

savannas (Figure 2.6). Cerrado, originally referring to “dense” or “closed” vegetation, is the name 

given to a South American region dominated by savanna formations (Gottsberger & Silberbauer-

Gottsberger, 2006). Occupying 22 million km2 and spanning a latitudinal gradient of 20º, it is the 

largest savanna region in the tropical Americas (Sano et al., 2019). Most of the Cerrado is found 

in Brazil, southeast of Amazonia, with a very small proportion also found in Paraguay and Bolivia 

(Ratter et al., 1997). It supports a population of more than 20 million people, and contains several 

major cities, including the capital, Brasilia (Pereira et al., 1997). The Cerrado also extends over 

the headwaters of important river basins (the Araguaia-Tocantins, the Paraguay-Paraná, and the 

São Francisco), providing key resources for major aquifers and catchment areas (Oliveira et al., 

2014). The Cerrado is characterised by strongly seasonal tropical climates, with a wet season 

during the austral summer, and a dry season during the austral winter (Cattelan et al., 2024).  

 

The Cerrado is also critically important in terms of agriculture and economic activities. It is 

Brazil's primary agricultural region, accounting for 60% of the country's agricultural production 

(World Economic Forum, 2024). Large-scale levels of land conversion into croplands and pasture 

have taken place over the last decades (Espírito-Santo et al., 2016), meaning there is now less 

than 50% of the natural land cover remaining (Souza et al., 2020). Due to low levels of protection 

facilitating agricultural expansion, rates of land conversion within the Cerrado have been faster 

than those in the Amazon (Machado et al., 2024). In the Cerrado, landowners are only legally 

required to preserve 20% of the native Cerrado vegetation within private land (Klink et al., 2005), 

and the Soy Moratorium approved for the Amazon has not been extended to the Cerrado 

(Soterroni et al., 2019). Large-scale land conversion is therefore threatening Cerrado biodiversity, 

which is characterised by floristic richness and high levels of endemism (Lahsen et al., 2016). 
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The Cerrado region supports more than 10,000 native plant species, of which 30% are thought to 

be endemic (Giles et al., 2026). Cerrado ecosystems are highly heterogeneous, and constitute a 

mosaic of diverse vegetation formations including grasslands, savannas and forests (Durigan & 

Ratter, 2016). Cerrado vegetation types can be classified into distinct physiognomies, which 

include a gradient of savanna vegetation structures ranging from campo limpo (open grassland 

savanna) to cerradão (forest-savanna transition woodland), as well as rocky formations, gallery 

and riparian forests, dry seasonal forests and vereda palm fields (Ribeiro & Walter, 2008). This 

thesis focuses on the typical cerrado sensu stricto savanna formation, described as woodland 

savanna or dense savanna and characterised by small (>6 m) trees and 10% to 60% tree cover 

(Felfili & da Silva Junior, 1993). In cerrado sensu stricto savannas, typical fire intervals range 

between 2-6 years (Pivello et al., 2021), with fires every 3-4 years optimising ecosystem 

functioning and recovery (Pivello & Coutinho, 1992; Pivello et al., 2010; Oliveras et al., 2012).  

 

The Cerrado is facing increased ignitions for agricultural conversion purposes, which are shifting 

fire season towards the peak of the dry season and exposing species to new fire regime conditions 

(Segura-García et al., 2025; Spadoni et al., 2025). Geospatial analyses have revealed that fire 

activity levels in the central and northern Cerrado have increased due to the expansion of the new 

agricultural frontier, whilst fire activity and frequency have decreased in the South because of 

land clearance and fragmentation (da Silva Arruda et al., 2024). In many areas of natural 

vegetation, fire exclusion policies have reduced fire frequency and promoted woody 

encroachment (Rosan et al., 2019), having important consequences towards diversity and 

ecological functioning, and increasing the likelihood of more intense fires (Durigan & Ratter, 

2016). Fire exclusion is particularly problematic within protected areas, including Serra das 

Araras, where two of the thesis’ studies (Chapter 3 and 4) are located (de Souza et al., 2025). 

 

Serra das Araras Ecological Station is an IUCN Category 1A protected area contained within the 

municipalities of Porto Estrela and Cáceres, in Mato Grosso, central-western Brazil (ICMBio, 

2016). The site is situated within the Paraguay River basin and is an ecologically important 
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reservoir of biological diversity at the intersection of the Amazon, Cerrado and Pantanal regions 

(Vitorino et al., 2018). Over 460 species of plants have been officially recorded (ICMBio, 2016), 

including critically endangered taxa (Destacio, 2021). Serra das Araras supports a variety of 

savanna, forest and grassland formations. The studies in Chapters 3 and 4 were conducted within 

the central area of the reserve, in the Salobra River Valley, which is made up of cerrado sensu 

stricto vegetation with a well-defined grass layer and small- to medium-sized trees (Goodland, 

1971). Research efforts at Serra das Araras are led by academic groups within local universities, 

and this thesis has been undertaken in close partnership with the State University of Mato Grosso 

(UNEMAT) and the Chico Mendes Institute for Biodiversity Conservation (ICMBio). Management 

at Serra das Araras is characterised by strong collaboration with local landowners and traditional 

quilombola communities (ICMBio, 2016). The reserve has recently adopted an integrated fire 

management strategy and has become an important training hub for fire brigades (ICMBio, 2022). 

 

 

Figure 2.6, map of the ecological regions and the distribution of the ecosystems studied in this 
thesis. A) the Cerrado savanna region in Brazil, including land use and land cover classes based 
on the MapBiomas Collection 8. Numbers and black lines refer to the different ecoregions 
identified by Sano et al. (2019). Reproduced from da Silva Arruda et al., (2024), Assessing four 
decades of fire behavior dynamics in the Cerrado biome (1985 to 2022), Fire Ecology, Vol. 20(64), 
(https://doi.org/10.1186/s42408-024-00298-4), under a Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/). B) map of land use cover 
across Borneo in 2008. Country borders between Malaysia, Indonesia and Brunei are shown in 
grey. Please note that many of the forested vegetation types include areas that have already been 
degraded. Reproduced from Langner et al., 2015, Assessment of above-ground biomass of Borneo 
forests through a new data-fusion approach combining two pan-tropical biomass maps, Land, Vol. 
4 (3), land4030656 (https://doi.org/10.3390/land4030656), under a Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). The black 
rectangle indicates the location of the Langner et al. (2015) study area. 
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Chapter 5 of this thesis is instead focused on lowland dipterocarp rainforest ecosystems within 

Malaysian Borneo (Figure 2.6). Lowland dipterocarp forests are the dominant tropical rainforest 

type in the island of Borneo and across Southeast Asia (Newbery et al., 1996). In Borneo, lowland 

rainforests cover an area of more than 200,000 km2, corresponding to about 74% of forest cover 

and 42% of total land area (Langner et al., 2007). They are characterised by having hot and humid 

climates, with relatively constant precipitation throughout the year (Prohaska et al., 2023). They 

are typically found in elevations below 300 meters, and are dominated by tall hardwood trees 

from the Dipterocarpaceae family (Shenkin et al., 2019; Ashton et al., 2021). Dipterocarps 

(referring to their characteristic ‘two-winged fruits’) are a pantropical family of fast-growing, 

mast-fruiting trees that commonly reach heights of 40 to 70 metres (Slik et al., 2003). In climax 

forests, dipterocarps account for 20% of trees (Slik, Aiba et al., 2010), and contribute to over 50% 

of basal area and to more than 60% of standing biomass volume (Sist & Saridan, 1999). Therefore, 

dipterocarp forests are among the tallest in the world and have an average aboveground biomass 

that is approximately 60% higher than Amazonian forests (Slik, Aiba et al., 2010). As such, they 

make a significant contribution to global carbon storage and are an important source of timber 

resources (Saner et al., 2012). Lowland dipterocarp forests also support high levels of biodiversity, 

for example, harbouring most of the 15,000 plant species found across Borneo (Slik et al., 2003). 

 

Lowland dipterocarp forests are increasingly threatened by logging and deforestation, which are 

largely driven by the high economic value of dipterocarp timber and the demand of lowland areas 

for agriculture (Chen et al., 2026). Commercial logging involves the selective removal of large 

and valuable trees, which disrupts forest structure, reduces biodiversity, and damages surrounding 

vegetation (Reynolds et al., 2011). Timber extraction has been particularly important in Malaysian 

Borneo, for example, in the 1970s and 1980s, over 50% of the revenue for Sabah State originated 

in the timber industry (McMorrow & Talip, 2001). From 1979 to 1988, Sabah produced an 

average of 9 million m3 of timber per year, and annual production levels now sit around 1 million 

m3 (Dauvergne, 1998; Sabah Forestry Department, 2024). Large forest areas are being logged 
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repeatedly in rotations of less than 60 years, meaning that more than 60% of the remaining forest 

area in Malaysian Borneo is currently degraded (Bryan et al., 2013). Deforestation rates in Borneo 

have also been especially high. Between 1973 and 2015, about 18.7 million hectares of old-

growth forests were cleared, and 7.0 million hectares of forest were replaced by plantations 

(Gaveau et al., 2016). The combined area of industrial oil palm and timber plantations in 2010 

occupied 10% of Borneo (Gaveau et al., 2014), and across Southeast Asia lowland tropical forests 

now cover only 30% of their original area (Prohaska et al., 2023). Dipterocarp forest regeneration 

is slow because dipterocarp trees are not pioneer species, and produce limited seedbanks (Chong 

et al., 2016). This means that scaling up active restoration is increasingly important for 

maintaining dipterocarp forest biodiversity and accelerating recovery (Philipson et al., 2020). 

 

The study in Chapter 5 is placed in the context of the Yayasan Sabah Forest Management Area 

in Sabah, northern Malaysian Borneo. The Yayasan Sabah Forest Management Area is a publicly-

owned large forest reserve of approximately one million hectares, comprised of a mosaic of 

protected areas, commercial logging concessions and oil palm plantations (Reynolds et al., 2011). 

Most of the area was logged from the 1960s to the 1990s, but many concessions have now been 

gazetted for conservation and restoration. Chapter 5 makes use of tree survey data collected at 

the Sabah Biodiversity Experiment, a large-scale restoration project set up in the Malua Forest 

Reserve, which was logged in the 1980s (Veryard, 2023). Malua Forest Reserve was heavily 

degraded by commercial exploitation, resulting in a fragmented ecosystem with some patches of 

undisturbed forest (Tuck et al., 2016). Chapter 5 compares productivity dynamics in the logged 

forest with those at a nearby old-growth forest site, in the Danum Valley Conservation Area. The 

Danum Valley Conservation Area is a 43,800-hectare reserve of old-growth dipterocarp forest 

that has never been commercially logged. The area was formally designated in 1980, and it is one 

of the few remaining tracts of old-growth lowland dipterocarp forest in Southeast Asia (Marsh & 

Greer, 1992). Since the establishment of the Danum Valley Field Centre in 1986, Danum Valley 

has become an important research hub, contributing significantly to the ecological understanding 

of tropical forests (Walsh et al., 2011). The Danum Valley Field Centre and the Sabah Biodiversity 
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Experiment are both managed by the Southeast Asia Rainforest Research Partnership (SEARRP), 

a long-term research and conservation programme that continues to play an important role in 

capacity building and training for local scientists and forestry professionals (Veryard, 2023). 

 

Despite their contrasting ecological and environmental contexts, Cerrado savannas and lowland 

dipterocarp forests provide useful case studies for examining and comparing impacts of global 

change on ecosystem function. This thesis aims to quantify the productivity effects of altered 

climate on dipterocarp forests, and of fire regimes on Cerrado savanna, comparing and contrasting 

ecosystem responses across both tropical locations in response to different stressors. Changes in 

primary productivity as a result of extreme climate and fire regimes can be understood as 

emerging from impacts on plant performance, which determines survival and growth. In both 

cases, growth and survival rates will be used to better understand how trade-offs and adaptations 

to different stressors scale up to determine ecosystem carbon balances. Building on long-term 

ecological experiments, I aim to explore whether productivity-stressor-trait interactions remain 

comparable across Cerrado savannas and lowland dipterocarp forests, identifying common 

functional mechanisms underpinning carbon uptake across ecosystems and drivers of change. 
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The effect of fire on the carbon fluxes and productivity 

of Brazilian woodland savannas. 
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Linking statement: This first chapter was motivated by the need to better understand carbon 

cycling in Brazilian savannas, and how carbon fluxes may be affected by changing fire regimes. 

Previous studies have provided estimates of productivity and respiration fluxes for the Cerrado, 

but have mostly focused on short-term responses and individual ecosystem components. Studies 

across tropical savannas indicate that burning reduces tree biomass and survival, but also reveal 

that fire drives productivity through vegetation recovery. Therefore, this chapter examines long-

term changes in net primary productivity across experimental fire regimes, using the Global 

Ecosystems Monitoring protocol to quantify and scale up ecosystem-level carbon balances.  
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3.1. Graphical abstract 

 

 

 

 

3.2. Highlights 

• Estimated ecosystem carbon budget and fluxes in unburnt and periodically burnt plots 

• Fire reduced the strength of arboreal carbon fluxes favouring herbaceous vegetation 

• Specific carbon fluxes are diversely related to either fire frequency or intensity 

• Fire reduces carbon use efficiency, shifts carbon allocation and ecosystem balances 

• Active burning management of altered fire regimes can improve savanna conservation  
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- Ecosystem carbon monitoring plots

- Experimental burns of different frequencies

What is the effect of fire on the 
carbon fluxes of the Cerrado?

- Estimate fluxes to build full carbon budget - Determine long-term flux change due to fire

- Compare differences in full carbon budgets

Estação Ecológica da Serra das Araras

Key findings:
- Fire reduces the strength of arboreal carbon  
   fluxes, favouring herbaceous vegetation 

- Fire regime properties (frequency, intensity) 
   affect ecosystem components differently, 
   warranting long-term monitoring 

- Fire reduces carbon use efficiency, shifts 
  carbon allocation and ecosystem equilibria 
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3.3. Abstract 

 

The effects of altered fire regimes within open ecosystems are poorly understood and can have 

serious consequences on functioning and conservation across savanna ecoregions worldwide. In 

South American savannas like the Cerrado, there is a gap of knowledge relating to carbon cycling 

in the presence of fire, meaning the impacts of altered fire regimes on the carbon fluxes and 

budgets are virtually unknown. We thus investigate vegetation carbon flux dynamics within the 

Cerrado, making use of an experimental fire and carbon monitoring research project at the Estação 

Ecológica da Serra das Araras, Brazil. We present a thorough carbon budget of woodland-type 

savannas (cerrado sensu stricto), and investigate how annual (every year), biennial (every two 

years), and triennial (every three years) controlled fire frequencies have influenced net primary 

productivity and respiration fluxes. Six years of experimental fire had noticeable effects on the 

vegetation structure and carbon dynamics, reducing woody cover and productivity in favour of 

grass-dominated carbon balances. Woody NPP increased by 35% in the unburnt plots from 2017-

2019 to 2021-2023, but decreased by 75%, 33% and 20% in the triennial, biennial and annual fire 

frequencies. By 2023, burnt plots revealed around three times higher herbaceous NPP than 

unburnt plots. Fluxes corresponding to different ecosystem components (canopy, stems, roots, 

herbs) showed varying patterns of change across the gradient of experimental fire frequencies, 

indicating other fire regime properties distinctively affect each vegetation segment. Fire intensity 

and severity appear to be linked with patterns in woody stems and the herbaceous layer. Our 

results indicate periodically burnt cerrado sensu stricto vegetation experiences different carbon 

dynamics than unburnt vegetation. Burning is revealed as a strategy that can successfully limit 

woody encroachment and help conserve open ecosystem structure in the Cerrado. Our study 

highlights the importance of long-term monitoring efforts in investigating the effects of 

management interventions and environmental shifts on ecosystem functioning. 
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3.4. Introduction 

 

Fire regimes across tropical ecosystems are being shifted by different drivers of global change, 

altering ecosystem productivity, carbon sequestration and biogeochemical processes (Bowman et 

al., 2013; Rocha et al., 2014; Zheng et al., 2021; Friedlingstein et al., 2022). Major shifts in 

tropical fire regimes could alter the Earth system functioning, as fire emission sources are 

disproportionately tropical – with tropical savannas contributing to approximately 62% of total 

global fire emissions – and are expected to increase in the face of global change (van der Werf et 

al., 2003; Krawchuk et al., 2009; van der Werf et al., 2017; Zheng et al., 2021). Increases in the 

number, intensity, severity and recurrence of fire events can be linked to extreme weather events 

and climate change (Westerling et al., 2006; Prichard et al., 2017; Diffenbaugh et al., 2021), as 

well as socioecological factors such as land abandonment or the encroachment of agricultural and 

urban land uses into natural areas (Prichard et al., 2017; Conciani et al., 2021; Pivello et al., 

2021). Extensive burning can also affect water balances, heat fluxes and surface climate in 

tropical forests and savannas, promoting warmer and drier weather conditions that support more 

extreme fires, reinforcing global warming impacts (de Sales et al., 2023). Changing fire regimes 

can thus exacerbate biodiversity loss and climate change and have the potential to compromise 

key ecosystem services – such as nutrient cycling, water provisioning, habitat protection and 

carbon storage – and to permanently shift landscapes into alternative stable states (Bowman et 

al., 2009; Gomes et al., 2020; McLauchlan et al., 2020). However, fire is also a key natural 

disturbance in many open ecosystems such as woodlands, grasslands, and savannas, allowing 

structure, biodiversity and functioning to be maintained (Pivello, 2011; Staver et al., 2011). 

 

Tropical savannas are important in terms of biodiversity and global functioning, covering 

approximately 20% of the Earth's surface and accounting for 30% of the total productivity of 

terrestrial vegetation (Dexter et al., 2015; Grace et al., 2006). Savannas play an essential role in 

terms of delivering ecosystem services, providing >1 billion people with food, materials, and 
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pollinators as well as regulating flows of air, energy and water (Marchant, 2010; Stevens et al., 

2022). Savanna ecosystems are maintained by fire regimes; where natural or traditional human-

induced burns are required to promote vegetation regeneration, maintain adequate nutrient cycles 

and control the degree of ecosystem change via woody encroachment (Miller et al., 2017; Kelly 

et al., 2020), which can cause significant loss of ecological functioning and diversity (Durigan & 

Ratter, 2016; Rosan et al., 2019; Wieczorkowski & Lehmann, 2022). Consequently, the 

preservation or restoration of natural fire disturbances or – where the former is not feasible – the 

implementation of prescribed fire regimes are emerging as potential land management strategies 

that could help maintain savanna biodiversity and functioning (Durigan & Ratter, 2016). 

 

Improving fire management for ecosystem health and biodiversity conservation has been 

highlighted as one of the key milestones required for adequate management of the Cerrado, 

Brazil's savanna ecoregion (Françoso et al., 2015; Prichard et al., 2017). The Cerrado is a 2-

million-km2 biodiversity hotspot (e.g., supporting >10,000 native plant species of which about 

40% are endemic – Giles et al., 2026) that is also extremely threatened. Higher land clearance 

rates than the Amazon have led to about 50% of the natural area disappearing already (Françoso 

et al., 2015). In terms of fire, Brazilian savannas are experiencing higher pressures and impacts 

from anthropogenic burning as well as ongoing ecosystem degradation from lack of prescribed 

fire management (Pivello et al., 2021). Burning continues to play a role as an important 

environmental factor influencing processes like phenology and nutrient stoichiometry (Silva & 

Batalha, 2008; Oliveras et al., 2012) and many Cerrado plants have successful adaptations that 

allow them to cope with the interacting impacts of fire and drought (Franco et al., 2008). Thus, 

the restoration of frequent surface fires in areas of fire suppression could represent a feasible 

conservation strategy for the Cerrado by reducing wildfire severity and extensive woody 

encroachment (Durigan et al., 2020). Yet, the effects of prescribed fires on Brazilian savannas 

are still poorly understood and could lead to unintended effects on ecosystem functioning and 

vegetation (Hoffmann, 2002; Bustamante et al., 2012; Gomes et al., 2018). Therefore, 
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investigating the effect of altered fire regimes on ecosystem dynamics is becoming an 

increasingly key research priority. 

 

Despite the importance of determining and quantifying the impacts of fire on Cerrado ecosystem 

dynamics, there are disproportionately few experimental studies on controlled burning across 

such a large and heterogeneous area, and they are mainly focused on open vegetation and grass-

dominated dynamics within a handful of locations in the central and south-eastern Cerrado (see 

Rissi et al., 2017; Durigan et al., 2020; Zupo et al., 2021; Rodrigues et al., 2021; Teixeira et al., 

2022; Fontenele and Miranda, 2024). There is a gap of knowledge surrounding key ecosystem 

metrics relating to carbon cycling in terms of carbon fluxes, both in the presence or absence of 

fire. Vourlitis et al. (2022) have been able to provide a detailed estimate of the main carbon fluxes 

within a mixed-grassland site in Mato Grosso, Brazil, using field methods from different sources 

to reconstruct a relatively complete carbon cycle. Additionally, Scalon et al. (2022) estimated net 

primary productivity partitioning for woodland savanna (cerrado sensu stricto) and forest-

savanna transition woodland (cerradão) plots also in Mato Grosso, Brazil. Still, there is no 

available data linking detailed carbon flux dynamics to the effects of fire. This means the impacts 

of altered fire regimes on the carbon balance of the Cerrado are virtually unknown. Thus, the aim 

of this study is to investigate carbon flux dynamics within experimental fire regimes of different 

burning frequencies, in order to inform about the potential consequences of altered fire regimes 

within the Cerrado. Overall, we specifically aim to address the following objectives: 

 

1. Quantify the main carbon fluxes within Cerrado woodland savanna, illustrating – where 

sampling intensity and temporal replication allow – flux seasonal changes and trends over 

time. 

 

2. Determine how the cumulative effects of the annual, biennial, and triennial experimental fire 

frequencies have influenced the main carbon fluxes of Cerrado woodland savanna by 

comparing estimates in burnt plots against estimates in fire exclusion plots. 
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3. Provide estimates of ecosystem total carbon budget metrics for Cerrado woodland savanna 

that has been subjected to fire suppression and compare them to metrics for plots that have 

experienced annual, biennial, and triennial burns. 

 

We expect to find similar carbon flux patterns as those recorded in other Cerrado sites (Scalon et 

al., 2022; Vourlitis et al., 2022), with comparable distribution across ecosystem components and 

strong seasonal fluctuations related to water availability (Araujo-Murakami et al., 2014; Rocha 

et al., 2014). In terms of our hypotheses regarding the long-term effect of fire on the carbon fluxes 

of savannas, we expect to i) observe a reduction in the intensity of fluxes relating to the arboreal 

component of the ecosystem within the experimental burning plots. Reduced carbon allocation 

into arboreal fluxes should correspond to decreases in the survival and growth of trees with 

recurrent burning (Rodrigues & Fidelis, 2022), and would be consistent with carbon flux patterns 

observed in burnt vs unburnt plots in Amazonian transitional forests in Mato Grosso (Rocha et 

al., 2014). We also predict that ii) experimental burns will alter the way in which carbon is 

allocated into different fluxes, increasing the proportion of productivity distributed into 

aboveground components due to post-fire recovery and regrowth (Zupo et al., 2021); as well as 

the proportion of respiration from heterotrophic sources, given fire will transform part of the live 

biomass stock into decomposable dead matter (Brando et al., 2014). Finally, we expect iii) 

individual carbon fluxes to potentially show varying patterns of change across the gradient of fire 

frequencies, since different effects of the fire regime – such as decreased fuel load and fire 

intensity, or higher proportion of bare ground in more frequently burnt plots – could either 

exacerbate or compensate the effect of cumulative burns on the different carbon fluxes (Rodrigues 

et al., 2021; Chiminazzo et al., 2023). 

 

3.5. Materials and methods 
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Figure 3.1, location of the monitoring plots. Top left) location of the Estação Ecológica da Serra 
das Araras within South America (Brazil is highlighted in light green, the Cerrado ecoregion in 
orange). Bottom left) position of the cerrado sensu stricto study site within the Estação Ecológica 
da Serra das Araras. Right) distribution of the six monitoring plots subjected to experimental 
burns and fire exclusion. 
 

3.5.1. Study site and experimental design 

 

Our study was located within an area of woodland savanna at the Estação Ecológica da Serra das 

Araras (Serra das Araras Ecological Station, Figure 3.1), in Southwestern Mato Grosso, Brazil 

(15°39′10.96′′S, 057°12′52.54′′W, ∼320 m above sea level). Serra das Araras is a 27,000-ha 

IUCN category 1A conservation unit mostly contained within the municipality of Porto Estrela 

(ICMBio, 2016). The unit is managed by the Instituto Chico Mendes de Conservação da 

Biodiversidade (ICMBio) and placed in a strategic location near the ecotone between the Cerrado, 

Pantanal and Amazonian ecoregions, playing a key role in biodiversity conservation. The area 

has tropical savanna climate with dry winter characteristics, having distinct dry (June-September) 

 Unburnt

Unburnt

Unburnt

Annual

Biennial

Triennial
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and rainy (November-March) seasons (Kottek et al., 2006; Pizzato et al., 2012). Mean annual 

temperature and rainfall for the 1979-2010 period were around 25-26°C and 1268.4 mm 

respectively (Pizzato et al., 2012; Santos et al., 2017). The site was historically settled by 

traditional quilombola communities but was transformed into a protected area in 1982. No fires 

have been recorded within our monitoring area since 1992. 

 

Our monitoring efforts consist of six 1-ha (100×100 m) plots (named ESA-04 to ESA-09) that 

have been set up and maintained since 2017. Plots are grouped in three burnt/unburnt pairs, and 

divided into 25 subplots (20×20 m) to provide spatial replication within the plot unit. Most carbon 

fluxes have been intensively monitored up to the end of 2023 – with the exception of the 

2020/2021 COVID-19 lockdowns – based on the methods provided by the RAINFOR-GEM Field 

Manual for Intensive Census Plots (Marthews et al., 2014). The monitoring plots have also been 

subjected to experimental fire, with three regularly burnt plots and three unburnt ones where all 

fire is excluded. Each burnt plot has been burnt at different frequencies (annual, biennial and 

triennial burns) to better determine the effects of different fire regimes on Cerrado vegetation. 

This means that by December 2023, the annual plot had burnt six times (2018, 2019, 2020, 2021, 

2022, 2023), the biennial plot three times (2019, 2021, 2023) and the triennial plot had burnt twice 

(2018, 2021). We conceptualise each experimental regime as incorporating different fire 

frequencies, as well as recognising the unique return interval, behaviour, intensity and severity of 

each set of fires. Controlled burns were undertaken at the peak of the dry season (July – 

September) to take advantage of good burning conditions – low ambient moisture and high 

accumulation of dry fuel – and to simulate seasonality of fire within the Cerrado (Pivello, 2011). 

Upon plot establishment, all six plots shared similar vegetation architecture and composition, 

although there was variable vegetation density due to the strong heterogeneity characteristic of 

Cerrado ecosystems (see Table S3.1 for details). Vegetation was classified as cerrado sensu 

stricto (typical woodland savanna) in transition towards cerradão (forest-savanna transition 

woodland), consisting of small and medium tree species, shrubs and a relatively sparse 

herbaceous layer. Dominant tree species include Curatella americana L., Kielmeyera grandiflora 
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(Wawra) Saddi, Tachigali vulgaris L.G. Silva & H.C. Lima, Vochysia haenkeana Mart., Myrcia 

bella Cambess., and Pouteria ramiflora (Mart.) Radlk. All plots are characterised by a generally 

flat topography and share underlying soils formally classified as dystrophic latosols under the 

Brazilian soil classification system (EMBRAPA, 2018) – largely equivalent to dystric ferralsols 

under the World Reference Base soil classification system (IUSS Working Group WRB, 2022). 

 

3.5.2. Estimation of carbon fluxes 

 

We make use of an experimental fire and carbon monitoring research project at Serra das Araras, 

Mato Grosso, Brazil, to track and estimate the area's main carbon fluxes over a period of six years. 

These include net primary productivity – NPP, defined as the rate at which carbon is incorporated 

into the biomass of an ecosystem via plant growth, discounting carbon loss through respiration – 

and respiration – R, describing the rate at which carbon is released by plants or soil as a result of 

metabolic processes or microbial decomposition (Girardin et al., 2010; Moore et al., 2018). NPP 

and R are typically measured in the field based on rates of production and gas exchange of leaves, 

stems, roots, etc. (Araujo-Murakami et al., 2014). The study of the productivity and respiration 

fluxes of these different ecosystem components gives insight into ecological performance and 

functioning as they relate to specific biological processes such as stem growth, leaf phenology 

and plant physiology (Girardin et al., 2010). In the wider ecosystem scale, productivity and 

respiration dynamics are used to estimate ecosystem carbon balance metrics such as plant carbon 

expenditure (PCE), gross primary productivity (GPP) and carbon use efficiency (CUE) which 

provide useful information with regard to ecosystem carbon balances and stability, as well as 

climate budgeting (Metcalfe et al., 2010; Malhi, 2012). 

 

We therefore present the first detailed picture of these carbon fluxes within Brazilian woodland-

type savannas (cerrado sensu stricto; Miranda et al., 2014). Since 2016, we collected long-term 

ecosystem monitoring data from three woodland plots subjected to different fire regimes: annual 

(every year), biennial (every two years), and triennial (every three years) burns, as well as three 
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unburnt – fire exclusion plots. We used ecosystem monitoring data to estimate the main carbon 

fluxes within Cerrado woodland savanna: 1) litterfall NPP, 2) woody stem NPP, 3) herbaceous 

NPP, 4) coarse root NPP, 5) fine root NPP, 6) canopy R, 7) woody stem R, 8) herbaceous R, and 

9) soil R, as well as 10) carbon accumulated in dead stems. We then compare flux estimates 

between burnt and unburnt plots, which allows us to study the long-term effect of the different 

experimental fire regimes on the carbon cycling of Cerrado woodland savanna. 

 

The main carbon fluxes of the monitoring plots were estimated from a set of field inventory data 

based on the RAINFOR-GEM protocol (Marthews et al., 2014; Malhi et al., 2021). Summaries 

of the field methods and data processing techniques used to estimate each flux are presented in 

Table 3.1 and Table 3.2, respectively. In broad terms, carbon fluxes can be estimated from a) 

census inventory data of all trees within the plots, b) spatially replicated samples taken at monthly 

or trimestral intervals, or c) a combination of variables derived from both types of data. Because 

our objectives are to estimate the main carbon fluxes and investigate the long-term effects of fire, 

we attempted to compare flux estimates using a BACI-based framework (before-after control-

impact approach; Christie et al., 2019) which allowed us to study the effect of fire by comparing 

flux change in burnt vs unburnt plots. Thus, we aimed to compare estimates for each carbon flux 

covering the first and last complete year of data within the experiment, allowing for sufficient 

data to produce adequate, representative yearly estimates. It is important to note that since the 

experimental fire regimes were initiated during the first year of data collection, we were unable 

to implement a fully typical BACI approach for some fluxes, instead comparing ‘start’ and ‘end’ 

flux estimates. Incorporating more reliable full-year start estimates is thus justified because short-

term flux changes are negligible in comparison to estimate uncertainty and seasonal variation. 

 

In the case of variables derived from temporally and spatially replicated samples, we compared 

fluxes using statistical models to account for groupings within the data and extract flux estimate 

coefficients. In the case of carbon fluxes partially or entirely derived from sums of plot-level 

inventory allometries, estimates were compared descriptively. Please note that for certain 
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variables, data collection was only possible at the final stages of the monitoring period. For these 

fluxes, we used a control-impact (CI) or space-for-time substitution approach (Christie et al., 

2019) to compare flux estimates – statistically and descriptively – and evaluate the effect of fire 

across regimes (Table 3.2, Table 3.3). 

 

Due to the lack of some initial data, we were only able to parametrise the full carbon cycle for the 

2023/2024 focal period, around six years after the start of the experimental fires. This allowed us 

to calculate ecosystem carbon budget metrics, also comparing them via the CI framework. We 

integrated carbon fluxes to calculate ecosystem net primary productivity (NPPtotal) and its 

aboveground/belowground partition using the following equations: 

 

(3.1)					𝑁𝑃𝑃!"#$%&'#()* = 𝑁𝑃𝑃+,--%'.!++ +	𝑁𝑃𝑃/-%0 +𝑁𝑃𝑃1%'"/ 

(3.2)					𝑁𝑃𝑃"%+#2&'#()* = 𝑁𝑃𝑃3#!'/%	'##-/ +𝑁𝑃𝑃.,)%	'##-/ 

(3.3)					𝑁𝑃𝑃-#-!+ = 𝑁𝑃𝑃+,--%'.!++ +	𝑁𝑃𝑃/-%0 +𝑁𝑃𝑃1%'"/ +𝑁𝑃𝑃3#!'/%	'##-/ +𝑁𝑃𝑃.,)%	'##-/ 

 

We estimated ecosystem respiration (Reco) by summing all respiration fluxes. In order to estimate 

total autotrophic respiration (Rautotrophic) we partitioned Rsoil into Rrhizosphere (autotrophic respiration 

from the rhizosphere) and Rheterotrophic (heterotrophic microbial decomposition, see Table 3.2 for 

details). 

 

(3.4)					𝑅%3# = 𝑅3!)#56 +	𝑅/-%0 + 𝑅1%'"/ + 𝑅/#,+ 

(3.5)					𝑅!(-#-'#51,3 = 𝑅3!)#56 +	𝑅/-%0 + 𝑅1%'"/ + 𝑅'1,7#/51%'% 

 

Obtaining estimates of total autotrophic respiration allowed us to complete our carbon balances 

by approximately isolating plant-mediated fluxes. We were thus able to derive plant carbon 

expenditure (PCE), the total amount of carbon expended by trees. 
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(3.6)					𝑃𝐶𝐸 = 𝑁𝑃𝑃-#-!+ + 𝑅!(-#-'#51,3 

 

Under steady-state conditions, the total rate of carbon utilisation by respiration and growth (PCE) 

should be equal to the photosynthetic carbon inputs into (and respiratory outputs from) the 

ecosystem (Jones et al., 2020). 

 

(3.7)					𝐺𝑃𝑃 ≈ 𝑃𝐶𝐸 ≈ 𝑅%3# 

 

Where GPP (gross primary productivity) is the total amount of carbon entering the system via 

photosynthesis, usually estimated through ecosystem-level gas exchange measurements. Because 

gas exchange measurements are complex and costly, studies assuming steady-state conditions are 

able to approximate GPP as PCE, which is derived from field sampling methods. However, in 

non-stable or perturbed systems such as ours – where burnt plots are subjected to periodic fire 

and unburnt plots are experiencing woody encroachment – ecosystem-level steady-state 

conditions should not apply as carbon is expected to be lost or accumulated. 

 

(3.8)					𝐺𝑃𝑃 ≉ 𝑃𝐶𝐸 ≉ 𝑅%3# 

 

In our case, because we cannot derive GPP from PCE, we estimated the ecosystem's carbon use 

efficiency (CUE) of both burnt and unburnt plots as the proportion of total carbon expenditure 

(PCE) that is invested in total NPP (rather than estimating it as the proportion of GPP invested in 

NPP, as traditionally reported): 

 

(3.9)					𝐶𝑈𝐸 = 𝑁𝑃𝑃-#-!+/𝑃𝐶𝐸 

 

We acknowledge that our estimation of total productivity and carbon expenditure does neglect 

some smaller carbon flux terms. These are relatively minor flows of carbon involved in processes 

like leaf herbivory, decomposition of litter (in the canopy or from below litterfall traps) and wood 
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(via termites), root exudates and volatile organic compounds (Rocha et al., 2014). We excluded 

these because they represent mostly negligible aspects of carbon expenditure but do recognise 

that they are still minor missing terms (Scalon et al., 2022). We also recognise that the carbon 

balances presented in this paper do not represent fully complete carbon budgets for Cerrado 

ecosystems subjected to fire regimes. Firstly, because we only estimate vegetation biomass 

carbon in terms of fluxes, that is, the transfer of carbon from one ecosystem component to another, 

and do not quantify corresponding carbon pools, that is, stocks of carbon stored in vegetation, soil 

and litter. Although estimates of ecosystem biomass are missing, we are still able to approximate 

the carbon sink (or source) capacity of cerrado savannas by scaling up carbon fluxes to find total 

carbon gains and losses (Malhi et al., 2009). Second, due to logistical and sampling difficulties, 

our study also neglects flows of carbon arising from the direct effects of fire, such as fire 

emissions from the consumption of biomass in vegetation, soil and leaflitter, as well as the 

deposition of carbon into soil during fire as charcoal and ash (Pivello & Coutinho, 1992). Indeed, 

we should clarify that the scope of our analysis was conceptually and temporally constrained to 

studying the main flows of carbon of cerrado savannas in a ‘post-fire’ state, rather than 

investigating the entire ecosystem carbon cycle prior to, during, and after burning. 

 

3.5.3. Error analysis and propagation 

 

Many of the carbon fluxes we estimated are calculated from multiple variables or derived from a 

combination of the more basic fluxes, all of which incorporate error/uncertainties. Systematic and 

sampling uncertainties of our carbon flux estimates were thus taken into consideration following 

the methodological uncertainty analysis provided by Malhi et al. (2009). Systematic uncertainties 

of key variables – associated with unknown biases in measurements or scaling methods – were 

assigned a conservative error estimate based on similar studies or on reported error values of 

allometric equations and ratios (Table 3.2). Sampling uncertainties arising from heterogeneity 

and random variation in spatially replicated samples were derived using linear mixed models and 

marginal means. Using marginal means (and their standard errors) derived from mixed models 
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provided better estimates than those provided through arithmetic means (and their standard errors) 

because these variables were sampled repeatedly and in groups (see Section 3.5.4, Table 3.2). 

 

Errors were then propagated by taking the square root of the sum of squared absolute errors for 

addition and subtraction, and relative errors for division and multiplication (Taylor, 1997), 

assuming independence and normal distribution of uncertainties (where A and B are example 

variables, and δ represents their associated uncertainty): 

 

(3.10)					𝛿(𝐴 + 𝐵)		𝒐𝒓		𝛿(𝐴 − 𝐵) 	= 		B(𝛿𝐴)8 + (𝛿𝐵)8 

(3.11)					𝛿(𝐴𝐵)		𝒐𝒓		𝛿(𝐴/𝐵) 	= 		B(𝛿𝐴/𝐴)8 + (𝛿𝐵/𝐵)8 

 

3.5.4. Statistical modelling and analysis 

 

Statistical models were used to investigate the long-term effect of fire on carbon fluxes 

(NPPlitterfall, NPPherbs, NPPfine roots and Rsoil) and flux-related variables (stem DBH growth, stem CO2 

efflux, live herb biomass, and leaf area index) that were spatially and temporally replicated within 

the monitoring plots (see Table 3.2). We preferentially used the stronger BACI approach to 

compare data encompassing the start and end years of the burning experiment, allowing us to 

extract the fire regime effects as the changes in flux intensity for NPPlitterfall, stem DBH growth, 

NPPfine roots, stem CO2 efflux, and Rsoil. We could statistically model the interaction between start-

end change and fire regime using linear mixed models (LMMs), which allowed us to account for 

groups in the data. We also used a binomial generalised linear mixed model to examine changes 

in the percentage of growing stems to better fit proportional data. For fluxes and variables whose 

data only covered the end phases of the experiment (NPPherbs, live herb biomass, and LAI), we 

used the CI or space-for-time substitution framework enabling us to examine spatial differences 

between fire regimes without being able to isolate the specific fire-regime effect. In this case, we 

investigated differences between experimental fire regimes by using one-way LMMs (Table 3.3). 
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Table 3.1, sampling methodologies used for the study of carbon flux dynamics at the Estação 
Ecológica da Serra das Araras (adapted from the RAINFOR-GEM protocol). Includes period of 
measurement and sampling interval. Multiple variables were collected for some fluxes; these are 
indicated as separate paragraphs within a cell. 

Flux Description Period Interval 

NPPlitterfall Litterfall production of dead organic material 
was estimated by collecting litterfall at nine 
litter traps (each 0.25 m2) per plot (N = 9), each 
of them placed 1 m above ground level at the 
centre of the nine central subplots. We did not 
distinguish between coarse and fine litterfall 
components, but classified litterfall into types: 
leaves, twigs, flowers, fruits, seeds, and other 
objects. All components were oven dried at 
80°C to constant mass and weighed. 

2018 to 2023 15 days/1 month 

NPPstem Forest inventory: All trees ≥5 cm in diameter 
at breast height (DBH) and ≥3 m in height were 
tagged and identified to species level where 
possible. DBH and height of each tree were 
measured and re-censused every two years to 
describe vegetation structure and determine 
growth rate of existing surviving trees. Census 
data was also used to calculate rates of tree 
mortality (Cmortality). 
 
Seasonal growth: dendrometer bands were 
installed on a subset of trees at each plot (N = 
100 at the unburnt plots, N = 25 at the biennial 
and triennial plots, N = 50 at the annual plot) to 
determine the seasonal variation in stem growth. 

2017 to 2023 
 
 
 
 
 
 
 
 
 

2019 to 2023 

2 years 
 
 
 
 
 
 
 
 
 

3 months 

NPPherbs Production of herbaceous biomass was 
measured at permanent quadrats set in the 
corners of even-numbered subplots (N = 12) 
within all plots. All herbaceous growth (2 cm 
above the surface) within the quadrats was 
harvested monthly. Herbaceous biomass was 
classified into live and dead matter, oven-dried 
at 80°C to constant mass and weighed. 

Nov 2023 to Oct 2024 1 month 
 

NPPcoarse roots Productivity of coarse roots was not measured 
directly but derived from estimates of 
aboveground woody productivity calculated 
from inventory data (see Table 3.2 for details 
on analysis). 

2017 to 2023 2 years 

NPPfine roots Nine ingrowth cores (mesh cages of 14 cm in 
diameter, mesh size 1.5 cm) were installed in 
every plot (N = 9). They were placed in each of 
the central subplots to 30 cm soil depth. Cores 
were extracted every 3 months and roots were 
manually removed from the soil samples in four 
10-min time steps. Root-free soil was then re-
inserted into the ingrowth core, which was 
placed back into the soil. Collected roots were 
cleaned, oven-dried at 80°C and weighed. 
Ingrowth cores were gradually relocated within 
subplots in 2022 to avoid any potential loss of 
productivity and fertility within the core. 

2018 to 2023 3 months 
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Rcanopy Leaf area index: canopy images were recorded 
with a digital camera and fish-eye lens at the 
centre of each of the 25 sub-plots in each plot, 
at a height of 1 m, and during overcast weather 
or indirect sunlight conditions. The camera was 
horizontally- and north-aligned. 
 
Leaf dark respiration:  dark respiration was 
not measured at the Estação Ecológica da Serra 
das Araras. We used mean respiration values of 
Cerrado trees (10 species) measured at the 
Reserva Ecológica do IBGE near Brasília in 
February 2009 (Rossatto and Franco, 2017). 

Dec 2022 to Nov 2023 
 
 
 
 

 
 

n/a 

1 month 
 
 
 
 
 
 

n/a 

Rstem Stem CO2 efflux: was measured at 15 trees in 
each plot (N = 15), using the closed dynamic 
chamber method. CO2 concentration and 
accumulation were measured with an infra-red 
gas analyser (IRGA EGM-4 and EGM-5, PP 
Systems) and soil respiration chamber (SRC-1, 
PP Systems) connected to a permanent collar 
sealed to the bole surface. 
 
Stem surface area: surface area data was 
derived from the forest inventory data of each 
plot (see above). 

Sep 2018 to Dec 2023 
 
 
 
 
 
 
 
 

2017 to 2023 

1 month 
 
 
 
 
 
 
 
 

2 years 

Rherbs Live herbaceous biomass: the standing stock 
of herbaceous biomass at each plot was 
sampled during the set-up of the 12 permanent 
herbaceous quadrats per plot (N = 12). All 
herbaceous material (2 cm above the surface) 
was harvested, classified into live and dead 
matter, oven-dried at 80°C until constant mass 
and weighed. An approximate proportion of 
forb and grass cover was noted. 
 
Herbaceous dark respiration: dark respiration 
was not measured at the Estação Ecológica da 
Serra das Araras. Instead, we use dark 
respiration and specific leaf area (SLA) values 
of native Cerrado forbs (10 species) and grasses 
(10 species) measured at the Reserva Ecológica 
do IBGE near Brasília in February 2009 
(Rossatto and Franco, 2017). 

Oct 2023 
 
 
 
 
 
 
 
 
 

n/a 
 

n/a 
 
 
 
 
 
 
 
 
 

n/a 
 

Rsoil Total soil CO2 efflux was measured at the 
centre of the nine central subplots in each plot 
(N = 9 per plot), using the closed dynamic 
chamber method. CO2 concentration and 
accumulation were measured with an infra-red 
gas analyser (IRGA EGM-4 and EGM-5, PP 
Systems) and soil respiration chamber (SRC-1, 
PP Systems) sealed to a permanent collar in the 
soil. 
 
Soil moisture: was measured monthly at the 
nine central subplots in each plot alongside soil 
CO2 efflux (IRGA EGM-5, PP Systems). 

Sep 2018 to Dec 2023 
 
 
 
 
 
 
 

 
 
Nov 2023 to Oct 2024 

1 month 
 
 
 
 
 
 
 
 
 

1 month 
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Table 3.2, summary of the analysis techniques used for the study of carbon dynamics at the 
Estação Ecológica da Serra das Araras experimental fire and ecosystem monitoring project, 
Brazil. Numerical transformations and statistical analyses were performed in R (version 4.3.3) 
via RStudio (version 2023.12.1 + 402). 

Component Description 

NPPlitterfall 

Dry litterfall biomass values were converted into carbon content by multiplying by the 
0.49 biomass-to-carbon ratio (IPCC, 2006). Carbon accumulation was then 
standardised by interval length and scaled up to obtain estimates per hectare per year. 
Since litterfall data was spatially and temporally replicated (N = 9 subplots per plot per 
month/fortnight), we obtained annual NPPlitterfall estimates at each fire regime for the 
earliest (2018) and latest (2023) years with complete data using a linear mixed model 
(Section 3.5.4, Table 3.3, model 1). The standard error of the regime-level marginal 
means of the mixed model was taken to represent sampling uncertainty. No further 
value of systematic uncertainty was assigned (Girardin et al., 2014). 

NPPstem 

Forest inventory: aboveground woody carbon stocks were estimated using the 
Rezende et al. (2006) allometric equation for cerrado sensu stricto: C = 0.24564 + 
0.01456 · H · D2, where C is aboveground carbon (kg), H is tree height (m) and D is 
DBH (cm). NPPstem for each tree was calculated as the difference in aboveground 
woody carbon stock between a census and the previous one, standardised by the 
interval length between measurements. Total plot NPPstem for a given interval was 
calculated as the sum of individual-level, positive NPPstem values for stems present at 
both censuses. Mortality carbon was described as the sum of carbon stock of trees that 
died by the following census date, as a per-year rate. We compared the earliest (2017-
2019) and latest (2021-2023) estimates of NPPstem and Cmortality for all experimental fire 
regimes (using a mean for the unburnt plots). Since these are calculated as a plot-level 
sum, we did not perform any statistical test as there is no within-plot replication. 
Following Girardin et al. (2014), we assigned a systematic uncertainty value to our 
final NPPstem estimates; in our case, 26% error based on the allometric model error 
reported by Rezende et al. (2006). Since NPPstem is derived from complete plot 
inventories, it was not assigned sampling uncertainties. 
 
Seasonal growth: growth increment values obtained from dendrometer bands were 
used as a proxy variable to gain insight on seasonal variation in NPPstem. Circumference 
increments were converted to diameter (DBH) increments and standardised by interval 
length. Because dendrometer measurements were spatially and temporally replicated 
(N = 25 to 100 stems per plot per trimester, see Table 3.1), we analysed them 
statistically. Since dendrometer data is zero-inflated, we undertook two separate 
statistical analyses, one using binary data to study the proportion of growing trees, 
another with positive non-zero data to investigate variation in the magnitude of growth 
rate of growing trees. We thus obtained model estimates for 1) the proportion of 
growing trees and 2) growth rates of growing trees at each fire regime during the 
earliest (2019) and latest (2023) years with complete data using mixed-effects models 
(Section 3.5.4, Table 3.3, models 2 and 3). The standard errors of the regime-level 
marginal means of the mixed models were taken to represent sampling uncertainty. No 
further value of systematic uncertainty was assigned (Girardin et al., 2014). 

NPPherbs 

Total dry herbaceous biomass values were converted into carbon content by 
multiplying by the 0.49 biomass-to-carbon ratio (IPCC, 2006). Herbaceous carbon 
production was standardised by interval length and scaled up to obtain monthly 
estimates in relevant units (per hectare per year). Since herbaceous biomass data was 
spatially and temporally replicated (N = 12 quadrats per plot per month) but was only 
measured at the end of the experiment (from November 2023) we used a linear mixed 
model to obtain and compare annual estimates of NPPherbs at each fire regime (Section 
3.5.4, Table 3.3, model 7). The standard errors of the regime-level marginal means of 
the model were taken to represent sampling uncertainty. No further value of systematic 
uncertainty was assigned. 
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NPPcoarse roots 

Estimated by assuming that coarse root biomass and productivity was 1.37 ± 0.93 times 
larger than above-ground woody stems. This root-to-shoot ratio was based on a review 
of coarse root and above-ground biomass studies from the Cerrado (Miranda et al., 
2014). We assigned this root-to-shoot ratio a systematic uncertainty value of ± 0.93 
(calculated by propagating the standard errors of mean root and shoot biomass 
estimates presented by Miranda et al., 2014). Total plot NPPcoarse roots was calculated by 
multiplying total NPPstem by the root-to-shoot ratio and propagating their uncertainties 
(this is equivalent to estimating the tree-level coarse root biomass by multiplying 
individual stem biomass by 1.37, then calculating the standardised interval difference 
and summing NPPcoarse roots across the entire plot). We then compared the earliest (2017-
2019) and latest (2021-2023) NPPcoarse roots estimates for all regimes, avoiding statistical 
tests due to the lack of within-plot replication. Because they are derived from complete 
plot inventories, our estimates of NPPcoarse roots were not assigned sampling uncertainties. 

NPPfine roots 

Values of root biomass over the four 10-min time steps were used to model the pattern 
of cumulative extraction for each ingrowth core sample, using logarithmic regression. 
Total root biomass in each core was then estimated by solving to 120 min (approximate 
amount of time required to remove all of the fine roots from a core; see Metcalfe, Meir 
et al., 2007; Metcalfe, Williams et al., 2007). Estimated biomass was converted into 
carbon content by multiplying by the 0.45 biomass-to-carbon ratio for tropical fine 
roots (Huaraca Huasco et al., 2021), standardised by interval length and scaled up to 
obtain productivity estimates per hectare. We applied a depth-correction proportion of 
1.125 to account for additional root growth beyond 30 cm depth based on Yoda (1983) 
and Kho et al. (2013). Since fine root data was spatially and temporally replicated (N 
= 9 subplots per plot per trimester), we obtained annual NPPfine roots estimates at the 
earliest (2018) and latest (2023) years with complete data using a linear model (Section 
3.5.4, Table 3.3, model 4). The standard errors of the regime-level marginal means of 
the mixed model were taken to represent sampling uncertainty. No further value of 
systematic uncertainty was assigned (Girardin et al., 2014). 

Rcanopy 

Leaf area index: LAI of each plot was estimated from fisheye lens images using 
‘ilastik’ (Berg et al., 2019), MATLAB and ‘CANEYE’ (Weiss & Baret, 2017) software 
for pixel classification, image cropping and LAI calculations respectively (see Section 
3.13 for details). Annual LAI estimates (alongside standard error) for each regime were 
obtained through linear mixed models (Section 3.5.4). Since plot-level LAI data was 
temporally replicated but was only measured at the end of the experiment (from 
December 2022) we used a linear mixed model to obtain and compare annual LAI 
estimates at each fire regime (Section 3.5.4, Table 3.3, model 9). The standard errors 
of the regime-level marginal means of the mixed model were taken to represent 
sampling uncertainty. 
 
Leaf dark respiration: mean leaf dark respiration (1.34 ± 0.30 μmol m-2 s-1) was 
transformed and multiplied by LAI estimates to obtain canopy respiration for each 
regime (Girardin et al., 2014). The standard error of the mean of respiration values 
provided by Rossatto & Franco (2017) was used as an estimate of systematic 
uncertainty, and propagated with LAI sampling uncertainty. We then applied the 
inhibition factor from Malhi et al. (2009) to account for daytime light inhibition of leaf 
dark respiration: 67% of daytime dark respiration, 34% of total dark respiration. Dry 
season respiration values were linearly scaled by soil moisture to allow for drought 
inhibition and continuous variation in respiration (in dry season months, respiration 
was scaled down by multiplying it by the proportion of that month's moisture with 
regard to the average wet season soil moisture). 

Rstem 

Stem CO2 efflux: For each EGM sample, the rate of stem CO2 efflux (μmol m-2 s-1) 
was calculated from the linear rate of increase in CO2 concentration within the chamber 
(Metcalfe, Meir et al., 2007; Metcalfe, Williams et al., 2007). Since stem CO2 efflux 
data was spatially and temporally replicated (N = 15 stems per plot per month), we 
obtained annual estimates at each fire regime for the earliest (Sep 2018 to Aug 2019 
for plots ESA-04, ESA-07, ESA-08 and ESA-09, and Sep 2019 to Mar 2020 for ESA-
05 and ESA-06) and latest (2023) years with complete data using a linear mixed model 
(Section 3.5.4, Table 3.3, model 5). The standard errors of the regime-level marginal 
means of the mixed model were taken to represent sampling uncertainty. 



Chapter 3: Research Paper 1 
 

 90 

 

 

 
Stem surface area: Surface area (SA) of every stem was estimated with the Chambers 
et al. (2004) equation: log(SA) = − 0.105 - 0.686·log(D) + 2.208·log(D)2–
0.627·log(D)3, where D is DBH in cm. Individual surface area was then summed to 
calculate regime tree surface area per hectare. Surface area estimates were assigned a 
systematic error of 10% based on similar studies (Girardin et al., 2014). 
 
Rstem was estimated by scaling up start and end stem CO2 efflux estimates with total 
tree surface area in 2019 and 2023 respectively. We compared the earliest and latest 
Rstem estimates for all regimes, propagating stem CO2 efflux sampling uncertainty and 
surface area systematic uncertainty. Since Rstem was calculated from a plot-level sum, 
we did not perform any statistical analysis. 

Rherbs 

Live herbaceous biomass: dried live herbaceous biomass values were converted into 
carbon content by multiplying by the 0.49 biomass-to-carbon ratio (IPCC, 2006). Since 
herbaceous biomass data was temporally replicated (N = 12 quadrats) but was only 
measured once at the end of the experiment (October 2023) we used a linear mixed 
model to obtain and compare estimates at each fire regime (Section 3.5.4, Table 3.3, 
model 8). The standard errors of the regime-level marginal means of the mixed model 
were taken to represent sampling uncertainty. 
 
Herbaceous dark respiration: leaf dark respiration of each species was multiplied by 
SLA to obtain dark respiration values in terms of dry biomass. We obtained a weighted 
mean of dark respiration (0.031 μmol g-1 s-1) where grasses were assigned a total weight 
of 0.8 and forbs 0.2 based on the approximate proportion of biomass, and multiplied it 
by the herbaceous live biomass estimates for each regime to obtain Rherbs (based on the 
canopy respiration methodology included in Girardin et al., 2014). The standard error 
of this weighted mean of grass and forb respiration values provided by Rossatto & 
Franco (2017) was used as an estimate of systematic uncertainty (± 0.003 μmol g-1 s-

1), and propagated with live herbaceous biomass sampling uncertainty. We also applied 
the inhibition factor from Malhi et al. (2009) to account for daytime light inhibition of 
leaf dark respiration: 67% of daytime leaf dark respiration. Dry season respiration was 
linearly scaled by soil moisture to account for drought inhibition and allow for 
continuous variation of leaf respiration (in dry season months, respiration was scaled 
down by multiplying it by the proportion of that month's moisture with regard to the 
average wet season soil moisture). 

Rsoil 

For each EGM sample, soil CO2 efflux rates were calculated from the linear rate of 
increase in CO2 concentration within the chamber (Metcalfe, Meir et al., 2007; 
Metcalfe, Williams et al., 2007). CO2 efflux rates were then scaled up to Rsoil at the 
hectare level. Since Rsoil data was spatially and temporally replicated (N = 9 subplots 
per plot per month), we obtained annual estimates at each fire regime for the earliest 
(Sep 2018 to Aug 2019) and latest (2023) years with complete data using a linear mixed 
model (Section 3.5.4, Table 3.3, model 6). The standard errors of the regime-level 
marginal means of the mixed model were taken to represent sampling uncertainty. No 
further value of systematic uncertainty was assigned to Rsoil. 
 
We estimated the partition of total Rsoil into Rrhizosphere (autotrophic respiration from 
plant roots) and Rheterotrophic (heterotrophic respiration from microbes) using a ratio of 
Rsoil to Rheterotrophic based on the values reported by Butler et al. (2012) at another 
cerrado sensu stricto site in Mato Grosso. To calculate the systematic uncertainty 
associated with this ratio, we extracted the standard errors of the mean for Rsoil (17.41 
± 1.47) and Rheterotrophic (6.49 ± 0.87) reported by Butler et al. (2012), and propagated 
them accordingly (Rsoil:Rheterotrophic = 0.37 ± 0.06). We then applied this ratio and its 
complement ratio to our estimate of Rsoil, propagating their respective systematic and 
sampling uncertainties to obtain our own estimates of Rrhizosphere and Rheterotrophic. 
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Table 3.3, description of the mixed-effects models used to examine differences in fluxes and 
related variables across experimental fire regimes and start-end monitoring periods at the Estação 
Ecológica da Serra das Araras. All ecologically justified random effects are listed, however, those 
that did not explain enough variation or increased model complexity beyond convergence were 
discarded, and have been shown as deleted: (1|factor). Random effects represented groupings 
within the data and included: plot pair (since plots were set up in pairs), plot (since unburnt plots 
were grouped within the unburnt fire regime), subplot (for measurements sampled in different 
subplots over time), stem (for measurements sampled in different tree stems over time) and 
species (to account for functional/phylogenetic similarities between stems). 

 

 

Mixed-effects models were implemented using the lme4 (version 1.1-35.1) and lmerTest (version 

3.1-3) packages in R (Bates et al., 2015; Kuznetsova et al., 2017). The random effects included 

within the LMMs, and the transformations used to achieve acceptable homoskedasticity and 

residual normality were specific to each variable being tested (see Table 3.3). For models using 

untransformed response variables, we extracted marginal means and their standard error using the 

emmeans package (version 1.10.0, Lenth, 2024). If response variables were transformed, we 

extracted back-transformed marginal means and approximate standard errors via the delta method 

using the car package (version 3.1-2, Fox & Weisberg, 2019). We also used the emmeans package 

to determine if the carbon flux or variable change at each experimental fire regime is significant 

by obtaining marginal contrasts for the start/end periods at the regime level. 

 

We decided to undertake an additional analysis to complement our BACI and CI frameworks by 

accounting for the potentially confounding effect of ecosystem heterogeneity between the 

monitoring plots, as initial differences in vegetation structure could have influenced the intensity 

 family response variable fixed effects random effects 

1 gaussian log10(NPPlitterfall + 0.1) regime * period (1|plot pair) + (1|plot) + (1|subplot) 

2 binomial binary DBH growth  regime * period (1|plot pair) + (1|plot) + (1|subplot) + (1|species) + (1|stem) 

3 gaussian log10(positive DBH growth) regime * period (1|plot pair) + (1|plot) + (1|subplot) + (1|species) + (1|stem) 

4 gaussian log10(NPPfine roots + 0.2) regime * period (1|plot pair) + (1|plot) + (1|subplot)  

5 gaussian stem CO2 efflux regime * period (1|plot pair) + (1|plot) + (1|subplot) + (1|species) + (1|stem) 

6 gaussian Rsoil regime * period (1|plot pair) + (1|plot) + (1|subplot) 

7 gaussian log10(NPPherbs + 0.05) regime (1|plot pair) + (1|plot) + (1|subplot) 

8 gaussian log10(live herb biomass + 1) regime (1|plot pair) + (1|plot)  

9 gaussian LAI regime (1|plot pair) + (1|plot)  
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of carbon fluxes and the way in which different variables are affected by fire. We therefore 

calculated the total basal area – standard indicator of vegetation structure – for each plot using 

census data from 2017 and included it as an additional additive fixed effect in duplicate versions 

of models 1 to 9. We then compared models with and without this ‘initial basal area’ effect using 

the Akaike information criterion (AIC; Akaike, 1974). Indistinguishable models (difference in 

AIC is smaller than 2) were discarded, whilst distinct ones (ΔAIC >2) were run and interpreted. 

 

3.6. Results 

 

Overall, we measured a total of 4623 different stems, belonging to 71 species and 33 botanical 

families (Table S3.1). At the first census (2017) the monitoring plots supported 39 species, stem 

density of 627 stems ha-1 and aboveground stem carbon stocks of 3.86 MgC ha-1 on average. There 

was substantial heterogeneity between plots despite proximity – with plot ESA-04 (unburnt) 

having highest carbon density (5.78 MgC ha-1) in contrast to the least dense (triennially burnt) 

ESA-07 plot (2.16 MgC ha-1, see Table S3.1). Fire had noticeable effects on the vegetation 

structure by 2023, reducing stem density by 113 stems ha-1 in the triennial plot, 119 stems ha-1 in 

the biennial plot, and 119 stems ha-1 in the annual plot (corresponding to decreases of 0.16 and 

0.49 MgC ha-1 in the triennially and biennially burnt plots, but an increase of 1.15 MgC ha-1 in 

the annual burns regime, Table S3.1). We also obtained long-term datasets of different intensively 

sampled variables (e.g., 5895 datapoints for NPPlitterfall or 3312 for stem CO2 efflux) which 

allowed us to examine trends and fire-related changes in carbon fluxes. 
 

3.6.1. Carbon flux changes over time and fire regime effects 

 

Upon observation of trends in Figure 3.2, repeatedly sampled variables showed seasonal 

fluctuations, with peaks corresponding to the dry (NPPlitterfall) or wet (stem DBH growth, NPPfine 

roots, stem CO2 efflux and Rsoil) seasons. Comparison of estimates at the start and end of the 
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experiment allowed us to determine if changes in key variables are different in burnt vs unburnt 

plots, and thus attributable to the fire effect. NPPlitterfall within unburnt plots remained constant 

from 2018 to 2023, but decreased within the burn plots (Figure 3.2, Table S3.2, Table S3.3). 

Stem growth in the unburnt plots – only including positive growth – decreased by 0.09 cm/year 

between 2019 and 2023 (Figure 3.2, Table S3.4, Table S3.5) but stayed constant in the burnt 

plots. The proportion of growing stems was statistically similar in all regimes, in 2019 and 2023 

(Table S3.6, Table S3.7). NPPfine roots decreased from 2018 to 2023 in all fire regimes (Figure 

3.2, Table S3.8, Table S3.9), with a stronger change in the triennial and annual burns plots (-1.41 

and -1.46 MgC ha-1 year-1) compared to the unburnt plots (-1.04 MgC ha-1 year-1). Stem CO2 

efflux decreased only within the biennially burnt regime (Figure 3.2, Table S3.10, Table S3.11). 

Rsoil was reduced in all but the biennial burns plot (Figure 3.2, Table S3.12, Table S3.13). 

 

Fluxes derived from census inventory data also showed different rates of change as a result of fire 

frequency. Total woody productivity (the sum of NPPstem and NPPcoarse roots) increased by 35% in 

the unburnt plots from 2017-2019 to 2021-2023, but decreased by 75%, 33% and 20% in the 

triennial, biennial and annual fire regimes (Figure 3.3). Cmortality remained constant in the unburnt 

plots but increased by 0.69, 0.76 and 1.19 MgC ha-1 year-1 in plots with triennial, biennial and 

annual burns. Stem respiration increased by 0.48 MgC ha-1 year-1 in unburnt plots but decreased 

by 0.59, 0.73 and 0.29 MgC ha-1 year-1 in the triennial, biennial and annual plots as a result of the 

reduction in plot-level woody stem surface area (-34% on average from 2019 to 2023). 

 

Variables measured at the later phases of the fire experiment showed seasonal variation peaking 

in the wet season (NPPherbs, LAI) and revealed consistent patterns across fire frequencies (Figure 

3.4). Linear mixed models testing for regime differences in log-transformed NPPherbs and live 

herbaceous biomass stock did not reveal any significant fire regime effect (Table S3.14, Table 

S3.15). However, despite being statistically indistinguishable, burnt plots showed higher NPPherbs 

and live herbaceous stock values, with those corresponding to the triennially burnt plot being 3.6 

and 9.4 times larger than the unburnt plots (Figure 3.4). LAI estimates displayed the reverse 
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trend, as LAI in the unburnt plots was approximately 10, 4 and 2 times larger than in the triennial, 

biennial and annual fire regimes; though only the biennial and triennial regime coefficients were 

significant (Table S3.16, Figure 3.4). As a result, Rcanopy in the unburnt plots was 3.91 MgC ha-1 

year-1 higher than in the triennially burnt regime, whereas Rherbs in the triennially burnt plots was 

4.70 MgC ha-1 year-1 higher than in the unburnt plots. Mean tree, forb and grass dark respiration 

values obtained from Rossatto & Franco (2017) were 1.34 ± 0.30, 2.25 ± 0.49 and 3.08 ± 0.37 

μmol m-2 s-1 (± standard error). Estimates of the plots' carbon fluxes at the end of the experimental 

period are visually represented in Figure 3.5. Estimates of carbon fluxes and key variables both 

at the start and end of the experiment (where relevant) are found in Tables S3.20 to S3.23. 

 

3.6.2. Importance of initial vegetation density 

 

We then compared the fit of our mixed-effect models with and without initial basal area as a fixed 

effect. Models incorporating initial basal area were all indistinguishable (ΔAIC <2, Table S3.17), 

except for models estimating NPPherbs and live herbaceous biomass. Mixed models studying the 

regime-level differences in log-transformed NPPherbs and live herbaceous biomass revealed the 

distribution of stocks and productivity could be explained by a gradient in initial basal area, with 

triennially and annually burnt plots presenting significantly higher estimates than those just 

predicted by initial basal area (Table S3.18, Table S3.19). 

 

3.6.3. Total net primary productivity, respiration, plant carbon  

           expenditure and carbon use efficiency 

 

The individual components of NPP were added to give an estimate of NPPaboveground, NPPbelowground 

and NPPtotal (Figure 3.5). NPPtotal for the unburnt plots was 3.72 ± 0.71 MgC ha-1 year-1, 0.92 ± 

0.15 MgC ha-1 year-1 for the triennial plot, 1.31 ± 0.22 MgC ha-1 year-1 for the biennial plot and 

2.40 ± 0.63 MgC ha-1 year-1 for the annually burnt plots. The proportion of NPPaboveground within 
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NPPtotal was 0.53 ± 0.12 in the unburnt plots, 0.43 ± 0.11 in the triennial burns plot, 0.42 ± 0.11 

in the biennial burns plot, and 0.48 ± 0.16 in the annual burns plot. We partitioned total Rsoil using 

the proportion of Rrhizosphere and Rheterotrophic where Rheterotrophic represents 0.37 ± 0.06 of Rsoil. 

Subsequently, the components of R were also summed to give estimates of Reco and Rautotrophic. 

Reco in the unburnt plots was 14.57 ± 1.21 MgC ha-1 year-1, and 13.74 ± 3.43, 11.55 ± 1.32 and 

12.72 ± 1.12 MgC ha-1 year-1 for the triennially, biennially and annually burnt plots. The 

proportion of Rautotrophic within Reco was 0.81 ± 0.11 in the unburnt plots, 0.80 ± 0.32 in the triennial 

burns plot, 0.73 ± 0.14 in the biennial burns plot, and 0.77 ± 0.11 in the annual burns plot. The 

sum of NPPtotal and Rautotrophic yielded an estimated PCE of 15.58 ± 1.44 MgC ha-1 year-1 for the 

unburnt plots, and 11.96 ± 3.42, 9.79 ± 1.33 and 12.18 ± 1.28 for the triennially, biennially and 

annually burnt plots respectively. The ratio of NPPtotal to PCE gave an estimated CUE of 0.24 ± 

0.05 in the unburnt plots, 0.08 ± 0.03 in the triennial burns plot, 0.13 ± 0.03 in the biennial burns 

plot, and 0.20 ± 0.06 in the annual burns plot (Figure 3.5). 

 

3.7. Discussion 

 

This study provides the most detailed carbon flux dataset within South American savannas and 

represents one of the few tropical studies to thoroughly examine the effect of fire on net primary 

productivity and respiration dynamics using field-based ecosystem monitoring – similar studies 

exploring fire responses in NPP, R, and GPP have been undertaken in fire-sensitive tropical 

forests in Amazonia (Rocha et al., 2014; Berenguer et al., 2021). Until now, findings from the 

Cerrado have either focused on quantifying natural ecosystem nutrient and carbon balances 

(Scalon et al., 2022; Vourlitis et al., 2022) or investigating the effect of fire on individual fluxes 

and vegetation components (e.g., Meirelles & Henriques, 1992; Le Stradic et al., 2021). We thus 

focus our discussion on the main insights that our experimental burning and monitoring project 

brings to the understanding of how carbon fluxes are affected by altered fire regimes in Brazilian 

woodland savannas. 



Chapter 3: Research Paper 1 
 

 96 

 

 

 
Figure 3.2, influence of experimental fire regimes on variables that were intensively sampled 
throughout the duration of the experiment at the Estação Ecológica da Serra das Araras. Plots on 
the left present the trends over time using monthly averages and loess smoothers (error bars 
represent arithmetic standard error values per fire regime per sampling date, see Table 3.1 for 
sample size details). Plots in the centre show the estimates, in absolute terms, for each regime at 
the start and end periods (error bars represent marginal mean standard error derived from the 
linear mixed models; please see Tables S3.2 to S3.13 for model output details). Plots on the right 
illustrate the start-end change in variables (represented by delta Δ, same units as absolute values), 
with solid lines indicating statistically significant contrasts between periods. 
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Figure 3.3, influence of fire regimes on carbon fluxes (MgC ha-1 year-1) that were derived from 
tree inventory data. Plots on the left show the regime-level comparison of each variable at the 
start and end of the experiment in terms of absolute values. Plots on the right reveal the degree of 
change in fluxes over time (represented by the delta symbol Δ, same units as absolute values). 
Error bars indicate systematic uncertainty in the case of NPPstem and Cmortality, and propagated error 
including systematic uncertainty and sampling error for NPPcoarse roots and Rstem (see Table 3.2 for 
details). 
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Figure 3.4, regime-level comparison of carbon fluxes and related variables that were sampled at 
the end of the experimental fire project at the Estação Ecológica da Serra das Araras. Plots on the 
left represent the evolution of sampled variables over time using monthly averages and loess 
smoothers (error bars represent arithmetic standard error values per fire regime per sampling date, 
see Table 3.1 for sample size details). Please note Rherbs and Rcanopy were not measured directly; 
biomass of live herbs and LAI were respectively measured as proxy variables, then scaled up to 
plot-level using dark respiration values. Also note the biomass of live herbs was measured once; 
error bars instead represent marginal mean standard error derived from the linear mixed model 
(model 8). Plots on the right include the regime-level comparison of the scaled-up fluxes (error 
bars represent sampling error as marginal mean standard error derived from the linear mixed 
model in the case of NPPherbs, and propagated error including sampling and systematic uncertainty 
for Rcanopy and Rherbs; see Table 3.2 and Tables S3.12 to S3.16 for details). 
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Figure 3.5, main carbon fluxes (MgC ha-1 year-1) and associated uncertainties within the 
experimental burning plots at the Estação Ecológica da Serra das Araras. Fluxes were estimated 
approximately six years into the experimental fire regimes. 
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NPPherbs = 0.11 ± 0.03

Rsoil = 8.23 ± 0.62

Rherbs = 1.44 ± 0.93

NPPtotal = 1.31 ± 0.22
NPPaboveground = 0.55 ± 0.11
NPPbelowground = 0.76 ± 0.19

Reco = 11.55 ± 1.32
Rautotrophic = 8.48 ± 1.32
Rheterotrophic = 3.07 ± 0.54
Rrhizosphere = 5.16 ± 0.62

BIENNIAL BURNS

PCE = 9.79 ± 1.33
CUE = 0.13 ± 0.03

NPPcoarse roots = 0.82 ± 0.59
NPPfine roots = 0.42 ± 0.09 

Rcanopy = 2.01 ± 0.61

NPPstem = 0.60 ± 0.15
Cmortality = 1.22 ± 0.31

Rstem = 2.06 ± 0.49

NPPlitterfall = 0.49 ± 0.15

NPPherbs = 0.07 ± 0.03

Rsoil = 7.88 ± 0.62

Rherbs = 0.77 ± 0.51

PCE = 12.18 ± 1.28
CUE = 0.20 ± 0.06

NPPtotal = 2.40 ± 0.63
NPPaboveground = 1.16 ± 0.21
NPPbelowground = 1.24 ± 0.60

Reco = 12.72 ± 1.12
Rautotrophic = 9.78 ± 1.12
Rheterotrophic = 2.94 ± 0.52
Rrhizosphere = 4.94 ± 0.61

ANNUAL BURNS
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3.7.1. Fire reduces the strength of arboreal carbon fluxes 

 

The results presented in this study provide useful insight into the dynamics of arboreal carbon 

fluxes (NPPlitterfall, NPPstem, NPPcoarse roots, Rcanopy and Rstem) in the Cerrado, both in the presence and 

absence of fire. NPPstem is notably lower than the estimate of 2.79 ± 0.45 MgC ha-1 year-1 provided 

by Scalon et al. (2022), giving the first insight into the potential range of values of NPPstem within 

Cerrado woodland savannas. In comparison to other vegetation types, our unburnt plot estimates 

show lower stem productivity than more forested formations like cerradão (2.77 ± 0.58 MgC ha-

1 year-1; Scalon et al., 2022) and gallery forests (1.67 MgC ha-1 year-1; Vourlitis et al., 2022), but 

higher estimates than those with more open structures like campo sujo (0.345 MgC ha-1 year-1; 

Vourlitis et al., 2022). Our results also reveal that in unburnt plots, NPPstem is not constrained by 

competition arising from denser vegetation structure (Falster et al., 2011; Ma et al., 2020), but 

that NPPstem appears to increase with basal area and stem density (Figure S3.2). Values of litterfall 

productivity fit those previously estimated by Peres et al. (1983), Wilcke & Lilienfein (2002), 

Nardoto et al. (2006) and Kozovits et al. (2007) who all reported total annual NPPlitterfall for 

cerrado sensu stricto within the 1.5 MgC ha-1 year-1 range. We present one of the first estimates 

of NPPcoarse roots, Rcanopy and Rstem within South American savannas. We recognise that the NPPcoarse 

roots results here presented are broad estimates derived from a proportion of NPPstem that might 

hide important dynamics across time and fire regimes. Coarse root harvests could reveal distinct 

patterns in root productivity arising as a result of the variation in R:S across environmental 

gradients within the Cerrado (Terra et al., 2023) or due to changes in belowground carbon 

allocation after frequent fires (Zhou et al., 2022). 

 

Our findings are consistent with our initial hypothesis, confirming the fact that recurrent burning 

within cerrado sensu stricto vegetation causes a reduction in vegetation density, number of trees 

and live biomass, and limits the strength of tree-mediated fluxes. These patterns are linked to the 

increases in stem mortality rates within the experimentally burnt plots and reveal that the growth 

and performance of surviving trees are also affected by fire (Reis et al., 2015; Rodrigues & 
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Fidelis, 2022). Experimental burning also appears to have led to higher herbaceous biomass and 

productivity. This is consistent with patterns presented by Meirelles & Henriques (1992), Gomes 

et al. (2020) and Teixeira et al. (2022), and provides supporting evidence towards the use of 

controlled burning as a management strategy against woody encroachment (Pivello et al., 2021). 

 

We recognise that our experimental design had important limitations, principally because our fire 

regimes were not fully replicated, since regimes of different fire frequencies were undertaken 

within single plots (in addition to three unburnt plots). Replicating fire regimes would have been 

unfeasible due to the high logistical costs of burning and monitoring further plots, and because 

the management plan of the conservation unit limits interventions in natural areas (ICMBio, 

2016). Furthermore, there were substantial differences in initial vegetation densities across the 

plots; for example, the unburnt plot ESA-04 had more than double the basal area as the triennially 

burnt plot. We acknowledge these limitations placed important constraints on our statistical 

analyses, limiting our ability to attribute observed effects to the different fire regimes through 

causal inference. This is a particularly important issue for the carbon fluxes that were measured 

as plot-scale estimates (NPPstem, NPPcoarse roots, Rstem and Cmortality) or only at the end of the 

experimental period (NPPherbs, Rherbs, Rcanopy), given we lack repeated samples and/or baseline 

values to determine how much variation could have arisen due to pre-existing plot differences. 

Our investigation of ecosystem-level carbon fluxes at the end of the experiment (e.g., NPPtotal, 

Reco, PCE) is therefore limited to descriptive comparisons of plot-level estimates incorporating 

indistinguishable effects of both plot differences and fire regimes.  

 

We are confident, however, that our comparison of spatially and temporally replicated estimates 

at the start and end of the experiment – following a BACI-type approach – allowed us to better 

isolate the ecological effect of our experimental fire regimes by acknowledging the background 

variation in flux patterns due to stochasticity – that is, the degree of change in the unburnt plots. 

Because our analyses investigate the effect of fire only across a specific period, and capture the 

ecological effect of somewhat different aspects of each regime (different starting points, number 
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of fire events, and times since last fire), future research should focus on better predicting the 

gradual dynamics of fire regime impacts using improved analytical frameworks such as the BACI 

paired-series or progressive-change BACI approaches (Thiault et al., 2017), although the 

integration of strong seasonal fluctuations and uneven sampling intervals remains challenging.  

 

Despite this, extracting accurate fire regime effects was further difficulted by differences in 

arboreal vegetation density across plots. Spatial replicates within our monitoring plots allowed us 

to account for substantial within-plot heterogeneity for some fluxes, although, as a form of 

pseudoreplication, we cannot reliably conclude fire regime impacts will exhibit similar dynamics 

across areas of vegetation with different composition and structure. Still, in most cases, 

incorporating an initial structural indicator variable such as basal area did not improve model fit, 

confirming patterns of flux change appear unaffected by vegetation structure. The distribution of 

herbaceous biomass and productivity could be partially explained by a gradient in initial basal 

area, as the weaker space-for-time substitution analysis used for these variables does not 

incorporate before-impact spatial differences, although the presence of significant fire regime 

coefficients in the basal area models confirms strong experimental fire effects on herbaceous 

fluxes. For plot-level estimates of carbon fluxes and ecosystem-level balances, a decomposition 

assessment of carbon allocation patterns in relation to basal area (sensu Riutta et al., 2018) would 

provide a more robust framework for disentangling the impacts of fire versus vegetation density. 

 

3.7.2. Fire regime properties affect ecosystem components differently,  

           warranting long-term monitoring 

 

Our second main finding is that fluxes corresponding to the different ecosystem components 

(canopy, stems, roots, herbs and soil) showed varying distributions and patterns of change across 

the gradient of experimental fire frequencies, meeting our expectations and indicating different 

fire regime properties distinctively affect each part of the vegetation. By definition, each fire 
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regime incorporates a range of patterns including the timing, duration, seasonality, behaviour, 

distribution, intensity and severity of the fire events (Kelly et al., 2023). Our experimental fire 

regimes also encompassed the particular characteristics of each fire event, as experimental burns 

are unique, non-replicable disturbances with singular temporal and energetic dynamics that limit 

the applicability of the traditional treatment-control experimental design. In our experiment, 

controlled fire events exhibited substantial differences between fire regimes, where smaller 

intervals between fires in the annually burnt plot led to patchy, low-intensity surface fires due to 

lower accumulation of fuel and higher proportion of bare soil (Rodrigues & Fidelis, 2022). 

Alternatively, fires in the biennially and triennially burnt plots were quicker, more severe and 

homogeneous, and affected the canopy to a greater extent (Rissi et al., 2017). The trade-off 

between fire frequency and intensity allowed us to determine which fluxes are primarily 

influenced by these broad fire regime axes. Fire intensity and severity seem to be more strongly 

linked with patterns in fluxes of woody stems and herbs, the two vegetation components that are 

most affected by burning under the low-intensity fire regimes of the Cerrado (Chiminazzo et al., 

2023). In contrast, long-term changes in NPPlitterfall and mortality carbon appear to be more 

strongly related to fire frequency rather than fire intensity. Reduced litterfall productivity and 

higher mortality in the annually burnt plot could be explained by the negligible impact of short-

term leaf charring and consumption on overall leaf production, by more cumulative burns with 

short recovery interval having stronger tree-wide impacts on fitness, or by an interactive effect 

between fire impacts and stem density. The mismatch between trends in mortality and NPPstem – 

where a stronger decline in the triennial plot reveals more intense fires disproportionately reduce 

aboveground growth in surviving trees – warrants a more detailed analysis on tree vulnerability 

across species and functional strategies. 

 

It is important to note that the herbaceous layer exhibits short-term responses and recovery after 

fire (Fontenele & Miranda, 2024). This explains why the biennial plot exhibits lower herbaceous 

biomass and productivity, as it was burnt shortly before herbaceous monitoring was implemented. 

On the contrary, fire had a more delayed effect on tree fluxes. Despite burning in 2018, the annual 
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and triennial plots showed negligible mortality rates along the 2017-2019 interval, and supported 

relatively constant stem respiration rates 6 years into burning, indicating lags in fire mortality and 

physiological resilience of surviving trees (Berenguer et al., 2021). Overall, in the long term, we 

observe the most dramatic differences in herbaceous vs arboreal dominance within the triennially 

burnt plot, as indicated by the fire regime ‘control-impact’ comparisons of herbaceous biomass 

and LAI. However, the lack of data at the start of the experiment prevents us from determining 

the degree of change of these variables as a result of fire, meaning we are unable to synthetically 

address the overall trade-off between fire intensity and frequency effects in terms of rate of 

change. Still, LAI distribution is consistent with end-period NPPlitterfall values across regimes, and 

inversely related with both herbaceous biomass and productivity values. Patterns of herbaceous 

vegetation and LAI also suggest the implementation of controlled fire could have further 

influenced carbon fluxes and ecosystem processes in indirect ways, as a more open canopy could 

have increased temperature and water deficits (de Sales et al., 2023), whilst grass dominance 

could have increased competition against seedling establishment and resprouting (Sankaran et al., 

2004). We therefore conclude that less frequent but more severe fires, coupled with a smaller 

proportion of surviving stems in the plots, could be providing a positive feedback dynamic that 

leads to more drastic changes in vegetation structure towards grass-dominated savanna systems 

in the Cerrado. However, less clear patterns of change in several other carbon fluxes could also 

indicate that ecosystem shifts might not be consistent and unidirectional across different 

ecological processes. 

 

Analysing positive stem growth values revealed diameter growth significantly decreased within 

the unburnt plots, which seems to contradict our plot-level NPPstem results. We recognise that 

dendrometer bands focus only on diameter growth, and were only installed within larger 

individuals, therefore capturing only part of the woody productivity dynamics. Dendrometer 

measurements would have also incorporated water swelling and shrinking, as well as bark loss to 

fire, limiting the adequacy of data as a proxy for seasonal stem productivity. Similarly, smaller 
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sample sizes in the burnt plots, alongside high tree mortality, could have restricted the 

representativeness of our data. 

 

Lower stem CO2 efflux could have arisen as a result of compromised plant metabolism after the 

intense 2023 fire in the biennially burnt plot (Cernusak et al., 2006), although true patterns could 

have been masked by large variation in efflux values as a result of confounding variables relating 

to time of day, temperature, species composition, hydrology and metabolism (Rowland et al., 

2018), supporting the need for more detailed investigation into stem respiration patterns. More 

detailed, long-term research into soil respiration and fine root productivity will also help us 

determine why the intensity of these two fluxes decreases regardless of fire regime. High 

dynamism in soil ecosystem processes (Nottingham et al., 2015) and the onset of warmer and 

drier El Niño conditions at the end of 2023 could have explained this trend. We therefore highlight 

the importance of continuing long-term studies in order to disentangle the ecological effects of 

fire, as well as the interactions between burning and other pressures. 

 

3.7.3. Fire influences on carbon flux allocation, carbon use efficiency  

           and ecosystem disequilibria 

 

Long-term monitoring of the main ecosystem components allowed us to study if experimental 

burns have influenced the way in which carbon is allocated into different fluxes, partially 

supporting our expectations and hypotheses. Comparison of NPP components across the fire 

regimes revealed burning appears to have reduced the proportion of productivity distributed into 

aboveground fluxes. This pattern was not consistent with our expectation of higher aboveground 

productivity due to post-fire resprouting and regrowth (Le Stradic et al., 2018), as increasing 

herbaceous productivity has not yet compensated for reduced arboreal growth. Carbon allocation 

into total heterotrophic respiration appears to have increased within the burnt plots – despite 

estimate uncertainty – supporting our hypothesis of stronger influence of microbial metabolism 
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as live biomass stock is replaced by decomposable dead matter (Brando et al., 2014). The use of 

a respiration partition ratio derived from data from a nearby site allowed us to construct a full 

carbon balance but might not adequality represent the real ecological dynamics in our plots. The 

implementation of root exclusion methods in situ would enable us to provide better estimates of 

Rheterotrophic and Rautotrophic. More accurate soil respiration partitioning between rhizosphere and 

microbial sources would account for temporal variations and changes in the soil environment 

across fire regimes (Butler et al., 2012). Similarly, measuring site-specific dark respiration values 

across local species of trees and herbs would provide more reliable estimates of Rherbs and Rcanopy, 

helping tackle the critical lack of information on plant respiration rates across South American 

savannas. We acknowledge that using dark respiration measurements from another site measured 

in the wet season and in the absence of fire only lets us produce a very rough estimate of annual 

respiration fluxes, and this is reflected in the disproportionately large uncertainty of Rherbs and 

Rcanopy estimates. Still, the use of LAI and herbaceous biomass to scale up leaf respiration – 

adapting a well-established methodology (Malhi et al., 2009) – allows us to bring forth a first 

approximation of respiratory dynamics and quantify the ecosystem-level carbon balance of mixed 

tree-grassland ecosystems despite carrying significant uncertainty at this stage. 

 

The ecosystem-level carbon fluxes presented in this study seem to fit within the aridity and 

vegetation cover gradients observed in South American ecosystem monitoring plots (Zhang-

Zheng et al., 2024), where values for NPPtotal, GPP or PCE, and CUE are lower than those reported 

for seasonally dry forests in the margins of Amazonia in Bolivia (Araujo-Murakami et al., 2014) 

and Mato Grosso (Rocha et al., 2014). Total NPP was also substantially smaller than the sum of 

NPPlitterfall, NPPstem and NPPfine roots presented by Scalon et al. (2022), for both cerrado sensu stricto 

and cerradão. Plot-specific results within the fire exclusion regime also suggest more efficient 

use of carbon is dependent on higher woody vegetation density at the local scale as a result of 

woody encroachment. Our values for the carbon use efficiency of the burnt plots fall closer to 

some of the estimates provided by Vourlitis et al. (2022) for grassland savannas near Cuiabá, 

Mato Grosso (0.16 and 0.29 using inventory-based estimates, and 0.08 and 0.15 from eddy 
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covariance methods). Although substantial interannual variation, mismatch between eddy 

covariance and inventory methods, and differences in sampling methodology imply any 

comparison should be taken with caution, lower CUE estimates could indicate our experimental 

fire regimes are shifting ecosystem-wide balances towards those of grass-dominated savannas. 

 

Experimental burning also appears to be switching ecosystem equilibrium dynamics from carbon 

accumulation to carbon losses, as illustrated by the comparison of Rheterotrophic and NPPtotal, which 

represent the overall inputs and outputs of carbon into the soil, approximately matching one 

another in steady-state conditions (Raich & Nadelhoffer, 1989). Within the unburnt plots, NPPtotal 

exceeds Rheterotrophic by >1 MgC ha-1 year-1, yet Rheterotrophic is larger than total productivity in all 

burnt plots. We recognise, however, that this exercise simplifies complex ecosystem dynamics 

by assuming no lags in the dynamics of carbon inputs and outputs, and ignores heterotrophic 

respiration arising from other ecosystem components. Several unknowns remain regarding the 

role of dead wood and charcoal in the carbon balance of burnt plots, given the high proportion of 

standing dead stems and the amount of partially combusted wood that is inputted into the soil 

(Gomes et al., 2020; Teixeira et al., 2022). Further study of the dynamics of the deadwood and 

soil carbon pools, as well as quantification of the direct carbon emissions through fire combustion, 

would allow for a better evaluation of the carbon impacts of altered fire regimes in the face of 

intensifying global change (Terra et al., 2023). 

 

3.8. Conclusions 

 

The findings presented by this study have provided useful insight into the net primary productivity 

and carbon flux dynamics within the Cerrado biodiversity hotspot. It represents an initial step 

towards the understanding of how altered fire regimes are influencing its ecosystem functioning 

and carbon budgeting. Experimental burning regimes affected the vegetation structure and carbon 

dynamics by reducing woody cover and arboreal productivity, leading to a shift towards more 
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open, grass-dominated vegetation. Our findings indicate periodically burnt cerrado sensu stricto 

would experience overall carbon losses, although the different patterns of change across 

ecosystem components reveal shifts are not consistent across ecological processes as a result of 

interactions between fire regime variables and other environmental factors. Our work 

complements previous studies revealing the variability of productivity and respiration of South 

American savanna vegetation, emphasising the diversity of ecological processes and responses to 

pressure between ecosystems. Long-term research on the effect of fire on carbon should therefore 

be extended into different locations and vegetation types incorporating a diverse range of 

geographies, vegetation characteristics, and experimental burning strategies, and be integrated 

across regional and biome scales with the help of technological advances in automation and 

remote sensing. Our results can aid and inform fire management programmes that prioritise 

biodiversity and landscape conservation. In that respect, controlled burning strategies within 

savannas and other open ecosystems should adjust fire frequencies depending on the reduction 

on woody cover and arboreal productivity that is desired. Nonetheless, fire management programs 

must also account for the effect of fire on species performance, biodiversity and ecosystem 

services, as well as social considerations and political constraints. Only then will we obtain a 

coherent and improved understanding of fire management for the conservation of fire-mediated 

ecosystems worldwide. 
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3.13. Supplementary material 

 

3.13.1. Estimating leaf area index from fisheye lens canopy images 

 

Leaf area index (LAI) of each plot was estimated from fisheye lens images of the canopy collected 

every month from December 2022 to November 2023. Images were taken with a Nikon D3200 

camera and Samyang 8mm F3.5 UMC CS II Fisheye lens. Images were then processed using 

‘ilastik’ (Berg et al., 2019), MATLAB and ‘CANEYE’ (Weiss & Baret, 2017) software for pixel 

classification, image cropping and LAI calculations respectively. Ilastik was used to segment 

images into vegetation and sky pixels. Ilastik assigns labels to pixels using a Random Forest 

classifier based on pixel labels and features (intensity, edge filters and textures) interactively set 

to enhance classification quality. Training was performed on a set of 10 images, indicating areas 

of sky and vegetation. All images were then processed and visually inspected. Inadequately 

segmented images were subsequently re-processed using a different training dataset and feature 

selection, and this process was repeated until all images were adequately segmented. Segmented 

images were then transformed to .tif format in MATLAB by changing pixel class values and 

applying a mask to pixels outside a 47º angle of view.  

 

CANEYE was then used to obtain PAI (plant area index) estimates from segmented images. The 

software provides an estimate of PAI based on gap fraction and considering leaf distribution, 

inclination, and image projection function (Weiss & Baret, 2017). CANEYE reported one PAI 

value per plot per month, as a synthesis of the images of the 25 subplots. We used the ‘CE V5.1 

True PAI’ method of PAI calculation, as our limited angle of view is not suitable for more recent 

calculation versions (requiring more than 60º angle of view). The following parameters were 

supplied to CANEYE based on image and camera characteristics:  

 

1) CALIBRATION PARAMETERS 
 

image size: dimensions of the image (in landscape orientation) in terms of rows and columns of 

pixels (ROW: 4000, COLUMN: 6016, meaning 6016 x 4000 pixels). 

angle of view: 47º, where the vertical edge of the photo is the horizon, and the centroid is the 

zenith. 

COI: 45 degrees, defining the area of radius to be analysed, and incorporating a 2-degree buffer 

to account for edge imperfections. 

Sub Sample Factor: 1, using default value as reducing computational memory is not required. 
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We created a projection function and inputted the optical centre characteristics: 

- Optical Centre: the central pixel of the image defined as the midpoint pixel in the x and 

y direction (LINE: 2000, COLUMN 3008). 

- Polynomial order: 1, as the projection is assumed to be equidistant/polar. 

- P1: 0.013, representing the angle of view of the fisheye lens divided by the number of 

pixels from the centroid of the fisheye image to the image horizon. 

 

2) ANGULAR RESOLUTION 
 

Angular Resolution: 2.5º in the zenith (θ) and azimuth (ϕ) directions, determining the angles for 

which the gap fraction is computed. It is set to the lowest value (highest resolution) for both 

angles. 

FCover: 20 degrees, used to calculate the percentage of black pixels within central 20-degree 

ring, not relevant to LAI. 

 

3) CLUMPING PARAMETER 
 

PAIsat: 8, used to address the issue of mathematically calculated PAI being infinite in completely 

black pixels. To address this, we used a value of 8 in such cases. This value is the intermediate 

default value provided and based on the guess that the densest point in the sampled plots would 

have a PAI of 8. 

 

4) FAPAR COMPUTATION 
 

Latitude: 15 degrees, based on the location of the plots. 

Day of Year: 150, in this case it represents a random number as variations in radiation is not 

expected to be large in tropical areas, and because it is not relevant to the calculation of PAI. 

 

Finally, we derived the true LAI values from the PAI estimates obtained from CANEYE by 

accounting for the percentage of PAI attributable to stems (stem area index – SAI). First, we used 

the percentage of PAI associated with stems and leaves of Cerrado trees provided by Hoffmann 

et al. (2005) – where SAI and LAI account for 13.9% and 86.1% of PAI respectively – to calculate 

SAI and LAI proportions of PAI in each of the plots during the month with highest canopy cover. 

We also accounted for dead standing trees in each plot, by scaling the proportion of SAI in 

accordance with the proportion of standing dead trees (100% live trees means SAI = 0.139*PAI, 

and 100% dead standing trees means SAI = 1.000*PAI). We thus obtained the value of SAI for 

each plot, and since we assume that SAI does not vary seasonally, we subtracted SAI from all 

other PAI values to account for the stem fraction of the canopy cover in all other months, 

obtaining true green leaf LAI.    
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3.13.2. Plot characterisation 
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Figure S3.1, images of the woodland savanna (cerrado sensu stricto) vegetation within the 
monitoring plots at the Estação Ecológica da Serra das Araras fire experiment, taken March to 
April 2023. 
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3.13.3. Statistical model outputs and pairwise comparisons 

 
Table S3.2, summary statistics for the linear mixed model testing if litterfall net primary 
productivity (NPPlitterfall) varies between fire regimes at the start (2018) and end (2023) monitoring 
periods. The model includes an interaction between fire regime and period. The response variable 
was transformed to meet statistical assumptions. The table includes fixed effect coefficients (in 
the transformed scale) and random effect variances. Plot and subplot identity were used as random 
effects to account for non-independence. 

 
 
 
 
Table S3.3, summary of the regime-level contrasts extracted from the linear mixed model testing 
if NPPlitterfall varies between the start (2018) and end (2023) monitoring periods at each of the fire 
regimes (Table S3.2). The estimate values presented below represent the difference between the 
overall regime marginal mean, and 2018 and 2023 marginal means within that regime. Thus, 
contrast estimates are symmetrically opposite and correspond to half of the period2023 model 
coefficients. P-values under 0.05 indicate significant differences (Šídák method). 
 

regime = Unburnt 
contrast estimate SE df t.ratio p.value 
period2018 effect -0.00098 0.0150 1991 -0.065 0.9973 
period2023 effect -0.00098 0.0150 1991 -0.065 0.9973 
regime = Triennial 
contrast estimate SE df t.ratio p.value 
period2018 effect -0.22436  0.0259  1991    -8.667   <.0001 
period2023 effect -0.22436  0.0259  1991    -8.667   <.0001 
regime = Biennial 
contrast estimate SE df t.ratio p.value 
period2018 effect -0.21091  0.0261  1991    -8.095   <.0001 
period2023 effect -0.21091  0.0261  1991    -8.095   <.0001 
regime = Annual 
contrast estimate SE df t.ratio p.value 
period2018 effect -0.25018  0.0259  1991    -9.665   <.0001 
period2023 effect -0.25018  0.0259  1991    -9.665   <.0001 

 
 
 

Formula: log10(NPPlitterfall + 0.1) ~ regime * year + (1|plot) + (1|subplot) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)    
(Intercept) -0.12930  0.06095 -2.121 0.162 
regimeTriennial -0.27915  0.12190 -2.290 0.143 
regimeBiennial -0.13072      0.12190 -1.072 0.391 
regimeAnnual -0.14416 0.12190 -1.183 0.354 
period2023 -0.00196 0.02992 -0.065 0.948 
regimeTriennial:period2023 -0.45068 0.05980 -7.537 7.26e-14 
regimeBiennial:period2023 -0.42377 0.06009 -7.052 2.42e-12 
regimeAnnual:period2023 -0.50232 0.05980 -8.401 < 2e-16 
Random effects  Variance  Groups  
subplot 0.049904 54  
plot 0.004753 6  
residual 0.198053 2049  
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Table S3.4, summary statistics for the linear mixed model testing if positive values of stem DBH 
growth (from dendrometer data) vary between experimental fire regimes and at the start (2019) 
and end (2023) monitoring periods. The model includes an interaction between fire regime and 
period. Note the response variable was transformed to meet statistical assumptions. The table 
includes transformed-scale fixed effect coefficients and random effect variances. Plot, species 
and stem were used as random effects to account for non-independence. 
 

 
 
 
 
Table S3.5, summary of the regime-level contrasts of marginal means extracted from the linear 
mixed model testing if positive values of stem DBH growth (from dendrometer data) vary 
between fire regimes and at the start (2019) and end (2023) monitoring periods (Table S3.4). The 
estimate values presented below represent the difference between the overall fire regime marginal 
mean, and the period-specific marginal mean within the fire regime. P-values below 0.05 indicate 
significant differences according to the Šídák method. 
 

regime = Unburnt 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.04547 0.00911 1529 -4.992 <.0001 
period2023 effect -0.04547 0.00911 1529 -4.992 <.0001 
regime = Triennial 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.05536 0.03712 961    -1.492 0.2538 
period2023 effect -0.05536 0.03712 961    -1.492 0.2538 
regime = Biennial 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.02246 0.04228 1460    -0.531 0.8363 
period2023 effect -0.02246 0.04228 1460    -0.531 0.8363 
regime = Annual 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.00239 0.02617 1607   -0.091 0.9947 
period2023 effect -0.00239 0.02617 1607   -0.091 0.9947 

 
 
 
 
 

Formula: log10(positive stem DBH growth) ~ regime * year + (1|plot) + (1|stem) + (1|species) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -0.36561 0.04002 -9.136 2.01e-06 
regimeTriennial -0.14759 0.06383 -2.312 0.0677 
regimeBiennial -0.04234      0.07618 -0.556 0.5902 
regimeAnnual -0.07052 0.05850 -1.205 0.3012 
period2023 -0.09093 0.01820 -4.997 6.50e-07 
regimeTriennial:period2023 -0.01979 0.07622 -0.260 0.7952 
regimeBiennial:period2023 -0.13584 0.08627 -1.575 0.1156 
regimeAnnual:period2023 -0.08615 0.05537 -1.556 0.1199 
Random effects  Variance  Groups  
stem 0.008108 349  
species 0.011200 28  
plot 0.001499 6  
residual 0.103973 1656  
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Table S3.6, summary statistics for the generalised linear mixed model testing if the proportion of 
stems sampled with dendrometer bands showing positive DBH growth varies between 
experimental fire regimes at the start (2019) and end (2023) monitoring periods. The model 
includes an interaction between fire regime and period. The table includes fixed effect coefficients 
(in the logit scale) and random effect variances. Stem identity was used as a random effect to 
account for non-independence. 
 

 
 
 
 
Table S3.7, summary of the regime-level contrasts of marginal means extracted from the 
generalised linear mixed model testing if the proportion of dendrometer stems with positive DBH 
growth varies between fire regimes at the start (2019) and end (2023) monitoring periods (Table 
S3.6). The estimate values presented below represent the difference between the overall fire 
regime marginal mean, and the period-specific marginal mean within the fire regime. P-values 
below 0.05 indicate significant differences according to the Šídák method. 
 

regime = Unburnt 
contrast estimate SE df z.ratio p.value 
period2019 effect -0.0336 0.0546 Inf -0.616 0.7864 
period2023 effect -0.0336 0.0546 Inf -0.616 0.7864 
regime = Triennial 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.0626 0.2215 Inf    -1.584 0.2136 
period2023 effect -0.0626 0.2215 Inf    -1.584 0.2136 
regime = Biennial 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.3508 0.2215 Inf   -1.584 0.2136 
period2023 effect -0.3508 0.2215 Inf   -1.584 0.2136 
regime = Annual 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.3164 0.1608 Inf   -1.968 0.0958 
period2023 effect -0.3164 0.1608 Inf   -1.968 0.0958 

 
 
 
 
 

Formula: binary stem DBH growth ~ regime * year + (1|stem)                     
Family: binomial (logit)                   
logLik:1632.2    deviance: 3264.3    df.resid: 3236     observations: 3245  
Fixed effects Estimate Std. Error t-value Pr(>|z|)     
(Intercept) -0.26288 0.17330 -1.517 0.1293   
regimeTriennial -0.23115 0.52532 -0.440 0.6599   
regimeBiennial -0.92338 0.58663 -1.574 0.1155 
regimeAnnual -0.31482 0.45026 -0.699 0.4844   
period2023 -0.06727 0.10920   -0.616 0.5378   
regimeTriennial:period2023 -0.19244 0.43994 -0.437 0.6618   
regimeBiennial:period2023 -0.76883 0.45625 -1.685 0.0920 
regimeAnnual:period2023 -0.56550 0.33957 -1.685 0.0958  
Random effects  Variance  Groups  
stem 6.901 435  
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Table S3.8, summary statistics for the linear model testing if fine root net primary productivity 
(NPPfine roots) varies between fire regimes at the start (2018) and end (2023) monitoring periods. 
The model includes an interaction between fire regime and period. Note the response variable 
was transformed to meet statistical assumptions. The table includes fixed effect coefficients (in 
the transformed scale). Please note no random effects were used to avoid model overcomplexity. 
 

 
 
 
 
Table S3.9, summary of the regime-level contrasts of marginal means extracted from the linear 
model testing if fine root net primary productivity (NPPfine roots) varies between experimental fire 
regimes and between the start (2018) and end (2023) monitoring periods (Table S3.8). The 
estimate values presented below represent the difference between the overall fire regime marginal 
mean, and the period-specific marginal mean within the fire regime. P-values below 0.05 indicate 
significant differences according to the Šídák method. 
 

regime = Unburnt 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.147 0.0269 425 -5.478 <.0001 
period2023 effect -0.147 0.0269 425 -5.478 <.0001 
regime = Triennial 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.254 0.0467 425 -5.435 <.0001 
period2023 effect -0.254 0.0467 425 -5.435 <.0001 
regime = Biennial 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.162 0.0467 425 -3.470 0.0011 
period2023 effect -0.162 0.0467 425 -3.470 0.0011 
regime = Annual 
contrast estimate SE df t.ratio p.value 
period2019 effect -0.262 0.0467 425 -5.620 <.0001 
period2023 effect -0.262 0.0467 425 -5.620 <.0001 

 
 
 
 
 
 
 
 
 
 

Formula: log10(NPPfine roots + 0.2) ~ regime * year  
Adjusted R-squared:  0.1987    F-statistic: 16.3     DF: 7,425    p-value: < 2.2e-16 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -0.321710 0.038113 -8.441 5.01e-16 
regimeTriennial -0.012090 0.076227 -0.159 0.8741 
regimeBiennial -0.125426 0.076227 -1.645 0.1006 
regimeAnnual -0.004198 0.076227 -0.055 0.9561 
period2023 -0.294563 0.053777 -5.478 7.40e-08 
regimeTriennial:period2023 -0.212798 0.107739   -1.975 0.0489 
regimeBiennial:period2023 -0.029413 0.107739   -0.273 0.7850 
regimeAnnual:period2023 -0.230118 0.107739   -2.136 0.0333 
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Table S3.10, summary statistics for the linear mixed model testing if stem CO2 efflux varies 
between fire regimes at the start (Sep 2018 to Aug 2019) and end (2023) monitoring periods. The 
model includes an interaction between fire regime and period. The table includes fixed effect 
coefficients and random effect variances. Plot, species and stem identity were used as random 
effects to account for non-independence. Please note that the start period data for plots ESA-05 
and ESA-06 was taken from September 2019 to March 2020. 
 

 
 
 
 
Table S3.11, summary of the regime-level contrasts of marginal means extracted from the linear 
mixed model testing if stem CO2 efflux varies between fire regimes at the start (Sep 2018 to Aug 
2019) and end (2023) monitoring periods (Table S3.10). The estimate values presented below 
represent the difference between the overall fire regime marginal mean, and the period-specific 
marginal mean within the fire regime. P-values below 0.05 indicate significant differences 
according to the Šídák method. 
 

regime = Unburnt 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -0.0178 0.0292 1743 -0.611 0.7894 
period2023 effect -0.0178 0.0292 1743 -0.611 0.7894 
regime = Triennial 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -0.0564 0.0566 1432    -0.996 0.5369 
period2023 effect -0.0564 0.0566 1432    -0.996 0.5369 
regime = Biennial 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -0.1906 0.0559 1800 -3.409 0.0013 
period2023 effect -0.1906 0.0559 1800 -3.409 0.0013 
regime = Annual 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -0.0187 0.0461 1725    -0.406 0.9006 
period2023 effect -0.0187 0.0461 1725    -0.406 0.9006 

 
 
 
 
 

Formula: stem CO2 efflux ~ regime * year + (1|plot) + (1|species) + (1|stem) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -0.97911 0.15874 -6.168 0.000410 
regimeTriennial -0.35463 0.21532 -1.647 0.257029    
regimeBiennial -0.36415 0.23451 -1.553 0.236216 
regimeAnnual -0.07337 0.22109 -0.332 0.771980    
period2023 -0.03564 0.05820 -0.612 0.540294     
regimeTriennial:period2023 -0.14840 0.12685 -1.170 0.242218 
regimeBiennial:period2023 -0.41677 0.12595 -3.309 0.000954 
regimeAnnual:period2023 -0.07310 0.10906 -0.670 0.502746 
Random effects  Variance  Groups  
stem 0.14859 100  
species 0.21570 21  
plot 0.02089 6  
residual 0.69510 1828  



Chapter 3: Research Paper 1 
 

 128 

Table S3.12, summary statistics for the linear mixed model testing if soil respiration (Rsoil) varies 
between fire regimes at the start (Sep 2018 to Aug 2019) and end (2023) monitoring periods. The 
model includes an interaction between fire regime and period. The table includes fixed effect 
coefficients and random effect variances. Plot and subplot identity were used as random effects 
to account for non-independence. 
 

 
 
 
 
Table S3.13, summary of the regime-level contrasts of marginal means extracted from the linear 
mixed model testing if soil respiration (Rsoil) varies between fire regimes at the start (Sep 2018 to 
Aug 2019) and end (2023) monitoring periods (Table S3.12). The estimate values presented 
below represent the difference between the overall fire regime marginal mean, and the period-
specific marginal mean within the fire regime. P-values below 0.05 indicate significant 
differences according to the Šídák method. 
 

regime = Unburnt 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -0.537 0.176 1143 -3.046 0.0047 
period2023 effect -0.537 0.176 1143 -3.046 0.0047 
regime = Triennial 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -1.326 0.306 1136    -4.338 <.0001 
period2023 effect -1.326 0.306 1136    -4.338 <.0001 
regime = Biennial 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -0.249 0.300 1136 -0.831 0.6474 
period2023 effect -0.249 0.300 1136 -0.831 0.6474 
regime = Annual 
contrast estimate SE df t.ratio p.value 
period(Sep 2018 - Aug 2019) effect -0.883 0.309 1137 -2.857 0.0087 
period2023 effect -0.883 0.309 1137 -2.857 0.0087 

 
 
 
 
 
 
 

Formula: Rsoil ~ regime * year + (1|plot) + (1|subplot) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -8.3362 0.3791 -21.989 7.82e-05 
regimeTriennial -1.5443 0.7610 -2.029 0.12221 
regimeBiennial -0.3896 0.7610 -0.512 0.63918 
regimeAnnual -1.3116 0.7757 -1.691 0.17023 
period2023 -1.0747 0.3527 -3.047 0.00236 
regimeTriennial:period2023 -1.5766 0.7057 -1.170 0.02566 
regimeBiennial:period2023 -0.6952 0.6952 -2.234 0.40690 
regimeAnnual:period2023 -0.6904 0.7114 -0.971 0.33197 
Random effects  Variance  Groups  
subplot 1.1366 54  
plot 0.1062 6  
residual 18.2605 1194  
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Table S3.14, summary statistics for the linear mixed model testing if herbaceous net primary 
productivity (NPPherbs) varies between fire regimes. The table includes transformed fixed effect 
coefficients and random effect variances. Plot and subplot were used as random effects to account 
for non-independence. 
 

 
 
 
Table S3.15, summary statistics for the linear mixed model testing if live herbaceous biomass 
varies between fire regimes. The table includes transformed fixed effect coefficients and random 
effect variances. Plot was used as a random effect to account for non-independence. 

 
 
 
Table S3.16, summary statistics for the linear mixed model testing if leaf area index (LAI) varies 
between fire regimes. The table includes fixed effect coefficients and random effect variances. 
LAI was calculated as a single value per plot and month, so plot was used as a random effect to 
account for non-independence. 

 
 
 
 
 
 

Formula: log10(NPPherbs + 0.05) ~ regime + (1|plot) + (1|subplot) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -1.01880 0.05485 -18.574 0.0029 
regimeTriennial -0.38534 0.10970 --3.513 0.0724 
regimeBiennial -0.21803 0.10970 --1.987 0.1852 
regimeAnnual -0.08250 0.10970 --0.752 0.5305 
Random effects  Variance  Groups  
subplot 0.004291 72  
plot 0.007381 6  
residual 0.185449 864  

Formula:  log10(live herbaceous biomass + 1) ~ regime + (1|plot) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) 1.05406 0.15306 6.887 0.0204 
regimeTriennial 0.93808 0.30612 3.064 0.0920 
regimeBiennial 0.39530 0.30612 1.291 0.3257 
regimeAnnual 0.09873 0.30612 0.323 0.7777 
Random effects  Variance  Groups  
plot 0.05759 6  
residual 0.15227 72  

Formula: LAI ~ regime + (1 | plot)  
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -1.7600 0.1444 -12.192 0.00666 
regimeTriennial -1.5866 0.2887 --5.495 0.03156 
regimeBiennial -1.3121 0.2900 --4.524 0.04403 
regimeAnnual -0.9362 0.2887 --3.242 0.08339 
Random effects  Variance  Groups  
plot 0.05416 6  
residual 0.10035 71  
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Table S3.17, comparison of AIC (Akaike’s information criterion) values for models comparing 
variables at different fire regimes and monitoring periods with and without an additional fixed 
effect for basal area in 2017. Linear mixed models were fit using ML estimation rather than 
REML for adequate comparisons between different sets of fixed effects (Zuur et al., 2009). 
 

 
 
 
Table S3.18, summary statistics for the linear mixed model testing if herbaceous net primary 
productivity (NPPherbs) varies between fire regimes, including an additional fixed effect for plot-
level basal area in 2017. Plot and subplot were used as random effects in order to maintain model 
structure (Table S3.15). 

 
 
 
Table S3.19, summary statistics for the linear mixed model testing if live herbaceous biomass 
varies between fire regimes, including an additional fixed effect for plot-level basal area in 2017. 
Plot was used as a random effect in order to maintain model structure (Table S3.16). 
 

 
 

Variable AIC(df) – without initial basal area AIC(df) – with initial basal area ΔAIC 
NPPlitterfall 2639.80 (11) 2640.46 (11) 0.66 
positive DBH growth  1098.72 (12) 1099.45 (13) 0.73 
binary DBH growth 3282.31 (9) 3282.29 (10) -0.02 
NPPfine roots 436.70 (9) 436.92 (10) 0.22 
Stem CO2 efflux 4727.53 (12) 4725.60 (13) -1.93 
Rsoil 6918.26 (11) 6919.35 (12) 1.09 
NPPherbs 1031.37 (7) 1024.18 (8) -7.19 
live herb biomass 84.49 (7) 77.64 (8) -6.85 
LAI 55.68 (6) 56.22 (7) -0.46 

Formula: log10(NPPherbs + 0.05) ~ regime + initial_basal_area + (1|plot) + (1|subplot) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -0.50434 0.16134 --3.126 0.00262 
initial_basal_area -0.11260 0.03494  -3.223 0.00196 
regimeTriennial -0.13209 0.09142 --1.445 0.15318 
regimeBiennial -0.01456 0.08597 --0.169 0.86599 
regimeAnnual -0.18383 0.05631 --3.265 0.00173 
Random effects  Variance  Groups  
subplot 0.0042 72  
plot 0.0000 6  
residual 0.1854 504  

Formula:  log10(live herbaceous biomass + 1) ~ regime + (1|plot) 
Fixed effects Estimate Std. Error t-value Pr(>|t|)     
(Intercept) -2.46461 0.43340 -5.687 2.59e-07 
initial_basal_area -0.30872     0.09386 -3.289 0.00156 
regimeTriennial -0.24371 0.24558 -0.992 0.32434 
regimeBiennial -0.24242 0.23094 -1.050 0.29737   
regimeAnnual -0.37656 0.15126 -2.489 0.01510 
Random effects  Variance  Groups  
plot 0.0000 6  
residual 0.1417 72  
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3.13.4. Summaries of carbon fluxes and related variables 
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Bark protection and light-adapted photosynthesis influence 
woody productivity of Cerrado trees in changing fire regimes. 
 

 

By Francisco Navarro-Rosales, Wesley Jonatar Alves da Cruz, Edouard Philippe Distin-

Carvalho, Manoela Machado, Flavio de Campos Oliveira, Marcelo Leandro Feitosa de Andrade, 

Maria Antonia Carniello and Imma Oliveras Menor. 

 

Linking statement: This chapter expands on Chapter 3 (Research Paper 1) by investigating 

woody stem productivity dynamics in more detail, focusing on patterns of productivity across tree 

species. This chapter was motivated by the need to functionally understand why savanna woody 

productivity declined after repeated burning despite evolutionary adaptations to fire. This chapter 

uses tree inventory data to identify how fast-growing generalist species dominate productivity in 

the absence of fire, but become compromised after burning. Then, it explores how long-term fire 

regimes affect rates of productivity and survival, and describes how leaf, bark, photosynthetic and 

wood functional traits underpin these long-term changes across the different fire regimes.  

 

Status: This chapter was published on the 29th of April 2026 in the journal Annals of Botany 

(https://doi.org/10.1093/aob/mcag115). The chapter was originally submitted to the special issue 

State of the Global Flora (Cerrado/Tropical Grasslands). This work was presented at the 65th 

Annual Meeting of the Association of Tropical Biology and Conservation in Oaxaca, México, 

and at the 27th Congress of the “01” Regional Council of Biologists (Cáceres, Brazil).  
 

Contributions: I, Francisco Navarro-Rosales, developed the research questions, contributed to 

field data collection at Serra das Araras, collated and cleaned the data, performed statistical 

analyses, produced figures and tables, and wrote and reviewed the manuscript. Imma Oliveras 

Menor and Maria Antonia Carniello secured funding and designed and coordinated the prescribed 

burning and monitoring study. Marcelo Leandro Feitosa de Andrade led the controlled burning 

interventions. Maria Antonia Carniello, Wesley Jonatar Alves da Cruz and Flavio de Campos 

Oliveira led tree survey campaigns. Wesley Jonatar Alves da Cruz, Manoela Machado, Imma 

Oliveras Menor, and I collected functional traits data, with contributions from Flavio de Campos 

Oliveira and Edouard Philippe Distin-Carvalho. Imma Oliveras Menor, Wesley Jonatar Alves da 

Cruz and Manoela Machado contributed to research hypotheses, analyses, and text editing. Imma 

Oliveras Menor supervised this research and was involved in all steps of this work.  
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4.1. Graphical abstract 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

How does the stem productivity of Cerrado trees respond to fire regimes, and can these 
responses be explained by leaf, bark, wood and photosynthetic functional traits?

Research aims & key findings:
1) Determine species contributions to stem productivity 
at the community level across fire regimes 
Generalist species are hyperdominant under fire exclusion, but 
contributions to productivity shift with increasing fire intensity

2) Investigate how fire regimes affect stem productivity at 
the dominant species level (focusing on long-term change)

3) Explore if traits explain patterns in species-level NPPstem
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Annual

Species
Byrsonima coccolobifolia

Byrsonima verbascifolia

Curatella americana

Dimorphandra mollis

Ferdinandusa elliptica

Hancornia speciosa

Kielmeyera grandiflora

Myrcia bella

Pouteria ramiflora

Qualea grandiflora

Qualea multiflora

Qualea parviflora

Trichilia silvatica

Vochysia haenkeana

Xylopia aromatica
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 2
02
1−
20
23

Tachigali
vulgaris

Vochysia
haenkeana

Curatella
americana

Trichilia
silvatica

Pouteria
ramiflora

Xylopia
aromatica

Emmotum
nitens

Qualea
parviflora

Qualea
grandiflora

Byrsonima
laxiflora

Roupala
montana

Dimorphandra
mollis

Byrsonima
coccolobifolia

Myrcia
bella

Byrsonima
verbascifolia

Kielmeyera
grandiflora

Hancornia
speciosa

Alibertia
edulis

Connarus
suberosus

Eriotheca
gracilipes Tabebuiaaurea

Curatella
americana

Kielmeyera
grandiflora

Qualea
parviflora

Byrsonima
verbascifolia

Myrcia
bella

Byrsonima
coccolobifolia

Davilla
elliptica

Ferdinandusa
elliptica

Qualea
grandiflora

Himatanthus
obovatus

Tachigali
vulgaris

Curatella
americana

Vochysia
haenkeana

Pouteria
ramiflora

Qualea
parviflora

Emmotum
nitens

Kielmeyera
grandiflora

Byrsonima
coccolobifolia

Plathymenia
reticulata

Byrsonima
laxiflora

Davilla
elliptica

Trichilia
silvatica

Andira
cujabensis

Byrsonima
crassifolia

Antonia
ovata

Tachigali
vulgaris

Curatella
americana

Vochysia
haenkeana

Byrsonima
coccolobifolia

Byrsonima
verbascifolia

Pouteria
ramiflora

Qualea
multiflora

Myrcia
bella

Vochysia
cinnamomea

Hancornia
speciosa

Dimorphandra
mollis

Qualea
parviflora

Andira
cujabensis

Ferdinandusa
elliptica

Salvertia
convallariodora

Byrsonima
crassifolia

Tachigali
vulgaris

Curatella
americana

Vochysia
haenkeana

Xylopia
aromatica

Dimorphandra
mollis

Antonia
ovata

Qualea
parviflora

Vatairea
macrocarpa

Maprounea
guianensis

Trichilia
silvatica

Tachigali
vulgaris

Vochysia
haenkeana

Pouteria
ramiflora

Curatella
americana

Kielmeyera
grandiflora

Dimorphandra
mollis

Byrsonima
verbascifolia

Qualea
grandiflora

Simarouba
versicolor

Emmotum
nitens

Hancornia
speciosa

Byrsonima
coccolobifolia

Qualea
parviflora

Hymenaea
stigonocarpa

Triennial (0.04 MgC ha−1 year−1) Biennial (0.13 MgC ha−1 year−1) Annual (0.52 MgC ha−1 year−1)

Unburnt (0.90 MgC ha−1 year−1) Unburnt (0.34 MgC ha−1 year−1) Unburnt (0.59 MgC ha−1 year−1)

NPPstem 2021−2023
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C
m
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ta
lit
y 
20
21
−2
02
3

Hancornia
speciosa

Myrcia
bella

Eriotheca
gracilipes

Kielmeyera
grandiflora

Vochysia
cinnamomea

Vochysia
haenkeana

Himatanthus
obovatus

Curatella
americana

Pouteria
ramiflora

Qualea
grandiflora

Tachigali
vulgaris

Vochysia
haenkeana

Xylopia
aromatica

Hymenaea
stigonocarpa

Byrsonima
laxiflora

Pouteria
ramiflora

Byrsonima
coccolobifolia

Trichilia
silvatica

Hancornia
speciosa

Qualea
grandiflora

Myrcia
bella

Emmotum
nitens

Indet.

Plathymenia
reticulata

Eriotheca
gracilipes

Alibertia
edulis

Kielmeyera
grandiflora

Qualea
parviflora

Tachigali
vulgaris

Kielmeyera
grandiflora

Hancornia
speciosa

Myrcia
bella

Pouteria
gardneriana

Byrsonima
crassifolia

Cardiopetalum
calophyllum

Myrsine
umbellata

Vochysia
haenkeana

Antonia
ovata

Emmotum
nitens

Indet.

Maprounea
guianensis

Xylopia
aromatica

Tachigali
vulgaris

Vochysia
haenkeana

Kielmeyera
grandiflora

Myrcia
bella

Xylopia
aromatica

Emmotum
nitens

Andira
cujabensis

Hymenaea
stigonocarpa

Pouteria
ramiflora

Rudgea
viburnoides

Qualea
multiflora

Himatanthus
obovatus

Byrsonima
coccolobifolia

Maprounea guianensis

Davilla
elliptica

Pouteria
gardneriana

Plathymenia
reticulata

Byrsonima
verbascifolia

Antonia
ovata

Trichiliasilvatica

Myrcia
bella

Hancornia
speciosa

Kielmeyera
grandiflora

Pouteria
ramiflora

Qualea
grandiflora

Himatanthus
obovatus

Eriotheca
gracilipes

Matayba
guianensis

Xylopia
aromatica

Davilla
elliptica

Tachigali
vulgaris

Vochysia
haenkeana

Dimorphandra
mollis

Xylopia
aromatica

Kielmeyera
grandiflora

Byrsonima
laxiflora

Emmotum
nitens

Eriotheca
gracilipes

Curatella
americana

Himatanthus
obovatus

Pouteria
ramiflora

Myrcia bella

Byrsonima coccolobifolia

Xylopia frutescens

Hancornia
speciosa

Maprouneaguianensis

Triennial (0.69 MgC ha−1 year−1) Biennial (0.75 MgC ha−1 year−1) Annual (1.24 MgC ha−1 year−1)

Unburnt (0.06 MgC ha−1 year−1) Unburnt (0.16 MgC ha−1 year−1) Unburnt (0.04 MgC ha−1 year−1)

Cmortality 2021−2023
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Davilla
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Byrsonima
crassifolia

Antonia
ovata
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Triennial (0.04 MgC ha−1 year−1) Biennial (0.13 MgC ha−1 year−1) Annual (0.52 MgC ha−1 year−1)

Unburnt (0.90 MgC ha−1 year−1) Unburnt (0.34 MgC ha−1 year−1) Unburnt (0.59 MgC ha−1 year−1)

NPPstem 2021−2023
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20
21
−2
02
3

Hancornia
speciosa

Myrcia
bella

Eriotheca
gracilipes

Kielmeyera
grandiflora

Vochysia
cinnamomea

Vochysia
haenkeana

Himatanthus
obovatus

Curatella
americana

Pouteria
ramiflora

Qualea
grandiflora

Tachigali
vulgaris

Vochysia
haenkeana

Xylopia
aromatica

Hymenaea
stigonocarpa

Byrsonima
laxiflora

Pouteria
ramiflora

Byrsonima
coccolobifolia

Trichilia
silvatica

Hancornia
speciosa

Qualea
grandiflora

Myrcia
bella

Emmotum
nitens

Indet.

Plathymenia
reticulata

Eriotheca
gracilipes

Alibertia
edulis

Kielmeyera
grandiflora

Qualea
parviflora

Tachigali
vulgaris

Kielmeyera
grandiflora

Hancornia
speciosa

Myrcia
bella

Pouteria
gardneriana

Byrsonima
crassifolia

Cardiopetalum
calophyllum

Myrsine
umbellata

Vochysia
haenkeana

Antonia
ovata

Emmotum
nitens

Indet.

Maprounea
guianensis

Xylopia
aromatica

Tachigali
vulgaris

Vochysia
haenkeana

Kielmeyera
grandiflora

Myrcia
bella

Xylopia
aromatica

Emmotum
nitens

Andira
cujabensis

Hymenaea
stigonocarpa

Pouteria
ramiflora

Rudgea
viburnoides

Qualea
multiflora

Himatanthus
obovatus

Byrsonima
coccolobifolia

Maprounea guianensis

Davilla
elliptica

Pouteria
gardneriana

Plathymenia
reticulata

Byrsonima
verbascifolia

Antonia
ovata

Trichiliasilvatica

Myrcia
bella

Hancornia
speciosa

Kielmeyera
grandiflora

Pouteria
ramiflora

Qualea
grandiflora

Himatanthus
obovatus

Eriotheca
gracilipes

Matayba
guianensis

Xylopia
aromatica

Davilla
elliptica

Tachigali
vulgaris

Vochysia
haenkeana

Dimorphandra
mollis

Xylopia
aromatica

Kielmeyera
grandiflora

Byrsonima
laxiflora

Emmotum
nitens

Eriotheca
gracilipes

Curatella
americana

Himatanthus
obovatus

Pouteria
ramiflora

Myrcia bella

Byrsonima coccolobifolia

Xylopia frutescens

Hancornia
speciosa

Maprouneaguianensis

Triennial (0.69 MgC ha−1 year−1) Biennial (0.75 MgC ha−1 year−1) Annual (1.24 MgC ha−1 year−1)

Unburnt (0.06 MgC ha−1 year−1) Unburnt (0.16 MgC ha−1 year−1) Unburnt (0.04 MgC ha−1 year−1)

Cmortality 2021−2023
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vulgaris

Vochysia
haenkeana

Curatella
americana
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ramiflora

Xylopia
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nitens

Qualea
parviflora

Qualea
grandiflora

Byrsonima
laxiflora

Roupala
montana

Dimorphandra
mollis
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coccolobifolia

Myrcia
bella
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verbascifolia

Kielmeyera
grandiflora

Hancornia
speciosa

Alibertia
edulis

Connarus
suberosus

Eriotheca
gracilipes Tabebuiaaurea

Curatella
americana

Kielmeyera
grandiflora

Qualea
parviflora

Byrsonima
verbascifolia

Myrcia
bella
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Davilla
elliptica

Ferdinandusa
elliptica

Qualea
grandiflora

Himatanthus
obovatus
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Vochysia
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Pouteria
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Emmotum
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Kielmeyera
grandiflora

Byrsonima
coccolobifolia

Plathymenia
reticulata

Byrsonima
laxiflora

Davilla
elliptica

Trichilia
silvatica

Andira
cujabensis

Byrsonima
crassifolia

Antonia
ovata
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Curatella
americana

Vochysia
haenkeana
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Pouteria
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Qualea
multiflora

Myrcia
bella

Vochysia
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speciosa

Dimorphandra
mollis

Qualea
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Andira
cujabensis

Ferdinandusa
elliptica

Salvertia
convallariodora
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crassifolia
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vulgaris

Curatella
americana

Vochysia
haenkeana

Xylopia
aromatica

Dimorphandra
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Antonia
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Qualea
parviflora

Vatairea
macrocarpa

Maprounea
guianensis

Trichilia
silvatica

Tachigali
vulgaris

Vochysia
haenkeana

Pouteria
ramiflora

Curatella
americana

Kielmeyera
grandiflora

Dimorphandra
mollis
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verbascifolia

Qualea
grandiflora

Simarouba
versicolor

Emmotum
nitens

Hancornia
speciosa

Byrsonima
coccolobifolia

Qualea
parviflora

Hymenaea
stigonocarpa

Triennial (0.04 MgC ha−1 year−1) Biennial (0.13 MgC ha−1 year−1) Annual (0.52 MgC ha−1 year−1)

Unburnt (0.90 MgC ha−1 year−1) Unburnt (0.34 MgC ha−1 year−1) Unburnt (0.59 MgC ha−1 year−1)

NPPstem 2021−2023
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3

Hancornia
speciosa

Myrcia
bella

Eriotheca
gracilipes

Kielmeyera
grandiflora

Vochysia
cinnamomea

Vochysia
haenkeana

Himatanthus
obovatus

Curatella
americana

Pouteria
ramiflora

Qualea
grandiflora

Tachigali
vulgaris

Vochysia
haenkeana

Xylopia
aromatica

Hymenaea
stigonocarpa

Byrsonima
laxiflora

Pouteria
ramiflora

Byrsonima
coccolobifolia

Trichilia
silvatica

Hancornia
speciosa

Qualea
grandiflora

Myrcia
bella

Emmotum
nitens

Indet.

Plathymenia
reticulata

Eriotheca
gracilipes

Alibertia
edulis

Kielmeyera
grandiflora

Qualea
parviflora

Tachigali
vulgaris

Kielmeyera
grandiflora

Hancornia
speciosa

Myrcia
bella

Pouteria
gardneriana

Byrsonima
crassifolia

Cardiopetalum
calophyllum

Myrsine
umbellata

Vochysia
haenkeana

Antonia
ovata

Emmotum
nitens

Indet.

Maprounea
guianensis

Xylopia
aromatica

Tachigali
vulgaris

Vochysia
haenkeana

Kielmeyera
grandiflora

Myrcia
bella

Xylopia
aromatica

Emmotum
nitens

Andira
cujabensis

Hymenaea
stigonocarpa

Pouteria
ramiflora

Rudgea
viburnoides

Qualea
multiflora

Himatanthus
obovatus

Byrsonima
coccolobifolia

Maprounea guianensis

Davilla
elliptica

Pouteria
gardneriana

Plathymenia
reticulata

Byrsonima
verbascifolia

Antonia
ovata

Trichiliasilvatica

Myrcia
bella

Hancornia
speciosa

Kielmeyera
grandiflora

Pouteria
ramiflora

Qualea
grandiflora

Himatanthus
obovatus

Eriotheca
gracilipes

Matayba
guianensis

Xylopia
aromatica

Davilla
elliptica

Tachigali
vulgaris

Vochysia
haenkeana

Dimorphandra
mollis

Xylopia
aromatica

Kielmeyera
grandiflora

Byrsonima
laxiflora

Emmotum
nitens

Eriotheca
gracilipes

Curatella
americana

Himatanthus
obovatus

Pouteria
ramiflora

Myrcia bella

Byrsonima coccolobifolia

Xylopia frutescens

Hancornia
speciosa

Maprouneaguianensis

Triennial (0.69 MgC ha−1 year−1) Biennial (0.75 MgC ha−1 year−1) Annual (1.24 MgC ha−1 year−1)

Unburnt (0.06 MgC ha−1 year−1) Unburnt (0.16 MgC ha−1 year−1) Unburnt (0.04 MgC ha−1 year−1)

Cmortality 2021−2023

 1 

 

 

Ta
ch
ig
al
i

vu
lg
ar
is

Vo
ch
ys
ia

ha
en
ke
an
a

C
ur
at
el
la

am
er
ic
an
a

Tr
ic
hi
lia

si
lva
tic
a

Po
ut
er
ia

ra
m
ifl
or
a

Xy
lo
pi
a

ar
om

at
ic
a

Em
m
ot
um

ni
te
ns

Q
ua
le
a

pa
rv
ifl
or
a

Q
ua
le
a

gr
an
di
flo
ra

By
rs
on
im
a

la
xi
flo
ra

R
ou
pa
la

m
on
ta
na

D
im
or
ph
an
dr
a

m
ol
lis

By
rs
on
im
a

co
cc
ol
ob
ifo
lia

M
yr
ci
a

be
lla

By
rs
on
im
a

ve
rb
as
ci
fo
lia

Ki
el
m
ey
er
a

gr
an
di
flo
ra

H
an
co
rn
ia

sp
ec
io
sa

Al
ib
er
tia

ed
ul
is

C
on
na
ru
s

su
be
ro
su
s

Er
io
th
ec
a

gr
ac
ilip
es

Ta
be
bu
ia

au
re
a

C
ur
at
el
la

am
er
ic
an
a

Ki
el
m
ey
er
a

gr
an
di
flo
ra

Q
ua
le
a

pa
rv
ifl
or
a

By
rs
on
im
a

ve
rb
as
ci
fo
lia

M
yr
ci
a

be
lla

By
rs
on
im
a

co
cc
ol
ob
ifo
lia

D
av
illa

el
lip
tic
a

Fe
rd
in
an
du
sa

el
lip
tic
a

Q
ua
le
a

gr
an
di
flo
ra

H
im
at
an
th
us

ob
ov
at
us

Ta
ch
ig
al
i

vu
lg
ar
is

C
ur
at
el
la

am
er
ic
an
a

Vo
ch
ys
ia

ha
en
ke
an
a

Po
ut
er
ia

ra
m
ifl
or
a

Q
ua
le
a

pa
rv
ifl
or
a

Em
m
ot
um

ni
te
ns

Ki
el
m
ey
er
a

gr
an
di
flo
ra

By
rs
on
im
a

co
cc
ol
ob
ifo
lia

Pl
at
hy
m
en
ia

re
tic
ul
at
a

By
rs
on
im
a

la
xi
flo
ra

D
av
illa

el
lip
tic
a

Tr
ic
hi
lia

si
lva
tic
a

An
di
ra

cu
ja
be
ns
is

By
rs
on
im
a

cr
as
si
fo
lia

An
to
ni
a

ov
at
a

Ta
ch
ig
al
i

vu
lg
ar
is

C
ur
at
el
la

am
er
ic
an
a

Vo
ch
ys
ia

ha
en
ke
an
a

By
rs
on
im
a

co
cc
ol
ob
ifo
lia

By
rs
on
im
a

ve
rb
as
ci
fo
lia

Po
ut
er
ia

ra
m
ifl
or
a

Q
ua
le
a

m
ul
tif
lo
ra

M
yr
ci
a

be
lla

Vo
ch
ys
ia

ci
nn
am

om
ea

H
an
co
rn
ia

sp
ec
io
sa

D
im
or
ph
an
dr
a

m
ol
lis

Q
ua
le
a

pa
rv
ifl
or
a

An
di
ra

cu
ja
be
ns
is

Fe
rd
in
an
du
sa

el
lip
tic
a

Sa
lve
rti
a

co
nv
al
la
rio
do
ra

By
rs
on
im
a

cr
as
si
fo
lia

Ta
ch
ig
al
i

vu
lg
ar
is

C
ur
at
el
la

am
er
ic
an
a

Vo
ch
ys
ia

ha
en
ke
an
a

Xy
lo
pi
a

ar
om

at
ic
a

D
im
or
ph
an
dr
a

m
ol
lis

An
to
ni
a

ov
at
a

Q
ua
le
a

pa
rv
ifl
or
a

Va
ta
ire
a

m
ac
ro
ca
rp
a

M
ap
ro
un
ea

gu
ia
ne
ns
is

Tr
ic
hi
lia

si
lva
tic
a

Ta
ch
ig
al
i

vu
lg
ar
is

Vo
ch
ys
ia

ha
en
ke
an
a

Po
ut
er
ia

ra
m
ifl
or
a

C
ur
at
el
la

am
er
ic
an
a

Ki
el
m
ey
er
a

gr
an
di
flo
ra

D
im
or
ph
an
dr
a

m
ol
lis

By
rs
on
im
a

ve
rb
as
ci
fo
lia

Q
ua
le
a

gr
an
di
flo
ra

Si
m
ar
ou
ba

ve
rs
ic
ol
or

Em
m
ot
um

ni
te
ns

H
an
co
rn
ia

sp
ec
io
sa

By
rs
on
im
a

co
cc
ol
ob
ifo
lia

Q
ua
le
a

pa
rv
ifl
or
a

H
ym

en
ae
a

st
ig
on
oc
ar
pa

Tr
ie
nn
ia
l
(0
.0
4
M
gC

ha
−1
ye
ar
−1
)
B
ie
nn
ia
l
(0
.1
3
M
gC

ha
−1
ye
ar
−1
)

A
nn
ua
l
(0
.5
2
M
gC

ha
−1
ye
ar
−1
)

U
nb
ur
nt

(0
.9
0
M
gC

ha
−1
ye
ar
−1
)

U
nb
ur
nt

(0
.3
4
M
gC

ha
−1
ye
ar
−1
)

U
nb
ur
nt

(0
.5
9
M
gC

ha
−1
ye
ar
−1
)

N
PP

st
em
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02
1−
20
23

Tachigali
vulgaris

Vochysia
haenkeana

Curatella
americana

Trichilia
silvatica

Pouteria
ramiflora

Xylopia
aromatica

Emmotum
nitens

Qualea
parviflora

Qualea
grandiflora

Byrsonima
laxiflora

Roupala
montana

Dimorphandra
mollis

Byrsonima
coccolobifolia

Myrcia
bella

Byrsonima
verbascifolia

Kielmeyera
grandiflora

Hancornia
speciosa

Alibertia
edulis

Connarus
suberosus

Eriotheca
gracilipes Tabebuiaaurea

Curatella
americana

Kielmeyera
grandiflora

Qualea
parviflora

Byrsonima
verbascifolia

Myrcia
bella

Byrsonima
coccolobifolia

Davilla
elliptica

Ferdinandusa
elliptica

Qualea
grandiflora

Himatanthus
obovatus

Tachigali
vulgaris

Curatella
americana

Vochysia
haenkeana

Pouteria
ramiflora

Qualea
parviflora

Emmotum
nitens

Kielmeyera
grandiflora

Byrsonima
coccolobifolia

Plathymenia
reticulata

Byrsonima
laxiflora

Davilla
elliptica

Trichilia
silvatica

Andira
cujabensis

Byrsonima
crassifolia

Antonia
ovata

Tachigali
vulgaris

Curatella
americana

Vochysia
haenkeana

Byrsonima
coccolobifolia

Byrsonima
verbascifolia

Pouteria
ramiflora

Qualea
multiflora

Myrcia
bella

Vochysia
cinnamomea

Hancornia
speciosa

Dimorphandra
mollis

Qualea
parviflora

Andira
cujabensis

Ferdinandusa
elliptica

Salvertia
convallariodora

Byrsonima
crassifolia

Tachigali
vulgaris

Curatella
americana

Vochysia
haenkeana

Xylopia
aromatica

Dimorphandra
mollis

Antonia
ovata

Qualea
parviflora

Vatairea
macrocarpa

Maprounea
guianensis

Trichilia
silvatica

Tachigali
vulgaris

Vochysia
haenkeana

Pouteria
ramiflora

Curatella
americana

Kielmeyera
grandiflora

Dimorphandra
mollis

Byrsonima
verbascifolia

Qualea
grandiflora

Simarouba
versicolor

Emmotum
nitens

Hancornia
speciosa

Byrsonima
coccolobifolia

Qualea
parviflora

Hymenaea
stigonocarpa

Triennial (0.04 MgC ha−1 year−1) Biennial (0.13 MgC ha−1 year−1) Annual (0.52 MgC ha−1 year−1)

Unburnt (0.90 MgC ha−1 year−1) Unburnt (0.34 MgC ha−1 year−1) Unburnt (0.59 MgC ha−1 year−1)

NPPstem 2021−2023
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4.2. Abstract 

 

Background and Aims: Changes in fire regimes within open ecosystems have important impacts 

on plant vulnerability, carbon cycling and ecosystem functioning. Thus, in this study, we 

investigate stem net primary productivity (NPP) dynamics of savanna vegetation in the Amazon-

Cerrado transition, making use of an experimental fire and ecosystem monitoring project. We 

aimed to determine i) how different species contribute to plot-level stem NPP and how this 

changes with fire frequency; ii) how different fire frequencies affect the average stem NPP and 

survival of dominant species; and iii) if fire-induced changes in species-level stem NPP and 

survival are influenced by functional traits.  

Methods: We use tree inventory data (height and diameter of stems) to quantify plot- and tree-

level stem NPP across unburnt, annual, biennial and triennial fire frequencies. We compare before 

and after estimates of average stem NPP and survival of dominant species using mixed-effects 

models, and identify key traits linked with changes in productivity and survival via principal 

component and regime-interval-trait interaction analyses.  

Key Results: Generalist species dominate stem NPP in unburnt conditions (Tachigali vulgaris 

accounts for 72% of NPP), but become less dominant within our less frequent fire regimes 

(biennially and triennially burnt plots), which favour more sclerophyllous savanna trees. There is 

a trade-off between plant productivity and tolerance to fire, influenced by functional traits. In less 

frequent fire conditions (within the triennially burnt plot), tree growth and productivity are 

determined by bark protection, high photosynthetic rates and photosynthetic shade intolerance.  

Conclusions: These findings allow us to better predict how fire regimes of varying frequencies 

will filter the communities of Cerrado trees, and which set of species will confer greater resilience 

to landscapes across this threatened region. The diverse productivity strategies of Cerrado 

vegetation are determined by the interaction between fire regimes and functional traits. Burning 

can successfully limit woody encroachment and help conserve open ecosystem diversity and 

functioning in the Cerrado. 
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4.3. Background and aims 

 

Open ecosystems worldwide are experiencing substantial changes in fire regimes (Goldammer, 

2013; Jones et al., 2022; Sayedi et al., 2024). In savannas, longer dry seasons and more extreme 

droughts and heatwaves are contributing to an increase in wildfire intensity and frequency 

(Flannigan et al., 2013; Jolly et al., 2015), with human activities being linked to increases in 

flammability and number of ignitions, but also to landscape fragmentation, fuel discontinuity, fire 

suppression and overall reductions in burnt area (Andela & van der Werf, 2014; Archibald, 2016; 

Andela et al., 2017; Jones et al., 2022). The Cerrado – Brazil’s savanna region covering more 

than 2 million km2 and supporting more than 10,000 native plant species (Giles et al., 2026) – is 

currently threatened by alarming rates of land clearance and increased ignitions for agricultural 

conversion purposes, which are shifting fire seasons, driving landscape change, and exposing 

species lacking the ecological adaptations needed to survive new fire regime conditions (Françoso 

et al., 2015; Schmidt & Eloy, 2020; Segura-García et al., 2025; Spadoni et al., 2025). Cerrado 

savannas are characterised by relatively frequent fire regimes consisting of low-intensity surface 

burns, with typical fire intervals ranging between 2-6 years (Eiten, 1972; Pereira et al., 2014; 

Pivello et al., 2021), with fire intervals of 3-4 years appearing to optimise ecosystem functioning 

and recovery (Pivello & Coutinho, 1992; Kauffman et al., 1994; Pivello et al., 2010; Oliveras et 

al., 2012). Recent geospatial analyses have revealed that fire activity levels in the central and 

northern Cerrado have increased over the last four decades due to the expansion of the new 

agricultural frontier, whilst fire activity and frequency decreased in the South as a result of 

sweeping clearance and fragmentation (da Silva Arruda et al., 2024; Segura-García et al., 2025). 

In the remaining areas of natural vegetation, fire exclusion policies have reduced fire frequency 

and promoted landscape change via woody encroachment (Rosan et al., 2019) which can increase 

the likelihood of intense fires and have important consequences towards diversity and ecological 

functioning (Durigan & Ratter, 2016; Kelly et al., 2020).  
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Changing fire regimes can profoundly affect the fitness and persistence of savanna plant species 

and communities by influencing vital rates, population dynamics and reproduction success 

(Hoffmann, 2002; Pilon et al., 2021; Zirondi et al., 2021), which in turn shape ecosystem-level 

responses in terms of structure and function (Le Stradic et al., 2018). Although fire-induced 

effects on savanna vegetation are highly contextual, frequent fire regimes tend to promote more 

open landscapes and grass-dominated systems by constraining juvenile trees and promoting the 

rapid recovery of the herbaceous layer (Higgins et al., 2024; Singh et al., 2023). In contrast, 

decreasing fire frequency and occurrence allows for increased tree establishment and the eventual 

shift towards higher-biomass woody vegetation (Hoffmann et al., 2020), which can be associated 

with acute losses in savanna species richness and ecosystem services (Abreu et al., 2017; 

Skhosana et al., 2025). Tropical savannas are thus functionally maintained by fire regimes, where 

natural or traditional burns are required to promote vegetation regeneration, sustain nutrient 

cycles, support biodiversity and maintain ecosystem structure (Pivello, 2011; Staver et al., 2011).  

 

One of the most informative indicators describing ecosystem functioning is net primary 

productivity (NPP), defined as the net rate at which ecosystems accrue carbon into organic plant 

structures (Malhi et al., 2011). Studying woody NPP – essentially growth in terms of woody 

biomass accumulation (Hilty et al., 2021) – provides insight into plant performance, 

ecophysiological processes, climate budgeting, and ecosystem services (Girardin et al., 2010; 

Malhi, 2012). Previous studies in the Cerrado have shown that, for example, burning at different 

fire frequencies and intensities can significantly affect plant growth and survival (e.g., Rodrigues 

et al., 2021; Rodrigues & Fidelis, 2022; Fontenele & Miranda, 2024) as well as primary 

production and carbon cycling (e.g., Teixeira et al., 2022; Navarro-Rosales et al., 2025; Teixeira 

et al., 2025). Despite these findings, scaling up individual- and species-level responses to 

understand and predict shifts in ecosystem structure and function remains one of the key 

challenges in deciphering the consequences of changing fire regimes (Grau-Andrés et al., 2024). 
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Using trait-based approaches to investigate functional responses to fire offers a valuable 

framework for elucidating the mechanistic underpinnings of fire response strategies and their 

relationship with plant fitness (Clarke et al., 2013; Rosell et al., 2014). A functional trait 

framework can help predict how plants in fire-prone ecosystems respond to changes in fire 

regimes, as traits that confer tolerance and resistance to environmental pressures will shape the 

fitness and persistence of species and individuals in the face of shifting ecological filters 

(Plumanns-Pouton et al., 2024). Functional traits can thus be used to track community-level 

responses to changing environmental conditions (Aguirre-Gutiérrez et al., 2025) and to distil 

complex species-environment relationships into generalisable patterns that remain valid across 

scales and locations (Sommer et al., 2014). In areas like the Cerrado, where fire-prone savannas 

and fire-vulnerable forests are able to coexist as alternative ‘stable’ states (Staver et al., 2011), 

community composition, vegetation structure and ecosystem function are likely governed by an 

interplay between fire regimes and plant strategies (Dantas et al., 2013). Fire-related traits such 

as thick bark insulation, bud protection, bud placement, resource storage, and rapid resprouting 

are common in species subjected to frequent low-intensity fires and are key determinants of 

woody plant survival and productivity in fire-prone ecosystems (Charles‐Dominique et al., 2015; 

Pilon et al., 2021). In contrast, resource-acquisition traits, such as lower structural investment, 

higher photosynthetic capacity and rapid growth rates, allow for increased survival and faster 

biomass accumulation under fire suppression (Flake et al., 2021).  

 

Despite the importance of predicting changes in survival and growth under altered fire regimes – 

and of understanding the role of functional traits in shaping these responses – few studies have 

examined how woody productivity changes in relation to both fire regimes and functional traits 

in the Cerrado (e.g., Terra et al., 2021). Thus, the overall aim of our study was to investigate 

productivity and survival responses of Cerrado savanna trees to changing fire regimes using a 

functional traits perspective. We make use of a long-term experimental fire project at Serra das 

Araras, Mato Grosso, Brazil, where, since 2016, we have monitored carbon fluxes and tree size 

in six permanent plots exposed to different fire frequencies: fire exclusion and annual, biennial, 
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and triennial burns. In a recent publication (Navarro-Rosales et al., 2025), we explored how the 

reintroduction of fire after 30 years of fire exclusion reduced arboreal carbon fluxes, reflecting a 

shift in community composition due to the decline of generalist tree species associated with forest-

savanna transitions (de Souza et al., 2025). Building upon this earlier work, and taking advantage 

of tree inventory datasets collected every 2 years, we aimed to comprehensively assess the 

impacts of changing fire regimes – both the continued exclusion of fire and the reintroduction of 

periodical burning at different frequencies – on woody productivity and survival.  

 

Our overarching hypothesis is that without the effect of fire and other notable disturbances, 

generalist species relying on fast-growth, resource acquisitive strategies will have a growth and 

survival competitive advantage over conservative, slow-growing savanna species investing in 

structural integrity and bark protection (Gignoux et al., 2016; Chiminazzo et al., 2025). In burnt 

plots, however, woody productivity and survival will be primarily determined by fire protection 

and resprouting traits allowing for tissue integrity and regrowth (Scalon et al., 2020; Flake et al., 

2021). We expect fire protection and resprouting traits to have a stronger influence on 

productivity and survival within the triennially and biennially burnt plots reflecting how these fire 

regimes supported more intense fire events (Navarro-Rosales et al., 2025). We predict the 

annually burnt plot will show similar patterns to our fire exclusion plots given Cerrado plants 

have developed strategies allowing for success under both high fire frequencies and fire absence 

(Chiminazzo et al., 2025). To adequately evaluate the validity of these hypotheses, we specifically 

aim to address the following research objectives: 

 

1. First, we evaluate differences in species contributions to total stem productivity and 

mortality at the plot scale, comparing patterns across fire regimes of different 

frequencies. In unburnt plots, we expect a higher contribution to NPP from larger, fast-

growing generalist species, while in the burnt plots we expect fire-tolerant, conservative 

savanna trees to contribute most to NPP (as the abundance and growth of fire-vulnerable 

generalist species are compromised, reducing overall NPP; de Miranda Santos et al., 
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2024; Navarro-Rosales et al., 2025). We expect to observe greater shifts towards 

savanna-species dominance of NPPstem in our less frequent fire regimes (biennially and 

triennially burnt plots). We also expect a complementary shift in species contributions to 

mortality, with generalist species exhibiting higher mortality rates after less frequent, 

more intense fires (biennially and triennially burnt plots). 

 

2. To understand trends in productivity and mortality at the species level and to evaluate 

whether there is a trade-off between productivity and fire tolerance, we also aim to assess 

if experimental fire regimes influenced average stem productivity and survival 

rates, focusing on patterns of temporal change across 16 dominant tree species. We 

expect fire to have a strongly negative effect on the survival and productivity of fast-

growing generalist species, but a more moderate – or even positive – effect on the 

productivity and survival of conservative savanna trees (Hoffmann & Solbrig, 2003). We 

predict patterns of change in both survival and productivity will be more pronounced in 

plots where less frequent fires have likely allowed for increased fire intensity (biennially 

and triennially burnt plots). Patterns of change should also reflect an underlying trade-off 

whereby species with the potential for higher vital rates (in the absence of disturbance) 

will be increasingly fire-vulnerable (Russo et al., 2020). 

 

3. Finally, we investigate whether variations in leaf, bark, wood and photosynthetic 

plant functional traits explain patterns in the species-level stem productivity and 

survival rates of dominant tree species. We hypothesise that average productivity and 

survival rates in the unburnt plots will be linked with traits reflecting low structural 

investment and minimal bark protection, coupled with high carbon assimilation and fast 

resource capture (Flake et al., 2021). In the burnt plots, we expect a shift toward trait-

performance relationships favouring thicker bark, greater structural investment, and more 

conservative resource-use strategies (Pausas, 2015; Chiminazzo et al., 2023). We expect 
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shifts in trait-performance relationships to be stronger within the less frequently burnt 

plots (biennially and triennially burnt plots) as a result of increased fire impacts. 

 

4.4. Materials and methods 

 

4.4.1. Study site and experimental design 

 

Our study was conducted within an area of Cerrado savanna at the Estação Ecológica da Serra 

das Araras (Serra das Araras Ecological Station) in Porto Estrela municipality, Mato Grosso, 

Brazil (15º39’10.96”S, 057º12’52.54”W, ~320 m above sea level). Serra das Araras is a 27,000-

ha IUCN Category 1A strict conservation unit managed by the Instituto Chico Mendes de 

Conservação da Biodiversidade (ICMBio). The area plays a key role in biodiversity conservation, 

placed in a strategic location near the ecotone between the Cerrado, Pantanal and Amazonian 

ecoregions (ICMBio, 2016). The climate is classified as tropical savanna with dry winter 

characteristics, having distinct dry (June–September) and rainy (November–March) seasons 

(Kottek et al., 2006; Pizzato et al., 2012). Mean annual temperature for the 1979-2010 period was 

around 25-26ºC, with mean annual rainfall of approximately 1300 mm (Pizzato et al., 2012; 

Santos et al., 2018). The site was historically settled by traditional quilombola communities and 

designated a protected area in 1982.  

 

Our experimental design consists of six 1-ha (100×100 m2) permanent vegetation plots (named 

ESA-04 to ESA-09), which have been established and monitored since 2017. These plots are part 

of the ForestPlots Network (Forestplots.net) and are divided into 25 subplots (20×20 m2) to 

provide spatial replication/information within the plot unit. The plots have been experimentally 

subjected to fire, with three regularly burnt plots and three unburnt ones where all fire is excluded. 

Burnt plots have been burnt at different frequencies: annually (every year), biennially (every two 

years), and triennially (every three years) to better determine the effects of fire regimes with 
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different frequencies and intensities on Cerrado vegetation. As of September 2023, the annual 

plot had been burnt five times (2018, 2019, 2020, 2021, 2022), and the biennial and triennial plots 

had been burnt twice (2019, 2021 and 2018, 2021 respectively). Experimental burns were 

undertaken during the peak of the dry season (July – September) to take advantage of good 

burning conditions and reflecting the altered fire seasonality currently dominating most fire events 

in the Cerrado (Pivello, 2011). Because the experiment was designed in line with the management 

plan of the conservation unit – which limits operational resource use and interventions in natural 

areas – replication of experimental fire regimes was unfeasible. Furthermore, each fire is 

inherently unique in its behaviour and spread, making it impossible to replicate and randomise 

distinct disturbance events into consistent and fully replicable fire treatments (van Mantgem et 

al., 2001). We also acknowledge that our fire experiment has had limited time to fully represent 

well-established altered fire regimes. Consequently, we recognise that our experimental 

interventions capture the early ecological effects of changing fire regimes involving very few 

recurrent burns, and that these effects are expected to evolve as fire impacts accumulate and 

ecosystem processes stabilise over time.  

 

Despite these constraints, the implemented fire regimes exhibited a trade-off between fire 

frequency and intensity: our more frequent fires (annually burnt plot) led to patchy low-intensity 

surface burns, and our less frequent fires (biennially and triennially burnt plots) were quicker, 

homogeneous and more severe (Navarro-Rosales et al., 2025). 

 

Upon plot establishment, all six plots shared similar vegetation architecture and composition, 

although vegetation density varied due to the inherent heterogeneity typical within Cerrado 

ecosystems. Before the plots were set up, fire had been completely excluded from the monitoring 

area since 1992. As a result, vegetation was officially classified as cerrado sensu stricto (typical 

woodland savanna) in transition towards cerradão (forest-savanna transition woodland), 

consisting of a mix of small and medium tree species, shrubs and a relatively sparse herbaceous 

layer (ICMBio, 2016). The transition from open cerrado savanna to closed cerradão woodland 
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has resulted from the colonisation of savanna areas by some forest transition species (Tachigali 

vulgaris L.G. Silva & H.C. Lima, Trichilia silvatica C.DC, Vochysia haenkeana Mart. and 

Xylopia aromatica (Lam.) Mart.). These species are henceforth referred to as ‘generalist species’ 

because they are able to occur in both forests and savannas, in contrast with specialist species that 

are only present in either habitat (Flake et al., 2021). Being already found in many savanna areas, 

they are key to the dynamics of forest development because they able to colonise open sites 

rapidly after fire is suppressed (Geiger et al., 2011). Generalist species are thought to exhibit trait 

distributions intermediate to those of savanna and forest species, although their functional 

strategies are still poorly characterised (Chiminazzo et al., 2023). 

 

Since 1992, vegetation density has continued increasing in the unburnt plots, while the 

reintroduction of fire in the burnt plots has reversed the encroachment trend by reducing woody 

biomass and promoting grass cover (Navarro-Rosales et al., 2025). All plots are situated on a 

relatively flat topography, and underlying soils are classified as dystrophic latosols under the 

Brazilian soil classification system (EMBRAPA, 2018).  

 

4.4.2. Productivity, survival and mortality data 

 

Ecosystem processes and carbon fluxes have been monitored across the study plots since 2017 

(see Navarro-Rosales et al., 2025) following the protocols outlined in the RAINFOR-GEM Field 

Manual for Intensive Census Plots (Marthews et al., 2014). A complete vegetation census is 

conducted at two-year intervals, during which all tree stems with a diameter at breast height 

(DBH) ≥5 cm and a height ≥3 m are tagged, identified to species level where possible, and 

measured in terms of DBH and height. Species were identified by experts in local flora 

(identification was revised by taxonomic specialists where possible) with voucher samples 

deposited at the Herbário do Pantanal Vali Joana Pott in Cáceres, Mato Grosso. To maximise 

accuracy and consistency, height measurements were taken using a laser tape, following protocol 

instructions to determine the measuring point for each stem. Census data (from 2017, 2019, 2021 
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and 2023) was used to calculate the aboveground woody carbon stock of each individual stem 

using the Rezende et al. (2006) allometric equation for cerrado sensu stricto:  

 

(4.1)								𝐶 = 0.24564 + 0.01456 ∙ 𝐻 ∙ 𝐷8 

 

Where C is aboveground woody carbon (kg), H is tree height (m) and D is diameter (cm). Using 

this general allometry allowed us to estimate woody carbon for all species whilst maintaining 

consistency with previous findings (Scalon et al., 2022; Navarro-Rosales et al., 2025; Reis et al., 

2025). Aboveground woody stem productivity (NPPstem) for each stem during a given census 

interval was calculated as the difference in aboveground woody carbon stock between a census 

and the previous one, standardised by the interval length between measurements (Girardin et al., 

2010). Thus, NPPstem was individually calculated for stems present at the start and end of each 

interval (2017-2019, 2019-2021 and 2021-2023). Following the definition of productivity as a 

measure of biomass increment, NPPstem is typically assumed to be equal to or larger than zero, 

meaning negative NPPstem values are usually equated to zero or excluded from analysis (Clark et 

al., 2001; Roxburgh et al., 2005). However, excluding negative productivity values in our context 

would have artificially skewed our dataset and removed important information relating to fire 

effects across species and traits, so we decided to maintain negative NPPstem datapoints. We 

therefore recognise that our conceptualisation of NPPstem reflects a net carbon balance dominated 

by biomass increments that also incorporates biomass loss due to branchfall and reduced water 

storage (Girardin et al., 2010; Lim et al., 2024) as well as fire consumption and post-fire die-back 

(Pereira et al., 2025).  

 

Two different types of data were used to characterise mortality and survival patterns. To address 

our first research aim, we quantified mortality as a flow of carbon (Cmortality). This metric 

represents the total amount of woody stem carbon lost from the ecosystem carbon pool as a result 

of tree death, and allows for a direct comparison with carbon gained through NPPstem (both in 

MgC ha-1 year-1). Mortality carbon was defined as the carbon stock of living stems alive in a given 
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census that died by the following census date, also standardised as an annual rate (Silva et al., 

2018). For our second and third research aims, we focused on survival as a binary variable 

(opposite to mortality) where 1 and 0 respectively indicate a stem survived or died during a census 

interval. We investigated species-level patterns of survival instead of mortality because survival 

provides a more ecologically meaningful representation of species’ responses to environmental 

conditions and allows for more straightforward analytical interpretation. 

 

4.4.3. Plant functional traits data 

 

To explain patterns in productivity and survival, we investigated the influence of different plant 

functional traits on both variables. To this end, we measured key leaf, bark, wood and 

photosynthetic traits of dominant tree species (across all fire regime frequencies) in March 2025 

following a standardised trait collection protocol and pipeline (based on Pérez-Harguindeguy et 

al., 2013; Oliveras et al., 2020; Wigley et al., 2021; and Cruz et al., 2025, Table 4.1). Dominant 

species were selected in terms of basal area, and were defined as those contributing the most to 

up to 80% of the basal area within each plot (Oliveras et al., 2020). Dominant species were 

determined using the data from the most recent census (2023), 4-5 years after the experimental 

fire regimes were implemented. Thus, 7 dominant species were selected in the annually burnt 

plot, 9 species in the biennially burnt plot, 8 in the triennially burnt plot, and 10, 6 and 7 species 

in the unburnt plots (ESA-04, ESA-06 and ESA-08 respectively, see Table S4.1). Because the 

dominant species found in the ESA-06 and ESA-08 unburnt plots overlapped with those in the 

ESA-04 unburnt plot, trait sampling within the fire exclusion regime was conducted at ESA-04 

only to avoid redundancy. This means that we sampled 16 species overall, comprising of 34 

species-regime combinations. 

 

For each dominant species specific to each regime (Table S4.1), we selected 3-5 surviving 

individuals adding up to a total of 167 trees. Bark samples were collected across all 167 

individuals. Wood density was measured across 102 of these individuals (three individuals per 
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species per regime), giving preference to stems with the largest DBH to obtain sufficiently large 

wood cores for analysis while minimising damage (Chave, 2005). Leaf and photosynthetic traits 

were measured on a separate subset of 102 trees (three individuals per species per regime), 

selected based on canopy health and the availability of branches large enough (50-100 cm) to 

maintain leaf hydration post-harvest (Missik et al., 2021). For each of these trees, we removed a 

single branch to sample photosynthetic and leaf traits, using three leaves per tree/branch. 

Branches were re-cut underwater to prevent xylem embolism, and leaves exhibiting fewer signs 

of herbivory, senescence, or disease were selected (Busch et al., 2024). The full list of sampled 

traits, along with detailed field methods and data processing techniques used to measure them are 

presented in Table 4.1. 

 

4.4.4. Data analysis and statistical modelling 

 

4.4.4.1. Species contribution to plot-level productivity and mortality across fire regimes 

 

All data processing and statistical analyses were performed in R (version 4.4.2) via R Studio 

(version 2024.12.0+467). To characterise the contribution of different species towards plot-level 

NPPstem within each fire regime and census interval, we calculated the total plot/species NPPstem 

as a sum of all individual NPPstem estimates for each plot/species in each census interval. Similarly, 

we calculated the total plot and species Cmortality as a sum of all individual Cmortality estimates for 

each plot and species in each census interval. We numerically explored and compared differences 

in contributions to NPPstem and Cmortality across plots and intervals. Please note we calculated NPPstem 

and Cmortality separately for our three unburnt plots. Combining data from multiple plots would 

have distorted patterns of species richness and composition compared to single-plot regimes.  

 

4.4.4.2. Changes in species-level stem productivity and survival rates across fire regimes 
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Table 4.1, sampling and processing methods used to measure leaf, bark, wood and photosynthetic 
traits of dominant tree species at the Estação Ecológica da Serra das Araras. 

Trait  Units Methods 
Leaf traits 
Leaf area  
(LA) 

cm2 Fresh leaf projected area was measured using a scaled 
flatbed colour scanner and the ImageJ image processing 
software (Schneider et al., 2012), avoiding leaf curling or 
overlapping as much as possible (Perez-Harguindeguy et 
al., 2013). To ensure that leaf area values captured the full 
extent of the leaf structure, we included the area of the 
petiole in the case of simple leaves, as well as the area of the 
rachis and all leaflets in the case of compound leaves 
(Garnier et al., 2017). LA is related to abiotic gradients, 
phylogeny and ecological strategies.  

Leaf dry-matter content 
(LDMC) 

mg g-1 Leaves were hydrated for 24 hours to measure water-
saturated mass (g) then oven-dried at 60ºC for 48 hours to 
obtain leaf dry mass (mg). LDMC was calculated as leaf dry 
mass divided by water-saturated mass (Perez-Harguindeguy 
et al., 2013). For compound leaves with leaflets large 
enough to fill the Li-6800 chamber, we calculated LDMC 
for the measured leaflet only, to better reflect the leaf traits 
influencing gas exchange measurements (dos Anjos et al., 
2014). LDMC is a structural functional trait related with 
toughness and physical hazards, but inversely correlating 
with growth (Oliveras et al., 2020). 

Specific leaf area  
(SLA) 

mm2 mg-1 SLA was calculated by dividing leaf area by leaf dry mass 
(see above; Perez-Harguindeguy et al., 2013). For 
compound leaves with leaflets large enough to fill the Li-
6800 chamber, we calculated SLA for the measured leaflet 
only (including leaflet blade and petiolule), to better reflect 
the leaf traits influencing gas exchange measurements (dos 
Anjos et al., 2014). As one of the components of the leaf 
economic spectrum, SLA is a key indicator of resource use 
strategies (Wright et al., 2004). 

Leaf thickness  
(LT) 

mm Thickness of re-hydrated leaves was measured using a 
digital micrometre at three random points along the leaf 
blade, avoiding the midrib and important secondary veins 
(Perez-Harguindeguy et al., 2013). LT plays a key role in 
determining the physical strength of leaves, and is an 
indicator of resource acquisition and physiological 
adaptations (Araújo et al., 2021). 

Bark traits   

Outer bark thickness (OBT) mm Bark samples (2 x 2 cm) were removed from the stem using 
a chisel, approximately at 50 cm height (representing the 
height at which fire usually affects stems during surface 
fires, Poorter et al., 2014). The inner bark (secondary 
phloem produced by the vascular cambium) and outer bark 
(corky dead material produced by the cork cambium) layers 
were carefully separated, and their thickness measured 
separately at three points with a calliper. Inner bark 
thickness is related with nutrient transport and water 
storage, whilst OBT is linked with water retention, pathogen 
protection and fire insulation (Pausas, 2015). 

Inner bark thickness (IBT) mm 

Relative bark thickness 
(rBT) 

% rBT was defined as total bark thickness (the sum of OBT 
and IBT) expressed as a percentage of stem diameter at 50 
cm height (Perez-Harguindeguy et al., 2013). It is a standard 
metric of investment into bark protection across stem sizes 
(Midgley & Lawes, 2016). 
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Bark density  
(BD) 

g cm-3
 The total fresh volume (cm-3) of the (outer and inner) bark 

samples was determined via the water displacement method 
(Perez-Harguindeguy et al., 2013). Outer and inner bark 
samples were oven dried at 72ºC for 48 hours until constant 
weight (Loram-Lourenço et al., 2022) to determine total dry 
mass (g), which was then divided by fresh volume to obtain 
BD. BD is a key factor in determining bark insulation 
capacity and flammability (Brando et al., 2012). 

Bark water content (BWC) % BWC represents the mass of water stored in the bark (fresh 
minus dry mass) expressed as a percentage of dry mass 
(Loram-Lourenço et al., 2022). BWC is linked with drought 
tolerance and thermal conductivity (Brando et al., 2012). 

Wood traits 

  

Wood density  
(WD) 

g cm-3
 Wood cores (~5 cm deep) were taken from trees using an 

increment borer at 50 cm height (Chave, 2005). The total 
fresh volume (cm-3) of the wood core samples was 
determined via the water displacement method. Wood core 
samples were then oven dried at 105ºC for 48 hours until 
constant weight to determine total dry mass (g), which was 
then divided by fresh volume to obtain WD (Perez-
Harguindeguy et al., 2013). WD is a key wood economic 
spectrum functional trait underpinning plant stability, 
hydraulics, biomass and growth-survival trade-offs (Chave 
et al., 2009) 

Photosynthetic traits 

  

Shade tolerance  
(STol) 

- Leaf carbon assimilation at light intensities of 500 and 1500 
μmol m-2 s-1 (A500 and A1500) were measured with the LI-
6800 portable photosynthesis system (LI-COR biosciences, 
USA) under standard conditions (temperature at 30ºC, 
relative humidity at 60% and CO2 at 420 ppm). STol was 
calculated as the ratio of A500 and A1500 (dimensionless). 
STol values close to 1 and 0.5 respectively indicate shade 
tolerance (no response to low light levels) vs light demand 
(negative response to low light levels; Wigley et al., 2021). 

Light-saturated assimilation 
(Asat) 

μmol m-2 s-1
 Asat was measured as leaf carbon assimilation at saturating 

light intensity (2000 μmol m-2 s-1) under standard conditions 

(temperature at 30ºC, relative humidity at 60%, CO2 at 420 
ppm) using the LI-6800 portable photosynthesis system. 
Asat is a key component of the leaf economic spectrum 
determining carbon uptake and metabolic capacity (Oliveras 
et al., 2020). 

Maximum assimilation 
(Amax) 

μmol m-2 s-1
 Amax was measured as leaf carbon assimilation at 

saturating light intensity (2000 μmol m-2 s-1) and CO2 
concentration (2000 ppm) under standard temperature 
(30ºC) and relative humidity (60%) using the LI-6800 
portable photosynthesis system. Amax is a valuable metric 
linked to physiological constraints and indicating metabolic 
and primary productivity potential (Perez-Harguindeguy et 
al., 2013). 

Leaf dark respiration  
(Dresp) 

μmol m-2 s-1
 Dresp was measured as leaf carbon efflux in dark conditions 

under standard environments (temperature at 30ºC, relative 
humidity at 60%, CO2 at 420 ppm) using the LI-6800 
portable photosynthesis system. Leaves remained in the 
dark for at least 30 minutes before measurement to allow for 
dark-acclimation. Dresp is a major determinant of leaf/plant 
metabolic capacity, growth rate and carbon balances, as well 
as ecosystem carbon cycling (Chambers et al., 2004) 
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We then sought to assess if experimental fire regimes have influenced the stem productivity and 

survival of the dominant tree species, and to evaluate whether there is a trade-off between 

productivity and fire tolerance. To this end, we focused on patterns of temporal change across 

dominant tree species. Our analysis consisted of a series of two-way ANOVAs allowing for an 

interaction between census interval and fire regime. This way, we estimated average NPPstem and 

survival rates for each species across each fire regime and census interval. We investigated stem 

NPP and survival for the pool of 16 dominant species identified across all plots (Table S4.1), and 

species were analysed individually. Building a single model for all species was not ideal because 

unequal sample size, variance and separation difficulted model convergence and masked 

coefficient significance.  

 

To estimate NPPstem across regimes and census intervals, we implemented a series of linear mixed-

effect models with fire regime and census interval as interactive fixed effects (eq. 4.2) using R 

packages lme4 (version 1.1–36, Bates et al., 2015) and lmerTest (version 3.1–3, Kuznetsova et 

al., 2017). Where model convergence and singular fit allowed, we also included random effects 

to account for plot and subplot groupings, as well as repeated measures. To model survival 

probabilities, we built a series of Firth’s bias-reduced logistic regressions interacting regime and 

interval (eq. 4.3) using the logistf package (version 1.26.0, Heinze & Schemper, 2002). Although 

this approach prevented us from incorporating random effects accounting for spatial groupings 

(repeated measures of survival are considered independent), it allowed us to better account for 

poor separation in survival data and provide more robust and reliable estimates of standard errors 

and p-values.  

 

(4.2)					lmer(log!"(𝑁𝑃𝑃#$%& + 0.1)	~	𝑟𝑒𝑔𝑖𝑚𝑒 ∗ 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 + (1|	𝑝𝑙𝑜𝑡) + (1|	𝑠𝑢𝑏𝑝𝑙𝑜𝑡) + (1|	𝑡𝑟𝑒𝑒	𝑡𝑎𝑔)) 

(4.3)					logistf(𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙	~	𝑟𝑒𝑔𝑖𝑚𝑒 ∗ 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙) 

 

Because model coefficients are provided in the transformed scale and relative to the reference 

value, we then used the emmeans package (version 1.10.0, Lenth, 2024) to extract NPPstem and 
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survival marginal means for each regime-interval combination. We then contrasted these 

marginal means at the regime level to determine significant differences in NPPstem and survival 

across intervals within each fire regime, focusing on the differences between the first (2017-2019) 

and last (2021-2023) census intervals. This way, we were able to statistically test if experimental 

fire regimes influenced the average stem productivity and survival rates, and to then explore if 

there is a link between productivity and vulnerability to fire. 

 

To evaluate whether there is a trade-off between productivity and fire tolerance, we investigated 

if there is an overall relationship between initial productivity under unburnt conditions and 

resistance to fire in terms of productivity and survival change. Using the marginal means derived 

from our species-specific models, we extracted estimates of initial NPPstem for each fire regime 

and species, and used the contrasts between the first (2017-2019) and last (2021-2023) interval to 

obtain values for change in NPPstem (ΔNPPstem) and survival (Δsurvival) at the regime-species 

level. We then described the relationship between species-level initial NPPstem and ΔNPPstem (eq. 

4.4), and initial NPPstem and Δsurvival (eq. 4.5) using linear models (Δsurvival estimates were 

kept in the logit scale to maintain model linearity). Because NPPstem dynamics were dominated 

by Tachigali vulgaris L.G. Silva & H.C. Lima, we ran these linear models twice, with and without 

data for this species, to account for any potential outlier effect.  

 

(4.4)							lm(𝑖𝑛𝑖𝑡𝑖𝑎𝑙	𝑁𝑃𝑃/-%0	~	Δ𝑁𝑃𝑃/-%0) 

(4.5)						lm(𝑖𝑛𝑖𝑡𝑖𝑎𝑙	𝑁𝑃𝑃/-%0	~	logit(Δ𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙)) 

 

4.4.4.3. Explaining species-level stem productivity and survival through functional traits 

 

To understand how functional traits influence productivity and survival through contrasting plant 

strategies, we first explored the relationships and covariation among leaf, bark, wood and 

photosynthetic traits. To do this, we carried out a principal component analysis (PCA) of 

standardised traits for individuals from across all fire regimes to determine how traits covary in 
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multidimensional trait space. Due to incomplete overlap between individuals sampled for wood 

traits versus leaf and photosynthetic traits, incorporating WD data meant a reduced sample size 

obscuring patterns in our PCA analysis. To address this, we performed the PCA analysis twice, 

with and without wood density data. We first used individuals with data for bark, leaf, and 

photosynthetic traits, excluding wood traits (N = 115), and then used individuals with complete 

trait data including wood density (N = 71).  

 

Finally, we determined if functional traits influenced the effect of experimental fire regimes on 

NPPstem and survival across dominant species using a series of linear mixed models fitted with the 

glmmTMB package (McGillycuddy et al., 2025), which allowed us to incorporate a more 

complex model structure without compromising model convergence. For productivity, we 

matched individual-scale trait and productivity data from the set of 167 trees sampled in 2025. 

We modelled log-transformed NPPstem as a function of a triple interaction between fire regime, 

interval and trait; repeating the analysis for each trait and including random effects for species 

and tree tag where possible (eq. 4.6). In this case, the models’ outputs revealed if NPPstem differs 

across the regime, interval and trait-gradient combinations. Inspecting the significance of the 

regime:interval:trait interaction coefficients allowed us to determine if the influence of a given 

trait on NPPstem differs from one regime to another due to the cumulative, long-term effects of 

burning. For survival, a slightly different approach was used due to the constraint presented by 

all trees sampled in 2025 having remained alive throughout the monitoring period. In this 

instance, we calculated an average trait value for each of the dominant species in each regime. 

We matched individual-scale survival data from across the six plots to their corresponding trait 

average, and investigated how survival varied across a triple interaction between regime, interval 

and trait using a generalised linear mixed model with binomial distribution (eq. 4.7). We also 

inspected the regime:interval:trait interaction coefficients to discern if the relationship between 

trait and survival is influenced by the effects of the different fire regimes. 

 

			(4.6)						glmmTMB(𝑙𝑜𝑔!"(𝑁𝑃𝑃#$%& + 0.1)	~	𝑟𝑒𝑔𝑖𝑚𝑒 ∗ 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 ∗ 𝒕𝒓𝒂𝒊𝒕 + (1|	𝑠𝑝𝑒𝑐𝑖𝑒𝑠) + (1|	𝑡𝑟𝑒𝑒	𝑡𝑎𝑔), family = gaussian) 
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(4.7)						glmmTMB(𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙	~	𝑟𝑒𝑔𝑖𝑚𝑒 ∗ 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 ∗ 𝒕𝒓𝒂𝒊𝒕 + (1|	𝑝𝑙𝑜𝑡) + (1|	𝑠𝑝𝑒𝑐𝑖𝑒𝑠), family	 = 	binomial) 

 

We also included tree size data from the last (2023) census into our functional traits analyses, 

treating DBH and H as additional functional traits. This allowed us to determine if productivity 

and survival size-dependency vary across fire regimes, accounting for the physical dimension 

component of plant strategies (Chiminazzo et al., 2025). 

 

4.5. Results 

 

Across the four censuses, we identified and measured a total of 4,623 living stems, representing 

69 species from 33 botanical families. At the first census (2017), the plots collectively supported 

62 species: 28, 34 and 42 species in the triennially, biennially and annually burnt plots, 

respectively, and an average of 41 species across the unburnt plots. Between the first (2017-2019) 

and last (2021-2023) interval, average total NPPstem in the burnt plots declined by 0.16 MgC ha-1 

year-1, while Cmortality increased by 0.87 MgC ha-1 year-1. In contrast, unburnt plots showed 

increases in average NPPstem (0.19 MgC ha-1 year-1), and Cmortality (0.07 MgC ha-1 year-1), over the 

same period.  

 

4.5.1. Species contribution to plot-level productivity and mortality  

 

During the initial census interval (2017-2019), the contributions to stem woody productivity were 

overwhelmingly dominated by Tachigali vulgaris L.G. Silva & H.C. Lima, both in the burnt and 

unburnt plots (please refer to Figure S4.1). On average, initial NPPstem of T. vulgaris was 0.29 

MgC ha-1 year-1 across all six plots, representing approximately 70% of the total plot NPPstem. 

Overall, the population of T. vulgaris was about eight times more productive than the species with 

second-highest NPPstem. From 2017 to 2019 Vochysia haenkeana Mart. was the second most 

productive species in all plots except for the ESA-08 unburnt plot, where Curatella americana L. 
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came second whilst V. haenkeana ranked fourth. V. haenkeana and C. americana respectively 

supported an average of 11.5% and 7.5% of total plot NPPstem. Other species repeatedly appearing 

in the top 5 most productive were Xylopia aromatica (Lam.) Mart. (in the ESA-04 and ESA-08 

unburnt plots and in the triennial plot) and Dimorphandra mollis Benth. (in the ESA-06 and ESA-

08 unburnt plots and in the annual plot). Other top-ranking species in terms of abundance included 

Pouteria ramiflora (Mart.) Radlk., Myrcia bella Cambess. and Kielmeyera grandiflora (Wawra) 

Saddi, respectively accounting for 0.0015, -0.0014 and -0.0012 MgC ha-1 year-1 of NPPstem on 

average from 2017 to 2019, where negative values for M. bella and K. grandiflora indicate a net 

loss of biomass. 

 

In the burnt plots, fire reduced total NPPstem and shifted the way species contributed to it, limiting 

the hyperdominance of T. vulgaris and other generalist species. In the long term, between 2017-

2019 and 2021-2023, the stem productivity of T. vulgaris decreased by 0.159, 0.098, and 0.153 

MgC ha-1 year-1 in the triennial, biennial and annual plots (accounting for -7%, 41% and 63% of 

total plot NPPstem during 2021-2023), but increased by an average of 0.13 MgC ha-1 year-1 in the 

unburnt regime. Remarkably, T. vulgaris becomes even more dominant in unburnt plot ESA-08, 

providing 91% of total stem productivity during the last interval (Figure 4.1). Total NPPstem for 

V. haenkeana and X. aromatica also decreased consistently across all burnt plots, unlike C. 

americana, M. bella and K. grandiflora, which consistently increased in NPPstem. C. americana 

became the most productive species in the triennially burnt plot, accounting for 83% of NPPstem 

(0.031 MgC ha-1 year-1), with Qualea parviflora Mart., Byrsonima verbascifolia (L.) DC. and 

Byrsonima coccolobifolia Kunth appearing as new top-ranking species in terms of NPPstem.  

 

Fire also increased and shifted species’ contributions towards Cmortality across the monitoring plots. 

Mortality rates were minimal during the first interval (2017-2019): only 4 stems died on average 

across the burnt plots (0.023 MgC ha-1 year-1) compared to 3.7 stems across the unburnt ones 

(0.014 MgC ha-1 year-1). During the last interval (2021-2023) mortality increased to 12 stems per 

hectare in the unburnt plots (0.088 MgC ha-1 year-1), compared to an average of 25 stems (0.891 
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MgC ha-1 year-1) in the burnt plots (Figure 4.1). T. vulgaris accounted for most Cmortality in the 

triennial (42%), biennial (65%), annual (68%) and ESA-06 unburnt (62%) plots; V. haenkeana 

ranked second in the triennial (24%), biennial (8%), annual (13%) plots. M. bella, K. grandiflora 

and Hancornia speciosa Gomes consistently reappeared as top-ranking species in terms of 

Cmortality in unburnt conditions.  

 

 

Figure 4.1, species contributions towards plot-level aboveground woody stem net primary 
productivity (NPPstem) and mortality carbon (Cmortality) across the experimental fire monitoring 
plots at Serra das Araras, Brazil, during the 2021 to 2023 census interval. Within each facet, the 
area occupied by any given species represents its proportion of total plot NPPstem and Cmortality 
(total plot values are included above each facet). Please note this figure illustrates differences in 
community NPPstem and Cmortality at the plot-level. 
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4.5.2. Fire regime changes in species-level stem productivity and survival  

 

We investigated fire-driven changes in average productivity at the species level using linear 

mixed-effects models. Model marginal means (please refer to Figure S4.3 and Table S4.2) 

indicated species NPPstem estimates before and after the long-term effects of our fire regimes. 

These revealed T. vulgaris also supported the highest rates of NPPstem at the species level. During 

the first interval (2017-2019), estimated NPPstem for T. vulgaris was 0.00308 ± 0.00117, 0.00213 

± 0.00113, 0.00577 ± 0.00116, and 0.00339 ± 0.00065 MgC year-1 in the triennial, biennial, 

annual and unburnt fire regimes respectively. After T. vulgaris; V. haenkeana, Trichilia silvatica 

C.DC, and C. americana were most productive species, respectively showing NPPstem rates of 

0.00120, 0.000676 and 0.000419 MgC year-1 on average across all regimes during this first 

interval. Two species, K. grandiflora and M. bella, revealed slightly negative NPPstem rates in 

unburnt conditions during the first interval (respectively -0.0000629 ± 0.0000125 and -0.0000461 

± 0.0000195 MgC year-1).  

 

Marginal mean contrasts allowed us to test if the implementation of experimental fire regimes 

significantly affected NPPstem for each of the dominant species between the first (2017-2019) and 

last (2021-2023) intervals (lmer emmeans contrasts, p < 0.05, see Figure 4.2). In the unburnt plot, 

the average NPPstem of K. grandiflora, M. bella, P. ramiflora, and T. vulgaris increased, but that 

of X. aromatica decreased. The average NPPstem of B. verbascifolia, P. ramiflora, and T. vulgaris 

increased significantly in the annually burnt plot, whilst individuals of B. coccolobifolia, B. 

verbascifolia and T. vulgaris became more productive in the biennially burnt plot. In the 

triennially burnt plot, the average NPPstem of K. grandiflora increased, but that of T. vulgaris and 

V. haenkeana decreased. T. vulgaris showed the strongest long-term reduction in average NPPstem 

(-0.036476 ± 0.01450 MgC year-1) within the triennially burnt plot. 
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Figure 4.2, change in species-level NPPstem (MgC ha-1 year-1) for each of the 16 dominant species 
across the experimental fire regimes at Serra das Araras, Brazil. Points illustrate differences 
between NPPstem estimates for the first (2017-2019) and last (2021-2023) census intervals 
(represented by ΔNPPstem, alongside standard error). These NPPstem estimates represent marginal 
means derived from mixed-effect models specific to each species (see Table S4.2 and Figure 
S4.3). Statistical contrasts between marginal means were undertaken in the log-transformed scale 
to determine if triennial, biennial and annual burns, as well as fire exclusion, had a long-term 
effect on NPPstem. Asterisks indicate statistically significant contrasts between intervals (* p < 
0.05, ** p < 0.01, *** p < 0.001) within each fire regime. The vertical grey line for each graph 
indicates zero ΔNPPstem. Axis ranges were allowed to vary to facilitate visual interpretation. 
Empty spaces indicate we were unable to calculate ΔNPPstem because marginal mean estimates 
were not available. 
 
 
We investigated fire-driven changes in survival rate at the species level using bias-reduced 

logistic regression models. Contrasts between model marginal means indicating survival for our 

first and last intervals (logistf emmeans contrasts, p < 0.05, Figure S4.4, Table S4.3) revealed 

significant changes in survival due to the long-term effects of our fire regimes (Figure 4.3). For 

example, survival of B. coccolobifolia and P. ramiflora declined in the triennial plot, whilst that 

of M. bella, P. ramiflora and K. grandiflora, decreased in the biennial plot. The latter also showed 
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reduced survival in the annual plot. Survival rates of T. vulgaris, T. silvatica, V. haenkeana and 

X. aromatica fell drastically across all the burnt plots. For these species, rates of survival were 

lowest in the triennially burnt plot (respectively: 0.088 ± 0.069, 0.083 ± 0.113, 0.236 ± 0.071, 

0.019 ± 0.026) followed by the biennially (respectively: 0.147 ± 0.046, 0.250 ± 0.306, 0.403 ± 

0.081, 0.063 ± 0.086) and annually (respectively: 0.426 ± 0.053, NA, 0.534 ± 0.046, 0.078 ± 

0.062) burnt plots. H. speciosa and M. bella were the only two species whose survival decreased 

in the unburnt fire regime.  

 

 

Figure 4.3, change in species-level survival for each of the 16 dominant species across the 
experimental fire regimes at Serra das Araras, Brazil. Points illustrate differences between 
probability of survival for the first (2017-2019) and last (2021-2023) census intervals (represented 
by Δsurvival, alongside standard error). These survival estimates represent marginal means 
derived from logistic regression models specific to each species (see Table S4.3 and Figure 
S4.4). Statistical contrasts between marginal means were undertaken in the logit scale to 
determine if triennial, biennial and annual burns, as well as fire exclusion, had a long-term effect 
on survival. Asterisks indicate statistically significant contrasts between intervals (* p < 0.05, ** 
p < 0.01, *** p < 0.001) within each fire regime. The vertical grey line for each graph indicates 
zero Δsurvival. Empty spaces indicate we were unable to calculate Δsurvival because marginal 
mean estimates were not available. 
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After extracting the species level NPPstem marginal means and calculating the degree of change 

between 2017-2019 and 2021-2023, we used linear models to compare the relationship between 

initial productivity and ΔNPPstem. We identified a negative relationship between initial NPPstem 

and ΔNPPstem in the triennial plot, but a positive one within the biennial, annual and control plots 

(please refer to model parameters in Table S4.4). However, once data from T. vulgaris was 

excluded, we observed a consistently negative relationship between initial productivity and 

ΔNPPstem across all burnt plots (Figure 4.4, Table S4.5). We found a negative relationship 

between initial NPPstem and Δsurvival of all 16 species within the biennially burnt plot. Although 

not statistically significant, Δsurvival also appears to be negatively related to initial NPPstem within 

the unburnt and triennially and annually burnt plots (Table S4.6). When T. vulgaris was excluded, 

there also appeared to be negative non-significant relationships between initial NPPstem and 

Δsurvival across the burnt plots (Table S4.7).  

 

 
 
 
Figure 4.4, trade-off between initial NPPstem (marginal means for the 2017-2019 interval) and 
NPPstem change (ΔNPPstem, contrasts between 2017-2019 and 2021-2023 marginal means) for the 
dominant species across the experimental fire regimes in Serra das Araras (excluding Tachigali 
vulgaris). Solid lines represent significant relationships. Please note axis ranges were specific to 
each plot, and allowed to vary to facilitate visual understanding. Vertical and horizontal grey lines 
at zero initial NPPstem and zero ΔNPPstem were also included to facilitate interpretation. 
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4.5.3. Relating species stem productivity and survival to functional traits 

 

PCA analyses were conducted on standardised bark, leaf and photosynthetic trait data to identify 

major axes of variation in the species trait space. The first principal component of this PCA (PC1) 

explained 25.2% of the total variance and primarily captured variation along a gradient of 

diverging structural investment strategies (Figure 4.5, please refer to PC loadings in Table S4.8). 

PC1 was positively associated with H, BD, DBH, SLA, LDMC and BWC, and negatively with 

rBT, LT and OBT. The second principal component (PC2) accounted for 16.8% of the variation, 

representing variation along a photosynthetic and metabolic gradient. PC2 was positively 

associated with STol and Dresp, but negatively with Amax, Asat and LA. Together, PC1 and PC2 

explained 42% of the total trait variation.  

 

 

Figure 4.5, principal component analysis (PCA) for standardised bark, leaf and photosynthetic 
traits of dominant tree species across the experimental fire regimes in Serra das Araras. Amax = 
maximum photosynthetic rate, Asat = light-saturated photosynthetic rate, BD = bark density, 
BWC = bark water content, DBH = diameter at breast height, Dresp = leaf dark respiration, H = 
height, IBT = inner bark thickness, LA = leaf area, LDMC = leaf dry-matter content, LT = leaf 
thickness, OBT = outer bark thickness, rBT = relative bark thickness, SLA = specific leaf area, 
STol = photosynthetic shade tolerance.  
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Dominant species clustered along both axes of variation indicating different strategies. Cerrado 

species investing in bark and leaf protection such as K. grandiflora were positioned in the negative 

regions of PC1, in contrast with large, fast-growing species such as T. vulgaris. Species with large 

leaf areas and high photosynthetic rates such as D. mollis, clustered in the negative region of PC2, 

unlike those with smaller leaves and slower carbon assimilation (e.g., M. bella). Performing a 

PCA with individuals with complete trait data (including WD) revealed similar results, again 

showing two axes of variation associated with structural investment (25.2% of variance) and 

photosynthetic (13.7% of variance) strategies (Figure S4.5). Although smaller sample size makes 

patterns less clear, WD remains positively associated with PC1 (Table S4.9).  

 

Finally, we determined if functional traits influenced the effect of experimental fire regimes on 

NPPstem using mixed models incorporating a triple interaction between fire regime, interval and 

trait. Our findings revealed that in unburnt conditions during the first interval, NPPstem appeared 

to be positively associated with LA, LDMC, OBT, BD, WD, Asat, Amax, DBH and H; but 

negatively linked with LT, SLA, IBT, rBT, BWC, STol and Dresp; although only DBH and H 

showed significant coefficients (gaussian glmmTMB, p < 0.05). Inspecting the interaction 

coefficients between trait, regime, and the 2021-2023 period allowed us to determine if the 

influence of a given trait on NPPstem differs from that within unburnt conditions due to the long-

term effects of burning (Figure 4.6). Our models for SLA and WD revealed a stronger association 

between traits and NPPstem in the biennial regime (see Table S4.10 and Table S4.11), but not 

across the other burnt plots. In the triennial plot, OBT (see Table S4.12) rBT (see Table S4.13) 

and Asat (see Table S4.14) were more positively associated with NPPstem, whilst STol showed a 

significantly more negative relationship with NPPstem (see Table S4.15). DBH and H were linked 

to higher NPPstem values in the biennial fire regime compared to the unburnt plots, but lower 

NPPstem in the triennially and annually burnt plots (see Table S4.16 and Table S4.17). Our models 

interacting survival with species-level traits across fire regimes and intervals revealed survival is 

positively linked with LDMC and BWC in unburnt conditions, but negatively with rBT (binomial 
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glmmTMB, p < 0.05). In the 2021-2023 interval, survival was more negatively associated with 

IBT (see Table S4.18) and Amax (see Table S4.19) in the biennially burnt plot.  

 

 

 
Figure 4.6, model coefficients for the interaction between traits, regimes, and the 2021-2023 
census interval. Significant effects indicate the relationship between a given trait and NPPstem 
differs from that within unburnt conditions due to the long-term effects of burning. The displayed 
effect sizes are standardised to allow for cross-trait comparisons, where an effect of 1 means a 1 
standard deviation increase in traits is associated with a 1 standard deviation increase in NPPstem. 
Bold numbers indicate statistically significant effects (p < 0.05). Traits include light-saturated 
photosynthetic rate (Asat), diameter at breast height (DBH), height (H), outer bark thickness 
(OBT), relative bark thickness (rBT), specific leaf area (SLA), photosynthetic shade tolerance 
(STol), and wood density (WD).  
 
 

4.6. Discussion 

 

Although previous studies have examined the effects of fire on community composition and 

growth (e.g., Reis et al., 2015; Montenegro et al., 2025), explored the relationship between 

productivity and community composition and diversity (e.g., Vourlitis et al., 2024), or 

investigated the role of functional traits in shaping growth and survival (e.g., Rossatto & Franco, 

2017; Cruz et al., 2025), our study is among the first to integrate woody productivity contribution 

dynamics in relation to fire regimes and functional traits within the Cerrado. We found that 

generalist species disproportionately dominate stem NPP in fire exclusion plots, with T. vulgaris 

alone accounting for over 70% of NPPstem. Generalist species become less dominant after fire, 

especially in our less frequent fire regimes (biennially and triennially burnt plots), which favours 

more typical savanna trees. With regards to species-level NPPstem, we identified a trade-off 

between plant productivity and tolerance to fire in terms of ΔNPPstem across all burnt regimes. 

More productive species (in conditions without fire) showed a greater long-term reduction in 
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NPPstem after the introduction of experimental burns. However, this trade-off was only apparent, 

when estimates for T. vulgaris are removed, indicating its strong influence on plot-level patterns. 

Furthermore, we found that functional traits strongly influence species-level NPPstem responses 

under our less frequent fire regimes (biennially and triennially burnt plots), likely as a result of 

increased fire intensity. Productivity was positively associated with bark protection, and 

photosynthetic rates, but negatively linked to photosynthetic shade intolerance. In the following 

sections, we interpret and synthesise the significance of these results, discussing the ecological 

implications of our findings.  

 

4.6.1. Contributions to NPPstem and Cmortality reveal hyperdominance of  

          Tachigali vulgaris and reflect trends of encroachment vs openness 

 

Previous studies have demonstrated that a restricted number of species often contributes 

disproportionately to plant abundance and biomass in tropical ecosystems, a pattern observed at 

local, regional and continental scales (e.g., Macía & Svenning, 2005; Damasco et al., 2021). 

Although most research into hyperdominant species has focused on tropical forests (ter Steege et 

al., 2013; Fauset et al., 2015), species hyperdominance can also be found across savannas 

worldwide (Shirima et al., 2011; Amara et al., 2023), being an important characteristic of savanna 

formations such as the Miombo woodlands of Southern Africa (Ribeiro et al., 2013) and the 

Eucalypt rangelands of Northern Australia (Chen et al., 2003). Hyperdominance is also typical of 

Cerrado vegetation, where low soil fertility, toxic aluminium concentrations, and fire are key 

filters shaping species distributions (Solórzano et al., 2012; Terra et al., 2021; de Souza et al., 

2022; Alvarez et al., 2025). The dominant species assemblage at Serra das Araras matches 

biogeographic patterns of diversity and commonness identity for Cerrado vegetation 

(Bridgewater et al., 2004; Machado et al., 2019), reflecting advantageous strategies that allow 

dominant species to, for example, fix nitrogen (Fabaceae; Faria et al., 1989) or tolerate high 

aluminium concentrations (Vochysiaceae; Haridasan, 2008). Our results corroborate previous 
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findings, revealing that at the start of our experiment, the monitoring plots at Serra das Araras 

were functionally dominated by a few generalist species: V. haenkeana, X. aromatica, T. silvatica 

and, above all, T. vulgaris, which single-handedly accounted for over 70% of woody productivity.  

 

T. vulgaris belongs to a taxonomically complex and unresolved genus (Tachigali Aubl., partially 

synonymous to Sclerolobium Vogel) of leguminous trees widely distributed throughout the 

Neotropics (Deccache et al., 2024). Although accurate Tachigali identification remains 

challenging within plot-based inventories – warranting caution in species-level interpretations 

and emphasising the need for continued taxonomic revision and phylogenetic studies (Silva & 

Lima, 2007), Cerrado-based studies consistently document patterns of hyperdominance and 

habitat generalism across the genus (Solorzano et al., 2012; da Silva et al., 2016; Silva Neto et 

al., 2016; Aguiar et al., 2019; Alvarez et al., 2025). The literature also supports the 

characterisation of Tachigali as disturbance-resistant, fast-growing trees driving forest expansion 

in Cerrado savannas (do Vale & Felfili, 2005; Aquino et al., 2007; Pellizzaro et al., 2017; Oliveira 

et al., 2021; Neri et al., 2023). At the Parque Municipal do Bacaba in Nova Xavantina, Mato 

Grosso, multiple studies have reported a growing dominance of T. vulgaris (Franczak et al., 2011; 

Morandi et al., 2016; Oliveira et al., 2017; Peixoto et al., 2017; Elias et al., 2019) and revealed a 

substantial increase in its post-fire basal area due to the growth of surviving individuals (Reis et 

al., 2015; Reis et al., 2017). Our results also suggest that the growth of T. vulgaris may be 

stimulated by fire, as evidenced by disproportionately high NPPstem rates among surviving 

individuals in the annually and biennially burnt plots. In comparison to other generalist species, 

increased growth after more frequent, less intense fires (annually and biennially burnt plots) could 

be explained by traits promoting bark insulation and efficient carbon fixation (Coneglian et al., 

2022; de Souza Reis et al., 2023), phenotypic plasticity (Felfili, 1995; Felfili et al., 1999), nitrogen 

fixing ability (Faria et al., 1989; Silva et al., 2013) and reduced competition (Reis et al., 2017). 

Nonetheless, productivity decreased drastically within the triennial plot, suggesting there is a fire 

frequency/intensity threshold beyond which the ability of T. vulgaris to rebound after burning 

becomes compromised (Kelly et al., 2025). Given the species’ hyperdominance, fire regime 
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thresholds may play a key role in shaping ecosystem-level dynamics and regulating alternative 

states in forest-savanna ecotones (Dantas et al., 2013).  

 

Long-term ecological monitoring projects and fire manipulation experiments have indeed shown 

that fire suppression in open ecosystems is a key facilitator of the progressive replacement of 

savanna by forest vegetation, both within the Cerrado (e.g., Durigan & Ratter, 2006; Geiger et 

al., 2011) and across other savanna systems worldwide (e.g., Australia, Lehmann et al., 2009; 

North America, Capozzelli et al., 2020; Southern Africa, Case & Staver, 2017; and South Asia, 

Kumar et al., 2020). Individuals of forest species capable of tolerating abiotic stresses of open 

environments can trigger forest expansion, setting in motion biogeochemical feedback cycles that 

increase soil fertility and alter floristic structure and composition (Silva et al., 2013; Abreu et al., 

2021; Oliveira et al., 2021). Our results confirm that, under fire suppression, cerrado sensu stricto 

areas are experiencing self-reinforcing woody encroachment driven by the continued increase in 

NPPstem of fast-growing, resource-acquisitive, generalist species (Navarro-Rosales et al., 2025). 

In our experimentally burnt plots, however, woody encroachment trends are reduced, or even 

reversed, as vegetation density falls and contributions towards plot-scale NPPstem become 

dominated by fire-tolerant, conservative savanna trees. We observed that, as fire frequency 

decreases across our burnt plots, contributions to NPPstem reflected a stronger shift in functional 

composition toward a more open savanna assemblage (Ribeiro & Tabarelli, 2002; Machida et al., 

2021). These changes suggest that our less frequent fire regimes (biennially and triennially burnt 

plots) exert a stronger influence on community composition of Cerrado plants, and this pattern 

could be explained by the broad trade-off between fire frequency and intensity generally 

describing fire regimes worldwide (Chiminazzo et al., 2025). Although detailed fire behaviour 

data for Serra das Araras is not yet available (Oliveras Menor et al., in preparation), field 

observations suggest our less frequent fires in the biennially and triennially burnt plots were 

faster-moving, more severe and homogeneous (Rissi et al., 2017). More intense fires have 

previously been shown to cause increased damage, topkill and mortality of woody vegetation 

(Kauffman et al., 1994; Hoffmann & Solbrig, 2003; Montenegro et al., 2025). 
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Patterns in the contributions to Cmortality following fire – where the mortality carbon flux is 

dominated by T. vulgaris, V. haenkeana and X. aromatica – closely align with our NPPstem 

findings. The species exhibiting the greatest reductions in total NPPstem also dominated plot 

mortality, indicating vulnerability to fire. However, the death of these larger trees might have 

further skewed the contributions to Cmortality due to their disproportionate biomass contribution 

(Gora & Esquivel-Muelbert, 2021). Using a community-wide allometry to calculate carbon stocks 

in woody stems could have introduced additional bias, particularly because our larger-sized 

species also exhibited higher levels of wood density. To better understand the structural and 

demographic mechanisms driving shifts in woody productivity across fire regimes, more accurate 

allometric equations reflecting species-specific variations in wood density and plant architecture 

should be formulated, and future research efforts should increasingly focus on tracking changes 

in mortality, recruitment, abundance and species size distributions over time.  

 

4.6.2. Fire-driven changes in species-level NPPstem reveal a trade-off  

          between productivity and fire tolerance 

 

Fire appears to have stimulated woody productivity in 5 out of 16 dominant Cerrado tree species 

(B. coccolobifolia, B. verbascifolia, K. grandiflora, P. ramiflora, and T. vulgaris) under at least 

one fire regime, consistent with the notion that fire-adapted species invest in rapid resprouting 

and growth after burning (Zupo et al., 2021; Cruz et al., 2025). Our results reveal that in the 

triennially burnt plot, where fires are potentially more intense, average woody productivity 

declined for the two most common generalist species, T. vulgaris and V. haenkeana. This likely 

reflects the negative impact of more severe burns on growth and biomass accumulation in 

surviving individuals (Hoffmann & Solbrig, 2003). In the unburnt plot, however, average NPPstem 

of P. ramiflora, and T. vulgaris increased, indicating that denser vegetation structure enhances 

productivity (Franczak et al., 2011), thereby reinforcing woody encroachment processes (Peixoto 
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et al., 2017). An unexpected reduction in average NPPstem of X. aromatica in the unburnt plots 

can be explained by the inclusion of smaller (DBH ≥ 5 cm) individuals, warranting further 

research into size class dynamics (e.g., Oliveira et al., 2021). Substantial variation in NPPstem data, 

combined with small population sizes in some plots, likely limited our ability to detect detailed 

fitness responses to periodic burning (Newbery & Lingenfelder, 2017). Limited NPPstem responses 

to fire could also be explained by our experimental fire regimes being implemented for a restricted 

amount of time, reflecting an insufficient period to characterise well-established fire regimes. Our 

biennial and triennial regimes consisted of a very limited number of fire intervals. Rather than 

representing typical fire regimes that have been stable during a long period of time, our 

experimental interventions captured the initial effect of fire reintroductions into a previously 

unburnt landscape, warranting further study into the longer-term fire ecological effects of our fire 

interventions. 

 

Nevertheless, we are confident that our analysis captured the overall effects of the first 5 years of 

our experimental fire regimes on NPPstem, especially after accounting for the outlier influence of 

T. vulgaris. Our comparison of NPPstem marginal means revealed a consistent negative association 

between initial productivity estimates and subsequent ΔNPPstem. In other words, more productive 

species show smaller increases – or greater reductions – in productivity following exposure to 

fire. The consistency of this pattern across fire frequencies, combined with strong model fit, 

suggest that these patterns are unlikely to have arisen by chance but reflect an underlying trade-

off between fire tolerance and productivity/growth. Trade-offs between tree fire tolerance and 

growth rates have been outlined across savannas in Africa (Gignoux et al., 2009) and Australia 

(Lawes et al., 2011), although increased growth and height are also important strategies allowing 

for resistance to fire in those regions (Lehmann et al., 2009). In Cerrado savannas, where fire 

tolerance strategies primarily rely on bark growth (Dantas & Pausas, 2013), fire exclusion of 

faster growing forest species is relatively well documented (Hoffmann et al., 2003; Hoffmann et 

al., 2009). Precisely, Scalon et al. (2020) discovered a trade-off between fast growth and traits 

associated with fire resistance, such as bud protection and bark thickness, representing strategies 
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to escape or withstand fire (Hoffmann et al., 2012). More broadly, this trade-off reflects 

contrasting ecological strategies: species optimised for light competition and fast growth in forest 

assemblages versus those adapted to persist in fire-prone savanna systems through structural 

defence against fire, resprouting capacity, and conservative resource use (Gignoux et al., 2016; 

Charles-Dominique et al., 2018; Bernardino et al., 2022). This fundamental trade-off between 

fire resistance and productivity plays a central role in maintaining the savanna-forest mosaic as a 

system of alternative stable states, having important implications for species demography and 

ecosystem dynamics under changing fire regimes (Gignoux et al., 1997; Silva et al., 2013).  

 

Indeed, survival of some of our savanna species (B. coccolobifolia, K. grandiflora, M. bella and 

P. ramiflora) decreased under certain fire frequencies. Varying patterns of Δsurvival across 

species indicate that different mechanisms, potentially linked to differences in fire intensity and 

severity, may govern post-fire survival in ways not fully captured in our current dataset (Cruz et 

al., 2025). In contrast, generalist species (T. vulgaris, T. silvatica, V. haenkeana and X. aromatica) 

consistently showed reduced survival within our fire regimes, supporting the interpretation that 

these species are investing in fast growth and light resource competition at the expense of fire 

resistance (Hoffmann et al., 2012). Interestingly, some typical Cerrado species experienced 

reduced survival in the unburnt plots (H. speciosa and K. grandiflora). This may reflect an 

inability to maintain fitness under intense shade and competition in the absence of fire (Oliveira 

& Silva, 1993). Despite these patterns, we found limited evidence for a consistent trade-off 

between productivity (or growth) and survival across the different fire regimes. Only in the 

biennially burnt plot – and only when T. vulgaris estimates were included – was higher initial 

NPPstem significantly associated with lower survival. Weaker patterns could be explained by high 

rates of survival within fire exclusion plots, which restricted statistical power due to data 

separation (Heinze & Schemper, 2002). Survival patterns might have also been underestimated 

by the challenge of distinguishing stem topkill from true individual mortality. Monitoring 

underground dynamics and belowground resprouting would therefore provide a more accurate 

estimate of survival rates (Hoffmann et al., 2009).  
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4.6.3. Thick bark and light-adapted photosynthesis maintain NPPstem at  

          triennial fire frequencies  

 

With the aim of understanding if plant strategies can explain the observed patterns in survival and 

NPPstem, we investigated how functional traits influence productivity and survival of dominant 

Cerrado trees at Serra das Araras. We explored the relationships and covariation between leaf, 

bark, wood and photosynthetic traits using a principal component analysis, which revealed there 

are two main axis of trait variation across dominant species, each reflecting distinct ecological 

trade-offs. The first principal component captured a trade-off in structural investment strategies: 

species investing in lower-cost foliage, increased size and higher wood density; vs species 

investing in bark protection and leaf resistance. Rather than reflecting a clear resource acquisition 

gradient, this first axis of variation hints at the interplay between different structural investment 

strategies across forest-savanna transitions (Dantas et al., 2024). The choice between investing in 

building a tall canopy vs investing in thick insulating bark is a well explored trade‐off across 

savanna ecosystems worldwide (e.g., Gignoux et al., 1997; Hoffmann et al., 2009) allowing for 

more efficient growth and resource acquisition in forest assemblages compared to higher fire 

resistance and conservativeness in fire-prone systems (Gignoux et al., 2016; Charles-Dominique 

et al., 2018; Bernardino et al., 2022). We expected sclerophyllous savanna tree species to exhibit 

consistent trait syndromes reflecting conservative acquisition strategies. Although wood density 

can be linked to drought resistance, slower tree growth and reduced wood decay after fire (Chave 

et al., 2009; Brando et al., 2012), we observed higher wood densities were actually associated 

with faster-growing, fire-vulnerable species. Trade-offs between bark and woody investment 

have been previously reported in Cerrado savanna and other environments (Loram-Lourenço et 

al., 2020; Dantas et al., 2024), as wood density appears to be positively associated with inner and 

outer bark densities, but negatively related to bark thickness (Rosell et al., 2014; Scalon et al., 

2020). These patterns are consistent with our earlier findings from a smaller-scale fire experiment 
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at Serra das Araras (Cruz et al., 2025), where species that increased in abundance after fire had 

thicker bark and lower wood density. Wood density was a poor predictor of mortality and topkill, 

suggesting that bark traits play a more direct role in conferring fire tolerance within fire-prone 

savanna ecosystems (Rosell et al., 2014). 

 

Our second axis of variation also incorporates traits associated with plant economic spectra, 

revealing a gradient from broader leaves and fast gas exchange rates in comparison to smaller leaf 

size and photosynthetic shade tolerance (Poorter, 2009; Niinemets, 2023). Although 

photosynthetic rates do not directly reflect the amount of carbon used invested on stem biomass 

growth (Trugman & Anderegg, 2025), photosynthetic strategies are important determinants of 

Cerrado plant persistence after fire (Scalon & Rossatto, 2021) and under woody encroachment 

conditions (Rossatto et al., 2018; da Cruz Junior et al., 2025), yet appear to vary independently 

from structural investment trade-offs.  

 

When examining the relationship between NPPstem and functional traits across fire regimes and 

census intervals, we found that only size-related variables (height and DBH) showed a (positive) 

statistically significant relationship with woody productivity in the unburnt plots. This pattern can 

be explained by metabolic scaling theory, which describes how larger trees sequester carbon at 

higher rates than smaller trees (Šímová et al., 2019), and reflects the growth-rate advantage of 

generalist species in the absence of fire or other major disturbances (Rossatto et al., 2009). Weak 

relationships between NPPstem and functional traits could be explained by the substantial variation 

characteristic of vegetation dynamics (Reis et al., 2025), but could also suggest that under fire 

exclusion, filtering pressures resulting from woody encroachment in Cerrado savanna are not yet 

strong enough to affect fitness in a detectable way (de Miranda Santos et al., 2024). Similarly, 

the trait-regime-interval interaction coefficients revealed there was no significant change in the 

relationship between traits and NPPstem after the long-term implementation of annual burns. Given 

that high-intensity, low-frequency fire regimes exert a stronger filtering pressure on plant function 

and plant communities (Chiminazzo et al., 2025; Montenegro et al., 2025), it is not surprising 
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that NPPstem remains unrelated to functional traits in the annually burned plot. Interestingly, the 

absence of a relationship between productivity and functional traits occurs in the two plots that 

most strongly deviate from the typical 3-4 years fire intervals of the Cerrado, potentially 

indicating how altered fire regimes might compromise functional strategies allowing species to 

persist in relation to fire (Kelly et al., 2025).  

 

In the biennially burnt plot, however, woody productivity during the last interval showed 

significantly stronger relationships with wood density, specific leaf area and tree size, driven by 

the extreme recovery of surviving T. vulgaris. This provides further evidence that T. vulgaris – 

one of the species with the highest wood density and specific leaf area at Serra das Araras (also 

see de Souza Reis et al., 2023) – disproportionately dominates functional responses to fire under 

certain regime conditions. In the triennial plot, which comparatively has less frequent fires 

(associated with higher fire intensity), NPPstem is more strongly associated with increased bark 

protection (outer and relative bark thickness), light-adapted photosynthesis (higher rates of light-

saturated carbon assimilation and lower photosynthetic tolerance to shade) and smaller tree size 

(as growth of larger-sized generalist species is compromised). The mechanism by which bark 

thickness confers resistance and contributes to tolerance of fire regimes has been extensively 

described in the global savanna literature (e.g., Lawes et al., 2013; Pausas, 2015; Chiminazzo et 

al., 2023), and these findings directly imply that bark protection acts as a trait mediating impacts 

on growth and fitness of Cerrado trees under higher burning intensity. Overall, these results 

provide empirical evidence towards the existence of different plant strategies in response to 

altered fire regimes in the Cerrado. In the triennially burnt plot, species capable of shielding 

themselves from flames and investing in aboveground protection have an advantage over species 

with higher capacity to explore vertical space and maintain competition for light (Chiminazzo et 

al., 2025). Nonetheless, our results also confirm productivity after our less frequent fires 

(biennially and triennially burnt plots) is still linked with acquisitive, shade-sensitive 

photosynthetic strategies, indicating fire acts as an important driver of maximum photosynthetic 
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rates, allowing for optimised carbon capture in open environments with higher levels of irradiance 

(Rossatto et al., 2018; Scalon & Rossatto, 2021).  

 

We therefore propose woody productivity under triennial fire regimes is mediated by a structure-

acquisition dimensionality of trait syndromes. If productivity is strongly influenced by economic 

spectra, intense fires requiring increased bark investment could constrain a species’ ability to 

maximise resource acquisition via structural traits (Scalon et al., 2020), but not via photosynthetic 

rates (Paula et al., 2015). Our findings suggest there is no simple trade-off between resource 

acquisition and fire protection traits across a gradient of fire regimes, but that both are important 

phenotypic strategies contributing to fitness, warranting further research into trait coordination in 

relation to direct and indirect impacts of fire (Díaz, 2025). More detailed research into trait 

syndromes could also help us determine if functional traits are actually impacting species 

persistence across our monitoring plots. When relating survival to functional traits across regimes 

and intervals, we only found that inner bark thickness and maximum photosynthetic rates showed 

significantly more negative relationships with survival at the biennially burnt plot. This could be 

driven by high values of inner bark thickness and photosynthetic rates in susceptible T. vulgaris, 

but interpretation should be taken with care due to very large error margins. The absence of further 

relationships could be attributed to our necessarily weaker analytical choice, given that we 

analysed the relationship between population-wide survival and species-specific trait averages 

(from surviving trees). Tracking the survival, productivity, and trait values of the selected trees 

over the coming years – as the ecological effects of better-established fire regimes stabilise – 

could provide a more reliable picture of the trait-mediated responses to fire at Serra das Araras, 

helping us better understand how multiple facets of plant fitness are shaped by functional 

strategies across changing fire regimes. 

 

4.7. Conclusions 
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This study demonstrates how experimental burning regimes affect the vegetation structure and 

carbon dynamics of Cerrado vegetation through a complex interplay between average biomass 

accumulation and survival rates mediated by patterns of dominance, functional traits and plant 

strategies. Our results reveal that both fire exclusion and fire reintroduction alter patterns of 

woody productivity, reflecting broader ecological processes of woody encroachment and savanna 

restoration. Changes in species-level NPPstem and survival indicate there is a trade-off between 

plant productivity and vulnerability to fire across all burning regimes in terms of NPPstem change, 

but not in terms of survival change. These findings point to the existence of distinct strategies 

allowing Cerrado trees to better respond to different fire regimes, although in fire exclusion 

conditions and at very high (annual) fire frequencies, the functionally-mediated persistence of 

generalist and typical savanna species is not strongly compromised. Our results provide useful 

insights towards fire management of the Cerrado, revealing comparatively less frequent but 

potentially more intense burning regimes in the biennial and triennial plots have a stronger effect 

on arboreal communities, with important consequences towards the permanence of important tree 

species. The significance of tree hyperdominance across savanna communities towards resilience 

and vulnerability should be further investigated, given ecosystem function and services might 

disproportionately rely on the maintenance of species such as Tachigali vulgaris.  

 

We experimentally reveal how bark protection and light-adapted photosynthesis maintain 

productivity at triennial frequencies, meaning carbon balance responses to changing fire regimes 

could be better predicted across species assemblages and locations. Nonetheless, it is important 

to acknowledge that these results represent patterns in aboveground woody dynamics, and that 

understanding the effects of altered fire regimes on herbaceous vegetation, underground organs 

and carbon pools is still a research priority of key importance. Although the aim of this study has 

been to characterise biomass gain in tree species, it is worth noting that woody stem productivity 

is only one of the multiple components of savanna plant performance. Other strategies maximising 

plant fitness and species/individual persistence through belowground allocation, resprouting and 

reproduction may be equally, if not more, important within fire-prone systems, especially for the 
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smaller shrub and herbaceous species making up the bulk of Cerrado plant diversity. In the face 

of increasingly extreme climate events and continued land conversion, future studies should 

therefore focus on investigating how assemblages of other functional types of Cerrado plants 

mechanistically respond to the interactive effect of combined disturbances through trait 

coordination into successful plant strategies that underline ecological resilience.  
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Figure S4.1, species contributions to plot-level aboveground woody stem net primary 
productivity (NPPstem) and mortality carbon (Cmortality) across the experimental fire monitoring 
plots at Serra das Araras, Brazil, during the 2017 to 2019 census interval. Within each facet, the 
area occupied by any given species represents its proportion of total plot NPPstem and Cmortality 
(total plot values are included above each facet).  
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Figure S4.2, species contributions to plot-level aboveground woody stem net primary 
productivity (NPPstem) and mortality carbon (Cmortality) across the experimental fire monitoring 
plots at Serra das Araras, Brazil, during the 2019 to 2021 census interval. Within each facet, the 
area occupied by any given species represents its proportion of total plot NPPstem and Cmortality 
(total plot values are included above each facet).  
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Table S4.2, estimates of woody stem productivity (± standard error) for each of the 16 dominant 
tree species across fire regimes and census intervals. Estimates represent marginal means 
extracted from species-specific linear mixed models interacting regime and interval. 
 

 

 

Species Regime NPPstem 2017-2019 NPPstem 2019-2021 NPPstem 2021-2023 
Byrsonima coccolobifolia Unburnt  0.00011181 ± 0.00003985  0.00012781 ± 0.00003944  0.00011280 ± 0.00003909 
 Triennial  0.00006633 ± 0.00006669  0.00012447 ± 0.00006319  0.00011396 ± 0.00008328 
 Biennial -0.00003905 ± 0.00006938  0.00007319 ± 0.00006946  0.00035346 ± 0.00007655 
 Annual  0.00004065 ± 0.00006425  0.00003402 ± 0.00006313  0.00018139 ± 0.00006551 
Byrsonima verbascifolia Unburnt -0.00007822 ± 0.00006050  0.00005412 ± 0.00006058  0.00006594 ± 0.00006024 
 Triennial  0.00006401 ± 0.00013345  0.00028967 ± 0.00013375  0.00026212 ± 0.00013371 
 Biennial  0.00010367 ± 0.00014065  0.00004298 ± 0.00013342  0.00068302 ± 0.00015021 
 Annual  0.00001585 ± 0.00008817  0.00004152 ± 0.00008820  0.00040427 ± 0.00008852 
Curatella americana Unburnt  0.00032304 ± 0.00006204  0.00022883 ± 0.00006097  0.00047180 ± 0.00006068 
 Triennial  0.00065064 ± 0.00014169  0.00060562 ± 0.00013774  0.00070777 ± 0.00013788 
 Biennial  0.00038850 ± 0.00012309  0.00044499 ± 0.00011955  0.00065382 ± 0.00011726 
 Annual  0.00031350 ± 0.00013842  0.00040232 ± 0.00013858  0.00061071 ± 0.00014444 
Dimorphandra mollis Unburnt  0.00038954 ± 0.00019858 -0.00005344 ± 0.00019449  0.00044097 ± 0.00019545 
 Triennial  0.00113792 ± 0.00109579 -0.00005318 ± 0.00108289 -0.00008372 ± 0.00108255 
 Biennial -0.00090786 ± 0.00075917 -0.00059736 ± 0.00076155  0.00069607 ± 0.00077146 
 Annual  0.00069678 ± 0.00017039 -0.00018593 ± 0.00016687  0.00051023 ± 0.00019251 
Ferdinandusa elliptica Unburnt -0.00000241 ± 0.00039281  0.00017406 ± 0.00023285  0.00047690 ± 0.00020270 
 Triennial  0.00022941 ± 0.00040441  0.00053196 ± 0.00040563  0.00058975 ± 0.00040587 
 Biennial  0.00029025 ± 0.00012744  0.00018180 ± 0.00012179  0.00005549 ± 0.00011654 
 Annual  0.00062268 ± 0.00040422  0.00035367 ± 0.00028632  0.00048471 ± 0.00040367 
Hancornia speciosa Unburnt  0.00009194 ± 0.00006698 -0.00005049 ± 0.00007759  0.00002141 ± 0.00009104 
 Triennial -0.00000545 ± 0.00013568  0.00022267 ± 0.00013599 -0.00007802 ± 0.00018191 
 Biennial -0.00002201 ± 0.00020349  0.00002385 ± 0.00025752  0.00035016 ± 0.00028885 
 Annual -0.00013848 ± 0.00011064 -0.00001070 ± 0.00011289  0.00021052 ± 0.00011538 
Kielmeyera grandiflora Unburnt -0.00006290 ± 0.00001784  0.00011579 ± 0.00001805  0.00001958 ± 0.00001789 
 Triennial -0.00001248 ± 0.00005062  0.00018704 ± 0.00005516  0.00017373 ± 0.00005619 
 Biennial -0.00004227 ± 0.00003812  0.00009176 ± 0.00003817 -0.00001155 ± 0.00004592 
 Annual  0.00009082 ± 0.00002341  0.00002278 ± 0.00002375  0.00015232 ± 0.00002522 
Myrcia bella Unburnt -0.00004609 ± 0.00001952  0.00004366 ± 0.00002021  0.00002107 ± 0.00002148 
 Triennial  0.00004216 ± 0.00006060  0.00013722 ± 0.00005901  0.00014836 ± 0.00006950 
 Biennial  0.00001895 ± 0.00004144 -0.00003351 ± 0.00004184  0.00011577 ± 0.00005623 
 Annual -0.00001762 ± 0.00007941 -0.00001290 ± 0.00008401  0.00026098 ± 0.00011830 
Pouteria ramiflora Unburnt  0.00000474 ± 0.00002127  0.00003822 ± 0.00002120  0.00008080 ± 0.00002119 
 Triennial  0.00005476 ± 0.00004220  0.00014716 ± 0.00004180 -0.00005115 ± 0.00004662 
 Biennial -0.00001160 ± 0.00005150 -0.00000184 ± 0.00004929  0.00014163 ± 0.00005686 
 Annual  0.00003979 ± 0.00003492  0.00006213 ± 0.00003487  0.00025796 ± 0.00003520 
Qualea grandiflora Unburnt  0.00008884 ± 0.00005523  0.00005530 ± 0.00005462  0.00009562 ± 0.00005447 
 Triennial  0.00017955 ± 0.00013686  0.00031149 ± 0.00013704  0.00009676 ± 0.00018329 
 Biennial -0.00002266 ± 0.00027945 -0.00004410 ± 0.00027939  0.00013667 ± 0.00039099 
 Annual  0.00020570 ± 0.00010450  0.00023183 ± 0.00010453  0.00046770 ± 0.00010646 
Qualea multiflora Unburnt  0.00029864 ± 0.00015681  0.00046947 ± 0.00013603  0.00038039 ± 0.00013591 
 Triennial    
 Biennial  0.00008559 ± 0.00009034  0.00012073 ± 0.00009299  0.00024402 ± 0.00011575 
 Annual  0.00043414 ± 0.00015702  0.00018746 ± 0.00015663  0.00008090 ± 0.00017140 
Qualea parviflora Unburnt  0.00023506 ± 0.00008585  0.00016491 ± 0.00008349  0.00037239 ± 0.00007739 
 Triennial  0.00021289 ± 0.00018271  0.00038424 ± 0.00018302  0.00034668 ± 0.00017884 
 Biennial  0.00009090 ± 0.00030882  0.00012394 ± 0.00030892  0.00034209 ± 0.00030959 
 Annual  0.00052084 ± 0.00021444  0.00017650 ± 0.00021370  0.00035009 ± 0.00021407 
Tachigali vulgaris Unburnt  0.00338905 ± 0.00064989  0.00268146 ± 0.00064189  0.00425587 ± 0.00065110 
 Triennial  0.00308250 ± 0.00117283  0.00336934 ± 0.00138269 -0.00522172 ± 0.00329180 
 Biennial  0.00212675 ± 0.00112838  0.00225008 ± 0.00114746  0.00643525 ± 0.00166337 
 Annual  0.00576581 ± 0.00115624  0.00355182 ± 0.00113044  0.00764286 ± 0.00125809 
Trichilia silvatica Unburnt  0.00093355 ± 0.00032021  0.00016850 ± 0.00029865  0.00116808 ± 0.00030106 
 Triennial  0.00082627 ± 0.00054496  0.00098997 ± 0.00059866  
 Biennial  0.00034620 ± 0.00068791  0.00015383 ± 0.00091002  
 Annual  0.00059622 ± 0.00068962   
Vochysia haenkeana Unburnt  0.00105292 ± 0.00019523  0.00080352 ± 0.00017951  0.00081624 ± 0.00016852 
 Triennial  0.00174295 ± 0.00033603  0.00198946 ± 0.00031419 -0.00111221 ± 0.00054266 
 Biennial  0.00086610 ± 0.00034834  0.00102805 ± 0.00031843  0.00029752 ± 0.00043307 
 Annual  0.00111938 ± 0.00022931  0.00103082 ± 0.00022005  0.00066879 ± 0.00024651 
Xylopia aromatica Unburnt  0.00044337 ± 0.00007721  0.00010297 ± 0.00007422  0.00019646 ± 0.00007340 
 Triennial  0.00043085 ± 0.00014462  0.00024211 ± 0.00013425  
 Biennial  0.00020595 ± 0.00017337  0.00072405 ± 0.00017427  
 Annual  0.00046451 ± 0.00013991  0.00018865 ± 0.00013953  0.00006699 ± 0.00036549 
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Figure S4.3, NPPstem estimates (MgC ha-1 year-1) for the 16 dominant species across census 
intervals and experimental fire regimes at Serra das Araras, Brazil. Estimates were derived from 
species-specific mixed-effect models, from which marginal means were extracted for each 
interval-regime combination (alongside their corresponding standard error). Fire regimes include 
triennially, biennially and annually burnt plots, as well as unburnt plots; and there were three 
census intervals (2017 to 2019, 2019 to 2021 and 2021 to 2023). Please note axis ranges were 
specific to each plot, and allowed to vary to facilitate visual understanding. The horizontal grey 
line for each graph indicates zero NPPstem. Empty spaces indicate we were unable to calculate 
NPPstem for that species during that particular census interval, as there were no stems present both 
at the start and end of the interval. Each bar is accompanied by a numeric label indicating the 
number of stems from which NPPstem was estimated. 
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Table S4.3, estimates of survival rates (± standard error) for each of the 16 dominant tree species 
across fire regimes and census intervals. Estimates represent back-transformed marginal means 
extracted from species-specific binomial mixed models interacting regime and interval.  
 
Species Regime survival 2017-2019 survival 2019-2021 survival 2021-2023 
Byrsonima coccolobifolia Unburnt 0.993 ± 0.010 0.979 ± 0.017 0.993 ± 0.010 
 Triennial 0.980 ± 0.028 0.982 ± 0.025 0.554 ± 0.094 
 Biennial 0.978 ± 0.030 0.978 ± 0.030 0.804 ± 0.083 
 Annual 0.981 ± 0.026 0.982 ± 0.025 0.911 ± 0.054 
Byrsonima verbascifolia Unburnt 0.991 ± 0.013 0.991 ± 0.013 0.991 ± 0.013 
 Triennial 0.950 ± 0.069 0.950 ± 0.069 0.864 ± 0.103 
 Biennial 0.944 ± 0.076 0.950 ± 0.069 0.750 ± 0.137 
 Annual 0.981 ± 0.027 0.981 ± 0.027 0.981 ± 0.027 
Curatella americana Unburnt 0.995 ± 0.004 0.998 ± 0.002 0.995 ± 0.004 
 Triennial 0.988 ± 0.017 0.989 ± 0.016 0.989 ± 0.016 
 Biennial 0.992 ± 0.012 0.992 ± 0.011 0.993 ± 0.010 
 Annual 0.989 ± 0.016 0.946 ± 0.033 0.878 ± 0.049 
Dimorphandra mollis Unburnt 0.984 ± 0.023 0.984 ± 0.022 0.984 ± 0.022 
 Triennial 0.750 ± 0.306 0.750 ± 0.306 0.750 ± 0.306 
 Biennial 0.833 ± 0.215 0.833 ± 0.215 0.833 ± 0.215 
 Annual 0.988 ± 0.017 0.988 ± 0.016 0.756 ± 0.066 
Ferdinandusa elliptica Unburnt 0.750 ± 0.306 0.875 ± 0.165 0.900 ± 0.134 
 Triennial 0.750 ± 0.306 0.750 ± 0.306 0.750 ± 0.306 
 Biennial 0.955 ± 0.063 0.958 ± 0.058 0.962 ± 0.053 
 Annual 0.750 ± 0.306 0.833 ± 0.215 0.500 ± 0.289 
Hancornia speciosa Unburnt 0.898 ± 0.033 0.740 ± 0.051 0.711 ± 0.060 
 Triennial 0.925 ± 0.059 0.881 ± 0.071 0.553 ± 0.114 
 Biennial 0.944 ± 0.076 0.611 ± 0.162 0.750 ± 0.177 
 Annual 0.917 ± 0.050 0.883 ± 0.059 0.944 ± 0.044 
Kielmeyera grandiflora Unburnt 0.992 ± 0.005 0.978 ± 0.008 0.960 ± 0.011 
 Triennial 0.985 ± 0.021 0.833 ± 0.065 0.946 ± 0.043 
 Biennial 0.991 ± 0.012 0.991 ± 0.012 0.648 ± 0.061 
 Annual 0.984 ± 0.010 0.930 ± 0.020 0.880 ± 0.026 
Myrcia bella Unburnt 0.997 ± 0.004 0.889 ± 0.022 0.847 ± 0.027 
 Triennial 0.971 ± 0.041 0.972 ± 0.039 0.694 ± 0.109 
 Biennial 0.962 ± 0.030 0.962 ± 0.031 0.513 ± 0.081 
 Annual 0.950 ± 0.069 0.850 ± 0.113 0.500 ± 0.167 
Pouteria ramiflora Unburnt 0.995 ± 0.004 0.995 ± 0.004 0.984 ± 0.007 
 Triennial 0.991 ± 0.012 0.975 ± 0.020 0.692 ± 0.060 
 Biennial 0.955 ± 0.036 0.986 ± 0.020 0.681 ± 0.078 
 Annual 0.996 ± 0.006 0.996 ± 0.006 0.962 ± 0.018 
Qualea grandiflora Unburnt 0.995 ± 0.007 0.985 ± 0.012 0.967 ± 0.018 
 Triennial 0.955 ± 0.063 0.955 ± 0.063 0.500 ± 0.151 
 Biennial 0.833 ± 0.215 0.833 ± 0.215 0.500 ± 0.289 
 Annual 0.977 ± 0.032 0.977 ± 0.032 0.932 ± 0.054 
Qualea multiflora Unburnt 0.929 ± 0.097 0.944 ± 0.076 0.944 ± 0.076 
 Triennial 0.974 ± 0.037 0.921 ± 0.062 0.639 ± 0.113 
 Biennial 0.929 ± 0.097 0.929 ± 0.097 0.786 ± 0.155 
 Annual 0.966 ± 0.027 0.989 ± 0.015 0.991 ± 0.013 
Qualea parviflora Unburnt 0.950 ± 0.069 0.950 ± 0.069 0.864 ± 0.103 
 Triennial 0.875 ± 0.165 0.875 ± 0.165 0.875 ± 0.165 
 Biennial 0.929 ± 0.097 0.929 ± 0.097 0.929 ± 0.097 
 Annual 0.998 ± 0.003 0.998 ± 0.002 0.958 ± 0.011 
Tachigali vulgaris Unburnt 0.953 ± 0.029 0.300 ± 0.062 0.088 ± 0.069 
 Triennial 0.993 ± 0.010 0.639 ± 0.051 0.147 ± 0.046 
 Biennial 0.948 ± 0.024 0.994 ± 0.008 0.426 ± 0.053 
 Annual 0.993 ± 0.010 0.979 ± 0.017 0.993 ± 0.010 
Trichilia silvatica Unburnt 0.977 ± 0.032 0.981 ± 0.026 0.982 ± 0.025 
 Triennial 0.900 ± 0.134 0.700 ± 0.205 0.083 ± 0.113 
 Biennial 0.833 ± 0.215 0.500 ± 0.289 0.250 ± 0.306 
 Annual 0.833 ± 0.215 0.167 ± 0.215  
Vochysia haenkeana Unburnt 0.994 ± 0.008 0.996 ± 0.006 0.983 ± 0.011 
 Triennial 0.983 ± 0.024 0.908 ± 0.047 0.236 ± 0.071 
 Biennial 0.981 ± 0.027 0.985 ± 0.021 0.403 ± 0.082 
 Annual 0.970 ± 0.019 0.954 ± 0.021 0.534 ± 0.046 
Xylopia aromatica Unburnt 0.994 ± 0.009 0.959 ± 0.019 0.971 ± 0.015 
 Triennial 0.969 ± 0.043 0.783 ± 0.075 0.019 ± 0.026 
 Biennial 0.944 ± 0.076 0.577 ± 0.137 0.062 ± 0.086 
 Annual 0.974 ± 0.037 0.925 ± 0.059 0.079 ± 0.062 
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Figure S4.4, survival estimates (describing the probability of stems surviving from one census to 
the next) for the 16 dominant species across census intervals and experimental fire regimes at 
Serra das Araras, Brazil. Estimates were derived from species-specific bias-reduced logistic 
regression models, from which marginal means were extracted for each interval-regime 
combination (alongside their corresponding standard error). Fire regimes include triennially, 
biennially and annually burnt plots, as well as unburnt plots; and there were three census intervals 
(2017 to 2019, 2019 to 2021 and 2021 to 2023). Please note axis ranges were standardised across 
all plots, reflecting the full range in survival probability (0 = 0% chance of survival, 1 = 100% 
chance of survival). Empty spaces indicate we were unable to calculate survival for that species 
during that particular census interval, as there were no stems present at the start of the interval. 
Each point is accompanied by a numeric label indicating the number of stems from which survival 

was estimated. 
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Table S4.4, summary statistics for the linear models testing if species-level estimates of ΔNPPstem 
vary with estimates of initial NPPstem. Different models were used for each plot, with data from 
the 16 dominant species including Tachigali vulgaris. Initial NPPstem reflects woody stem, 
productivity estimates for the 2017-2019 interval, derived from species-specific linear mixed 
models (Table S4.2). ΔNPPstem was calculated as the difference between final (2021-2023) and 
initial (2017-2019) estimates.  
 

 

 

 

 

 

 

 

 

Unburnt: initial NPPstem  ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.364 1,14 8.012 0.013 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 0.0002243 0.0001941 1.155 0.267 
ΔNPPstem 2.0200536 0.7136698 2.831 0.013 
     
Triennial: initial NPPstem ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.913 1,11 115.9 0.000 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)   
(Intercept) 2.462e-04 8.405e-05 2.929    0.013 
ΔNPPstem -3.674e-01 3.413e-02 -10.766 0.000 
     
Biennial: initial NPPstem ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.313 1,12 5.474 0.037 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 3.917e-05 1.697e-04 0.231 0.821 
ΔNPPstem 3.142e-01 1.343e-01    2.340 0.037 
     
Annual: initial NPPstem ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.541 1,13 15.35 0.002 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 0.0004014 0.0002720 1.476 0.164 
ΔNPPstem 1.9118513 0.4880237 3.918 0.002 
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Table S4.5, summary statistics for the linear models testing if species-level estimates of ΔNPPstem 
vary with estimates of initial NPPstem (see Figure 4.4). Different models were used for each plot, 
with data from 15 dominant species but excluding Tachigali vulgaris. Initial NPPstem reflects 
woody stem productivity estimates for the 2017-2019 interval, derived from species-specific 
linear mixed models (Table S4.2). ΔNPPstem was calculated as the difference between final (2021-
2023) and initial (2017-2019) estimates. 
 

 

 

 

 

 

 

 

 

Unburnt: initial NPPstem  ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.111 1,13 1.614 0.226 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 2.938e-04 9.305e-05 3.157 0.008 
ΔNPPstem -6.508e-01 5.122e-01 -1.271 0.226 
     
Triennial: initial NPPstem  ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.849 1,10 56.24 0.000 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)   
(Intercept) 2.124e-04 6.764e-05 3.141 0.011 
ΔNPPstem -5.583e-01 7.444e-02 -7.500 0.000 
     
Biennial: initial NPPstem  ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.784 1,11 39.92 0.000 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 2.336e-04 5.873e-05    3.977 0.002 
ΔNPPstem -6.866e-01 1.087e-01 -6.318 0.000 
     
Annual: initial NPPstem  ~  ΔNPPstem 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.695 1,12 27.38 0.000 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 3.359e-04 5.378e-05 6.246 0.000 
ΔNPPstem -9.829e-01 1.879e-01 -5.233 0.000 
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Table S4.6, summary statistics for the linear models testing if species-level estimates of Δsurvival 
vary with estimates of initial NPPstem. Different models were used for each plot, with data from 
the 16 dominant species including Tachigali vulgaris. Initial NPPstem reflects woody stem 
productivity estimates for the 2017-2019 interval, derived from species-specific linear mixed 
models (Table S4.2). Δsurvival was calculated as the logit-transformed difference between final 
(2021-2023) and initial (2017-2019) survival estimates, also derived from species-specific mixed 
models (Table S4.3). 
 

 

 

 

 

 

 

 

 

Unburnt: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.109 1,14 1.718 0.211 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 0.0002945 0.0002406 1.224 0.241 
logit(Δsurvival) -0.0001909 0.0001456 -1.311 0.211 
     
Triennial: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.108 1,13 1.574 0.232 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)   
(Intercept) 0.0002648 0.0003316 0.798   0.439 
logit(Δsurvival) -0.0001251 0.0000997 -1.254 0.232 
     
Biennial: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.341 1,14 7.241 0.018 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) -1.832e-04 1.979e-04     -0.926 0.370 
logit(Δsurvival) -1.733e-04 6.442e-05 -2.691 0.018 
     
Annual: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.076 1,13 1.069 0.320 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 0.0001919 0.0006003 0.320 0.754 
logit(Δsurvival) -0.0002397 0.0002318 -1.034 0.320 
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Table S4.7, summary statistics for the linear models testing if species-level estimates of Δsurvival 
change vary with estimates of initial NPPstem. Different models were used for each plot, with data 
from 15 dominant species but excluding Tachigali vulgaris. Initial NPPstem reflects woody stem 
productivity estimates for the 2017-2019 interval, derived from species-specific linear mixed 
models (Table S4.2). Δsurvival was calculated as the logit-transformed difference between final 
(2021-2023) and initial (2017-2019) survival estimates, also derived from species-specific mixed 
models (Table S4.3). 
 

 

 

 

 

 

 

 

 

Unburnt: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.026 1,13 0.348 0.565 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 2.785e-04 1.014e-04 2.746 0.017 
logit(Δsurvival) 3.992e-05 6.763e-05 0.590 0.565 
     
Triennial: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.007 1,12 0.089 0.771 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)   
(Intercept) 3.541e-04 2.144e-04 1.652 0.125 
logit(Δsurvival) -2.040e-05 6.843e-05 -0.298 0.771 
     
Biennial: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.068 1,13 0.943 0.0349 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) -1.746e-05 1.457e-04    -0.120 0.906 
logit(Δsurvival) -5.328e-05 5.484e-05 -0.971 0.349 
     
Annual: initial NPPstem  ~  logit(Δsurvival) 
Analysis of Variance R2 DF F-value Pr(>F) 
 0.140 1,12 1.96 0.187 

 

Coefficients Estimate Std. Error t-value Pr(>|t|)    
(Intercept) 1.647e-04 1.401e-04 1.175 0.263 
logit(Δsurvival) -7.718e-05   5.519e-05 -1.398 0.187 
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Table S4.8, summary statistics for the principal component analysis (PCA) on standardised 
functional traits of dominant tree species across the experimental fire regimes in Serra das Araras 
(includes bark, leaf and photosynthetic traits, without wood density, see Figure 4.5). Describes 
the proportion of variance explained by each principal component as well as the loadings of each 
trait. 
 
Principal Component Analysis PC1 PC2 PC3 PC4 PC5 PC6 
standard deviation 1.945 1.585 1.322 1.263 1.133 1.035 
proportion of variance 0.252 0.168 0.116 0.106 0.086 0.071 
cumulative proportion 0.252 0.420 0.536 0.643 0.728 0.800 
       
LA – leaf area 0.088 -0.370 -0.352 0.064 0.285 -0.317 
LT – leaf thickness -0.352 -0.016 0.014 -0.338 0.075 -0.137 
LDMC – leaf dry-matter content  0.251 0.131 0.231 0.294 -0.493 0.123 
SLA – specific leaf area 0.286 0.001 -0.330 0.188 0.468 0.119 
OBT – outer bark thickness -0.305 0.032 -0.456 -0.111 -0.334 0.012 
IBT – inner bark thickness  0.047 -0.142 -0.150 -0.365 0.149 0.706 
rBT – relative bark thickness  -0.427 0.078 -0.200 0.065 -0.024 0.138 
BD – bark density 0.345 -0.095 -0.179 0.345 0.012 0.060 
BWC – bark water content  0.116 -0.048 0.540 -0.270 0.314 0.131 
STol – photosynthetic shade tolerance  0.205 0.365 -0.122 -0.186 0.045 -0.361 
Asat – light-saturated photosynthetic rate -0.091 -0.486 0.064 0.259 -0.216 0.203 
Amax – maximum photosynthetic rate  -0.014 -0.543 0.028 -0.068 -0.083 -0.121 
Dresp – leaf dark respiration 0.088 0.347 -0.226 0.069 -0.009 0.346 
DBH – diameter at breast height 0.320 -0.086 -0.212 -0.430 -0.321 0.004 
H – tree height 0.392 -0.122 -0.069 -0.349 -0.243 -0.084 
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Figure S4.5, principal component analysis (PCA) for standardised functional traits of dominant 
tree species across the experimental fire regimes in Serra das Araras (includes bark, leaf, wood 
and photosynthetic traits, see Table S4.9 for details).  
 
 
Table S4.9, summary statistics for the principal component analysis (PCA) on standardised 
functional traits of dominant tree species across the experimental fire regimes in Serra das Araras 
(includes bark, leaf, photosynthetic and wood traits). Describes the proportion of variance 
explained by each principal component as well as the loadings of each trait. 
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Byrsonima coccolobifolia

Byrsonima verbascifolia

Curatella americana

Dimorphandra mollis

Ferdinandusa elliptica

Hancornia speciosa

Kielmeyera grandiflora

Myrcia bella

Pouteria ramiflora

Qualea grandiflora

Qualea multiflora

Qualea parviflora

Tachigali vulgaris

Trichilia silvatica

Vochysia haenkeana

Xylopia aromatica

Principal Component Analysis PC1 PC2 PC3 PC4 PC5 PC6 
standard deviation 2.010 1.483 1.353 1.324 1.220 1.044 
proportion of variance 0.252 0.137 0.114 0.110 0.093 0.068 
cumulative proportion 0.252 0.390 0.504 0.614 0.707 0.775 
       
LA – leaf area 0.126 -0.513 -0.032 -0.067 -0.223 -0.154 
LT – leaf thickness -0.322 0.051 0.135 -0.274 0.033 -0.016 
LDMC – leaf dry-matter content  0.258 0.183 -0.121 0.404 0.352 0.096 
SLA – specific leaf area 0.218 -0.279 -0.127 0.038 -0.538 0.241 
OBT – outer bark thickness -0.278 -0.099 -0.487 -0.213 0.165 -0.064 
IBT – inner bark thickness  -0.048 -0.004 -0.103 -0.403 -0.098 0.648 
rBT – relative bark thickness  -0.398 -0.007 -0.306 0.014 0.021 0.124 
BD – bark density 0.315 -0.264 -0.128 0.192 -0.144 -0.057 
BWC – bark water content  0.065 0.249 0.581 -0.045 -0.068 0.270 
WD – wood density 0.279 -0.032 -0.187 0.033 0.382 0.083 
STol – photosynthetic shade tolerance  0.283 0.271 -0.111 -0.173 -0.168 -0.136 
Asat – light-saturated photosynthetic rate -0.138 -0.422 0.119 0.234 0.352 0.220 
Amax – maximum photosynthetic rate  0.045 -0.432 0.300 -0.146 0.280 0.199 
Dresp – leaf dark respiration 0.081 0.203 -0.276 0.267 -0.073 0.526 
DBH – diameter at breast height 0.292 0.031 -0.163 -0.472 0.212 -0.054 
H – tree height 0.392 -0.001 0.007 -0.328 0.217 0.025 
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Table S4.10, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in specific leaf area (SLA, mm2 mg-1). The model includes a triple 
interaction between regime, interval and SLA; using individually-matched productivity data and 
trait measurements from the set of 167 trees sampled in 2025. Species identity and tree code were 
used as random effects to account for non-independence and repeated sampling.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval*SLA + (1|species) + (1|tree_code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -0.9957 0.0106 -93.5824 0.0000 
regimeTriennial -0.0008 0.0170 -0.0476 0.9621 
regimeBiennial 0.0213 0.0174 1.2229 0.2214 
regimeAnnual -0.0085 0.0143 -0.5947 0.5520 
interval2019-2021 0.0003 0.0132 0.0264 0.9790 
interval2021-2023 0.0120 0.0132 0.9104 0.3626 
SLA -0.0001 0.0014 -0.0626 0.9501 
regimeTriennial:interval2019-2021 -0.0058 0.0222 -0.2622 0.7932 
regimeBiennial:interval2019-2021 0.0062 0.0224 0.2780 0.7810 
regimeAnnual:interval2019-2021 0.0046 0.0183 0.2530 0.8002 
regimeTriennial:interval2021-2023 -0.0049 0.0222 -0.2215 0.8247 
regimeBiennial:interval2021-2023 -0.0606 0.0224 -2.7048 0.0068 
regimeAnnual:interval2021-2023 -0.0009 0.0183 -0.0511 0.9592 
regimeTriennial:SLA 0.0005 0.0025 0.1974 0.8435 
regimeBiennial:SLA -0.0039 0.0026 -1.5064 0.1320 
regimeAnnual:SLA 0.0010 0.0019 0.5066 0.6125 
interval2019-2021:SLA -0.0004 0.0018 -0.2227 0.8238 
interval2021-2023:SLA -0.0010 0.0018 -0.5758 0.5648 
regimeTriennial:interval2019-2021:SLA 0.0015 0.0032 0.4589 0.6463 
regimeBiennial:interval2019-2021:SLA -0.0005 0.0034 -0.1528 0.8786 
regimeAnnual:interval2019-2021:SLA -0.0003 0.0024 -0.1363 0.8915 
regimeTriennial:interval2021-2023:SLA -0.0005 0.0032 -0.1480 0.8823 
regimeBiennial:interval2021-2023:SLA 0.0094 0.0034 2.8075 0.0050 
regimeAnnual:interval2021-2023:SLA -0.0002 0.0024 -0.0755 0.9398 
    

Random effects  Variance  Groups  
species 6.153e-05 16  
tree code 6.321e-06 102  
residual 9.990e-05 354  
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Table S4.11, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in wood density (WD, g cm-3). The model includes a triple interaction 
between regime, interval and WD; using individually-matched productivity data and trait 
measurements from the set of 167 trees sampled in 2025. Species identity and tree code were used 
as random effects to account for non-independence and repeated sampling.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval*WD + (1|species) + (1|tree code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -1.0115 0.0149 -67.6739 0.0000 
regimeTriennial 0.0104 0.0207 0.5040 0.6142 
regimeBiennial 0.0246 0.0182 1.3507 0.1768 
regimeAnnual 0.0137 0.0200 0.6844 0.4937 
interval2019-2021 0.0088 0.0195 0.4500 0.6527 
interval2021-2023 0.0085 0.0195 0.4350 0.6636 
WD 0.0274 0.0250 1.0983 0.2721 
regimeTriennial:interval2019-2021 0.0021 0.0281 0.0736 0.9413 
regimeBiennial:interval2019-2021 -0.0127 0.0252 -0.5041 0.6142 
regimeAnnual:interval2019-2021 0.0108 0.0276 0.3917 0.6953 
regimeTriennial:interval2021-2023 -0.0204 0.0281 -0.7259 0.4679 
regimeBiennial:interval2021-2023 -0.0515 0.0252 -2.0431 0.0410 
regimeAnnual:interval2021-2023 -0.0414 0.0276 -1.4964 0.1345 
regimeTriennial:WD -0.0144 0.0367 -0.3914 0.6955 
regimeBiennial:WD -0.0502 0.0316 -1.5911 0.1116 
regimeAnnual:WD -0.0212 0.0340 -0.6237 0.5328 
interval2019-2021:WD -0.0182 0.0325 -0.5589 0.5762 
interval2021-2023:WD -0.0079 0.0325 -0.2437 0.8074 
regimeTriennial:interval2019-2021:WD 0.0007 0.0496 0.0150 0.9881 
regimeBiennial:interval2019-2021:WD 0.0270 0.0436 0.6197 0.5354 
regimeAnnual:interval2019-2021:WD -0.0203 0.0469 -0.4332 0.6649 
regimeTriennial:interval2021-2023:WD 0.0255 0.0496 0.5139 0.6073 
regimeBiennial:interval2021-2023:WD 0.0963 0.0436 2.2100 0.0271 
regimeAnnual:interval2021-2023:WD 0.0623 0.0469 1.3287 0.1839 
    

Random effects  Variance  Groups  
species 7.727e-13 16  
tree code 6.875e-05 101  
residual 1.139e-04 362  
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Table S4.12, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in outer bark thickness (OBT, mm). The model includes a triple interaction 
between regime, interval and OBT; using individually-matched productivity data and trait 
measurements from the set of 167 trees sampled in 2025. Species identity and tree code were used 
as random effects to account for non-independence and repeated sampling.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval*OBT + (1|species) + (1|tree code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -0.9971 0.0033 -303.0549 0.0000 
regimeTriennial 0.0048 0.0042 1.1449 0.2522 
regimeBiennial -0.0054 0.0041 -1.3314 0.1831 
regimeAnnual 0.0019 0.0045 0.4178 0.6761 
interval2019-2021 -0.0022 0.0033 -0.6576 0.5108 
interval2021-2023 0.0059 0.0033 1.7864 0.0740 
OBT 0.0001 0.0003 0.4402 0.6598 
regimeTriennial:interval2019-2021 0.0056 0.0052 1.0764 0.2817 
regimeBiennial:interval2019-2021 0.0037 0.0052 0.7096 0.4780 
regimeAnnual:interval2019-2021 -0.0001 0.0058 -0.0236 0.9812 
regimeTriennial:interval2021-2023 -0.0127 0.0052 -2.4171 0.0156 
regimeBiennial:interval2021-2023 -0.0020 0.0052 -0.3793 0.7045 
regimeAnnual:interval2021-2023 -0.0077 0.0057 -1.3578 0.1745 
regimeTriennial:OBT -0.0003 0.0003 -0.9697 0.3322 
regimeBiennial:OBT 0.0003 0.0004 0.7018 0.4828 
regimeAnnual:OBT -0.0002 0.0004 -0.4057 0.6849 
interval2019-2021:OBT 0.0000 0.0003 -0.0756 0.9398 
interval2021-2023:OBT -0.0004 0.0003 -1.4193 0.1558 
regimeTriennial:interval2019-2021:OBT -0.0002 0.0005 -0.4353 0.6633 
regimeBiennial:interval2019-2021:OBT -0.0001 0.0005 -0.1371 0.8910 
regimeAnnual:interval2019-2021:OBT 0.0001 0.0005 0.1215 0.9033 
regimeTriennial:interval2021-2023:OBT 0.0009 0.0005 1.9870 0.0469 
regimeBiennial:interval2021-2023:OBT 0.0003 0.0005 0.6718 0.5017 
regimeAnnual:interval2021-2023:OBT 0.0006 0.0005 1.0950 0.2735 
    

Random effects  Variance  Groups  
species 5.267e-05 16  
tree code 3.233e-12 165  
residual 8.728e-05 569  
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Table S4.13, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in relative bark thickness (rBT, %). The model includes a triple interaction 
between regime, interval and rBT; using individually-matched productivity data and trait 
measurements from the set of 167 trees sampled in 2025. Species identity and tree code were used 
as random effects to account for non-independence and repeated sampling.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval*rBT + (1|species) + (1|tree code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -0.9915 0.0032 -306.8765 0.0000 
regimeTriennial 0.0066 0.0048 1.3898 0.1646 
regimeBiennial -0.0104 0.0042 -2.4992 0.0124 
regimeAnnual 0.0040 0.0047 0.8506 0.3950 
interval2019-2021 -0.0054 0.0033 -1.6179 0.1057 
interval2021-2023 0.0061 0.0033 1.8274 0.0676 
rBT -0.0004 0.0002 -1.8266 0.0678 
regimeTriennial:interval2019-2021 0.0094 0.0063 1.4960 0.1346 
regimeBiennial:interval2019-2021 0.0069 0.0055 1.2409 0.2146 
regimeAnnual:interval2019-2021 0.0000 0.0062 -0.0020 0.9984 
regimeTriennial:interval2021-2023 -0.0186 0.0063 -2.9619 0.0031 
regimeBiennial:interval2021-2023 0.0055 0.0055 0.9949 0.3198 
regimeAnnual:interval2021-2023 -0.0123 0.0062 -2.0007 0.0454 
regimeTriennial:rBT -0.0004 0.0003 -1.2056 0.2280 
regimeBiennial:rBT 0.0006 0.0003 1.8600 0.0629 
regimeAnnual:rBT -0.0003 0.0003 -0.9367 0.3489 
interval2019-2021:rBT 0.0002 0.0002 1.0559 0.2910 
interval2021-2023:rBT -0.0003 0.0002 -1.4565 0.1453 
regimeTriennial:interval2019-2021:rBT -0.0005 0.0004 -1.0802 0.2801 
regimeBiennial:interval2019-2021:rBT -0.0003 0.0004 -0.7706 0.4409 
regimeAnnual:interval2019-2021:rBT 0.0001 0.0005 0.1125 0.9104 
regimeTriennial:interval2021-2023:rBT 0.0011 0.0004 2.5973 0.0094 
regimeBiennial:interval2021-2023:rBT -0.0004 0.0004 -0.9900 0.3222 
regimeAnnual:interval2021-2023:rBT 0.0008 0.0005 1.7754 0.0758 
    

Random effects  Variance  Groups  
species 4.355e-05 16  
tree code 2.382e-12 165  
residual 8.360e-05 569  
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Table S4.14, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in light-saturated photosynthetic rate (Asat, μmol m-2 s-1). The model 
includes a triple interaction between regime, interval and Asat; using individually-matched 
productivity data and trait measurements from the set of 167 trees sampled in 2025. Species 
identity and tree code were used as random effects to account for non-independence and repeated 
sampling.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval*Asat  + (1|species) + (1|tree code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -1.0026 0.0074 -135.9736 0.0000 
regimeTriennial 0.0225 0.0103 2.1753 0.0296 
regimeBiennial 0.0008 0.0114 0.0716 0.9430 
regimeAnnual 0.0072 0.0089 0.8047 0.4210 
interval2019-2021 0.0119 0.0096 1.2347 0.2170 
interval2021-2023 0.0133 0.0096 1.3806 0.1674 
Asat 0.0004 0.0005 0.7286 0.4663 
regimeTriennial:interval2019-2021 0.0018 0.0139 0.1267 0.8992 
regimeBiennial:interval2019-2021 -0.0009 0.0159 -0.0580 0.9537 
regimeAnnual:interval2019-2021 -0.0136 0.0122 -1.1154 0.2647 
regimeTriennial:interval2021-2023 -0.0391 0.0139 -2.8187 0.0048 
regimeBiennial:interval2021-2023 0.0155 0.0159 0.9743 0.3299 
regimeAnnual:interval2021-2023 -0.0059 0.0122 -0.4881 0.6255 
regimeTriennial:Asat -0.0013 0.0007 -1.8266 0.0678 
regimeBiennial:Asat -0.0002 0.0008 -0.2482 0.8040 
regimeAnnual:Asat -0.0005 0.0006 -0.8305 0.4063 
interval2019-2021:Asat -0.0010 0.0006 -1.4758 0.1400 
interval2021-2023:Asat -0.0006 0.0006 -0.9276 0.3536 
regimeTriennial:interval2019-2021:Asat 0.0000 0.0010 0.0443 0.9646 
regimeBiennial:interval2019-2021:Asat 0.0002 0.0011 0.2311 0.8172 
regimeAnnual:interval2019-2021:Asat 0.0010 0.0008 1.3244 0.1854 
regimeTriennial:interval2021-2023:Asat 0.0023 0.0010 2.3990 0.0164 
regimeBiennial:interval2021-2023:Asat -0.0011 0.0011 -1.0180 0.3087 
regimeAnnual:interval2021-2023:Asat 0.0003 0.0008 0.3388 0.7347 
    

Random effects  Variance  Groups  
species 5.849e-05 16  
tree code 1.691e-11 102  
residual 9.723e-05 354  
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Table S4.15, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in photosynthetic shade tolerance (STol, dimensionless). The model 
includes a triple interaction between regime, interval and STol; using individually-matched 
productivity data and trait measurements from the set of 167 trees sampled in 2025. Species 
identity and tree code were used as random effects to account for non-independence and repeated 
sampling.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval* STol + (1|species) + (1|tree code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -0.9905 0.0239 -41.3656 0.0000 
regimeTriennial -0.0716 0.0366 -1.9575 0.0503 
regimeBiennial 0.0205 0.0445 0.4604 0.6452 
regimeAnnual -0.0057 0.0307 -0.1854 0.8530 
interval2019-2021 -0.0186 0.0328 -0.5674 0.5704 
interval2021-2023 -0.0367 0.0328 -1.1213 0.2621 
STol -0.0078 0.0273 -0.2866 0.7744 
regimeTriennial:interval2019-2021 -0.0325 0.0503 -0.6462 0.5182 
regimeBiennial:interval2019-2021 0.0096 0.0610 0.1578 0.8746 
regimeAnnual:interval2019-2021 0.0161 0.0417 0.3871 0.6987 
regimeTriennial:interval2021-2023 0.1377 0.0503 2.7355 0.0062 
regimeBiennial:interval2021-2023 -0.1064 0.0610 -1.7437 0.0812 
regimeAnnual:interval2021-2023 0.0406 0.0417 0.9730 0.3305 
regimeTriennial:STol 0.0878 0.0422 2.0799 0.0375 
regimeBiennial:STol -0.0265 0.0515 -0.5154 0.6063 
regimeAnnual:STol 0.0065 0.0357 0.1827 0.8550 
interval2019-2021:STol 0.0191 0.0375 0.5107 0.6096 
interval2021-2023:STol 0.0475 0.0375 1.2676 0.2050 
regimeTriennial:interval2019-2021:STol 0.0425 0.0582 0.7296 0.4656 
regimeBiennial:interval2019-2021:STol -0.0077 0.0708 -0.1090 0.9132 
regimeAnnual:interval2019-2021:STol -0.0168 0.0485 -0.3462 0.7292 
regimeTriennial:interval2021-2023:STol -0.1688 0.0582 -2.9007 0.0037 
regimeBiennial:interval2021-2023:STol 0.1247 0.0708 1.7620 0.0781 
regimeAnnual:interval2021-2023:STol -0.0497 0.0485 -1.0244 0.3056 
    

Random effects  Variance  Groups  
species 5.315e-05 16  
tree code 3.275e-07 102  
residual 9.452e-05 354  
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Table S4.16, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in diameter at breast height (DBH, cm). The model includes a triple 
interaction between regime, interval and DBH; using individually-matched productivity data and 
size measurements from the set of 167 trees sampled in 2025. Species identity and tree code were 
used as random effects to account for non-independence and repeated sampling.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval*DBH  + (1|species) + (1|tree code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -1.0079 0.0025 -396.9156 0.0000 
regimeTriennial -0.0029 0.0040 -0.7184 0.4725 
regimeBiennial 0.0083 0.0035 2.3763 0.0175 
regimeAnnual -0.0073 0.0038 -1.9288 0.0538 
interval2019-2021 0.0024 0.0031 0.7975 0.4251 
interval2021-2023 -0.0070 0.0031 -2.2934 0.0218 
DBH 0.0011 0.0002 6.0324 0.0000 
regimeTriennial:interval2019-2021 -0.0068 0.0053 -1.2827 0.1996 
regimeBiennial:interval2019-2021 -0.0024 0.0046 -0.5194 0.6035 
regimeAnnual:interval2019-2021 0.0050 0.0051 0.9764 0.3289 
regimeTriennial:interval2021-2023 0.0213 0.0053 3.9991 0.0001 
regimeBiennial:interval2021-2023 -0.0094 0.0046 -2.0168 0.0437 
regimeAnnual:interval2021-2023 0.0237 0.0051 4.6280 0.0000 
regimeTriennial:DBH 0.0003 0.0003 0.9517 0.3413 
regimeBiennial:DBH -0.0009 0.0003 -3.6724 0.0002 
regimeAnnual:DBH 0.0006 0.0003 2.2118 0.0270 
interval2019-2021:DBH -0.0004 0.0002 -1.7054 0.0881 
interval2021-2023:DBH 0.0008 0.0002 3.6100 0.0003 
regimeTriennial:interval2019-2021:DBH 0.0009 0.0004 2.0801 0.0375 
regimeBiennial:interval2019-2021:DBH 0.0004 0.0004 1.2316 0.2181 
regimeAnnual:interval2019-2021:DBH -0.0003 0.0004 -0.8940 0.3713 
regimeTriennial:interval2021-2023:DBH -0.0023 0.0004 -5.3114 0.0000 
regimeBiennial:interval2021-2023:DBH 0.0009 0.0004 2.4956 0.0126 
regimeAnnual:interval2021-2023:DBH -0.0021 0.0004 -5.8067 0.0000 
    

Random effects  Variance  Groups  
species 1.137e-05 16  
tree code 1.796e-13 165  
residual 6.048e-05 567  
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Table S4.17, summary statistics for the log-transformed linear mixed model testing if woody 
stem NPP of dominant Cerrado tree species at Serra das Araras varies across fire regime, census 
interval, and a gradient in tree height (H, m). The model includes a triple interaction between 
regime, interval and H; using individually-matched productivity data and size measurements from 
the set of 167 trees sampled in 2025. Species identity and tree code were used as random effects 
to account for non-independence and repeated sampling.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(log10(NPPstem + 0.1) ~ regime*interval*H  + (1|species) + (1|tree code)) 
Family: gaussian 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -1.0162 0.0033 -310.6718 0.0000 
regimeTriennial -0.0025 0.0048 -0.5143 0.6070 
regimeBiennial 0.0115 0.0044 2.6473 0.0081 
regimeAnnual -0.0065 0.0048 -1.3451 0.1786 
interval2019-2021 0.0042 0.0042 1.0237 0.3060 
interval2021-2023 -0.0097 0.0042 -2.3294 0.0198 
H 0.0040 0.0006 7.2487 0.0000 
regimeTriennial:interval2019-2021 -0.0077 0.0065 -1.1881 0.2348 
regimeBiennial:interval2019-2021 -0.0040 0.0059 -0.6770 0.4984 
regimeAnnual:interval2019-2021 0.0011 0.0066 0.1618 0.8714 
regimeTriennial:interval2021-2023 0.0252 0.0065 3.8946 0.0001 
regimeBiennial:interval2021-2023 -0.0096 0.0059 -1.6206 0.1051 
regimeAnnual:interval2021-2023 0.0249 0.0066 3.7545 0.0002 
regimeTriennial:H 0.0010 0.0009 1.0387 0.2989 
regimeBiennial:H -0.0026 0.0008 -3.1642 0.0016 
regimeAnnual:H 0.0014 0.0008 1.6999 0.0891 
interval2019-2021:H -0.0012 0.0007 -1.6510 0.0987 
interval2021-2023:H 0.0022 0.0007 3.1451 0.0017 
regimeTriennial:interval2019-2021:H 0.0022 0.0013 1.7486 0.0804 
regimeBiennial:interval2019-2021:H 0.0013 0.0011 1.1199 0.2628 
regimeAnnual:interval2019-2021:H -0.0002 0.0012 -0.1696 0.8653 
regimeTriennial:interval2021-2023:H -0.0062 0.0013 -4.8447 0.0000 
regimeBiennial:interval2021-2023:H 0.0028 0.0011 2.4507 0.0143 
regimeAnnual:interval2021-2023:H -0.0052 0.0012 -4.4947 0.0000 
    

Random effects  Variance  Groups  
species 5.910e-06 16  
tree code 3.001e-13 164  
residual 6.366e-05 565  
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Table S4.18, summary statistics for the binomial generalised mixed model testing if survival of 
dominant Cerrado tree species at Serra das Araras varies across fire regime, census interval, and 
a gradient in inner bark thickness (IBT, mm). The model includes a triple interaction between 
regime, interval and IBT; using survival data from census inventories and average trait values for 
each of the dominant species in each regime – from the set of 167 trees sampled in 2025. Species 
identity was used as random effects to account for non-independence.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula: glmmTMB(survival ~ regime*interval*IBT  + (1|species)) 
Family: binomial (logit) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 7.8714 4.1910 1.8781 0.0604 
regimeTriennial 62.5804 10517.9616 0.0059 0.9953 
regimeBiennial -6.1565 5.7429 -1.0720 0.2837 
regimeAnnual -1.4415 4.4719 -0.3223 0.7472 
interval2019-2021 -11.7281 4.2122 -2.7843 0.0054 
interval2021-2023 -9.5317 4.1312 -2.3072 0.0210 
IBT -0.2066 0.6702 -0.3082 0.7579 
regimeTriennial:interval2019-2021 -54.7784 10517.9616 -0.0052 0.9958 
regimeBiennial:interval2019-2021 20.0166 6.0751 3.2949 0.0010 
regimeAnnual:interval2019-2021 7.7323 4.6524 1.6620 0.0965 
regimeTriennial:interval2021-2023 -63.6526 10517.9511 -0.0061 0.9952 
regimeBiennial:interval2021-2023 11.3591 5.7919 1.9612 0.0499 
regimeAnnual:interval2021-2023 5.2897 4.4714 1.1830 0.2368 
regimeTriennial:IBT -6.5701 1093.2702 -0.0060 0.9952 
regimeBiennial:IBT 0.8734 0.9363 0.9328 0.3509 
regimeAnnual:IBT 0.0468 0.6901 0.0679 0.9459 
interval2019-2021:IBT 1.7605 0.6835 2.5759 0.0100 
interval2021-2023:IBT 1.1950 0.6602 1.8100 0.0703 
regimeTriennial:interval2019-2021:IBT 5.0125 1093.2692 0.0046 0.9963 
regimeBiennial:interval2019-2021:IBT -3.2136 0.9752 -3.2955 0.0010 
regimeAnnual:interval2019-2021:IBT -1.3165 0.7288 -1.8063 0.0709 
regimeTriennial:interval2021-2023:IBT 6.1959 1093.2686 0.0057 0.9955 
regimeBiennial:interval2021-2023:IBT -2.2342 0.9448 -2.3647 0.0180 
regimeAnnual:interval2021-2023:IBT -1.0601 0.6921 -1.5318 0.1256 
    

Random effects  Variance  Groups  
species 2.091 16  
residual - 8734  
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Table S4.19, summary statistics for the binomial generalised mixed model testing if survival of 
dominant Cerrado tree species at Serra das Araras varies across fire regime, census interval, and 
a gradient in maximum photosynthetic capacity (Amax, μmol m-2 s-1). The model includes a triple 
interaction between regime, interval and Amax; using survival data from census inventories and 
average trait values for each of the dominant species in each regime – from the set of 167 trees 
sampled in 2025. Species identity and plot code were used as random effects to account for non-
independence.  

 

Formula: glmmTMB(survival ~ regime*interval*Amax + (1|species) + (1|plot code)) 
Family: binomial (logit) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 4.6729 1.8667 2.5032 0.0123 
regimeTriennial -7.5225 10.5950 -0.7100 0.4777 
regimeBiennial -9.9122 6.5764 -1.5072 0.1317 
regimeAnnual 3.5156 4.6811 0.7510 0.4526 
interval2019-2021 -2.9516 1.8816 -1.5687 0.1167 
interval2021-2023 -2.6601 1.8224 -1.4597 0.1444 
Amax 0.0996 0.1012 0.9847 0.3248 
regimeTriennial:interval2019-2021 16.1812 11.0848 1.4598 0.1444 
regimeBiennial:interval2019-2021 18.4695 7.2240 2.5567 0.0106 
regimeAnnual:interval2019-2021 -2.6192 5.0180 -0.5220 0.6017 
regimeTriennial:interval2021-2023 7.5894 10.6997 0.7093 0.4781 
regimeBiennial:interval2021-2023 11.4931 6.5731 1.7485 0.0804 
regimeAnnual:interval2021-2023 0.2417 4.7522 0.0509 0.9594 
regimeTriennial:Amax 0.4083 0.6598 0.6188 0.5360 
regimeBiennial:Amax 0.4598 0.3542 1.2983 0.1942 
regimeAnnual:Amax -0.2259 0.1823 -1.2393 0.2152 
interval2019-2021:Amax 0.0639 0.1048 0.6094 0.5422 
interval2021-2023:Amax 0.0084 0.1005 0.0835 0.9334 
regimeTriennial:interval2019-2021:Amax -0.9330 0.6798 -1.3725 0.1699 
regimeBiennial:interval2019-2021:Amax   -0.9586 0.3798 -2.5240 0.0116 
regimeAnnual:interval2019-2021:Amax 0.1123 0.1967 0.5709 0.5681 
regimeTriennial:interval2021-2023:Amax -0.5767 0.6645 -0.8678 0.3855 
regimeBiennial:interval2021-2023:Amax -0.7027 0.3544 -1.9829 0.0474 
regimeAnnual:interval2021-2023:Amax -0.0414 0.1855 -0.2231 0.8234 
    

Random effects  Variance  Groups  
species 1.551e+00 16  
plot code 1.977e-06 6  
residual - 8734  
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planting experiments and climate monitoring data to determine how changes in climate conditions 

affect productivity in old-growth vs logged dipterocarp forests in Sabah, Malaysia. I then explored 

if leaf and branch traits help explain long-term responses to extreme heat and drought. This chapter 
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potentially common mechanisms allowing for tolerance to environmental stressors. 
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5.1. Abstract 

 

Tropical forests are increasingly exposed to extreme heat and drought, yet the long-term 

consequences of climate extremes on forest functioning and regeneration remain poorly 

understood. Here, we examine the effects of long-term climate variation on more than two 

decades of tree productivity in lowland tropical forests in Borneo, comparing dynamics in old-

growth and logged forests. Using daily weather data, we identified extremes in temperature, 

precipitation, vapour pressure deficit, and cumulative water deficit for each census interval, and 

assessed their effects on net primary stem productivity and survival with mixed-effects models. 

Productivity and survival increased with seedling size in both forest types. Productivity of smaller 

seedlings was higher in the old-growth forest, whereas larger seedlings became more productive 

in the logged forest, likely reflecting increased resource availability and reduced competition. In 

the old-growth forest, extreme heat and drought consistently reduced the stem productivity of 

growing seedlings, with disproportionately strong effects on smaller individuals. In the logged 

forest, extreme temperatures also reduced productivity, but drier conditions were associated with 

increased productivity and survival, likely because logging and high local rainfall increased 

sensitivity to excess moisture. Pairwise correlations between species-level random effects and 

key functional traits revealed that species with more resource-acquisitive strategies in the logged 

forest (higher foliar nitrogen and faster carbon assimilation rates) achieved higher productivity 

under average conditions but were more sensitive to climatic extremes. Our results indicate that 

dipterocarp seedlings are able to shift growth trajectories and trait-performance relationships 

following enrichment planting, taking advantage of altered ecological conditions in logged 

forests. Although further research is needed to disentangle the physiological effects of extreme 

heat and water shortages, extremes of hot and dry climate emerge as important constraints on tree 

growth and survival, limiting ecological functioning, carbon storage, and the provision of 

ecosystem services in tropical forests. 
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5.2. Introduction 

 

Tropical forests play a fundamental role in the functioning of the Earth’s biosphere (Malhi et al., 

2014), controlling concentrations of greenhouse gases and regulating global atmospheric 

circulation and climatic processes (Pan et al., 2011). They account for one-third of terrestrial 

productivity (Malhi, 2012) and store 25% of terrestrial carbon (Bonan, 2008; Baccini et al., 2012). 

Tropical forests are major reservoirs of biological diversity and provide direct ecosystem services 

for the 40% of the global population living in tropical countries (Myers et al., 2000; Barlow et 

al., 2018; Díaz et al., 2018). However, tropical forest ecosystems are vulnerable to increasingly 

altered climatic patterns that are already transforming ecosystem processes and ecological 

dynamics across scales (Phillips, 1996). Unprecedented heat and rainfall deficits during the 

2015/2016 El Niño caused a 36% reduction in net carbon uptake within African forests (Bennett 

et al., 2021), and reversed the carbon sink capacity of the Amazon (Phillips et al., 2009; Bennett 

et al., 2023). In the dipterocarp forests of Southeast Asia, biomass accumulation and carbon 

sequestration are periodically suppressed by extreme El Niño events (Qie et al., 2017; Kondo et 

al., 2018; Qian et al., 2025) and drought intensity and frequency are increasing (Walsh, 1996). 

Understanding the effects of climate change is particularly urgent because tropical forests are 

rapidly approaching thermal and hydrological thresholds beyond which tree physiology, 

photosynthetic activity, and survival are compromised (Doughty et al., 2023; Restrepo-Coupe et 

al., 2023; Chambers et al., 2026). Although plants can respond to heat and drought extremes 

through physiological adjustments, changes in biochemical investment, and longer-term 

acclimation (Sterck et al., 2016; Nunes et al., 2019; Evans et al., 2025; Sanchez-Martinez et al., 

2025), recent studies have revealed that novel climatic conditions are driving turnover in tree 

species assemblages, and that functional changes remain too slow to track the pace of climate 

change (Feeley et al., 2023; Aguirre-Gutiérrez et al., 2025). 
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Extreme climate events have been shown to reduce the growth and survival of seedlings and adult 

trees across tropical forests (Phillips et al., 2010; Browne et al., 2021). Intense droughts and 

heatwaves have become key drivers of tree mortality across the tropics (Powers et al., 2020; 

Bauman, Fortunel, Delhaye et al., 2022), and are significantly impacting the net primary 

productivity (NPP, carbon accumulation via plant biomass growth; Malhi, 2012) of surviving 

trees (Rifai et al., 2018). In Sabah, Malaysian Borneo, extreme climate associated with El Niño 

events has been shown to impair tree growth and survival across elevations and vegetation types, 

increasing seedling mortality rates by more than three times (Nakagawa et al., 2000; Bebber et 

al., 2004; Miyamoto et al., 2021). However, responses to heatwaves and drought are strongly 

influenced by local environmental conditions and biological interactions (Bebber et al., 2002; 

O’Brien, Reynolds et al., 2017), as well as plant functional strategies underpinning vulnerability 

to heat and water deficits (Bauman, Fortunel, Cernusak et al., 2022). Balancing carbon uptake in 

the face of water shortage and heat damage is a fundamental functional trade-off allowing for 

growth and survival under adverse conditions (Rowland et al., 2015). For example, species 

investing in cavitation-resistant tissues, tough leaves and tight stomatal regulation could maintain 

function at lower levels of water availability, but this will have consequences on resource 

acquisition and evaporative cooling during heat extremes (Ichie et al., 2023; Ziegler et al., 2024; 

Evans et al., 2025).  

 

Mechanistically understanding how plant strategies mediate the impacts of extreme heat and 

water shortage is central to predicting plant vulnerability to climate change, but remains a key 

challenge due to difficulties in identifying climate trends and linking them with long-term 

monitoring data and functional traits (O’Brien, Engelbrecht et al., 2017; Evans et al., 2025). This 

challenge is further compounded by the multidimensional nature of drought, as plants may 

respond differently to soil moisture deficits versus atmospheric water demand, which can operate 

independently or interactively and impose distinct constraints on plant adaptive strategies (Wang 

et al., 2025). Because studies investigating the impacts of droughts and heatwaves have largely 

focused on single events (e.g., Bebber et al., 2004; Browne et al., 2021) or on experimentally 
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applied treatments (e.g., Burslem et al., 1996; Nottingham et al., 2023), insight into the potential 

responses to climate extremes is often limited to short-term responses within specific temporal 

and spatial contexts. Studies that evaluate the consistency of responses to repeated droughts and 

heatwaves, or the cumulative effects of extreme climatic conditions, remain scarce (Kupers et al., 

2019; Bauman, Fortunel, Cernusak et al., 2022; Bauman, Fortunel, Delhaye et al., 2022; O’Brien 

et al., 2024), limiting our ability to predict climate-driven changes in tree dynamics, ecological 

functioning and the provision of downstream ecosystem services (Feeley et al., 2011; Aguirre-

Gutiérrez et al., 2019).  

 

Climate change is interacting with human modification, which in concert is exacerbating 

biodiversity loss and forest sustainability (Hosonuma et al., 2012; Malhi et al., 2014; Pearson et 

al., 2017; Grantham et al., 2020). Logging changes the structure and functioning of forests by 

reducing tree density, modifying tree species composition, and creating canopy gaps (Fauset et 

al., 2017; Milodowski et al., 2021). These processes alter microclimate conditions, increasing 

temperature and vapour pressure deficit (Ewers & Banks-Leite, 2013; Jucker et al., 2018; Santos 

et al., 2024). Southeast Asia, and Borneo in particular, has experienced particularly intense 

selective logging, largely because of industrial timber extraction focused on high-value 

dipterocarps, extensively altering forest structure and diversity (Imai et al., 2012; Gaveau et al., 

2014). Although degraded forests retain considerable value for biodiversity and ecosystem 

functioning (Edwards et al., 2014; Malhi et al., 2022; Marsh et al., 2025), scaling up active 

restoration is increasingly important for accelerating dipterocarp forest recovery (Hector et al., 

2011; Yeong et al., 2016; Philipson et al., 2020). Heat and drought have been identified as some 

of the most important factors limiting the success potential of active restoration strategies via 

planting (Banin et al., 2022; Puértolas et al., 2024). Therefore, functionally understanding 

responses to climate change in the context of logging and restoration also remains a critical 

research gap (Qie et al., 2019; Veryard et al., 2023). 
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In this study, we examine the effects of long-term climate variations on more than two decades 

of tree dynamics in lowland tropical forests in Borneo, focusing on survival and net primary stem 

productivity (NPPstem, describing growth in terms of stem biomass). We build upon earlier work 

by Jackson et al. (in preparation), where we conducted a detailed investigation of growth and 

survival trajectories for dipterocarp species planted in selectively logged and old-growth forests. 

In that study, we used flexible, non-linear, size-dependent statistical models to estimate 

continuous growth and survival probability curves at the level of individual seedlings. We now 

make use of the same two planting experiments where individual seedlings have been intensively 

monitored approximately every year (Hector et al., 2011; O’Brien et al., 2024) to investigate 

differences in productivity and survival in old-growth versus logged forests with respect to 

climate. We use daily weather data collected at both forest sites to calculate extremes of heat and 

drought at every monitoring interval, and determine if extreme climate has consistently influenced 

tree productivity dynamics. Overall, we aim to address the following objectives: 

 

• First, we begin by examining stem productivity and survival of seedlings in old-growth and 

logged forest, to establish baseline patterns of seedling dynamics across our study sites. 

 

• Second, we investigate how extreme climate associated with heat and drought affects the 

stem productivity and survival of seedlings planted at the old-growth versus logged forest. 

 

• Finally, we explore whether plant functional traits could explain patterns of vulnerability in 

seedling stem productivity and survival to extreme climate at both forest sites.  

 

Our hypothesis was that seedling productivity and survival are reduced within the logged forest 

as a result of altered conditions following disturbance (Imai et al., 2019; O’Brien et al., 2019). 

We expected extreme heat and drought to reduce productivity and survival in both forest types, 

consistent with patterns previously observed across lowland dipterocarp rainforests (Bebber et 

al., 2004; Miyamoto et al., 2021). We also expected climate extremes to have disproportionate 
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impacts on the productivity and survival of smaller seedlings (due to limited rooting depth and 

carbon storage; Kitajima, 1996; Engelbrecht et al., 2002) and of seedlings planted within the 

logged forest (where degraded canopies increase exposure to climatic extremes; Qie et al., 2019; 

Santos et al., 2024). Finally, we posited species with functional traits related to resource 

acquisition and carbon assimilation attain faster rates of growth and productivity, whilst traits 

related to hydraulic safety and conservative resource use would be correlated with increased 

survival and tolerance to climate extremes (Ziegler et al., 2024; Evans et al., 2025). 

 

5.3. Materials and methods 

 

5.3.1. Study site and experimental design 

 

Our study compared seedlings planted within two neighbouring areas of lowland tropical forest 

in Sabah, Malaysian Borneo: the selectively logged Malua Forest Reserve and the old-growth 

forest of Danum Valley Conservation Area (Figure 5.1). In the Malua Forest Reserve, seedlings 

of 16 species of dipterocarp trees were planted as part of the Sabah Biodiversity Experiment (see 

below). Subsequently, surplus seedlings of 15 of those species plus seedlings of an additional 10 

species from the same nursery collections were planted into paired gap and understory sites within 

the old-growth forest near the Danum Valley Field Centre. Both sites are located within 23 km of 

each other and share similar environmental conditions. Climate is equatorial and aseasonal; mean 

annual rainfall is ~3000 mm, and mean annual temperature is ~27ºC, with an annual range of 

1.7ºC (Hanya & Bernard, 2012). Rainfall is distributed evenly across all months, and irregular 

droughts driven by the El Niño Southern Oscillation lead to dry periods of consecutive days with 

no rain (Walsh et al., 2011; O’Brien et al. 2024). Overall, the region is experiencing increasing 

rainfall variability and daily temperatures (Hamed et al., 2024). Soils are classified as orthic 

acrisol, being acidic (pH 6), highly weathered, and low in available nutrients and organic carbon 

content; bedrock consists of a mixture of mudstone and sandstone (Hector et al., 2011). 
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Figure 5.1, geographical context and experimental design of the tree planting and seedling 
monitoring projects used in this study. A) location of the Danum Valley Research Centre (old-
growth forest site) and the Malua Field Camp (logged forest site) within the Lahad Datu region 
in Sabah, Malaysian Borneo. Protected areas are shown in light green, and the Danum Valley 
Conservation Area is shaded in diagonal black lines. B) long-term trends in rainfall (90-day 
running averages) at both forest sites (see Figure S5.6 and Figure S5.7 for trends in maximum 
daily temperature, vapour pressure deficit and cumulative water deficit). Vertical grey lines 
indicate median census dates for each forest type. To investigate the effect of extreme climate on 
seedling productivity and survival, we calculated extremes of heat and drought for every census 
interval (in this case, minimum 90-day average of daily rainfall, represented by the horizontal 
blue lines). Please note that climate extremes were calculated independently for each seedling, 
that is, allowing for variation in census dates. C) location of the 20 planting and seedling 
monitoring plots distributed in canopy gaps within the old-growth forest around the Danum 
Valley Research Centre (not to scale). D) Map of the Sabah Biodiversity Experiment at the Malua 
Logged Forest Reserve (logged forest), consisting of 124 four-hectare plots. The intensively 
monitored plots used in this study (plots 3, 5, 8, 11, 14 and 17) are highlighted in purple.  
 

 

The Sabah Biodiversity Experiment (Figure 5.1) adjacent to the Malua Field Camp (05°05’20”N, 

117°38’32”E, 102 m above sea level) was established in 2002 in the southern part of the Malua 

Forest Reserve, a 35,000-hectare concession area used for selective logging (hereafter referred to 

as logged forest). The reserve was selectively logged in the late 1980s, and re-logged in 2007 (re-

logging excluded the Sabah Biodiversity Experiment; Hector et al., 2011). The experiment 

consists of 124 4-hectare plots (496 hectares total) where seedlings of 16 native dipterocarp 
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species (Table S5.1) were enrichment planted at different diversity levels following a randomised 

block design. Seedlings were planted along lines cut into the pre-existing logged forest whereby 

lines were 10 m apart with one seedling planted every 3 m (20 planting lines and up to 1,320 

seedlings in each plot). Seedlings were planted in two rounds (July 2002 to September 2003 and 

January 2009 to October 2010), following standard practice designed to replace seedlings initially 

dying from transplant shock. Seedlings for the first planting cohort were sourced from nearby 

nurseries, whilst those corresponding to the second planting round were germinated locally at the 

field site (Hector et al., 2011). In our current study, we use data from the six plots that have been 

intensively monitored since planting (plots 3, 5, 8, 11, 14 and 17), which contain the full array of 

16 seedling species and have been inventoried at least 12 times. Three of these intensively 

monitored plots (plots 5, 11 and 14) received an additional liana removal treatment where all 

lianas were cut at the base in 2011 and again in 2014 (O’Brien et al., 2019). Since we found no 

consistent long-term effect of liana cutting on seedling productivity and survival (see Section 

5.11.3), liana cutting was not considered further in our study.  

 

Danum Valley Conservation Area is a 43,800-hectare protected area (IUCN Class I – full 

protection) that has never been commercially logged (hereafter referred to as old-growth forest). 

Using surplus seedlings from the Sabah Biodiversity Experiment (same nursery collections), 40 

(paired) seedling monitoring plots were set up in 20 blocks near the Danum Valley Field Centre 

(04°57’36”N, 117°48’00”E, 180 m above sea level) to monitor gap dynamics in primary forests 

(Figure 5.1). Seedlings were planted in November 2004, and any initial mortalities were replaced 

after one and three months. Within each site, two plots were established: one in a canopy gap and 

one in the understory nearby (<30 m distance). In our current study, we only use data from the 

plots within canopy gaps, to standardise the light effects from the logged forest (Table 5.1). Each 

plot consisted of two replicate subplots, in which 25 seedlings (of 25 native forest species, Table 

S5.1) were planted in a 5 x 5 grid with 0.75 x 0.75 m spacing between them. One of the two 

subplots at each plot was used for a drought experiment from 2013 to 2014 (O’Brien et al., 2024); 

only unmanipulated subplots are included in this study to account for natural climatic variation.  
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Table 5.1, summary of ecological and environmental conditions at the old-growth (Danum) and 
logged (Malua) dipterocarp forest study sites in Sabah, Malaysia. Physical environment variables, 
timber volumes, basal areas values and aboveground carbon stocks were reproduced from Saner 
et al. (2012), Carbon stocks and fluxes in tropical lowland dipterocarp rainforests in Sabah, 
Malaysian Borneo, PLoS ONE, 7(1), e29642 (https://doi.org/10.1371/journal.pone.0029642), 
licensed under open access CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/). Timber 
volumes estimated in 1983 represent pre-logging conditions at Malua. LiDAR data collected in 
2014 and 2020 were used to estimate canopy cover for a raster above each monitoring plot (plus 
a 30 m radius around the old-growth plots at Danum); canopy cover was defined as the proportion 
of each raster with vegetation taller than 10 m. Microclimate comparisons between the two sites 
were performed for the 2008 to 2015 period, the longest continuous interval with full annual data. 
 

 

 

Overall, 500 seedlings were planted within our old-growth forest plots, and 11,118 were planted 

in our logged forest plots (7,864 in the first planting round and 3,434 in the second one). Old-

growth and logged plots share 15 planted seedling species (Table S5.1). Similar environmental 

conditions across both plots allowed for the comparison of ecological dynamics in the face of 

disturbance and climate extremes (Saner et al., 2012). Before the Malua Forest Reserve was 

logged, forest overstory at both sites was dominated by large lowland dipterocarp trees (family 

Site characteristics Danum – old-growth forest Malua – logged forest 

Physical environment 
 Elevation (m) < 250 < 250 
 Topography Slopes 15–25º Slopes 0–20º 
 Bedrock Mudstone Mudstone 
 Soil type Orthic acrisol Orthic acrisol 
Microclimate – 2008-2015  
 Mean annual rainfall (mm) 3014 ± 161 3271 ± 151 
 Mean annual maximum daily temperature (ºC) 32.0 ± 0.24 28.8 ± 0.76 
 Mean annual minimum daily temperature (ºC) 22.5 ± 0.29 23.9 ± 0.18 
Vegetation structure 
 Timber volume – 1983 (m3 ha-1) 178–230 193–221 
    Dipterocarp timber volume – 1983 (m3 ha-1) 149–225 180–216 
 Total basal area – 2008 (m2 ha-1) 29.9 ± 0.7 25.0 ± 0.8 
    Dipterocarp basal area – 2008 (m2 ha-1) 18.2 ± 0.7 6.9 ± 0.2 
 Aboveground carbon stock – 2008 (MgC ha-1) 128 ± 13.4 91.9 ± 2.9 
 Canopy cover – 2014 (%) 89.4 ± 2.9 90.3 ± 1.2 
 Canopy cover – 2020 (%) 93.0 ± 2.9 93.2 ± 2.0 
Planting design 
 Plot size  0.0009 ha (3 x 3 m) 4 ha (200 x 200 m) 
 Number of plots 20 6 
 Seedlings per plot 25 ~1320 
 Planting arrangement grid planting (5 x 5) line planting (20 lines) 
 Spacing 0.75 m x 0.75m 10 m x 3 m 

https://doi.org/10.1371/journal.pone.0029642
http://creativecommons.org/licenses/by/4.0/
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Dipterocarpaceae), with canopy height of about 50 m and emergent trees >70 m (Newbery et al., 

1999; Table 5.1). During logging, most of the large dipterocarp trees were removed, meaning 

total basal area is 16% smaller in the logged forest, with Dipterocarp basal area decreasing by 

62% (Saner et al., 2012). Vegetation height is substantially lower in the logged forest, yet 

increased dominance of pioneer species means canopy cover values (and therefore light levels) 

are relatively similar to those of old-growth forest plots located in gaps. Site microclimate appears 

to be relatively similar, with wetter conditions and a narrower temperature range in the logged 

forest. It is important to note differences in microclimate across the different plots within each 

site were not measured. Overall, the most important factor influencing seedling performance is 

likely to be planting design and tree density. Because line planting could not be implemented in 

the old-growth forest, seedlings were planted in a smaller grid with higher tree densities (Table 

5.1). We assumed competition for light and resources to be negligible at these seedling densities 

(>3 seedlings m-2), at least at lower seedling sizes (Malik et al., 2023). 

 

5.3.2. Seedling productivity and survival data 

 

Planted seedlings were repeatedly surveyed within the old-growth and the logged forests 

following the same methodology, with comparable census intervals and overall survey frequency 

(23 and 26 surveys in the old-growth and logged forests respectively, details in Section 5.11.2). 

During each census, individual seedlings – identified by unique tag numbers – were recorded as 

alive or dead. Basal stem diameter (Dbase) of living seedlings was measured 1-5 cm above the 

ground surface (unless the stem was damaged or buttressed, in which case diameter was measured 

at the lowest undisturbed point). Dbase was measured using diameter tapes or callipers; if callipers 

were used, two measurements were taken perpendicular to each other and averaged.  

 

Dbase was used to estimate the aboveground stem productivity of the planted seedlings across the 

different census intervals. First, we estimated the aboveground stem dry biomass (AGBstem) of 
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each individual seedling at each census using the basal diameter allometric equation for secondary 

tropical forests in Sarawak provided by Kenzo et al. (2009):  

 

(5.1)						AGBghij = 0.0238 ∙ (Dklgi)8.m8 

 

Although altered canopy structure and resource conditions between old-growth and logged forests 

may influence shoot architecture and aboveground-belowground allocation, this approach 

allowed us to directly estimate AGBstem from available data without introducing additional 

uncertainty associated with non-regional data, taper equations, height allometries and wood-

density averages from external datasets (Carle et al., 2025). Specifically, we decided not to use 

wood density to estimate AGBstem because in situ data were not available for either the logged or 

old-growth forest sites, and because wood density variation across seedling sizes would have 

introduced additional bias. Furthermore, this method provides a more conservative estimate of 

AGBₛₜₑₘ compared with other regional and pan-tropical allometric models, and it is based on a 

size range of seedlings comparable to those in our study (Kenzo et al., 2009). Stem dry carbon 

content was assumed to be 50% of total dry biomass (Saner et al., 2012), and aboveground stem 

productivity (NPPstem – KgC year-1) for each seedling was calculated as the difference in 

aboveground stem carbon between a census and the previous one, standardised by the interval 

length (per year) between measurements (Girardin et al., 2010): 

 

(5.2)							NPPghij =	
(0.5 ∙ AGBghij)n 	− 	(0.5 ∙ AGBghij)nop

interval	length
 

 

Thus, NPPstem was individually calculated for each seedling at each census interval if it remained 

alive (and data were available) at the start and end of each interval. Following the definition of 

productivity as a measure of biomass increment, we assumed NPPstem to be equal to or larger than 

zero, equating negative values to zero (Clark et al., 2001; Roxburgh et al., 2005). It is important 

to note that we only calculated NPPstem for seedlings that were measured in consecutive censuses. 
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That is, if a seedling was skipped during a given census but measured again at a later census, we 

did not compute NPPstem across the extended interval, allowing us to maintain sequentially 

independent intervals for each seedling. It is also important to note that NPPstem estimates from 

intervals shorter than three months were excluded from our analysis, as biomass change over short 

periods is more likely to be dominated by measurement uncertainty rather than true growth.  

 

We defined interval survival as the probability of a seedling surviving from one census to the next 

(interval survival is only computed for seedlings that are alive at the start of the interval, with 1 

and 0 respectively indicating a seedling survived or died). By characterising survival as an 

interval-based variable, we were able to use a consistent analytical framework for both survival 

and productivity. To maintain consistency, we computed interval survival only for seedlings that 

were surveyed in consecutive censuses, excluding intervals of less than three months.  

 

5.3.3. Extreme climate data 

 

Weather measurements were taken daily at both the Danum Valley Field Centre (old-growth 

forest) and the Malua Field Camp (logged forest), including records of maximum daily 

temperature (Tmax – ºC), relative humidity at 14:00 (RH14 – %), and daily rainfall (PPT – mm). 

Rainfall has been measured at the old-growth forest site since July 1985, and both Tmax and RH14 

have been consistently recorded since January 1988. At the logged forest site, weather variables 

have been recorded from July 2008 to January 2020 and June 2023 onwards, as a result of the 

COVID-19 pandemic. Because the logged forest site at Malua is considerably more isolated, 

keeping a continuous coverage of weather data has been more challenging due to logistical 

constraints. Upon preliminary screening of weather trends, we discovered unusual periods where 

the distribution and anomalies of the data could not be readily explained by natural variation 

(Figure S5.4). To maintain consistent quality in climate data, records of Tmax collected at the old-

growth forest from August 2016 to August 2017, and measurements of Tmax and RH14 collected 

at the logged forest from August 2015 to October 2016 were excluded from the analysis.  
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Daily values of Tmax and PPT were used to characterise heat and water availability. Additionally, 

we also estimated maximum daily vapour pressure deficit (VPDmax, atmospheric water demand) 

and daily cumulative water deficit (CWD) to describe further aspects of atmosphere dryness and 

water shortage experienced by the seedlings during climate extremes (Rifai et al., 2018; Carle et 

al., 2025). These four variables were not strongly correlated to each other except for Tmax and 

VPDmax (see Figure S5.5). Indeed, VPDmax was estimated from Tmax and RH14 using an 

approximation based on the Magnus-Bolton formulation for saturation vapour pressure (Bolton, 

1980; Hardwick et al., 2015): 

 

(5.3)							SVP	 = 	6.112 ∙ 𝑒
pq.rq	∙	t!"#
t!"#	u	8vw.x 

 

Where SVP is saturation vapour pressure (hPa). VPDmax (also in hPa) was then computed as the 

difference between saturation vapour pressure and actual vapour pressure, taking actual vapour 

pressure as the product of SVP and relative humidity (expressed as a decimal): 

 

(5.4)						VPDjly = 	SVP	 − 	SVP
RHpv
100

 

 

Because relative humidity measured in the early afternoon coincides with the hottest and driest 

time of the day, we assumed combining measurements of Tmax and RH14 provided an accurate 

estimate of VPDmax (Walsh & Newbery, 1999). Cumulative water deficit was calculated on a 

daily basis, as the cumulative difference between rainfall and evapotranspiration (ET), taking into 

account water deficit conditions from the previous timestep (Malhi et al., 2009): 

 

(5.5)						CWDn =	 |CWDn	o	p 	+ 	PPTn 	− 	ETn| 

min(CWDn) = 	0 
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CWD was constrained to zero, such that water surpluses were not accumulated. CWD values were 

reported as absolute positive magnitudes, such that higher values indicate greater water deficit. 

Because rainfall in the region is particularly frequent (with a maximum of 15 and 22 consecutive 

days with no rain in the old-growth and logged forest, respectively), there was no need to reset 

CWD values at fixed intervals (except for gaps of >5 days in rain data, after which the balance 

was reset to zero when the time series resumed). Evapotranspiration was kept constant (Malhi et 

al., 2009) and assumed to be 4 mm per day (O’Brien et al., 2024), following typical values 

measured across lowland forests in Borneo (e.g., Kumagai et al., 2005; Kume et al., 2011). 

Despite being an approximate indicator of soil water deficit and seedling water availability (Malhi 

et al., 2009), CWD still provided an ecologically meaningful metric of water availability, 

allowing us to better capture the cumulative effects of drought and water balance beyond that of 

rainfall intensity (Phillips et al., 2010).  

 

Our objective was to investigate if extreme climate associated with heat and water limitation 

affected seedling productivity and survival in a consistent way. Instead of focusing on the effects 

of specific climate events, we calculated climate extremes for each census interval, and related 

them to our interval-based estimates of NPPstem and survival as continuous response and 

explanatory variables. In line with previous studies, we calculated the 90-day rolling average of 

Tmax, PPT, VPDmax and CWD (Figure 5.1, Figure S5.6), which helped us describe conditions 

affecting seedling productivity and survival in a timescale that incorporates short-term and 

cumulative impacts of climate on plant performance and carbon accumulation (Carle et al., 2025). 

To deal with discontinuous measurements, we only calculated a 90-day rolling average if at least 

30 days of data were present within the 3-month cut-off. For each variable, we then extracted the 

daily rolling average time series corresponding to each seedling record of NPPstem and survival – 

that is, bounded by the start and end dates for each interval – and identified the most extreme 3-

month period indicating highest heat and drought (Figure S5.7):  
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• maximum 90-day rolling average of maximum daily temperature (max𝐓𝐦𝐚𝐱𝟗𝟎𝐝) 

• minimum 90-day rolling average of daily rainfall (min𝐏𝐏𝐓𝟗𝟎𝐝) 

• maximum 90-day rolling average of maximum daily vapour pressure deficit (max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝 ) 

• maximum 90-day rolling average of daily cumulative water deficit (max𝐂𝐖𝐃𝟗𝟎𝐝) 

 

Because climate extremes varied through time, we were able to determine how more intense heat 

and drought extremes affected seedling performance. Climate extremes were independently 

calculated for each census interval, and census intervals were specific to each seedling. This 

means that, where data are available, each NPPstem and survival record is distinctly associated 

with four separate values of climate extremes. Please note that seedling-climate records do not 

incorporate differences in microclimate, as weather data were collected at only one station at each 

location. Instead, seedling-specific records incorporated variations in climate due to different 

survey dates, which allowed for better model parametrisation. Climate extremes were not 

computed for intervals with more than 10% missing data points, since they would not give a 

reliable representation of climate across the interval period.  

 

5.3.4. Functional traits data 

 

Leaf and branch functional traits data were obtained from Both, Burslem et al. (2019), who 

measured at, or close to, our old-growth forest site. From this dataset, we selected the species 

measured within the undisturbed Danum Valley and Maliau Basin Conservation Areas whose 

identities overlapped with the planted seedling species used in our study (14 out of the 25 species 

in the old-growth forest and 12 out of the 16 species in the logged forest; see Table S5.1). We 

calculated species-mean trait values for specific leaf area (SLA – m2 mg-1), wood density (WD – 

g cm-3), light-saturated carbon assimilation rate (Asat – μmol s-1 m-2), foliar nitrogen concentration 

(Nperc – %) and foliar 13C isotope concentration (13C – ‰ relative to Vienna Pee Dee 

Belemnite). These traits were selected to provide insight into the functional mechanisms 
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underpinning growth and tolerance at our study sites. SLA, Nperc, Asat and WD are key 

components of plant economic spectra, and important indicators of acquisitive versus resource-

conservative strategies influencing tree survival and growth (Wright et al., 2004). WD and 13C 

also reflect differences in hydraulic safety and water use strategies maintaining productivity and 

survival under drought and heat (Perez-Harguindeguy et al., 2013). Trait mean values were 

obtained from measurements taken from 1 to 9 individuals for each species.  

 

5.3.5. Data analysis and statistical modelling 

 

We obtained a total of 4,982 individual NPPstem records within the old-growth forest (from 478 

seedlings and 21 non-nested census intervals), and 10,690 records in the logged forest (from 3,355 

seedlings and 20 non-nested census intervals). Survival records totalled 5,794 within the old-

growth forest (from 500 seedlings and 21 non-nested census intervals), and 15,393 in the logged 

forest (from 4,317 seedlings and 20 non-nested census intervals). In the old-growth forest, +4,800 

NPPstem records and +5,100 survival records could be matched with climate extreme values, while 

in the logged forest, +5,600 NPPstem records and +6,500 survival records were matched with 

climate extremes. All data processing steps and statistical analyses were performed using the R 

statistical software (version 4.4.2) via RStudio (version 2024.12.0+467).  

 

5.3.5.1. Examining seedling productivity and survival in old-growth and logged forest 

 

To describe interval stem productivity and survival in the old-growth and logged forest, and 

outline potential differences between forest sites, we fitted mixed-effects models using the 

glmmTMB package (version 1.1.13; McGillycuddy et al., 2025). First, we analysed differences 

in NPPstem using a two-part hurdle model framework rather than more complex zero-inflated 

alternatives (Feng, 2021). This approach allowed us to consider the high proportion of zeros 

within the productivity dataset whilst maintaining adequate model convergence and 

parametrisation. NPPstem values estimated only from seedling diameter data cannot be attributed 
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to distinct ecological processes (e.g., biomass loss versus growth). We first considered NPPstem as 

a binary variable and modelled the probability/proportion of seedlings growing (Pr(NPPstem > 0)), 

that is, the probability/proportion of seedlings attaining positive NPPstem. We used a binomial 

generalised mixed-effects model (with the default logistic link function) incorporating forest type 

as a fixed effect, and included log-transformed seedling basal diameter at the start of the interval 

(Dbase) as an interactive covariate to account for the positive effect of seedling size on productivity 

(given larger trees attain higher growth rates due to metabolic scaling; Coomes & Allen, 2009) 

and to consider the effects of cumulative growth through time (Figure 5.2). Census interval, 

species identity, plot number and seedling cohort were included as random effect intercepts 

(specific to each forest type) to account for spatial, temporal and taxonomic groupings within the 

data: 

 

(5.6)						glmmTMB(Pr(NPP'()* > 0)	~	forest_type + log!"(D+,')) + forest_type: log!"(D+,')) + 

(1	|	forest_type: interval) + (1	|	forest_type: cohort) + (1	|	forest_type: plot) +

(1	|	forest_type: species), family = binomial) 

 

Where the model terms are as defined above, interacting terms are separated by colons, random 

effects are enclosed in parentheses, and family indicates the type of link function used. We then 

extracted all records of growing seedlings, that is, records where seedlings showed positive 

productivity, and modelled the variation of log-transformed NPPstem of growing seedlings 

(log10(NPPstem)) using a gaussian linear mixed-effect model. We included forest type and log-

transformed Dbase (a covariate to control for differences in size at the start of the interval) as 

interactive fixed effects, and forest-type-specific random intercepts for census interval, species 

identity, plot number, seedling cohort and seedling identity. Log-transforming NPPstem and Dbase 

on base 10 allowed us to maintain interpretability and approximate a linear relationship to meet 

model assumptions. Seedling random intercepts accounted for variation from repeated 

measurements through time.  
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(5.7)						glmmTMB(log!"(NPP'()*)	~	forest_type + log!"(D+,')) + forest_type: log!"(D+,')) +

(1	|	forest_type: interval) + (1	|	forest_type: cohort) + (1	|	forest_type: plot) +

(1	|	forest_type: species) + (1	|	seedling), family = gaussian) 

 

We then modelled differences in the probability of seedling interval survival (Pr(survival > 0)) 

across the old-growth and logged forest sites using a binomial generalised mixed-effects model, 

also incorporating forest type and log-transformed Dbase as fixed effects (accounting for size-

dependence in survival likelihood, Figure 5.2). Because interval survival does not explicitly 

account for interval length, we also included log-transformed interval length (in days) as an 

additional fixed effect. We did not expect the size-effect on survival to vary with interval length; 

therefore, Dbase and interval length were allowed to interact with forest type, but not with each 

other to maintain model convergence and avoid overfitting. Census interval, species identity, plot 

number and seedling cohort were also included as random effects specific to each forest type.  

 

    (5.8)					glmmTMB(Pr(survival > 0)	~	forest_type + log!"(D+,')) + log!"(interval_length) +

													forest_type: log!"(D+,')) + forest_type: log!"(interval_length) + (1	|	forest_type: interval) +

							(1	|	forest_type: cohort) + (1	|	forest_type: plot) + (1	|	forest_type: species), family = binomial) 

 

To explore if patterns in productivity and survival were consistent across census intervals and 

species, we extracted random-effect coefficients for census interval and species from each of the 

three models, and examined their pairwise correlations (Figure S5.8 to Figure S5.10). 

 

5.3.5.2. Investigating the effect of extreme climate on seedling productivity and survival 

 

To investigate how changes in extreme heat and drought across census intervals have affected the 

stem productivity and survival of seedlings at the old-growth and logged forest sites, we fitted a 

series of mixed-effects models consistent with the initial analyses described above (again using 

package glmmTMB). For each response variable (binary NPPstem, continuous non-zero NPPstem, 
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and survival), separate models were fitted with each climate extreme variable included as the 

focal explanatory variable (maxTjly��� , minPPT���, maxVPDjly��� , maxCWD���). In all cases, we 

fitted a separate model for each forest site, helping us isolate the site-specific effect of climate 

extremes whilst maintaining model interpretability. The models also included log-transformed 

Dbase (at the start of the interval) as a continuous covariate interacted with the climate extreme 

variable (and log-transformed interval length as an additive fixed effect within the survival 

models). Census interval, species identity, plot number, and seedling cohort (for logged-forest 

models only) were specified as random effect intercepts in all models, with seedling identity 

incorporated in models using non-zero continuous NPPstem as the response variable. Where model 

convergence allowed, we also included species-level random slopes for the focal climate extreme 

variable, allowing for interspecific variation in sensitivity to climate extremes to be explicitly 

modelled. We were therefore able to fit a total of 24 separate models (x3 response variables x4 

climate extreme variables x2 forest sites). See Table S5.5 to Table S5.28 for model details. 

 

(5.9)							glmmTMB(Pr(NPP'()* > 0)	~	log!"(D+,')) + 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞	 +	 

																	log!"(D+,')): 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞 +		(1	|	interval) + (1	|	cohort) + (1	|	plot) + 

														(1 + 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞|	species), family = binomial) 

 

(5.10)							glmmTMB(log!"(NPP'()*)	~	log!"(D+,')) + 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞	 + 

																		log!"(D+,')): 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞 +	(1	|	interval) + (1	|	cohort) + (1	|	plot) + 

																			(1 + 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞|	species) + (1	|	seedling), family = gaussian) 

 

(5.11)								glmmTMB(Pr(survival > 0)	~	log!"[interval_length] + log!"(D+,')) +

																								𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞 + log!"(D+,')): 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞 + (1	|	interval) + (1	|	cohort) + 

																			(1	|	plot) + (1 + 𝐜𝐥𝐢𝐦𝐚𝐭𝐞_𝐞𝐱𝐭𝐫𝐞𝐦𝐞|	species), family = binomial) 

 

5.3.5.3. Explaining vulnerability of productivity and survival through functional traits 
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To assess whether functional strategies could explain patterns of vulnerability in seedling 

productivity and survival, we examined the relationship between species-level responses to 

climate extremes and functional traits at both forest sites. We approximated species-level 

responses (in terms of binary NPPstem, continuous non-zero NPPstem, and survival) to the different 

climate extreme variables (maxTjly��� , minPPT���, maxVPDjly��� , maxCWD���) at each forest site 

(old-growth versus logged) using the models described in Section 5.3.5.2. For each of the 24 

model combinations, we extracted the random effect coefficients for each species (also known as 

best linear unbiased predictions or as conditional means; Pinheiro & Bates, 2000). Species-level 

intercepts indicate differences in productivity/survival relative to the average species baseline. 

Species-level slopes indicate how much each species’ response to climate extremes deviates from 

the average species-level response to those extremes. Species-level intercepts and slopes from 

each model were then correlated with the means of the different traits, and we evaluated the 

consistency and significance of correlation coefficients across model variables and forest sites.   

 

5.4. Results 

 

Mean basal diameter of seedlings planted within canopy gaps at the old-growth forest increased 

from 4.52 ± 0.07 mm in the first census (November 2004) to 82.4 ± 8.28 mm in the most recent 

census (May 2025, by which only 44% of seedlings survived). In the logged forest, mean basal 

diameter increased from 6.55 ± 0.06 mm (February 2004) to 52.5 ± 1.73 mm (October 2023, by 

which only 25% of seedlings survived). Maximum seedling size reached 564 mm and 556 mm 

respectively in the most recent censuses of the logged and old-growth forests. Climate conditions 

were generally comparable at both forest sites, with the logged forest being wetter and showing 

a narrower temperature range (from July 2008 to July 2015, annual rainfall in the logged forest 

was 257 mm above that of the old-growth forest; annual maximum and minimum daily 

temperatures were 3.2°C lower and 1.4°C higher in the logged forest). Despite gaps in weather 

data, census intervals associated with the most extreme climate conditions coincided with El Niño 

periods at both forest sites (Figure S5.6). 
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5.4.1. Productivity and survival in old-growth versus logged forest 

 

The probability of seedlings growing (Pr(NPPstem > 0)) increased with greater log-transformed 

basal diameter (Dbase) at both forest sites (Figure 5.2, Table S5.2). Logged forest type appears to 

have a negative main effect on the proportion of growing seedlings, although this effect was not 

statistically significant. Log-transformed NPPstem among growing seedlings also increased 

(linearly) with log-transformed basal diameter (Figure 5.2, Table S5.3). However, there was a 

significant interaction between basal diameter and forest type. Logged forest type had a 

significantly negative main effect on log10(NPPstem), and there was also a positive interaction 

between basal diameter and forest type. Although productivity at smaller seedling sizes was 

reduced within the logged forest, stronger positive effects of basal diameter on both Pr(NPPstem > 

0) and log10(NPPstem) indicated larger seedlings eventually become more productive than those in 

the old-growth forest. Log-transformed Dbase also had a positive effect on seedling survival 

(Figure 5.2, Table S5.4), whilst longer intervals were associated with reduced survival at both 

forest types (Figure 5.2). Although there was no significant main effect of forest type, the negative 

interaction between log10(Dbase) and forest type indicates that the somewhat lower probability of 

survival in the old-growth forest canopy gaps at small sizes was reversed at larger seedling sizes. 

 

Within each forest type, we found strong correlations between interval and species coefficients 

from the Pr(NPPstem > 0) and log10(NPPstem) models (Figure S5.8, Figure S5.9). That is, within 

each forest type, intervals and species associated with higher probabilities of growth also showed 

increased rates of NPPstem. Overall, productivity coefficients were generally unrelated to survival 

coefficients at both the interval and species levels, with the exception of interval effects in the 

old-growth forest, where higher survival was associated with higher log10(NPPstem) (Figure S5.8). 

When comparing species-level coefficients between old-growth and logged forest types, species 

showed similar relative responses only in terms of survival (Figure S5.10). 
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Figure 5.2, stem productivity and survival dynamics of dipterocarp seedlings planted within old-
growth and logged tropical forest sites. A) raw changes in (log-transformed) seedling NPPstem 
across the monitoring period. Points and thick lines represent the simple means of log-transformed 
seedling NPPstem for each census interval (including data from all seedlings). Thin lines indicate 
average productivity for each species. Vertical dashed lines indicate median census dates for each 
forest type. B) estimated differences in the probability of seedlings attaining positive NPPstem 

(Pr(NPPstem > 0)) across seedling sizes (log-transformed basal diameter) for each forest type 
(alongside 95% confidence intervals). C) estimated differences in the rates of log-transformed 
NPPstem of growing seedlings (log10(NPPstem)) across seedling sizes (log-transformed basal 
diameter) for each forest type (alongside 95% confidence intervals). D) raw changes in seedling 
interval survival across the monitoring period. Points and thick lines represent the simple means 
of seedling survival (0 = died, 1 = survived) for each census interval. Thin lines indicate average 
survival for each species. Vertical dashed lines indicate median census dates for each forest type. 
E) estimated differences in the probability of seedling survival (Pr(survival > 0)) across seedling 
sizes (log-transformed basal diameter) for each forest type (alongside 95% confidence intervals). 
F) estimated differences in the probability of seedling survival as a function of (log-transformed) 
interval length for each forest type (alongside 95% confidence intervals). 
 

 

5.4.2. The effect of extreme climate on seedling productivity and survival 

 

Models investigating the probability of seedlings growing (Pr(NPPstem > 0)) revealed there is no 

significant effect of climate extremes within the old-growth forest (Figure 5.3, Table S5.5, Table 

S5.7, Table S5.9, Table S5.11). In the logged forest, extreme high temperatures (maxTjly��� ) had 

a negative effect on growth probability (Pr(NPPstem > 0)) (Figure 5.3, Table S5.6). Lower rainfall 
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(minPPT���), and higher vapour pressure deficit (maxVPDjly��� ) and greater cumulative water 

deficit (maxCWD���) were associated with a higher probability of growth, meaning seedlings are 

more likely to grow in drier conditions (Figure 5.3, Table S5.8, Table S5.10, Table S5.12).  

 

Models investigating the variation in magnitude of productivity (NPPstem) of growing seedlings 

revealed consistent effects of climate on log10(NPPstem) within the old-growth forest. In this case, 

log10(NPPstem) was positively related to rainfall (minPPT���), but negatively associated with 

maxTjly��� , maxVPDjly���  and maxCWD��� (Table S5.13, Table S5.15, Table S5.17, Table S5.19), 

indicating productivity is reduced in conditions of heat and low water availability (Figure 5.4). 

Old-growth forest models for maxTjly��� , minPPT��� and maxVPDjly���  also showed significant 

interactions between climate variables and log10(Dbase), demonstrating that the effect of climate 

extremes on NPPstem decreases with increasing seedling sizes. In the logged forest, maxTjly���  also 

had a negative effect on log10(NPPstem) (Figure 5.4, Table S5.14), but productivity appears not to 

be significantly affected by other climate variables (Table S5.16, Table S5.18, Table S5.20). 

 

None of the climate extreme variables had a significant main effect on survival within the old-

growth forest (Figure 5.5, Table S5.21, Table S5.23, Table S5.25, Table S5.27). In the logged 

forest, maxTjly���  and maxVPDjly���  had a positive main effect on interval survival (Figure 5.5, 

Table S5.22, Table S5.26). We found a positive interaction between log10(Dbase) and maxVPDjly��� , 

and between log10(Dbase) and minPPT���, indicating the positive effects of rain and atmosphere 

dryness on survival diminished with increasing seedling size (Table S5.24, Table S5.26).  

 

5.4.3. Exploring climate vulnerability through functional traits 

 

None of the species-level random intercepts or random slopes from models describing the 

probability of seedlings growing showed significant correlations with functional traits (Figure 

S5.11). Random effect intercepts and slopes from our models describing variation in 
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log10(NPPstem) within the old-growth forest were also unrelated with traits (Figure 5.6). In 

contrast, within the logged forest, Asat and Nperc were positively correlated with species‐level 

random intercepts (from the maxTjly���  model for Asat; and from the maxTjly��� , minPPT��� and 

maxCWD��� models for Nperc), but negatively correlated with species-level slopes (in terms of 

maxTjly���  and maxVPDjly���  for both Asat and Nperc). In other words, species with higher Asat 

and Nperc showed higher NPPstem under average conditions but were more sensitive to temperature 

and VPD extremes (despite there being no overall effect of maxVPDjly���  on NPPstem). Higher WD 

appears to be correlated with a lower probability of seedling survival at the species level within 

the old-growth forest, particularly for species-level random intercepts from the minPPT��� model 

(Figure 5.7). In the logged forest, species-level random slopes with respect to minPPT��� were 

significantly correlated with Asat and SLA, indicating that species with higher carbon 

assimilation rates and specific leaf area were more likely to survive with increasing rainfall. 

 

5.5. Discussion 

 

We found that seedling productivity and survival increased with basal diameter across both forest 

types. Stem NPP – both the probability of growth and the variability in NPPstem among growing 

seedlings – was higher for smaller seedlings planted within canopy gaps in the old-growth forest, 

whereas larger seedlings were more productive in the logged forest. Dry and hot climate extremes 

significantly reduced the productivity of growing seedlings in the old-growth forest, with 

disproportionately strong effects on smaller individuals. In the logged forest, high temperatures 

reduced seedling productivity but were associated with increased survival. Periods of reduced 

rainfall and high vapour pressure deficit increased the probability of positive productivity in the 

logged forest, with extreme VPD also associated with higher survival rates. Species with faster 

assimilation rates and higher foliar nitrogen and specific leaf area appear to be more sensitive to 

extreme climate, but only in the logged forest. In the following sections, we interpret and 

synthesise the significance of these results, discussing the ecological implications of our findings.  
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Figure 5.3, graphical representation of the estimated effect of climate extremes on the probability 
of seedlings attaining positive NPPstem across census intervals – Pr(NPPstem > 0). Models (Table 
S5.5 to Table S5.12) were specific to each forest type (old-growth forest: plots A, C, E and G; 
logged forest: plots B, D, F, and H). Pr(NPPstem > 0) was modelled as a function of log10(Dbase) 
interacted with the different climate extremes experienced by each seedling in each census 
interval: A-B), maximum 90-day running average of daily maximum temperature (maxTjly��� ), C-
D) minimum 90-day running average of daily precipitation (minPPT���), E-F) maximum 90-day 
running average of daily maximum vapour pressure deficit (maxVPDjly��� ), G-H) maximum 90-
day running average of daily cumulative water deficit (maxCWD���). To represent the co-
variation across the two continuous variables, we have included three lines of best fit for each 
plot, illustrating how the relationship between Pr(NPPstem > 0) and log10(Dbase) varies at different 
percentiles of the climate extreme variables (P05 = 5th percentile, P50 = 50th percentile, P95 = 95th 
percentile). Percentiles are specific to each forest type, and the numerical value of each percentile 
is indicated to the right of the corresponding line. Each line is accompanied by its estimated 95% 
confidence interval, with blue shades representing cool/wet conditions, grey representing 
intermediate conditions and red shades indicating hotter/drier climate averages. Pr(NPPstem > 0) 
estimates and their corresponding confidence intervals have been back-transformed from the logit 
scale. We include the raw data points, and an accompanying legend with a common colour 
gradient for each climate extreme variable across both forest types (blue = cool/wet, red = 
hot/dry). Colour palettes for raw datapoints and percentile lines are independent of each other. 
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Figure 5.4, graphical representation of the estimated effect of climate extremes on log-
transformed NPPstem of growing seedlings across census intervals – log10(NPPstem). Models (Table 
S5.13 to Table S5.20) were specific to each forest type (old-growth forest: plots A, C, E and G; 
logged forest: plots B, D, F, and H). log10(NPPstem) was modelled as a function of log10(Dbase) 
interacted with the different climate extremes experienced by each seedling in each census 
interval: A-B), maximum 90-day running average of daily maximum temperature (maxTjly��� ), C-
D) minimum 90-day running average of daily precipitation (minPPT���), E-F) maximum 90-day 
running average of daily maximum vapour pressure deficit (maxVPDjly��� ), G-H) maximum 90-
day running average of daily cumulative water deficit (maxCWD���). To represent the co-
variation across the two continuous variables, we have included three lines of best fit for each 
plot, illustrating how the relationship between log10(NPPstem) and log10(Dbase) varies at different 
percentiles of the climate extreme variables (P05 = 5th percentile, P50 = 50th percentile, P95 = 95th 
percentile). Percentiles are specific to each forest type, and the numerical value of each percentile 
is indicated to the right of the corresponding line. Each line is accompanied by its estimated 95% 
confidence interval, with blue shades representing cool/wet conditions, grey representing 
intermediate conditions and red shades indicating hotter/drier climate averages. log10(NPPstem) 
estimates and their corresponding confidence intervals remain in the logarithmic scale. We 
include the raw data points, and an accompanying legend with a common colour gradient for each 
climate extreme variable across both forest types (blue = cool/wet, red = hot/dry). Colour palettes 
for raw datapoints and percentile lines are independent of each other. 
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Figure 5.5, graphical representation of the estimated effect of climate extremes on the interval 
survival rate of seedlings – Pr(survival > 0). Models (Table S5.21 to Table S5.28) were specific 
to each forest type (old-growth forest: plots A, C, E and G; logged forest: plots B, D, F, and H). 
Pr(survival > 0) was modelled as a function of log10(Dbase) interacted with the different climate 
extremes experienced by each seedling in each census interval: A-B), maximum 90-day running 
average of daily maximum temperature (maxTjly��� ), C-D) minimum 90-day running average of 
daily precipitation (minPPT���), E-F) maximum 90-day running average of daily maximum 
vapour pressure deficit (maxVPDjly��� ), G-H) maximum 90-day running average of daily 
cumulative water deficit (maxCWD���). To represent the co-variation across the two continuous 
variables, we have included three lines of best fit for each plot, illustrating how the relationship 
between Pr(survival > 0) and log10(Dbase) varies at different percentiles of the climate extreme 
variables (P05 = 5th percentile, P50 = 50th percentile, P95 = 95th percentile). Percentiles are specific 
to each forest type, and the numerical value of each percentile is indicated to the right of the 
corresponding line. Each line is accompanied by its estimated 95% confidence interval, with blue 
shades representing cool/wet conditions, grey representing intermediate conditions and red shades 
indicating hotter/drier climate averages. Pr(survival > 0) estimates and their corresponding 
confidence intervals have been back-transformed from the logit scale. We include the raw data 
points, and an accompanying legend with a common colour gradient for each climate extreme 
variable across both forest types (blue = cool/wet, red = hot/dry). Colour palettes for raw 
datapoints and percentile lines are independent of each other. 
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Figure 5.6, correlation matrices illustrating the relationship between species-level random-effect 
estimates from log10(NPPstem) models and plant functional trait means. Species-level random-
effect estimates (both random intercepts and slopes in terms of climate extreme variables) were 
derived from models investigating how the log-transformed NPPstem of growing seedlings varies 
as a function of log10(Dbase) interacted with climate extreme variables (see Table S5.13 to Table 
S5.20). Random intercepts (left) represent the species-specific deviation from the overall model 
intercept, reflecting species with proportionally lower/higher log10(NPPstem). Random slopes 
(right) represent species-specific deviations from the climate extreme variables effect on 
log10(NPPstem), reflecting species with proportionally lower/higher climate extreme sensitivity. 
Each row represents the species-level random effects derived from the models including the 
corresponding climate extreme variable. Columns represent each functional trait. Trait values for 
each species were obtained as averages from Both, Burslem et al. (2019). Models were specific 
for each forest type: correlations for the old-growth forest are shown on top, logged forest below. 
Correlation coefficients are indicated within each cell (blue, r = -1; yellow, r = 1). Statistically 
significant correlation coefficients are shown in bold. 
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Figure 5.7, correlation matrices illustrating the relationship between species-level random-effect 
estimates from Pr(survival > 0) models and plant functional trait means. Species-level random-
effect estimates (both random intercepts and slopes in terms of climate extreme variables) were 
derived from models investigating how the probability of seedlings surviving across the different 
intervals varies as a function of log10(Dbase) interacted with climate extreme variables (plus an 
additive effect of interval length; see Table S5.21 to Table S5.28). Random intercepts (left) 
represent the species-specific deviation from the overall model intercept, reflecting species with 
proportionally lower/higher Pr(survival > 0). Random slopes (right) represent species-specific 
deviations from the climate extreme variables effect on Pr(survival > 0), reflecting species with 
proportionally lower/higher climate extreme sensitivity. Each row represents the species-level 
random effects derived from the models including the corresponding climate extreme variable. 
Columns represent each functional trait. Trait values for each species were obtained as averages 
from Both, Burslem et al. (2019). Models were specific for each forest type: correlations for the 
old-growth forest are shown on top, logged forest below. Correlation coefficients are indicated 
within each cell (blue, r = -1; yellow, r = 1). Statistically significant correlation coefficients are 
shown in bold. 
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5.5.1. Small seedlings were more productive in the old-growth forest;  

          large seedlings in the logged forest 

 

Productivity increased with basal diameter in both forest types, in agreement with plant metabolic 

scaling theory, which predicts that photosynthetic capacity, carbon sequestration, and resource 

acquisition scale positively with size (Coomes & Allen, 2009). Because productivity was 

modelled as a function of log10(Dbase), we infer that, broadly, NPPstem increased exponentially with 

basal diameter, consistent with tree life history dynamics at early growth stages (Paine et al., 

2012). Although declines in relative growth rates of stem and height as trees mature are often 

assumed, changes in biomass productivity are less certain, with volume and biomass growth 

potentially increasing throughout a tree’s lifespan (Sheil et al., 2016). Within canopy gaps in the 

old-growth forest, small seedlings showed higher productivity than in the logged forest, possibly 

due to more favourable microclimatic and environmental conditions (Howlett & Davidson, 2003). 

Contrary to expectations, this growth advantage diminished and even reversed at larger seedling 

sizes. Even though seedlings were planted within canopy gaps at both forest sites, reduced 

vegetation cover and disturbed conditions associated with logged forest environments may have 

inhibited the growth of smaller, more sensitive individuals, but more established trees could have 

benefited from reduced competition (Chambers et al., 2004).  

 

These results align with our previous findings from Jackson et al. (in preparation), where detailed 

analyses of non-linear, size-dependent growth trajectories also revealed growth dynamics differed 

markedly between forest types. Seedlings in old-growth forest canopy gaps exhibited rapid early 

growth that peaked quickly and saturated at smaller sizes, whereas seedlings in the logged forest 

grew more slowly but steadily, ultimately attaining larger sizes. Indeed, increased woody 

productivity in logged forests relative to old-growth forests has been documented in Sabah and 

across the tropics (Bischoff et al., 2005; Riutta et al., 2018; Mills et al., 2023). Higher seedling 

productivity at larger seedling sizes in the logged forest may also reflect differences in planting 
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design, as cutting lines into the pre-existing logged forest allowed for larger spaces between 

planted seedlings (Hector et al., 2011). Examining variation in NPPstem across plots with differing 

neighbourhood densities could help disentangle the direct effects of competition on productivity 

(O’Brien, Reynolds et al., 2017). However, because logging can shift allocation toward increased 

woody stem production at the expense of canopy leaf tissue, other components of productivity 

would need to be examined to fully understand differences in total NPP (Riutta et al., 2018; Mills 

et al., 2023). Measuring wood density across species and seedling class sizes at both forest sites, 

and incorporating these values into our NPPstem allometry, would also provide a more accurate 

estimate of productivity dynamics in the face of logging disturbance. 

 

Interval survival rates also increased with seedling diameter, but were statistically 

indistinguishable between forest sites. A stronger size effect on survival within the old-growth 

forest could suggest a trade-off between productivity and survival (Philipson et al., 2014), but 

may actually reflect differences in survey history. In the old-growth forest, seedlings were 

measured shortly after being planted, but in the logged forest seedlings were first surveyed months 

later, meaning 5,461 seedlings had already died before the first census. Because these early deaths 

were excluded from the analysis due to missing planting dates and sizes (see Section 5.11.2), we 

presume survival probabilities at smaller sizes in the logged forest were likely overestimated. 

Cumulative survival was lower within the logged forest, supporting our initial hypothesis.  

 

Responses across seedling sizes and forest types were similar in models analysing both the 

proportion of growing seedlings and variation in NPPstem rates among growing trees. This 

consistency supports our use of a hurdle modelling approach to investigate changes in 

productivity (Feng, 2021). This pattern was further reinforced by strong correlations between 

interval- and species-level random-effect coefficients from the Pr(NPPstem > 0) and log10(NPPstem) 

models within each forest type, indicating similar processes govern growth occurrence and 

growth magnitude (Roxburgh et al., 2005). Correlation between random effect intercepts revealed 

NPP responses across species and census intervals were not generally consistent with patterns in 
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survival; we hypothesise that seedling survival is disproportionately influenced by thresholds in 

resource limitations and environmental stochasticity (Alvarez-Clare & Kitajima, 2009; O’Brien, 

Ong & Reynolds, 2017). Thus, unlike previous studies, we find no direct evidence for a growth-

survival trade-off in dipterocarp seedlings (Brown et al., 1999; Philipson et al., 2014). We 

acknowledge that unaccounted sources of variation, shrinkage of random-effects, and the 

exclusion of negative growth values likely constrained our ability to detect robust relationships 

using this species-level correlation approach. 

 

5.5.2. Extreme heat and drought consistently constrain seedling stem 

          productivity within the old-growth forest 

 

Our analysis also revealed that dry and hot climate extremes significantly reduced the magnitude 

of productivity of growing seedlings within the old-growth forest. These effects were consistent 

across all climate variables, supporting our initial hypothesis and highlighting climate extremes 

as a key driver of primary productivity and carbon uptake in aseasonal old-growth forests. This 

may be because seedlings planted within undisturbed gaps could be less acclimated to climatic 

extremes (Blonder et al., 2018; Rifai et al., 2018). These responses likely arise from physiological 

constraints imposed by heat and drought, with increased atmospheric dryness and soil water 

deficits reducing stomatal conductance, carbon assimilation and water transport, and high 

temperatures impairing photosynthetic efficiency (Kitao et al., 2001; Ichie et al., 2023; Ziegler et 

al., 2024). Together, these processes limit carbon gain during adverse conditions, although further 

research is needed to disentangle the effects of different climatic stressors and identify the 

physiological processes that most strongly constrain seedling performance (Grossiord et al., 2020; 

Sato et al., 2024).  

 

Warmer and drier conditions at the old-growth forest site, combined with more intense climate 

extremes, suggest that seedlings may already be exposed to levels of heat and drought close to 
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their limits of performance and growth, helping to explain the stronger climate effects on stem 

NPP. As expected, extremes in temperature, rainfall and VPD had disproportionately strong 

effects on smaller individuals. In the case of small seedlings, shallower root systems and lower 

carbon and water reserves probably reduced hydraulic and thermal buffering capacity, limiting 

their ability to maintain high levels of stomatal conductance and photosynthesis during climatic 

extremes (Kitajima, 1996; Engelbrecht et al., 2002). 

 

Despite having strong effects on the variation in NPPstem among growing seedlings, climate 

extremes in the old-growth forest did not significantly influence the probability of seedlings 

growing, nor the probability of seedlings surviving between censuses. Probabilities of both 

positive NPPstem and survival were already high across most of the study period, and much of the 

variation in these probabilities was instead captured by seedling diameter (and interval length in 

the case of survival), leaving limited scope for additional explanatory effects of climate extremes 

(Lingenfelder & Newbery, 2009). Alternatively, variation in Pr(NPPstem > 0) and Pr(survival > 0) 

could have also been influenced by unaccounted factors such as light availability and topographic 

position and biotic interactions (O’Brien, Ong & Reynolds, 2017; O’Brien & Escudero, 2022; 

O’Brien et al., 2022; O’Brien et al., 2024). These drivers can substantially constrain seedling 

growth and survival, but may operate independently of short-term climate extremes, obscuring 

direct climate effects on demographic rates (Uriarte et al., 2017).  

 

In the logged forest, extremes of maximum daily temperature reduced both the proportion of 

growing stems and the magnitude of productivity among growing seedlings. Temperature 

sensitivity in NPPstem was observed at both forest types, matching temperature-driven reductions 

in carbon sequestration reported at other locations in Borneo (Fichtbauer, 2022), and indicating 

that heat may be a limiting factor for seedling performance in dipterocarp forests across 

environmental conditions (Dongsansuk et al., 2020). However, our survival model revealed, 

despite high uncertainty, that temperature extremes had the opposite effect, appearing to promote 

seedling survival. This pattern underscores the need for more detailed analyses to clarify if the 
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links between temperature, productivity and survival are driven by consistent causal mechanisms 

(Vlam et al., 2014; Sato et al., 2024). Temperature impacts on tree growth and mortality across 

Southeast Asia remain understudied, as most research on climate extremes has primarily focused 

on the effects of drought (e.g., Bebber et al., 2004; Lingenfelder & Newbery, 2009; O’Brien, 

Reynolds et al., 2017; Miyamoto et al., 2021). As heatwaves and extreme El Niño events are 

expected to become more frequent and intense in the coming decades, and with forests 

approaching critical temperature thresholds, we highlight the need for considering temperature 

effects on tree and carbon dynamics across forests in tropical Asia (Deb et al., 2017). 

 

Tree dynamics across the two forest types also differed in their responses to drought extremes. In 

the logged forest, reduced rainfall and higher VPD increased the probability of seedling growth 

but had no effect on log10(NPPstem). VPD extremes also had a positive effect on seedling survival. 

These findings were unexpected (Qie et al., 2019), indicating that in the logged forest, drier 

conditions do not appear to be detrimental to survival and productivity, and suggesting that higher 

water availability may have actually reduced seedling fitness. Our results could be explained by 

differences in data availability. Meteorological data coverage at the logged forest site was limited 

due to logistical constraints, meaning that climate extreme variables were calculated for fewer 

census intervals. Less variation in climate extremes likely reduced statistical power and 

constrained our ability to detect clear or consistent relationships between climate, productivity, 

and survival.  

 

Additionally, productivity and survival patterns may also reflect environmental differences 

between the two sites. At Malua, logging would have altered soil structure and hydrology, 

increasing compaction, erosion and runoff (Douglas, 2022). Such changes would have reduced 

the forest’s capacity to buffer extreme rainfall events, resulting in nutrient losses and prolonged 

soil water saturation (Nainar et al., 2018). Despite being located only 23 km apart and 

experiencing similar regional climates, precipitation was greater at the logged forest site. Greater 

rainfall, combined with gentler slopes (Saner et al., 2012), could have also increased the 
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likelihood of waterlogging relative to the old-growth forest site. Indeed, waterlogging and 

extreme rainfall have been identified as important factors constraining tree growth and survival 

in lowland dipterocarp forests (Born et al., 2015; Margrove et al., 2015). Water saturation may 

have increased pathogen loads, restricted root growth as a result of hypoxia, and promoted treefall 

by reducing soil stability and increasing the likelihood of mechanical failure (Ferry et al., 2010; 

Manghwar et al., 2024). O’Brien et al. (2024) showed that excess rainfall exerted a stronger 

influence on tree dynamics compared to drought, with 12 of the planted species at our old-growth 

forest site exhibiting declines in relative growth rates during periods of high rainfall, and 23 

species showing reduced survival. Although understanding NPPstem and survival responses to 

positive rainfall extremes falls outside the scope of the current study, examining the consequences 

of water surpluses for tree performance would be an important research priority that would allow 

us to assess the vulnerability of tropical forests to future climate conditions (Chu et al., 2026). 

 

5.5.3. Resource-acquisitive species appear to be more sensitive to climate  

          extremes in the logged forest 

 

We explored if plant functional traits could explain patterns of vulnerability in productivity and 

survival by extracting model random effects for each species and correlating them with species-

level means of key functional traits. We recognise that the inferential power of this approach is 

limited, and that substantial variation in vital rates, combined with uncertainty of using trait means 

from other trees and locations, constrained our ability to detect clear links between traits and 

fitness responses to climate extremes (Sandel et al., 2015). Furthermore, shrinkage of random 

effect predictions towards the fixed-effect mean – particularly for species with limited data – likely 

prevented us from obtaining clear patterns of correlation with functional traits (Pinheiro & Bates, 

2000). These limitations may explain why species-level random effects from models investigating 

the probability of seedling growth showed no significant associations with functional traits. 
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Despite this, we were still able to identify patterns that point to key functional mechanisms 

associated with heat and drought tolerance in productivity and survival (Liu et al., 2021). 

 

Species‐level random intercepts extracted from our log10(NPPstem) models for the logged forest 

site were positively correlated with Asat and Nperc. In other words, species with faster 

assimilation rates and higher foliar nitrogen had higher rates of NPPstem relative to other species. 

At the same time, strong negative correlations between these traits and random effect slopes 

reveal these species were more sensitive to climate extremes. This pattern is consistent with plant 

economic spectra, indicating that species with more acquisitive resource‐use strategies – 

characterised by greater investment in photosynthetic machinery and higher carbon assimilation 

capacity – were able to maximise productivity under favourable conditions (Wright et al., 2014; 

Reich, 2014). High carbon assimilation and resource acquisition also help explain increased 

sensitivity to heat and drought, as productive species would be unable to sustain stomatal 

conductance and high metabolic activity without risking hydraulic failure or photosynthetic 

damage (Ziegler et al., 2024; Evans et al., 2025).  

 

Although non-significant, negative correlations between climate sensitivity and 13C might 

support the idea of acquisitive species responding to climate extremes through isohydric 

responses, with tight stomatal regulation reducing water loss at the expense of carbon assimilation 

(Martínez-Vilalta & García-Forner, 2017; Ichie et al., 2023). Higher wood density, associated 

with slower growth rates but greater hydraulic safety also appears to confer tolerance to heat and 

drought extremes (Chave et al., 2009; O’Brien, Engelbrecht et al., 2017). Interestingly, 

correlations between random effects for log10(NPPstem) and functional traits were only observed 

in the logged forest, suggesting that physiological advantages in carbon assimilation may only 

translate into higher stem productivity under conditions of reduced competition (Tuomela et al., 

1996). This highlights how logging disturbance can shift trait-performance relationships, with 

implications for restoration success and ecosystem functioning, enabling faster regeneration 

through enhanced resource acquisition while potentially increasing sensitivity to climate 
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(Carreño-Rocabado et al., 2012; Both, Riutta et al., 2019; Han et al., 2021). In the context of 

enrichment planting, maintaining sufficient species and functional diversity among planted 

seedlings would allow for effective forest restoration while enhancing ecosystem resilience to 

climate change (Veryard et al., 2023). 

 

In terms of survival, random effects extracted from our mixed-effects models also revealed 

patterns consistent with plant functional trade-offs. Within the old-growth forest, species with 

higher foliar nitrogen concentrations and faster carbon assimilation rates appear to have lower 

probability of survival, and species with greater wood density appear to show a survival 

advantage. Acquisitive strategies appear to reduce seedling resilience, while increased structural 

investment enhances tolerance (Reich, 2014). Unfortunately, high survival rates across some of 

the census intervals led to data separation, which hindered model convergence and prevented us 

from incorporating random effect slopes, limiting our ability to assess how functional traits relate 

to climate sensitivity (Heinze & Schemper, 2002). In the logged forest, species-level random 

slopes with respect to minPPT��� were significantly correlated with Asat and SLA, suggesting 

that species with higher carbon assimilation rates and specific leaf areas were able to take 

advantage of increased rainfall to maintain survival (Markesteijn & Poorter, 2009).  

 

Correlations were less consistent across the logged forest models, likely because the exact 

mechanisms behind the mortality are complex, and may not be directly associated with a single 

functional trait, with the potential for unmeasured traits to play an important role. In particular, 

variation in non-structural carbohydrate levels may be a key determinant of species’ responses; 

acting as carbon reserves, they may buffer periods of reduced assimilation and have been shown 

to be a major factor shaping dipterocarp responses to drought and light intensity (O’Brien et al., 

2015; Saner et al., 2016; O’Brien et al., 2020). Monitoring physiological responses to extreme 

climate events in terms of gas exchange and carbon storage could therefore help us understand 

the mechanistic causes of mortality and would help clarify how productivity and survival are 

linked (Philipson et al., 2014; Ichie et al., 2023). Disentangling the functional constraints imposed 
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by heat and water deficits is essential for identifying the processes that limit tree performance and 

improving predictions of forest resilience under climate change (Sato et al., 2024; Evans et al., 

2025). 

 

5.6. Conclusions 

 

Using more than two decades of intensive tree monitoring within two planting experiments, this 

study demonstrates that extreme heat and drought can strongly constrain seedling productivity in 

lowland tropical forests, although climate effects may depend on disturbance history, 

environmental conditions and species functional strategies. Across old-growth and logged forest 

types, productivity increased with seedling size; larger individuals attained higher productivity in 

the logged forest, reflecting disturbance‐mediated shifts in resource availability and competition. 

Productivity declined under hot and dry extremes in the old-growth forest, particularly for smaller 

seedlings, revealing there are strong physiological limitations to carbon gain under adverse 

climate. In logged forest, temperature extremes also reduced productivity, but growth and survival 

seem to be positively linked to increased drought and atmospheric water demand, probably 

because wetter conditions promote waterlogging and constrain tree fitness. Functional trait 

analyses indicate that resource-acquisitive species can achieve higher productivity under 

favourable conditions but are more sensitive to climatic extremes, especially in logged forests, 

whereas more conservative strategies confer greater tolerance to heat and water deficits. Together, 

these results show that climate extremes are already shaping regeneration and carbon storage 

dynamics in tropical forests, and reveal that logging can alter both the magnitude and mechanisms 

of climate vulnerability. Accounting for ecophysiological trade-offs and disturbance-mediated 

responses will be critical for predicting forest resilience to climate extremes. Restoration 

strategies should prioritise functional diversity to support effective ecosystem recovery and 

maintain ecosystem function under intensifying climate change. 
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5.11. Supplementary material 

 

5.11.1. Species list with updated nomenclature and available trait data 

 

Table S5.1, list of the seedling species planted at the old-growth (Danum Valley) and logged 
(Malua – Sabah Biodiversity Experiment) monitoring plots. The table includes the original 
species nomenclature and matching updates (see Ashton & Heckenhauer, 2022). † indicates 
functional trait data from old-growth forest at Danum and Maliau are available from Both, 
Burslem et al. (2019). 
 

 

 

 

 

 

ORIGINAL NOMENCLATURE UPDATED NOMENCLATURE 
both old-growth and logged forest 
 
        Dipterocarpus conformis Slooten 
        Dryobalanops lanceolata Burck† 
        Hopea sangal Korth.† 
        Parashorea malaanonan (Blanco) Merr.† 
        Parashorea tormentella (Symington) Meijer† 
        Shorea argentifolia Symington 
        Shorea beccariana Burck† 
        Shorea faguetiana F.Heim† 
        Shorea gibbosa Brandis† 
        Shorea johorensis Foxw.† 
        Shorea leprosula Miq.† 
        Shorea macrophylla de Vriese 
        Shorea macroptera Dyer† 
        Shorea ovalis Korth.† 
        Shorea parvifolia Dyer† 

 
old-growth forest only 
 
        Dryobalanops beccarii Dyer 
        Durio graveolens Becc.† 
        Shorea acuminatissima Symington 
        Shorea guiso Blanco 
        Shorea mecistopteryx Ridl. 
        Shorea oleosa Meijer 
        Shorea parvistipulata F.Heim 
        Shorea pinanga Scheff. 
        Shorea smithiana Symington 
        Shorea superba Symington† 

 
logged forest only 
 
        Hopea ferruginea Parijs 

both old-growth and logged forest 
 
        Dipterocarpus conformis Slooten 
        Dryobalanops lanceolata Burck† 
        Hopea sangal Korth.† 
        Parashorea malaanonan (Blanco) Merr.† 
        Parashorea tormentella (Symington) Meijer† 
        Rubroshorea argentifolia (Symington) P.S.Ashton & J.Heck. 
        Rubroshorea beccariana (Burck) P.S.Ashton & J.Heck.† 
        Richetia faguetiana (F.Heim) P.S.Ashton & J.Heck.† 
        Richetia gibbosa (Brandis) P.S.Ashton & J.Heck.† 
        Rubroshorea johorensis (Foxw.) P.S.Ashton & J.Heck.† 
        Rubroshorea leprosula (Miq.) P.S.Ashton & J.Heck.† 
        Rubroshorea macrophylla (de Vriese) P.S.Ashton & J.Heck. 
        Rubroshorea macroptera (Dyer) P.S.Ashton & J.Heck.† 
        Rubroshorea ovalis (Korth.) P.S.Ashton & J.Heck.† 
        Rubroshorea parvifolia (Dyer) P.S.Ashton & J.Heck.† 

 
old-growth forest only 
 
        Dryobalanops beccarii Dyer 
        Durio graveolens Becc.† 
        Richetia acuminatissima (Symington) P.S.Ashton & J.Heck. 
        Shorea guiso (Blanco) Blume 
        Rubroshorea mecistopteryx (Ridl.) P.S.Ashton & J.Heck. 
        Rubroshorea fallax (Meijer) P.S.Ashton & J.Heck. 
        Rubroshorea parvistipulata (F.Heim) P.S.Ashton & J.Heck. 
        Rubroshorea pinanga (Scheff.) P.S.Ashton & J.Heck. 
        Rubroshorea smithiana (Symington) P.S.Ashton & J.Heck. 
        Shorea superba Symington† 

 
logged forest only 
 
        Hopea ferruginea Parijs 
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5.11.2. Dealing with tree inventory data 

 

Available data for the Danum Valley forest gaps and the Sabah Biodiversity Experiment consisted 

of seedling inventories undertaken at regular intervals. The old-growth forest plots at Danum were 

first surveyed in late 2004, revisited at approximately six-month intervals from 2004 to 2011 

(with a gap between early 2007 and late 2009), and then surveyed annually from late 2014 onward 

(except for a three-year gap due to the COVID-19 pandemic). Not all plots were surveyed during 

every census due to logistical constraints, which means the number of census points for a given 

old-growth forest plot (and seedling) ranged from 13 to 23 surveys. The intensively monitored 

plots at Malua (logged forest) were fully surveyed 11 times between 2004 and 2023 (three 

complete censuses of the entire Sabah Biodiversity Experiment in 2004, 2012 and 2023; and eight 

additional surveys of the intensively monitored plots; Hector et al., 2011; Philipson et al., 2014). 

Plots 3, 5 and 8 had an additional census in 2006; and two planting lines from plots 3, 5, 8, 11 

and 14 were surveyed an additional 14 times between 2014 and 2019 (O’Brien et al., 2019). 

Because seedlings planted in 2009-2010 to replace initial mortalities missed the first five 

censuses, the number of census points for an individual seedling in the logged forest at Malua 

ranged from 6 to 26 surveys. 

 

Seedling inventories for the old-growth and logged forest plots were collated and merged into a 

single dataset, initially consisting of 52,612 records of 11,618 planted seedlings. To maintain 

adequate data quality, given that the dataset spans more than two decades and includes tens of 

thousands of data points, we carried out a preliminary data-cleaning process comprising of six 

steps: 

 

1. If an individual seedling (identified via unique plant id number) had multiple species 

identifications (181 seedlings), we assumed the most recent ID was accurate, as older 

seedlings are easier to identify. 

 

2. If the survey date was missing (107 records), we used the median survey date for that 

census and plot. 

 

3. Once an individual was recorded as dead, we filled records of “dead” for subsequent 

censuses in which they were missing. This allowed us to fully backfill the dataset to 

135,212 records.  
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4. If an individual seedling record was noted as dead but recorded as alive in later surveys, 

we assumed the most recent alive record was correct (1,284 records). 

 

5. If an individual seedling was never recorded as alive (that is, they died in the period 

between planting and the first census; all of which occurred in the logged forest since 

diameter measurements were not taken at the time of planting), it was automatically 

excluded from the analysis because we lack date and diameter information to describe 

interval survival and productivity (68,771 records of 5,461 seedlings). 

  

6. If an individual seedling record could not be assigned to any given cohort, it was excluded 

(33 records). 

 

7. If an individual seedling showed annual growth rates of basal diameter (Dbase) above 40 

mm year-1 and rates of negative Dbase change below -30 mm year-1 during a given census 

interval, we manually extracted and examined all of the seedling’s datapoints. Obvious 

typos and misplaced decimal places were corrected, and the remaining anomalous values 

were removed (95 records of 45 seedlings). 

 

The resulting dataset was thus comprised of 66,408 records from 6,158 seedlings (9,743 records 

from 500 seedlings in the old-growth forest, and 56,665 records from 5,658 seedlings in the 

logged forest). Because size of dead trees was not recorded, our dataset included 26,680 records 

of basal diameter (6,018 for the old-growth forest and 20,662 for the logged forest). It is also 

important to note that if seedlings were tall enough, stem diameter was also measured at 130 cm 

height (DBH, diameter at breast height). In some cases, especially in the most recent censuses of 

the old-growth forest plots at Danum, seedlings were measured at breast height but not at the 

base, meaning 319 records of Dbase are missing for 188 seedlings.  

 

 

 

 

 

 

 

 

 

 

 



Chapter 5: Research Paper 3 

 267 

5.11.3. Exploring the effects of liana cutting on NPPstem and survival 

 

Three of the intensively monitored plots within the logged forest site at Malua (plots 5, 11 and 14 

of the Sabah Biodiversity Experiment) received a complete liana cutting treatment as part of an 

experimental study testing the effectiveness of liana removal in logged forest restoration (O’Brien 

et al., 2019). In these plots, all lianas ≥ 10 cm in height covering planted seedlings and 

surrounding trees were cut at the base in 2011 and again in 2014. To explore if liana cutting had 

a significant long-term effect on NPPstem and survival, we ran preliminary mixed-effects models 

(using data from the logged forest only) investigating if NPPstem and survival varied as a function 

of log-transformed diameter, census interval and liana cutting treatment, acknowledging an 

interaction between all three variables. For NPPstem, we followed a hurdle analysis approach, first 

modelling the probability of seedlings attaining positive NPPstem using a logistic regression 

(binomial) model, then modelling (log-transformed) positive NPPstem values using a linear 

(gaussian) model. Both were fitted with the glmmTMB package (version 1.1.13; McGillycuddy 

et al., 2025) and included random effects for seedling identity (gaussian model only), species, 

plot, and cohort to account for non-independence. We modelled interval survival using a bias-

reduced logistic regression model using the logistf package (version 1.26.0, Heinze & Schemper, 

2002), which prevented us from incorporating random effects but allowed for model convergence 

despite data separation (full survival across certain intervals). We did not include interval length 

as a predictor because model contrasts were performed within intervals of equal length. 

 

(S5.1)								glmmTMB(Pr(NPPghij)~logp�(Dklgi) ∗ interval ∗ treatment + (1|species) +	 

(1|	plot) 	+	(1|	cohort),			family = binomial) 
 

(S5.2)						glmmTMB(logp�(NPPghij)	~	logp�(Dklgi) ∗ interval ∗ treatment +													 

						(1|	seedling) + (1|	species) + (1|	plot) + (1|	cohort), family = gaussian) 
 

(S5.3)						logistf(survival	~	logp�(Dklgi) ∗ interval ∗ treatment) 

 

For each of the three models, we then extracted the marginal means corresponding to each census 

interval in both the cut and uncut treatments using the emmeans package (version 1.10.0, Lenth, 

2024). We also extracted marginal slopes (with respect to diameter) for each census interval at 

each treatment to explore if liana cutting altered productivity and survival across size classes. We 

then performed contrasts of marginal means and marginal slopes at each census interval, 

comparing cut and uncut treatments. Contrasts revealed no consistent long-term effect of liana 

cutting on NPPstem and survival (Figure S5.1 to Figure S5.3), warranting further research into 

growth dynamics but discouraging us from including liana cutting as a predictor in our models.  
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Figure S5.1, contrasts between marginal means and marginal slopes for each census interval 
reveal there is no consistent, long-term effect of liana cutting on Pr(NPPstem > 0) within the logged 
forest monitoring plots at Malua. Contrasts represent the difference between marginal means and 
marginal slopes for the liana-cut compared to the uncut plots (± standard error), still in the logit-
transformed scale. Marginal means represent the model-predicted values of Pr(NPPstem > 0) 
evaluated at log10(Dbase) = 0 for each treatment at each census interval. Marginal slopes represent 
the model-predicted effect of log10(Dbase) on Pr(NPPstem > 0) for each treatment at each census 
interval. Liana cutting treatments were implemented in 2011 (intervals 5 to 7) and 2014 (interval 
9 to 11). Please note intervals of less than 3 months were excluded from the analyses.  
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Figure S5.2, contrasts between marginal means and marginal slopes for each census interval 
reveal there is no consistent, long-term effect of liana cutting on log10(NPPstem) within the logged 
forest monitoring plots at Malua. Contrasts represent the difference between marginal means and 
marginal slopes for the liana-cut compared to the uncut plots (± standard error), still in the log-
transformed scale. Marginal means represent the model-predicted values of log10(NPPstem) 
evaluated at log10(Dbase) = 0 for each treatment at each census interval. Marginal slopes represent 
the model-predicted effect of log10(Dbase) on log10(NPPstem) for each treatment at each census 
interval. Liana cutting treatments were implemented in 2011 (intervals 5 to 7) and 2014 (interval 
9 to 11). Please note intervals of less than 3 months were excluded from the analyses.  
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Figure S5.3, contrasts between marginal means and marginal slopes for each census interval 
reveal there is no consistent, long-term effect of liana cutting on Pr(survival > 0) within the logged 
forest monitoring plots at Malua. Contrasts represent the difference between marginal means and 
marginal slopes for the liana-cut compared to the uncut plots (± standard error), still in the logit-
transformed scale. Marginal means represent the model-predicted values of Pr(survival > 0) 
evaluated at log10(Dbase) = 0 for each treatment at each census interval. Marginal slopes represent 
the model-predicted effect of log10(Dbase) on Pr(survival > 0) for each treatment at each census 
interval. Liana cutting treatments were implemented in 2011 (intervals 5 to 7) and 2014 (interval 
9 to 11). Please note intervals of less than 3 months were excluded from the analyses. 
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5.11.4. Exploring trends in climate data 

 

 
Figure S5.4, variation in daily climate variables at the old-growth (Danum) and logged (Malua) 
forest sites. A) Tmax, maximum daily temperature (ºC); B) RH14 relative humidity at 14:00 (%). 
Intervals shaded in grey represent unusual periods where the distribution of the data could not be 
readily explained by natural variation (Tmax collected at the old-growth forest from August 2016 
to August 2017, and measurements of Tmax and RH14 collected at the logged forest from August 
2015 to October 2016). These records were excluded from the analysis to maintain consistent 
quality in climate data.  
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Figure S5.5, matrices of pairwise correlations between daily climate variables at the old-growth 
(Danum) and logged (Malua) forest sites. Tmax, maximum daily temperature (ºC); PPT, daily 
rainfall (mm); VPDmax, maximum daily vapour pressure deficit (hPa); CWD, daily cumulative 
water deficit (mm). Correlation matrices were computed from all available datapoints that have 
been collected at each forest type. Correlation coefficients are displayed on the left-hand side, 
with those in bold indicating statistically significant values (all coefficients are bold in this case). 
Ellipses on the right-hand side visually represent the direction and strength of the correlation (blue 
and red respectively indicate positive and negative coefficients).  
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Figure S5.6, long-term microclimate dynamics at the Danum old-growth and Malua logged forest 
sites (top and bottom facet of each panel respectively). The graphs represent the time series of 
90-day rolling averages of maximum daily temperature (Tjly���  – ºC, in light red, panel A), daily 
precipitation (PPT��� – mm, in light blue, panel B), maximum daily vapour pressure deficit 
(VPDjly���  – hPa, in dark red, panel C), and daily cumulative water deficit (CWD���	– mm, in dark 
blue, panel D). Dashed horizontal lines denote site-specific long-term means of daily values for 
the corresponding variables (colour-matched) computed from all available datapoints. Vertical 
grey lines indicate seedling census dates, and are specific to each forest site. Gaps reflect missing 
rolling average data. In the old-growth forest, the most extreme interval in terms of maxTjly���  
(34.4°C) and maxVPDjly���  (15.5 hPa) overlapped with the 2015-2016 El Niño, and most extreme 
minPPT��� (2.0 mm) and maxCWD���	(133.1 mm) occurred in 2010. In the logged forest, the 
most extreme maxTjly���  (33.6 °C) was observed in 2015, and the most extreme interval in terms 
of minPPT���(2.3 mm), maxVPDjly���  (17.4 hPa) and maxCWD���	(119.3 mm) occurred in 2019. 
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Figure S5.7, to investigate the effect of extreme climate on seedling productivity and survival, 
we calculated extremes of heat and drought for every census interval. A) maximum values of 90-
day averages of maximum daily temperature (maxTjly���  – ºC, in light red). B) minimum values of 
90-day averages of daily precipitation (minPPT��� – mm, in light blue). C) maximum values of 
90-day averages of maximum daily vapour pressure deficit (maxVPDjly���  – hPa, in dark red). D) 
maximum values of 90-day averages of daily cumulative water deficit (maxCWD���	– mm, in 
dark blue). Vertical grey lines indicate seedling census dates, and are specific to each forest site. 
Climate extreme values for each census interval are represented by the thick horizontal lines. 
Timeseries of the climate running averages are also shown. Please note climate extremes were 
calculated independently for each seedling, that is, allowing for individual variation in census 
dates (median census dates are shown here for the sake of simplicity). 
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5.11.5. Models examining NPPstem and survival across forest types 
 
 
Table S5.2, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) varies as a result of log-transformed basal 
diameter (‘log10(Dbase)’) at both old-growth and logged forest types. The model includes an 
interaction term between log10(Dbase) and forest type. Cohort and plot (specific to each forest type) 
were used as random effects to account for spatially-explicit groupings within the data. Interval 
and species (also specific to each forest type) were also used as random effects to account for 
non-independence. Please note model coefficients are expressed in the logit scale. 

 
 
 

Table S5.3, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) varies as a result of log-transformed basal diameter 
(‘log10(Dbase)’) at both old-growth and logged forest types. The model includes an interaction term 
between log10(Dbase) and forest type. Cohort and plot (specific to each forest type) were used as 
random effects to account for spatially-explicit groupings within the data. Seedling identity was 
used to account for repeated measures. Interval and species (also specific to each forest type) were 
also used as random effects to account for non-independence. Please note model coefficients are 
expressed in the log-transformed scale. 

Formula:  
Pr(NPPstem > 0) ~ log10(Dbase) + forest_type + forest_type:log10(Dbase) + (1|forest_type:interval) 
+ (1|forest_type:cohort) + (1|forest_type:plot) + (1|forest_type:species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 0.7256 0.3412 2.13 0.0335 
log10(Dbase) 0.4567 0.1724 2.65 0.0081 
forest_type_logged -0.6937 0.4437 -1.46 0.1179 
log10(Dbase):forest_type_logged 0.4074 0.2023 2.01 0.0441 
Random effects  Variance  Groups  
forest_type:interval 1.01824 41  
forest_type:cohort 0.00978 3  
forest_type:plot 0.02713 26  
forest_type:species 0.05517 41  
residual - 15672  

Formula:  
log10(NPPstem) ~ log10(Dbase) + forest_type + forest_type:log10(Dbase) + (1|forest_type:interval) 
+ (1|forest_type:cohort) + (1|forest_type:plot) + (1|forest_type:species) + (1|seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -4.4146 0.1178 -37.46 0.0000 
log10(Dbase) 2.2930 0.0495 46.35 0.0000 
forest_type_logged -0.4834 0.1491 -3.24 0.0012 
log10(Dbase):forest_type_logged 0.3786 0.0527 7.19 0.0000 
Random effects  Variance  Groups  
forest_type:interval 0.06266 41  
forest_type:cohort 0.00565 3  
forest_type:plot 0.00784 26  
forest_type:species 0.00751 41  
seedling 0.02622 3553  
residual 0.22861 12276  
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Table S5.4, summary statistics for the mixed-effects model testing if the probability of seedling 
interval survival (‘Pr(survival > 0)’) varies as a result of log-transformed basal diameter 
(‘log10(Dbase)’) and log-transformed interval length (‘log10(interval length)’) at both old-growth 
and logged forest types. The model includes interaction terms between log10(Dbase) and forest type 
and between log10(interval length) and forest type. Cohort and plot (specific to each forest type) 
were used as random effects to account for spatially-explicit groupings within the data. Interval 
and species (also specific to each forest type) were also used as random effects to account for 
non-independence. Please note model coefficients are expressed in the logit scale. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formula:  
Pr(survival > 0) ~ log10(Dbase) + log10(interval_length) + forest_type + forest_type:log10(Dbase) 
+ forest_type:log10(interval_length) + (1|forest_type:interval) + (1|forest_type:cohort) + 
 (1|forest_type:plot) + (1|forest_type:species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 6.3920 1.3772 4.64 0.0000 
log10(Dbase) 1.9648 0.3078 6.38 0.0000 
log10(interval_length) -2.3355 0.5409 -4.32 0.0000 
forest_type_logged 0.7101 1.6130 0.44 0.6598 
log10(Dbase):forest_type_logged -0.8181 0.3284 -2.49 0.0127 
log10(interval_length):forest_type_logged -0.1229 0.6174 0.20 0.8422 
Random effects  Variance  Groups  
forest_type:interval 0.32859 41  
forest_type:cohort 0.04516 3  
forest_type:plot 0.27330 26  
forest_type:species 0.19851 41  
residual - 18399  
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Figure S5.8, relationships among interval-level random-effect estimates from models testing 
whether productivity and survival vary as functions of log10(Dbase) and forest type (Table S5.2 to 
Table S5.4). Panels (faceted by forest type) show correlations between model-derived interval 
random effects for: A) Pr(NPPstem > 0) and log10(NPPstem); B) Pr(NPPstem > 0) and Pr(survival > 
0); and C) log10(NPPstem) and Pr(survival > 0). Please note interval random effects remain in the 
transformed scales and are accompanied by error bars in the direction of both axes indicating ± 

standard error of estimates. Strong correlations in plot A) indicate that intervals with higher 
probability of seedlings having positive NPPstem corresponded to intervals when the NPPstem of 
growing seedlings was highest. Plot C) reveals intervals with higher rates of survival also 
corresponded to intervals when the NPPstem of growing seedlings was highest, but only in the old-
growth forest type.  
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Figure S5.9, relationships among species-level random-effect estimates from models testing 
whether productivity and survival vary as functions of log10(Dbase) and forest type (Table S5.2 to 
Table S5.4). Panels (faceted by forest type) show correlations between model-derived species 
random effects for: A) Pr(NPPstem > 0) and log10(NPPstem); B) Pr(NPPstem > 0) and Pr(survival > 
0); and C) log10(NPPstem) and Pr(survival > 0). Please note species random effects remain in the 
transformed scales and are accompanied by error bars in the direction of both axes indicating ± 

standard error of estimates. Strong correlations in plot A indicate that species with higher 
probability of seedlings having positive NPPstem corresponded to species where growing seedlings 
had higher NPPstem across both forest types. Survival rates at the species level remain unrelated 
to both the probability of attaining positive NPPstem and to the degree of NPPstem for growing 
seedlings (plots B and C). 
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Figure S5.10, comparison of species-level random-effect estimates for old-growth vs logged 
forest (derived from models testing whether productivity and survival vary as functions of 
log10(Dbase) and forest type, Table S5.2 to Table S5.4). Plots show correlations between model-
derived species random effects for old-growth forest (x-axis) vs logged forest (y-axis): A) 
Pr(NPPstem > 0); B) log10(NPPstem) and C) Pr(survival > 0). Please note species random effects 
remain in the transformed scales and are accompanied by error bars in the direction of both axes 
indicating ± standard error of estimates. The plots reveal species with higher survival rates were 
consistent across forest types. 
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5.11.6. Models investigating the effect of climate on Pr(NPPstem > 0) 
 

Table S5.5, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the old-growth forest at Danum varies 
as a result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily maximum temperature experienced by each seedling in each census 
interval (max𝐓𝐦𝐚𝐱𝟗𝟎𝐝 – ºC). Plot, census interval and species were used as random effects to account 
for non-independence from temporally- and spatially-explicit groupings within the data. We 
could not include random effect slopes for species in terms of maxTjly���  due to issues with model 
convergence. Please note coefficients are expressed in the logit scale. 

 

 
Table S5.6, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the logged forest at Malua varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily maximum temperature experienced by each seedling in each census 
interval (max𝐓𝐦𝐚𝐱𝟗𝟎𝐝 – ºC). Plot, cohort, census interval and species were used as random effects to 
account for non-independence from temporally- and spatially-explicit groupings within the data. 
We could not include random effect slopes for species in terms of maxTjly���  due to issues with 
model convergence. Please note coefficients are expressed in the logit scale. 
 

 

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + maxTjly���  + log10(Dbase):maxTjly��� 	+ (1|interval) + 
(1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 1.6404 12.7125 0.13 0.8973 
log10(Dbase) 1.5762 6.0888 0.26 0.7957 
maxTjly���  -0.0266 0.3875 -0.07 0.9453 
log10(Dbase):maxTjly���  -0.0343 0.1856 -0.18 0.8534 
Random 
effects  

Variance  Groups  

interval 1.15480 20  
plot 0.01052 20  
species 0.10750 25  
residual - 4825  

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + maxTjly���  + log10(Dbase):maxTjly��� 	+ (1|interval) + 
(1| cohort) + (1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 10.2605 3.2493 3.16 0.0016 
log10(Dbase) 0.4572 1.7333 0.26 0.7919 
maxTjly���  -0.3390 0.1072 -3.16 0.0016 
log10(Dbase):maxTjly���  0.0142 0.0584 0.24 0.8084 
Random 
effects  

Variance  Groups  

interval 0.23898 11  
cohort 0.00326 2  
plot 0.10907 6  
species 0.04759 16  
residual - 5641  
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Table S5.7, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the old-growth forest at Danum varies 
as a result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the minimum 90-day 
running average of daily precipitation experienced by each seedling in each census interval 
(min𝐏𝐏𝐓𝟗𝟎𝐝 – mm). Plot, census interval and species were used as random effects to account for 
non-independence from temporally- and spatially-explicit groupings within the data. We also 
included random effect slopes for species in terms of minPPT���. Please note coefficients are 
expressed in the logit scale. 
 

 

 

Table S5.8, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the logged forest at Malua varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the minimum 90-day 
running average of daily precipitation experienced by each seedling in each census interval 
(min𝐏𝐏𝐓𝟗𝟎𝐝– mm). Plot, cohort, census interval and species were used as random effects to 
account for non-independence from temporally- and spatially-explicit groupings within the data. 
We could not include random effect slopes for species in terms of minPPT���	due to issues with 
model convergence. Please note coefficients are expressed in the logit scale. 
 

 

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + minPPT��� + log10(Dbase):minPPT���	+ (1|interval) 
+ (1| plot) + (1+ minPPT���| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 2.1806 0.9074 2.40 0.0163 
log10(Dbase) -0.1524 0.5387 -0.28 0.7772 
minPPT��� -0.2706 0.1672 -1.62 0.1057 
log10(Dbase):minPPT��� 0.1053 0.0991 1.06 0.2883 
Random effects  Variance  Groups  
interval 1.08589 21  
plot 0.01545 20  
species 0.17839 25  
species:minPPT��� 0.00085 25  
residual - 4982  

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + minPPT��� + log10(Dbase):minPPT���	+ (1|interval) 
+ (1| cohort) + (1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 4.0162 0.9300 4.32 0.0000 
log10(Dbase) -0.1765 0.4933 -0.36 0.7205 
minPPT��� -0.6614 0.1350 -4.90 0.0000 
log10(Dbase):minPPT��� 0.1566 0.0721 2.17 0.0299 
Random 
effects  

Variance  Groups  

interval 1.60594 17  
cohort 0.01574 2  
plot 0.08276 6  
species 0.02827 16  
residual - 7895  
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Table S5.9, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the old-growth forest at Danum varies 
as a result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily maximum vapour pressure deficit experienced by each seedling in each 
census interval (max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝  – hPa). Plot, census interval and species were used as random 
effects to account for non-independence from temporally- and spatially-explicit groupings within 
the data. We could not include random effect slopes for species in terms of maxVPDjly���  due to 
issues with model convergence. Please note coefficients are expressed in the logit scale. 
 

 

 

Table S5.10, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the logged forest at Malua varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily maximum vapour pressure deficit experienced by each seedling in each 
census interval (max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝  – hPa). Plot, cohort, census interval and species were used as 
random effects to account for non-independence from temporally- and spatially-explicit 
groupings within the data. We could not include random effect slopes for species in terms of 
maxVPDjly���  due to issues with model convergence. Please note coefficients are expressed in the 
logit scale. 

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + maxVPDjly���  + log10(Dbase):maxVPDjly��� 	+ 
(1|interval) + (1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 0.2077 1.9010 0.11 0.9130 
log10(Dbase) 1.7665 0.9959 1.77 0.0761 
maxVPDjly���  0.0447 0.1559 0.29 0.7741 
log10(Dbase):maxVPDjly���  -0.1063 0.0806 -1.32 0.1871 
Random 
effects  

Variance  Groups  

interval 1.20834 19  
plot 0.00979 20  
species 0.10479 25  
residual - 4820  

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + maxVPDjly���  + log10(Dbase):maxVPDjly��� 	+ 
(1|interval) + (1| cohort) + (1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. 

Error 
z-value Pr(>|z|)    

(Intercept) -2.9250 0.6363 -4.60 0.0000 
log10(Dbase) 0.8738 0.2384 3.66 0.0002 
maxVPDjly���  0.2528 0.0388 6.52 0.0000 
log10(Dbase):maxVPDjly���  -0.0024 0.0263 -0.09 0.9266 
Random 
effects  

Variance  Groups  

interval 2.46724 11  
cohort 0.00404 2  
plot 0.09424 6  
species 0.04622 16  
residual - 5641  
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Table S5.11, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the old-growth forest at Danum varies 
as a result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily cumulative water deficit experienced by each seedling in each census 
interval (max𝐂𝐖𝐃𝟗𝟎𝐝 – mm). Plot, census interval and species were used as random effects to 
account for non-independence from temporally- and spatially-explicit groupings within the data. 
We also included random effect slopes for species in terms of maxCWD���. Please note 
coefficients are expressed in the logit scale. 
 

 

 

Table S5.12, summary statistics for the mixed-effects model testing if the probability of seedlings 
presenting non-zero stem NPP (‘Pr(NPPstem > 0)’) within the logged forest at Malua varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily cumulative water deficit experienced by each seedling in each census 
interval (max𝐂𝐖𝐃𝟗𝟎𝐝– mm). Plot, cohort, census interval and species were used as random 
effects to account for non-independence from temporally- and spatially-explicit groupings within 
the data. We also included random effect slopes for species in terms of maxCWD���. Please note 
coefficients are expressed in the logit scale. 

 

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + maxCWD��� + log10(Dbase):maxCWD���	+ 
(1|interval) + (1| plot) + (1+ maxCWD���| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 1.0474 0.4750 2.20 0.0275 
log10(Dbase) 0.3416 0.2421 1.41 0.1583 
maxCWD��� -0.0058 0.0089 -0.66 0.5098 
log10(Dbase):maxCWD��� 0.0009 0.0043 0.20 0.8389 
Random effects  Variance  Groups  
interval 1.06346 21  
plot 0.01523 20  
species 0.16577 25  
species:maxCWD��� 0.00001 25  
residual - 4982  

Formula: Pr(NPPstem > 0) ~ log10(Dbase) + maxCWD���	+ log10(Dbase):maxCWD���	+ 
(1|interval) + (1| cohort) + (1| plot) + (1+ maxCWD���| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -2.3465 1.0665 -2.20 0.0278 
log10(Dbase) 1.0026 0.1520 6.59 0.0000 
maxCWD��� 0.0761 0.0292 2.61 0.0092 
log10(Dbase):maxCWD��� -0.0055 0.0045 -1.21 0.2256 
Random effects  Variance  Groups  
interval 6.08830 17  
cohort 0.01525 2  
plot 0.08097 6  
species 0.04095 16  
species:maxCWD��� 0.00001 16  
residual - 7895  
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5.11.7. Models investigating the effect of climate on log10(NPPstem) 
 

 
Table S5.13, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the old-growth forest at Danum varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily maximum temperature experienced by each seedling in each census 
interval (max𝐓𝐦𝐚𝐱𝟗𝟎𝐝 – ºC). Seedling ID, plot, census interval and species were used as random 
effects to account for non-independence from repeated measures, as well as temporally- and 
spatially-explicit groupings within the data. We also included random effect slopes for species in 
terms of maxTjly��� . Please note coefficients are expressed in the log-transformed scale. 
 

 

 
Table S5.14, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the logged forest at Malua varies as a result 
of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day running 
average of daily maximum temperature experienced by each seedling in each census interval 
(max𝐓𝐦𝐚𝐱𝟗𝟎𝐝 – ºC). Seedling ID, plot, cohort, census interval and species were used as random 
effects to account for non-independence from repeated measures, as well as temporally- and 
spatially-explicit groupings within the data. We also included random effect slopes for species in 
terms of maxTjly��� . Please note coefficients are expressed in the log-transformed scale. 

Formula: log10(NPPstem) ~ log10(Dbase) + maxTjly���  + log10(Dbase):maxTjly��� 	+ (1|interval) +  
(1| plot) + (1 + maxTjly��� 	| species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 8.8703 3.6684 2.42 0.0156 
log10(Dbase) -1.3720 1.4574 -0.94 0.3465 
maxTjly���  -0.4087 0.1120 -3.65 0.0003 
log10(Dbase):maxTjly���  0.1152 0.0445 2.59 0.0097 
Random effects  Variance  Groups  
interval 0.09616 20  
plot 0.00975 20  
species 4.01432 25  
species:maxTjly���  0.00354 25  
seedling 0.01477 473  
residual 0.20814 3804  

Formula: log10(NPPstem) ~ log10(Dbase) + maxTjly���  + log10(Dbase):maxTjly��� 	+ (1|interval) + (1| 
cohort) + (1| plot) + (1 + maxTjly��� | species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -2.5712 0.7720 -3.33 0.0009 
log10(Dbase) 2.2082 0.4609 4.79 0.0000 
maxTjly���  -0.0724 0.0262 -2.76 0.0058 
log10(Dbase):maxTjly���  0.0123 0.0160 0.77 0.4425 
Random effects  Variance  Groups  
interval 0.00764 11  
cohort 0.00348 2  
plot 0.00677 6  
species 0.20947 16  
species:maxTjly���  0.00023 16  
seedling 0.04007 2234  
residual 0.20069 4257  
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Table S5.15, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the old-growth forest at Danum varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the minimum 90-day 
running average of daily precipitation experienced by each seedling in each census interval 
(min𝐏𝐏𝐓𝟗𝟎𝐝 – mm). Seedling ID, plot, census interval and species were used as random effects 
to account for non-independence from repeated measures, as well as temporally- and spatially-
explicit groupings within the data. We also included random effect slopes for species in terms of 
minPPT���. Please note coefficients are expressed in the log-transformed scale. 

 

 
Table S5.16, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the logged forest at Malua varies as a result 
of log-transformed basal diameter (‘log10(Dbase)’) interacted with the minimum 90-day running 
average of daily precipitation experienced by each seedling in each census interval (min𝐏𝐏𝐓𝟗𝟎𝐝– 
mm). Seedling ID, plot, cohort, census interval and species were used as random effects to 
account for non-independence from repeated measures, as well as temporally- and spatially-
explicit groupings within the data. We could not include random effect slopes for species in terms 
of minPPT���	due to issues with model convergence. Please note coefficients are expressed in 
the log-transformed scale. 
 

Formula: log10(NPPstem) ~ log10(Dbase) + minPPT��� + log10(Dbase):minPPT���	+ (1|interval) 
+ (1| plot) + (1 + minPPT���| species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -5.7153 0.2153 -26.54 0.0000 
log10(Dbase) 2.5882 0.1278 20.25 0.0000 
minPPT��� 0.2483 0.0361 6.88 0.0000 
log10(Dbase):minPPT��� -0.0515 0.0237 -2.17 0.0300 
Random effects  Variance  Groups  
interval 0.13671 21  
plot 0.01158 20  
species 0.00426 25  
species:minPPT��� 0.00003 25  
seedling 0.01920 473  
residual 0.20595 3912  

Formula: log10(NPPstem) ~ log10(Dbase) + minPPT��� + log10(Dbase):minPPT���	+ (1|interval) 
+ (1| cohort) + (1| plot) + (1| species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -5.1146 0.1989 -25.72 0.0000 
log10(Dbase) 2.8239 0.1240 22.78 0.0000 
minPPT��� 0.0446 0.0274 1.63 0.1035 
log10(Dbase):minPPT��� -0.0329 0.0176 -1.88 0.0607 
Random 
effects  

Variance  Groups  

interval 0.02549 17  
cohort 0.00483 2  
plot 0.00499 6  
species 0.00593 16  
seedling 0.03296 2800  
residual 0.21961 6099  
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Table S5.17, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the old-growth forest at Danum varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily maximum vapour pressure deficit experienced by each seedling in each 
census interval (max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝  – hPa). Seedling ID, plot, census interval and species were used as 
random effects to account for non-independence from repeated measures, as well as temporally- 
and spatially-explicit groupings within the data. We also included random effect slopes for species 
in terms of maxVPDjly��� . Please note coefficients are expressed in the log-transformed scale. 

 

 

Table S5.18, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the logged forest at Malua varies as a result 
of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day running 
average of daily maximum vapour pressure deficit experienced by each seedling in each census 
interval (max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝  – hPa). Seedling ID, plot, cohort, census interval and species were used as 
random effects to account for non-independence from repeated measures, as well as temporally- 
and spatially-explicit groupings within the data. We also included random effect slopes for species 
in terms of maxVPDjly��� . Please note coefficients are expressed in the log-transformed scale. 
 

 

Formula: log10(NPPstem) ~ log10(Dbase) + maxVPDjly���  + log10(Dbase):maxVPDjly��� 	+ (1|interval) 
+ (1| cohort) + (1| plot) + (1 + maxVPDjly��� | species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -4.9312 0.1202 -41.04 0.0000 
log10(Dbase) 2.5410 0.0504 50.44 0.0000 
maxVPDjly���  0.0126 0.0091 1.39 0.1658 
log10(Dbase):maxVPDjly���  0.0023 0.0064 0.36 0.7222 
Random effects  Variance  Groups  
interval 0.03667 11  
cohort 0.00394 2  
plot 0.00679 6  
species 0.00391 16  
species:maxVPDjly���  0.00001 16  
seedling 0.04040 2234  
residual 0.20023 4257  

Formula: log10(NPPstem) ~ log10(Dbase) + maxVPDjly���  + log10(Dbase):maxVPDjly��� 	+ (1|interval) 
+ (1| plot) + (1 + maxVPDjly��� | species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -1.9471 0.4755 -4.09 0.0000 
log10(Dbase) 1.8709 0.2595 7.21 0.0000 
maxVPDjly���  -0.2153 0.0394 -5.46 0.0000 
log10(Dbase):maxVPDjly���  0.0447 0.0212 2.11 0.0351 
Random effects  Variance  Groups  
interval 0.09329 19  
plot 0.00986 20  
species 0.12713 25  
species:maxVPDjly���  0.00059 25  
seedling 0.01485 473  
residual 0.20713 3801  
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Table S5.19, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the old-growth forest at Danum varies as a 
result of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day 
running average of daily cumulative water deficit experienced by each seedling in each census 
interval (max𝐂𝐖𝐃𝟗𝟎𝐝 – mm). Seedling ID, plot, census interval and species were used as random 
effects to account for non-independence from repeated measures, as well as temporally- and 
spatially-explicit groupings within the data. We could not include random effect slopes for species 
in terms of maxCWD���	due to issues with model convergence. Please note coefficients are 
expressed in the log-transformed scale. 

 

 

Table S5.20, summary statistics for the mixed-effects model testing if the log-transformed stem 
NPP of growing seedlings (‘log10(NPPstem)’) within the logged forest at Malua varies as a result 
of log-transformed basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day running 
average of daily cumulative water deficit experienced by each seedling in each census interval 
(max𝐂𝐖𝐃𝟗𝟎𝐝– mm). Seedling ID, plot, cohort, census interval and species were used as random 
effects to account for non-independence from repeated measures, as well as temporally- and 
spatially-explicit groupings within the data. We could not include random effect slopes for species 
in terms of maxCWD���	due to issues with model convergence. Please note coefficients are 
expressed in the log-transformed scale. 
 

 

Formula: log10(NPPstem) ~ log10(Dbase) + maxCWD��� + log10(Dbase):maxCWD���	+ (1|interval) 
+ (1| plot) + (1| species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -4.2650 0.1305 -32.69 0.0000 
log10(Dbase) 2.3183 0.0620 37.37 0.0000 
maxCWD��� -0.0056 0.0025 -2.26 0.0236 
log10(Dbase):maxCWD��� 0.0004 0.0009 0.51 0.6128 
Random effects  Variance  Groups  
interval 0.09497 21  
plot 0.01065 20  
species 0.00805 25  
seedling 0.01834 473  
residual 0.20956 3912  

Formula: log10(NPPstem) ~ log10(Dbase) + maxCWD���	+ log10(Dbase):maxCWD���	+ (1|interval) 
+ (1| cohort) + (1| plot) + (1| species) + (1| seedling) 
Family: gaussian (identity link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -4.7668 0.0968 -49.25 0.0000 
log10(Dbase) 2.5720 0.0386 66.62 0.0000 
maxCWD��� -0.0025 0.0021 -1.18 0.2366 
log10(Dbase):maxCWD��� 0.0017 0.0012 1.38 0.1671 
Random effects  Variance  Groups  
interval 0.02483 17  
cohort 0.00515 2  
plot 0.00507 6  
species 0.00593 16  
seedling 0.03260 2800  
residual 0.21996 6099  
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5.11.8. Models investigating the effect of climate on Pr(survival > 0) 
 
Table S5.21, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the old-growth forest at Danum varies as a result of log-transformed 
basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day running average of daily 
maximum temperature experienced by each seedling in each census interval (max𝐓𝐦𝐚𝐱𝟗𝟎𝐝 – ºC). The 
model also includes an additive effect of log-transformed interval length in days (‘log10(interval 
length)’). Plot, census interval and species were used as random effects to account for non-
independence from temporally- and spatially-explicit groupings within the data. We could not 
include random effect slopes for species in terms of maxTjly���  due to issues with model 
convergence. Please note coefficients are expressed in the logit scale. 

 
Table S5.22, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the logged forest at Malua varies as a result of log-transformed basal 
diameter (‘log10(Dbase)’) interacted with the maximum 90-day running average of daily maximum 
temperature experienced by each seedling in each census interval (max𝐓𝐦𝐚𝐱𝟗𝟎𝐝 – ºC). The model 
also includes an additive effect of log-transformed interval length in days (‘log10(interval 
length)’). Plot, cohort, census interval and species were used as random effects to account for 
non-independence from temporally- and spatially-explicit groupings within the data. We also 
included random effect slopes for species in terms of maxTjly��� . Please note coefficients are 
expressed in the logit scale. 

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + maxTjly���  + 
log10(Dbase):maxTjly��� 	+ (1|interval) + (1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 12.1607 15.9763 0.76 0.4466 
log10(interval length) -2.2053 0.5548 -3.98 0.0001 
log10(Dbase) 7.3261 11.6871 0.63 0.5308 
maxTjly���  -0.1880 0.4913 -0.38 0.7019 
log10(Dbase):maxTjly���  -0.1598 0.3555 -0.45 0.6531 
Random effects  Variance  Groups  
interval 0.32560 20  
plot 0.42796 20  
species 0.35012 25  
residual - 5218  

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + maxTjly���  + 
log10(Dbase):maxTjly��� 	+ (1|interval) + (1| cohort) + (1| plot) + (1 + maxTjly��� | species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) -5.7295 6.0885 -0.94 0.3467 
log10(interval length) -2.3560 0.3435 -6.86 0.0000 
log10(Dbase) 5.0785 3.4425 1.48 0.1401 
maxTjly���  0.4199 0.2051 2.05 0.0406 
log10(Dbase):maxTjly���  -0.1340 0.1204 -1.11 0.2657 
Random effects  Variance  Groups  
interval 0.47104 11  
cohort 0.05403 2  
plot 0.00000 6  
species 34.82088 16  
species:maxTjly���  0.04343 16  
residual - 6565  
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Table S5.23, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the old-growth forest at Danum varies as a result of log-transformed 
basal diameter (‘log10(Dbase)’) interacted with the minimum 90-day running average of daily 
precipitation experienced by each seedling in each census interval (min𝐏𝐏𝐓𝟗𝟎𝐝 – mm). The 
model also includes an additive effect of log-transformed interval length in days (‘log10(interval 
length)’). Plot, census interval and species were used as random effects to account for non-
independence from temporally- and spatially-explicit groupings within the data. We also included 
random effect slopes for species in terms of minPPT���. Please note coefficients are expressed 
in the logit scale. 

 
Table S5.24, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the logged forest at Malua varies as a result of log-transformed basal 
diameter (‘log10(Dbase)’) interacted with the minimum 90-day running average of daily 
precipitation experienced by each seedling in each census interval (min𝐏𝐏𝐓𝟗𝟎𝐝– mm). The model 
also includes an additive effect of log-transformed interval length in days (‘log10(interval 
length)’). Plot, cohort, census interval and species were used as random effects to account for 
non-independence from temporally- and spatially-explicit groupings within the data. We also 
included random effect slopes for species in terms of minPPT���. Please note coefficients are 
expressed in the logit scale. 

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + minPPT��� + 
log10(Dbase):minPPT���	+ (1|interval) + (1| plot) + (1 + minPPT���| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 8.8121 2.0295 4.34 0.0000 
log10(interval length) -2.4780 0.5327 -4.65 0.0000 
log10(Dbase) 0.5030 1.0084 0.50 0.6179 
minPPT��� -0.4044 0.2714 -1.49 0.1362 
log10(Dbase):minPPT��� 0.2867 0.1962 1.46 0.1439 
Random effects  Variance  Groups  
interval 0.26211 21  
plot 0.40345 20  
species 0.42999 25  
species:minPPT��� 0.01241 25  
residual - 5382  

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + minPPT��� + 
log10(Dbase):minPPT���	+ (1|interval) + (1| cohort) + (1| plot) + (1 + minPPT���| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 4.9898 1.8324 2.7231 0.0065 
log10(interval length) -2.5007 0.4317 -5.7930 0.0000 
log10(Dbase) 3.5515 0.8755 4.0567 0.0000 
minPPT��� 0.2771 0.1682 1.6473 0.0995 
log10(Dbase):minPPT��� -0.3104 0.1219 -2.5464 0.0109 
Random effects  Variance  Groups  
interval 0.39509 17  
cohort 0.05090 2  
plot 0.05621 6  
species 1.59184 16  
species:minPPT��� 0.02307 16  
residual - 9232  
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Table S5.25, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the old-growth forest at Danum varies as a result of log-transformed 
basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day running average of daily 
maximum vapour pressure deficit experienced by each seedling in each census interval 
(max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝  – hPa). The model also includes an additive effect of log-transformed interval 
length in days (‘log10(interval length)’). Plot, census interval and species were used as random 
effects to account for non-independence from temporally- and spatially-explicit groupings within 
the data. We could not include random effect slopes for species in terms of maxVPDjly���  due to 
issues with model convergence. Please note coefficients are expressed in the logit scale. 

 
 
Table S5.26, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the logged forest at Malua varies as a result of log-transformed basal 
diameter (‘log10(Dbase)’) interacted with the maximum 90-day running average of daily maximum 
vapour pressure deficit experienced by each seedling in each census interval (max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝  – 
hPa). The model also includes an additive effect of log-transformed interval length in days 
(‘log10(interval length)’). Plot, cohort, census interval and species were used as random effects to 
account for non-independence from temporally- and spatially-explicit groupings within the data. 
We also included random effect slopes for species in terms of maxVPDjly��� . Please note 
coefficients are expressed in the logit scale. 
 

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + maxVPDjly���  + 
log10(Dbase):maxVPDjly��� 	+ (1|interval) + (1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 5.5198 3.1634 1.74 0.0810 
log10(interval length) -2.2996 0.5695 -4.04 0.0001 
log10(Dbase) 3.6152 2.1643 1.67 0.0948 
maxVPDjly���  0.0643 0.2499 0.26 0.7970 
log10(Dbase):maxVPDjly���  -0.1318 0.1787 -0.74 0.4608 
Random effects  Variance  Groups  
interval 0.36569 19  
plot 0.42267 20  
species 0.34602 25  
residual - 5210  

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + maxVPDjly���  + 
log10(Dbase):maxVPDjly��� 	+ (1|interval) + (1| cohort) + (1| plot) + (1 + maxVPDjly��� | species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 7.9139 1.3767 5.75 0.0000 
log10(interval length) -3.3337 0.7295 -4.57 0.0000 
log10(Dbase) 1.9640 0.3194 6.15 0.0000 
maxVPDjly���  0.1692 0.0639 2.65 0.0080 
log10(Dbase):maxVPDjly���  -0.1163 0.0409 -2.84 0.0044 
Random effects  Variance  Groups  
interval 0.59662 11  
cohort 0.05646 2  
plot 0.00000 6  
species 0.22524 16  
species:maxVPDjly���  0.00137 16  
residual - 6565  
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Table S5.27, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the old-growth forest at Danum varies as a result of log-transformed 
basal diameter (‘log10(Dbase)’) interacted with the maximum 90-day running average of daily 
cumulative water deficit experienced by each seedling in each census interval (max𝐂𝐖𝐃𝟗𝟎𝐝 – 
mm). The model also includes an additive effect of log-transformed interval length in days 
(‘log10(interval length)’). Plot, census interval and species were used as random effects to account 
for non-independence from temporally- and spatially-explicit groupings within the data. We 
could not include random effect slopes for species in terms of maxCWD��� due to issues with 
model convergence. Please note coefficients are expressed in the logit scale. 

 
 
Table S5.28, summary statistics for the mixed-effects model testing if the interval survival rate 
(‘Pr(survival > 0)’) within the logged forest at Malua varies as a result of log-transformed basal 
diameter (‘log10(Dbase)’) interacted with the maximum 90-day running average of daily cumulative 
water deficit experienced by each seedling in each census interval (max𝐂𝐖𝐃𝟗𝟎𝐝– mm). The 
model also includes an additive effect of log-transformed interval length in days (‘log10(interval 
length)’). Plot, cohort, census interval and species were used as random effects to account for 
non-independence from temporally- and spatially-explicit groupings within the data. We also 
included random effect slopes for species in terms of maxCWD���. Please note coefficients are 
expressed in the logit scale. 

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + maxCWD��� + 
log10(Dbase):maxCWD���	+ (1|interval) + (1| plot) + (1| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 6.1032 1.4528 4.20 0.0000 
log10(interval length) -2.3244 0.5435 -4.28 0.0000 
log10(Dbase) 2.2460 0.4702 4.78 0.0000 
maxCWD��� 0.0092 0.0122 0.75 0.4505 
log10(Dbase):maxCWD��� -0.0086 0.0084 -1.03 0.3037 
Random effects  Variance  Groups  
interval 0.32059 21  
plot 0.40128 20  
species 0.36069 25  
residual - 5382  

Formula: Pr(survival > 0) ~ log10(interval length) + log10(Dbase) + maxCWD���	+ 
log10(Dbase):maxCWD���	+ (1|interval) + (1| cohort) + (1| plot) + (1+ maxCWD���| species)  
Family: binomial (logit link) 
Fixed effects Estimate Std. Error z-value Pr(>|z|)    
(Intercept) 7.0451 0.9394 7.50 0.0000 
log10(interval length) -2.5439 0.3752 -6.78 0.0000 
log10(Dbase) 1.3341 0.2336 5.71 0.0000 
maxCWD��� 0.0008 0.0157 0.05 0.9608 
log10(Dbase):maxCWD��� 0.0024 0.0116 0.21 0.8375 
Random effects  Variance  Groups  
interval 0.59662 17  
cohort 0.06535 2  
plot 0.05672 6  
species 0.08065 16  
species:maxCWD��� 0.00005 16  
residual - 9232  
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5.11.9. Correlations between species random effects for Pr(NPPstem > 0)  
            models and plant functional traits 
 
 

 
 
Figure S5.11, correlation matrices illustrating the relationship between species-level random-
effect estimates from Pr(NPPstem > 0) models and plant functional trait means. Species-level 
random-effect estimates (both random intercepts and slopes in terms of climate extreme variables) 
were derived from models investigating how the probability of seedlings attaining positive 
NPPstem varies as a function of log10(Dbase) interacted with climate extreme variables (see Table 
S5.5 to Table S5.12). Random intercepts (left) represent the species-specific deviation from the 
overall model intercept, reflecting species with proportionally lower/higher Pr(NPPstem > 0). 
Random slopes (right) represent species-specific deviations from the climate extreme variables 
effect on Pr(NPPstem > 0), reflecting species with proportionally lower/higher climate extreme 
sensitivity. Each row represents the species-level random-effects derived from the models 
including the corresponding climate extreme variable. Columns represent each functional trait. 
Trait values for each species were obtained as averages from Both, Burslem et al. (2019). Models 
were specific for each forest type: correlations for the old-growth forest are shown on top, logged 
forest below. Correlation coefficients are indicated within each cell (blue, r = -1; yellow, r = 1). 
Statistically significant correlation coefficients are shown in bold (no significant relationship 
between species-level effects and functional traits in this case).
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 Chapter 6: Conclusions 

 

In this chapter, I provide a summary of the main findings of the thesis, and outline their research 

significance and scientific novelty. Then, I draw some general conclusions by comparing carbon 

flux patterns of Cerrado savanna and lowland dipterocarp rainforests, and elaborating on common 

mechanisms underpinning productivity responses across both case study ecosystems. Finally, I 

conclude by outlining future research avenues and outstanding questions identified by this thesis. 

 

6.1. Results synthesis 

 

The main aim of this thesis was to investigate changes in tropical ecosystem productivity as a 

result of altered climate and fire regimes, and explore how these responses are influenced by plant 

strategies and functional traits. Specifically, in Chapter 3 (Research Paper 1), I make use of a 

burning experiment at Serra das Araras to quantify carbon flux dynamics of Cerrado savannas 

across different fire regime frequencies. Long-term monitoring of ecosystem components reveals 

that recurrent burning within cerrado sensu stricto savanna increased tree mortality and led to 

declines in productivity, respiration and net carbon balances. Experimental burning also increased 

herbaceous biomass and productivity, indicating prescribed fires could be used as a management 

strategy for conserving endemic herbaceous biodiversity against woody encroachment (Durigan 

et al., 2020). The most dramatic shifts in vegetation structure and carbon fluxes were observed 

within the triennially burnt plot, which supported more intense fires leading to increased tissue 

damage and biomass consumption (Chiminazzo et al., 2025). However, canopy and belowground 

components showed different patterns of change across fire regimes, hinting at complex 

interactions between ecological processes, environmental factors and fire regime variables. 

Overall, this chapter demonstrates how fire regimes are key drivers of vegetation structure and 

ecosystem function in Cerrado savannas (Hoffmann, 2002; Reis et al., 2015; Le Stradic et al., 

2018), showing that more natural fire intervals (triennial burning) can effectively restore and 
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maintain open-landscape processes, complementing previous studies on nutrient and herbaceous 

dynamics (Kauffman et al., 1994; Pivello et al., 2010; Oliveras et al., 2012). 

 

The aim of Chapter 4 (Research Paper 2) was to comprehensively investigate fire impacts on 

Cerrado stem productivity and survival, with the goal of identifying the functional mechanisms 

influencing carbon flux dynamics across different fire frequencies. I used tree inventory data from 

Serra das Araras to determine how different species contribute to plot-scale stem NPP across 

different fire regimes, and found that generalist species disproportionately dominate productivity 

in fire exclusion plots, with Tachigali vulgaris accounting for more than 70% of NPPstem. These 

generalist species became less dominant after burning, and were replaced by sclerophyllous and 

conservative savanna trees, especially in the more intense fire regimes, consistent with patterns in 

ecosystem-level fluxes. I then investigated changes in species-level NPPstem and survival, and 

identified a trade-off between plant productivity and tolerance to fire, where species that were 

more productive before fire showed a greater long-term reduction in average NPPstem after 

experimental burning. Functional traits strongly influenced species-level NPPstem after more intense 

(triennial) fires, and productivity was positively associated with bark protection and light-adapted 

photosynthesis. These results point to the existence of shade versus fire tolerance strategies within 

tropical savanna, complementing studies from the broader Cerrado and other savanna regions 

worldwide (Gignoux et al., 1997; Charles-Dominique et al., 2018). This work goes beyond 

previous research in linking shifts in functional composition as a result of woody encroachment 

and landscape opening (e.g., Flake et al., 2021; Singh et al., 2023), with changes in tree growth 

and survival, ecosystem productivity, carbon-use efficiency, and biomass accumulation.  

 

In Chapter 5 (Research Paper 3) I made use of two planting experiments that have been 

intensively monitored for over 20 years to determine if extremes of heat and drought consistently 

influenced rates of NPPstem and survival at logged and old-growth dipterocarp rainforests, linking 

climate-driven changes in productivity and survival with functional plant strategies. Dry and hot 

climate extremes significantly reduced stem NPP in the old-growth forest, with disproportionately 
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strong effects on smaller individuals. In the logged forest, extreme temperatures also constrained 

stem productivity. Species with faster photosynthetic rates and higher foliar nitrogen were more 

productive, but were also more sensitive to climate extremes. Correlations between NPPstem and 

functional traits were only observed in the logged forest, suggesting that acquisitive strategies 

may better translate into higher stem productivity under conditions of reduced competition. This 

chapter advances previous work (e.g., Miyamoto et al., 2021; O’Brien et al., 2024) by providing 

insight into the effects of extreme climate events across multiple variables of heat and water stress. 

For the first time, this thesis compares climate-productivity-trait responses across logged and old-

growth dipterocarp forests. Results indicate that seedlings shift growth trajectories following 

enrichment planting, supporting the effectiveness of active restoration in the recovery of 

ecosystem functioning (Philipson et al., 2020).   

 

6.2. Research significance 

 

The work presented in this thesis addresses key geographical and temporal research gaps, and 

advances our understanding of ecosystem science and disturbance ecology in the context of global 

change. Chapter 3 (Research Paper 1) provides the first-ever complete carbon budget for 

cerrado sensu stricto savannas, and the second-ever carbon cycle parametrisation for the entire 

Cerrado region (Vourlitis et al., 2022). It supplements NPP estimates for cerrado sensu stricto 

and cerradão provided by Scalon et al. (2022) and Reis et al. (2025), as well as studies from the 

southern Amazon (Araujo-Murakami et al., 2014; Rocha et al., 2014) and the broader GEM 

network (Zhang-Zheng et al., 2024). Chapter 4 (Research Paper 2) is the first study within the 

Cerrado to experimentally integrate stem productivity dynamics with functional plant strategies. 

It fills an important knowledge gap by empirically demonstrating the existence of a growth-

tolerance trade-off with respect to fire (Hoffmann et al., 2003), and confirms that T. vulgaris 

dominates ecosystem responses under fire suppression (Reis et al., 2017). Studies investigating 

the impacts of droughts and heatwaves on lowland dipterocarp forests have largely focused on 
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short-term events and experiments (e.g., Burslem et al., 1996; Bebber et al., 2004; Browne et al., 

2021); Chapter 5 (Research Paper 3) thus provides exceptional long-term insight into the 

cumulative effects of climate change on ecological functioning (O’Brien et al., 2024). 

 

This thesis also sought to refine and adapt methods for measuring and quantifying net primary 

productivity. In Chapter 3 (Research Paper 1) carbon monitoring methodologies (Malhi et al., 

2021) were adapted to a savanna-fire context. It incorporates measurements of herbaceous 

productivity based on grassland monitoring of Andean punas (Oliveras et al., 2014), and develops 

a new method to scale up herbaceous respiration to the ecosystem level using specific leaf area 

and dark respiration data from Rossatto & Franco (2017). Instead of using an annual mean of air 

temperature, it integrates locally-sourced microclimate data to account for seasonal variations in 

stem and soil CO2 efflux (Butler et al., 2012; Rowland et al., 2018). We also adapted our leaf-

area-index quantification based on Ma et al. (2025) to account for a high proportion of dead stem 

area within the burnt plots. Using a soil respiration partition ratio for cerrado sensu stricto derived 

from data collected at Nova Xavantina (Butler et al., 2012) also helped us produce rough 

estimates of Rheterotrophic and Rrhizosphere. Together, these methodologies allowed us to provide the 

first estimates of Rcanopy, Rstem and Rherbs within the Cerrado, and to construct a full carbon balance 

for South American woodland savannas.  

 

This thesis went further than many previous studies in statistically investigating ecosystem and 

stem productivity dynamics using multi-year datasets. In Chapters 3 and 4 (Research Papers 1 

and 2), we compared NPP estimates in burnt vs unburnt plots using a two-way ANOVA BACI 

framework (before-after control-impact approach; Christie et al., 2019), which allowed us to meet 

statistical assumptions, maintain interpretability and provide annual flux estimates for start and 

end periods. In Chapter 4 (Research Paper 2), our BACI approach was extended to incorporate 

an interaction between census interval, fire regime and functional traits, to test if the influence of 

a given trait on NPPstem differed from one regime to another due to the cumulative effects of 

burning. In Chapter 5 (Research Paper 3), we used mixed-effects models that allowed us to take 
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advantage of climatic variation across more than 20 survey intervals as a natural heat and drought 

experiment (O’Brien et al., 2024). These analyses offer a useful framework for isolating fire and 

climate impacts on carbon dynamics (Dee et al., 2023), and provide a foundation for future studies 

to extend NPP monitoring protocols across other ecosystems, datasets, and disturbance regimes. 

 

6.3. General discussion 

 

6.3.1. Productivity of Cerrado savannas versus dipterocarp forests 

 

Cerrado savannas and lowland dipterocarp rainforests are characterised by marked differences in 

vegetation structure, environmental conditions and biogeographical contexts (Banin et al., 2012), 

reflecting distinct patterns of productivity and carbon fluxes. Although this thesis did not focus 

on estimating total net primary productivity in dipterocarp forests, previous estimates for NPPtotal 

across old-growth lowland forests in Borneo sit at 15.03 ± 0.75 MgC ha-1 year-1 (Mills et al., 

2023). In comparison, our estimate of NPPtotal for Cerrado savanna was 3.72 ± 0.71 MgC ha-1 

year-1 across the unburnt plots, and 6.62 ± 2.77 MgC ha-1 year-1 for cerrado sensu stricto at Nova 

Xavantina (Reis et al., 2025). Carbon use efficiency (CUE) was 0.43 ± 0.03 in dipterocarp forests 

(Mills et al., 2023) compared to 0.24 ± 0.05 in the Cerrado. Specific NPP components are also 

greater in dipterocarp forests compared to unburnt Cerrado savanna (see Table 6.1). For example, 

stem and litterfall NPP in dipterocarp forests are about six times greater than in cerrado sensu 

stricto. Despite this, the amount of carbon allocated into belowground fluxes, both productivity 

and respiration, is proportionally higher within Cerrado savannas (47% of NPP allocated 

belowground compared to 24% in dipterocarp forests, Mills et al., 2023). In this case, the 

proportion of ecosystem respiration arising from heterotrophic sources was estimated to be 20% 

greater in dipterocarp forests compared to the Cerrado.  
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Table 6.1, productivity (NPP) and respiration (R) flux components and full carbon budget for 
old-growth dipterocarp rainforests and unburnt Cerrado savannas. Flux estimates for lowland 
dipterocarp rainforests were reproduced and adapted from Mills et al. (2023), Proceedings of the 
National Academy of Sciences, 120(3): e2214462120 (https://doi.org/10.1073/pnas.2214462120) 
licensed under open access CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/). In this case, 
NPPaboveground was calculated as a sum of NPPlitterfall, NPPstem and NPPbranch. NPPbelowground was 
calculated as a sum of NPPcoarse roots and NPPfine roots. Rrhizosphere was calculated as the sum of Rfine 

roots and Rcoarse roots. Rsoil was calculated as the sum of Rsoil organic matter, Rmycorrhizae, Rlitter and Rfine roots. 
Flux estimates for the unburnt cerrado sensu stricto plots at Serra das Araras were reproduced 
from Table S3.20. The table includes estimates of GPP (gross primary productivity; or PCE, plant 
carbon expenditure, in the case of Cerrado), CUE (carbon use efficiency) and NEE (net ecosystem 
exchange, where negative values indicate carbon accumulation). All fluxes are in MgC ha-1 year-

1 and are accompanied by estimated uncertainty and percentage contribution to NPPtotal and Reco. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Within this thesis, direct comparisons of stem NPP between Cerrado savannas and dipterocarp 

forests are restricted by differences in study design. Chapters 3 and 4 (Research Papers 1 and 

2) are based on plot-level inventories, whereas Chapter 5 (Research Paper 3) focuses on cohorts 

of planted seedlings. However, comparisons can be made at the level of the average individual. 

When accounting for size trajectories of planted dipterocarp seedlings, the magnitude of stem 

NPP appears broadly comparable across study sites. For example, a rough analysis of tree survey 

data from Serra das Araras reveals average DBH in the first census interval (before fire) was 8.4 

Carbon flux 
(MgC ha-1 year-1) 

Dipterocarp rainforest 
(old-growth plots) 

Cerrado savanna 
(unburnt plots) 

  NPPlitterfall 6.88 ± 0.40   [46%] 1.25 ± 0.20   [34%] 
  NPPstem 3.95 ± 0.54   [26%] 0.66 ± 0.17   [18%] 
  NPPbranch 0.64 ± 0.12   [4%] - 
  NPPherbs - 0.05 ± 0.01   [1%] 
  NPPcoarse roots 0.95 ± 0.14   [6%] 0.90 ± 0.65   [24%] 
  NPPfine roots 1.21 ± 0.20   [8%] 0.86 ± 0.09   [23%] 
  NPPaboveground 11.47 ± 0.68   [76%] 1.96 ± 0.26   [53%] 
  NPPbelowground 3.56 ± 0.47   [24%] 1.76 ± 0.67   [47%] 
  NPPtotal 15.03 ± 0.75   [100%] 3.72 ± 0.71   [100%] 
   

  Rcanopy 9.76 ± 0.46   [28%] 4.32 ± 1.02   [30%] 
  Rstem 6.18 ± 0.48   [18%] 2.42 ± 0.48   [17%] 
  Rherbs - 0.58 ± 0.23   [4%] 
  Rrhizosphere 4.09 ± 0.14   [12%] 4.55 ± 0.49   [31%] 
  Rautotrophic 20.03 ± 0.53   [58%] 11.86 ± 1.25   [81%] 
  Rheterotrophic 14.32 ± 0.64   [42%] 2.71 ± 0.45   [19%] 
  Rsoil 12.68 ± 0.58   [37%] 7.26 ± 0.37   [50%] 
  Reco 34.36 ± 0.96   [100%] 14.57 ± 1.21   [100%] 
   

  GPP / PCE 35.06 ± 1.13 15.58 ± 1.44 
  CUE 0.43 ± 0.03 0.24 ± 0.05 
  NEE -0.71 ± 1.23 -1.01 ± 0.84 

https://doi.org/10.1073/pnas.2214462120
http://creativecommons.org/licenses/by/4.0/


Chapter 6: Conclusions 
 

 299 

cm and mean individual NPPstem was 0.67 KgC year-1 (1.01 KgC year-1 when removing negative 

NPPstem values). If we estimate dipterocarp stem productivity for a basal diameter of 8.4 cm (using 

model equation 5.7, Chapter 5), we predict an average NPPstem of 1.00 and 1.76 KgC year-1 within 

our old-growth and logged forest plots respectively. Despite similar ranges of stem NPP, 

dipterocarps are able to attain much higher levels of NPP at larger sizes. Maximum individual 

NPPstem for the Cerrado was 50.49 KgC year-1 (T. vulgaris, initial DBH 33.4 cm), whilst maximum 

NPPstem for dipterocarp trees was 116.04 KgC year-1 (Shorea mecistopteryx, initial DBH 28.8 cm). 

 

Although carbon flux averages are comparatively smaller in Cerrado savannas, respiration and 

NPP experience strong seasonal variation (Reis et al., 2025). Soil respiration rates at the unburnt 

Cerrado plots stay above 11.0 MgC ha-1 year-1 during the wettest months (January-April), but fall 

to 6.0 MgC ha-1 year-1 during the dry season (July-September). Raw estimates of NPPfine roots for 

the June-September trimester sit at 0.61 MgC ha-1 year-1, compared to 4.35 MgC ha-1 year-1 during 

the wet season (September-December). These patterns align with the expectation that strong water 

limitations in tropical savannas, compared to more aseasonal moist forests, restrict ecosystem 

productivity potential (Zhang-Zheng et al., 2024). Overall, the gross primary productivity (GPP) 

of dipterocarp forests is more than twice as large as that of the unburnt plots at Serra das Araras, 

but rates of carbon accumulation in cerrado sensu stricto appear to be higher than those in 

dipterocarp rainforests. Despite large uncertainties, the difference between GPP and Reco is higher 

in the Cerrado as a result of woody encroachment and fire exclusion. Results suggest that on 

average, unburnt plots at Serra das Araras could be gaining 0.30 more megagrams of carbon 

annually compared to old-growth dipterocarp forests across Borneo.  

 

6.3.2. Comparing NPP responses to changing climate and fire regimes 

 

Although quantifying NPP components allows us to investigate ecosystem dynamics within a 

common currency of carbon flow, integrating productivity responses to altered climate and fire 

regimes across our study locations is challenging because this thesis has investigated the effects 
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of climate and fire separately, and because each chapter has focused on different scales of 

biological organisation. At the ecosystem level, comparisons of NPP are further complicated by 

the lack of studies investigating the effects of climate and fire on full NPP and carbon budgets 

within dipterocarp rainforests. Studies using ground-based methods to scale up ecosystem carbon 

balances have instead focused on the effects of logging (Riutta et al., 2018; Mills et al., 2023). 

Logging appears to drive net ecosystem carbon losses in dipterocarp forests (NEE = 3.85 ± 1.13 

MgC ha-1 year-1; Mills et al., 2023), and this trend is broadly comparable to reductions in ecosystem 

carbon after recurrent burning at Serra das Araras (NEE = 1.77 ± 0.51, 1.76 ± 0.58, and 0.54 ± 

0.82 MgC ha-1 year-1 in the triennial, biennial, and annual plots respectively, see Figure 3.5). 

 

Within Cerrado savannas, changing fire regimes seem to have a stronger impact on ecosystem 

productivity compared to extreme climate. Total NPP for cerrado sensu stricto at Nova Xavantina 

only decreased by 0.06 MgC ha-1 year-1 from 2014 to 2015 despite a reduction of ~600 mm in 

rainfall (Reis et al., 2025). In comparison, NPPtotal at Serra das Araras was 2.80 MgC ha-1 year-1 

lower in the triennial plot relative to the unburnt plots (Figure 3.5). Other Cerrado vegetation 

types, however, might be more vulnerable to climate change: Reis et al. (2025) found that NPPtotal 

for cerradão decreased by 2.65 MgC ha-1 year-1 from 2014 to 2016. Fire and drought also have 

significant effects on Cerrado carbon fluxes including litterfall and fine root NPP. At Serra das 

Araras, NPPfine roots decreased by 1.41 and 1.46 MgC ha-1 year-1 in the triennially and annually 

burnt plots, and NPPlitterfall declined by 0.46, 0.62 and 1.29 MgC ha-1 year-1 after triennial, biennial 

and annual fires (Table S3.20). Nardoto et al. (2006) found that NPPlitterfall decreased by 1.01 MgC 

ha-1 year-1 after six years of biennial burns at the Ecological Reserve of the IBGE, Brasília. In 

Nova Xavantina, Cerrado NPPlitterfall declined by 0.27 MgC ha-1 year-1 from 2014 to 2016, and 

NPPfine roots decreased by 0.52 MgC ha-1 year-1 as a result of drought (Reis et al., 2025). Compared 

to this, NPPlitterfall of dipterocarp forest at Lambir Hills National Park, Sarawak, increased by 1.78 

MgC ha-1 year-1 from 2009 to 2010 (Nakagawa et al., 2019) due to increased leaf shedding and 

fruit production during the 2009/2010 El Niño (Ichie et al., 2004). Despite recent advances, our 

understanding of root and canopy NPP responses across Borneo and the Cerrado remains limited. 
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Woody biomass and stem productivity dynamics, however, have received more attention across 

Cerrado savannas and lowland dipterocarp rainforests. Chapters 3 and 4 (Research Papers 1 

and 2) of this thesis revealed that woody productivity of Cerrado savanna decreased by 0.22, 0.08 

and 0.11 MgC ha-1 year-1 after six years of triennial, biennial and annual burns as a result of shifts 

in functional composition and species growth rates. Comparisons of aboveground biomass 

estimates from de Castro & Kauffman (1998) and de Castro-Neves (2007) suggest that cerrado 

sensu stricto plots at the IBGE were losing between 0.37 and 0.89 MgC ha-1 year-1 after 15 years 

of prescribed burning. In comparison, Toma et al. (2005) showed that aboveground woody 

biomass accumulation within logged dipterocarp forests decreased by 6.55, 6.59 and 5.64 MgC 

ha-1 year-1 after burning in 1997. Greater absolute declines in NPPstem of dipterocarp forests post-

fire relative to the Cerrado could be attributed to higher rates of NPP, but also to disproportionate 

vulnerability to fire. Slik et al. (2008) reveal that aboveground biomass of dipterocarp forests 

continues to decline up to 7 years after fire. Notably, the authors report that herbaceous cover in 

once-burnt forest is twice that of unburnt forest, reflecting patterns of increased herbaceous 

productivity post-fire similar to those observed in the Cerrado (Chapter 3 – Research Paper 1). 

 

Evidence for the effects of extreme climate on stem NPP in Cerrado savannas and dipterocarp 

forests remains mixed, revealing that, in some cases, species are capable of coping with heat and 

drought. Reis et al. (2025) found that NPPstem for cerrado sensu stricto increased by 0.15 MgC 

ha-1 year-1 after the 2015/2016 El Niño, compared to a decline of 1.62 MgC ha-1 year-1 in cerradão. 

Across the Amazon-Cerrado transition, the 2015/2016 El Niño was associated with declines in 

species abundance and shifts in community composition (Prestes et al., 2024), and these patterns 

are somewhat comparable to post-fire changes in species dominance described in Chapter 4 

(Research Paper 2). Aboveground biomass in lowland dipterocarp forests remained unaffected 

by the 1982-1983 El Niño, but declined by 1.04 MgC ha-1 year-1 during the 1997-1998 drought 

(Qie et al., 2017). Kho et al. (2013) also observed different patterns of change in woody NPP and 

mortality after the 1997-1998 El Niño in forests in clay vs sandy loam soils, and my own analyses 
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in Chapter 5 (Research Paper 3) reveal how NPPstem of trees in old-growth forest declines with 

heat and drought, although trees in the logged forest are more likely to grow during drier periods.  

 

In terms of woody stem NPP, this thesis reveals that dipterocarp responses to extreme climate are 

somewhat comparable to Cerrado responses to fire regimes when considering trees of similar 

sizes. Table 6.2 includes model-based predictions for climate-driven changes in old-growth 

dipterocarp forest NPPstem for trees of 8.4 cm basal diameter. Predicted declines in dipterocarp 

NPPstem as a result of drought range from 0.56 to 1.43 KgC year-1, and are similar in magnitude to 

fire-induced changes in species-level NPPstem at Serra das Araras. For example, average NPPstem 

for Qualea multiflora, Vochysia haenkeana and Xylopia aromatica respectively decreased by 

0.35, 0.45 and 0.40 KgC year-1 after 5 annual burns (Table S4.2). Climate-driven changes in 

dipterocarp NPPstem are expected to be greater than those of Cerrado trees, since dipterocarp trees 

have the potential to reach much larger sizes, and because climate effects appear to scale non-

linearly with NPP. In both cases, however, we observed variable trends of change in stem NPP 

across species and fire regimes (Chapter 4 – Research Paper 2) or across forest locations 

(Chapter 5 – Research Paper 3), indicating patterns are to be interpreted with caution and 

warranting further research into common functional mechanisms influencing responses to stress.  

 

Table 6.2, example of predicted climate-driven changes in NPPstem of dipterocarp trees planted 
within the old-growth forest at Danum Valley. NPPstem estimates were derived from the mixed-
effects models (equation 5.7, Chapter 5 – Research Paper 3) testing if the log-transformed stem 
NPP of growing seedlings varied as a result of log-transformed basal diameter interacted with 
climate extreme variables (maxTjly��� , maximum 90-day running average of daily maximum 
temperature; minPPT���, minimum 90-day running average of daily precipitation; maxVPDjly��� , 
maximum 90-day running average of daily maximum vapour pressure deficit; maxCWD���, 
maximum 90-day running average of daily cumulative water deficit). To predict NPPstem values, 
I used a basal diameter value of 84 mm. In this case, I used the extreme climate values for the 6th 
and 7th census intervals at the old-growth forest (from December 2009 to March 2010 and from 
March 2010 to August 2010) to produce model-based predictions of NPPstem during the 2009/2010 
El Niño, which was associated with strong drought and heat across both forest sites (Figure S5.6). 

Climate extremes Predicted NPPstem  (KgC year-1) 
Variable late 2009 early 2010 Difference late 2009 early 2010 Difference 
max𝐓𝐦𝐚𝐱𝟗𝟎𝐝 (ºC) 32.05 33.45 1.40 1.71 0.94 -0.78 
min𝐏𝐏𝐓𝟗𝟎𝐝 (mm) 6.05 2.03 -4.02 1.48 0.37 -1.10 
max𝐕𝐏𝐃𝐦𝐚𝐱𝟗𝟎𝐝  (hPa) 11.33 15.19 8.86 1.54 0.11 -1.43 
max𝐂𝐖𝐃𝟗𝟎𝐝 (mm) 48.29 133.06 84.77 0.92 0.36 -0.56 
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6.3.3. The fast-slow spectrum as a major driver of stem productivity  

  

After investigating how extreme climate and altered fire regimes respectively affect the 

productivity of lowland dipterocarp forests and Cerrado savannas, this thesis sought to explore if 

functional traits shape productivity responses across stressors and study locations. Our findings 

reveal that in both ecosystems, traits associated with resource acquisition and plant economics 

play an important role in determining NPP dynamics in response to changing fire regimes and 

extreme climate. Resource acquisition trade-offs have been identified as major drivers of plant 

growth, biomass accumulation and productivity (Enquist et al., 2007). According to optimality 

theory, relative growth rates can be understood as the outcome of trait syndromes that maximise 

carbon gain under environmental constraints, and can be mathematically described as the product 

of net carbon assimilation rate and investment into photosynthetic tissues (Evans, 1972; Poorter, 

1989). Within this framework, acquisitive (fast) and conservative (slow) plant strategies reflect 

contrasting trait combinations that influence the components of growth and productivity in 

distinct ways (Lambers & Poorter, 1992). Acquisitive traits promote rapid carbon gain, resource 

capture, and fast biomass accumulation over short timescales, while conservative traits prioritise 

carbon retention, stress tolerance, and efficiency over long timescales (Maracahipes et al., 2018).  

 

This thesis shows that in logged dipterocarp forests, species with more acquisitive resource‐use 

were able to maximise stem productivity under favourable conditions (Wright et al., 2004; Reich, 

2014) but were less able to sustain biomass growth during heat and drought as a result of increased 

photosynthetic and hydraulic risks (Ziegler et al., 2024; Evans et al., 2025; Figure 6.1). Resource 

acquisition strategies emerge as a clear predictor of NPPstem and climate sensitivity, indicating 

that patterns in leaf carbon uptake scale up from organ-level processes to influence whole-plant 

carbon accumulation in the face of climate change (Trugman & Anderegg, 2025). Higher levels 

of productivity within logged forests are likely underpinned by more efficient acquisition under 

favourable conditions (Bartholomew et al., 2024), but increased climate variability might 

compromise the long-term stability of carbon assimilation and storage within these ecosystems.   
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Figure 6.1, graphical visualisation of the main interactions between stem productivity (NPPstem), 
functional traits and climate/fire stressors identified in this thesis. A-B) relationship of outer bark 
thickness (OBT, panel A) and light-saturated carbon assimilation (Asat, panel B) with NPPstem of 
Cerrado savanna trees at Serra das Araras. Graphs illustrate NPPstem predictions (alongside 95% 
confidence intervals) derived from mixed effect models interacting census interval, fire regime 
and functional traits (Chapter 4 – Research Paper 2, equation 4.6). Only predictions for the most 
recent census interval (2021-2023) are shown. C-D) relationship of foliar nitrogen concentrations 
(Nperc, panel C) and light-saturated assimilation (Asat, panel D) with NPPstem of dipterocarp trees 
planted at the logged forest site in Malua, Malaysian Borneo. Graphs illustrate NPPstem predictions 
(alongside 95% confidence intervals) derived from mixed effect models investigating changes in 
log-transformed NPPstem as a function of log-transformed basal diameter interacted with the 
maximum 90-day running mean of daily maximum temperature for each census interval 
(maxTjly��� ), and with functional traits. Essentially, this is a version of the equation 5.10 maxTjly���  
model used in Chapter 5 (Research Paper 3), with an additional fixed effect for trait (used here 
for illustration purposes). In this case, NPPstem was predicted for a basal diameter of 84 mm.  
 

 

Resource acquisition traits also play a key role in mediating Cerrado stem NPP across fire regimes, 

although in this case, patterns of productivity are complicated by disturbance resilience trade-offs 

and fire tolerance constraints (Plumanns-Pouton et al., 2025). Notably, interactions between traits 

and NPPstem at Serra das Araras empirically support the ‘vegetation realms’ framework proposed 

by Chiminazzo et al. (2025) for Cerrado fire regimes, extending its applicability to carbon flux 
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dynamics. In unburnt Cerrado plots, stem NPP is dominated by generalist species with lower-cost 

foliage, large sizes and high wood density. Although higher wood density is associated with 

conservative strategies, it provides structural support for large, low-cost canopies, allowing for 

efficient resource capture, light interception and growth competitive advantages over savanna 

specialists (Gignoux et al., 2016; Charles-Dominique et al., 2018; ‘starving realm’, Chiminazzo 

et al., 2025), which directly translate into higher rates of NPPstem (Laughlin, 2023). 

 

Across plots that are periodically burnt, productivity dynamics are dominated by shorter species 

that structurally invest in leaf resistance and bark thickness rather than wood density (Hoffmann 

et al., 2003; Chiminazzo et al., 2023; ‘burning realm’ Chiminazzo et al., 2025), optimising 

resource use efficiency by reducing support and maximising tissue protection (Scalon et al., 

2020). Our triple interaction models in Chapter 4 (Research Paper 2) statistically confirm that 

bark protection and light-adapted photosynthesis allow for higher rates of NPPstem after triennial 

burning (Figure 6.1). This means that within the ecophysiological and structural constraints 

imposed by intense fires, plants can still maximise resource acquisition and productivity by 

adjusting tissue investments and increasing carbon assimilation, matching patterns of stem growth 

observed in Australian savannas (Wright et al., 2019). Consequently, our results indicate that both 

fire tolerance and acquisitive traits underpin NPP responses in Cerrado savannas.  

 

Taken together, this thesis shows that photosynthetic rates might be useful predictors of NPP 

across biomes and environmental contexts, a pattern which is consistent with the relative growth 

rate framework, in which higher rates of net carbon assimilation directly contribute to increased 

plant growth and biomass accumulation (Lambers & Poorter, 1992). Previous meta-analyses have 

indeed demonstrated that net carbon assimilation rates, followed by specific leaf area, are primary 

determinants of relative growth rates in woody species (Shipley, 2006). Surprisingly, we found 

no evidence for specific leaf area influencing stem productivity in Cerrado savannas or 

dipterocarp forests, despite its central role as a key functional trait within the leaf economics 

spectrum (Wright et al., 2004). Furthermore, our results seem to suggest that functional traits 
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translate into growth and productivity advantages more clearly under conditions of intense 

disturbance and strong environmental filtering (e.g., triennial burning or logged dipterocarp 

forest), and remain weakly related to species survival in the Cerrado and in logged dipterocarp 

forests. Conservative traits are only associated with increased survival in old-growth dipterocarp 

forests, potentially reflecting a trait-mediated growth-survival trade-off at the species level, but 

confirming functional strategies are inherently variable and heavily context-dependent (He et al., 

2023). In light of these findings, extending the study of trait-NPP relationships into additional 

functional traits (e.g., plant hydraulic traits and non-structural carbohydrates) could strengthen 

our understanding of the functional mechanisms underpinning productivity and survival within 

Cerrado savannas and dipterocarp forests (O’Brien et al., 2020; Cruz et al., 2025).  

 

6.4. Outstanding questions and future research directions  

 

This thesis demonstrates that extreme climatic conditions and altered fire regimes can 

substantially affect productivity in both Cerrado savannas and lowland dipterocarp rainforests. 

These effects were revealed through long-term monitoring and experimental efforts, where long-

term experiments such as the CERFogo Project and the Sabah Biodiversity Experiment provide 

a key opportunity to study ecosystem responses over ecologically-relevant timescales, allowing 

us to understand ecosystem dynamics beyond short-term environmental fluctuations (Hector et 

al., 2011). This is particularly important with regards to productivity, given that changes in tree 

growth, biomass accumulation and mortality unfold slowly, and may only become apparent after 

several years. Through long-term monitoring, we are able to capture delayed responses, interannual 

variability and cumulative impacts in the effects of fire and climate on NPP, allowing for a clearer 

understanding of how tropical ecosystems respond to environmental change (Malhi et al., 2002). 

 

However, this thesis also reveals key challenges in designing and interpreting long-term 

experiments in tropical forests and savannas. Important limits to our interpretation of NPP 
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responses both in Cerrado savannas and dipterocarp rainforests arise from the high-degree of 

spatial variation in environmental conditions and vegetation structure (Blonder et al., 2018; Colli 

et al., 2020). For example, in the Cerrado, large heterogeneity in tree basal area between our 

monitoring plots prevented us from fully disentangling fire regime effects on carbon fluxes, while 

in Borneo, responses to extreme climate across old-growth and logged forest types were 

confounded by differences in planting spacing and climatic conditions. Spatial variability was 

further complicated by historical contingencies within our monitoring sites, given that logging 

and fire suppression had an important role in shaping our logged dipterocarp forest and Cerrado 

savanna ecosystems respectively (Durigan & Ratter, 2016; Imai et al., 2019), which were already 

found in a degraded and encroached state. Although these limitations could have been better 

addressed by increasing spatial coverage and plot replication, this was not possible due to 

significant logistical constraints, given that long-term experiments depend on continued funding, 

institutional capacity and equipment maintenance, which are particularly challenging to sustain 

within tropical areas due to remoteness and socioeconomic challenges (Phillips, 2023).  

 

Despite these constraints this thesis provides the first carbon flux balance for Cerrado savannas 

across fire regimes of different frequencies, linking shifts in overall productivity to variation in 

stem NPP and functional traits. Taking advantage of available data, it also examines climate-

driven dynamics of stem NPP in dipterocarp forests, although the effects of climate on ecosystem-

level carbon balances were not addressed. Future work should therefore examine NPP responses 

across canopy and fine root components, to identify which aspects of dipterocarp carbon balance 

are most vulnerable to climate variability (Doughty et al., 2014). This could be effectively achieved 

by analysing the intensive carbon monitoring data collected at Danum Valley since 2015 (Riutta 

et al., 2018; Riutta et al., 2021; Mills et al., 2024), which could be integrated with high-resolution 

daily climate data recorded locally (O’Brien et al., 2026). In the context of this thesis, such an 

approach would also enable a direct comparison of how processes scale from component-level 

responses to whole-ecosystem dynamics under different stressors, including both fire and climate.  
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In relation to this, an outstanding question arising from this research relates to the extent to which 

changes in stem NPP act as reliable indicators of trends in total ecosystem productivity and carbon 

uptake. Woody biomass constitutes a substantial and relatively stable component of aboveground 

productivity in forests, and has been widely used to infer ecosystem carbon dynamics through 

tree inventories and allometric approaches (e.g., Malhi et al., 2004). These measurements enable 

relatively straightforward quantification of species-level contributions to biomass gain and 

facilitate links between carbon fluxes and functional traits (Enquist et al., 2017). However, stem 

NPP has important limitations as an indicator of ecosystem carbon dynamics, as it captures only 

a fraction of total carbon allocation (26% for dipterocarp forests, 18% for Cerrado savannas, 

Table 6.1). Large components of NPP, including litterfall, fine root and herbaceous production, 

may respond more rapidly to environmental variability and disturbance, shifting NPP allocation 

and ecosystem-scale patterns (Malhi et al., 2017). Previous studies have shown that NPP 

allocation strategies can change markedly following disturbances such as fire and logging (Rocha 

et al., 2014; Mills et al., 2023), a pattern that is now also confirmed for the Brazilian Cerrado. In 

the context of Serra das Araras, a more detailed assessment of carbon allocation patterns in 

relation to vegetation structure (sensu Riutta et al., 2018) would provide a robust framework for 

linking component-level NPP and mortality to the whole-ecosystem carbon balance. 

 

Investigating belowground carbon flux dynamics in greater detail would also improve our 

understanding of global change impacts on ecosystem carbon. Characterising soil conditions in 

logged versus old-growth plots at Malua and Danum could help explain unexpected ecosystem 

responses to climatic extremes (O’Brien et al., 2024). In tropical savannas, belowground carbon 

remains markedly understudied, despite representing a substantial proportion of total carbon 

stocks and allocation (Grace et al., 2006). This gap is particularly relevant in the context of the 

Serra das Araras project, where both fine root NPP and soil respiration declined across all fire 

regimes during the monitoring period, despite frequent fire being associated with increased 

allocation to belowground components (Le Stradic et al., 2021). Improving measurements of 

coarse root growth would allow for a more complete quantification of belowground NPP, moving 
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beyond fixed root-to-shoot ratios. In this context, emerging methods such as ground-penetrating 

radar offer a promising and cost-effective approach for estimating root biomass and improving 

representation of belowground productivity (Zhou et al., 2022). 

 

Although this thesis has examined the effects of fire and climate on ecosystem NPP separately, 

an important next step is to quantify their individual and interactive influences across Cerrado 

savannas and dipterocarp forests. Analysing the carbon monitoring data collected during the 

2023–2024 El Niño event at Serra das Araras would provide a valuable opportunity to assess the 

combined impacts of heat, drought, and fire regimes on Cerrado productivity (Reis et al., 2025). 

In addition, microclimate data collected across the fire regime plots could help elucidate how fire 

management alters local environmental conditions, thereby influencing NPP through indirect 

feedbacks (Costa et al., 2020). Although comparable microclimatic measurements are not 

available across the dipterocarp forest plots at Danum and Malua, canopy-driven microclimate 

models could be used to estimate variables such as maximum temperature and vapour pressure 

deficit (Jucker et al., 2018). These estimates would support efforts to disentangle the interacting 

effects of heat and drought stress on tree growth and survival (Brown, 1993). 

 

Finally, this thesis has shown that functional trait measurements can be useful indicators of stem 

productivity at the individual and species level, underpinning ecosystem carbon uptake across 

contrasting biomes through trade-offs between stress tolerance and resource acquisition. An 

important question is whether the relationships among traits, NPP, and environmental stressors 

are consistent across other locations. Future research could use large-scale forest plot networks 

(e.g., Forestplots.net, 2021) in combination with functional trait datasets to quantify species-level 

contributions to productivity and to scale trait-NPP relationships regionally and continentally. 

Such studies would strengthen the potential of trait-based frameworks to predict ecosystem 

responses to global change and, in the context of shifting climate and fire regimes, enhance our 

ability to understand and adapt to changes in ecosystem services and Earth-system functioning. 
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