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Abstract

In recent decades, climate change has lengthened wildfire seasons globally and doubled the annual area burned. Thus, capturing

fire dynamics is critical for projecting Earth system processes in warmer, drier, more fire prone future. Recent advances in

fire regime modeling have linked land surface and Earth system models with fire behavior models. Such models often rely

on fine surface fuels to drive fire spread, and while many models can simulate processes that control how these fuels change

through time (i.e., fine fuel succession), fuel loading estimates remain highly uncertain. Uncertainties are amplified in climate

change forecasts when initial conditions and feedbacks are not well represented. The goal of this review is to highlight fine fuel

succession as a key uncertainty in model systems. We review the current understanding of mechanisms controlling fine fuel

succession (with an emphasis on decomposition), describe how these mechanisms are incorporated into models, and evaluate

the strengths and uncertainties associated with different approaches. We also use three state-of-the-art fire regime models to

demonstrate the sensitivity of decomposition projections to both parameter and model structure uncertainty and show that

sensitivity increases dramatically under future climate warming. Given that many of the governing decomposition equations are

hard-coded in models and often based on individual case studies, substantial uncertainties are currently ignored. To understand

future climate-fuel-fire feedbacks, it is essential to be transparent about model choices and uncertainty. This is particularly

critical as the domain of Earth system models is expanded to include evaluation of future wildfire regimes.
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Key Points: 12 

• Developing Earth system models for climate-fire interactions requires understanding and 13 
overcoming uncertainty in fuel succession processes. 14 

• Models that simulate fuel succession differ in how they parameterize and represent fuel 15 
decomposition; key assumptions are often hard-coded. 16 

• Sensitivity to parameter and model structure uncertainty increases with climate warming 17 
and decreases with increasing precipitation. 18 
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Abstract 20 

In recent decades, climate change has lengthened wildfire seasons globally and doubled the 21 
annual area burned. Thus, capturing fire dynamics is critical for projecting Earth system 22 
processes in warmer, drier, more fire prone future. Recent advances in fire regime modeling have 23 
linked land surface and Earth system models with fire behavior models. Such models often rely 24 
on fine surface fuels to drive fire spread, and while many models can simulate processes that 25 
control how these fuels change through time (i.e., fine fuel succession), fuel loading estimates 26 
remain highly uncertain. Uncertainties are amplified in climate change forecasts when initial 27 
conditions and feedbacks are not well represented. The goal of this review is to highlight fine 28 
fuel succession as a key uncertainty in model systems. We review the current understanding of 29 
mechanisms controlling fine fuel succession (with an emphasis on decomposition), describe how 30 
these mechanisms are incorporated into models, and evaluate the strengths and uncertainties 31 
associated with different approaches. We also use three state-of-the-art fire regime models to 32 
demonstrate the sensitivity of decomposition projections to both parameter and model structure 33 
uncertainty and show that sensitivity increases dramatically under future climate warming. Given 34 
that many of the governing decomposition equations are hard-coded in models and often based 35 
on individual case studies, substantial uncertainties are currently ignored. To understand future 36 
climate-fuel-fire feedbacks, it is essential to be transparent about model choices and uncertainty. 37 
This is particularly critical as the domain of Earth system models is expanded to include 38 
evaluation of future wildfire regimes. 39 

Plain Language Summary 40 

Wildfire is a critical force regulating carbon retention globally. This is especially true in 41 
coniferous forests, which store more than one third of the earth’s terrestrial carbon. Fine, dead 42 
materials on the forest floor (i.e., fine surface fuels) play a key role in driving fire spread. Thus, 43 
modeling the role of fire in Earth system processes requires reliable estimates of fine surface fuel 44 
loading and projections of how it will change over time (i.e., fine fuel succession). To 45 
accomplish this, we need models that can account for complex interactions among climate and 46 
vegetation—including the effects of temperature and precipitation on plant growth, mortality, 47 
litterfall, and litter decay—and that link these dynamics with projections of future wildfire. 48 
Although many models are designed to simulate these processes, fuel loading estimates remain 49 
highly uncertain. In this paper, we review the current understanding of mechanisms controlling 50 
fine fuel succession, describe how these mechanisms are represented in models, and evaluate the 51 
strengths and uncertainties associated with different approaches. We conclude with 52 
recommendations for future research needed to better model how climate change will influence 53 
fuels, wildfire, and carbon retention. 54 

1 Introduction 55 

Changes in climate, land management, and residential development are rapidly modifying global 56 
fire regimes (Bowman et al., 2017), and with them, the structure and function of ecosystems and 57 
watersheds (Schoennagel et al., 2017; Smith et al., 2014). These changes are particularly 58 
pronounced in the coniferous forests of western North America (Abatzoglou et al., 2017). Within 59 
forested fire regimes, fine surface fuel layers (including plant litter and fine woody fuels < 7.6 60 
cm in diameter Table S1) propagate fire both horizontally and vertically from the forest floor 61 
into the canopy and are a key component of fire spread, hazard, and intensity (Rothermel, 1972; 62 
Thaxton & Platt, 2006). Accurately predicting fine surface fuel loading is crucial for forecasting 63 
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future fire hazard and optimizing fuel management. This includes estimating the longevity of 64 
fuel treatments (Hood et al., 2020; Keane, 2008; Stephens et al., 2012; Tinkham et al., 2016; 65 
Vaillant et al., 2015), calculating treatment costs (Calkin & Gebert, 2006), and determining how 66 
they will affect future carbon (C) stocks (Campbell & Ager, 2013).  67 

Fine surface fuel loading is a key driver of fire spread and behavior in models, particularly those 68 
based on Rothermel (1972), such as FARSITE, BEHAVE, and SPITFIRE (Andrews, 2007; 69 
Finney, 1998; Thonicke et al., 2010). However, in-situ fuel measurements can be time 70 
consuming and expensive. Synoptic remote sensing datasets are generally insufficient because 71 
surface layers are often obscured by overlying canopies (Mutlu et al., 2008; Seielstad & Queen, 72 
2003). Apart from unmanned aerial vehicle or terrestrial lidar studies, datasets lack the precision 73 
needed to accurately represent fire-scale fuel characteristics that are needed for wildfire 74 
modeling (Loudermilk et al., 2009). As a result, fire risk and hazard assessment rely fuel 75 
characterizations that are typically derived from a generalized fuel scheme, such as the Scott and 76 
Burgan (2005) 40 stylized fuel models (Keane, 2013), the Australian Bushfire Fuel Classification 77 
(M. Cruz et al., 2018), and the Canadian Forest Fire Fire Behavior Prediction System (Forestry 78 
Canada, 1992). These classification systems are often designed to work with a particular fire 79 
behavior model such as Rothermel (1972) or Australian models that are designed for different 80 
fuel types and may or may not accept fuel loading as input (M. G. Cruz et al., 2015; Gould et al., 81 
2008). Although fire behavior models are useful in operational fire management, fuel 82 
arrangement, loading, and physical and chemical properties remain highly uncertain at large 83 
scales (Benali et al., 2017; Keane, 2013; Prichard et al., 2019). 84 

To address this uncertainty, process-based fire regime models have emerged for estimating how 85 
climate, fuels, and fire interact (e.g., LandClim; Gaillard et al., 2014, FireBGC; Keane et al., 86 
2011, and RHESSys-WMFire; Kennedy et al., 2017). Many of these models include litter as a 87 
component of the fine surface fuel load and litter dynamics play an important role in fire activity. 88 
Fire regime models are not designed to predict the path of specific fires but are a powerful tool 89 
for simulating the interactions and feedbacks controlling fire regimes through time (Keane et al., 90 
2004). Useful models must be able to resolve the mechanisms driving fine fuel succession—91 
including plant growth, litterfall, mortality, and decomposition—over space and time (Fig. 1; 92 
Agee and Huff, 1987). Fine fuel succession results from the balance between accumulation 93 
(productivity then phenology/mortality) and loss (combustion and decomposition), both of which 94 
are affected by climate change (Fig. 2). However, existing models include various 95 
simplifications that may lead to large uncertainties in fire regime projections.  96 

For process models to be reliable, they must be continually confronted with observations and 97 
empirical data, including data for parameterization, validation, evaluating uncertainty, and 98 
improving the way we represent various mechanisms. Empirical studies can help improve our 99 
representation of litter turnover but there are disconnects between our empirical understanding 100 
and ability to model processes over fire-relevant scales. These disconnects arise because 101 
empirical studies typically focus on individual scales and rarely account for feedbacks that occur 102 
across scales—such as the effects of climate change on the microbial processes regulating fine 103 
fuel decomposition, its subsequent effects on fire, and feedbacks to soil biogeochemical 104 
processes (Fig. 1). Understanding these complex climate-fuel-fire feedbacks is critical for earth 105 
systems models that forecast future fire regimes. 106 
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Although common wildfire behavior models only include fine wood in their calculations (e.g., 107 
Rothermel, 1972), most of our theoretical understanding of decomposition has focused on litter 108 
and soil organic matter (SOM) layers, with woody fuel decomposition either represented as a 109 
constant scalar (e.g., Keane, 2008; Rebain et al., 2009) or derived from theories and models 110 
developed for litter and SOM (Keane et al., 2011; C. L. Tague & Band, 2004). Understanding 111 
uncertainty in models of woody fuel dynamics therefore requires understanding current theories 112 
of litter decomposition.  113 

 114 

Figure 1: The parameters, processes, and state variables driving fire across spatial and 115 
temporal scales. This is an adaptation and extension of the conceptual figure developed by 116 
Moritz et al. (2005), which expanded the fire triangle concept to incorporate the feedbacks 117 
among fire drivers and processes at multiple scales, ranging from flames to fire regimes. 118 
Dominant drivers at each scale are identified along the sides of each triangle. Here we illustrate 119 
the processes and feedbacks that are directly relevant to fine fuel succession, which controls fuel 120 
dynamics represented by the small green triangles at each scale. We use the term O-horizon to 121 
refer to litter (Oi horizon) and duff (Oe and Oa horizons). 122 

In this paper, we: (1) review the current understanding of mechanisms controlling both litter and 123 
fine woody fuel succession (with respect to fuel inputs and decomposition) and the fundamental 124 
equations used to represent these mechanisms, (2) describe how these mechanisms are 125 
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incorporated into modeling systems that are used to investigate interactions among climate 126 
change, forest management, and future wildfire, and (3) evaluate the strengths and uncertainties 127 
associated with different approaches. We conclude with recommendations for future modeling 128 
and empirical research needed to improve forecasts of future fuel loadings, wildfire, and carbon 129 
retention.  130 

Capturing fuel and fire dynamics is critical for projecting land surface and Earth system 131 
processes in warmer, drier, more fireprone future. The goal of this review is to highlight fuel 132 
succession as a key uncertainty in current models. While the importance of fuel and vegetation 133 
succession and limitations to characterizing them in models has been acknowledged in the U.S., 134 
Australia, Mexico, and China (Fry et al., 2018a; Huang et al., 2021; Matthews et al., 2012; Zazali 135 
et al., 2020), here we use a subset of North American models to illustrate critical uncertainties 136 
that exist across the fire regime modeling domain. 137 

 138 

Figure 2: Bidirectional climate-fuel-fire feedbacks that occur across spatial and temporal 139 
scales.  140 

2 Mechanisms controlling fine fuel succession 141 

Here we define fine surface fuels broadly to include fine fuels (comprising plant litter and small 142 
twigs) and fine woody fuels (comprising woody fuels < 7.6 cm in diameter; Supplementary 143 
Table S1). Although most fire behavior models only include woody fuels in their calculations 144 
(Sullivan, 2007, 2009a,b), some fire regime models also include the entire fine fuel matrix (e.g., 145 
Kennedy et al., 2017). We define fine fuel succession as the balance between the input and 146 
removal of fuels (Fig. 2; Supplemental table S1). Fuel inputs are a function of vegetation 147 
productivity, turnover, and mortality, including background mortality and pulses of mortality due 148 
to disturbances. The classic Olson (1963) fuel accumulation model assumes that fuel succession 149 
is a function of the balance between the rate of fuel deposition and the rate at which it decays and 150 
represents this as a simple curve of fuel density over time. However, fuel loss can occur through 151 
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multiple processes including decomposition, combustion, erosion, and herbivory. In addition, 152 
wildfire can alter both accumulation and losses at multiple spatial and temporal scales and 153 
climate change may modify both processes of fuel accumulation (through vegetation 154 
productivity and mortality) and decomposition. 155 

While a great deal of progress has been made understanding and modeling the biophysical 156 
mechanisms controlling these processes, many uncertainties remain, and few studies have 157 
characterized how these uncertainties propagate into estimates of fine surface fuel loading, 158 
subsequent fire spread, and long-term carbon dynamics. Below we summarize our current 159 
understanding of the mechanisms controlling fine fuel succession. Harris et al. (2016) reviewed 160 
many of the vegetation processes controlling fuel loading and its effects on fire regimes. Here, 161 
we briefly describe some of these processes, and then focus particular attention on the role of 162 
fine fuel decomposition and the fundamental equations used to represent it. Most of these 163 
equations developed from studies of litter decomposition rather than in the context of fine 164 
surface fuels and fire. Decomposition is expected to accelerate under future warming (Hopkins et 165 
al., 2012), but its response to increasing temperature and drought remains highly uncertain.  166 

2.1. Dead fuel accumulation 167 

Vegetation type and climate regulate net primary productivity (NPP), litterfall, and mortality, 168 
which are the key processes driving fine surface fuel accumulation. Climate warming can 169 
increase NPP by increasing rates of photosynthesis (Y. Luo, 2007), lengthening the growing 170 
season (Sherry et al., 2007; Westerling et al., 2006), and increasing rates of nitrogen 171 
mineralization (Melillo et al., 1982; Xu & Yuan, 2017). However, temperature controls over 172 
NPP are also mediated through belowground resource availability, particularly water (Chapin et 173 
al., 2011). Thus, in arid and semiarid locations, rising temperatures can increase soil evaporation, 174 
aridity, and water limitation, thereby reducing NPP (Zhao et al., 2019). Temperature and 175 
moisture can also influence NPP indirectly through their effects on decomposition rates and 176 
nutrient supply.  177 

As vegetation grows, it loses foliage to the ground as litter. Branches and twigs are shed to 178 
contribute to fine and coarse woody fuels. Disturbances such as drought, insect outbreaks, 179 
windthrow, and fire can also contribute to mortality and litterfall. Dead vegetation eventually 180 
falls to the ground (e.g., snagfall; Everett et al., 1999) to form litter and fine and coarse woody 181 
debris (Johnson et al., 2020; Peterson et al., 2015; Stenzel et al., 2019). Ultimately, through 182 
conservation of mass, fuel accumulation is less than or equal to NPP.  183 

While modelers have made a great deal of progress in characterizing the mechanisms controlling 184 
photosynthesis and NPP, and how they are constrained by temperature, moisture, and nutrient 185 
availability (Farquhar & Von Caemmerer, 1982), some uncertainties remain. For example, it is 186 
not clear how NPP will respond to increasing atmospheric carbon dioxide (CO2) concentrations. 187 
Growth chamber experiments have shown photosynthesis can increase with increasing CO2 188 
(Drake et al., 1997), yet CO2 fertilization has had mixed effects among plant functional types in 189 
more natural, large-scale free-air CO2 enrichment experiments (FACE; Ainsworth and Long, 190 
2005). At large scales, and at sites with complex species assemblages, interactions between CO2 191 
fertilization and warming remain uncertain (Way et al., 2015). Because model projections of 192 
future fire regimes are highly sensitive to CO2 fertilization and its effects on NPP and fuel 193 
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loading (Ren et al. unpublished), modeling future fire requires improving our understanding of 194 
how atmospheric CO2 concentrations will affect NPP and fine surface fuel succession. 195 

2.2. Decomposition  196 

The balance between NPP and decomposition plays a key role in both fire behavior and C 197 
cycling over multiple spatial and temporal scales. Because even small changes in this balance 198 
can substantially alter atmospheric CO2 concentrations and global climate change, many studies 199 
have focused on how decomposition rates influence the net exchange of C between ecosystems 200 
and the atmosphere (net ecosystem exchange; NEE; e.g., Melillo et al., 1982; Schlesinger and 201 
Andrews, 2000; Kramer et al., 2017), or on how decomposition influences nutrient cycling and 202 
NPP (Lal, 2004). However, decomposition rates also play a key role in fine surface fuel loading, 203 
fire spread, and associated feedbacks with greenhouse gas fluxes. Thus, in addition to 204 
understanding the dynamics of old soil C stores and biogeochemical cycling, it is also crucial to 205 
understand how decomposition controls the residence time of fine surface fuels. Decomposition 206 
is controlled by three overarching factors: (1) environmental conditions, particularly temperature 207 
and moisture, (2) the amount and quality of substrate available for decomposers, and (3) 208 
microbial community structure and function (Melillo et al., 1982; Chapin et al., 2011).  209 

2.2.1. Temperature and moisture 210 

Physical environmental conditions in an ecosystem or landscape influence decomposition in 211 
large part through their effects on temperature and moisture. Therefore, wildfire modeling 212 
requires predicting future temperature and moisture regimes, not only for their direct effect on 213 
wildfire behavior and spread, but also how they will interact to drive fine fuel succession (Fig. 214 
1). These variables respond to both top-down climate drivers and bottom-up environmental 215 
drivers—such as topography, soil properties, and vegetation cover—and they influence 216 
decomposition both directly and indirectly.  217 

Temperature regulates decomposition directly through its effects on soil microbial activity and 218 
indirectly through its effects on litter and soil moisture. Increasing temperature increases 219 
microbial respiration rates exponentially across biomes. For example, in warm tropical forests, 220 
litter pools are small despite high rates of net primary productivity (NPP), whereas in temperate 221 
coniferous forests litter pools can be large even though NPP is much slower (Lieth, 1975; Chapin 222 
et al., 2011). Because temperature affects NPP and decomposition at different rates (Kirschbaum, 223 
1995), it is crucial to understand mechanistic relationships between warming and litter decay to 224 
accurately predict fine fuel succession. 225 

Traditionally, carbon cycling models have used empirically fitted temperature sensitivity 226 
functions (i.e., Q10) to describe how decomposition rates increase with warming (e.g., Luo et al., 227 
2001; Reichstein et al., 2003; Davidson et al., 2006). Q10 is a measure of the extent to which 228 
10°C rise in temperature increases the rate of a chemical reaction. However, fitting Q10 229 
functions to soil respiration data has yielded highly variable temperature sensitivities (Davidson 230 
et al., 2006). For example, Q10 can vary with season (Janssens & Pilegaard, 2003), soil organic 231 
matter content and quality (Reichstein et al., 2005), soil moisture (Meyer et al., 2018), land cover 232 
(Yuste et al., 2004), elevation (Wang et al., 2013), and latitude (Zhou et al., 2009). Modeling the 233 
effects of temperature on decomposition is extremely difficult, because these environmental 234 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 8 

constraints can obscure the intrinsic temperature sensitivities of various substrates, and these 235 
constraints may themselves be sensitive to climate (Davidson & Janssens, 2006). 236 

One of the biggest constraints on decomposition is moisture availability. Similar to plants, 237 
decomposers are most productive in warm moist environments where they are neither oxygen 238 
nor diffusion-limited. However, soil microbes are less sensitive than plants are to drought 239 
(Austin, 2002; Hanan et al., 2017; Jackson et al., 1988; Parker & Schimel, 2011), and therefore, 240 
in some locations, warming and drying may decrease NPP and fine surface fuel inputs while 241 
increasing decomposition, thereby reducing fuel loadings and fire hazard. Furthermore, drying-242 
rewetting cycles may become more frequent with climate change and can stimulate 243 
decomposition of labile substrates while slowing rates for recalcitrant ones (Haynes, 1986).  244 

While there is a clear need to account for temperature and moisture variability into C cycling 245 
models, there are several uncertainties that still must be resolved for future projections to be 246 
reliable. For example, the extent of future drought remains highly uncertain (Cook et al., 2020). 247 
While it is clear that temperatures and evapotranspiration (ET) will continue to increase, future 248 
precipitation is less predictable and thus for ecosystems that exist near the threshold of 249 
flammability to fuel-limitation, improved projections of future aridity will be extremely valuable 250 
for predicting fire hazard (Hanan et al., 2021).  251 

Another limitation to modeling the effects of future aridity on decomposition comes from 252 
uncertainty in model structure. Models that represent moisture controls on decomposition tend to 253 
focus more on soil moisture than litter moisture. For example, in RHESSys-WMFire and 254 
FATES-SPITFIRE, the moisture controls influencing fine fuel decomposition are based on soil 255 
water content and soil matric potential, respectively (Andren & Paustian, 1987; C. L. Tague & 256 
Band, 2004), and the moisture controls influencing decomposition in LANDCLIM are a function 257 
of evapotranspiration (ET; Gaillard et al., 2014). However, these variables do not always operate 258 
on the same timescales as fine fuel moisture (Hatton et al., 1988). Although limited studies have 259 
assessed the mechanisms driving the adsorption of water by plant litter, Talhelm and Smith 260 
(2018) observed relationships between water adsorption and the structure and chemistry of leaf 261 
litter. Notably, it was shown that litter with high concentrations of heat content and lignin 262 
exhibited lower water adsorption (Talhelm & Smith, 2018). 263 

Finally, temperature and moisture can interact in complex ways, and these interactions may not 264 
be multiplicative, which can lead to possible equifinality when attempting to estimate their 265 
individual contributions through lab experiments (Tang & Riley, 2020). This is evident when 266 
comparing historical and future projections for different C cycling models. In many cases, C 267 
cycling models can have convergent projections over the historical period and highly divergent 268 
projections in the future (Z. Luo et al., 2015). We know this is problematic for slow cycling soil 269 
C stores, but it has not been tested extensively for litter/fine surface fuels. 270 

2.2.2. Litter quality  271 

At a given temperature and moisture regime, decomposition rates can vary by several orders of 272 
magnitude due to differences in litter quality (Silver & Miya, 2001). Litter quality refers to the 273 
relative proportions of labile metabolic compounds in litter stores, such as sugars, amino acids, 274 
moderately labile compounds such as cellulose and hemicellulose, and recalcitrant compounds 275 
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such as lignin (Chapin et al., 2011). Two common indices for litter quality are its C:N ratio and 276 
its lignin:N ratio (Taylor, 1989). Litter with relatively high N tends to be composed of more 277 
labile C compounds and less structural material, and will therefore decompose more quickly 278 
(Hobbie, 2000; Melillo et al., 1982). Litter quality also decreases rapidly with age because labile 279 
materials decompose quickly. Belowground resource availability is a key factor influencing litter 280 
quality—vegetation in high resource sites produces litter that decomposes quickly because the 281 
physiological traits that lead to high NPP, such as high surface to volume ratio and low C:N, also 282 
tend to favor rapid decomposition.  283 

C cycling models represent decomposition as either (1) exponential decay, with a rate constant 284 
(k) that is fit empirically and associated with litter quality, or (2) as multiple sequential pools, 285 
that are increasingly recalcitrant. These approaches represent decomposition using first order 286 
kinetics (e.g., Running and Coughlan, 1988; Parton et al., 1998; Tague and Band, 2004; Nemani 287 
et al., 2005). A possible issue with both approaches is that they do not explicitly account for the 288 
role of microbes (Schimel, 2001). In other words, microbial decomposition processes are 289 
modeled using a single, first order equation that is controlled by the size of each C pool (e.g., 290 
Parton et al., 1987): 291 

(1) "#
"$
= 𝑘 ∗ 	𝑟* ∗ 𝑟+ ∗ 	𝐶  292 

In this equation, C is the size of a C pool, k is a first-order rate constant that is influenced by 293 
litter quality, and rm and rt are temperature and moisture scalars. In a multi-pool, first order 294 
model, each process has a single K value and a single set of temperature and moisture reducing 295 
functions.  296 

2.2.3. Microbial community 297 

In most biogeochemical models, decomposition is directly proportional to the size of the soil and 298 
litter C pools and includes rate coefficients that account for the effects of temperature, soil 299 
moisture, and litter quality (Georgiou et al., 2017). An implicit assumption in these first-order 300 
models is that the response functions do not change with the composition or size of the microbial 301 
community (Schimel, 2001). Research over recent decades, however, has shown that these 302 
assumptions can be problematic, particularly for slow cycling soil C pools, which can experience 303 
accelerated decomposition when inoculated with heterotrophic microbes (Z. Luo et al., 2015). 304 
First-order models are also potentially inadequate for representing processes such as priming, 305 
where the decomposition of soil organic C can be enhanced through plant root exudates or 306 
elevated CO2 concentrations that stimulate the heterotrophic microbial community (Hungate et 307 
al., 1997).  308 

More recently, models have attempted to capture the role of soil microbes in mediating 309 
decomposition and/or organic matter stabilization (e.g. Wieder et al., 2013; Kaiser et al., 2014; 310 
Hararuk et al., 2015) by explicitly representing enzymatic degradation of soil and litter C (i.e., 311 
through Michaelis Menten kinetics; Michaelis and Menton, 1913). In these models, 312 
decomposition rates depend on the sizes of both C and microbial pools. While such models may 313 
be needed to simulate decomposition of recalcitrant soil organic matter pools, they have not been 314 
tested in the context of fine surface fuels and wildfire. Furthermore, wildfire can dramatically 315 
reduce microbial biomass (e.g., Knicker, 2007; Hanan et al., 2016b, 2016a), and alter microbial 316 
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function and enzyme activity over decadal timescales (Pellegrini et al., 2020). These feedbacks 317 
are also poorly represented in biogeochemical models. 318 

3 Fuels and wildfire dynamics in land surface models 319 

In this paper, we are concerned with how the fundamental mechanisms outlined in the previous 320 
section are incorporated into modeling systems that are used in forest management and planning 321 
as well as investigating how climate change will alter future wildfire regimes. Fire models range 322 
in their complexity from simple empirical models that can be used to classify large scale fire 323 
regimes (e.g., Littell et al., 2018) to fully physical models that have the potential to predict 324 
individual wildfires with precision (e.g., Mell et al., 2007a). Our ability to understand how 325 
climate change will affect future fire regimes is one of the most pressing questions in forest and 326 
vegetation management, yet many of the existing models at all scales inadequately represent the 327 
full system of feedbacks and abiotic and biotic dynamics (Fig. 1). Models that do consider 328 
climate-fuel-fire feedbacks may not be adequately evaluated for their performance with respect 329 
to fine fuel succession and how it influences wildfire spread, behavior, and effects.  330 

3.1. Example models that do not incorporate climate-fuel feedbacks 331 

Empirical, retrospective studies have provided valuable insight into climate-wildfire 332 
relationships at regional scales (e.g., Guyette et al., 2012; Abatzoglou and Williams, 2016; 333 
McKenzie and Littell, 2017; Littell et al., 2018), but these models do not explicitly represent fuel 334 
dynamics. Therefore, projecting these relationships into the future implicitly assume that 335 
vegetation and fuels will be stationary. Because empirical models rely on pattern-matching and 336 
do not account for climate-fuel feedbacks, they have limited utility in projecting future wildfire 337 
under novel climate and fuel bed conditions (McKenzie & Perera, 2015).  338 

More complex models that rely on classical fire spread and behavior algorithms such as 339 
Rothermel (1972) typically classify the fuel bed into a stylized fuel model based on vegetation 340 
cover (e.g., Scott and Burgan, 2005). Stylized fuel models are not meant to precisely quantify 341 
fuels at a specific time or place, but instead provide exemplar fuel conditions for a given 342 
vegetation type. These fuel models provide the inputs needed for fire behavior models, which 343 
then predict fire behavior for a given fuel type. While it is possible for these classifications to be 344 
dynamic (e.g., depending on predicted stand conditions as in FFE-FVS; Rebain et al., 2009), 345 
stylized fuel models do not represent novel fuel beds that may arise from plant functional type 346 
conversions, climate change-driven changes in decomposition, or fuel treatments (Johnson et al., 347 
2011; Kennedy et al., 2021; Varner & Keyes, 2009), and they coarsen the known variability in 348 
fuel loading and structure (Prichard et al., 2019). In models that use stylized fuel layers, 349 
predicted fire behavior is relatively insensitive to changes in fuel loading that would result from 350 
dynamic changes in the fuel bed (Sandberg et al., 2007), including those that arise from 351 
uncertainty in decomposition rates (Kennedy et al., 2021) and their relationship with climate. 352 

3.2. Example models that do not incorporate fuel-fire feedbacks 353 

Various regional or landscape-scale process models have been used to simulate carbon exchange 354 
between the atmosphere and terrestrial ecosystems, and many of these models also include 355 
algorithms for prescribing fire effects (e.g., CENTURY/DAYCENT; Parton, 1996; Parton et al., 356 
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1998, BIOME-BGC; Nemani et al., 2005, and RHESSys; Tague and Band, 2004). However, in 357 
these model systems, fire may be parameterized as an exogenous driver and is not represented as 358 
an emergent property of the fuel landscape. Although these model systems provide a powerful 359 
framework for mechanistically simulating climate-vegetation feedbacks following fire, they do 360 
not include fuel-fire feedbacks that are needed to simulate decadal-scale fire regimes.  361 

For example, DAYCENT has been used to simulate how parameterized wildfires alter landscape 362 
biogeochemical processes (e.g., Gathany and Burke, 2012; Hudiburg et al., 2017). In these 363 
studies, the fire sub-model is parameterized to reduce C and N stores by a fraction that depends 364 
on a user-prescribed fire severity. Similarly, early implementation of wildfire in RHESSys 365 
involved simulating fires at fixed intervals and reducing C and N stores based on published 366 
estimates from empirical studies (e.g., Tague et al., 2009). In such applications, from the wildfire 367 
standpoint, fuels and climate are considered static even when vegetation and climate are 368 
dynamic. Other approaches involve initializing a watershed according to its fire history (Hanan 369 
et al., 2018) and/or prescribing a single wildfire at a set timepoint (e.g., Hanan et al., 2017). 370 
While these approaches are valuable for examining climate-vegetation feedbacks following fire, 371 
they would not be suitable for projecting future fire regimes because fire activity would not 372 
respond to changes in fuel loading associated with climate change or fuel self-limitation that 373 
results from increasing fire frequency (e.g., Hurteau et al., 2019).  374 

There are many models that do incorporate bidirectional couplings to represent climate-fuel-fire 375 
relationships, many of which are reviewed and classified by Keane et al. (2004). In these models, 376 
climate, vegetation, and dynamic fuels inform wildfire spread, behavior, and effects using 377 
varying degrees of abstraction for the system of feedbacks represented in Fig 1. Rather than 378 
giving an exhaustive review of these models, we will next focus on three models that have been 379 
used in fire regime projections (i.e. LandClim, FireBGCv2, and RHESSys-WMFire) and are 380 
representative of the types of models in use. We focus on how these models simulate fine fuel 381 
succession with particular emphasis on their representation of decomposition.  382 

3.2. Models that represent climate-fuel-wildfire feedbacks 383 

LandClim, FireBGCv2, and RHESSys-WMFire simulate how interacting ecosystem processes 384 
pertaining to climate, vegetation, soils, hydrology, and disturbance influence C fluxes (Gaillard 385 
et al., 2014; Keane et al., 2011; Kennedy et al., 2017). However, they differ in the set of 386 
processes they emphasize, and in the scales that they represent. LandClim is a spatially explicit, 387 
stochastic landscape model that developed from LANDIS to incorporate large-scale disturbances 388 
such as fire and feedbacks with climate change (Gaillard et al., 2014; He et al., 1999). LandClim 389 
represents stand scale (i.e., 25-m) vegetation as the number and biomass of trees in cohorts. 390 
Processes such as growth and mortality are simulated at an annual time step, and landscape-scale 391 
processes, such as fire, wind, and seed dispersal are simulated at a decadal time step (Gaillard et 392 
al., 2014).  393 

FireBGCv2 is adapted from BIOME-BGC to represent individual-tree-based succession and 394 
wildfire (Keane et al., 2011). FireBGCv2 operates at five distinct spatial scales, ranging from 395 
individual trees to entire landscapes and operates on a daily time-step. Physiological processes 396 
such as photosynthesis, respiration, and decomposition are calculated at the finest scales, 397 
whereas fire is implemented stochastically at a landscape scale.  398 
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RHESSys-WMFire is unique in that it fully couples the biogeochemical model with a hydrologic 399 
model to simulate processes such as streamflow, evapotranspiration, NPP, respiration, 400 
mineralization, nitrification, and C and N export to streams (C. L. Tague & Band, 2004). Most 401 
processes are modeled at a patch scale, which typically varies between 30-m and 270-m 402 
resolution. Subsurface and surface water are routed laterally between patches within sub-basins 403 
to produce streamflow. The largest spatial unit is the basin, which aggregates sub-basins and is a 404 
closed drainage area encompassing a single stream network. Like, FireBGCv2, RHESSys-405 
WMFire also operates at a daily timestep.  406 

These models also differ in the degree of complexity they use to represent fire. Both FireBGCv2 407 
and LandClim simulate ignition and spread based on moisture, wind, and topography, given fuel 408 
presence. FireBGCv2 scales the probability of spread by a user-specified fire return interval, 409 
which is a surrogate for fuel accumulation that does not respond to changing climate and 410 
vegetation conditions. Fire behavior in FireBGCv2 is based on either Rothermel (1972) or Albini 411 
(1976) equations, which depend on intrinsic fuel properties and on fuel loading of different size 412 
classes. Fire effects are calculated using the FOFEM model (Reinhardt et al., 2001). LandClim 413 
calculates fire intensity as function of fuel load and moisture (Schumacher et al., 2006). Fire size 414 
in both LandClim and FireBGCv2 is limited by a user-specified maximum. In such 415 
representations, the effects of fine fuel succession on wildfire area burned and feedbacks with 416 
wildfire activity would not be emergent from model projections. To demonstrate the potential for 417 
fire self-limitation on future area burned, Hurteau et al. (2019) used the Dynamic Fire Extension 418 
of LANDIS-II, which modifies the fire size distribution using climate and fire-related changes in 419 
biomass. They found that when accounting for fire self-limitation, projections of future area 420 
burned in the Sierra Nevada were moderated by 14.3 percent. 421 

RHESSys-WMFire produces fire spread maps over randomized ignitions and stochastic spread, 422 
providing probability distributions of fire activity over time. In addition to topography, wind, and 423 
climate (as in LandClim and FireBGCv.2), fire spread and effects also respond to dynamic 424 
changes in fuel loading (Bart et al., 2020; Kennedy et al., 2017), RHESSys-WMFire is therefore 425 
robust to climate non-stationarity and the positive and negative feedbacks that influence fuel 426 
dynamics fire regimes over time (Hanan et al., 2021). 427 

The models described above, and other common models such as FFE-FVS (Rebain et al., 2009) 428 
and FATES-SPITFIRE (Thonicke et al., 2010), are adaptations of existing models that were not 429 
originally developed to simulate wildfire regimes. There has not been detailed assessment or 430 
validation of their prediction of surface dead biomass, which can play an important role in 431 
projected wildfire activity. For example, Kennedy et al. (2021) found that predicted fuel 432 
succession in FFE-FVS is particularly sensitive to uncertainty in the underlying decomposition 433 
rate.  434 

Next, we compare the decomposition routines of LandClim, FireBGCv2, and RHESSys-WMFire 435 
and explore the sensitivity of these routines to simple changes in governing equations. We chose 436 
three models as examples of current state-of-the-art fire regime models, not to imply that these 437 
models are particularly problematic in this regard, but rather to illustrate potential uncertainties 438 
that occur in all models. We recognize that the results we present apply to many similar models 439 
of this type. Methods for the sensitivity analysis are detailed in Supplementary Text (Section S1). 440 
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4 Potential uncertainties in fine fuel loading due to climate-decomposition relationships 441 

As described above, decomposition depends on temperature, moisture, litter quality, and 442 
microbial communities in complex ways that may not be simply additive or multiplicative (Tang 443 
& Riley, 2020). In the process models outlined in the previous section, decomposition is 444 
calculated separately for litter and for fine and coarse woody fuels, although the routines for 445 
woody fuels may be adapted from the litter equations.  446 

Generally, the mathematical representation of changes to biomass decomposition is in the form 447 
of exponential decay with some exponential decomposition rate parameter (Equation 1). The 448 
models described above divide this into multiple conceptual pools, based on substrate quality, 449 
with varying linear decomposition rates (W. J. Parton et al., 1988). These models are updated on 450 
a discrete time step (e.g., daily or annually), rather than the continuous time model in Equation 1. 451 
The general form for a given pool would then be: 452 

(2) 𝐶-(𝑡 + 1) = 𝐶-(𝑡) − 𝐶-(𝑡)𝑟- 453 

Cj is the loading of fuel of a particular size class or pool, t is the time step (e.g., daily, annually) 454 
and rj is the decomposition rate for that fuel pool (k * rm* rT in Equation 1, for example). We will 455 
consider two sources of model uncertainty in this representation: parameter estimation 456 
uncertainty and model structure uncertainty.  457 

4.1 Woody fuel decomposition rate parameter uncertainty 458 

We use the LandClim equation for fine woody fuel decomposition to explore potential 459 
uncertainty in predicted decomposition rates due to uncertainty in parameter (coefficient) 460 
estimates. LandClim estimates the relationship between annual temperature and the annual rate 461 
of coarse wood decomposition (i.e., downed wood > 7.6 cm) based on Mackensen et al. (2003). 462 
In this study, the authors fit a curve to decomposition rates obtained across multiple studies in 463 
different locations: 464 

(3)  𝑟4 = 0.0166𝑒9.9:;+<  465 

In this equation rw is the rate of coarse wood decomposition and Ta is air temperature. To 466 
simulate fine wood (< 7.6 cm diameter) decomposition rates (rfw), LandClim assumes that fine 467 
wood decomposes at 5 times the rate of coarse wood (Schumacher et al., 2006). 468 

Each of the coefficients in the above expression are empirical (regression) estimates based on 469 
studies synthesizing multiple data sets, therefore each coefficient has an associated standard error 470 
and measures of unexplained variability. For example, the curve estimated in equation 3 471 
explained 34% of the variability in decomposition rate, and there was noticeable increasing 472 
variability in decomposition rate as temperature increased (Mackensen et al., 2003), which might 473 
be of particular concern in climate scenarios with increasing temperature. At the maximum 474 
temperature of 25 degrees C, observed decomposition rates for coarse wood varied from ~0 to 475 
~0.6. Given the fine wood multiplier of 5 in LandClim, this would propagate to decomposition 476 
rates of around 0 to 3.0. To explore the consequences of uncertainty in coefficient estimates on 477 
decomposition rates and fuel loadings, we conducted a simple sensitivity analysis (SA) by 478 
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systematically varying coefficient values in the underlying equations, decoupled from other 479 
model processes. Unfortunately, standard errors were not given in the source material, making it 480 
difficult to determine plausible bounds of uncertainty. We evaluated ranges of coefficients +/- 481 
33% of the empirical estimates and recorded both decomposition rate (Fig. 3) and percent of 482 
initial fuel loading remaining assuming no fuel inputs (Fig. 4). 483 

Given that the relationship between temperature and fine woody fuel decomposition rate is 484 
exponential, the sensitivity of that relationship to the exponent must also be non-linear (Fig. 3; 485 
Supplementary Text; S1), as is the effect on future woody fuel loading (Fig. 4). The sensitivity of 486 
decomposition rate to model coefficients increases with increasing temperature, with the widest 487 
uncertainty bounds at the highest temperature. Note also that there is no moisture effect on 488 
decomposition rate in these calculations, although the source material showed a clear peak in 489 
decomposition at middle values of precipitation (Mackensen et al., 2003). 490 

491 
Figure 3: Sensitivity of LandClim annual fine woody fuel decomposition rates to the parameter 492 
values in equation (3). The middle line is the hard-coded value in the model. The upper and 493 
lower lines illustrate how projected decomposition rates might vary if the components of the 494 
multiplication coefficient each increased or decreased by 33%. Model sensitivity to parameter 495 
uncertainty increases with increasing temperature. 496 

 497 
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498 
Figure 4: Sensitivity of LandClim percent of fine woody fuel remaining at year 10 to the 499 
coefficient values in equation (2). The middle line is the hard-coded value in the model. The 500 
upper and lower lines illustrate how projected decomposition rates might vary if the components 501 
of the multiplication coefficient each increased or decreased by 33%. Model sensitivity to 502 
parameter uncertainty increases with increasing temperature. 503 

4.2 Sensitivity of decomposition rate to model structure 504 

Next, we consider how models of litter decomposition are sensitive to model structure 505 
uncertainty. For models such as FireBGCv2 and RHESSys-WMFire, woody fuel loss is 506 
calculated based on the same underlying model structure as litter decomposition (Keane et al., 507 
2011; C. L. Tague & Band, 2004), therefore any uncertainty in litter decomposition would 508 
propagate to uncertainty in woody fuel loss.  509 

In this analysis, we consider decomposition parameter values to be fixed and compare the 510 
calculated litter decomposition rates among three model structures for a given stand moisture and 511 
temperature condition. We used RHESSys-WMFire to simulate a single patch the Trail Creek 512 
watershed in middle Rockies (Hanan et al., 2021) over the years 1980-2018 and output the 513 
characteristics necessary to calculate litter decomposition rates for three different model 514 
structures: LandClim (using actual evapotranspiration), FireBGCv2 (using soil temperature and 515 
soil water potential), RHESSys-WMFire (using soil temperature and soil water content; see 516 
Appendix S1 for details). We then calculated litter loss as a function of the decomposition rates 517 
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for the three models, investigated how sensitive modeled decomposition rates are to changes in 518 
precipitation and mean soil temperature, and compared decomposition rates between models 519 
with changes in temperature and precipitation (Supplementary Text; S1). We also investigated 520 
how these comparisons changed when we increased average daily temperature by degrees C 521 
uniformly over the simulation period.  522 

Calculation of litter decomposition rate in LandClim is achieved using an empirical regression 523 
equation estimated by Meentemeyer (1978) using data from multiple sources to estimate general 524 
relationships between foliage litter decomposition rate (rl), annual actual evapotranspiration 525 
(AET), and percent lignin. The best fit synthesis model for foliage litter decomposition rate 526 
explained 70% of the variability and included AET as a main effect and an interaction between 527 
AET and lignin (represented by the ratio AET/lignin): 528 

(4) 𝑟= =
>?.;?;@:A9.9B;B9∗CD+A9.?EFGH∗ IJK

LMNOMO

?99
    529 

FireBGCv2 (Keane et al., 2011) merges Biome-BGC (Running & Coughlan, 1988) 530 
biogeochemical processes with the FIRESUM (Keane et al., 1989) gap model. Litter 531 
decomposition rate is calculated as in Biome-BGC (Thornton, 1998), using a moisture and a 532 
temperature scalar. The moisture scalar (rm.soilP) depends on the soil water potential (𝜓) relative 533 
to the range of possible soil water potentials (min, max): 534 
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The temperature scalar (rT) depends non-linearly on the soil temperature (Tsoil): 536 
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These multipliers are combined into a moisture * temperature decomposition rate scalar: 538 

(7) 𝑟Rhi=ij = 𝑟Q.RST=U ∗ 𝑟+ 539 

For litter, this rate scalar is modified by litter pool according to additional scalars for the labile 540 
(kl1), cellulose (kl2), or lignin (kl4) pools (k in equation 1). The final decomposition rate for each 541 
litter pool is then: 542 

(8) 𝑟=T = 𝑘𝑙T ∗ 𝑟Rhi=ij 543 

RHESSys-WMFire litter decomposition is similar to that for FIREBGC. RHESSys-WMFire uses 544 
the same temperature multiplier as above (equation 5), but instead the moisture scalar (rm.soilW) 545 
has been modified to follow the NGAS model (W. J. Parton et al., 1996).  546 

(9) 𝑟*.RST=l = mWn>o
i>o

Z
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 547 
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Where 𝜃 is soil water content. RHESSys-WMFire also includes a third scalar to represent 548 
nitrogen limitation by calculating the fraction of potential nitrogen mobilization (f; Tague and 549 
Band, 2004), so that the final decomposition scalar is: 550 

(10) 𝑟Rhi=ijs = 𝑟*.RST=l𝑟+𝑓 551 

The final decomposition rate is then calculated as above in equation 8 using the same kl scalars 552 
for each pool.  553 

Litter decomposition in FireBGCv2 and RHESSys-WMFire is calculated on a daily timestep, 554 
whereas in LandClim it is calculated on an annual time step, resulting in a scale mismatch when 555 
comparing decomposition rates. To compare model structures on the same scale, we converted 556 
annual to daily decomposition rate using a mass balance approach (Supplementary Text; S1).  557 

We found large differences in decomposition rates and litter losses among the three model 558 
structures, indicating substantial uncertainty in predicting litter loading (Fig. 5). RHESSys-559 
WMFire decomposition rate is less sensitive to water limitation than the other two models (Fig. 560 
6), as indicated by its flat relationship with precipitation (Fig. 7). While its water scalar increases 561 
with precipitation, that relationship is flat relative to the relationship between precipitation and 562 
the FireBGCv2 water scalar (slopes of 0.03 and 0.08, respectively).  563 

The RHESSys decomposition rate is more sensitive to temperature, whereas the FireBGCv2 564 
decomposition rate is more sensitive to precipitation (Fig. 7). Although both models have the 565 
same temperature scalar (equation 6), it is clear that the FireBGCv2 moisture scalar (equation 5) 566 
results in a stronger moisture limitation than the RHESSys moisture scalar (equation 7; Fig. 8). 567 
At low moisture availability, the decomposition rate for RHESSys-WMFire is much higher than 568 
that for FireBGCv2, but that gap narrows within increasing precipitation (Fig. 7). The stronger 569 
moisture limitation in FireBGCv2 seems to mask any additional temperature limitation relative 570 
to that exhibited by RHESSys.  571 

The RHESSys-WMFire water scalar is less sensitive to precipitation than the water scaler in 572 
FireBGCv2. In RHESSys-WMFire the daily water scaler varies between approximately 0.4 and 1 573 
and increases with annual precipitation. In FireBGCv2, the daily water scalar varies between 0 574 
and 1 and increases with annual precipitation. Neither water scalar is influenced by temperature. 575 
Given these differences, at low moisture availability, the decomposition rate for RHESSys-576 
WMFire is much higher than that for FireBGCv2, but that gap narrows within increasing 577 
precipitation (Fig. 7).  578 

For both RHESSys-WMFire and FireBGCv2, the difference in decomposition rate with 579 
LandClim increases as temperature increases (Fig. 7). The difference decreases slightly with 580 
precipitation. Comparisons between RHESSys-WMFire and LandClim and FireBGCv2 and 581 
LandClim reflect the lack of direct temperature effects on litter decomposition in LandClim. 582 
Because LandClim only includes AET and lignin as controls on decomposition, temperature 583 
effects on decomposition only occur indirectly through their effects on decomposition. 584 
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 585 

Figure 5: Daily decomposition rate among the three model structures: LandClim, FireBGCv2, 586 
and RHESSys-WMFire (top panels) under historical (left) and +3 degrees warming scenarios 587 
(right). Precipitation and temperature inputs used to drive the sensitivity analyses are shown in 588 
the middle and bottom panels, respectively. 589 

 590 

Figure 6: Litter mass loss among the three model structures: LandClim, FireBGCv2, and 591 
RHESSys-WMFire (top panels) under historical (left) and +3 degrees warming scenarios (right). 592 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 19 

 593 

Figure 7: Comparisons between model decomposition rates in response to temperature (left) and 594 
precipitation (right), with least squares regression lines shown for each model. The 595 
decomposition rate is calculated over an 81-year simulation and each dot represents 1 596 
simulation year. 597 

5 Discussion 598 

As Earth’s climate continues to change, we need insights from both experiments and models to 599 
understand how fine surface fuel loading and its properties will vary over space and time, and 600 
how they will affect fire behavior and fire regimes. There are a vast number of fire models in 601 
existence, including empirical, mechanistic, stochastic, and various combinations of the three 602 
(Reinhardt et al., 2001; Sullivan, 2007, 2009a,b). These models are designed to target different 603 
spatial and temporal scales of fire forecasting, ranging from the physics of individual flames to 604 
fire regimes (Fig. 1; Keane et al., 2004; Harris et al., 2016).  605 

Fire regime models use detail that matches land surface and/or Earth system models and 606 
therefore represent average conditions rather than individual fire behavior (McKenzie & Perera, 607 
2015). Such models include mechanistic representations of fuel moisture and fuel loading, which 608 
support applications under climate change scenarios. However, there are large uncertainties in 609 
how these models represent fine fuel succession. 610 

Here we examined two types model of uncertainty (parameter, and model structure) in three 611 
state-of-the-art fire regime models (LandClim, FireBGCv2, and RHESSys). We found that the 612 
sensitivity of projected decomposition to both types of uncertainty increases with climate 613 
warming and decreases with increasing precipitation (Figs. 3, 4, 8). These two drivers can also 614 
interact to influence both parameter and model structural uncertainty. The sensitivity of 615 
decomposition to model structure is highest at high temperature and low precipitation (i.e., under 616 
climate change scenarios; Fig. 7). In FireBGCv2 and RHESSys-WMFire sensitivity relating to 617 
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temperature and precipitation can also interact. In LandClim, on the other hand, temperature is 618 
not included as a direct driver of decomposition, and therefore differences in decomposition 619 
projections between LandClim and other models also increase with warming. 620 

 621 

Figure 8: Comparison of the distribution of daily (left) and annual (right) decomposition rate 622 
(top) and moisture scalar (bottom) values (rm.soilP, rm.soilW) between RHESSys-WMFire and 623 
FireBGCv2. FireBGCv2 tends to have much lower values for the moisture scalar with more 624 
variability, indicating greater sensitivity to moisture limitation than in RHESSys. 625 

Previous studies focused on SOM pools have found that the temperature and moisture 626 
sensitivities of decomposition can vary over space and time, interact in complex ways, and these 627 
interactions may not be multiplicative (Dijkstra et al., 2011; Steinweg et al., 2008). This can lead 628 

0.000

0.005

0.010

0.015

0.020

RHESSys−WMFire FireBGCv2

D
ec

om
po

si
tio

n 
ra

te
 

(fr
ac

tio
n 

of
 C

 lo
st

 p
er

 d
ay

)

Daily moisture as input
A.

0.000

0.005

0.010

0.015

0.020

RHESSys−WMFire FireBGCv2

D
ec

om
po

si
tio

n 
ra

te
 

(fr
ac

tio
n 

of
 C

 lo
st

 p
er

 d
ay

)

Annual mean moisture as input
B.

0.00

0.25

0.50

0.75

1.00

RHESSys−WMFire FireBGCv2

Model type

M
oi

st
ur

e 
sc

al
ar

C.

0.00

0.25

0.50

0.75

1.00

RHESSys−WMFire FireBGCv2

Model type

M
oi

st
ur

e 
sc

al
ar

D.



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 21 

to possible equifinality (i.e., that a given end state can be reached by multiple paths) when 629 
developing model structure and parameterizations from lab experiments (Tang and Riley 2020), 630 
which is problematic when projecting future fire regimes under novel climates. As 631 
biogeochemical models are expanded to include evaluation of both wildfire regimes and wildfire 632 
effects on landscape processes, then assessment of the prediction of fine surface fuel loading and 633 
how dynamic fuel properties are represented in wildfire simulation becomes essential.  634 

Another source of uncertainty comes from the representation of fuels themselves. For example, 635 
fire models that managers use for forest planning (e.g., Rothermel, 1972) only include the woody 636 
fuels. A prevailing challenge is that woody fuel decomposition and the interactions with fire are 637 
not well studied (J. C. Hyde et al., 2011; J. D. Hyde et al., 2012), in part because measuring mass 638 
loss of coarse woody fuels can be challenging (Fry et al., 2018b). When woody fuel 639 
decomposition is incorporated in models, it is often based on a constant value (e.g., FFE-FVS; 640 
Rebain et al., 2009), or a value adapted from litter models (e.g., FireBGCv2; Keane et al., 2011). 641 
Thus, in many models, uncertainty in decomposition rate propagates to uncertainty in the more 642 
“management-relevant” fuel layers.  643 

Other challenges that arise with modeling climate-fuel-fire feedbacks include the incorporation 644 
of processes such as snag-fall decomposition (Stenzel et al., 2019) and delayed litterfall from 645 
scorched trees that otherwise survive fires (Espinosa et al., 2018; Keane, 2008). Therefore, to 646 
improve fire management in the future, we need to not only improve our models of litter 647 
decomposition, we also must develop better theories and models for the controls on fine woody 648 
decomposition. 649 

5.2. Recommendations for future empirical and modeling research 650 

Process-based fire regime models provide an opportunity to account for feedbacks among 651 
climate, fuels, and wildfire (Fig. 1), which enables us to evaluate how fire regimes and fire 652 
effects will be transformed in response to climate change and management actions. However, to 653 
appropriately account for such feedbacks we need to evaluate and improve our understanding of 654 
the fundamental processes and parameters we use to simulate fine fuel succession. We described 655 
several uncertainties in model structure and parameters used to represent decomposition, which 656 
may lead to large uncertainties in projecting future fire under climate change. To refine our 657 
modeling approaches, future research should (1) implement long term monitoring studies of fine 658 
fuel succession and compare model predictions to observed, (2) quantify and understand fuel 659 
succession-related parameter and model structural uncertainty, and (3) consider fuel dynamics 660 
and feedbacks when assessing climate-wildfire relationships. 661 

Even though decomposition is a key component of landscape, regional and global C budgets, 662 
litter decomposition in land surface and Earth system models has not been thoroughly evaluated 663 
and most studies have focused on soil organic C stores rather than fine surface fuels (i.e., litter). 664 
To address this, Bonan et al. (2013) developed the long-term intersite decomposition experiment 665 
(LIDET; Bonan et al., 2013), which provided a 10-year study of litter decomposition at multiple 666 
locations across North and Central America. They used data collected at these sites to constrain 667 
temperature and moisture effects on decomposition in the community land model version 4 668 
(CLM4; Lawrence et al., 2012), and found that simulated carbon loss was more rapid than the 669 
observations across all sites. The large discrepancies between the laboratory microcosm studies 670 
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used to parameterize the CLM4 litter decomposition and the LIDET field study likely resulted 671 
from poorly constrained temperature, moisture, and nitrogen controls (Bonan et al., 2013).  672 

While this long-term study provides valuable in-situ benchmarks for improving our process 673 
representation in models, it does not necessarily account for feedbacks between fire and fuel 674 
decomposition dynamics. Penman and York (2010) used a 22-year dataset to examine the 675 
relative influence of climate and fire history on rates of litterfall, decomposition, and fuel 676 
loading, in a coastal Eucalypt forest in south-eastern Australia and found that litterfall and 677 
decomposition were both influenced by temperature, recent rainfall, and fire history. However, 678 
such feedbacks are not currently well-understood or represented in models. While these studies 679 
are extremely valuable for evaluating and improving models, they are relatively rare—we need 680 
many more long-term decomposition studies across climates and fire regimes to better evaluate 681 
and improve our mechanistic representation of fine fuel succession in biogeochemical models—682 
this must include studies of both litter and fine woody fuel decomposition. 683 

In many respects, these long-term decomposition studies could follow the ‘body farm’ design 684 
(Bass et al., 2004), where examples of woody debris and litter from different species commonly 685 
found in a given fire regime are tracked over the long-term with associated factors such as fire 686 
intensity, microclimate variabilities, aspect, etc. (e.g., Cornelissen et al., 2017; Trettin et al., 687 
2021). Ideally, these sites should be adjacent to sites where long-term data relevant to fires and 688 
ecosystems are also being collected, such as National Ecological Observatory Network, Critical 689 
Zone Observatory, Long Term Ecological Research Network, or the Smithsonian Forest Global 690 
Earth Observatory (ForestGEO) locations. 691 

In addition, future research should consider fuel dynamics and feedbacks when assessing 692 
climate-wildfire relationships. Decomposition and fire have typically been studied separately, 693 
even though they can strongly interact (Cornelissen et al., 2017; J. C. Hyde et al., 2011). For 694 
example, repeated, low-intensity fires can reduce microbial CO2 respiration rates and 695 
extracellular enzyme activity in coniferous forests, which may promote mineral soil C storage 696 
(Pellegrini et al., 2021). Additionally, decomposition is highly sensitive to nutrient availability 697 
and prescribed burning can deplete N and P litter stoichiometry, further slowing litter decay 698 
(Butler et al., 2019). However, such feedbacks are not well-represented in land surface models, 699 
which may cause us to overestimate decomposition in areas that experience increasing fire 700 
frequency or severity.  701 

Results from these recent studies suggest that uncertainties associated with existing model 702 
structure and parameters must be thoroughly documented. Given that many of the governing 703 
decomposition equations are hard-coded in models and often based on individual case studies 704 
from a single location, a great deal of model structural uncertainty is currently ignored and 705 
difficult to characterize. To understand future climate-fuel-fire feedbacks, it is essential to be 706 
transparent about what model choices are being made, the reasons for those choices, and the 707 
associated uncertainty. This is particularly critical as the domain of biogeochemical models is 708 
expanded to include evaluation of future wildfire regimes, wildfire effects, and how we can 709 
mitigate the effects of climate change on wildfire through management.  710 

 711 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 23 

Acknowledgments 712 

This project was supported by the National Science Foundation under Award Numbers DEB-713 
1916658 and DMS-1520873. 714 

Conflict of Interest 715 

The authors declare no commercial, financial relationships, or other conflicts of interest. 716 

Data Availability 717 

The datasets used to run the sensitivity analyses for this study can be found in the Open Science 718 
Forum: https://osf.io/zjsbv/?view_only=a348cf16e8f94957a575d43fb6c7032b 719 

References 720 

Abatzoglou, J. T., & Williams, A. P. (2016). Impact of anthropogenic climate change on wildfire across western US 721 

forests. Proceedings of the National Academy of Sciences, 113(42), 11770–11775. 722 

https://doi.org/10.1073/pnas.1607171113 723 

Abatzoglou, J. T., Kolden, C. A., Williams, A. P., Lutz, J. A., Smith, A. M. S., Abatzoglou, J. T., et al. (2017). 724 

Climatic influences on interannual variability in regional burn severity across western US forests. 725 

International Journal of Wildland Fire, 26(4), 269–275. https://doi.org/10.1071/WF16165 726 

Agee, J. K., & Huff, M. H. (1987). Fuel succession in a western hemlock/Douglas-fir forest. Canadian Journal of 727 

Forest Research, 17(7), 697–704. https://doi.org/10.1139/x87-112 728 

Ainsworth, E. A., & Long, S. P. (2005). What have we learned from 15 years of free-air CO2 enrichment (FACE)? 729 

A meta-analytic review of the responses of photosynthesis, canopy properties and plant production to rising 730 

CO2. New Phytologist, 165(2), 351–372. https://doi.org/10.1111/j.1469-8137.2004.01224.x 731 

Albini, F. (1976). Estimating wildfire behavior and effects. General Technical Report, INT-30(Ogden, UT: U.S. 732 

Department of Agriculture, Forest Service, Intermountain Forest and Range Experiment Station.). 733 

Andren, O., & Paustian, K. (1987). Barley Straw Decomposition in the Field: A Comparison of Models. Ecology, 734 

68(5), 1190–1200. https://doi.org/10.2307/1939203 735 

Andrews, P. L. (2007). BehavePlus fire modeling system: past, present, and future. In In: Proceedings of 7th 736 

Symposium on Fire and Forest Meteorology; 23-25 October 2007, Bar Harbor, Maine. Boston, MA: 737 

American Meteorological Society. 13 p. 738 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 24 

Austin, A. T. (2002). Differential effects of precipitation on production and decomposition along a rainfall gradient 739 

in hawaii. Ecology, 83(2), 328–338. https://doi.org/10.1890/0012-9658(2002)083[0328:DEOPOP]2.0.CO;2 740 

Bart, R. R., Kennedy, M. C., Tague, C. L., & McKenzie, D. (2020). Integrating fire effects on vegetation carbon 741 

cycling within an ecohydrologic model. Ecological Modelling, 416, 108880. 742 

https://doi.org/10.1016/j.ecolmodel.2019.108880 743 

Bass, B., Bass, W. M., & Jefferson, J. (2004). Death’s acre: inside the legendary forensic lab-the Body Farm-where 744 

the dead do tell tales. Penguin. 745 

Benali, A., Sá, A. C. L., Ervilha, A. R., Trigo, R. M., Fernandes, P. M., & Pereira, J. M. C. (2017). Fire spread 746 

predictions: Sweeping uncertainty under the rug. Science of The Total Environment, 592, 187–196. 747 

https://doi.org/10.1016/j.scitotenv.2017.03.106 748 

Bonan, G. B., Hartman, M. D., Parton, W. J., & Wieder, W. R. (2013). Evaluating litter decomposition in earth 749 

system models with long-term litterbag experiments: an example using the Community Land Model 750 

version 4 (CLM 4). Global Change Biology, 19(3), 957–974. 751 

Bowman, D. M., Williamson, G. J., Abatzoglou, J. T., Kolden, C. A., Cochrane, M. A., & Smith, A. M. (2017). 752 

Human exposure and sensitivity to globally extreme wildfire events. Nature Ecology & Evolution, 1(3), 1–753 

6. 754 

Butler, O. M., Lewis, T., Rashti, M. R., Maunsell, S. C., Elser, J. J., & Chen, C. (2019). The stoichiometric legacy of 755 

fire regime regulates the roles of micro-organisms and invertebrates in decomposition. Ecology, 100(7), 756 

e02732. https://doi.org/10.1002/ecy.2732 757 

Calkin, D., & Gebert, K. (2006). Modeling fuel treatment costs on Forest Service lands in the western United States. 758 

Western Journal of Applied Forestry, 21(4), 217–221. 759 

Campbell, J. L., & Ager, A. A. (2013). Forest wildfire, fuel reduction treatments, and landscape carbon stocks: A 760 

sensitivity analysis. Journal of Environmental Management, 121, 124–132. 761 

Chapin III, F. S., Matson, P. A., & Vitousek, P. (2011). Principles of terrestrial ecosystem ecology. Springer Science 762 

& Business Media. 763 

Cook, B. I., Mankin, J. S., Marvel, K., Williams, A. P., Smerdon, J. E., & Anchukaitis, K. J. (2020). Twenty-First 764 

Century Drought Projections in the CMIP6 Forcing Scenarios. Earth’s Future, 8(6), e2019EF001461. 765 

https://doi.org/10.1029/2019EF001461 766 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 25 

Cornelissen, J. H. C., Grootemaat, S., Verheijen, L. M., Cornwell, W. K., Bodegom, P. M. van, Wal, R. van der, & 767 

Aerts, R. (2017). Are litter decomposition and fire linked through plant species traits? New Phytologist, 768 

216(3), 653–669. https://doi.org/10.1111/nph.14766 769 

Cruz, M., Gould, J., Hollis, J., & McCaw, W. (2018). A Hierarchical Classification of Wildland Fire Fuels for 770 

Australian Vegetation Types. Fire, 1(1), 13. https://doi.org/10.3390/fire1010013 771 

Cruz, M. G., Gould, J. S., Alexander, M. E., Sullivan, A. L., McCaw, W. L., & Matthews, S. (2015). A guide to rate 772 

of fire spread models for Australian vegetation. Revised edition. CSIRO Land and Water Flagship number 773 

9780987206541.(AFAC: Melbourne, Australia). 774 

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon decomposition and feedbacks to 775 

climate change. Nature, 440(7081), 165–173. https://doi.org/10.1038/nature04514 776 

Davidson, E. A., Janssens, I. A., & Luo, Y. (2006). On the variability of respiration in terrestrial ecosystems: 777 

moving beyond Q10. Global Change Biology, 12(2), 154–164. https://doi.org/10.1111/j.1365-778 

2486.2005.01065.x 779 

Dijkstra, P., Thomas, S. C., Heinrich, P. L., Koch, G. W., Schwartz, E., & Hungate, B. A. (2011). Effect of 780 

temperature on metabolic activity of intact microbial communities: evidence for altered metabolic pathway 781 

activity but not for increased maintenance respiration and reduced carbon use efficiency. Soil Biology and 782 

Biochemistry, 43(10), 2023–2031. 783 

Drake, B. G., Gonzàlez-Meler, M. A., & Long, S. P. (1997). More efficient plants: a consequence of rising 784 

atmospheric CO2? Annual Review of Plant Biology, 48(1), 609–639. 785 

Espinosa, J., Madrigal, J., De La Cruz, A. C., Guijarro, M., Jimenez, E., & Hernando, C. (2018). Short-term effects 786 

of prescribed burning on litterfall biomass in mixed stands of Pinus nigra and Pinus pinaster and pure 787 

stands of Pinus nigra in the Cuenca Mountains (Central-Eastern Spain). Science of The Total Environment, 788 

618, 941–951. 789 

Everett, R., Lehmkuhl, J., Schellhaas, R., Ohlson, P., Keenum, D., Riesterer, H., & Spurbeck, D. (1999). Snag 790 

dynamics in a chronosequence of 26 wildfires on the east slope of the Cascade Range in Washington State, 791 

USA. International Journal of Wildland Fire, 9(4), 223. https://doi.org/10.1071/WF00011 792 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 26 

Farquhar, G. D., & Von Caemmerer, S. (1982). Modelling of photosynthetic response to environmental conditions. 793 

In Physiological plant ecology II (pp. 549–587). Springer. Retrieved from 794 

http://link.springer.com/chapter/10.1007/978-3-642-68150-9_17 795 

Finney, M. A. (1998). FARSITE: Fire Area Simulator-model development and evaluation. Res. Pap. RMRS-RP-4, 796 

Revised 2004. Ogden, UT: US Department of Agriculture, Forest Service, Rocky Mountain Research 797 

Station. 47 p., 4. 798 

Fry, D. L., Stevens, J. T., Potter, A. T., Collins, B. M., & Stephens, S. L. (2018a). Surface fuel accumulation and 799 

decomposition in old-growth pine-mixed conifer forests, northwestern Mexico. Fire Ecology, 14(2), 6. 800 

https://doi.org/10.1186/s42408-018-0017-5 801 

Fry, D. L., Stevens, J. T., Potter, A. T., Collins, B. M., & Stephens, S. L. (2018b). Surface fuel accumulation and 802 

decomposition in old-growth pine-mixed conifer forests, northwestern Mexico. Fire Ecology, 14(2), 6. 803 

https://doi.org/10.1186/s42408-018-0017-5 804 

Gaillard, M.-J., Strandberg, G., Poska, A., Trondman, A.-K., Mazier, F., & Kaplan, J. O. (2014). Land cover-climate 805 

interactions in the past for the understanding of current and future climate change : the LANDCLIM project 806 

(pp. 229–230). Presented at the GLOBAL LAND PROJECT OPEN SCIENCE MEETING, Land 807 

transformations : between global challenges and local realities, March 19–21, 2014, Berlin, Germany, 808 

Global Land Project. Retrieved from http://urn.kb.se/resolve?urn=urn:nbn:se:lnu:diva-33593 809 

Gathany, M. A., & Burke, I. C. (2012). DAYCENT Simulations to Test the Influence of Fire Regime and Fire 810 

Suppression on Trace Gas Fluxes and Nitrogen Biogeochemistry of Colorado Forests. Forests, 3(3), 506–811 

527. https://doi.org/10.3390/f3030506 812 

Georgiou, K., Abramoff, R. Z., Harte, J., Riley, W. J., & Torn, M. S. (2017). Microbial community-level regulation 813 

explains soil carbon responses to long-term litter manipulations. Nature Communications, 8(1), 1–10. 814 

Gould, J. S., McCaw, W. L., Cheney, N. P., Ellis, P. F., Knight, I. K., & Sullivan, A. L. (2008). Project Vesta: fire 815 

in dry eucalypt forest: fuel structure, fuel dynamics and fire behaviour. Csiro Publishing. 816 

Group, C. F. C. F. D., Science, C. F. C., & Directorate, S. D. (1992). Development and structure of the Canadian 817 

forest fire behavior prediction system (Vol. 3). Forestry Canada, Science and Sustainable Development 818 

Directorate. 819 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 27 

Guyette, R. P., Stambaugh, M. C., Dey, D. C., & Muzika, R.-M. (2012). Predicting Fire Frequency with Chemistry 820 

and Climate. Ecosystems, 15(2), 322–335. https://doi.org/10.1007/s10021-011-9512-0 821 

Hanan, E. J., Schimel, J. P., Dowdy, K., & D’Antonio, C. M. (2016). Effects of substrate supply, pH, and char on 822 

net nitrogen mineralization and nitrification along a wildfire-structured age gradient in chaparral. Soil 823 

Biology and Biochemistry, 95, 87–99. https://doi.org/10.1016/j.soilbio.2015.12.017 824 

Hanan, E. J., D’Antonio, C. M., Roberts, D. A., & Schimel, J. P. (2016). Factors Regulating Nitrogen Retention 825 

During the Early Stages of Recovery from Fire in Coastal Chaparral Ecosystems. Ecosystems, 19(5), 910–826 

926. https://doi.org/10.1007/s10021-016-9975-0 827 

Hanan, E. J., Tague, C. (Naomi), & Schimel, J. P. (2017). Nitrogen cycling and export in California chaparral: the 828 

role of climate in shaping ecosystem responses to fire. Ecological Monographs, 87(1), 76–90. 829 

https://doi.org/10.1002/ecm.1234 830 

Hanan, E. J., Tague, C., Choate, J., Liu, M., Kolden, C., & Adam, J. (2018). Accounting for disturbance history in 831 

models: using remote sensing to constrain carbon and nitrogen pool spin-up. Ecological Applications, 832 

28(5), 1197–1214. https://doi.org/10.1002/eap.1718 833 

Hanan, E. J., Ren, J., Tague, C. L., Kolden, C. A., Abatzoglou, J. T., Bart, R. R., et al. (2021). How climate change 834 

and fire exclusion drive wildfire regimes at actionable scales. Environmental Research Letters, 16(2), 835 

024051. https://doi.org/10.1088/1748-9326/abd78e 836 

Hararuk, O., Smith, M. J., & Luo, Y. (2015). Microbial models with data-driven parameters predict stronger soil 837 

carbon responses to climate change. Global Change Biology, 21(6), 2439–2453. 838 

Harris, R. M. B., Remenyi, T. A., Williamson, G. J., Bindoff, N. L., & Bowman, D. M. J. S. (2016). Climate–839 

vegetation–fire interactions and feedbacks: trivial detail or major barrier to projecting the future of the 840 

Earth system? WIREs Climate Change, 7(6), 910–931. https://doi.org/10.1002/wcc.428 841 

Hatton, T. J., Viney, N. R., Catchpole, E. A., & De Mestre, N. J. (1988). The Influence of Soil Moisture on 842 

Eucalyptus Leaf Litter Moisture. Forest Science, 34(2), 292–301. 843 

https://doi.org/10.1093/forestscience/34.2.292 844 

Haynes, R. J. (1986). The decomposition process: mineralization, immobilization, humus formation, and 845 

degradation. Mineral Nitrogen in the Plant-Soil System., 52–126. 846 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 28 

He, H. S., Mladenoff, D. J., & Boeder, J. (1999). An object-oriented forest landscape model and its representation of 847 

tree species. Ecological Modelling, 119(1), 1–19. 848 

Hobbie, S. E. (2000). Interactions between Litter Lignin and Soil Nitrogen Availability during Leaf Litter 849 

Decomposition in a Hawaiian Montane Forest. Ecosystems, 3(5), 484–494. 850 

Hood, S. M., Keyes, C. R., Bowen, K. J., Lutes, D. C., & Seielstad, C. (2020). Fuel treatment longevity in ponderosa 851 

pine-dominated forest 24 years after cutting and prescribed burning. Frontiers in Forests and Global 852 

Change. 3: Article 78., 3, Article-78. 853 

Hopkins, F. M., Torn, M. S., & Trumbore, S. E. (2012). Warming accelerates decomposition of decades-old carbon 854 

in forest soils. Proceedings of the National Academy of Sciences, 109(26), E1753–E1761. 855 

https://doi.org/10.1073/pnas.1120603109 856 

Huang, C., He, H. S., Liang, Y., Hawbaker, T. J., Henne, P. D., Xu, W., et al. (2021). The changes in species 857 

composition mediate direct effects of climate change on future fire regimes of boreal forests in northeastern 858 

China. Journal of Applied Ecology, 58(6), 1336–1345. https://doi.org/10.1111/1365-2664.13876 859 

Hudiburg, T. W., Higuera, P. E., & Hicke, J. A. (2017). Fire-regime variability impacts forest carbon dynamics for 860 

centuries to millennia. Biogeosciences, 14(17), 3873–3882. https://doi.org/10.5194/bg-14-3873-2017 861 

Hungate, B. A., Holland, E. A., Jackson, R. B., Chapin, F. S., Mooney, H. A., & Field, C. B. (1997). The fate of 862 

carbon in grasslands under carbon dioxide enrichment. Nature, 388(6642), 576–579. 863 

https://doi.org/10.1038/41550 864 

Hurteau, M. D., Liang, S., Westerling, A. L., & Wiedinmyer, C. (2019). Vegetation-fire feedback reduces projected 865 

area burned under climate change. Scientific Reports, 9(1), 1–6. https://doi.org/10.1038/s41598-019-39284-866 

1 867 

Hyde, J. C., Smith, A. M. S., Ottmar, R. D., Alvarado, E. C., Morgan, P., Hyde, J. C., et al. (2011). The combustion 868 

of sound and rotten coarse woody debris: a review. International Journal of Wildland Fire, 20(2), 163–174. 869 

https://doi.org/10.1071/WF09113 870 

Hyde, J. D., Smith, A., & Ottmar, R. D. (2012). Properties affecting the consumption of sound and rotten coarse 871 

woody debris in northern Idaho: a preliminary investigation using laboratory fires. International Journal of 872 

Wildland Fire. 21: 596-608, 21, 569–608. 873 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 29 

Jackson, L. E., Strauss, R. B., Firestone, M. K., & Bartolome, J. W. (1988). Plant and soil nitrogen dynamics in 874 

California annual grassland. Plant and Soil, 110(1), 9–17. 875 

Janssens, I. A., & Pilegaard, K. (2003). Large seasonal changes in Q10 of soil respiration in a beech forest. Global 876 

Change Biology, 9(6), 911–918. https://doi.org/10.1046/j.1365-2486.2003.00636.x 877 

Jobbágy, E. G., & Jackson, R. B. (2000). The Vertical Distribution of Soil Organic Carbon and Its Relation to 878 

Climate and Vegetation. Ecological Applications, 10(2), 423–436. https://doi.org/10.1890/1051-879 

0761(2000)010[0423:TVDOSO]2.0.CO;2 880 

Johnson, M. C., Kennedy, M. C., & Peterson, D. L. (2011). Simulating fuel treatment effects in dry forests of the 881 

western United States: testing the principles of a fire-safe forest. Canadian Journal of Forest Research, 882 

41(5), 1018–1030. https://doi.org/10.1139/x11-032 883 

Johnson, M. C., Kennedy, M. C., Harrison, S. C., Churchill, D., Pass, J., & Fischer, P. W. (2020). Effects of post-884 

fire management on dead woody fuel dynamics and stand structure in a severely burned mixed-conifer 885 

forest, in northeastern Washington State, USA. Forest Ecology and Management, 470–471, 118190. 886 

https://doi.org/10.1016/j.foreco.2020.118190 887 

Kaiser, C., Franklin, O., Dieckmann, U., & Richter, A. (2014). Microbial community dynamics alleviate 888 

stoichiometric constraints during litter decay. Ecology Letters, 17(6), 680–690. 889 

Keane, R. E. (2008). Biophysical controls on surface fuel litterfall and decomposition in the northern Rocky 890 

Mountains, USA. Canadian Journal of Forest Research, 38(6), 1431–1445. https://doi.org/10.1139/X08-891 

003 892 

Keane, R. E. (2013). Describing wildland surface fuel loading for fire management: a review of approaches, 893 

methods and systems. International Journal of Wildland Fire, 22(1), 51. https://doi.org/10.1071/WF11139 894 

Keane, R. E., Arno, S. F., & Brown, J. K. (1989). FIRESUM—An ecological process model for fire succession in 895 

western conifer forests. General Technical Report, INT-266(Ogden, UT: U.S. Department of Agriculture, 896 

Forest Service, Intermountain Research Station). 897 

Keane, R. E., Cary, G. J., Davies, I. D., Flannigan, M. D., Gardner, R. H., Lavorel, S., et al. (2004). A classification 898 

of landscape fire succession models: spatial simulations of fire and vegetation dynamics. Ecological 899 

Modelling, 179(1), 3–27. 900 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 30 

Keane, R. E., Loehman, R. A., & Holsinger, L. M. (2011). The FireBGCv2 landscape fire and succession model: a 901 

research simulation platform for exploring fire and vegetation dynamics. Gen. Tech. Rep. RMRS-GTR-255. 902 

Fort Collins, CO: US Department of Agriculture, Forest Service, Rocky Mountain Research Station. 137 903 

p., 255. 904 

Kennedy, M. C., McKenzie, D., Tague, C., & Dugger, A. L. (2017). Balancing uncertainty and complexity to 905 

incorporate fire spread in an eco-hydrological model. International Journal of Wildland Fire, 26(8), 706–906 

718. https://doi.org/10.1071/WF16169 907 

Kennedy, M. C., Johnson, M. C., & Harrison, S. C. (2021). Model Predictions of Postwildfire Woody Fuel 908 

Succession and Fire Behavior Are Sensitive to Fuel Dynamics Parameters. Forest Science, 67(1), 30–42. 909 

https://doi.org/10.1093/forsci/fxaa036 910 

Kirschbaum, M. U. (1995). The temperature dependence of soil organic matter decomposition, and the effect of 911 

global warming on soil organic C storage. Soil Biology and Biochemistry, 27(6), 753–760. 912 

Knicker, H. (2007). How does fire affect the nature and stability of soil organic nitrogen and carbon? A review. 913 

Biogeochemistry, 85(1), 91–118. https://doi.org/10.1007/s10533-007-9104-4 914 

Kramer, M. G., Lajtha, K., & Aufdenkampe, A. K. (2017). Depth trends of soil organic matter C:N and 15N natural 915 

abundance controlled by association with minerals. Biogeochemistry, 136(3), 237–248. 916 

https://doi.org/10.1007/s10533-017-0378-x 917 

Lal, R. (2004). Soil Carbon Sequestration Impacts on Global Climate Change and Food Security. Science, 918 

304(5677), 1623–1627. https://doi.org/10.1126/science.1097396 919 

Lawrence, D. M., Oleson, K. W., Flanner, M. G., Fletcher, C. G., Lawrence, P. J., Levis, S., et al. (2012). The 920 

CCSM4 land simulation, 1850–2005: Assessment of surface climate and new capabilities. Journal of 921 

Climate, 25(7), 2240–2260. 922 

Lieth, H. (1975). Primary Production of the Major Vegetation Units of the World. In H. Lieth & R. H. Whittaker 923 

(Eds.), Primary Productivity of the Biosphere (pp. 203–215). Berlin, Heidelberg: Springer. 924 

https://doi.org/10.1007/978-3-642-80913-2_10 925 

Littell, J. S., McKenzie, D., Wan, H. Y., & Cushman, S. A. (2018). Climate change and future wildfire in the 926 

western United States: An ecological approach to nonstationarity. Earth’s Future, 6(8), 1097–1111. 927 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 31 

Loudermilk, E. L., Hiers, J. K., O’Brien, J. J., Mitchell, R. J., Singhania, A., Fernandez, J. C., et al. (2009). Ground-928 

based LIDAR: a novel approach to quantify fine-scale fuelbed characteristics. International Journal of 929 

Wildland Fire, 18(6), 676–685. https://doi.org/10.1071/WF07138 930 

Luo, Y. (2007). Terrestrial carbon–cycle feedback to climate warming. Annu. Rev. Ecol. Evol. Syst., 38, 683–712. 931 

Luo, Y., Wan, S., Hui, D., & Wallace, L. L. (2001). Acclimatization of soil respiration to warming in a tall grass 932 

prairie. Nature, 413(6856), 622–625. https://doi.org/10.1038/35098065 933 

Luo, Z., Wang, E., Zheng, H., Baldock, J. A., Sun, O. J., & Shao, Q. (2015). Convergent modelling of past soil 934 

organic carbon stocks but divergent projections. Biogeosciences, 12(14), 4373–4383. 935 

Mackensen, J., Bauhus, J., & Webber, E. (2003). Decomposition rates of coarse woody debris—A review with 936 

particular emphasis on Australian tree species. Australian Journal of Botany, 51(1), 27. 937 

https://doi.org/10.1071/BT02014 938 

Matthews, S., Sullivan, A. L., Watson, P., & Williams, R. J. (2012). Climate change, fuel and fire behaviour in a 939 

eucalypt forest. Global Change Biology, 18(10), 3212–3223. https://doi.org/10.1111/j.1365-940 

2486.2012.02768.x 941 

McKenzie, D., & Littell, J. S. (2017). Climate change and the eco-hydrology of fire: Will area burned increase in a 942 

warming western USA? Ecological Applications, 27(1), 26–36. 943 

McKenzie, D., & Perera, A. H. (2015). Modeling wildfire regimes in forest landscapes: abstracting a complex 944 

reality. In Simulation Modeling of Forest Landscape Disturbances (pp. 73–92). Springer. 945 

Meentemeyer, V. (1978). Macroclimate and Lignin Control of Litter Decomposition Rates. Ecology, 59(3), 465–946 

472. https://doi.org/10.2307/1936576 947 

Melillo, J. M., Aber, J. D., & Muratore, J. F. (1982). Nitrogen and lignin control of hardwood leaf litter 948 

decomposition dynamics. Ecology, 63(3), 621–626. 949 

Mell, W., Jenkins, M. A., Gould, J., & Cheney, P. (2007). A physics-based approach to modelling grassland fires. 950 

International Journal of Wildland Fire, 16(1), 1–22. 951 

Meyer, N., Welp, G., & Amelung, W. (2018). The Temperature Sensitivity (Q10) of Soil Respiration: Controlling 952 

Factors and Spatial Prediction at Regional Scale Based on Environmental Soil Classes. Global 953 

Biogeochemical Cycles, 32(2), 306–323. https://doi.org/10.1002/2017GB005644 954 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 32 

Michaelis, L., & Menton, M. L. (1913). Biockem, 2. 49,333-369 19 Zielke, CL and Suelter, CH (197l) in The 955 

Enzymes (Vol. 4.3 rd edn)${$Bayer, PD, ed.). Academic Press. 956 

Moritz, M. A., Morais, M. E., Summerell, L. A., Carlson, J. M., & Doyle, J. (2005). Wildfires, complexity, and 957 

highly optimized tolerance. Proceedings of the National Academy of Sciences, 102(50), 17912–17917. 958 

Mutlu, M., Popescu, S. C., Stripling, C., & Spencer, T. (2008). Mapping surface fuel models using lidar and 959 

multispectral data fusion for fire behavior. Remote Sensing of Environment, 112(1), 274–285. 960 

Nemani, R. R., Running, S. W., & Thornton, P. E. (2005). BIOME-BGC: TERRESTRIAL ECOSYSTEM PROCESS 961 

MODEL, VERSION 4.1.1. Retrieved from http://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=805 962 

Olson, J. S. (1963). Energy Storage and the Balance of Producers and Decomposers in Ecological Systems. Ecology, 963 

44(2), 322–331. https://doi.org/10.2307/1932179 964 

Parker, S. S., & Schimel, J. P. (2011). Soil nitrogen availability and transformations differ between the summer and 965 

the growing season in a California grassland. Applied Soil Ecology, 48(2), 185–192. 966 

https://doi.org/10.1016/j.apsoil.2011.03.007 967 

Parton, W. J. (1996). The CENTURY model. In D. S. Powlson, P. Smith, & J. U. Smith (Eds.), Evaluation of Soil 968 

Organic Matter Models (pp. 283–291). Springer Berlin Heidelberg. Retrieved from 969 

http://link.springer.com/chapter/10.1007/978-3-642-61094-3_23 970 

Parton, W. J., Stewart, J. W. B., & Cole, C. V. (1988). Dynamics of C, N, P and S in grassland soils: a model. 971 

Biogeochemistry, 5(1), 109–131. https://doi.org/10.1007/BF02180320 972 

Parton, W. J., Mosier, A. R., Ojima, D. S., Valentine, D. W., Schimel, D. S., Weier, K., & Kulmala, A. E. (1996). 973 

Generalized model for N 2 and N 2 O production from nitrification and denitrification. Global 974 

Biogeochemical Cycles, 10(3), 401–412. https://doi.org/10.1029/96GB01455 975 

Parton, William J., Schimel, D. S., Cole, C. V., & Ojima, D. S. (1987). Analysis of factors controlling soil organic 976 

matter levels in Great Plains grasslands. Soil Science Society of America Journal, 51(5), 1173–1179. 977 

Parton, William J., Hartman, M., Ojima, D., & Schimel, D. (1998). DAYCENT and its land surface submodel: 978 

description and testing. Global and Planetary Change, 19(1–4), 35–48. https://doi.org/10.1016/S0921-979 

8181(98)00040-X 980 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 33 

Pellegrini, A. F. A., Hobbie, S. E., Reich, P. B., Jumpponen, A., Brookshire, E. N. J., Caprio, A. C., et al. (2020). 981 

Repeated fire shifts carbon and nitrogen cycling by changing plant inputs and soil decomposition across 982 

ecosystems. Ecological Monographs, 90(4), e01409. https://doi.org/10.1002/ecm.1409 983 

Pellegrini, A. F. A., Caprio, A. C., Georgiou, K., Finnegan, C., Hobbie, S. E., Hatten, J. A., & Jackson, R. B. (2021). 984 

Low-intensity frequent fires in coniferous forests transform soil organic matter in ways that may offset 985 

ecosystem carbon losses. Global Change Biology, 27(16), 3810–3823. https://doi.org/10.1111/gcb.15648 986 

Penman, T. D., & York, A. (2010). Climate and recent fire history affect fuel loads in Eucalyptus forests: 987 

Implications for fire management in a changing climate. Forest Ecology and Management, 260(10), 1791–988 

1797. https://doi.org/10.1016/j.foreco.2010.08.023 989 

Peterson, D. W., Dodson, E. K., & Harrod, R. J. (2015). Post-fire logging reduces surface woody fuels up to four 990 

decades following wildfire. Forest Ecology and Management, 338, 84–91. 991 

https://doi.org/10.1016/j.foreco.2014.11.016 992 

Prichard, S. J., Kennedy, M. C., Andreu, A. G., Eagle, P. C., French, N. H., & Billmire, M. (2019). Next-Generation 993 

Biomass Mapping for Regional Emissions and Carbon Inventories: Incorporating Uncertainty in Wildland 994 

Fuel Characterization. Journal of Geophysical Research: Biogeosciences, 124(12), 3699–3716. 995 

https://doi.org/10.1029/2019JG005083 996 

Rebain, S. A., Reinhardt, E., Crookston, N., Beukema, S., Kurz, W., & Greenough, J. (2009). The fire and fuels 997 

extension to the Forest Vegetation Simulator. Addendum to RMRS-GTR-119, USDA Forest Service and 998 

ESSA Technologies Ltd. 999 

Reichstein, M., Rey, A., Freibauer, A., Tenhunen, J., Valentini, R., Banza, J., et al. (2003). Modeling temporal and 1000 

large-scale spatial variability of soil respiration from soil water availability, temperature and vegetation 1001 

productivity indices. Global Biogeochemical Cycles, 17(4). https://doi.org/10.1029/2003GB002035 1002 

Reichstein, M., Kätterer, T., Andrén, O., Ciais, P., Schulze, E.-D., Cramer, W., et al. (2005). Temperature sensitivity 1003 

of decomposition in relation to soil organic matter pools: critique and outlook. Biogeosciences, 2(4), 317–1004 

321. 1005 

Reinhardt, E. D., Keane, R. E., & Brown, J. K. (2001). Modeling fire effects. International Journal of Wildland 1006 

Fire, 10(4), 373–380. https://doi.org/10.1071/wf01035 1007 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 34 

Rothermel, R. C. (1972). A mathematical model for predicting fire spread in wildland fuels. Res. Pap. INT-115. 1008 

Ogden, UT: US Department of Agriculture, Intermountain Forest and Range Experiment Station. 40 p., 1009 

115. 1010 

Running, S. W., & Coughlan, J. C. (1988). A general model of forest ecosystem processes for regional applications 1011 

I. Hydrologic balance, canopy gas exchange and primary production processes. Ecological Modelling, 1012 

42(2), 125–154. https://doi.org/10.1016/0304-3800(88)90112-3 1013 

Sandberg, D. V., Riccardi, C. L., & Schaaf, M. D. (2007). Reformulation of Rothermel’s wildland fire behaviour 1014 

model for heterogeneous fuelbedsThis article is one of a selection of papers published in the Special Forum 1015 

on the Fuel Characteristic Classification System. Canadian Journal of Forest Research, 37(12), 2438–1016 

2455. https://doi.org/10.1139/X07-094 1017 

Schimel, J. (2001). Biogeochemical models: implicit versus explicit microbiology. In Global biogeochemical cycles 1018 

in the climate system (pp. 177–183). Elsevier. 1019 

Schlesinger, W. H., & Andrews, J. A. (2000). Soil respiration and the global carbon cycle. Biogeochemistry, 48(1), 1020 

7–20. https://doi.org/10.1023/A:1006247623877 1021 

Schoennagel, T., Balch, J. K., Brenkert-Smith, H., Dennison, P. E., Harvey, B. J., Krawchuk, M. A., et al. (2017). 1022 

Adapt to more wildfire in western North American forests as climate changes. Proceedings of the National 1023 

Academy of Sciences, 114(18), 4582–4590. https://doi.org/10.1073/pnas.1617464114 1024 

Schumacher, S., Reineking, B., Sibold, J., & Bugmann, H. (2006). Modeling the Impact of Climate and Vegetation 1025 

on Fire Regimes in Mountain Landscapes. Landscape Ecology, 21(4), 539–554. 1026 

https://doi.org/10.1007/s10980-005-2165-7 1027 

Scott, J. H., & Burgan, R. E. (2005). Standard fire behavior fuel models: a comprehensive set for use with 1028 

Rothermel’s surface fire spread model (No. RMRS-GTR-153) (p. RMRS-GTR-153). Ft. Collins, CO: U.S. 1029 

Department of Agriculture, Forest Service, Rocky Mountain Research Station. 1030 

https://doi.org/10.2737/RMRS-GTR-153 1031 

Seielstad, C. A., & Queen, L. P. (2003). Using airborne laser altimetry to determine fuel models for estimating fire 1032 

behavior. Journal of Forestry, 101(4), 10–15. 1033 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 35 

Sherry, R. A., Zhou, X., Gu, S., Arnone, J. A., Schimel, D. S., Verburg, P. S., et al. (2007). Divergence of 1034 

reproductive phenology under climate warming. Proceedings of the National Academy of Sciences, 104(1), 1035 

198–202. 1036 

Silver, W. L., & Miya, R. K. (2001). Global patterns in root decomposition: comparisons of climate and litter quality 1037 

effects. Oecologia, 129(3), 407–419. 1038 

Smith, A. M. S., Kolden, C. A., Tinkham, W. T., Talhelm, A. F., Marshall, J. D., Hudak, A. T., et al. (2014). 1039 

Remote sensing the vulnerability of vegetation in natural terrestrial ecosystems. Remote Sensing of 1040 

Environment, 154, 322–337. https://doi.org/10.1016/j.rse.2014.03.038 1041 

Steinweg, J. M., Plante, A. F., Conant, R. T., Paul, E. A., & Tanaka, D. L. (2008). Patterns of substrate utilization 1042 

during long-term incubations at different temperatures. Soil Biology and Biochemistry, 40(11), 2722–2728. 1043 

Stenzel, J. E., Bartowitz, K. J., Hartman, M. D., Lutz, J. A., Kolden, C. A., Smith, A. M., et al. (2019). Fixing a snag 1044 

in carbon emissions estimates from wildfires. Global Change Biology, 25(11), 3985–3994. 1045 

Stephens, S. L., Collins, B. M., & Roller, G. (2012). Fuel treatment longevity in a Sierra Nevada mixed conifer 1046 

forest. Forest Ecology and Management, 285, 204–212. 1047 

Sullivan, A. L. (2007). A review of wildland fire spread modelling, 1990-present 2: Empirical and quasi-empirical 1048 

models. ArXiv Preprint ArXiv:0706.4128. 1049 

Sullivan, Andrew L. (2009a). Wildland surface fire spread modelling, 1990–2007. 1: Physical and quasi-physical 1050 

models. International Journal of Wildland Fire, 18(4), 349–368. https://doi.org/10.1071/WF06143 1051 

Sullivan, Andrew L. (2009b). Wildland surface fire spread modelling, 1990–2007. 3: Simulation and mathematical 1052 

analogue models. International Journal of Wildland Fire, 18(4), 387–403. 1053 

Tague, C., Seaby, L., & Hope, A. (2009). Modeling the eco-hydrologic response of a Mediterranean type ecosystem 1054 

to the combined impacts of projected climate change and altered fire frequencies. Climatic Change, 93(1–1055 

2), 137–155. 1056 

Tague, C. L., & Band, L. E. (2004). RHESSys: Regional Hydro-Ecologic Simulation System—An Object-Oriented 1057 

Approach to Spatially Distributed Modeling of Carbon, Water, and Nutrient Cycling. Earth Interactions, 1058 

8(19), 1–42. https://doi.org/10.1175/1087-3562(2004)8<1:RRHSSO>2.0.CO;2 1059 

Talhelm, A. F., & Smith, A. M. (2018). Litter moisture adsorption is tied to tissue structure, chemistry, and energy 1060 

concentration. Ecosphere, 9(4), e02198. 1061 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 36 

Tang, J., & Riley, W. J. (2020). Linear two-pool models are insufficient to infer soil organic matter decomposition 1062 

temperature sensitivity from incubations. Biogeochemistry, 149(3), 251–261. 1063 

https://doi.org/10.1007/s10533-020-00678-3 1064 

Taylor, B. R. D. (1989). Nitrogen and lignin content as predictors of litter decay rates: a microcosm test. Ecology, 1065 

70, 97–104. 1066 

Thaxton, J. M., & Platt, W. J. (2006). Small-scale fuel variation alters fire intensity and shrub abundance in a pine 1067 

savanna. Ecology, 87(5), 1331–1337. 1068 

Thonicke, K., Spessa, A., Prentice, I. C., Harrison, S. P., Dong, L., & Carmona-Moreno, C. (2010). The influence of 1069 

vegetation, fire spread and fire behaviour on biomass burning and trace gas emissions: results from a 1070 

process-based model. Biogeosciences, 7(6), 1991–2011. https://doi.org/10.5194/bg-7-1991-2010 1071 

Thornton, P. (1998). Regional ecosystem simulation: Combining surface- and satellite-based observations to study 1072 

linkages between terrestrial energy and mass budgets (Dissertation). University of Montant, Missoula, MT. 1073 

Tinkham, W. T., Hoffman, C. M., Ex, S. A., Battaglia, M. A., & Saralecos, J. D. (2016). Ponderosa pine forest 1074 

restoration treatment longevity: implications of regeneration on fire hazard. Forests, 7(7), 137. 1075 

Trettin, C. C., Burton, A., Jurgensen, M. F., Page-Dumroese, D. S., Dai, Z., Oren, R., et al. (2021). Wood 1076 

decomposition and its role in the forest carbon cycle: the FACE wood decomposition experiment. Notes. 1077 

Vaillant, N. M., Noonan-Wright, E. K., Reiner, A. L., Ewell, C. M., Rau, B. M., Fites-Kaufman, J. A., & Dailey, S. 1078 

N. (2015). Fuel accumulation and forest structure change following hazardous fuel reduction treatments 1079 

throughout California. International Journal of Wildland Fire, 24(3), 361–371. 1080 

Varner, M. J., & Keyes, C. R. (2009). Fuels treatments and fire models: errors and corrections. Fire Management 1081 

Today, 69(3). 1082 

Wang, G., Zhou, Y., Xu, X., Ruan, H., & Wang, J. (2013). Temperature Sensitivity of Soil Organic Carbon 1083 

Mineralization along an Elevation Gradient in the Wuyi Mountains, China. PLOS ONE, 8(1), e53914. 1084 

https://doi.org/10.1371/journal.pone.0053914 1085 

Way, D. A., Oren, R., & Kroner, Y. (2015). The space-time continuum: the effects of elevated CO2 and temperature 1086 

on trees and the importance of scaling. Plant, Cell & Environment, 38(6), 991–1007. 1087 

https://doi.org/10.1111/pce.12527 1088 



manuscript submitted to Journal of Advances in Modeling Earth Systems 

 37 

Westerling, A. L., Hidalgo, H. G., Cayan, D. R., & Swetnam, T. W. (2006). Warming and Earlier Spring Increase 1089 

Western U.S. Forest Wildfire Activity. Science, 313(5789), 940–943. 1090 

https://doi.org/10.1126/science.1128834 1091 

Wieder, W. R., Bonan, G. B., & Allison, S. D. (2013). Global soil carbon projections are improved by modelling 1092 

microbial processes. Nature Climate Change, 3(10), 909–912. 1093 

Xu, W., & Yuan, W. (2017). Responses of microbial biomass carbon and nitrogen to experimental warming: A 1094 

meta-analysis. Soil Biology and Biochemistry, 115, 265–274. https://doi.org/10.1016/j.soilbio.2017.08.033 1095 

Yuste, J. C., Janssens, I. A., Carrara, A., & Ceulemans, R. (2004). Annual Q10 of soil respiration reflects plant 1096 

phenological patterns as well as temperature sensitivity. Global Change Biology, 10(2), 161–169. 1097 

https://doi.org/10.1111/j.1529-8817.2003.00727.x 1098 

Zazali, H. H., Towers, I. N., & Sharples, J. J. (2020). A critical review of fuel accumulation models used in 1099 

Australian fire management. International Journal of Wildland Fire, 30(1), 42–56. 1100 

https://doi.org/10.1071/WF20031 1101 

Zhao, F., Wu, Y., Sivakumar, B., Long, A., Qiu, L., Chen, J., et al. (2019). Climatic and hydrologic controls on net 1102 

primary production in a semiarid loess watershed. Journal of Hydrology, 568, 803–815. 1103 

Zhou, T., Shi, P., Hui, D., & Luo, Y. (2009). Global pattern of temperature sensitivity of soil heterotrophic 1104 

respiration (Q10) and its implications for carbon-climate feedback. Journal of Geophysical Research: 1105 

Biogeosciences, 114(G2). https://doi.org/10.1029/2008JG000850 1106 

  1107 


