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“It is interesting to contemplate an entangled bank, clothed with many plants 

of many kinds, with birds singing on the bushes, with various insects flitting 

about, and with worms crawling through the damp earth, and to reflect that 

these elaborately constructed forms, so different from each other, and 

dependent on each other in so complex a manner, have all been produced by 

laws acting around us.” 

                                                                                                                

Charles Darwin 

                                                                               <<On the Origin of Species>> 
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The importance of wildfires 
Wildfire is a common disturbance and an important ecological process. Fires 

accelerate the ecosystem carbon cycle by releasing carbon that would otherwise 

be stored in vegetation within a short time period (Harden et al., 2000, 

Bowman et al., 2009, Prentice et al., 2011). During fire, a huge amount of 

stored terrestrial organic carbon (CH2O) is transferred back to the atmosphere 

in the form of greenhouse gases, including carbon dioxide (CO2), carbon 

monoxide (CO) and methane (CH4), and carbon aerosols (Page et al., 2002, van 

der Werf et al., 2010, Brovkin et al., 2012, Ottmar, 2014). In the atmosphere, 

the composition of these carbon gases and aerosols is critical both directly for 

air quality and indirectly through their influence on global climate (Prentice et 

al., 2001).         

Fire has also influenced the structure and function of many ecosystems 

worldwide throughout the history of life (Bowman et al., 2009, Pausas and 

Keeley, 2009, Pausas and Schwilk, 2012). According to the fossil charcoal 

record, wildfires appeared on Earth soon after the origin of terrestrial plants in 

the Silurian (420 million years ago) (Glasspool et al., 2004). The subsequent 

fire activity in Earth’s history is closely correlated with oxygen levels because 

combustion of organic matter at large scales can only occur when atmospheric 

oxygen concentrations are higher than 13% (Scott and Glasspool, 2006, 

Bowman et al., 2009, Pausas and Keeley, 2009).  

Due to fire’s repeated occurrence throughout the history of terrestrial plants, 

fire is considered to have had pronounced evolutionary effects on the traits of 

biota (Bond and Keeley, 2005, Bowman et al., 2009, Keeley et al., 2011), 

including major effects on past vegetation and even on biome distribution 

(Bond and Keeley, 2005, Bowman et al., 2009, Pausas and Keeley, 2009, 

Pausas and Schwilk, 2012). Frequent fires might tend towards the formation of 

tropical savanna and grassland ecosystems in certain climate conditions. For 

example, the expansion of C4 grasses into previously forested areas during the 

Miocene is thought to have been driven, at least in part, by fire in extensive 

seasonally dry areas (Bond et al., 2005, Bowman et al., 2009, Pausas and 

Keeley, 2009, Keeley et al., 2011, Pausas and Schwilk, 2012). Fire opened up 

woodlands and created environments favorable to C4 grasslands. Furthermore, 

the high flammability of C4 grasses compared to trees could have produced a 

feedback process that further increased fire activity, thus maintaining the 

grassland-dominated landscape (Pausas and Keeley, 2009). On the other hand, 

the absence of fire can also have a profound effect: the distribution of what is 

locally called ‘rainforest’ (compared to eucalypt forests) in Australia has also 

been linked to (absence of) fire (Bond and Keeley, 2005). Fires may have also 

acted as an evolutionary force shaping plant traits (i.e. plant adaptations) 

(Keeley et al., 2011, Pausas and Schwilk, 2012). For instance, there is strong 

evidence of fire adaptive traits in the genus of Pinus (He et al., 2012, Pausas, 

2015, He et al., 2016). 
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The diversity of wildfires 

The diversity of wildfires can be qualified and quantified by reference to the 

fire regime.  

Fire regime is the cumulative pattern of fires and their individual 

characteristics: fire type, frequency, intensity, and season (Bond and Keeley, 

2005, Bradstock et al., 2012).  Depending on the fuels consumed, natural fires 

can be classified into three types: crown, surface and ground fires (Bond and 

Keeley, 2005). Crown fires burn in shrub or tree canopies. Surface fires spread 

by fuels that are close to the ground, such as short shrubs, herbs, grasses, 

mosses and lichens or dead leaf and stem material. Ground fires burn soils that 

are rich in organic matter and layers of moss or duff.  There is also an 

important intermediary between crown and surface fires, which is fires in 

grasslands in which the primary fuel is both the living and dead leaves and 

stems of the grasses (Schwilk, 2015).  

Although crown fires and grassland fires dominate the global annual area 

burned, litter-driven surface fires are important in many temperate forests 

(Bond and Keeley, 2005, Cornwell et al., 2015, Schwilk, 2015). Even in 

biomes where crown fires dominate, the initial phase of a wildfire may often 

depend on surface fire, while the exchange between surface and crown fires 

can be important too ((Blauw et al., 2017) and references therein). 

 

The determinants of fire regime 
The interactions between climate–weather, ignition source, and fuels determine 

the fire regime at a given place (Bond and Van Wilgen, 1996). At global or 

continental scale, weather and climate - including temperature, precipitation, 

wind, and atmospheric moisture - can exert strong controls on fire frequency 

and intensity (Flannigan et al., 2009). Lightning and human activity are the two 

main ignition sources for fire (Veraverbeke et al., 2017).  

Plants provide fuels for fire, but all plants are not the same. Plant species vary 

considerably in various aspects of flammability (Cornwell et al., 2015, 

Schwilk, 2015). Both the morphological and chemical properties of individual 

species and the arrangement of many species and communities in space 

influence their susceptibility to fire (Bond and Van Wilgen, 1996). The 

structural and chemical traits of individual plants relevant for flammability 

include the production or retention of dead material, the shape, size and 

arrangement of plant parts (or the litter derived from them), and the energy 

content or heat of combustion. Both species-specific environment-induced 

living fuel and dead fuel moisture content are extremely important to fire 

ignition and behavior. The properties of vegetation communities in relation to 

fire include fuel load and fuel arrangement (Bond and Van Wilgen, 1996). 

 

Plant traits and litter flammability 
Plant traits influence litter flammability through their after-life effects on litter 

flammability via litter traits (Cornwell et al., 2015). Plant after-life traits linked 
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to litter flammability include litter moisture content and dynamics, the 

arrangement of litter particles, litter particle size and shape, and litter chemical 

composition (Cornelissen et al., 2017).  

The most widely recognized litter trait influencing litter flammability is 

moisture content (Bond and Van Wilgen, 1996). Fuels with higher moisture 

levels take more time to ignite because they require more energy for both water 

evaporation and preheating of the fuel. Once burning, the negative effect of 

moisture can decrease fire temperature and inhibit both fire spread and fuel 

consumption (i.e., mass loss). The moisture content of dead fuel in the litter 

layer is strongly dependent on the weather conditions and fuel moisture 

dynamics. Fuel moisture dynamics are strongly affected by morphological and 

structure traits of the fuel particles. Litter particles with high surface area-to-

volume ratios and low densities tend to lose moisture more easily due to a 

relatively larger area for both heating and drying to take place (Grootemaat et 

al., 2015).  

The arrangement of litter particles in space can be described and quantified as 

fuel-bed packing, a long-recognized factor driving differences in litter-bed 

flammability (Rothermel, 1972). Fuel-bed packing is defined as the ratio 

between total fuel particle mass or volume to fuel-bed volume. It is essentially 

a measure of the fuel/air mix. When the packing ratio in volume per volume is 

multiplied by the energy content of the fuel, as indicated by mass per volume, 

the packing is expressed as fuel bulk density (Grootemaat et al., 2017). A key 

trait that influences packing ratio and bulk density and therefore fire behavior is 

leaf size: larger leaves result in a less dense fuel bed, which in turn increases 

oxygen availability and heat diffusion (Rothermel, 1972, Scarff and Westoby, 

2006, Plucinski and Anderson, 2008, Schwilk and Caprio, 2011, de Magalhães 

and Schwilk, 2012, Cornwell et al., 2015).  

Internal traits of the fuels also matter to fire behavior. Plants that have high 

levels of oils, fats, waxes and terpenes may be significantly more susceptible to 

fires, mostly because of enhanced ignitability. Higher values of nutrient 

concentrations in leaves have been shown to reduce flammability (Bond and 

Van Wilgen, 1996, Scarff and Westoby, 2008) while long-chain carbon-rich 

compounds such as lignin and tannins can have various (context-dependent) 

positive and negative effects on flammability (Cornwell et al., 2015, 

Grootemaat et al., 2015). However, on a whole litter-bed level, there is 

increasing evidence that the effects of leaf size and shape on litter packing 

overwhelm chemical factors known to influence flammability (Cornwell et al., 

2015, Grootemaat et al., 2017). 

 

Non-additive mixture effects in litter flammability 
In addition to individual plant trait effects on ecosystem litter flammability, 

species composition in mixed communities, and their trait interactions, are also 

important. In natural forests, the surface litter layer is usually a mixture of dead 

plant material from different plant species and organs (Scott and Burgan, 
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2005). Interactions between traits of different plant species and organs might 

lead to surface litter flammability that cannot be predicted simply from the 

mean effects of the component litter types in the mixtures; that is, they may 

show mixture effects or non-additivity (Suding et al., 2008) in litter 

flammability.  

Although there have been numerous studies on non-additivity for ecosystem 

functions such as aboveground productivity (Hector, 1998, van Ruijven and 

Berendse, 2005) and litter decomposition (Wardle et al., 1997, Gartner and 

Cardon, 2004, Hattenschwiler et al., 2005, Hooper et al., 2005, Quested et al., 

2005, Lecerf et al., 2011, Handa et al., 2014), the number of studies on non-

additive effects in plant litter mixtures for flammability is limited (de 

Magalhães and Schwilk, 2012, Van Altena et al., 2012, Blauw et al., 2015). 

These studies have demonstrated the existence of both positive and negative 

non-additive effects in mixed litter fuel-beds for ignitability, fire spread rate 

and fire intensity; and the magnitudes of non-additivity in flammability tend to 

be much larger than what has been found for productivity and decomposition. 

Usually the positive effects were explained by dominance of the more 

flammable species in the mixture for a given fire variable (de Magalhães and 

Schwilk, 2012, Van Altena et al., 2012). Litter moisture content is an important 

explanatory factor for negative non-additivity in flammability of temperate 

litter mixtures (Blauw et al., 2015).  

Understanding the fire behavior of plant and/or litter mixtures, especially the 

potential for non-additivity, would greatly help to improve predictions when 

scaling up from effects of traits of individual species to effects of whole plant 

communities on fire regimes (Suding et al., 2008).  

 

Interactions between litter decomposition and fire 
In the field, plant litter does not only serve as fuel for fire but also as a substrate 

for microbial decomposition. Because decomposition and fire compete with 

each other for substrate, there are inevitable interactions between these two 

processes (Cornelissen et al., 2017).  

Decomposition as the main pathway of litter output in an ecosystem can 

influence fire behavior through changing fuel load (Cornelissen et al., 2017). 

Ecosystems with higher litter input and lower decomposition rate might lead to 

higher litter accumulation and therefore higher fuel load. If the accumulated 

litters are also relatively flammable, then the ecosystem might have higher fire 

risk. In South African fynbos, for instance, decomposition is very slow, and 

large amounts of litter accumulate, increasing the likelihood of fire (Bond and 

Van Wilgen, 1996).  

On the other side, ecosystems with high decomposition rates will have lower 

fuel loads and will be less likely to burn. In many rainforests, for example, 

decomposition rates are high, resulting in relatively small steady-state litter 

pools (Bond and Van Wilgen, 1996). Decomposition can also influence fire 

behavior through changing fuel quality (Hyde et al., 2011, Hyde et al., 2012). 
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During the decomposition process, the structure and chemical properties of 

plant litters are changing. Those changes might be especially relevant to dead 

wood. Because its low decomposition rate and long residence time in nature, a 

large stock of dead wood at different decomposition stages usually exist at any 

one time within a forest. During decomposition wood density decreases and 

porosity increases. These changes might affect the ability of dead wood to be 

ignited and the proportion of dead wood to be consumed. The fuel quality 

change due to decomposition might also influence fire behavior indirectly 

through its effects on litter water dynamics. More decomposed wood with 

lower density and higher porosity might absorb and lose water more easily.   

Although there are some clear hypotheses from first principles, we still have 

few data and an incomplete understanding of how the decomposition process 

within twigs and woody debris directly and indirectly changes dead wood 

flammability; and of what is the role of moisture on these relationships.    

 

Components of flammability 

Flammability, the general tendency of vegetative material to burn when 

conditions are suitable, consists of many different components relating to 

several aspects of fire behavior (Schwilk, 2015, Varner et al., 2015, Dias et al., 

2017). In this thesis, I focused on four main components of flammability: 

ignitibility, sustainability, combustibility, and consumability (Anderson, 1970, 

Schwilk, 2015, Varner et al., 2015), investigating the effects of different 

species and different tissue types on this important process within terrestrial 

ecosystems.  

 

Research questions and thesis outline 

In this thesis, I asked one general question: what are the interactive trait effects 

of plant species, their different organs, decomposition stages and moisture on 

litter fire behavior? The conceptual framework around which the thesis is 

organized is shown in Figure 1.  

 
Figure 1. Conceptual framework of this thesis.  
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To address the general question, I asked four specific questions:  

(A). Are there non-additive effects of leaf litter mixtures of different species, 

and if so, can the strength of pair-wise species interaction effects on litter 

flammability be predicted by their phylogenetic distance?  

(B). Are there non-additive effects of litter mixtures of different organs of 

different tree species on forest surface litter flammability?  

(C). What are the effects of decomposition stage on fuel quality and how do 

these changes directly and indirectly affect woody debris flammability?  

(D). What are the effects of multiple key biotic and abiotic factors on coarse 

wood combustion, consumption, and CO2 and CO emissions during fire?  

In Chapter 2, to answer question (A), I present results from controlled 

laboratory burns with leaf litter of 34 phylogenetically wide-ranging species 

and 34 random two-species mixtures from them. I had two hypotheses: (1) A 

larger phylogenetic distance is correlated with a bigger trait difference and, 

thereby, more likely to lead to stronger non-additivity in flammability of the 

paired species. Correspondingly, a closely related species pairs, with relatively 

similar traits, will behave much closer to a simple additive model of 

flammability. (2) Litter particle sizes, via their effects on litter-bed packing, 

will mechanistically underpin species non-additive mixture effects on 

flammability.  

In Chapter 3, to answer question (B), I performed experiments on tissues from 

four temperate tree species that are widespread in woodland and forests with a 

surface fire regime and which varied greatly in leaf size and shape. On forest 

floors, litter from leaves and twigs invariably mix. As such, I devised the first 

study to explicitly test for non-additivity on flammability not only within but 

also between tree organs. In laboratory controlled fire experiments, I tested the 

existence of non-additive effects of inter- and intra-species leaf and twig 

mixtures on litter flammability. I hypothesized that: (1) The mixture effects 

would be different for different components of flammability; (2) Leaf and twig 

litter particle size and shape explain the mixture effect; (3) Leaf and twig ratio 

in the mixtures influences the mixture effect.  

In Chapter 4, to answer question (C), specifically I asked: (1) what are the 

effects of decomposition on twig structure and chemical properties within tree 

species? (2) how does decomposition directly and indirectly (via water 

properties) affect twig flammability of given tree species? How do the 

relationships in (1) and (2) vary among tree species? I hypothesized that the 

direct effects of structural changes would have the biggest influence on 

flammability. In addition, there is the potential for indirect effects through 

changes in water dynamics which could also affect flammability.  However, I 

expected this effect to be smaller in magnitude compared to the direct effects of 

structural changes. The smallest effect was expected for changes in chemistry. I 

tested these hypotheses through a series of controlled water dynamics 
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experiments and controlled experimental burns with twigs of four temperate 

tree species. 

In Chapter 5, to answer question (D), I sought to first, disentangle effects of 

biotic and abiotic drivers on coarse woody debris carbon turnover through fire 

to the atmosphere and, second, to compare the magnitudes of those effects. To 

do so, I experimentally tested the individual and interactive effects of plant 

species, wood decay stages, moisture content, and ground-wood contact on 

coarse wood flammability and carbon gas emissions for four widespread 

temperate and boreal forest tree species in a fire laboratory. Specifically, the 

following research questions were addressed: (1) When the wood is air dry, 

how do plant species, wood decay stages and their interaction influence coarse 

wood flammability and carbon gas (CO2 and CO) emissions during fire? (2) To 

what extent does increased moisture content (30%) inhibit flammability and 

carbon gas emissions for CWD at various decay stages of different plant 

species? What is the potential interaction between moisture and these biotic 

factors: plant species and wood decay? (3) Does the amount of contact between 

wood and the ground matter? (4) To which extent can charring at lower fire 

temperatures, due to higher moisture content or wood density, cause deviation 

from the theoretical one-to-one relation between mass loss measured and 

emission of CO2 and CO?  

In Chapter 6, I briefly revisit and synthesize the findings from the previous 

chapters in the context of the current literature and give recommendations for 

further research to fill remaining knowledge gaps. 
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Abstract 

Fire affects and is affected by plants. Vegetation varies in flammability, that is, 

its general ability to burn, at different levels of ecological organization. To 

scale from individual plant traits to community flammability states, 

understanding trait effects on species flammability variation and their 

interaction is important. Plant traits are the cumulative result of evolution and 

they show, to differing extents, phylogenetic conservatism. We asked whether 

phylogenetic distance between species predicts species mixture effects on litter 

bed flammability. We conducted controlled laboratory burns for 34 

phylogenetically wide-ranging species and 34 random two-species mixtures 

from them. Generally, phylogenetic distance did not predict species mixture 

effects on flammability. Across the plant phylogeny, most species were 

flammable except those in the non-Pinus Pinaceae, which shed small needles 

producing dense, poorly ventilated litter beds above the packing threshold and 

therefore nonflammable. Consistently, either positive or negative dominance 

effects on flammability of certain flammable or those non-flammable species 

were found in mixtures involving the non-Pinus Pinaceae. We demonstrate 

litter particle size is key to explaining species non-additivity in fuel bed 

flammability. The potential of certain species to influence fire 

disproportionately to their abundance might increase the positive feedback 

effects of plant flammability on community flammability state if flammable 

species are favored by fire. 

 

KEYWORDS 

fire, flammability, non-additive mixture effects, phylogenetic diversity, species 

interactions, traits 

 

1    INTRODUCTION 

The origin of fire is tied to the origin of vascular plants, which provide two of 

the three essential elements for fire: oxygen and fuel (Pausas & Keeley, 2009). 

Since its origin, fire has accompanied terrestrial plants through their 

evolutionary history. Fire regime – the cumulative pattern of fires and their 

individual characters (fire type, frequency, intensity, season) shape organism 

traits, community structure, and ecosystem properties (Bond & Keeley, 2005; 

Bradstock, Gill, & Williams, 2012). During fire, a huge amount of stored 

terrestrial carbon is transferred back into the atmosphere in the form of 

greenhouse gases and carbon aerosols, which both influence air quality and 

have strong feedback effects on climate (Kasischke, Christensen, & Stocks, 

1995; Conard & Ivanova, 1997; Harden et al., 2000; Page et al., 2002; 

O’Donnell et al., 2009). At global or continental scale, the weather can exert 

strong controls on fire frequency and intensity (Dale et al., 2001; Bradstock et 

al., 2012). As global warming proceeds, heat waves become hotter, longer, and 

more frequent. These shifts in climate regime are likely to increase fire risk 

globally (Kasischke et al., 1995; Dale et al., 2001; Flannigan, Krawchuk, de 
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Groot, Wotton, & Gowman, 2009; Flannigan, Stocks, Turetsky, & Wotton, 

2009; Field & Van Aalst, 2014). 

    Within a biome, vegetation structure and properties can greatly determine 

fire types and local fire regimes. One important type of fire regime globally is 

surface fire (Bond, 2005). The litter layer properties play an important role in 

determining surface fire ignition and spread (Rothermel, 1972; Papió & 

Trabaud, 1990; Weber, 1991; Fonda, Belanger, & Burley, 1998; Curt et al., 

2011; Schwilk & Caprio, 2011; Banwell & Varner, 2014; Cornwell et al., 

2015). Litter packing, which can be quantified as either packing ratio (fuel 

volume / litter bed volume) or as packing density (fuel mass / litter bed 

volume), has long been recognized as an important control on surface fire 

behavior (Rothermel, 1972; Weber, 1991; Viegas, 1998; Balbi, Santoni, & 

Dupuy, 1999; Morvan & Dupuy, 2001; Morvan & Larini, 2001; Morvan, 

Méradji, & Accary, 2009). Although a large body of fire behavior research has 

revealed the effects of bulk litter property and packing on surface fire behavior, 

our understanding of plant species variation in surface litter fire behavior and 

how plant traits difference underpin this variation is still in its infancy. Scaling 

from plant traits to ecosystem effects is a fundamental goal of functional 

ecology and fire is among the most dramatic ecosystem processes shaping 

vegetation and emitting CO2 globally. 

    Litter bed packing varies greatly across plant species (Stephens, Finney, & 

Schantz, 2004; Scarff & Westoby, 2006; de Magalhaes & Schwilk, 2012; 

Cornwell et al., 2015). Recently, there has been growing consensus that foliage 

litter particle size (the size of shed leaves, leaflets, or small branches) 

outweighs non-size traits like surface area to volume ratio, litter tissue density, 

and chemical properties in its effect on surface fire behavior, being the first 

order trait determining air-dried litter bed flammability variation across plant 

species through influencing litter bed packing (Cornwell et al., 2015; Schwilk, 

2015). The effect of packing on flammability is mainly explained by the 

oxygen limitation of denser surface litter fuel beds when surface area is not 

constrained. Larger litter particles create an open litter bed structure leading to 

greater aeration, faster flame spread rates, and higher rates of heat release 

(Scarff & Westoby, 2006; Schwilk, 2015).  

    In plant communities, species with varying leaf characteristics usually 

coexist. So the interactions between litters from different species are also 

important to scale from individual species traits to community level processes. 

These mixtures may not behave as additive combinations of the single species 

in their effects on surface litter flammability; that is, they may show non-

additive mixture effects. Only a few studies have provided evidence for non-

additive species mixture effects on flammability (de Magalhaes & Schwilk, 

2012; van Altena, van Logtestijn, Cornwell, & Cornelissen, 2012; Blauw et al., 

2015). According to those studies, dry litter mixtures consistently show much 

higher flammability than expected based on the flammability characteristics of 

the component species (but see Blauw et al., 2015 for occasional negative 
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interactions in moister litter beds); this indicates positive non-additivity in 

species flammability, in which mixture flammability tends to be driven by the 

most flammable species when moisture is not the dominant limiting factor to 

fire. If only considering broad leaf and needle litters, one possible explanation 

for those interaction effects is that the flammable larger leaved species might 

increase the aeration of the mixed litter bed through structure interaction with 

the smaller, tightly packed litter particles mixed with them (de Magalhaes & 

Schwilk, 2012). In contrast, for mixtures between different litter types (e.g., 

leaves, twigs, moss, and lichen), the interaction effects cannot be explained by 

one single trait, but might be the result of multiple traits interacting, like litter 

tissue density, surface area to volume ratio, and fire enhancing chemical 

content (Papió & Trabaud, 1990; van Altena et al., 2012). 

    To understand the magnitude of non-additivity, the degree of difference in 

terms of species traits may be important: more different species might be 

expected to produce larger departures from additivity in mixtures. Trait 

variance among species is the cumulative result of evolution. Because 

evolution is a conservative branching process leaving a strong legacy from the 

deep past, species sharing the most recent common ancestor are most likely to 

have similar traits composition compared to those with a distant common 

ancestor (Prinzing, Durka, Klotz, & Brandl, 2001; Baum, Smith, & Donovan, 

2005; Baum, 2008). Being complementary with the functional approach, the 

degree of phylogenetic difference between species might be an alternative 

integrative measure for trait differences and capture some trait differences 

between species that are difficult to be measured for a large number of species 

(Cadotte, Albert, & Walker, 2013).  

    In this study, we use phylogenetic distance between species as a 

hypothesized integrative proxy for species trait differences and their effect on 

flammability in mixed litter beds. We asked: “Can the strength of pair-wise 

species interaction effects on litter flammability be predicted by their 

phylogenetic distance?” We have two hypotheses: (1) A larger phylogenetic 

distance is correlated with a bigger trait difference and stronger non-additivity 

in flammability of the paired species. Correspondingly, a closely related 

species pair will behave much closer to a simple additive model of 

flammability. (2) Litter particle sizes, via their effects on litter bed packing, 

will mechanistically underpin species non-additive mixture effects on 

flammability. We test these hypotheses by assessing flammability of single 

species and two-species mixtures from a broad evolutionary spectrum of 

species in a fire laboratory. These species belong to the four large clades of 

land plants, but we put particular focus on litter mixtures involving 

gymnosperms which are often dominant in fire-prone habitats, both today and 

dating back to the Mesozoic (He, Belcher, Lamont, & Lim, 2016). We sought 

to quantify (non-additivity in) litter bed flammability in terms of sustainability 

(total burning time), combustibility (maximum temperature and integrated 
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temperature over time), and consumability (proportion of sample burned) 

(Anderson, 1970; Pausas & Moreira, 2012; Schwilk, 2015). 

 

2    MATERIALS AND METHODS 

2.1    Species selection and litter collection 

We selected 34 species from the four large clades of land plant: Mosses, Ferns, 

Gymnosperms, and Angiosperms (See Fig. 1 for species Latin names). As a 

follow-up study of Cornwell et al., 2015; we also put particle focus on 

gymnosperms (21 species) and 17 of those species were used for both studies. 

For the mixtures, 34 random species pairs were selected from the pool of 34 

species (Fig. 1). Most of the leaf litters were collected between 28 January and 

2 March 2011 in the Netherlands: Pinetum Schovenhorst near Putten (52°15'N, 

5°37'E), Pinetum Dennenhorst near Lunteren (52°05'N, 5°38'E), Pinetum 

Blijdestein in Hilversum (52°13'N, 5°09'E); Vrije Universiteit Amsterdam 

Hortus Botanicus (52°20'N, 4°51'E), Utrecht University Hortus Botanicus  

(52°09'N, 5°10'E), the greenhouse at Burger’s Zoo (52°00'N, 5°89'E), and for 

bryophyte species in semi-natural heathlands of the Netherlands Veluwe 

region. We also collected some species in the subarctic tundra at Abisko 

(68°21' N, 18°49'E), Sweden.  

    Litter was gathered in the form that it fell off after senescence, either as 

recently fallen single leaves, leaflets or fine twigs with the leaves or needles 

still attached; in species that do not naturally form abscission layers, brown 

leaves were cut off from the living plant. After collecting, leaf litter of each 

species was air-dried and then separately stored in boxes in a climate control 

room until use in the experimental burns. 

  

2.2   Trait measurements 

For all single species burns, litter particle 3D (three-dimensional) size, litter 

tissue density, litter tissue moisture content, and litter bed packing ratio (total 

litter particle volume / litter bed volume) and packing density (total litter 

particle mass / litter bed volume) were measured, as these traits are likely to 

play important roles in determining litter bed flammability especially when fuel 

moisture content is low (Fonda et al., 1998; Scarff & Westoby, 2006; Plucinski 

& Anderson, 2008; Cornwell et al., 2015). 

    As the sampled plant species differ in their nature of abscission organs 

(needles, simple leaves, compound leaves, or small branches), the litter particle 

3D size (measured as litter particle length × width × height) but not area was 

determined. For example, Araucariaceae and Cupressaceae species have unique 

litter structure that cannot be generally represented by area (See Fig. S1 for the 

litter particle photographs to get a visual impression of the huge variation in 

litter particle structures across plant species). In order to capture the average 

value of the particle size, the structure of the smallest, medium, and largest 

leaves or branch pieces were measured. We did not measure the size of Mosses 



24 
 

as it is difficult to define what constitutes a litter particle for those plants (Fig. 

S1). 

    Litter tissue density was defined as oven-dried mass (70°C, at least 60 hr) 

per litter volume. We measured litter particle volume by introducing saturated 

litter particles (saturated in demineralized water for 24 hr) into a beaker or 

graduated cylinder with a known volume of demineralized water and 

measuring the increase in volume. The air-dried litter tissue moisture content 

was defined as the mass of water [the difference between the air dry and oven 

dry (70°C for at least 60 hr) leaf litter mass] per mass of air-dried leaf litter 

material at equilibrium with laboratory air humidity (39% ± 4%). 

    For each burn, the litter bed volume was standardized using a steel mesh ring 

(25 cm in diameter, 3 cm in depth). Litter particles filled the ring in their 

natural configuration (for litters larger than the ring size, we cut them into 

lengths of approximately 10 cm, which we assumed to represent larger particles 

in that they would build fuel beds with non-limiting aeration). Litter bed 

packing density was defined as total litter air-dried mass per ring volume. Litter 

bed packing ratio was defined as total litter particle volume per ring volume, 

where total litter particle volume was determined by total litter air-dried mass 

per ring, air-dried litter moisture content, and litter tissue density. 

 

2.3    Flammability measurements 

For the experimental burns, we followed the method established and described 

by Van Altena et al. (2012) except where noted below. The standardized fire 

experiment was performed in the Fire Laboratory of Amsterdam for Research 

in Ecology (FLARE) at Vrije Universiteit Amsterdam, the Netherlands.  

    Two fuel types were used in the trials: mono-specific ones (34 species)and 

two-species mixtures (34 species pairs). Both fuel types were burned (when 

possible, with a few exceptions only) in five replications. Each replicate sample 

was placed in one block, which led to five blocks each of which contained one 

replicate of all the 68 litter bed types. Per week, one block was performed in 

order to minimize any effects of differences in air humidity over time. We 

randomized the order of the burns within each block. To record the 

temperature, we placed six thermocouples (1 mm thick type K thermocouple, 

TC Direct, Uxbridge United Kingdom): one was in the center and five were 

equally distributed around the ring at 6.25 cm from the center at approximately 

1 cm above the surface of the fuel bed. The data recorded by the thermocouples 

were processed in TC Meas, a program designed in Labview(van Altena et al., 

2012). 

    All litter samples, which were in equilibrium with the ambient air humidity 

in the same room, were sealed in airtight plastic bags to keep the litter humidity 

constant before burning. The sealing of each block was performed within one 

day. The mixture composition had a 50:50 distribution based on volume, 

meaning that a mixture contained a half filled ring litter from each of the two 

component species. The mass of a half ring was measured for every species in 



25 
 

the mixture, before the two species were mixed and sealed into one airtight 

plastic bag. After the sample had been taken from the sealed bag and placed in 

the fire ring just before burning, the mixture was further homogenized. For all 

monoculture burns, one burn was a full ring of one species litter and samples 

were also weighed before burning. 

    Room temperature in the laboratory was controlled at 18 ± 2°C. A fume 

hood, which was turned on before the experiment started, held ventilation at 

constant and moderate speed and warmed the air from outside up to room 

temperature. A cotton disk drenched in 1 ml of 96% ethanol was placed in the 

center of the fuel bed to ignite the sample. Five different flammability 

parameters were measured. (1) Total burning time reflects the sustainability 

with which a fire burns and was measured from the temperature data as the 

time between ignition of the fuel bed and the complete extinction of the flame. 

We recorded the burning time using a stop watch during the experiment. We 

also calculated the burning time using the temperature data recorded during the 

experiment, and we defined the ignition temperature as 50°C and flame 

extinction temperature as 70°C. Both methods gave very similar results, and we 

used the results derived from the temperature data for further data analysis. (2) 

Fire front speed was calculated as the distance that the flame spread laterally 

per minute, based on the time it took for the flame to reach the ring edge or the 

sensors from the moment of ignition of the cotton disk. Time to the edge was 

measured with a stopwatch, whereas time to sensors was calculated using the 

temperature data recorded the thermocouples. Both measurements gave very 

similar results, and we report the flame speed calculated from the time to 

sensors here. (3) Maximum temperature was the mean of the maximum 

temperatures detected by the five thermocouples away from the center. (4) 

Temperature sum (a proxy for total heat release) (also derived from the same 

five thermocouples) was calculated as the sum of temperatures for each second 

minus a baseline temperature (defined as the average temperature before the 

ignition of each burning) during the whole burning period. (5) Proportion of 

sample burned was determined as the percent of oven-dried mass loss during 

burning. The oven-dried mass of samples before burning was calculated by the 

air-dried mass of samples per ring and the air-dried sample moisture content. 

The samples left after a burn were first oven-dried at 70°C for at least 60 hr and 

then weighed.  

 

2.4    Data analysis  

We used mixture effect sizes to quantify the degree of species non-additivity in 

mixtures for all flammability parameters. Mixture effect size was defined as 

100 × (Observed value − Expected value)/Expected value, where observed 

value was the actually measured mixture flammability and expected value was 

the average of the flammability parameters for the two component species. 

Both volume-weighted and mass-weighted average values were calculated to 

test effects of weighting method on the results. 
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    To quantify the evolutionary relatedness between the two component species 

in the mixture, phylogenetic distance was defined and calculated as the total 

branch length (Mya: million-years) on the phylogenetic tree between two 

species (Cadotte et al., 2013). The phylogenetic tree was produced with the 

intersection of the species list from the experiment and the randomized 

accelerated maximum likelihood phylogenetic tree from Zanne et al. (2014). 

    For the comparison between phylogenetic distance and mixture effect sizes 

across species pairs, we use Pearson’s correlation analysis. To analyze the 

effect of the packing ratio on the proportion of sample burned, we used a 

logistic regression; for maximum temperature, we used the probability density 

function of a normal curve (following Cornwell et al., 2015). All data analyses 

were processed in R (R Core Team, 2013). 

 

3    RESULTS  

3.1    Phylogenetic distance and species mixture effects on flammability 

We found that phylogenetic distance did not relate to species non-additivity in 

flammability. For all flammability parameters, phylogenetic distance did not 

significantly correlate with mixture effect sizes, neither for volume-weighted 

nor for mass-weighted expression (Table 1). Interestingly, we found that 

particular mixtures involving the non-Pinus Pinaceae: Abies veitchii, Larix 

eurolepis and Picea abies consistently show much larger or smaller effect sizes 

than mixtures without those species (Fig. 1, Fig. S2). Statistically, we 

compared the difference between mixtures with and without the non-Pinus 

Pinaceae in absolute values of mass-weighted and volume-weighted mixture 

effect sizes (Table 2). For all flammability parameters except fire front speed, 

significantly higher absolute effect size values (more non-additivity) were 

found for mixtures with the non-Pinus Pinaceae than mixtures without the non-

Pinus Pinaceae (Fig. 2). 
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TABLE 1 Results of Pearson’s correlations between phylogenetic distance and species mixture 

effect size (both volume-weighted and mass-weighted) for different flammability parameters 

Significance code: *p< 0.05; **p< 0.01; ***p< 0.001. 

    

Phylogenetic 

Distance (Mya)       
Phylogenetic 

Distance (Mya) 

Volume-

weighted effect 

size (%)  df r p 

 

Mass-weighted 

effect size (%) df r p 

Fire front speed  32 -0.13 0.46 

 

Fire front speed 32 -0.02 0.94 

Total burning 

time  32 0.19 0.27 

 

Total burning 

time 32 0.04 0.83 

Maximum 

temperature  32 0.13 0.46 

 

Maximum 

temperature 32 -0.19 0.28 

Temperature 

sum 32 0.14 0.44 

 

Temperature sum 32 -0.16 0.36 

Mass loss 32 -0.02 0.93 

 

Mass loss 32 -0.03 0.16 
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FIGURE 1 Single species phylogeny and their corresponding partner species in mixtures with 

mass-weighted non-additive mixture effect size (%) for proportion of sample burned and 

maximum temperature.   
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FIGURE 2 Box plot of the absolute volume-weighted and mass-weighted non-additive mixture 

effect size values (%) for mixtures with and without the non-Pinus Pinaceae of (A) percentage 

mass loss and (B) maximum temperature.  
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TABLE 2 Statistics for two-way ANOVA for comparing volume-weighted versus mass-weighted mixture effect sizes between species pairs with versus 

without the non-Pinus Pinaceae for different flammability parameters 

 

    

Total burning 

time 

Fire 

front 

speed 

Maximum 

temperature Temperature sum Mass loss 

Volume-weighted vs. 

Mass-weighted 

F 0.52 0.10 0.76 1.24 1.42 

p 0.47 0.75 0.39 0.27 0.24 

 
      

With vs. Without the 

non-Pinus Pinaceae 

F 114.1 3.0 90.5 53.8 47.1 

p <0.001 *** 0.08 <0.001 *** <0.001 *** <0.001 *** 

Significance code: *, p< 0.05; **
, p< 0.01; ***

, p< 0.001. 
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3.2    Traits, single species flammability and species mixture effects on 

flammability 

In our experiment, the mean litter tissue density was 0.30 g cm-3 with a range of 

0.08-0.59 g cm-3
.  Mosses had the smallest tissue density. Cycad species and 

Araucaria araucana (monkey-puzzle tree) had the densest litter tissue. 

 

3.2.1   The first order effect of litter particle size 

For monoculture burns, litter beds of most plant species burned entirely, or 

almost entirely. The prominent exception was the non-Pinus Pinaceae species, 

which had <10% of samples burned. One common character of the non-Pinus 

Pinaceae is that they singly shed small needle litters, which produce tightly 

packed litter beds (Fig. 3 and see Fig. S1 for the litter particle photographs). 

One fern species Equisetum hyemale has 16.8% of sample burned, and its litter-

bed is tightly packed terete shape litter particles. 

    For air-dried litter with a mean moisture content of 7% with a range from 3% 

to 11%, moisture content did not significantly affect litter flammability (Table 

3). The relation between litter bed packing ratio and proportion of sample 

burned was significant in a logistic regression model (p < 0.01), with a sharp 

transition from flammable to nonflammable litter beds as packing ratio 

increased from 12% to 20% (Fig. 4A). We defined flammable litter beds as the 

ones supporting successfully fire spread to the fire ring edge and has more than 

40% sample burned (Plucinski & Anderson, 2008). A similar pattern was found 

for maximum temperature (Fig. 4B). All non-Pinus Pinaceae species had a 

mean litter bed packing ratio larger than 12% and were nonflammable (Fig. 3). 

Almost all species pairs with extreme mixture effect sizes (the three most 

negative and the three most positive) included the tightly packed nonflammable 

non-Pinus Pinaceae species. In Fig. 4, the three species pairs with the most 

negative effect sizes versus those with the largest positive effect sizes were 

highlighted and labeled. In mixtures including Larix eurolepis (LaEu) or Abies 

veitchii (AbVe), mixture flammability was driven by the flammable partner 

species, while the nonflammable Picea abies (PiAb) had a negative dominance 

effect on the mixture’s flammability (Fig. 4). 
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FIGURE 3 Single species phylogeny with lg [Litter particle size (cm3)], litter bed packing ratio 

(%), and proportion of sample burned (%). The upper limit (12%) and lower limit (20%) of the 

packing ratio threshold for proportion of sample burned was indicated as red and blue vertical 

lines, respectively. 
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Table 3 Results of Pearson’s correlation between fuel bed traits and flammability parameters for mono-specific burns 

 

  Packing ratio (%)   Moisture content (%) 

 

df r p 

 

df r p 

Time to ignition (s) 32 -0.18 0.31   32 -0.09 0.61 

Total burning time (s) 32 -0.08 0.64 

 

32 -0.02 0.90 

Flame speed (cm*min-1) 32 0.19 0.27 

 

32 0.17 0.35 

Maximum temperature (C) 32 -0.53 0.001*** 

 

32 -0.23 0.18 

Temperture sum (C *min) 32 -0.25 0.16 

 

32 -0.13 0.45 

Mass loss (%) 32 -0.72 <0.001*** 

 

32 -0.30 0.09 

Significance code: ***p< 0.001; **p< 0.01; *p< 0.05.
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FIGURE 4 (A) Packing ratio and proportion of sample burned. Curve fit is a logistic regression 

for the single species burns. (B) Packing ratio and maximum temperature. Curve fit uses a 

normal distribution curve. In both panels, species mixtures with the three most negative and the 

three largest positive mass-weighted non-additive mixture effect sizes were indicated as red and 

blue open circles respectively, and connected with their component species which is highlighted 

as red and blue points by dashed lines. For proportion of sample burned, species pairs with the 

three most negative mixture effect sizes are: “YuGl + PiAb”, “PiAb + AlIn”, and “HySp + 

HyJu”; species pairs with the three largest positive mixture effect sizes are: “AbVe + PiAy”, 

“ScVe + AbVe”, and “HyJu + LaEu”. For maximum temperature, species pairs with the three 

most negative mixture effect sizes are: “YuGl + PiAb”, “PiAb + AlIn”, and “EqHy + PoTr”; 

species pairs with the three largest positive mixture effect sizes are: “AbVe + PoTr”, “ScVe + 

AbVe”, and “HyJu + LaEu”. The meaning of the species code can be found in Table S1. 

 

3.2.2   Variation among flammable species  

Among flammable species (i.e., excluding non-Pinus Pinaceae and Equisetum 

hyemale), flammability variation had two major dimensions: sustainability (fire 

front speed/total burning time) and combustibility (maximum temperature/temp 

sum) (Fig. 5B). Along the first axis, fire either burned fast and short or slow 

and long. Fire sustainability was strongly correlated with litter bed packing 

density (Fig. 5B). Packing density increased total burning time and decreased 

fire front speed (Fig. 5B). Packing density was a function of litter tissue density 

and litter bed packing ratio (Fig. 5A). Generally, among flammable species, 

litter bed packing ratio was not correlated with litter particle size (Fig. 5A). 

However, when we categorized litter particles by their morphological structure 

into long needles, broad leaves, and branches, within branch litters particle size 

was significantly correlated with packing ratio (Fig. 6, see Fig. S1 for litter 

particle nature). 

Both positive and negative non-additive mixture effects in flammability was 

found for mixtures within flammable species (i.e. excluding mixtures including 
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non-Pinus Pinaceae and Equisetum hyemale), although virtually negligble in 

magnitude compared to mixtures involving the non-Pinus Pinaceae (Fig. S2).  

 

FIGURE 5 For single species burns that are flammable, (A) Principal component analysis (PCA) 

for litter particle size, litter tissue density, packing density, and packing ratio, the first and second 

principal component (PC) axes explained 49.9% and 30.0% of the total variance, respectively; 

and (B) Principal component analysis (PCA) for four flammability parameters and packing 

density, the first and second principal component (PC) axes explained 75.4% and 16.9% of the 

total variance, with each point represents a species mean, and litter particle nature: branches, 

broad leaves, long needles, and mosses was highlighted by different colors. 

 



36 
 

 
FIGURE 6 Lg [Litter particle size (cm3)] and packing ratio (%), with litter particle of different 

natures: short needles (blue triangle), long needles (blue points), broad leaves (green points), and 

branches (red points) are indicated. Each point represents a species mean. The three short needle 

litter species and the branch litter species with the biggest packing ratio value were non-

flammable. Linear regression lines are fitted for needles, broad leaves and branch litter types, 

with solid line indicates significant correlation (p<0.01).  

 

4    DISCUSSION 

We tried to use phylogenetic distance as a proxy for two-species mixture 

effects on litter-bed flammability. We hypothesized that larger phylogenetic 

distance indicated larger trait differences and greater species non-additivity in 

flammability. However, in our species set, phylogenetic distance turned out to 

be a crude tool for estimating species non-additivity in flammability (Table 1), 

and in this case, the traits and flammability relation were too particular for 

phylogenetic distance to be useful. 

    Consistent with previous laboratory and field studies (Scarff & Westoby, 

2006; Kane, Varner, & Hiers, 2008; de Magalhaes & Schwilk, 2012; Cornwell 

et al., 2015), we demonstrate the importance of litter particle size, via affecting 

litter-bed packing, in explaining flammability variation across 34 

phylogenetically wide-ranging species. Distinct packing ratio thresholds were 

found in our laboratory experiments. Near the threshold, as packing ratio 

increased, there was a rapid shift from flammable species to nonflammable 

species (Fig. 4A). Across the plant phylogeny, consistently the small needle 

litters from the non-Pinus Pinaceae, formed litter beds packed denser than the 

threshold and were thereby nonflammable. When such tightly packed small 

needles mixed with other, large openly packed litter particles, high non-
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additivity in flammability was found (Figs 1 and 4). We suggest that litter 

particle size solely can explain species variation in litter bed ignitability with 

single small needle litter abscission as a fire suppressing trait, and underpin 

flammability interaction between flammable and nonflammable species. The 

packing threshold might vary under different environmental temperature, 

moisture (Blauw et al., 2015), wind conditions, and ignition patterns. For 

instance, previous studies find some Abies species are flammable (Fonda et al., 

1998; de Magalhaes & Schwilk, 2012). 

    The threshold nature of packing effect on litter bed ignitability might explain 

why phylogenetic distance is not useful, as litter particle size to some extent 

show phylogenetic conservatism. For instance, Cupressaceae and 

Auracariaceae have large branch litters; Pinus has long needle litters, and the 

non-Pinus Pinaceae drop solitary small needles; Angiosperms has broad leaf 

litters; mosses have its special litter structure (Fig. S1). In our species set, 

phylogenetic position rather than phylogenetic distance was more informative, 

which was the special role for the non-Pinus Pinaceae. This indicates that the 

nonlinear nature of the key trait effects on an ecosystem process might 

diminish the effect of phylogenetic diversity on ecosystem function. 

    The importance of litter bed packing could be explained by the aeration-

limited nature of the surface litter fire (Scarff & Westoby, 2006; Schwilk, 

2015). Enough ventilation, that is, oxygen availability, is necessary for the 

oxidation of pyrolysates produced from thermal decomposition of the solid 

cellulosic fuel. When oxygen availability is limited, charring combustion 

becomes dominant and the relatively low temperature of charring combustion 

will limit further ignition of unburned litter particles and therefore inhibit fire 

spread (Weber, 1991; Scarff & Westoby, 2006). Above the packing threshold, 

litter bed ventilation is too limited to support sustainable fire spread. Below the 

threshold, flammability is expected to increase linearly with ventilation, 

saturating to a maximum value in well-ventilated beds. Small needles build 

litter beds packed denser than the threshold and thereby nonflammable, 

although the high surface area to volume ratio of those litter beds might support 

fire spread in well-ventilated canopy fires. 

    High flammability non-additivity is most likely to be found between two 

species at opposite sides of the packing threshold, which is the case for 

mixtures involving the non-Pinus Pinaceae. The negative dominance effect of 

Picea abies in mixtures presumably can be explained by their small needles 

filling in spaces that would otherwise be air in their paired species litter-bed. 

This complementarity in litter particle size makes the mixed fuelbed packed 

denser than the threshold and become nonflammable. On the other hand, for 

Larix eurolepis and Abies veitchii, their small needles, tightly packed when in 

monospecific fuelbeds, might be spread out by the mixed large litter particles 

and pack less dense than the threshold, thereby becoming flammable. There are 

two possible explanations for these opposite interaction patterns. First, because 
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Picea abies has the smallest litter length of our experimental species set, it is 

easy for those small and short particles to fill the space between the mixed 

large litter particles. Second, the structure of the large litter particles may also 

matter. In our experiment, coincidentally the paired species with Picea abies, 

viz. Alnus incana and Yucca gloriosa, had laminar litter structure, while partner 

species of Larix eurolepis and Abies veitchii either have needle-shaped or terete 

litters, like Sciadopitys verticillata, Pinus ayacahuite, and Equisetum hyemale, 

or are mosses like Hypnum jutlandicum (See Fig. 1 for the species pairs and 

Fig. S1 for the litter particle structure). At the same packing ratio, the litter bed 

of long needles, terete litters, or mosses might have more small spaces than 

large laminar litters, and the small needles might tend to spread out rather than 

accumulate in those small spaces. These findings indicate that under air-dried 

conditions the nature of species interaction effects on litter bed flammability 

can be idiosyncratic; and to better understand and predict the potential 

interaction patterns by litter particle traits, not only size but also litter particle 

three-dimensional shape and/or surface area to volume ratio need to be 

considered. 

 

4.1   Effects of non-size related traits among flammable species 

Among flammable species, we confirm that surface litter flammability 

variation has two major dimensions: sustainability (total burning time/fire front 

speed) and combustibility (maximum temperature/temperature sum) (Fig. 5B) 

(Schwilk & Caprio, 2011; Cornwell et al., 2015). A fire that burns fast 

facilitates fast fire spread through the landscape, with a minor soil heating 

effect. In contrast, a fire that has high sustainability usually produces strong 

damage to living tissue and soil organisms. Packing density (litter tissue 

density × packing ratio) explained most of the variation in fire sustainability. 

Among flammable litter-beds (below packing ratio threshold), when air-dried, 

not only litter particle size but also litter types explained packing ratio 

variations (Fig. 6), which indicates the importance of surface area to volume 

ratio (SA:V) (Papió & Trabaud, 1990). Non-additivity in flammability among 

flammable species might be results of complex multiple traits interactions 

between the mixed species. 

 

4.2   Linkage to fire in natural systems 

The non-Pinus Pinaceae species from genera such as Picea, Larix, Tsuga, and 

Abies strongly dominate the boreal forest belt and the eco-tone between boreal 

and temperate forest, where these species commonly coexist with long needle 

coniferous and broad-leaved tree species. The non-additive mixture effects 

demonstrated here should have potentially strong influences on fire regimes 

and community assembly especially when burning conditions are not extreme. 

The positive or negative dominance effect of certain flammable or 

nonflammable species in mixtures involving the non-Pinus Pinaceae might 

increase the positive feedback effects of plant flammability on local fire 
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regimes if flammable species are also favored by fire (D’Antonio & Vitousek, 

1992; Schwilk & Ackerly, 2001; Keeley, Pausas, Rundel, Bond, & Bradstock, 

2011; Bradstock et al., 2012; He, Pausas, Belcher, Schwilk, & Lamont, 2012; 

Parsons, Balch, de Andrade, & Brando, 2015). Meanwhile, fire regime change 

due to fire management and global warming might strongly affect the 

abundance of those species in the community. We do not exclude that when 

canopy fire occurs small needle species might be more flammable as the high 

surface area to volume ratio of small needles might promote fire ignition and 

spread in open structured tree crown (Cornelissen et al., 2003; Wyse et al., 

2016). 

    Flammability interaction between leaf and twig litter may be also important, 

both in the canopy (e.g., via crown architecture; Cornelissen et al., 2003) and in 

surface litter-beds. As for the latter, leaf and twig mixtures are ubiquitous 

feature of litter-bed assembly. Leaf and twig differ greatly in SA:V and lignin 

content and might complement in ignitability and fire sustainability. Moreover, 

the litter fuel we considered had not yet decomposed. Species differ 

significantly in litter decomposition rate; whether decomposition will diminish, 

exacerbate, or not affect litter packing difference among species deserves 

further investigation. Litter decomposition generally decrease wood density, 

thereby enhancing twig ignitability and fire sustainability (Zhao et al., 2014). 

    Finally, both fossil records and molecular phylogenies suggest that the 

Pinaceae was present in the Cretaceous when surface fire regimes were 

important (He et al., 2016). Combine with measuring abscised particle size in 

the fossil record when available, the present flammability pattern of species 

mixtures involving the non-Pinus Pinaceae reported here may also help 

understand paleo-fire behavior (See Fig. S1 for some leaf fossil photos) 

(Cornwell et al., 2015; Schwilk, 2015; Belcher, 2016). 

    In conclusion, the special leaf traits of non-Pinus Pinaceae are likely to have 

made this lineage a major player in surface fire regimes, in past, present, and 

likely also future forests, with varying impact depending on the other species 

they grow together with. 
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Supporting Information: 

 

Table S1 The list of the 34 two-species mixtures ID, code, and Latin binomial name. 

Mixture 

ID 
Mixture code Mixture (Species A +Species B) 

1 AbVe + PiAy Abies veitchii + Pinus ayacahuite 

2 AlIn + DiEd Alnus incana + Dioon edule 

3 ArAn + DiAn Araucaria angustifolia + Dicksonia antarctica 

4 ArAr + CrJa Araucaria araucana + Cryptomeria japonica 

5 BePu + PiAr Betula pubescens + Pinus armandii 

6 CaEp + PiSt Calamagrostis epigeios + Pinus strobus 

7 CrJa + FaSy Cryptomeria japonica + Fagus sylvatica 

8 CuLa + CaEp Cunninghamia lanceolata + Calamagrostis epigeios 

9 DiAn + HySp Dicksonia antarctica + Hylocomium splendens 

10 DiEd + BePu Dioon edule + Betula pubescens 

11 EqHy + PoTr Equisetum hyemale + Populus tremula 

12 FaJa + ArAr Fatsia japonica + Araucaria araucana 

13 FaSy + ArAn Fagus sylvatica + Araucaria angustifolia 

14 GlPe + PiSy Glyptostrobus pensilis + Pinus sylvestris 

15 HyJu + LaEu Hypnum jutlandicum + Larix eurolepis 

16 HySp + HyJu Hylocomium splendens + Hypnum jutlandicum 

17 LaEu + EqHy Larix eurolepis + Equisetum hyemale 

18 PiAb + AlIn Picea abies + Alnus incana 

19 PiAr + PoMa Pinus armandii + Podocarpus macrophyllus 

20 PiAy + ScVe Pinus ayacahuite + Sciadopitys verticillata 

21 PiPu + PlSc Pinus pumila + Pleurozium schreberi 

22 PiSt + SoAu Pinus strobus + Sorbus aucuparia 

23 PiSy + PiPu Pinus sylvestris + Pinus pumila 

24 PlSc + PoHe Pleurozium schreberi + Podocarpus henkelii 

25 PoHe + GlPe Podocarpus henkelii + Glyptostrobus pensilis 

26 PoMa + FaJa Podocarpus macrophyllus + Fatsia japonica 

27 PoTr + TaMu Populus tremula + Taxodium mucronatum 

28 ScVe + AbVe Sciadopitys verticillata + Abies veitchii 

29 SeGi + CuLa Sequoiadendron giganteum + Cunninghamia lanceolata 

30 SoAu + ThSt Sorbus aucuparia + Thuja standishii 

31 TaCr + YuGl Taiwania cryptomerioides + Yucca gloriosa 

32 TaMu + TaCr Taxodium mucronatum + Taiwania cryptomerioides 

33 ThSt + SeGi Thuja standishii + Sequoiadendron giganteum 

34 YuGl + PiAb Yucca gloriosa + Picea abies 
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Fig. S1 Single species phylogeny with litter particle photos for the 34 species used in our experiment, with the species name is indexed as species number 

and species code in each photo. To reflect the realistic size of the litter particle structure and make it comparable between different plant species, the 

background of each photo was scaled with grids (the real size of each grid equals the size of an A4 paper: 21.0 x 29.7 cm). Notice that during the fire 

experiments, for litter particles too big in size to fit into the fire ring (diameter 25cm, depth 3.5cm), we cut them shorter into 7-10 cm long pieces. The litter 

particles were categorized into four groups depending on their fresh litter structure: branches, broad leaves, mosses, and needles. We took the photos after 

storage of the litters for a while, so some species’ fresh litter structure has broken due to the drying of the litter and the moving of the samples. For species 

like Taxodium mucronatum, Glyptostrobus pensilis, Sequoiadendron giganteum, and Thuja standishii, which naturally shed branch litters, only part of their 

original litter structure is showed here. For Dioon edule, taxonomically their litter particle is a dead leaf, but here based on its structure we categorize it as 

branch litter type. 
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Fig. S2 Scatter plots of phylogenetic distance versus species non-additive mixture effect sizes (%) (both volume-weighted and mass-weighted values) for 

different flammability parameters: (a) proportion of sample burned, (b) maximum temperature, (c) temperature sum, and (d) total burning time. Each point 

represents the mean effect size of a species pair. Depending on the division the single species belong to (Gymnosperms-GY, Angiosperms-AN, Ferns-

FERN, or Mosses-MOSS), all the species pairs were categorized into seven groups: GY+ GY, GY+AN, GY+FERN, FERN+MOSS, MOSS+MOSS, 

GY+MOSS, and FERN+AN, which was specified by different colors. Mixtures including species of the non-Pinus Pinaceae clade are denoted by the 

component species code: “AbVe + PiAy” ( “Abies veitchii + Pinus ayacahuite”), “ScVe + AbVe” (“Sciadopitys verticillata + Abies veitchii”), “HyJu + 

LaEu” (“Hypnum jutlandicum + Larix eurolepis”), “LaEu + EqHy” (“Larix eurolepis + Equisetum hyemale”), “YuGl + PiAb” (“Yucca gloriosa + Picea 

abies”), and “PiAb + AlIn” (“Picea abies + Alnus incana”).  For other mixtures, only the species mixture ID is shown. The meanings of those species 

mixture ID can be found in the Table S1. 
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Summary 

Leaf size and shape, via influencing fuel-bed packing, are important plant traits 

related to surface litter flammability. Large magnitudes of non-additive mixture 

effects in leaf litter flammability of species with different leaf size and shape 

have been found. While it is the mixture of leaves and fine twigs, which differ 

greatly in size and shape, that generally characterizes the litter layer in almost 

all forest types and likely contributes most to surface fire behavior, we still do 

not know whether there are non-additive effects of litter mixtures of leaves and 

twigs on flammability.  

We chose one small needle, one large needle, one small broad-leaved and one 

large broad-leaved tree species that are widely spread in temperate-boreal 

forests with a surface fire regime. Using laboratory controlled fire experiments 

we tested the direction and effect sizes of non-additive effects of inter- and 

intra-species leaf and twig mixtures on litter flammability.  

We found that across species, small needles had negative dominant effects on 

the mixture fuel-bed ignitibility through filling up the space between twigs and 

forming ventilation limited non-flammable fuel-beds. Within the small broad-

leaved species, the thin, frequently branched and open spaced twigs were too 

loosely packed to be flammable, while in mixtures the small broad leaves can 

fill up the space between twigs and produced flammable fuel-beds and positive 

dominance effects on litter ignitibility. Once ignited, across species fire spread 

rate in the mixed fuel-bed was driven by leaves, while fire sustainability can be 

predicted by fuel mass. Fuel-bed flammability was driven more by leaves when 

increasing the relative amount of leaves to twigs.    

Our study demonstrated that non-additivity in litter flammability is not only 

seen between species but also between different organs of the same or different 

plant species; and that in the case of litter of leaves and twigs these interactions 

are particularly important as leaf-twig mixtures should always be present on the 

forest floor.  

 

Key-words 
Carbon cycling; fire behavior; fuel type; litter; non-additivity; plant organs; 

plant traits; surface fuels 

 

Introduction 

Surface fires are an important component of many temperate forests (Bond and 

Van Wilgen, 1996, Miller and Urban, 2000, Bradstock et al., 2012). They burn 

just above the ground surface and spread by fuels that are close to the ground, 

such as leaf and twig litters (Bond and Van Wilgen, 1996, Bond and Keeley, 

2005). Forest surface fire regime is a result of the interaction between weather 

and climate, sources of ignition, and the quantity and flammability of plant 

litters (Bond and Van Wilgen, 1996). Plant litter flammability is determined 
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both by the direct “after-life” effect of individual plant traits (Cornelissen et al., 

2017) and the interaction between litters of different plant species and organs.   

Litter particle size and shape, through their effects on fuel-bed packing, have 

been recognized as the most important plant traits related to surface litter layer 

flammability. Fuel-bed packing ratio has long been recognized as an important 

control of litter flammability (Rothermel, 1972, Plucinski and Anderson, 2008). 

Packing ratio is defined as the ratio of fuel volume to fuel-bed volume and 

essentially measures the fuel/air mix (Bond and Van Wilgen, 1996). Now there 

is repeated evidence that surface litter fires are aeration limited (Schwilk, 

2015). Larger size and more curly shaped leaves create a more loosely packed 

fuel-bed that ignites faster and burns more rapidly because the fuel-bed is better 

ventilated and has higher oxygen availability (Scarff and Westoby, 2006, Kane 

et al., 2008, de Magalhães and Schwilk, 2012, Engber and Varner III, 2012, 

Cornwell et al., 2015, Grootemaat et al., 2017). Small needle leaves construct 

densely packed aeration-limited non-flammable fuel-beds (Cornwell et al., 

2015). Due to the importance of leaf size and shape to litter flammability and 

its great variation among plant species, recently researchers have tried to 

characterize plant species litter flammability by the “Size and Shape 

Spectrum”, ranging from small and simply shaped leaved species forming 

ventilation-limited less flammable litter-beds to large and curly leaved species 

forming more flammable ones (Cornelissen et al., 2017, Dias et al., 2017).    

Plant species interactions also play an important role in determining surface 

litter flammability. Natural forests are usually composed of multiple tree 

species with different leaf size and shape. Non-additive effects of plant species 

mixtures on leaf litter flammability, meaning that the flammability of different 

plant species litter mixtures cannot be predicted by the average effects of the 

component species, have been found. Positive non-additive effects are 

explained by the positive dominance effect of the most flammable species in 

the mixtures (de Magalhães and Schwilk, 2012, Van Altena et al., 2012). 

Negative non-additive effects are, for instance, explained by small needles 

filling into the spaces between the large leaved flammable species and produce 

ventilation limited non-flammable fuel-beds (Zhao et al., 2016). Also, the 

magnitude of non-additivity in flammability is much larger than those in other 

ecosystem processes like litter decomposition (de Magalhães and Schwilk, 

2012, Van Altena et al., 2012, Blauw et al., 2015, Zhao et al., 2016, 

Cornelissen et al., 2017).    

The currently available literature on plant traits and litter flammability, and 

interactions between litter types, have a great bias towards leaf litter types 

(Schwilk, 2015, Varner et al., 2015). Most studies assume that leaves have 

dominance effects on litter flammability (Scarff and Westoby, 2006, de 

Magalhães and Schwilk, 2012, Varner et al., 2015). However in forests, not 

only leaf but also twig litter has always been present in substantial amounts 

(Brown, 1981, Scott and Burgan, 2005). The dead leaves and twigs (<6mm in 
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diameter) mix together into the fine litter layer, and it is these litters together 

that contribute most to surface fire behavior (Burrows, 2001). Leaf and twig 

litter particles differ greatly in size and shape. To fully understand species 

effect on litter flammability, not only leaf but also twig and leaf-twig mixtures 

need to be considered. 

According to “Corner’s rule”, tree species with thinner and more frequently 

branched twigs should carry smaller leaves (Corner, 1949, Westoby and 

Wright, 2003). What are the relation between the diameter and branching 

frequency of twig litter particle and twig litter fuel-bed flammability? Do 

smaller leaved species also form less flammable twig fuel-beds than larger 

leaved species? Are there non-additive mixture effects of leaves and twigs of 

the same or different tree species on litter fuel-bed flammability? If there are, 

what are the magnitude and mechanisms for such mixture effects? To answer 

these questions, we chose four temperate tree species that are widespread in 

temperate-boreal woodlands and forests with a surface fire regime and which 

varied greatly in their leaf and twig size and shape (one small needle conifer, 

one large needle conifer, one small broad leaved species, and one large broad 

leaved species). Using laboratory controlled fire experiments, we measured 

their leaf, twig, and leaf-twig mixture fuel-bed flammability and tested the 

direction and effect sizes of non-additive effects of inter- and intra-species leaf 

and twig mixtures on litter flammability. We focused on four main components 

of flammability: ignitability, fire spread rate, sustainability, and consumability 

(Anderson, 1970). As the amount of leaf and twig litters in the mixtures might 

differ between forest types and ages (Burrows, 2001, Freschet et al., 2013), we 

designed two leaf and twig volume mixing ratio: 1:1 and 3:1. 

 

Material and methods 

Litter sampling 

In November 2014, fresh leaf and twig litters of four tree species, i.e. Quercus 

robur L., Betula pendula Roth, Pinus sylvestris L., and Larix kaempferi 

(Lambert) Carrière, were collected in the Schovenhorst estate in the Veluwe 

region (52°25’ N, 5°62’ E), in the central parts of the Netherlands. For each 

species, litters from at least 20 individuals were collected in the field. After 

bringing back to the lab, all samples were air-dried at room temperature (25 ± 2 

°C) to equilibrium moisture content and all debris in the samples was removed. 

Then the air-dried samples were stored in open boxes until further preparation. 

 

Experimental design 

We designed four intra-species and six inter-species leaf and twig mixtures in a 

1: 1 volume ratio (Fig.1. Exp. A). To only test the effect of litter particle size 

and structure, we designed four leaf and twig mixtures in 1: 1 volume ratio 

including manipulations to reduce the size or structural complexity of litter 

particles (Fig.1. Exp. B). We had two leaf structure manipulations: (1) Pinus 
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sylvestris needles were cut into 2-3 cm long pieces; (2) Quercus robur leaves 

were cut into 3*4 cm pieces. We had two twig structure manipulations for Q. 

robur and P. sylvestris. For both species, secondary branches were cut off in 

order to break up ramification; single branches were cut at the point where the 

twig curled in order to break up their three-dimensionality. All litter treatments 

used the same large sample of litter for each of the two species, holding all 

other litter characteristics, such as chemical composition and moisture content, 

constant. To test the mixing ratio effect, we designed two 3:1 by volume intra-

species leaf and twig mixtures for Larix kaempferi and Q. robur with the 1:1 

ratio (see above) as the reference (Fig.1. Exp. C).  

 

Figure. 1 Illustration of the experiment design. In Exp. A, we had four intra-species leaf and 

twig mixtures for the four chosen plant species (indicated by green arrows), three inter-species 

mixtures of Quercus robur leaf and twigs of the other three species respectively (indicated by 

orange arrows), and three inter-species mixtures of Larix kaempferi leaves and twigs of the other 

three species (indicated by blue arrows). In Exp. B, we designed four mixture types including 

manipulated litter particles for each species: Q. robur leaf and manipulated Q. robur twig, 

manipulated Q. robur leaf and Q. robur twig, Pinus sylvestris leaf and manipulated P. sylvestris 

twig, manipulated P. sylvestris leaf and P. sylvestris twig (indicated by green arrows). In Exp. C, 

we designed two 3:1 by volume intra species leaf and twig mixtures for L. kaempferi and Q. 

robur. 
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Trait measurements 

To quantify the structural characteristics of leaf litter particles, we measured 

leaf size, curliness, surface area to volume ratio (SA: V), and tissue density. 

Leaf size was defined as projected one-sided leaf area (cm2). For broad-leaved 

species, it was measured with a LI-3100C area meter (LI-COR, Lincoln, NE, 

USA). For needle-leaved species, it was calculated as leaf length * mean leaf 

width. As the natural structure of a pine needle is a half-cylinder, the needle 

leaf was pressed flat to measure its one-sided leaf area. Leaf curliness (cm) was 

measured as the maximum perpendicular height of the air dry leaf when 

dropped onto a flat surface from about 50 cm height (Grootemaat et al., 2017). 

To calculate SA: V, total leaf surface area was calculated as 2 * one-sided leaf 

area. Air-dry leaf volume was calculated as one-sided leaf area * leaf thickness. 

Leaf thickness was measured by a Vernier caliper at more than 15 random 

points for each leaf sample. Leaf tissue density was defined as the oven-dry 

mass per air-dry leaf volume. Leaf litter oven-dry mass was determined after 

oven drying at 70C for at least 72h. For each species, at least 15 leaves were 

used for the respective measurements. 

To quantify the structural characteristics of twig litter particles, we measured 

twig diameter, branchiness, surface area to volume ratio (SA: V), and tissue 

density. For each twig, length weighted diameter was measured as the sum of 

each component side-shoot segment length multiplied by its diameter, divided 

by the total length of all component side-shoots. The diameter of each 

component branch of a twig at its middle point was measured. For each twig, 

length weighted branchiness was defined as the number of component side-

shoots divided by the total length of the side-shoots. SA: V was measured as 

the twig surface area per saturated volume. Twig surface area was calculated as 

the sum of surface areas of all component shoot segments. For each segment, 

its surface area was calculated by its diameter and length as 2πr*l (where r = 

radius and l = length). Twig tissue density was defined as the oven dry mass 

per saturated volume. Air-dry twigs were first saturated in demineralized water 

for one week. Then saturated twig volume was determined by the water 

replacement method (Williamson and Wiemann, 2010). The saturated twigs 

were oven dried for one week at 70C before measuring the oven-dry mass.  

To quantify the spatial arrangement of the litter particles in the fuel-bed, 

packing ratio, packing density, and surface area to volume ratio (SA: V) were 

measured. Packing ratio was defined as the fuel volume per fuel-bed volume. 

Fuel volume was calculated by the litter tissue density and litter mass per fire 

ring. Fuel-bed volume was calculated by multiplying the inner area of the fuel 

ring (see below) by the depth of the fuel-bed. Packing density was defined as 

the oven dry fuel mass per fuel-bed volume. Fuel-bed surface area to volume 

ratio was defined as the total surface area of the litter particles per fuel-bed 

volume. The surface area of the litter particles per fire ring was calculated by 
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the litter particle oven dry mass per fire ring, litter tissue density, and litter 

particle SA: V. When preparing the litter fuel-bed before each burn, its depth 

was measured at four random points inside the fire ring.  

 

Flammability measurements 

Controlled laboratory burns were conducted in the Fire Laboratory of 

Amsterdam for Research in Ecology (FLARE) at Vrije Universiteit 

Amsterdam, the Netherlands (Van Altena et al, 2012). A fume hood, which was 

turned on before the experiment started, held ventilation at constant and 

moderate speed and warmed the air from outside up to room temperature. 

Room temperature in the lab was controlled at 18±2°C.  

We arranged all the burns in a block design in time, to account for any possible 

changes in air humidity in the fire lab over time (see van Altena et al., 2012). 

According to the experimental design (Fig. 1), each monoculture or mixture 

fuel type was burned in six replicates. One replicate sample per fuel type was 

placed in random order within one block that was burned within one week. All 

litter samples, which were in equilibrium with the ambient air humidity in the 

same room, were sealed into air-tight plastic bags to keep the litter humidity 

constant before burning (van Altena et al., 2012). The sealing of each block 

was done within one day. 

We conducted the burns in a fireproof ring of steel mesh with a diameter of 25 

cm and 3.5 cm in depth. Twigs longer than the fire ring diameter were cut into 

pieces shorter than 10-25 cm. We estimated the mass of a full-filled ring for 

each fuel type using subsamples. Then we standardized the mass of all 

replicates for each fuel type by the estimated mass.  

A cotton disk drenched in 1 ml of 96% ethanol was gently pressed placed into 

the center of the fuel-bed to ignite the sample. During each burn, four different 

flammability parameters were measured to quantify four main components of 

flammability: (1) Ignitability. For each burn, we defined the successful ignition 

as both the fire successfully traveled to the ring edge (Plucinski and Catchpole, 

2001) and the percentage of mass loss being larger than 50%. (2) Fire spread 

rate was calculated as the distance that the flame spread per minute, based on 

the time it took for the flame to reach the ring edge, which was measured with 

a stopwatch. (3) Total burning time reflects the sustainability with which a fire 

burns, which we recorded using a stopwatch. (4) Percentage mass loss was 

determined as the percent of oven-dry mass loss during burning. The oven-dry 

mass of samples before burning was calculated by the air-dry mass of samples 

per ring and the air-dry sample moisture content. The samples left after a burn 

were first oven dried at 70 °C for at least 60 h and then weighed. 
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Data analysis 

Two-way ANOVA with a Tukey post hoc test was used to test for differences 

between plant organs and species in tissue density, litter particle SA: V, 

packing density, packing ratio, and fuel-bed SA: V respectively.   

We assessed non-additivity in each of the mixture types (deviation from 

expected values) by comparing the observed values of the flammability 

parameters to the expected values. A paired t-test was used for analyzing the 

significance of the non-additivity. The expected values were calculated as the 

average of the monoculture flammability values of the leaf or twig fuel types 

that made up a mixture. We calculated both volume-weighted (leaf volume: 

twig volume =1:1) and mass-weighted averages to explore effects of weighting 

method on our results. For the mass-weighted method the expected value = 

[mass fraction of fuel A * flammability of fuel A] + [mass fraction of fuel B * 

flammability of fuel B]. We used the effect size to quantify the magnitude of 

non-additivity in mixtures for all flammability parameters. Mixture effect size 

was defined as 100*(Observed value  Expected value)/Expected value. 

A one-way ANOVA was used to test for differences between fuel-beds of a 

certain plant species with ‘natural’ versus structure-manipulated litter, for the 

respective fuel-bed flammability parameters. 

A one-way ANOVA was used to test for differences between fuel-beds of a 

certain plant species with 1:1 and 3:1 leaf to twig mixing ratios, for the 

respective fuel-bed flammability parameters. 

All data analyses were processed in R (R Core Team, 2013). 

 

Results 
Litter particle structure difference 

Across plant species, litter particle SA: V and tissue density were significantly 

larger in leaves than in twigs (Fig. 2. (a), (b)). Between plant species, Quercus 

robur leaves had the largest and Larix kaempferi the smallest area and 

curliness. Between plant species, Q. robur twigs had the largest diameter while 

the lowest branchiness, and Betula pendula, L. kaempferi and P. sylvestris 

twigs had smaller diameters while higher branchiness (Fig. 2. (c), (d)). 
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Figure 2. Differences between litter particles of different plant organs and species in (a) tissue 

density, (b) particle SA: V, (c) size: leaf area or twig diameter and (d) dimension: leaf curliness 

or twig branchiness. Error bars: 1SE. N=15 for each litter particle trait, except for twig 

diameter, leaf curliness and twig branchiness (N=50). Significance codes: ***, P<0.001; **, 

P<0.01; *, p<0.05 denote significant differences between plant organs. Different letters denote 

significant differences (P<0.05, Tukey post hoc test) between plant species within a certain plant 

organ. 
 

Monoculture burns 

Across plant species, twig fuel-beds had larger packing density than leaf fuel-

beds, and leaf fuel-beds had larger SA: V than twig fuel-beds (Fig. 3). Within 

leaf fuel-beds, Larix kaempferi had the largest packing density and SA: V and 

was non-flammable. Within twig fuel-beds, Betula pendula had the smallest 

packing density and SA: V and was largely non-flammable.  
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Figure 3. Scatterplots of (a) fuel-bed packing density and (b) SA: V, versus fraction mass loss. 

Symbols denote leaf and twig fuel types. The species are referred to by their genus name.    

 

Leaf and twig mixtures (Exp. A) 

We found that mixtures including Larix kaempferi leaves, and the mixture of 

Quercus robur leaves and Betula pendula twigs were largely non-flammable. 

Those mixture types had mean frequency of fire spreading to edge less than 

50% and mean percentage mass loss less than 50% (Fig. 4. (a) (b)). Significant 

negative non-additive mixture effects both weighted by volume and by mass on 

percentage mass loss were found for mixtures of L. kaempferi leaves and L. 

kaempferi twigs, L. kaempferi leaves and Q. robur twigs, and Q. robur leaves 

and Q. robur twigs (Table 1, Fig.4. (b)). Significant positive non-additive 

mixture effects both weighted by volume and by mass on percentage mass loss 

were found for the mixture of B. pendula leaves and B. pendula twigs (Table 1, 

Fig.4. (b)).  

For flammable fuel-beds only, significant positive non-additive mixture effects 

both weighted by volume and by mass on fire spread speed were found for 

mixtures of B. pendula leaves and B. pendula twigs, and P. sylvestris leaves 

and P. sylvestris twigs (Table 1, Fig.4. (c)).  

For flammable fuel-beds only, total burning time in the mixtures was mass 

additive (Table 1). 
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Table 1 Average non-additivity (difference between observed and expected values) of three flammability parameters: percentage mass loss, fire spread 

speed, and burning time. t-values of paired-t test for each of the mixture types were presented 

  Flammability 

  
Percentage mass loss   Fire spread speed 

  

Burning time 

  

by 

volume 
  

by 

mass 

 

by 

volume 
  by mass 

 

by 

volume   
by 

mass 

Mixture type 
Mixture 

code 
t 

 

t 

 

t 
 

t 

 

t 

 

t 

Betula pendula Leaf + Betula pendula Twig BeLBeT 3.4* 

 

4.87** 
 

2.9* 
 

4.9** 

 

0.9 

 

0.2 

Larix kaempferi Leaf + Larix kaempferi Twig LaLLaT -3* 

 

-3.75* 
 

0.6 
 

0.3 

 

0.9 

 

0.7 

Larix kaempferi Leaf + Betula pendula Twig LaLBeT -1.2 

 

-0.67 
 

-0.1 
 

0.1 

 

-1.1 

 

-0.8 

Larix kaempferi Leaf + Pinus sylvestris Twig LaLPiT -0.8 

 

-0.55 
 

0.7 
 

0.8 

 

0.5 

 

0.7 

Larix kaempferi Leaf + Quercus robur Twig LaLQuT -6.2** 

 

-8.36*** 
 

0.8 
 

0.08 

 

3.7* 

 

3.3* 

Pinus sylvestris Leaf + Pinus sylvestris Twig PiLPiT 1.3 

 

1.18 
 

3* 
 

4.2** 

 

1.3 

 

0.9 

Quercus robur Leaf + Quercus robur Twig QuLQuT -3* 

 

-3.24* 
 

1.7 
 

8.2*** 

 

4.4*** 

 

0.9 

Quercus robur Leaf + Betula pendula Twig QuLBeT -2.4 

 

0.64 
 

0.02 
 

2.5 

 

0.7 

 

-0.4 

Quercus robur Leaf + Larix kaempferi Twig QuLLaT -2.5 

 

-2.46 
 

0.01 
 

9.1*** 

 

-0.2 

 

-2.5 

Quercus robur Leaf + Pinus sylvestris Twig QuLPiT -1.5   -0.95   -0.2   1.9   0.5   -0.9 

Significance code: *p < 0.05; **p < 0.01; *** p<0.001.
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Figure 4. Bar plots of (a) frequency of fire spreading to edge, (b) fraction mass loss, (c) fire 

spread speed and (d) total burning time of leaves, twigs and leaf-twig mixtures during fire for 

natural structure leaf and twig mixtures between and within plant species. Only the mixture 

codes were shown on the x axis, and the full name of the mixture types they stand for can be 

found in Table 1. Error-bar: ±1SE. For each mixture type, average volume-weighted mixture 

effect size and its statistical significance based on t-test was denoted. 

 

Structure manipulation (Exp. B) 

Cut up Pinus sylvestris leaves had significantly lower flammability than intact 

ones. The shorter P. sylvestris needle fragments had much lower percentage 

mass loss (less than 25%) (p<0.001) and smaller fire spread speed (p<0.001) 

than needles in their natural structure (Fig. 5). We did not find a negative 

dominance effect of the less flammable shorter P. sylvestris needle fragments 

in the mixtures. In contrast, there was an increase in the positive non-additive 

mixture effect size in mass loss in mixtures with manipulated P. sylvestris 

leaves (Fig. 5 (b)). The fuel-beds of the simple shaped P. sylvestris, cut up 

twigs had longer burning time than twigs in their natural structure (p<0.001) 
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(Fig. 5(c)). Mixtures of P. sylvestris leaves and manipulated P. sylvestris twigs 

had longer burning time than natural structure mixtures (p<0.001).  

Cut up Quercus robur leaves decreased its fuel-bed fire spread rate (Fig. 5(c)). 

Contrast to the natural structure mixtures, a positive non-additive mixture 

effect in percentage mass loss was observed in mixtures with the smaller Q. 

robur leaves (Fig. 5(b)). Manipulated Q. robur twigs had longer burning time 

than twigs in their natural structure (p<0.001) (Fig. 5(c)). Mixtures of 

manipulated Q. robur twigs and Q. robur leaves had longer burning time than 

mixtures in natural structure (p<0.001).  

 

 
Figure 5. Bar plots of (a) frequency of fire spreading to edge, (b) fraction mass loss, (c) fire 

spread speed and (d) total burning time of leaves, twigs and leaf-twig mixtures during fire for 

manipulated structure leaf and twig mixtures between and within plant species. On the x axis, 

MPiL stands for manipulated Pinus sylvestris leaves, MPiT stand for manipulated Pinus 

sylvestris twigs, MQuL stands for manipulated Quercus robur leaves, and MQuT stands for 

manipulated Q. robur twigs; for other mixture codes see Table 1. Error-bar: ±1SE. For each 

mixture type, average volume-weighted mixture effect size and its statistical significance based 

on t-test was denoted. 
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Mixing ratio (Exp. C) 

When increasing the leaf and twig mixing ratio in the mixture from 1:1 to 3:1 

in volume, the Larix kaempferi fuel-bed was still non-flammable. Compared to 

1:1 in volume mixtures, the value and non-additive mixture effect size of the 

fire spread rate in the 3:1 Quercus robur leaf and twig mixtures were 

significantly larger, while the value and non-additive mixture effect size of 

percentage mass loss and total burning time  were significantly smaller 

(p<0.001) (Fig. 6). 

 

Figure 6. Bar plots of (a) frequency of fire spreading to edge, (b) fraction mass loss, (c) fire 

spread speed, and (d) total burning time of leaves, twigs and leaf-twig mixtures during fire for 

natural structure leaf and twig mixtures between and within plant species. On the x axis, 1:1 and 

3:1 indicate the leaf and twig litter mixing ratio; for explanation  of the mixture code see Table 1. 

Error-bar: ±1SE. For each mixture type, average volume-weighted mixture effect size and its 

statistical significance based on t-test were denoted. 
 

Discussion 
Consistent with previous studies (de Magalhães and Schwilk, 2012, Engber and 

Varner III, 2012, Cornwell et al., 2015, Schwilk, 2015, Grootemaat et al., 
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2017), we found that the ranking of species leaf fuel-bed flammability from 

low to high was from non-flammable small needle conifer Larix kaempferi, via 

slow-flammable long needle conifer Pinus sylvestris and small broad leaved 

species Betula pendula, to fast-flammable larger broad leaved species Quercus 

robur. As expected, leaf litter fire ignition and spread was clearly limited by 

ventilation (Schwilk, 2015). Large leaves which also curled more when air-

dried formed loosely packed and better ventilated fuel-beds than smaller 

leaves. Small needles formed densely packed fuel-beds that were above the 

packing threshold and thus non-flammable. This mechanism was further 

demonstrated by the decrease in leaf litter flammability of the same species 

when we cut their leaves into smaller fragments (see Cornwell et al., 2015).   

For the twig litter particles, we did find that larger leaved species had thicker 

and less branched twigs as predicted by Corner’s rule (Corner, 1949, Westoby 

and Wright, 2003). Opposite to leaves, we found that fire in the twig fuel-beds 

was limited by fuel quantity, and more densely packed twig litter fuel-beds 

were more flammable than loosely packed ones. The thick and less frequently 

branched Q. robur twigs were the most densely packed and most flammable. 

Thin twigs of B. pendula branched frequently but were non-flammable even so. 

In the structure manipulation experiments, when we cut up twigs and broke up 

their branching pattern, we observed an increase in fuel-bed packing density 

and flammability. While according to our results, it seemed that not only the 

diameter and frequency of branching of twig particles but also branching 

pattern was related to fuel-bed packing and flammability:  the thin and 

frequently branched twigs of L. kaemperferi were more flammable than other 

thicker and less frequently branched twigs. This may relate to the sympodial 

branching pattern of L. kaempferi, which forms closely spaced ramification of 

branches in the tree canopy and enables the branches to be densely packed as 

litter. So in contrast with previous hypotheses (Cornelissen et al., 2017), we 

found that species with larger leaves did not necessarily have more flammable 

twig fuel-beds.   

For the first time, we have demonstrated the existence of non-additive mixture 

effects of leaves and twigs on litter fuel-bed flammability. We found positive, 

neutral and negative non-additive mixture effects on ignitability. We could 

identify one mechanism for the positive non-additive mixture effect and two 

mechanisms for the negative non-additive mixture effect on ignitability. First, 

flammable leaves and non-flammable twigs of B. pendula produced positive 

non-additive mixture effects on ignitability (Table 1, Fig.4). The small broad 

leaves of B. pendula filled up the space between loosely packed B. pendula 

twigs and thereby built well-ventilated and fuel non-limited, flammable fuel-

beds (Fig.4). Second, flammable Q. robur leaves and non-flammable B. 

pendula twigs produced a negative non-additive effect on ignitibility (Table 1, 

Fig.4). The large broad leaves of Q. robur made the loosely packed B. pendula 

twigs adopt a more scattered structure in the mixed fuel-beds, leading to a 
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loosely packed fuel limited, largely non-flammable mixture (percentage mass 

loss <50%) (Fig.4). The same negative non-additive effects in mass loss were 

observed for other mixtures that included Q. robur leaves. In the structure 

manipulation experiment, when we cut Q. robur leaves smaller, the non-

additive mixture effects became positive, which further demonstrated this 

mechanism. Third, the non-flammable small needles and twigs produced 

negative non-additive mixture effects in ignitibility (Table 1, Fig.4). The small 

needles were able to fill up the space between twig litter particles of any plant 

species and thereby constructed aeration-limited, non-flammable fuel-beds 

(Fig.4). In contrast, when we cut the P. sylvestris needle to similar length as L. 

kaempferi needles and mixed them with the P. sylvestris twigs, we found a 

positive non-additive mixture effect on ignitability, which might be due to the 

high ignitable chemical content of P. sylvestris leaves (Alessio et al., 2008, 

Ormeno et al., 2009). Once ignited, positive dominance effects of leaf litters on 

the fire spread speed were found. Leaf litter has higher surface area to volume 

ratio than twigs, which can greatly promote ignition of leaf litter (Papio and 

Trabaud, 1990). In the mixtures, leaf litters ignite first and help the fire to 

spread fast. For total burning time, we found that across species such effects 

were mass additive sensu Van Altena et al. (2012). The total burning time 

depended on the total amount of the available fuels when ignited. 

We also found that the non-additive effects were influenced by the relative 

amounts of leaves and twigs in the mixtures. When the leaf to twig ratio 

increase from 1:1 to 3:1 in volume, fuel-bed ignition, fire spread speed and 

total burning time were driven more by leaves.  

For the first time, our study has demonstrated that non-additivity in litter 

flammability is not only seen between species but also between different 

organs. In the case of litter of twigs and leaves these interactions are 

particularly important as twig-leaf mixtures of the same woody species should 

always be present in the forest.  

We found that species effects in leaf litter fuel-beds flammability were not 

related to their effects on twig litter fuel-beds flammability. Because of the 

non-additive mixture effects of leaf and twig fuel-bed flammability, still the 

ranking of fire ignition and spread rate of the leaf and twig mixtures of 

different plant species was the same as for their leaves in the Size and Shape 

Spectrum (Cornelissen et al., 2017, Dias et al., 2017), which ranges from non-

flammable small needle conifers to slow flammable, small broad leaved species 

and long needle conifers and to fast flammable large broad leaved species. If 

the large leaved species also drop more leaves than twigs (Freschet et al., 

2013), their larger leaf to twig ratio in the litter layer will further emphasize the 

higher flammability: faster fire ignition and spread of larger leaved species. 

However, we still need to test whether these patterns, and the three non-

additivity mechanisms of leaf-twig mixture effects on litter layer flammability 
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demonstrated here, also apply to other species and combinations, also in other 

forest types and climate zones. 

 

Author’s Contributions 

WWZ and JHCC conceived the ideas and designed the methodology; WWZ, 

RSPL and JRH collected the data; WWZ and JHCC analysed the data; WWZ 

led the writing of the manuscript, with input from JHCC and DM. All authors 

contributed critically to the drafts and gave final approval for publication. 

 

Acknowledgements 
We are grateful to the Chinese Scholarship Council for funding WWZ through 

a 4-year fellowship to study at VU University Amsterdam. The setup of the 

FLARE laboratory greatly benefitted from grant 047.018.003 by the 

Netherlands Organization for Scientific Research (NWO) to JHCC. JHCC and 

WWZ benefitted from Grant CEP-12CDP007 by the Royal Netherlands 

Academy of Arts and Sciences (KNAW).  

 

References 
Alessio, G. A., Penuelas, J., De Lillis, M. & Llusia, J. (2008) Implications of foliar terpene 

content and hydration on leaf flammability of Quercus ilex and Pinus halepensis. Plant 

Biology, 10, 123-128. 

Blauw, L. G., Wensink, N., Bakker, L., van Logtestijn, R. S. P., Aerts, R., Soudzilovskaia, N. A. 

& Cornelissen, J. H. C. (2015) Fuel moisture content enhances nonadditive effects of 

plant mixtures on flammability and fire behavior. Ecology and Evolution, 5, 3830-

3841. 

Bond, W. & Van Wilgen, B. (1996) Fire and Plants. Chapman and Hall, London. 

Bond, W. J. & Keeley, J. E. (2005) Fire as a global 'herbivore': the ecology and evolution of 

flammable ecosystems. Trends in Ecology & Evolution, 20, 387-394. 

Bradstock, R. A., Gill, A. M. & Williams, R. J. (2012) Flammable Australia: fire regimes, 

biodiversity and ecosystems in a changing world. CSIRO PUBLISHING, Australia. 

Brown, J. K. (1981) Bulk densities of nonuniform surface fuels and their application to fire 

modeling. Forest Science, 27, 667-683. 

Burrows, N. D. (2001) Flame residence times and rates of weight loss of eucalypt forest fuel 

particles. International Journal of Wildland Fire, 10, 137-143. 

Cornelissen, J. H. C., Grootemaat, S., Verheijen, L. M., Cornwell, W. K., van Bodegom, P. M., 

van der Wal, R. & Aerts, R. (2017) Are litter decomposition and fire linked through 

plant species traits? New Phytologist, 216, 653-669. 

Corner, E. J. H. (1949) The Durian Theory or the Origin of the Modern Tree. Annals of Botany, 

13, 367-414. 

Cornwell, W. K., Elvira, A., van Kempen, L., van Logtestijn, R. S. P., Aptroot, A. & 

Cornelissen, J. H. C. (2015) Flammability across the gymnosperm phylogeny: the 

importance of litter particle size. New Phytologist, 206, 672-681. 

de Magalhães, R. M. Q. & Schwilk, D. W. (2012) Leaf traits and litter flammability: evidence for 

non-additive mixture effects in a temperate forest. Journal of Ecology, 100, 1153-1163. 

Dias, A. T. C., Cornelissen, J. H. & Berg, M. P. (2017) Litter for life: assessing the 

multifunctional legacy of plant traits. Journal of Ecology, 105, 1163-1168. 

Engber, E. A. & Varner III, J. M. (2012) Patterns of flammability of the California oaks: the role 

of leaf traits. Canadian Journal of Forest Research, 42, 1965-1975. 



68 
 

Freschet, G. T., Cornwell, W. K., Wardle, D. A., Elumeeva, T. G., Liu, W., Jackson, B. G., 

Onipchenko, V. G., Soudzilovskaia, N. A., Tao, J. & Cornelissen, J. H. C. (2013) 

Linking litter decomposition of above-and below-ground organs to plant–soil 

feedbacks worldwide. Journal of Ecology, 101, 943-952. 

Grootemaat, S., Wright, I. J., van Bodegom, P. M. & Cornelissen, J. H. C. (2017) Scaling up 

flammability from individual leaves to fuel beds. Oikos. 

Kane, J. M., Varner, J. M. & Hiers, J. K. (2008) The burning characteristics of southeastern oaks: 

discriminating fire facilitators from fire impeders. Forest Ecology and Management, 

256, 2039-2045. 

Miller, C. & Urban, D. L. (2000) Connectivity of forest fuels and surface fire regimes. 

Landscape Ecology, 15, 145-154. 

Ormeno, E., Cespedes, B., Sanchez, I. A., Velasco-Garcia, A., Moreno, J. M., Fernandez, C. & 

Baldy, V. (2009) The relationship between terpenes and flammability of leaf litter. 

Forest Ecology and Management, 257, 471-482. 

Papio, C. & Trabaud, L. (1990) Structural Characteristics of Fuel Components of 5 

Mediterranean Shrubs. Forest Ecology and Management, 35, 249-259. 

Plucinski, M. & Catchpole, W. (2001) Predicting ignition thresholds in litter layers. In MODSIM 

2001 International Congress on Modelling and Simulation, December 2001, Canberra, 

Australia. Vol. 1. Edited by F. Ghassemi, D.A. Post, M. Sivapalan, and R. Vertessy. 

Modelling and Simulation Society of Australia and New Zealand. pp. 967–971. 

Plucinski, M. P. & Anderson, W. R. (2008) Laboratory determination of factors influencing 

successful point ignition in the litter layer of shrubland vegetation. International 

Journal of Wildland Fire, 17, 628-637. 

Rothermel, R. C. (1972) A mathematical model for predicting fire spread in wildland fuels. 

Scarff, F. R. & Westoby, M. (2006) Leaf litter flammability in some semi-arid Australian 

woodlands. Functional Ecology, 20, 745-752. 

Schwilk, D. W. (2015) Dimensions of plant flammability. New Phytologist, 206, 486-488. 

Scott, J. H. & Burgan, R. E. (2005) Standard fire behavior fuel models: a comprehensive set for 

use with Rothermel's surface fire spread model. USDA Forest Service, Rocky 

Mountain Research Station, General Technical Report RMRS-GTR-153, 72 pp. 

van Altena, C., van Logtestijn, R. S., Cornwell, W. K. & Cornelissen, J. H. C. (2012) Species 

composition and fire: non-additive mixture effects on ground fuel flammability. 

Frontiers in plant science, 3. 

Varner, J. M., Kane, J. M., Kreye, J. K. & Engber, E. (2015) The flammability of forest and 

woodland litter: a synthesis. Current Forestry Reports, 1, 91-99. 

Westoby, M. & Wright, I. J. (2003) The leaf size–twig size spectrum and its relationship to other 

important spectra of variation among species. Oecologia, 135, 621-628. 

Williamson, G. B. & Wiemann, M. C. (2010) Measuring Wood Specific Gravity ... Correctly. 

American Journal of Botany, 97, 519-524. 

Zhao, W., Cornwell, W. K., Pomeren, M., Logtestijn, R. S. & Cornelissen, J. H. (2016) Species 

mixture effects on flammability across plant phylogeny: the importance of litter 

particle size and the special role for non-Pinus Pinaceae. Ecology and Evolution. 

 

 

 

 



69 
 

                       Chapter 4 

Interactions between Fine Wood Decomposition 

and Flammability 

 
 

Weiwei Zhao, Luke G. Blauw, Richard S. P. van Logtestijn, William K. 

Cornwell
 
and Johannes H. C. Cornelissen 

 

 

Forests 2014, 5, 827-846 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

Abstract: Fire is nearly ubiquitous in the terrestrial biosphere, with profound 

effects on earth surface carbon storage, climate, and forest functions. Fuel 

quality is an important parameter determining forest fire behavior, which 

differs among both tree species and organs. Fuel quality is not static: when 

dead plant material decomposes, its structural, chemical, and water dynamic 

properties change, with implications for fuel flammability. However, the 

interactions between decomposition and flammability are poorly understood. 

This study aimed to determine decomposition’s effects on fuel quality and how 

this directly and indirectly affects wood flammability. We did controlled 

experiments on water dynamics and fire using twigs of four temperate tree 

species. We found considerable direct and indirect effects of decomposition on 

twig flammability, particularly on ignitability and burning time, which are 

important variables for fire spread. More decomposed twigs ignite and burn 

faster at given water content. Moreover, decomposed twigs dry out faster than 

fresh twigs, which make them flammable sooner when drying out after rain. 

Decomposed fine woody litters may promote horizontal fire spread as ground 

fuels and act as a fuel ladder when staying attached to trees. Our results add an 

important, previously poorly studied dynamic to our understanding of forest 

fire spread.  

 

Keywords: carbon cycle; cellulose: lignin ratio; forest functioning; fine woody 

fuels; fire; plant functional traits; tree; water dynamics; wood decay  

 

1. Introduction  
    Fire has been a worldwide common phenomenon since the establishment of 

terrestrial plants and has profound effects on landscape, community 

composition, carbon and nutrient cycles, and climate (Bond and Midgley, 1995, 

Bond et al., 2005, Bowman et al., 2009, Bernhardt et al., 2011). Severe 

wildfires return large amounts of stored carbon into the atmosphere (Harden et 

al., 2000), representing the major substitute C release pathway, in addition to 

decomposition (Cornwell et al., 2009). With increasing temperatures and 

duration of fire seasons due to climate change, the frequency and severity of 

wildfires is increasing (Bond and Keeley, 2005, Westerling et al., 2006, Wotton 

et al., 2010).  

    At local scale, fire has complex effects on soil carbon concentration: by 

combusting soil organic carbon and increasing deposition of carbon as char, the 

effects can be positive or negative, depending on the intensity of the fire, the 

composition of the organic carbon, and the time scale of interest (Almendros et 

al., 1990, Knicker, 2007). Following fire, the community composition of both 

flora (Mclaughlin and Bowers, 1982) and fauna (Kinnaird and O'Brien, 1998, 

Saint-Germain et al., 2005, Buddle et al., 2006) is substantially affected either 

directly via the death of individuals or indirectly via altered resource 

availability. Compared to our knowledge about these and other consequences 
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of fire in ecosystems, we have a much poorer understanding about the factors 

that determine the susceptibility of different ecosystems, including forests, to 

fire. In addition to abiotic factors such as temperature and moisture regimes, 

biotic drivers, such as amount and quality of living and dead plant material are 

very important (Bond and Midgley, 1995).  

    Both wild and prescribed fires are fueled by plant material, and plant species 

vary greatly in their ignitability and other flammability characteristics (Scarff 

and Westoby, 2006). Different properties of living plants or their litter, 

including moisture content, chemistry, and structure, have large effects on 

flammability (Papio and Trabaud, 1990, Van Wilgen et al., 1990, Pausas and 

Moreira, 2012). In addition, different plant organs differ in flammability (Van 

Altena et al., 2012) and in their importance at different stages of fires. Early 

stage wildfires in woody ecosystems are more likely to start and spread with 

leaves and twigs since they are more easily ignited than coarser stems due to 

their higher surface to volume ratio (Burrows, 2001, Pausas et al., 2012, Perez-

Harguindeguy et al., 2013). In addition, the dead twigs may either be dropped 

to the ground in some species or retained on the main stem; on the ground the 

twigs may promote ground fire, while on the main stem they may act as a fuel 

ladder (Schwilk and Ackerly, 2001, He et al., 2012).  

    Traits including moisture content and leaf shape and size have been linked to 

interspecific variation in leaf flammability (Anderson, 1970, Scarff and 

Westoby, 2006, AlessioPeñuelas et al., 2008a, AlessioPenuelas et al., 2008b, 

Plucinski and Anderson, 2008). Here, we focus on twigs, which are important 

drivers of forest fires but have been studied much less for trait-fire 

relationships. The moisture content of twigs is partly dependent on their water 

holding capacity. In addition, twig water loss rate influences its moisture 

content in dry periods (Perez-Harguindeguy et al., 2013). Another essential 

fire-related trait of twigs is their internal structure, including the bulk density of 

the fuel, which affects flammability through its influence on fuel-air 

interactions. A lower fuel density promotes the fuel-air contact and therefore 

increases flammability (Anderson, 1970, Van Altena et al., 2012). Chemical 

properties such as secondary metabolites, lignin, and cellulose concentration 

may also promote or suppress flammability (Plucinski and Anderson, 2008, 

Pausas et al., 2012, Perez-Harguindeguy et al., 2013).  

    Traits of living twigs differ among tree species, and in addition after 

senescence these properties change with decomposition. Decomposition is 

(generally) a gradual process that affects wood structure and chemical 

properties, due to the activities of invertebrates, fungi, and bacteria (Aerts, 

1997, Harmon et al., 1986, Progar et al., 2000, Cornwell et al., 2009). As 

decomposition proceeds, the density of wood decreases, while the volume of 

the twig is maintained by its lignin “skeleton” and in some cases by the 

persistence of recalcitrant bark (Cornwell et al., 2009, Freschet et al., 2012, 

Fraver et al., 2013). At a certain point in the decomposition process, the twig 
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loses structural integrity and crumbles. Before the loss of structural integrity, 

twig density can be used as a proxy for decomposition stages (Freschet et al., 

2012). Wood chemical properties may also change during decomposition 

(Harmon et al., 1986). Those changes may have considerable influences on 

wood flammability directly, via the changing structure and chemistry of the 

wood, or indirectly, through the effects of changing wood structure on moisture 

dynamics (Figure 1).  

This leads to the following research questions: (1) What are the effects of 

decomposition on twig structure and chemical properties within tree species? 

(2) How does decomposition directly and indirectly (via water properties) 

affect twig flammability of given tree species? How do the relationships in (1) 

and (2) vary among tree species? To disentangle the effects of fuel properties 

from effects of fuel amount and (litter) fuel bed structure, this study focuses on 

flammability of individual twigs. We hypothesize that the direct effects of 

structural changes have the biggest influence on flammability (Figure 1). In 

addition, indirect effects through changes in water dynamics will also affect 

flammability, but to a lesser extent than direct effects of structural changes. The 

smallest effect is expected for changes in chemistry. We tested these 

hypotheses through a series of controlled water dynamics experiments and 

controlled experimental burns with twigs of four temperate tree species.  

 
Figure 1. Interactions between twig decomposition and flammability; Decomposition may 

directly affect twig flammability by altering chemical and structural properties, as well as 

indirectly via changing twig water dynamics: water holding capacity (WHC) and time until 50% 

water loss (t
(50%WL)

) of saturated twigs; In hypothesized magnitude from low to high (as indicated 

by width of arrows), change in chemistry, indirect effects of structure via water dynamics, and 

direct effects of structure will affect flammability. 

  
 

2. Materials and Methods  

2.1. Experimental Design and Sampling  

    Twig litter from four species was sampled from the ground at two different 

locations during January–March 2013. Betula pendula Roth and Larix 
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kaempferi (Lamb) Carrière twigs were collected at the Schovenhorst estate near 

Putten (Veluwe, center of the Netherlands) (52°25’ N, 5°62’ E). Populus × 

canadensis Moench and Quercus robur L. twigs were collected in woodland 

near Amsterdam (Amsterdamse Bos, Western Netherlands) (52°32’ N, 4°85’ 

E). All species are deciduous, but they have a broad taxonomic spread 

consisting of one gymnosperm, Larix kaempferi, and three angiosperm species.  

    Three experiments were conducted: first, a drying experiment was performed 

to examine the decomposition effect on twig water dynamics: water holding 

capacity and time until 50% water loss within all four species; second, after the 

drying experiment, a selection of air-dried twigs of all four species was burned 

to examine the effects of decomposition stage on air-dry twig flammability; 

third, Quercus robur twigs of a variety of decomposition stages were 

progressively dried. Flammability experiments were performed at a series of 

time points through the drying process. The aim of the third experiment was to 

determine the interactive effects of decomposition stage (with lignin and 

cellulose concentration as covariates) and water dynamics on twig 

flammability.  

    For all experiments, decomposition stages were measured by twig density 

(Freschet et al., 2012). Twigs for the first and second experiment were 

collected during the first sampling (January 2013). Q. robur twigs for the third 

experiment were collected during the second sampling (February 2013). A 

large number of twigs were first collected to assure a large range of densities in 

the field. Later in the lab, different numbers of twigs with proper diameter and 

density range were chosen for each experiment.  

 

2.2. Water Holding Capacity and Time until 50% Water Loss  

    For the drying experiment, we selected 30–35 twigs for each of the four 

species based on a diameter 5.5 ±0.5 mm (Morvan and Dupuy, 2004) in the 

center and cut them into 15 cm long pieces. Afterwards, each twig piece was 

saturated for at least 65 h in a plastic bag totally filled with demineralized water 

and sealed without any trapped air. After saturation, a subsample of 5 cm long 

was taken to measure twig density and water holding capacity, leaving the 

remaining 10 cm length as the drying sample. Twig density (ρ) (mg/cm
3

) was 

calculated as:  

 𝜌 =
1000 × m(oven−dried)

V
                                                                              (1)                                                                                    

where, m
(oven-dried) is the oven-dried (70 °C , 72 h) mass (g) and V is the 

saturated volume (cm
3

) of the subsample.  

    The saturated volume of the subsample was measured by the water 

displacement method. Saturated twigs were immersed into a plastic container 
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filled with water loaded on a top-loading electronic balance. The twigs were 

pressed below the water surface with the aid of a needle of negligible volume 

compared to twig volume. The volume of the twig was read on the balance as 

the mass of the displaced water (Williamson and Wiemann, 2010). Twig water 

holding capacity (WHC) was calculated as:  

WHC =
m(saturated)−m(oven−dried)

m(saturated)
                                                                 (2)                                                                             

where m
(saturated) is the saturated mass (g) and m

(oven-dried) is the oven-dried (70 °C 

, 72 h) mass (g) of the subsample. Following saturation, we gently blotted dry 

any surface water of the subsample and sample with tissue paper before 

measuring their saturated mass and/or beginning the drying experiment.  

    In the drying experiment, each saturated sample was air-dried on a petri-dish 

lid (91.5 mm in diameter) at a constant temperature of 17 °C (16.3~17.7) and 

air humidity of 70% (63.2~72.8) in a climate controlled room. The weight of 

the sample was measured at the start of the drying (0 h, totally saturated) and 

after 1, 2, 4, 8, 12, 24, 36, 48, 72, 96, 174, 198 and/or 222 h (174 h for Betula 

pendula and Larix kaempferi, 198 h for Quercus robur, 222 h for Populus 

×canadensis) until twig water loss was negligible. Time until 50% water loss 

was determined as the time saturated samples needed to lose half of their water 

(water content when saturated).  

 

2.3. Air Dry Twig Flammability  

    After the drying experiment, a selection of air-dried twigs of each of the four 

species (20 twigs for L. kaempferi, 25 twigs for P. × canadensis, 24 twigs for 

B. pendula, and 27 twigs for Q. robur) with the smallest difference in diameter 

(most very close to 5.5 mm) and the biggest variance in density were used to 

determine air dry twig flammability.  

    The fire experiment was carried out in the Fire Laboratory of Amsterdam for 

Research in Ecology (FLARE) located at VU University Amsterdam, The 

Netherlands during January–March 2013. All burnings were conducted under a 

fume hood on a solid fire-resistant plate (Figure 2a). The fume hood was 

ventilated at a constant speed and the air drawn in from outside by the extractor 

fan was first warmed to room temperature (Van Altena et al., 2012). Prior to 

each burn, the fume hood was turned on and the experiment started when room 

temperature was 21.4 ±4 °C.  
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Figure 2. (a) the Fire Laboratory of Amsterdam for Research in Ecology (FLARE); ①Fume 

hood, ②fire resistant plate, and ③laptop running TC Meas program for temperature data 

recording; (b) Twig burning. Three thermocouples were placed: one was approximately 1.5 cm 

above the source flame tip and the other two were at the sides of the source flame; (c) 

Background burning with a metal bar. Three thermocouples were placed: one was approximately 

1.5 cm above the source flame tip and the other two were at the sides of the source flame.  

 
 

 

    Just before burning, each twig was re-measured for diameter three times at 

the middle point to get a reliable estimate of the real diameter of the section 

exposed to the source flame. Afterwards the twigs were held by hand in a fixed 

position at the tip of a tea-light flame, making slight contact with the flame 

(Figure 2b). The reason why we held the twigs by hand is that we found this 

the easiest way to keep the twigs constantly at the tip of the source flame 

during burning. The tip of the source flame provided a constant temperature of 

800 °C (authors’ data not shown). Three thermocouples (1 mm thick type K 

thermocouple, TC Direct, Uxbridge, UK) were placed: one was approximately 

1.5 cm above the source flame tip and the other two were at the sides of the 

source flame (Figure 2b). The thermocouples could measure temperatures up to 

1100 °C and temperature data was analyzed with TC Meas, a program written 

by the Electronic Engineering Group Bèta VU in Labview (Figure 2a). 

Temperature was recorded every second during each burning. The two 

thermocouples at the sides of the flame measured the source flame temperature 

to compare constancy between burnings. The thermocouple above the twig 

measured the twig flame temperature to determine the twig flammability 

parameters.  
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    Following Anderson (1970), we define flammability in terms of ignitability, 

sustainability, and combustibility. In our experiment, ignitability and 

sustainability was measured as the time until ignition and the time until twig 

breaking (burning time), respectively. Combustibility is characterized by twig 

heat release and maximum flame temperature. First, the time until ignition was 

determined as the time from the twig making contact with the source flame tip 

(at the same time, start the temperature recording) to the twig flame 

temperature reaching 500 °C. Second, time until twig breaking (burning time) 

was measured as the time from twig ignition to twig breaking. As only the 

middle part of the twig was exposed to the source flame, when this part was 

burned down, the twig would break into two pieces. The time of twig breaking 

was also the end of the burning. We used a stopwatch to record the time to twig 

breaking. We started the time recording when the twig made contact with the 

source flame. The time recording was stopped when we saw the twig had 

broken into two pieces. Third, a proxy for twig heat release was calculated with 

the following formula:  

Sum of heat release = ∑ (𝑇𝑛 − 371 𝑛
𝑖−1 °C)                                                  (3) 

(n = 1, 2, 3, 4 ... ... t, where t is the burning time in seconds) 

    The temperature Tn (°C) measured each second was calibrated by the 

average baseline temperature of 371 °C and the sum of these calibrated 

temperatures represented our proxy. To calculate the baseline temperature, we 

did four background burnings separately. For the background burning, the set-

up was the same as the twig burning except we replaced the twig with a metal 

bar of 8 mm in diameter to mimic the physical heat banning effect of twigs in 

real burning (Figure 2c). Each background burning lasted 10 min. We use the 

temperature recorded by the thermocouple above the metal bar to calculate the 

baseline temperature. The baseline temperature was the measured average 

temperature of all background burnings. Fourth, the maximum flame 

temperature was measured as the maximum twig flame temperature reached 

during the burning.  

 

2.4. Interactions between Water Dynamics and Flammability  

    To understand interactive effects of decomposition and water dynamics on 

twig flammability in depth, an additional water dynamics experiment was done 

with Q. robur. At first 127 twigs of Q. robur with a diameter 6.5 ±0.5 mm 

(Morvan and Dupuy, 2004) in the center were chosen and cut into 15 cm long 

pieces. Afterwards each twig piece was saturated (details see above) and after 

saturation a subsample of 5 cm long was taken to measure the twig density, 

leaving the remaining 10 cm length as candidate drying samples. After 

knowing the twig density, 92 twigs were finally chosen as real drying samples, 

divided into four batches of 23 twigs each with the same range of densities, and 

randomly dried these four batches for 1, 24, 48, or 72 h after saturation (for 
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details see “Water holding capacity and time until 50% water loss” section).  

    Twigs of each of the four batches were burned immediately after drying for 

1, 24, 48, or 72 h. To determine twig flammability parameters, we used the 

same methods as described in the “Air-dry twig flammability” section, except 

for ignition time, which was determined as the time between the start of the 

source flame and twig flame temperature making a jump of within one second 

greater than 10 °C because many wet twigs were incapable of igniting or 

reaching 500 °C during burning.  

 

2.5. Twig Chemical Properties 

    To determine whether effects of decomposition stage on flammability were 

due to changes in structure or key chemical properties, Q. robur twig 

subsamples for the 72 h treatment of the water dynamics experiment (for 

details see the “Interactions between water dynamics and flammability” 

section) were measured for lignin and cellulose concentration, using a standard 

protocol. Lignin was determined following Poorter and Villar (1997) (Poorter 

and Villar, 1997): in short, after several extraction steps to ensure that only 

cellulose and lignin made up the composition of the residue of the sample, the 

C and N concentrations of this residue were used to calculate the lignin and 

cellulose concentration, based upon the difference in carbon content between 

cellulose and lignin.  

 

2.6. Data Analysis  

    For the effects of decomposition stage on water dynamics and air dry twig 

flammability, an analysis of covariance (ANCOVA) was performed with 

species as a factor and density and diameter as covariates. Furthermore, 

multiple linear regressions were performed with water or flammability 

parameters as dependent variables and species, density and diameter as 

independent variables. We chose the best model by Akaike Information 

Criterion (AIC) in a stepwise algorithm. The interaction between species and 

density was also taken into account. As the twig diameter was highly controlled 

to a certain range for all four species when we selected the twigs, we did not 

consider the interaction between species and diameter.  

    For the effects of decomposition stage on flammability of twigs during 

drying, an analysis of covariance (ANCOVA) was performed with drying time 

as a factor and density and diameter as covariates. Drying time was considered 

to be an ordered factor, because it represents an ordinal variable. Furthermore, 

a multiple linear regression was performed with flammability parameters as 

dependent variables and time, density and diameter as independent variables. 

We chose the best models by Akaike Information Criterion (AIC) in a stepwise 

algorithm. The interaction between time and density was also taken into 

account. As the twig diameter was highly controlled to a certain range for all 

twigs with different drying time when we selected them, we did not consider 
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the interaction between time and diameter.  

    To test the relative strength of structural versus chemical effects of 

decomposition on flammability, an analysis of covariance (ANCOVA) was 

performed with density as a factor and cellulose: lignin ratio and diameter as 

covariates. Furthermore, a multiple linear regression was performed with 

flammability parameters as dependent variables and cellulose: lignin ratio, 

density and diameter as independent variables. We chose the best models by 

Akaike Information Criterion (AIC) in a stepwise algorithm. The interaction 

between cellulose: lignin ratio and density was also taken into account. 

Because the twig diameter was highly controlled to a certain range for all 

decomposition stage twigs, we didn’t consider the interaction between density 

and diameter. A simple linear regression was performed to test the correlation 

between decomposition stage and twig chemical variables.  

    For all analyses, all variables were normally distributed and homogeneous in 

variances, therefore no transformation was necessary. R software version 

2.15.1 was used to perform the statistical analyses (R Core Team, 2013).  

 

3. Results  

3.1. Water Holding Capacity and Time until 50% Water Loss  

    Partly decomposed twigs (for brevity called “decomposed twigs” hereafter) 

with lower density absorbed more water after saturation compared to fresh 

(undecomposed) twigs, resulting in a higher water holding capacity (WHC) 

(Table 1, Figure 3a). WHC was different among species: Larix kaempferi 

showed lower WHC compared to other species, while Populus × canadensis 

showed a less strong relation between density and WHC compared to other 

species.  

    Decomposed twigs held more water when saturated and also released water 

faster than fresh twigs (Table 1, Figure 3b). Again, Larix kaempferi showed a 

different pattern compared to other species, as its time until 50% water loss 

(t
(50%WL)

) was considerably longer. The relation between density and time until 

50% water loss was species-specific, with no relation found in Betula pendula 

and Populus ×canadensis twigs. Altogether, decomposed twigs had both a 

higher WHC and a longer t
(50%WL) with some variation among species for 

t
(50%WL)

. 

 

3.2. Air Dry Twig Flammability  

    The density of air-dried twigs was positively related to time until ignition 

(Table 1, Figure 4a). The strength of this relation varied among species, with 

the strongest relationship for the Populus × canadensis twigs. Density was also 

strongly related to the burning time (time until twig breaking) except for Larix 

kaempferi (Table 1, Figure 4b). Nevertheless, L. kaempferi showed longer 

burning time compared to other species. Overall the results showed that, in dry 
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conditions, decomposed twigs were more flammable compared to fresh twigs. 

However, the twig heat release proxy showed no relation with density, as the 

net heat release was similar between decomposed and fresh twigs (Table 1, 

Figure 4c). Similarly, maximum flame temperature was not related to density 

(Table 1, Figure 4d).  

 
Figure 3. Density versus water holding capacity (a) and time until 50% water loss (b) of single 

twigs of all four species; Only significant relationships within species are shown as regression 

lines (Table 1).  
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Table 1. Summary of statistics of linear models for water holding capacity (WHC), time until 

50% water loss (t
(50%WL)

) and air dry twig flammability with species, density, and diameter as 

independent variables; The interaction between species and density was also taken into account; 

We chose the best model by Akaike information criterion (AIC) in a stepwise algorithm; The 

best model (the smallest AIC) does not include all factors, as it removed factors that do not 

contribute significantly to the model.  

  Water dynamics variables Flammability variables 

  Measur

es 

WHC t
(50%WL) 

 Time until ignition Time until twig 

breaking 

Sum of twig heat 

release 

Max flame 

temperature 

Species Df 
3 3 3 3 3 3 

F 
63.8 

48.0 13.2 33.1 2.7 3.0 

P 
< 2.2×10-16 *** 

< 2.2×10-16  *** 5.8×10-7 *** 4.0×10-14 *** 0.05 0.03* 

Density Df 
1 1 1 1 - - 

Coef 
-0.091 

0.05 0.043 0.627 - - 

SE 
0.012 

0.015 0.054 0.111 - - 

F 
171.3 

13.4 12.2 32.4 - - 

P < 2.2×10-16 *** 3.77×10-4 *** 8.14×10-4 *** 1.92× 10-7 *** - - 

Diameter Df 
1 1 1 1 1 - 

 Coef 
2.670 -3.269 -0.237 11.18 -1.779×104 - 

 SE 
1.153 2.721 6.094 28.36 6.780×103 - 

 F 
5.4 1.4 0.1 0.2 6.9 - 

 P 
0.02* 0.23 0.75 0.70 0.01* - 

Species* 

Density 

Df 
3 3 3 - - - 

F 
5.1 

0.6 2.6 - - - 

P 2.472×10-3 ** 0.61 0.06 - - - 

The Best 

Model 

Df 123 126 73 82 79 80 

R2 0.76 0.54 0.39 0.59 0.16 0.07 

SE 3.854 9.146 12.52 6.273 15130 67.2 

F 47.9 31.8 7.5 26.4 3.7 3.1 

P < 2.2×10-16 *** < 2.2×10-16 *** 3.17× 10-7 *** 8.63×10-16 *** 0.008** 0.03 * 

Significance codes: *p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4. Density versus flammability variables of air-dried twigs of all four species: (a) time 

until ignition, (b) time until twig breaking, (c) sum of twig heat release and (d) maximum flame 

temperature; Only significant relationships within species are shown with regression lines (Table 

1).  

 
 

3.3. Interactions between Water Dynamics and Flammability  

    Decomposed Quercus robur twigs lost their water faster and became 

flammable more rapidly compared to fresh twigs. One hour after saturation, 

none of the twigs ignited. In contrast, all twigs dried for 72 h ignited within 25 

seconds with the low density twigs showing especially quick ignition. A 

significant relationship between time until ignition and density existed after 

twigs had dried for 48 h or longer (Table 2, Figure 5a). Drying affected burning 

time (time until twig breaking) even more strongly than ignition time. The 

relation between density and burning time steepened as the twigs became drier 

(Table 2, Figure 5b). In other words, density had a stronger relation with twig 

flammability as the drying time increased. As twigs became drier, their net heat 

release increased and a slight negative relation between density and heat 

release arose in twigs that had dried for 48 and 72 h (Table 2, Figure 5c). No 

relation between maximum flame temperature and density existed (Table 2, 

Figure 5d).  
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Figure 5. Interactive effects of density and water dynamics on flammability variables of Quercus 

robur twigs: (a) time until ignition, (b) time until twig breaking, (c) sum of twig heat release, and 

(d) maximum flame temperature. Points with different shapes and colours represent different 

drying periods of Quercus robur twigs before burning; Only significant relationships within a 

certain drying period are shown as regression lines (Table 2).  

 
 

 

 

 

 

 

 

 



83 
 

 
Table 2. Summary of statistics of linear models for flammability variables of Q. robur twigs 

during drying with time, density, and diameter as independent variables; The interaction between 

time and density was also taken into account; We chose the best model by Akaike information 

criterion (AIC) in a stepwise algorithm; The best model (the smallest AIC) does not include all 

factors, as it removed factors that do not contribute significantly to the model.  

 

  Flammability variables 

  Measur

es 

Time until 

ignition 

Time until twig 

breaking 

Sum of twig 

heat release 

Max flame 

temp 

Time Df 
2 2 3 2 

F 
5.2 19.4 8.1 12.3 

P 
8.1×10-3 ** 2.95×10-7 *** 8.25×10-5 *** 3.17×10-5 *** 

Density Df 
1 1 1 1 

Coef 
0.056 1.444 -188.15  -0.268 

SE 
0.015 0.126 46.96 0.172 

F 
15.0 137.0 17.8 3.0 

P 2.64×10-4 *** < 2.2×10-16 *** 6.1×10-5 *** 0.09 

Diamet

er 

Df 

- - - - 

 Coef - - - - 

 SE - - - - 

 F - - - - 

 P - - - - 

Time*

Density 

Df - 2 - - 

F 
- 3.8 - - 

P - 0.03* - - 

The 

Best 

Model 

Df 63 62 85 63 

SE 10.63 90.26 38610 122.2 

R2 0.29 0.75 0.33 0.3 

F 8.5 36.7 10.5 9.2 

P 8.39×10-5 *** < 2.2×10-16 *** 5.61×10-7 *** 4.01×10-5 *** 

Significance codes: *p<0.05, ** p<0.01, *** p<0.001. 

 

 

3.4. Twig Chemical Properties  

    The cellulose concentration was positively related to density (Figure 6a), 

while the lignin concentration was negatively related (Figure 6b). In other 

words, as decomposition progressed twigs contained increasingly less cellulose 

and more lignin, resulting in lower cellulose: lignin ratios (Figure 6c). For all 

flammability variables except sum of twig heat release, the variance of 

flammability was mostly explained by their variance in density (structure) 

instead of their chemical change (Table 3). 
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Figure 6. Chemical properties of Quercus robur twigs selected from the 72 h treatment in the 

water dynamics experiment. Density has a significantly positive relationship with (a) cellulose 

(F
1, 21 

= 42.11, p < 0.001, R

2 
= 0.65) and a significantly negative relation with (b) lignin 

concentration (F
1, 21 

= 32.32, p < 0.001, R

2 
= 0.59). Overall, (c) the cellulose: lignin ratio is 

positively related to density (F
1, 21 

= 53.91; p < 0.001; R

2 
= 0.71).  
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Table 3. Summary of statistics of linear models for flammability variables of Q. robur twigs 

dried 72h from saturation with cellulose: lignin ratio, density and diameter as independent 

variables; The interaction between cellulose: lignin ratio and density was also taken into account; 

We chose the best model by Akaike information criterion (AIC) in a stepwise algorithm; The 

best model (the smallest AIC) does not include all factors, as it removed factors that do not 

contribute significantly to the model; For the flammability variable “sum of twig heat release”, 

all independent variables we described above were not included in the model with the smallest 

AIC, so we didn’t present any statistics related to this variable in the table.  

  Flammability variables 

 

Measur

es 

Time until 

ignition 

Time until 

twig 

breaking 

Sum of 

twig heat 

release 

Max flame 

temp 

Cellulose: 

Lignin 

Df 1 1 - - 

Coef −17.8 −595.8 - - 

SE 21.6 284.6 - - 

F 0.8 0.4 - - 

P 0.39 0.52 - - 

Density 

Df 1 1 - 1 

Coef −0.025 0.597 - −253.3 

SE 0.042 0.535 - 104.5 

F 15.9 149.2 - 5.9 

P 9.52×10−4 *** 1.92×10−10 *** - 0.02 * 

Diameter 

Df 1 - - - 

Coef −13.72 - - - 

SE 8.226 - - - 

F 2.2 - - - 

P 0.16 - - - 

Cellulose: 

Lignin 

*Density 

Df 1 1 - - 

Coef 0.067 1.679 - - 

SE 0.050 0.675 - - 

F 1.8 6.2 - - 

P 0.19 0.02 * - - 

The Best 

Model 

Df 17 19 - 20 

SE 4.750 64.74 - 4.368×104 

R2 0.444 0.874 - 0.189 

F 5.2 51.9 - 5.9 

P 6.45×10−3 *** 2.39×10−9 *** - 0.02 * 

Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

4. Discussion  

    Decomposition had a range of direct and indirect effects on single twig 

flammability. As twigs decompose, their woody material is metabolized by 

invertebrates, fungi, and bacteria (Aerts, 1997, Progar et al., 2000, Cornwell et 

al., 2009). During this process, wood density decreases and porosity increases 

(Freschet et al., 2012), with this change affecting flammability both directly 

and indirectly via the water dynamics of twigs. Consistent with our hypothesis 

(Figure 1), the change in structure during decomposition is the main factor 

influencing twig water properties and flammability. In this discussion, we first 
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consider the indirect effects of decomposition through influencing twig water 

dynamics and then the direct effects of decomposition on twig flammability 

and the relative strength of those direct and indirect effects.  

 

4.1. Indirect Effects of Decomposition on Flammability via Twig Water 

Dynamics  

    During wood decomposition, i.e., density loss, there is an increase in the 

proportion of internal empty spaces, which may be filled with water during wet 

periods, thereby increasing twig water holding capacity (Figure 3a). However, 

fire is not likely to occur shortly after rain, and our experiments showed that 

this increased water content is quickly lost (Figure 3b), so the increased water 

holding capacity of decomposed twigs is unlikely to be a major factor in 

wildfires.  

     The progression of decomposition likely allows water to evaporate faster 

owing to the increased contact between air and water inside twigs and also 

possibly owing to damage to the sealing properties of bark (Bowen, 1926). 

These two processes are highly dependent on decomposition stage and have a 

considerable influence on the flammability of twigs. In our experiment, more 

decomposed twigs became more flammable in a shorter period (Figure 5). In 

natural environments, partly decomposed woody materials may become 

flammable sooner after the last rain event compared to fresh materials. In our 

experiment, this effect lasted for roughly seven to nine days, but this timeframe 

is dependent on both the specific temperature and humidity of the drying 

conditions and the diameter of the twigs used. For larger diameter woody 

debris in cooler and/or more humid conditions, this non-flammable period 

likely lasts longer.  

 

4.2. Direct Effects of Decomposition on Flammability  

    A decrease in density also has a direct effect on flammability. Within a 

partly decomposed, low-density twig, surface-to-volume ratio and fuel-air 

interaction are higher, both factors that correlate strongly in other fuel types 

with quicker ignition and faster fire spread (Papio and Trabaud, 1990, Van 

Wilgen et al., 1990, Schwilk, 2003). Our data show that twig ignition and 

burning time are considerably affected by decomposition: decomposed twigs 

ignite and burn faster after a certain time of wetting event or at given water 

content (Figures 3 and 5).  

    Flammability is a comprehensive term that consists of multiple specific fire 

measures contributing to fire dynamics in distinct ways. Ignition and burning 

time of twigs affect fire spread, because a quick ignition and burning may 

relate to the fast spread of fire, while maximum flame temperature and heat 

release may be subscribed more to the intensity of fire. We found no effect of 

decomposition on heat release or maximum flame temperature; this contrasts 

with our expectation that undecomposed twigs would release more heat due to 
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higher fuel quantities per unit fuel bed volume (Alexander, 1982). This 

surprising result may be explained by the higher fuel quantity being counter-

balanced by negative effects of high density and moisture content of fresh 

twigs: fresh plant litters may need more energy input to evaporate water before 

they contribute to fire compared to more decomposed ones (Bond and Van 

Wilgen, 1996, Johnson, 1992). In addition, the lack of a relationship between 

density and flame temperature suggests that decomposed twigs may promote 

fire more in the phase of fuel ignition and early fire spread.  

    Decomposition changes not only twig structure but also chemical properties. 

Our data is consistent with previous evidence that cellulose is broken down 

faster than lignin, which reduces the cellulose: lignin ratio through 

decomposition (Figure 6) (Cadisch, 1997). This lower cellulose: lignin ratio 

might be expected to reduce flammability, because lignin requires higher 

temperatures for volatilization during combustion than cellulose (Shafizadeh, 

1971, Shafizadeh et al., 1977). However, the increase in flammability of 

decomposed compared to fresh Q. robur twigs in our study suggest that the 

change in structure is the driving factor for the increased flammability and 

exceeds the possible negative effects of the reduction in the cellulose: lignin 

ratio (Table 3).  

 

4.3. Interactions between Direct and Indirect Effects of Decomposition on 

Flammability  

    One hour after saturation none of the twigs were able to ignite or burn. 

However, after a longer period of drying, a stronger relation appeared between 

density and ignition and burning time (Figure 5), suggesting a strong 

interaction between the direct effect of structure (density) and its indirect effect 

via twig water dynamics (water loss) on twig flammability. Therefore, the 

hypothesis that the indirect effect of structure through water dynamics is less 

than direct effects of structure should probably be altered: the effect sizes 

appear to be close to equal especially during the after-rain drying period.  

 

4.4. Importance of Decomposing Twigs during Fires  

    The effect shown here, that decomposed twigs are generally more flammable 

than fresh twigs, should be interpreted in light of fuel architecture. As twigs 

decompose, they become more flammable, which could be important in early 

stage fires, because fine surface fuels (leaves and twigs (diameter < 6 mm)) are 

the most flammable fuel type, easily consumed by fire and therefore, contribute 

to spreading and forward movement of fires (Pyne et al., 1996, Burrows, 2001, 

Gould et al., 2007). Thus, decomposed twigs could be important for the easier 

and faster transition from a small fire of leaves and fine twigs to large fires that 

include coarse wood and living parts of plants. However, our single twig fire 

results alone cannot be scaled up to stand level fire properties without also 

considering the effects of fuel bed depth and structure. Large amounts of 
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tightly packed fine litter may in some circumstances inhibit ignition and early 

fire spread owing to lack of oxygen supply to the fuel (Scarff and Westoby, 

2006). The extent to which such a smothering effect of fine litter packing might 

be lessened by the more porous structure of the partly decomposed fuel 

particles themselves would be a relevant next focus of study.  

    Decomposed twigs as a ground fuel mainly contribute to horizontal fire 

spread, while dead branches and twigs attached to the tree may support fire 

spread up trees and allow expansion from surface to crown fires (Schwilk, 

2003). The fact that no effects of decomposition on maximum flame 

temperature and heat release were found in our experiments, may suggest that 

decomposed woody material has a small influence on fire intensity, but could 

play an important role in the horizontal and vertical spread of fire.  

    In semi-arid shrublands and woodlands, during rainless seasons, 

photodegradation instead of microbial decomposition could be a dominant 

control on above-ground litter decomposition due to the open canopy and 

intense solar radiation (Austin and Vivanco, 2006, Dirks et al., 2010, O'Donnell 

et al., 2011, Perez-Harguindeguy et al., 2013). Ultraviolet radiation can 

increase litter lignin loss (Dirks et al., 2010) and this change in photodegraded 

litter may also greatly increase litter flammability and influence fire behaviors 

in those highly flammable systems.  

 

5. Conclusions  

    In conclusion, our data suggest that partly decomposed twigs are more 

flammable than freshly senescent, undecomposed twigs: they ignite quicker 

and burn faster. The increased flammability of decomposed twigs is mainly due 

to their lower density and therefore increased fuel-air interactions. Our results 

suggest that when lying on the ground, partly decomposed fine woody fuels 

may promote horizontal spread of surface fires, while still attached to the plant, 

fine woody fuels can act as a fuel ladder that allows a surface fire to reach the 

canopy. The interaction between decomposition and twig flammability shown 

in our study adds a brand-new dynamic to our understanding of fire behaviors 

of woody ecosystems, albeit a dynamic that needs to be confirmed in field 

experiments. To further our understanding of decomposition effects on fires 

and its underlying mechanisms, it would be essential to extend the results from 

burns of single twigs in controlled conditions to other fuel types like branches 

and to single and mixed fuel types in a variety of architectures. However, we 

believe that our findings add conceptual and empirical knowledge towards a 

better understanding of forest carbon storage and release.  
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Abstract 

The turnover of coarse woody debris, a key terrestrial carbon pool, plays 

fundamental roles in global carbon cycling. Biological decomposition and fire 

are two main fates for dead wood turnover. Compared to gradual 

decomposition, fire rapidly transfers organic carbon from the earth surface to 

the atmosphere. 

Both abiotic environmental factors and biotic wood properties determine coarse 

wood combustion, consumption and carbon gas emissions during fire. Moisture 

is a key inhibitory environmental factor for fire. Within a biome, the properties 

of dead wood might strongly affect how it burns either directly or indirectly 

through interacting with moisture. Coarse wood properties vary between plant 

species and between various decay stages. Moreover, the positioning of dead 

wood in a forest fuel bed including interactions with the soil might also affect 

their fire behavior. 

Using controlled laboratory burns, we tried to disentangle the effects of 

multiple biotic and abiotic factors: tree species (one conifer species and three 

hard wood species), wood decay stages, moisture content, and ground-wood 

contact on coarse wood combustion, consumption, and CO2 and CO emissions 

during fire. Wood density was measured for all samples.  

We found that, compared to other factors, the stage of wood decay acted as a 

predominant positive driver increasing coarse wood flammability and 

associated CO2 and CO emissions during fire. Wood moisture content (30 

versus 10 %) moderately inhibited wood flammability with slight interaction 

with wood decay effects. Wood decay effects could be mainly attributed to the 

decreasing wood density as wood becomes more decomposed.  

Our experimental data provides quantitative evidence for how several key 

abiotic and biotic factors, especially moisture content and wood decay stages, 

with wood density as the key underlying trait, together drive coarse wood 

carbon turnover through fire to the atmosphere. Our results will help to 

improve the predictive power of global vegetation climate models on dead 

wood turnover and its feedback to climate. 

Key words 

Carbon cycling, climate change, greenhouse gases, moisture content, plant 

species, wood combustion, wood decomposition, wood density. 

 

Introduction 
Coarse woody debris (CWD) is recognized as an important carbon pool 

because of its large storage and long residence time in nature. Of the ~360 Pg 

carbon contained in the world’s forest biomass, 10-20% is present as CWD 

(Dixon et al., 1994, Delaney et al., 1998, Brown, 2002, Goodale et al., 2002, 

Cornwell et al., 2009), which generally has a long residence time of years to 

centuries (Cornelissen et al., 2012, Russell et al., 2014). So understanding 
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coarse wood carbon turnover is fundamental to global carbon cycling (Harmon 

et al., 1986, Cornwell et al., 2009, Brovkin et al., 2012, Cornelissen et al., 

2012).  

Biological decomposition and fire are two alternative pathways for coarse 

wood carbon turnover (Cornwell et al., 2009, Cornelissen et al., 2012, 

Cornelissen et al., 2016). Compared to the gradual biological decomposition 

process, fire can induce a pulse-wise release of the coarse wood carbon to the 

atmosphere (Rabelo et al., 2004, Hyde et al., 2011, Cornelissen et al., 2012, 

Volkova &  Weston, 2013, Cornelissen et al., 2016).  

Abiotic factors, biotic wood properties, and their interactions influence when 

and how a piece of wood will be consumed by fire. Wood with higher moisture 

content requires more energy to drive water from wood during the heat-up and 

drying phases before ignition (Tillman, 1981, Hyde et al., 2011). Even after 

ignition, high moisture content catalyzes charring reactions directly or 

indirectly by decreasing the flaming temperature (Babrauskas, 2006, Cornwell 

et al., 2009, Hyde et al., 2011). Wood density, porosity, diameter, and surface 

area-to-volume ratio can influence the oxygen availability, heat conductivity 

during burning (Ohlemiller, 1985, Carvalho et al., 2002, Thunman &  Leckner, 

2002, de Souza Costa &  Sandberg, 2004, Rabelo et al., 2004, Rein, 2009, 

Hyde et al., 2011, Hyde et al., 2012, Zhao et al., 2014). Wood lignin and 

cellulose content may change wood combustion chemistry (Tillman, 1981, 

Dobry et al., 1986, White, 1987, Knoll et al., 1993, Cornwell et al., 2009, 

Demirbas &  Demirbas, 2009,). Wood structure and chemistry can also 

influence coarse wood combustion indirectly through changing its water 

dynamics: water holding capacity and water losing rate (Zhao et al., 2014). The 

degree of ground-wood contact (above/on the ground surface), which is 

determined by the complex interaction between tree architecture, tree death 

pathways and forest floor surface structure, might also affect wood combustion 

through changing oxygen availability and the surrounding temperature during 

fire (Rabelo et al., 2004, Cornwell et al., 2009, Hyde et al., 2011).  

Dead wood properties, which are mainly determined by living wood traits and 

their after-life effects on biological wood decomposition, vary between plant 

species and wood decay stages (Harmon et al., 1986, Swenson &  Enquist, 

2007, Chave et al., 2009, Cornwell et al., 2009, Cornelissen et al., 2012, 

Freschet et al., 2012). Usually gymnosperms have lower living wood density 

than angiosperms, mostly because gymnosperms have relative higher 

abundance of conduit cells per stem cross-section area. While dead wood of 

gymnosperms usually decomposes slower than that of angiosperms, which 

presumably can be explained by the lower lignin concentration and lower 

lignin/ N ratio of angiosperm wood promoting the activity of wood 

decomposing organisms (Swenson &  Enquist, 2007, Chave et al., 2009, 

Cornwell et al., 2009, Weedon et al., 2009, Cornelissen et al., 2012). As wood 

decays, generally its density decreases and porosity increases, the lignin to 
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cellulose ratio changes, and the overall shape may also change as structural 

integrity is lost (Cornwell et al., 2009, Hyde et al., 2011, Cornelissen et al., 

2012, Hyde et al., 2012, Zhao et al., 2014). Those variations in wood structure 

and chemistry properties among plant species and wood decay stages might 

change wood flammability (Hyde et al., 2011, Hyde et al., 2012, Zhao et al., 

2014).  

During combustion, wood organic carbon (CH2O) is released to the atmosphere 

as carbon dioxide (CO2), carbon monoxide (CO), methane (CH4), other 

hydrocarbons, and elemental C aerosols (Bertschi et al., 2003, Cornwell et al., 

2009, Ottmar, 2014). The composition of these carbon gases and aerosoles in 

the atmosphere is critical both directly for air quality and indirectly through 

their radiative force influencing global climate (Andreae &  Merlet, 2001, Page 

et al., 2002, Van Der Werf et al., 2003, van der Werf et al., 2006, De Groot et 

al., 2007, Bonnicksen, 2008, van der Werf et al., 2009, van der Werf et al., 

2010, Fernandes &  Loureiro, 2013, Urbanski, 2013, Ottmar, 2014). Total fire 

carbon emissions are roughly 20% of total fossil fuel carbon emissions, but 

most fire CO2 emissions are compensated for by regrowth (van der Werf et al., 

2010). These fire emisisons are uncertain, and a better understanding of coarse 

wood fire dynamics may help in lowering uncertainties in these estimates. 

Carbon emission through coarse wood combustion can contribute a significant 

portion to carbon emission during fire. Because of its relatively slow 

combustion rate, the carbon emission through coarse wood to fire is usually 

indrectly estimated by burned area, fuel load and fuel burning completeness for 

regional or global scale emstimation of fire emissions (Bertschi et al., 2003, 

Ottmar, 2014). However, for prediciting and modeling carbon emissions based 

on ground-based measurements of fuel properties and fire behaviour, it is 

important to take into account and quantify the role of charring through 

smouldering. In this common alternative pathway for complete combustion, 

especially at lower fire temperatures, mass loss due to fire may not scale 

linearly with carbon loss, as hydrogen and oxygen are lost in this process while 

carbon gets more concentrated.  

To disentangle effects of both biotic and abiotic drivers on coarse woody debris 

carbon turnover through fire to the atmosphere, and to compare the magnitudes 

of those effects, we experimentally tested separate and interactive effects of 

plant species, wood decay stages, moisture content, and ground-wood contact 

on coarse wood flammability and carbon gas emissions (Fig. 1) for four 

widespread temperate and boreal forest tree species in a fire laboratory. 

Specifically the following research questions are addressed: (1) When the wood 

is air dry, how do plant species, wood decay stages and their interaction 

influence coarse wood flammability and carbon gas (CO2 and CO) emissions 

during fire? (2) To what extent does increased moisture content (30%) inhibit 

flammability and carbon gas emissions for CWD at various decay stages of 

different plant species? What is the potential interaction between moisture and 
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these biotic factors: plant species and wood decay? (3) Does the contact 

between wood and the ground matter? (4) To which extent can charring at 

lower fire temperatures, due to higher moisture content or wood density (Fig. 

1), cause deviation from the theoretical one to one relation between mass loss 

measured and emission of CO2 and CO?  

We sought to quantify wood flammability (sensu Anderson, 1970) in terms of 

ignitability (ease of ignition), sustainability (how well combustion will 

proceed), combustibility (velocity or intensity of combustion), and combustion 

completeness or consumability (the amount of combusted fuel). In our 

experiment, ignitability was measured as the time until ignition and 

sustainability as the flaming duration and smoldering duration. Combustibility 

was characterized by maximum flame temperature. Combustion completeness 

was measured as percentage mass loss. While we are aware that our laboratory 

fire experiments cannot be directly scaled up to wildfires (see Discussion), we 

believe that they can be an important step toward a link between different 

scales of coarse wood fire behavior and effects.    

 

 

Fig. 1 The conceptual framework showing multiple drivers of carbon fluxes from coarse woody 

debris to the atmosphere. We divided living wood, coarse woody debris, carbon gases, char, and 

unburned wood as different carbon pools; biological wood decomposition and fire as carbon 

release pathways through which the organic wood carbon turns over; plant species and wood 

decay stages as the biotic drivers, moisture and ground-wood contact as the abiotic drivers of the 

carbon flux. 

 

Materials and Methods 

To address the research questions mentioned above, we conducted three fire 

experiments (Fig. 2) under controlled laboratory condition: Exp. I. when air 

dry, dead branches at three decay stages of four tree species were burned to test 

effects of biotic factors: plant species and wood decay on coarse wood 

flammability and carbon gas emissions and the potential interactions between 

those biotic factors. We selected one gymnosperms needle-leaf species: Larix 
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kamperferi and three angiosperms broad-leaf species: Populus x. canadensis, 

Betula pendula, and Quercus robur. Those species are widely spread in boreal 

and temperate forests, where are both fire-prone ecosystems; Exp. II: for L. 

kamperferi and Q. robur only, air dry branches and branches with 30% 

moisture content at three decay stages were burned to test to what extent the 

increased moisture content inhibits coarse wood flammability and carbon gas 

emissions during fire and the potential interactions between the increased 

moisture content and those biotic factors; Exp. III: for middle decomposed 

branches of L. kamperferi and Q. robur, we tested effects of the fuel bed and 

dead wood arrangement: ground and wood contact on wood flammability and 

carbon gas emissions. We used L. kamperferi and Q. robur for exp. II and exp. 

III because they belongs to different plant groups which might differ in their 

wood properties. 

 

 
Fig. 2 Illustration of the fire experiment design and set up.  

 

Branch litter sampling 

Branch litters were collected in the central parts of the Netherlands between 

November and December 2013. Populus x. canadensis, Betula pendula, and 

Quercus robur branch litters were collected at Flevoland-Hollandse Hout 

(52°46’ N, 5°42’ E). Larix kaempferi branch litters were collected from 

Veluwe-Schovenhorst (52°25’ N, 5°62’ E). For more site details see 
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Cornelissen et al. (2012). The typical temperature and precipitation regimes in 

these forests are temperate climate.    

According to both external appearance (bark attachment status and wood color) 

and internal texture (softness of sapwood and heartwood), branches at three 

decay stages: freshly dead, partly decomposed and strongly decomposed were 

collected. Because all collecting sites were mono-specific forestry plantations, 

for the same plant species it was possible to collect wood at various decay 

stages and we tried to cover the widest range of wood decay states that can be 

found in the field. For each individual branch litter piece, we selected and 

chain-sawed sections of 20 cm long, 5 ± 0.5 cm in diameter and without large 

branching knots, often leaving the bottom and top part of the branch 

unsampled. We kept the natural bark attachment status for all branch litters: 

generally freshly dead branches’ bark was complete and tightly attached; 

middle decomposed branches’ bark was partly decomposed and loosely 

attached; very decomposed branch’s bark was totally decomposed apart from 

the inner wood. Adjacent to each end of a branch, a 2-cm thick disk-shape 

subsample was sawn out for analyses of wood density. 

After bringing the samples back to the lab, we removed any moss, fungi, 

epiphytes, and invading roots and cleaned any soil sticking to the branches. 

Before the fire experiment, all branches were air-dried at room temperature (25 

± 2 °C) for one month.  

 

Defining wood decay stages 

When collecting the dead branches in the field, visual inspection and softness 

of dead branches were used as the first step to define wood decay stages: 

freshly dead, middle decayed and very strongly decayed for each of the four 

tree species (for details see “Branch litter sampling”). After bringing the 

branches back to the lab, wood density was measured and used as a second 

proxy for defining wood decay status, with lower density indicating more 

decomposed status than higher density (Harmon et al., 1986, Hyde et al., 2011, 

Hyde et al., 2012). Branch subsamples were used to measure wood density 

with a water replacement method (Williamson &  Wiemann, 2010).  

 

Moisture treatment 

To simulate intermediate field moisture condition some time period after the 

last natural rainfall, for which 30 % moisture content of CWD is broadly 

representative, we first saturated all branches in demineralized water for one 

week. After saturation, all branches were air-dried in a climate chamber (15 °C 

and 60 % air humidity). According to the moisture content of saturated branch 

subsamples and saturated branch sample weight, branch weight at 30% 

moisture content was determined. During the drying process, we weighed the 

branches frequently until they reached the weight indicating 30% moisture 

content. The drying period differed between branches of different plant species 
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and wood decay stages because of their differences in water holding capacity 

and water loss rate. After reaching 30% moisture content, all branch samples 

were sealed in an airtight plastic bag and burned within 24 hours. 

 

Ground-wood contact treatment 

To test ground-wood contact effects on fire, branch height above the fuel bed 

surface and angle to the fire front spreading direction were modified (Fig. 2). 

We either left the branch on the fuel bed surface or suspended the branch 3cm 

from the fuel bed surface using two metal wires of 1mm in diameter. At the 

same time, the branch was either put parallel or perpendicular to the fire front 

spreading direction. 

 

Flammability measurement 

The fire experiment was carried out in the Fire Laboratory of Amsterdam for 

Research in Ecology (FLARE) located at Vrije Universiteit Amsterdam, The 

Netherlands from February to April 2014. All burns were conducted under a 

fume hood on a solid fire resistant plate. The fume hood was ventilated at a 

constant speed and air drawn in from outside by the extractor fan was first 

warmed to room temperature. Prior to each burn, the fume hood was turned on 

and the experiment started when room temperature was 21 ± 4 °C.  

The fire experiments were conducted in two separate time periods: first, 

Experiment I for air-dry wood and Experiment III for ground-wood contact 

effect were conducted at the same time, within the same block (see below); 

second, Experiment II for wood with increased moisture (30%) was conducted 

separately because extra time was needed for the moisture treatment. For all 

experiments, three replicates were burned per treatment. Each replicate was 

placed in one block during the fire experiment, which led to 3 blocks for each 

period of the fire experiment. Per week, one block was performed in order to 

minimize any effects of the differences in air humidity over time and we 

randomized the order of the burn trials each week.   

To mimic the spreading mode in real wildfires, we built a fuel bed as the 

ignition source for the branch samples (See Fig. 2: Branch and fuel bed 

material). The fuel bed was formed by a square metal mesh basket (length: 

45cm, width: 25cm, depth: 5cm). Mixtures of small branch litters of 

Cryptomeria japonica (5cm long) and Tilia x europaea twig litters (10cm long, 

4-8mm in diameter) were used as the fuel bed material. Although the small 

branch litter of C. japonica produced high temperature fires (Cornwell et al., 

2015), it burned very fast. So we mixed it with T. x europaea twigs to build a 

more sustainable and intense fire and to mimic a representative leaf-twig 

mixture composition in the field. As packing density is a key determinant for 

surface fire behavior (Anderson, 1970), we standardized the fuel bed by mass 

for a certain volume of a square metal mesh. For each burning trail, its fuel bed 

consisted of 222g T. x europaea twigs and 62g C. japonica shoots. For each 
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burn, fuel bed material was ignited with two cotton balls (See Fig. 2: Ignition 

source). First 10ml 95% alcohol was injected into each cotton ball and ignited. 

After ignition of the fuel bed, fire would build up and spread toward the 

branch. Except for elevated branch position treatments in the ground-wood 

contact experiment (See Fig. 2: Ground wood contact treatment), all branch 

samples were laid on the top of the fuel bed and 7cm from the rear end of the 

square metal mesh basket (See Fig. 2: Branch and fuel bed material).  

Four thermocouples (1 mm thick type K thermocouple, TC Direct, Uxbridge, 

UK) were placed around the branches (See Fig. 2: Thermocouples). The 

thermocouples could measure temperatures up to 1100 °C and temperature data 

was analyzed with TC Meas, a program written by the Electronic Engineering 

Group Bèta VU in Labview. Temperature was recorded every second during 

each burn. Because we used a fuel bed as ignition source for the branch, the 

temperature raised by fuel bed burning was subtracted for each burn. To 

measure the baseline temperature of the fuel bed, separately six fuel bed burns 

were conducted and the average temperature of the fuel bed burns was used as 

the baseline of the sampling burning for each block. 

Various flammability parameters were measured: (1) the time until ignition was 

determined as the time from the fire front reaching the branch to the first flame 

coming out of the branch. (2) Flaming duration was measured as the time from 

branch ignition to branch flame extinction. (3) Smoldering duration was the 

time from branch flame extinction to the end of branch smoldering. (4) Mean 

maximum temperature was calculated as the mean value of the maximum 

temperature measured by the four thermocouples around the branch sample. (5) 

Percentage mass loss (combustion completeness) was measured as percentage 

mass loss. 

 

Gas emission measurement 

During each fire, CO2/CO concentration in ppm (parts per million) were 

measured every second using a cavity ring-down spectroscopy (CRDS) based 

greenhouse gas analyzer (Picarro Inc., CA, USA, G2401 analyzer for 

CO2/CO/CH4/H2O modified to measure high concentrations). Fire smoke was 

pumped from the fume hood right above the fire into the gas analyzer through a 

plastic tube (1cm in diameter). Filters were inserted into the plastic tube to 

avoid the carbon aerosols in the smoke polluting and blocking the gas analyzer.  

Gas concentration in ppm was transferred into g/m3 based on the ideal gas law: 

P*V= n*R*T, where P is the pressure of the gas (Pa) which is the standard 

atmospheric pressure in our experiment, V is the volume of the gas, n is the 

amount of substance of gas (in moles), R is the ideal gas constant, and T is the 

temperature of the gas (K) which is the fume hood gas temperature in our 

experiment. The mass of CO2 or CO emission (g) was calculated from CO2 or 

CO concentration (g/m3) and gas flow rate (m3/h) in the fume hood. The fume 

hood temperature and flow rate were measured separately from the 
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experimental trials by doing separate burnings with fuel bed materials, because 

the measuring process involved covering the fire lab ventilator with the 

experimental device. The fume hood flow rate (cm3/h) and the fire smoke 

temperature (C) were measured by a capture hood (The Alnor® LoFlo 

Balometer® Capture Hood) and a thermometer respectively at the fire lab 

ventilator which was on the fire lab roof.  

Because a fuel bed was used as the ignition source for the branches, for each 

sample burning which included branch and fuel bed material, gas emissions of 

the branch sample alone were calculated by subtracting the fuel bed gas 

emission from the sample burning gas emission, where the fuel bed gas 

emission was measured separately but in the same experimental block as the 

sample burning. 

 

Statistical analysis 

All the statistical analyses were performed in R software 2.15.1 (R Core Team, 

2013).  

When air-dry, two-way analysis of covariance (ANCOVA) was used to analyze 

differences in flammability and carbon gas emissions among plant species and 

wood decay stages, followed by Tukey’s HSD post hoc comparisons. Branch 

diameter was taken as the covariate and the interaction between wood decay 

and plant species was considered. All data were tested for normality and 

homogeneity of residual variance by visual inspection of residual and 

probability plots. Time until ignition data was log-transformed to satisfy the 

assumption of ANCOVA. 

At increased moisture conditions, differences in flammability and carbon gas 

emissions of air dry and branches with 30% moisture content among plant 

species and wood decay stages were analyzed using three-way ANCOVA, 

followed by Tukey’s HSD post hoc comparisons. Diameter was the covariate. 

The interactions between moisture, plant species, and wood decay were 

considered as predictors. Time until ignition, flaming duration, and smoldering 

duration data were log-transformed to satisfy the assumption of ANCOVA. Not 

ignited branches were included in the analyses. 

Differences in flammability and carbon gas emissions of branches with 

different positions to the fuel bed surface (height) and fire front spreading 

direction (angle) were analyzed using three-way ANCOVA, followed by 

Tukey’s HSD post hoc comparisons. Diameter was taken as the covariate. The 

interaction between height and angle was considered. Time until ignition data 

was log-transformed to satisfy the assumption of ANCOVA.  

For both air-dry and increased moisture conditions, principle component 

analysis (PCA) for flammability, carbon gas emissions, and wood density was 

performed. Pearson’s correlation analysis was conducted to measure the effect 

size of different biotic and abiotic factors on wood density, wood consumption, 
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and carbon gas emissions during fire. Logistic regression model was fitted for 

the relation between wood density and percentage wood mass loss during fire. 

A simple linear regression model was fitted for the relation between wood 

density and carbon gas emissions. Simple linear regression was fitted for the 

relation between mass loss predicted and carbon gas emission measured carbon 

loss from coarse wood to the atmosphere during fire.     

 

Results 

When air dry, differences between plant species and wood decay stages 

(Experiment I) 
Air-dry branch flammability and carbon gas emissions significantly differed 

among wood decay stages. Significant differences between plant species were 

found for percentage mass loss (Table 1). Significant interactions between 

wood decay and plant species were found for flaming duration and percentage 

mass loss (Table 1). 

Across plant species and wood decay stages, air dry wood flammability varied 

along two major axes: along the first axis wood consumability (PC1 explained 

65.8% of the total variation) was related to smoldering time and percentage 

mass loss; along the second axis wood combustibility was related to flaming 

time and maximum temperature (Fig. 3). The first axis of flammability 

variation was strongly controlled by wood density. Percentage mass loss, CO2 

emission, and CO emission were strongly correlated to the smoldering time. So 

smoldering duration, percentage mass loss, CO2 emission, and CO emission 

were four key parameters for measuring coarse wood carbon turnover through 

fire.  

Wood decay acted as a positive driver: more decomposed wood smoldered 

longer, lost more mass, and emitted more CO2 and CO during burning, and the 

biggest difference was between fresh and very strongly decomposed wood 

(Fig. 4; Tukey's HSD test, P < 0.01). Furthermore, more decomposed wood 

also ignited faster, flamed longer, and burned to higher temperature (Fig. S1).  
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Table 1 F-statistics for two-way ANCOVAs for the effects of plant species and wood decay on 

air-dry branch flammability parameters (time until ignition, flaming duration, smoldering 

duration, maximum temperature and percentage mass loss) and carbon gas emissions (CO2 and 

CO emitted in grams). Branch diameter was taken as a covariate. Wood decay × Plant species 

interaction was considered. Time until ignition data was log-transformed prior to analysis. 

 

 
Plant 

Species 

Wood 

Decay Diameter 

Wood 

Decay × 

Plant 

Species 

Flammability     

lg(time until ignition (s)) 1.77 14.8*** 0.987 2.15 

Flaming duration (s) 1.98 8.14*** 5.15* 3.43* 

Smoldering duration (s) 2.47 17.3*** 7.75* 1.51 

Max. temperature (°C) 2.76 18.5*** 0.243 1.88 

Mass loss (%) 31.8*** 198.2*** 0.394 10.8*** 

Carbon gas emissions     

CO2 (g) 0.84  13.4*** 4.66* 0.49  

CO (g) 1.06 6.36*** 5.31* 1.11 

 

Significance code: ***p< 0.001, **p< 0.01, *p< 0.05. 
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Fig. 3 Principle component analysis (PCA) for five flammability parameters, carbon gas 

emissions, and wood density. Each point represents the mean value of a certain species at a 

certain decomposition stages. The first and second principle components (PC) axes explained 

65.8% and 14.3% of the total variance, respectively.  
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Fig. 4 Means (+/- 1SE) for (a) smoldering duration (s), (b) mass loss (%), (c) CO2 (g) emitted, 

and (d) CO (g) emitted of air-dry branches at three decay stages (fresh: freshly dead, middle: 

middle decomposed, and very: very strongly decomposed) of four plant species (Bet: Betula 

pendula, Lar: Larix kaempferi, Pop: Populus x canadensis, and Que: Quercus robur). 

 

Differences between plant species and wood decay stages at increased 

moisture content (30%) (Experiment II) 

Increased moisture content (30%) significantly inhibited coarse wood 

flammability but not carbon gas emissions (Table 2). However, significant 

differences between wood decay stages and plant species in flammability and 

carbon gas emissions were also found under increased moisture conditions 

(Table 2). Significant interaction between moisture and wood decay was found 

for flaming duration. Significant interactions between moisture and plant 

species were found for flaming duration, smoldering duration, and percentage 

mass loss. Significant interaction between plant species and wood decay were 

found for time until ignition and percentage mass loss (Table 2). 

Even under increased moisture condition, smoldering duration, percentage 

mass loss, CO2 emission, and CO emission were also four key parameters for 

measuring coarse wood carbon turnover through fire. When combing air-dried 

and moist branches, the two major axes of flammability variation were also 

found (Fig. 5). Along the first axis (PC1 explaining 66.5% of the total 

variation) wood consumability was related to smoldering time, and percentage 

mass loss. Along the second axis wood combustibility was related to flaming 
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duration and maximum temperature. Wood consumability was strongly 

controlled by wood density. CWD consumption (percentage mass loss) and 

carbon gas emissions were closely related to the smoldering combustion 

duration.  

Branches with 30% moisture content smoldered shorter and lost less mass 

compared to air-dried ones. Furthermore, moist branches ignited slower, and 

flamed shorter (Fig. S2). Under moist conditions, wood decay also acted as a 

positive driver accelerating coarse wood flammability and its associated carbon 

gas emissions (Fig. 6). Negative impacts of moisture effect on coarse wood 

CO2 and CO emissions during fire were also found (Table 2, Fig. 6, Fig. S2). 

The negative effects of moisture on coarse wood flammability and carbon gas 

emissions during fire were larger for freshly dead and middle decomposed 

branches than for very strongly decomposed branches (Fig. 6, Fig. S2). 

 

 
Table 2 F-statistics for three-way ANCOVAs for the effects of increased moisture, wood decay, 

and plant species on branch flammability (time until ignition, flaming duration, smoldering 

duration, maximum temperature, and mass loss) and carbon gas emissions (CO2 and CO emitted 

in grams). Time until ignition, flaming duration, and smoldering duration data were log 

transformed before analysis. Branch diameter was a covariate. Interactions with moisture were 

considered.  

 

  Moisture 

Wood 

Decay 

Plant 

Species Diameter 

Moisture 

× Wood 

Decay 

Moisture 

× Plant 

Species 

Wood 

Decay × 

Plant 

Species 

Moisture 

× Wood 

Decay × 

Plant 

Species 

Flammability 

        lg(time until 

ignition (s)) 6.26* 15.5*** 4.79* 0.273 0.459 0.038 4.85* 0.602 

lg(flaming 

duration (s)) 28.9*** 7.96** 6.84* 0.12 7.68** 8.05* 1.35 0.872 

lg(smoldering 

duration (s)) 5.6* 11.2*** 19.7*** 0.015 1.07 5.66*  2.77 0.602 

Max. 

temperature 

(°C) 2.8 3.85* 0.926 1.02 2.64 0.486 1.79 0.02 

Mass loss (%) 57.5*** 60.8*** 75.3*** 3.17 0.429 5.13* 18.1*** 1.98 

Carbon gas 

emissions 

        
CO2 (g) 0.723 8.67** 5.73* 1.02 1.72 0.024 1.57 0.856 

CO (g) 0.523 9.84*** 5.79* 6.71* 1.841 0.412 1.588 1.542 

 

Significance code: ***p< 0.001, **p< 0.01, *p< 0.05. 



108 
 

 
Fig. 5 Principle component analysis (PCA) for five flammability parameters, carbon gas 

emissions, and wood density. Each point represents the mean value of a certain species at a 

certain decomposition stages and under different moisture conditions. The first and second 

principle components (PC) axes explained 65.8% and 14.3% of the total variance, respectively.  
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Fig. 6 Means (+/- 1SE) for (a) smoldering duration (s), (b) mass loss (%), (c) CO2 (g) emitted, 

and (d) CO (g) emitted of branches of three decay stages (fresh: freshly dead, middle: middle 

decomposed, and very: very decomposed) and four species (Larix kaempferi, Betula pendula, 

Populus x canadensis, and Quercus robur) at air-dried (‘Dry’) or 30% moisture content (‘Wet’). 

For fresh and middle decomposed branches with 30% moisture content, there were unignited 

branches. Means (+/- 1SE) for Mass loss (%) without those unignited branches are shown by the 

dash shaded bars. 

 

Ground-wood contact effect across plant species (Experiment III) 
For middle decomposed branches of two species: Larix kaempferi and Quercus 

robur, we manipulated the relative height of branches above the fuel bed 

surface (Fig. 2) and angle to the fire front spreading direction. We found that 

the relative height of branches to the fuel bed surface significantly influenced 

time until ignition, smoldering duration, and maximum temperature (Table S1). 

Branches elevated 3cm above the fuel bed surface ignited faster, smoldered 

shorter, and had higher maximum temperature (Fig. S3). Angle to the fire front 

spreading direction only slight influenced the time until ignition and maximum 

temperature during fire (Table S1). Branches lying parallel to the fire front 

spreading direction ignited faster and had higher maximum temperature (Fig. 

S3). Neither the relative height of the branch above the fuel bed surface nor the 

angle of the branch to the fire front spreading direction significantly affected 

percentage mass loss or its CO2 and CO emissions (Fig. S3).  
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Discussion 
Using controlled laboratory burns, we tried to disentangle abiotic and biotic 

drivers’ effects on coarse woody debris flammability and its associated carbon 

gas emissions during fire,  and test the potential interactions between those 

drivers. A summary of the direction and magnitude of those biotic and abiotic 

drivers effects is shown in Fig. 7. Later in this Discussion we will evaluate the 

extent to which our laboratory-based findings can and cannot be translated to 

wildfires, and which next research steps would need to be taken to improve the 

predictive power of manipulative fire experiments. 

  
Fig. 7 A summary of the direction and magnitude of effects of plant species, wood decay stages, 

moisture content, and ground wood contact on wood mass burned and carbon gas emissions 

(CO2 and CO emitted in grams) during fire. Wood decay stage was the main and positive driver. 

Increased moisture content (30%) inhibited wood combustion. Plant species did influence wood 

mass burned and carbon gas emissions. Ground-wood contact had a slight effect. Wood density 

was the key underlying trait through which all those biotic and abiotic factors affected coarse 

wood carbon turnover through fire. 

 

Wood density is the key underlying trait  

Both under air-dry and increased moisture condition, across plant species and 

wood decay stages, wood density variation explained most of the variation in 

coarse wood consumption and its associated carbon gas emissions during fire. 

When air-dried, wood density variation explained 91% of the variation in 

percentage wood mass burned and 44% of the variation in carbon gas 

emissions (Fig. 8a). At 30% moisture content, wood density variation 

explained 63% of the variation in percentage wood mass burned and 41% of 

the variation in carbon gas emissions (Fig. 8b). 

Wood density and percentage mass loss were negatively correlated and their 

relation followed a logistic regression model (Fig. 8). When air dry, a wood 

density threshold between 200 to 250 mg/cm3 was found. The very strongly 
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decomposed wood with density lower than the threshold (density range: about 

150~250 mg/cm3) burned almost completely. This pattern explains why the 

difference in flammability between wood decay stages was mainly found 

between very strongly decomposed and freshly dead wood (Fig. 4, Fig. 6). 

Wood density and the sum of CO2 and CO emitted in grams were negatively 

correlated.  
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(a). 

 
(b). 
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Fig. 8 The magnitude and mechanism of plant species and wood decay effects on coarse wood 

mass burned and carbon gas emissions during fire at air-dried (a) and increased moisture 

condition (b). When air dry (a), means (+/- 1SE) for wood density of air-dry branches of three 

decay stages and four plant species were shown; at increased moisture condition (b), means (+/- 

1SE) for wood density of branches of three decay stages and four plant species at air-dried 

(‘Dry’) or 30% moisture content (‘Wet’) were shown. The mass loss based carbon was calculated 

as net mass loss (g) multiplying the estimated organic wood carbon content (50%). The CO2 and 

CO emission based carbon was calculated by the CO2 and CO molecular mass and the amount of 

CO2 and CO released in grams: CO
2
 and CO emission based carbon (g) = CO

2
(g) * 12/44 +CO 

(g) * 12/28.  

 

Wood decay is a predominant positive driver: 

Air-dry condition 

When air-dry, compared to plant species, wood decay was a predominant 

positive driver of coarse wood flammability and its associated carbon gas 

emissions (Table 1, Fig. 4). Those effects could be explained much better by 

the larger difference in wood density between wood decay stages than between 

plant species: 72% of overall variation in wood density was explained by wood 

decay stages, while 19% was explained by plant species (Fig. 8a). During the 

process of biological wood decomposition, wood density decreases (Hyde et 

al., 2011, Hyde et al., 2012, Zhao et al., 2014). Wood with lower density has 

more inner space per volume of wood. This change in wood inner structure 

increases the oxygen availability and heat conductivity inside the wood during 

fire and therefore wood flammability (Hyde et al., 2012).  

 

Increased moisture content (30%) 

Based on our results, wood decay was still the main driver of coarse wood 

carbon turnover through fire at 30% moisture content. Increased moisture 

content contributed 15% of the variation in percentage mass loss, while plant 

species contributed to 26% and wood decay stages contributed 37% of the 

variation (Fig. 8b).  

Increased moisture inhibited coarse wood flammability and carbon gas 

emissions (Table 2, Fig. 6, Fig. S2). As moisture content increases, more 

energy is required to remove water during the preheating and drying phases 

before volatile gases can be produced. Even after ignition, moisture content 

will affect combustion by influencing the flame temperature, rate of 

combustion, and the volume of products resulting from combustion. High 

moisture content in wood can also promote the charring process (Knapp et al., 

2005, Cornwell et al., 2009, Hyde et al., 2011, Kreye et al., 2011, Kreye et al., 

2012).  

We also found interaction effects between moisture, plant species and wood 

decay. The negative effect of moisture on smoldering time and percentage mass 

loss of Larix kaempferi was larger than Quercus robur (Fig. 6). For percentage 

mass loss, CO2 and CO emissions, the negative effect of moisture was larger 
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for freshly dead and middle decomposed branches than for very strongly 

decomposed ones (Fig. 6). Lower density decomposed wood has more inner 

space and less net water mass per volume wood at a certain moisture 

percentage content based on mass compared to undecomposed wood (Zhao et 

al., 2014). Those properties might accelerate the water evaporation before 

ignition and thereby decrease the negative effect of moisture.  

 

Wood density as a key trait predicting coarse wood carbon turnover 
Based on our results, wood density was the key trait predicting coarse woody 

debris carbon turnover through fire. For living wood, wood density is 

commonly used to describe the carbon storage per unit volume of stem and 

therefore individual trees and patches of forest (Bond &  Van Wilgen, 1996, 

Swenson &  Enquist, 2007, Chave et al., 2009). Our data suggest that wood 

density might also be used to predict the fate or sustainability of terrestrial 

carbon storage in the form of coarse woody debris: burned immediately or 

decomposed gradually (Cornelissen et al., 2017). 

 

Mismatch between carbon loss predicted from mass loss and measured 

carbon gas emissions  
Under controlled laboratory condition, where the airflow is constant, we found 

that the net carbon loss based on mass loss was larger than net carbon loss 

based on CO2 and CO emissions (Fig. 8a,b). For both air-dry and increased 

moisture (30%) conditions, wood mass loss (g) explained 55% and 50% 

respectively of the total variation in sum of CO2 and CO emissions (g) during 

fire (Fig. 8a,b).  

This mismatch might be explained by charring which accompanies smoldering 

combustion. Through fire, the organic matter is either emitted as carbon gases 

by flaming and/or smoldering combustion or kept in solid forms as char and/or 

unburnned organic materails. Flaming combustion consumes the organic matter 

almost completely into CO2 and H2O. Smoldering combustion releases organic 

carbon not only as CO2 but also as CO and CH4 (Ohlemiller, 1985, Andreae &  

Merlet, 2001, Rabelo et al., 2004, Cornwell et al., 2009, Rein, 2009, Urbanski, 

2013). During the charring process, H and O atoms are released while C atoms 

are retained in the charred wood. Fine litter particles like leaves and twigs 

usually burn completely through flaming combustion. So reliable prediction of 

the carbon gas emissions from fine fuel burning can be calculated from the 

litter carbon percentage and the mass of organic material burned during fire. In 

contrast, for CWD combustion, charring is more signifant than for fine fuels 

(Ohlemiller, 1985, de Souza Costa &  Sandberg, 2004). Based on our results, 

errors might occur if simply predicting the carbon emission based on original 

wood carbon content and mass loss during fire if the charring process is 

dominant. This merits in-depth investigation into the relative contribution of 

charring on CWD mass loss and carbon fate during fire, as dependent on wood 
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traits and moisture content, not only in temperate forests but also in other 

ecosystems worldwide.   

 

To scale up to field wildfires 

Our laboratory experiment has provided useful quantitative evidence for how 

several key abiotic and biotic factors, especially moisture content and wood 

decay stage, with wood density as the key underlying trait, together drive 

coarse wood carbon release to the atmosphere through fire. These laboratory-

based findings do provide field-relevant information and have immediate 

implications for certain field wildfire conditions: low fuel depth, relatively low 

surface fire temperature, no soil or canopy ignition, low wind speed, mild 

moisture condition and availability of small diameter coarse wood. Subsequent 

research can then build complexity over time in lab settings and through 

comparisons with field experiments. For example, future field experimental 

burnings might be conducted by removing logs of different degrees of decay 

from the field, in different seasons, and thereby testing the effect of biotic and 

abiotic drivers of coarse wood combustion in the field.  
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Supporting Information captions 

 

Table S1 F-statistics for three-way ANCOVAs for the effects of branch height (high: 3cm; low: 

0cm) above the fuel bed surface and angle (parallel: 0°; perpendicular: 90°) to the fire front 

spreading direction on coarse wood flammability parameters and carbon gas emissions. Diameter 

was taken as a covariate. The interaction between height and angle, height and plant species, 

angle and plant species were considered. Time until ignition data was log-transformed prior to 

analysis. 

  Height  Angle 

Plant 

Species Diameter 

Height 

× 

Angle 

Height 

× Plant 

Species 

Angle 

× Plant 

Species 

Flammability 

       
lg(time until ignition (s)) 8.72** 6.68* 0.064 0.051 1.17 0.021 0.743 

Flaming duration (s) 1.36 0.361 0.384 1.01 2.95 0.046 1.24 

Smoldering duration (s) 12.74** 3.57 13.2** 3.21 0 5.87* 0.184 

Max. temperature (°C) 35.3*** 5.02* 0.002 0.858 0.012 0.152 2.39 

Mass loss (%) 0.451 0.572 14.4** 0.115 0.267 0.065 0.114 

Carbon gas emissions 

       
CO2 (g) 0.459 0.466 2.45 1.46 0.047 0.152 2.84 

CO (g) 0.014 0.015 0.16 6.49* 0.044 0.040 1.50 

 

Significance code: ***p< 0.001, **p< 0.01, *p< 0.05. 
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Fig. S1 Means (+/- 1SE) for flammability parameters and carbon gas emissions of air-dry 

branches of three decay stages (fresh: freshly dead, middle: middle decomposed, and very: very 

decomposed) and four species (Larix kaempferi, Betula pendula, Populus x canadensis, and 

Quercus robur): (a) lg(time until ignition (s)); (b) Flaming duration (s); (c) Maximum 

temperature (°C). 
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Fig. S2 Means (+/- 1SE) for flammability parameters and carbon gas emissions of branches of 

three decay stages (fresh: freshly dead, middle: middle decomposed, and very: very decomposed) 

and four species (Larix kaempferi, Betula pendula, Populus x canadensis, and Quercus robur) at 

air-dried (‘Dry’) or 30% moisture content (‘Wet’): (a) lg(time until ignition (s)); (b) Flaming 

duration (s); (c) Maximum temperature (°C). For freshly dead and middle decomposed branches 

with 30% moisture content, there were branches not ignited. Means (+/- 1SE) for flammability 

parameters: (c) Maximum temperature (°C) without those unignited branches were the dash 

shaded bars in the figure. 
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Fig. S3 Means (+/- 1SE) for branch flammability parameters and greenhouse gas emissions with 

different height (high: 3cm; low: 0cm) above the fuel bed surface and angles (parallel: 0°; 

perpendicular: 90°) to the fire front spreading direction: HigPar (high parallel), HigPer (high 

perpendicular), LowPar (low parallel), LowPer (low perpendicular) of two plant species: Larix 

kaempferi, Quercus robur: (a) lg(time until ignition (s)); (b) Flaming duration (s); (c) Smoldering 

duration (s); (d) Maximum temperature (°C); (e) Mass loss (%); (f) CO2 (g); (g) CO (g). 
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Fig. S4 The magnitude of ground-wood contact, plant species and wood decay effect on coarse 

wood mass burned and carbon emissions at air dry condition. The mass loss based carbon was 

calculated as net mass loss (g) multiplying the estimated organic wood carbon content (50%). 

The CO2 and CO emission based carbon was calculated by the CO2 and CO molecular mass and 

the amount of CO2 and CO released in grams: CO
2
 and CO emission based carbon (g) = CO

2
(g) 

* 12/44 +CO (g) * 12/28.  
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                         Chapter 6 

General discussion and Summary 
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The main goal of this thesis was to test the interactive trait effects of plant 

species, organs, decomposition stages and moisture on litter fire behavior. 

More specifically, this thesis focuses on answering four main research 

questions: (A). Are there non-additive effects of leaf litter mixtures of different 

species, and if so, can the strength of pair-wise species interaction effects on 

litter flammability be predicted by their phylogenetic distance? (B). Are there 

non-additive effects of litter mixtures of different organs: leaves and twigs of 

different tree species on forest surface litter flammability? (C). What are the 

effects of decomposition on fuel quality and how do these changes directly and 

indirectly through wood moisture dynamics affect twig flammability? (D). 

What are the effects of multiple key biotic and abiotic factors on coarse wood 

combustion, consumption, and CO2 and CO emissions during fire? In Chapter 2 

through 5 I answered some aspects of those questions separately. Here, I 

summarize the main results of each previous chapter and connect them to the 

general research question that they address [(A) – (D)] and identify some 

aspects emerging from my research that would require further investigation.
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Non-additive mixture effects in litter flammability  

Plant communities usually consist of species with varying leaf characteristics 

(Ackerly and Reich, 1999, Cornelissen, 1999, Westoby and Wright, 2003, Sun 

et al., 2006), leading to mixed species litter layers. These mixtures may not 

behave as additive combinations of the single species in their effects on surface 

litter flammability; that is, they may show non-additive species mixture effects 

on flammability (Suding et al., 2008). A lot of studies have been done on 

species non-additivity in ecosystem functions such as productivity and 

decomposition (Wardle et al., 1997, Hector, 1998, Gartner and Cardon, 2004, 

Hattenschwiler et al., 2005, Quested et al., 2005, van Ruijven and Berendse, 

2005, Lecerf et al., 2011, Handa et al., 2014), while only a few studies have 

provided evidence for non-additive species mixture effects on litter 

flammability (de Magalhães and Schwilk, 2012, Van Altena et al., 2012, Blauw 

et al., 2015). Both the identity of the trait and the degree of species traits 

difference may be important to understand the magnitude of non-additivity: 

more different species might be expected to produce larger departures from 

additivity in mixtures. Species sharing the most recent common ancestor are 

most likely to have similar traits composition compared to those with a distant 

common ancestor (Prinzing et al., 2001, Baum et al., 2005, Baum, 2008, 

Cadotte et al., 2013). For the first time I tried to link phylogenetic distance - an 

integrative measure of trait difference between two species - to species non-

additivity in leaf litter flammability.  

In Chapter 2, I found that phylogenetic distance did not relate to species non-

additivity in flammability, while leaf litter particle size predicted species 

mixture effects on leaf litter flammability. Across the plant phylogeny, most 

species were flammable except those in the non-Pinus Pinaceae, which singly 

shed very small needles producing dense, poorly ventilated fuel-beds above the 

packing threshold for ignition and/or fire spread. Consistently, litter mixtures 

including species of the non-Pinus Pinaceae always showed large magnitude of 

positive or negative non-additive mixture effects on leaf litter flammability. 

The negative non-additive mixture effect can be explained by the small needles 

filling in spaces that would otherwise be air in their paired species litter-bed 

and produced the mixed fuel-bed packed denser than the threshold and become 

non-flammable; this mechanism will be revisited below for Chapter 3. The 

positive non-additive mixture effect can be explained by the densely packed 

non-flammable small needles being spread out by the mixed large litter 

particles and packing less densely than the threshold, thereby becoming 

flammable.  

Consistent with previous studies (Cornwell et al., 2015), I found the threshold 

nature of leaf size and fuel-bed packing and ignitibility or fire spread. Large 

magnitude of non-additivity in ignitibility and fire spread was only found for 

species at the opposite sides of the packing threshold: non-flammable small 

needles vs. flammable large leaves. This might explain why phylogenetic 



126 
 

distance (an integrative tool to measure species trait difference) did not have 

predictive power of non-additive fire behavior, while mixtures with the small  

conifer needles consistently showed non-additivity in ignitibility. Previous 

studies have shown that positive non-additivity in species flammability is 

explained by the dominance effect of the most flammable species in the 

mixture (Van Altena et al., 2012, de Magalhães and Schwilk, 2012); increased 

moisture content in the mixtures causes negative non-additivity (Blauw et al., 

2015). My study provides a new mechanism of the negative non-additive 

mixture effect in species litter flammability. The special leaf traits of non-Pinus 

Pinaceae are likely to have helped promote this lineage to become a major 

player in surface fire regimes, in past, present, and likely also future forests, 

with varying impact depending on the other species they grow together with. 

The currently available literature on plant traits and litter flammability, and 

interactions between litter types, have a great bias towards leaf litter types 

(Schwilk, 2015, Varner et al., 2015, Cornelissen et al., 2017). However in 

forests, not only leaf but also twig litter has always been present in substantial 

amounts (Brown, 1981, Scott and Burgan, 2005). The dead leaves and twigs 

(<6mm in diameter) mix together into the fine litter layer, and it is these litters 

together that contribute most to surface fire behavior in nature (Burrows, 

2001). Leaf and twig litter particles differ greatly in size and shape (Papio and 

Trabaud, 1990). This greatly enhances the possibility that leaves and twigs are 

non-additive in their effect on litter flammability. These interactions are 

particular important for surface fire regime as leaf and twig mixtures of the 

same woody species should always be present in forest (Scott and Burgan, 

2005). Indeed, in Chapter 3, I found that non-additive effects of litter mixtures 

on flammability not only occur between plant species but also between plant 

organs. I found that across species, as for leaf litter mixtures in Chapter 2, 

small needles had negative dominant effects on the mixture fuel-bed ignitibility 

through filling up the space between twigs and forming ventilation limited non-

flammable fuel-beds. Within the small broad-leaved species, the thin, 

frequently branched and open spaced twigs were too loosely packed to be 

flammable, while in mixtures the small broad leaves could fill up the space 

between twigs and produced flammable fuel-beds and positive dominant 

effects on litter ignitibility. Once ignited, across species fire spread rate in the 

mixed fuel-bed was driven by leaves, while fire sustainability could be 

predicted by total fuel mass. Also, fuel-bed flammability was more driven by 

leaves when increasing the relative amount of leaves to twigs.  

Although I found that larger leaved species had more flammable leaf litter-beds 

than small leaved species as in previous studies (de Magalhães and Schwilk, 

2012, Engber and Varner III, 2012, Cornwell et al., 2015, Schwilk, 2015, 

Grootemaat et al., 2017), larger leaved species did not also have more 

flammable twig litter-beds than small leaved species. Because of the non-

additive mixture effects between leaves and twigs as discussed above, 
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generally I saw that leaf litters drove the fire ignition and spread in the leaf-

twig mixture fuel-beds. Consistent with the ranking of leaf litter flammability, 

the leaf-twig mixture fuel-beds of large leaved species were also more 

flammable than those of small leaved species. This might mean there is a 

consistence between species size and shape related traits effects on the leaf 

level and the individual (leaf and twig mixture) level of litter flammability 

(Dias et al., 2017, Cornelissen et al., 2017). If larger leaved species also drop 

more leaf litter than twig litters due to the large leaf to twig mass ratio in their 

canopy (Westoby and Wright, 2003), the fuel-bed of larger leaved species 

would be even more flammable than small leaved ones. However, we still need 

to test these mechanisms for generality across more species and combinations, 

also in other forest types and climate zones than the temperate forest in this 

thesis.      

Because I used the reconstructed litter-beds for the fire experiments, comparing 

the field observations of litter flammability with the findings in my studies 

might be an important next step for research. 

    

Interactions between wood decomposition and flammability 
Decomposition can influence dead wood flammability through changing fuel 

quality. As wood decays, its density decreases and porosity increases, the lignin 

to cellulose ratio changes (Cornwell et al., 2009, Hyde et al., 2011, Cornelissen 

et al., 2012, Hyde et al., 2012). Those changes may have considerable 

influences on wood flammability directly, via the changing structure and 

chemistry of the wood, or indirectly, through the effects of changing wood 

properties on moisture dynamics. However, the interactions between 

decomposition and flammability are poorly understood.  

In Chapter 4, I found that wood decomposition had considerable direct and 

indirect effects on twig flammability. At given moisture content, more 

decomposed twigs ignited and burned faster than fresh twigs. Moreover, 

decomposed twigs dried out faster than fresh twigs. This has implications for 

the field situation, where more decomposed twigs are likely to become 

flammable sooner when drying out after a rainy period. I found that the 

increased flammability of decomposed twigs is mainly due to their lower 

density instead of the increase in cellulose to lignin ratio.  

Decomposed twig litters may promote horizontal fire spread as ground fuels 

and act as a fuel ladder (Blauw et al., 2017) when staying attached to trees. My 

results add an important, previously poorly studied dynamic to our 

understanding of forest fire spread. However, my single twig fire results alone 

cannot be scaled up to stand level fire properties without also considering the 

effects of fuel bed depth and structure, as I did in Chapter 3 for undecomposed 

twigs. Large amounts of tightly packed fine litter may in some circumstances 

inhibit ignition and early fire spread owing to a lack of oxygen supply to the 

fuel. The extent to which such a smothering effect of fine litter packing might 
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be lessened by the more porous structure of the partly decomposed fuel 

particles themselves would be a relevant next focus of study.  

Coarse woody debris, an important terrestrial carbon pool, plays fundamental 

roles in global carbon cycling (Harmon et al., 1986, Cornwell et al., 2009, 

Brovkin et al., 2012, Cornelissen et al., 2012). In Chapter 5, I tried to test the 

effect of wood decomposition on coarse wood flammability, and compared it 

with the effects of other factors driving coarse wood fire: tree species, moisture 

content, and ground-wood contact. I found that, compared to other factors, an 

advanced stage of wood decay acted as a predominant positive driver 

increasing coarse wood flammability. Wood decay effects can be mainly 

attributed to the decreasing wood density as wood becomes more decomposed.  

I found that generally the coarse wood of the gymnosperm Larix kaempferi was 

less flammable than that of the three angiosperm species (Chapter 5: Fig.4, 

Fig.6, Fig.S3). The lower flammability of Larix kaempferi wood might be due 

to its comparatively higher average dead wood density. For the branch litter 

collected in my experiment, across all wood decay stages, Larix kaempferi 

wood consistently had higher density than the other three angiosperm species 

(Chapter 5: Fig. 8a). Since gymnosperms generally tend to have less dense 

wood than angiosperms (Weedon et al. 2009), further study should test whether 

our findings represent an exception or are part of a more common pattern. It 

may well be that CWD of evergreen gymnosperms is generally less dense and 

more flammable than that of angiosperms tree. However, as gymnosperm wood 

tends to decompose (i.e. decrease in density) more slowly than that of 

angiosperms (Weedon et al. 2009, Pietsch et al., 2014), both taxa might be 

predicted  to converge in flammability as the time after hitting the ground 

progresses. 

My experimental data provides quantitative evidence for how wood decay 

stages, with wood density as the key underlying trait, together with several key 

abiotic and biotic factors drive coarse wood carbon turnover through fire. My 

finding will contribute to global carbon and climate modeling by improving the 

predictive power of dead wood quality and position to the ground for fire 

behavior and its feedback to climate. To scale up to field wildfires, subsequent 

research can build complexity over time in lab settings and through 

comparisons with field experiments. In future, field experimental burnings 

might be conducted by removing logs of different degree of decay from the 

field under different seasons and testing the effect of biotic and abiotic drivers 

of coarse wood combustion in the field. As after fire the not completely burned 

charred wood would be exposed to decomposition again, the decomposition 

dynamics of burned wood would also be an interesting research direction.     

 

Carbon gas emissions of coarse wood fire 

During fire, a huge amount of carbon stored in coarse wood is transferred into 

the atmosphere as carbon dioxide (CO2), carbon monoxide (CO), methane 
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(CH4), other hydrocarbons, and elemental carbon aerosols (Page et al., 2002, 

Bertschi et al., 2003, Cornwell et al., 2009, Ottmar, 2014,). In the atmosphere, 

the composition of these carbon gases and aerosols is critical both directly for 

air quality and indirectly through their radiate force influencing global climate 

(van der Werf et al., 2010). Carbon gas emissions of coarse wood fire are still 

uncertainties in global fire emission estimates (Bertschi et al., 2003, van der 

Werf et al., 2009, Hyde et al., 2011, Volkova and Weston, 2013, Ottmar, 

2014). Because of its relatively slow combustion rate, the carbon emission 

through coarse wood to fire is usually indirectly estimated by burned area, fuel 

load and fuel combustion completeness (Bertschi et al., 2003, Ottmar, 2014). 

However, for predicting and modeling carbon emissions based on ground-

based measurements, it is important to take into account and quantify the role 

of charring through smoldering (Rabelo et al., 2004, de Souza Costa and 

Sandberg, 2004). In this common alternative pathway for complete 

combustion, especially at lower fire temperatures, mass loss due to fire may not 

scale linearly with carbon loss, as hydrogen and oxygen are lost in this process 

while carbon gets concentrated.  

In chapter 5, I found that when air-dry and 30% moisture content, compared to 

plant species, wood decay was a predominant positive driver of coarse wood 

fire carbon gas emissions. More decomposed wood smoldered longer, burned 

more completely and released more CO2 and CO during fire. I also found that 

across species and decomposition stages the net carbon loss based on mass loss 

was larger than net carbon loss based on CO2 and CO emissions.  

Errors might occur if simply predicting the carbon emission based on original 

wood carbon content and mass loss during fire if the charring is dominant. This 

merits in-depth investigation into the relative contribution of charring on CWD 

mass loss and carbon fate during fire, as dependent on wood traits and moisture 

content, not only in temperate forests but also in other ecosystems worldwide. 

 

Thesis Summary 
In natural forests, the surface litter layer is usually a mixture of dead plant 

material from different plant species and organs. Interactions between traits of 

different plant species and organs might lead to surface litter flammability that 

cannot be predicted simply from the mean effects of the component litter type 

in the mixtures: that is, they may show mixture effects or non-additivity in litter 

flammability. We are still at the beginning of understanding those traits 

interaction effects on litter flammability. In the field, plant litter does not only 

serve as fuel for fire but also as a substrate for decomposition. During 

decomposition, the structural and chemical properties of plant litters are 

changing. Dead wood at different decomposition stages usually exists in the 

forests. We still have very little understanding on the effect of decomposition 

on twigs and woody debris quality, and how it directly and indirectly, through 

moisture dynamics, changes wood litter flammability. In this thesis, I tried to 
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find: (I) the direction, effect size and trait-based mechanisms of non-additive 

mixture effects of fine litters of different plant species and organs on litter 

flammability; (II) the interaction between decomposition and dead wood 

flammability and carbon gas emissions during fire. 

I found that leaf litter mixtures including small needle conifer species 

consistently showed large magnitude of non-additivity in flammability 

(Chapter 2). Across the plant phylogeny, the small and simple shaped needles 

of non-Pinus Pinaceae were the only non-flammable leaves because they 

formed densely packed ventilation-limited fuel-beds. In mixtures, the small 

needles can either fill up the space between large leaves and produced non-

flammable fuel-beds and negative non-additive mixture effects in flammability, 

or be spread out by large leaves to become flammable and produce positive 

non-additive mixture effects in flammability. I also found non-additive effects 

of leaves and twigs of the same and different plant species in litter fuel-bed 

flammability (Chapter 3). Across species, small needles had negative 

dominance effects on leaf and twig fuel-bed ignitibility through filling up the 

space between twig litter particles and producing ventilation-limited fuel-beds. 

Thin, frequently branched and open spaced twigs of small broad-leaf species 

were too loosely packed to be flammable. In mixtures, the spaces between 

loosely packed twigs could be filled up by the small broad leaves of the same 

species; thereby these fuel-beds became flammable and produced positive non-

additive mixture effects in ignitibility. Once ignited, fire spread rate in the 

mixed fuel-bed was driven by more flammable leaves, while fire sustainability 

could be predicted by the fuel mass. Together, my experimental results have 

demonstrated the existence of non-additive mixture effects in litter 

flammability and the importance of litter particle size and shape in explaining 

the mechanism of the mixing effects.  

I found decomposed twigs ignited and burned faster at given water content. 

Decomposed twigs also dried out faster than fresh twigs, which made them 

flammable sooner when drying out after rain (Chapter 4). For coarse woody 

debris, I found that more decomposed wood smoldered longer, burned more 

completely, and emitted more CO2 and CO than less decomposed wood at both 

air-dry and 30% moisture content (Chapter 5). I also found that compared to 

tree species, moisture content and extent of ground-wood contact, wood decay 

acted as the main positive driver of coarse wood flammability and carbon gas 

emissions during fire. Wood density decreasing during decomposition is the 

main factor influencing twig and coarse wood flammability.   

My findings about the non-additive mixture effects of litter flammability of 

different plant species and organs, and how litter particle size and shape related 

traits underlying those mixture effects, will help to scale individual plant trait 

effect on litter flammability, through the community level, to ecosystem 

flammability. The findings about the interaction between decomposition, wood 
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flammability and fire carbon gas emissions add a new and important dynamic 

to our understanding of forest fire behavior and the global carbon cycle. 

 

References 
Ackerly, D. D. & Reich, P. B. (1999) Convergence and correlations among leaf size and function 

in seed plants: a comparative test using independent contrasts. American Journal of 

Botany, 86, 1272-1281. 

Baum, D. A. (2008) Trait evolution on a phylogenetic tree: Relatedness, similarity, and the myth 

of evolutionary advancement. Nature Education, 1, 1. 

Baum, D. A., Smith, S. D. & Donovan, S. S. S. (2005) Evolution - The tree-thinking challenge. 

Science, 310, 979-980. 

Bertschi, I., Yokelson, R. J., Ward, D. E., Babbitt, R. E., Susott, R. A., Goode, J. G. & Hao, W. 

M. (2003) Trace gas and particle emissions from fires in large diameter and 

belowground biomass fuels. Journal of Geophysical Research, 108, 8472. 

Blauw, L. G., Wensink, N., Bakker, L., van Logtestijn, R. S. P., Aerts, R., Soudzilovskaia, N. A. 

& Cornelissen, J. H. C. (2015) Fuel moisture content enhances nonadditive effects of 

plant mixtures on flammability and fire behavior. Ecology and Evolution, 5, 3830-

3841. 

Brovkin, V., van Bodegom, P. M., Kleinen, T., Wirth, C., Cornwell, W. K., Cornelissen, J. H. C. 

& Kattge, J. (2012) Plant-driven variation in decomposition rates improves projections 

of global litter stock distribution. Biogeosciences, 9, 565-576. 

Brown, J. K. (1981) Bulk densities of nonuniform surface fuels and their application to fire 

modeling. Forest Science, 27, 667-683. 

Burrows, N. D. (2001) Flame residence times and rates of weight loss of eucalypt forest fuel 

particles. International Journal of Wildland Fire, 10, 137-143. 

Cadotte, M., Albert, C. H. & Walker, S. C. (2013) The ecology of differences: assessing 

community assembly with trait and evolutionary distances. Ecology Letters, 16, 1234-

1244. 

Cornelissen, J. H. C., Sass-Klaassen, U., Poorter, L., van Geffen, K., van Logtestijn, R. S., van 

Hal, J., Goudzwaard, L., Sterck, F. J., Klaassen, R. K. & Freschet, G. T. (2012) 

Controls on coarse wood decay in temperate tree species: birth of the LOGLIFE 

experiment. Ambio, 41, 231-245. 

Cornelissen, J. H. C. (1999) A triangular relationship between leaf size and seed size among 

woody species: allometry, ontogeny, ecology and taxonomy. Oecologia, 118, 248-255. 

Cornelissen, J. H. C., Grootemaat, S., Verheijen, L. M., Cornwell, W. K., van Bodegom, P. M., 

van der Wal, R. & Aerts, R. (2017) Are litter decomposition and fire linked through 

plant species traits?  New Phytologist, 216, 653-669. 

Cornwell, W. K., Cornelissen, J. H., Allison, S. D., Bauhus, J., Eggleton, P., Preston, C. M., 

Scarff, F., Weedon, J. T., Wirth, C. & Zanne, A. E. (2009) Plant traits and wood fates 

across the globe: rotted, burned, or consumed? Global Change Biology, 15, 2431-2449. 

de Magalhães, R. M. Q. & Schwilk, D. W. (2012) Leaf traits and litter flammability: evidence for 

non-additive mixture effects in a temperate forest. Journal of Ecology, 100, 1153-1163. 

de Souza Costa, F. & Sandberg, D. (2004) Mathematical model of a smoldering log. Combustion 

and Flame, 139, 227-238. 

Dias, A. T. C., Cornelissen, J. H. C. & Berg, M. P. (2017) Litter for life: assessing the 

multifunctional legacy of plant traits. Journal of Ecology, 105, 1163-1168. 

Engber, E. A. & Varner III, J. M. (2012) Patterns of flammability of the California oaks: the role 

of leaf traits. Canadian Journal of Forest Research, 42, 1965-1975. 

Gartner, T. B. & Cardon, Z. G. (2004) Decomposition dynamics in mixed-species leaf litter. 

Oikos, 104, 230-246. 



132 
 

Grootemaat, S., Wright, I. J., van Bodegom, P. M. & Cornelissen, J. H. C. (2017) Scaling up 

flammability from individual leaves to fuel beds. Oikos, 126, 1428-1438. 

Handa, I. T., Aerts, R., Berendse, F., Berg, M. P., Bruder, A., Butenschoen, O., Chauvet, E., 

Gessner, M. O., Jabiol, J., Makkonen, M., McKie, B. G., Malmqvist, B., Peeters, E. T. 

H. M., Scheu, S., Schmid, B., van Ruijven, J., Vos, V. C. A. & Hattenschwiler, S. 

(2014) Consequences of biodiversity loss for litter decomposition across biomes. 

Nature, 509, 218-221. 

Harmon, M. E., Franklin, J. F., Swanson, F. J., Sollins, P., Gregory, S. V., Lattin, J. D., 

Anderson, N. H., Cline, S. P., Aumen, N. G., Sedell, J. R., Lienkaemper, G. W., 

Cromack, K. & Cummins, K. W. (1986) Ecology of Coarse Woody Debris in 

Temperate Ecosystems. Advances in Ecological Research, 15, 133-302. 

Hattenschwiler, S., Tiunov, A. V. & Scheu, S. (2005) Biodiversity and litter decomposition 

interrestrial ecosystems. Annual Review of Ecology Evolution and Systematics, 36, 

191-218. 

Hector, A. (1998) The effect of diversity on productivity: detecting the role of species 

complementarity. Oikos, 82, 597-599. 

Hyde, J. C., Smith, A. M. & Ottmar, R. D. (2012) Properties affecting the consumption of sound 

and rotten coarse woody debris in northern Idaho: a preliminary investigation using 

laboratory fires. International Journal of Wildland Fire, 21, 596-608. 

Hyde, J. C., Smith, A. M., Ottmar, R. D., Alvarado, E. C. & Morgan, P. (2011) The combustion 

of sound and rotten coarse woody debris: a review. International Journal of Wildland 

Fire, 20, 163-174. 

Lecerf, A., Marie, G., Kominoski, J. S., LeRoy, C. J., Bernadet, C. & Swan, C. M. (2011) 

Incubation time, functional litter diversity, and habitat characteristics predict litter-

mixing effects on decomposition. Ecology, 92, 160-169. 

Ottmar, R. D. (2014) Wildland fire emissions, carbon, and climate: Modeling fuel consumption. 

Forest Ecology and Management, 317, 41-50. 

Page, S. E., Siegert, F., Rieley, J. O., Boehm, H. D. V., Jaya, A. & Limin, S. (2002) The amount 

of carbon released from peat and forest fires in Indonesia during 1997. Nature, 420, 

61-65. 

Papio, C. & Trabaud, L. (1990) Structural Characteristics of Fuel Components of 5 

Mediterranean Shrubs. Forest Ecology and Management, 35, 249-259. 

Prinzing, A., Durka, W., Klotz, S. & Brandl, R. (2001) The niche of higher plants: evidence for 

phylogenetic conservatism. Proceedings of the Royal Society B-Biological Sciences, 

268, 2383-2389. 

Quested, H. M., Callaghan, T. V., Cornelissen, J. H. C. & Press, M. C. (2005) The impact of 

hemiparasitic plant litter on decomposition: direct, seasonal and litter mixing effects. 

Journal of Ecology, 93, 87-98. 

Rabelo, E., Veras, C., Carvalho, J., Alvarado, E., Sandberg, D. & Santos, J. (2004) Log 

smoldering after an Amazonian deforestation fire. Atmospheric Environment, 38, 203-

211. 

Schwilk, D. W. (2015) Dimensions of plant flammability. New Phytologist, 206, 486-488. 

Scott, J. H. & Burgan, R. E. (2005) Standard fire behavior fuel models: a comprehensive set for 

use with Rothermel's surface fire spread model. USDA Forest Service, Rocky 

Mountain Research Station, General Technical Report RMRS-GTR-153, 72 pp. 

Suding, K. N., Lavorel, S., Chapin, F., Cornelissen, J. H., Diaz, S., Garnier, E., Goldberg, D., 

Hooper, D. U., Jackson, S. T. & NAVAS, M. L. (2008) Scaling environmental change 

through the community-level: a trait-based response-and-effect framework for plants. 

Global Change Biology, 14, 1125-1140. 

Sun, S., Jin, D. & Shi, P. (2006) The leaf size–twig size spectrum of temperate woody species 

along an altitudinal gradient: an invariant allometric scaling relationship. Annals of 

Botany, 97, 97-107. 



133 
 

van Altena, C., van Logtestijn, R. S., Cornwell, W. K. & Cornelissen, J. H. C. (2012) Species 

composition and fire: non-additive mixture effects on ground fuel flammability. 

Frontiers in plant science, 3, 63. 

van der Werf, G. R., Morton, D. C., DeFries, R. S., Olivier, J. G. J., Kasibhatla, P. S., Jackson, R. 

B., Collatz, G. J. & Randerson, J. T. (2009) CO2 emissions from forest loss. Nature 

Geoscience, 2, 737-738. 

van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J., Mu, M., Kasibhatla, P. S., 

Morton, D. C., DeFries, R. S., Jin, Y. & van Leeuwen, T. T. (2010) Global fire 

emissions and the contribution of deforestation, savanna, forest, agricultural, and peat 

fires (1997-2009). Atmospheric Chemistry and Physics, 10, 11707-11735. 

van Ruijven, J. & Berendse, F. (2005) Diversity-productivity relationships: Initial effects, long-

term patterns, and underlying mechanisms. Proceedings of the National Academy of 

Sciences of the United States of America, 102, 695-700. 

Varner, J. M., Kane, J. M., Kreye, J. K. & Engber, E. (2015) The flammability of forest and 

woodland litter: a synthesis. Current Forestry Reports, 1, 91-99. 

Volkova, L., Weston, C. (2013) Measuring forest carbon and fire emission from southern 

Eucalyptus forests: key findings and some lessons learnt. In ‘Proceedings of Bushfire 

CRC and AFAC 2013 Conference Research Forum’, 2 September 2013, (Ed. LJ 

Wright) pp. 149-160. (Bushfire CRC: Melbourne) 

Wardle, D. A., Bonner, K. I. & Nicholson, K. S. (1997) Biodiversity and plant litter: 

Experimental evidence which does not support the view that enhanced species richness 

improves ecosystem function. Oikos, 79, 247-258. 

Westoby, M. & Wright, I. J. (2003) The leaf size–twig size spectrum and its relationship to other 

important spectra of variation among species. Oecologia, 135, 621-628. 

 

 

 

 

 

 

 

 

 

 

 

 



134 
 

 



135 
 

Nederlandse Samenvatting 
 

Interactieve effecten van de eigenschappen van plantensoorten, hun 

verschillende organen, afbraakstadia en vochtgraad op het brandgedrag 

van dood plantenmateriaal 

The strooisellaag in natuurlijke bossen bestaat gewoonlijk uit een mengsel van 

dood plantenmateriaal van verschillende soorten en verschillende organen 

(vooral bladeren, twijgen en dikke takken). Interacties tussen dode delen van 

verschillende soorten en organen, op grond van variatie in hun eigenschappen 

(“traits”), kunnen er toe leiden dat het brandgedrag van de strooisellaag niet 

simpelweg voorspeld kan worden op grond van de gemiddelde brandbaarheid 

van de individuele soorten en organen die in een mengsel samenkomen. Dit 

verschijnsel heet “non-additiviteit” van brandbaarheid, een nog vrijwel 

onontgonnen terrein van onderzoek. Echter, strooisel is niet alleen brandstof; 

het vormt ook een substraat voor langzame afbraak via microbiële processen: 

decompositie. Tijdens het decompositieproces veranderen de structurele en 

chemische eigenschappen van strooisel inclusief die van dood hout. In het bos 

vinden we twijgen en takken van verschillende soorten en afbraakstadia, maar 

we begrijpen nauwelijks hoe die, direct via hun onderliggende eigenschappen 

alsook indirect via de vochtgraad van het hout, hun brandbaarheid bepalen. In 

dit proefschrift heb ik daarom onderzocht: (I) hoe de richting (stimulerend 

versus remmend) en de grootte van het effect van non-additiviteit van dode 

bladeren en twijgen van verschillende plantensoorten in mengsels met 

betrekking tot brandgedrag bepaald worden door de onderliggende 

eigenschappen van de verschillende strooiseltypen; (II) hoe decompositie (via 

houtdichtheid) de brandbaarheid van dood hout bepaalt en de daaraan 

gekoppelde broeikasgasemissies tijdens een brand. 

Ik heb, via experimenten in een brandlaboratorium, aangetoond dat mengsels 

van bladstrooisel die als component kleine naalden van coniferen bevatten in 

het algemeen sterke non-additiviteit m.b.t. brandbaarheid laten zien (Hoofdstuk 

2). Evolutionair gezien gaat het hier met name om een aantal geslachten binnen 

de dennenfamilie (Pinaceae) met enkelvoudige, kleine naalden; deze naalden 

stapelen tot dichte, slecht geventileerde strooisellagen  die niet of nauwelijks 

branden. (Dennen zelf (Pinus), met hun langere naalden in paren of groepjes 

bijeen, stapelen daarentegen luchtiger en branden wel goed.) In 

strooiselmengsels kunnen kleine, enkelvoudige naalden, afhankelijk van de 

partnersoort, hetzij de ruimtes opvullen tussen grote (op zichzelf brandbare) 

bladeren, wat leidt tot zuurstofgebrek en negatieve non-additiviteit m.b.t. 

brandgedrag; hetzij grote bladeren luchtig met elkaar verbinden, wat leidt tot 

stimulering van brand en dus  positieve non-additiviteit. Dergelijke sterke non-

additieve effecten op brandgedrag heb ik (in Hoofdstuk 3) ook aangetoond in 

mengsels van bladeren en twijgen van zowel dezelfde als van verschillende 
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boomsoorten – combinaties die ook in het veld gevonden worden. 

In een experiment met vier boomsoorten hadden kleine naalden i.h.a. een 

“negatief dominantie-effect” op de ontvlambaarheid van blad-twijg-mengsels 

door de ruimtes op te vullen tussen twijgen, met zuurstofgebrek als resultaat. 

Dunne, sterk vertakte twijgen van loofbomen vormden op zichzelf een te open 

structuur om goed te branden, maar de kleine blaadjes van dezelfde loofbomen 

konden in mengsels de ruimtes tussen de twijgen voldoende opvullen (maar 

zonder zuurstofgebrek), waardoor de brandbaarheid verhoogd werd: positieve 

non-additiviteit. Als deze mengsels eenmaal ontvlamd waren, werd de snelheid 

van brandverspreiding vooral bepaald door de blaadjes, terwijl de duur van de 

brand bepaald werd door de totale hoeveelheid massa van de brandstof. Al met 

al hebben mijn experimentele resultaten het potentiële grote belang aangetoond 

van non-additiviteit m.b.t. brandbaarheid van strooiselmengsels, waarbij voor 

het begrip van de mechanismen een hoofdrol is weggelegd voor de grootte en 

vorm van de individuele strooiseldeeltjes. 

Ik heb ook experimenteel laten zien dat twijgen die al deels afgebroken (verrot) 

zijn, bij een gegeven watergehalte beter branden dan nog “verse” dode twijgen. 

Deels verrotte twijgen drogen ook sneller uit dan verse, waardoor ze ook 

sneller brandbaar worden na een natte periode (Hoofdstuk 4). In experimenten 

met grof dood hout van diverse rottingsstadia, heb ik, ook weer in het 

brandlaboratorium, aangetoond dat meer verrot hout langer blijft smeulen en 

uiteindelijk meer volledig verbrandt dan vers dood hout. Hierbij komt ook meer 

CO2 en CO (koolstofmonoxide) vrij, zowel uit luchtdroog hout als uit hout met 

een initieel vochtgehalte van 30% (Hoofdstuk 5). Verder heb ik gevonden dat, 

ten opzichte van de geringe effecten van boomsoort, initieel vochtgehalte of 

mate van contact met de bodem, de brandbaarheid van grof dood hout – en de 

daaraan gekoppelde gasemissies - voornamelijk worden bepaald door het 

rottingsstadium. Houtdichtheid, welke geleidelijk afneemt tijdens 

decompositie, speel een sleutelrol in de brandbaarheid van zowel twijgen als 

dikke takken. 

Mijn resultaten over de non-additieve effecten van strooiselmengsels van 

verschillende soorten en plantendelen op de brandbaarheid van 

oppervlaktestrooisel, en over hoe dergelijke effecten begrepen kunnen worden 

op grond van de eigenschappen m.b.t. grootte en vorm van de strooiseldeeltjes, 

zullen bijdragen tot een beter begrip van de relaties van de brandbaarheid van 

individuele strooiseldeeltjes, via die van gemengde strooisellagen, met die van 

hele ecosystemen. Mijn nieuwe bevindingen over de interacties tussen 

decompositie en brandbaarheid van dood hout, en de daaraan gekoppelde 

broeikasgasemissies, voegen een nieuwe dimensie toe aan ons begrip van 

bosbranden en hun rol in de mondiale koolstofcyclus. 
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