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ABSTRACT  15 

Fuel hazard reduction is an essential component of pine plantation management. In NW 16 

Spain, plantation managers assume that thin-only reduces the potential fire behavior and 17 

effects by decreasing the quantity and continuity of canopy fuels. Nevertheless, thin-only 18 

can alter additional variables than control fire behavior and effects such as surface fuel 19 

availability and microclimate conditions. Moreover, the duration of thinning effects could 20 

vary and be species-specific. We present an approach linking field-measured fuel variables 21 

to well-established models for assessing the mid-term effects (six years) of thin-only on 22 

potential fire behaviour and severity and ability of burned stand to protect soil against 23 

erosion. Field variables were obtained from 41 thinning trials installed in stands of P. 24 

pinaster (22 locations) and P. radiata (19 locations). Canopy fuel load and canopy bulk 25 

density were still significantly lower in treated sample plots for both species six years after 26 

treatments, whereas total and fine understory fuel loads were slightly but significantly 27 

larger in thinned plots in P. pinaster. In a simulation process, different fire danger scenarios 28 

were considered through two fire-related weather variables: the 10-m open wind speed and 29 

the fine dead fuel moisture content. Results showed that thin-only could significantly 30 

reduce the likelihood of active crown fire and its rate of spread for both species, particularly 31 

in P.pinaster, while passive crown fire probability increased. The potential fire severity, in 32 

terms of crown scorch height, scorch volume and tree mortality, hardly worsened by 33 

thinning. For fireline intensities lower than 4000 kW m-1, dead fuel moisture content effect 34 

on fire severity surpassed the wind speed influence. Moreover, protection of soil against 35 

erosion improved only slightly when thinning was previously carried out. The results of the 36 

study reveal that, in the mid-term, it is unlikely that thin-only, without intervention in the 37 

surface fuels, may have a marked influence on the reduction of the severity of a subsequent 38 
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fire. The results also highlight the need of a comprehensive assessment of the effects of 39 

thin-only on both the whole fuel complex and microclimatic variables for obtaining realistic 40 

results. 41 

 42 

Keywords: fuel treatment effectiveness, fire severity, dead fine fuel moisture, within-stand 43 

wind speed, Maritime pine, Radiata pine 44 

 45 

1. INTRODUCTION  46 

Fuel management can be used to reduce fire behaviour potential and fire severity with the 47 

aim of providing forest structures that are more resistant to wildfire (Hood et al., 2016; 48 

Smith et al., 2016; Vaillant and Reinhardt, 2017). Fuel management treatments typically 49 

include thinning and pruning (to manipulate canopy fuels) and prescribed burning or 50 

mastication (to manipulate surface fuels). The effectiveness of fire hazard reduction varies 51 

depending on whether these methods are used alone or combined with other treatments. In 52 

fast-growing commercial pine stands in NW Spain, thinning from below is commonly used 53 

to promote diameter growth and mechanical stability of the remaining trees, in order to 54 

produce more valuable timber at the rotation age. In addition, managers assume that 55 

thinning reduces the potential fire behaviour and severity by decreasing the quantity and 56 

continuity of canopy forest fuels (e.g. Ruiz-González et al., 2015; Hevia et al., 2018). In the 57 

region, thinning residues are also usually left on site, without being masticated or burned, 58 

and the surface fuel layer typically remains untreated. 59 

Thin-only treatments (i.e. thinning without removal of thinning residues) can have different 60 

effects on the variables that influence fire behaviour (e.g. Graham et al., 1999). On one 61 

hand, thinning even-aged stands from below immediately reduces the canopy fuel load 62 
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(CFL) and canopy bulk density (CBD) and increases canopy base height (CBH). Thinning 63 

can therefore help to prevent the initiation and spread of crown fires (Van Wagner, 1977) 64 

and reduce fire severity. On the other hand, thinning can alter surface fuel and microclimate 65 

conditions, via the following effects: (i) by favouring greater incident solar radiation in the 66 

understory and forest floor, as well as modifying the availability of nutrients and water in 67 

the soil (e.g. Walker et al., 2016). Understory cover and biomass may therefore increase 68 

after a thin-only treatment (Navarro et al., 2010; Zhou et al., 2016). The understory stratum 69 

represents a critical fire hazard in Southern European regions, including NW Spain 70 

(Fernandes and Rigolot, 2007; Arellano-Pérez et al., 2017). Moreover, the higher solar 71 

radiation often leads to decreasing the moisture content of surface dead fuel (Ruiz 72 

González, 2007; Cruz et al., 2017); (ii) within-stand wind speed usually increases when 73 

canopy cover decreases (van Wagtendonk et al., 1996; Weatherspoon, 1996); (iii) thinning 74 

can reduce litterfall (Harrington and Edwards, 1999; Jiménez and Navarro, 2016), thus 75 

reducing litter and duff layers load; and (iv) the crowns of trees removed during thinning 76 

treatments may contribute significantly to increasing woody fuel debris in the surface fuel 77 

layer (e.g. Cruz et al., 2017). If these fuels are not removed by burning or treated by 78 

mechanical mastication, this can have a major impact on expected surface fire behaviour in 79 

the short term, decreasing the reduction in the rate of spread and intensity of a wildfire in 80 

the treated area (e.g. Omi et al. 2006; Omi, 2015; Graham et al., 2004; Fulé et al., 2012) or 81 

even directly increasing the rate of spread and intensity (e.g. Stephens and Moghaddas, 82 

2005; Raymond and Peterson, 2005).  83 

The numerous studies that have examined the effects of thinning on both surface and 84 

canopy fuel complex variables have mainly focused on natural conifer stands in North 85 

America (e.g. Fulé et al., 2012; Omi, 2015), and few refer to fast-growing commercial pine 86 
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plantations (but see Cruz et al., 2008; Fernandes, 2009; Cruz et al., 2017). Because of the 87 

particular structural characteristics of these stands (dense, uniform spacing and uniform fuel 88 

layers), they are one of the most flammable types of vegetation (e.g. Cruz et al., 2008). Fuel 89 

hazard reduction is becoming an essential component of the management of commercial 90 

fast-growing pine plantations in NW Spain, and understanding the influence of thin-only 91 

treatment on the expected fire behaviour is important. Nevertheless, research on this matter 92 

is scarce and has mainly focused on the effects of the canopy fuel layer (Crecente-Campo et 93 

al., 2009, Jiménez et al., 2016; Arellano-Pérez et al., 2018).  94 

In crown fires, and high intensity fires in general, post-fire tree mortality usually reaches 95 

100%; however, in fires of low to moderate intensity where crown scorch occurs tree 96 

mortality could be only partial. Measures of foliar damage such as crown scorch height and 97 

percentage of crown volume scorched have commonly been used in modelling post-fire tree 98 

mortality (e.g. Peterson, 1985; Stephens and Finney, 2002). Scorch height (usually defined 99 

as the vertical distance from the ground to the mean height of the boundary between dead 100 

and live needles in the tree crown) is strongly dependent on the temperature reached in the 101 

convection column above the surface fire, which in turn depends on fireline intensity (Van 102 

Wagner, 1973). When this temperature reaches or exceeds 60º C for 1 minute, the needles 103 

suffer necrosis and the crown becomes scorched (e.g. Van Wagner, 1973; Michaletz and 104 

Johnson, 2006). In the study area, post-fire salvage logging is primarily used to recover 105 

timber values (Fernández et al., 2008), and estimating the probability of tree survival as a 106 

function of potential fire behaviour is advisable in order to decide whether or not logging 107 

should proceed. 108 

Needles fall from crowns of partially or totally scorched trees in areas of conifer forest 109 

affected by low to moderate burn severity (Pannkuk and Robichaud, 2003). The needles 110 
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generally fall to the ground shortly after fire and provide a natural ground cover of mulch, 111 

thus avoiding the raindrop impact, decreasing overland flow velocity and favouring 112 

sediment deposition (Cerdà and Doerr, 2008; Fernández et al., 2019). The benefits of cast 113 

needles in protecting burned soil against erosion have been demonstrated in laboratory 114 

experiments (Pannuk and Robichaud, 2003) and field studies (Vega and Díaz-Fierros, 115 

1987; Cerdà and Doerr, 2008; Shakesby, 2011; Fernández et al., 2019). However, there is 116 

no available means of relating potential fire behaviour and ground cover by needles cast 117 

after fire. The ability to identify where dead needles could provide enough ground cover to 118 

prevent soil erosion would be useful to forest managers for post-fire rehabilitation.  119 

Most studies of the effect of thinning on fuel complex characteristics, fire behaviour and 120 

severity and post-fire soil erosion protection consider the short-term impacts. Study of the 121 

mid-term effects is less common and has sometimes led to contradictory results (e.g. 122 

Jiménez et al., 2016; Soler Martin et al., 2017).  123 

From the above considerations, we assume that fire behaviour, crown scorch height and 124 

post-fire stand resistance (expressed in terms of tree survival probability) will affect soil 125 

protection against post-fire erosion. Nevertheless, the directions of relationships are not 126 

clear and must be established. On one hand, an increase of crown scorch height to a certain 127 

degree could become the stand more fire resistant due to the consequent CBH increase, 128 

although if a certain threshold is exceeded, that would imply a higher probability of tree 129 

mortality (e.g. Martinson and Omi, 2003; Espinosa et al., 2019). On the other hand, also a 130 

higher crown scorch height could increase post-fire needle cast, resulting in higher capacity 131 

to protect soil from post-fire erosion. To some extent this effect could be used as an 132 

indicator of the effectiveness of fuel treatment to make ecosystem more fire resilient.  133 
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This study had two main objectives. First, we aimed evaluate the mid-term effects of thin-134 

only (6 years after treatment) on surface and canopy fuel complex, through field-measured 135 

fuel variables, in commercial fast-growing pine stands in NW Spain. We then assessed the 136 

effect of thin-only on potential fire behaviour and severity (the latter expressed by crown 137 

scorch height and volume and post-fire tree survival) and post-fire soil erosion protection 138 

(expressed as cover provided by needles cast after fire).  139 

 140 

2. MATERIAL AND METHODS 141 

2.1 Data 142 

2.1.1. Plot network and stand treatments  143 

The study area is located in NW Spain (Figure 1). The data set corresponds to 41 thinning 144 

trials established in pure, even-aged stands of maritime pine (Pinus pinaster) (22 locations) 145 

and radiata pine (Pinus radiata) (19 locations). A high density silvicultural regime is 146 

usually applied to these species in the region corresponding to initial tree densities of 147 

between 2100–2500 trees ha−1, and 3–4 light thinnings to maintain the relative spacing 148 

index at values of 0.13–0.15. Rotation ages usually vary from 25 to 35 years in radiate pine 149 

and from 35 to 45 years in maritime pine depending on the site quality of the stand and on 150 

the purpose of the timber. 151 

The thinning trials were initially established to characterize fuel structure and crown fire 152 

potential in the plantations. The experimental design aimed to represent middle-aged and 153 

highly stocked pole-size tree stands, which are particularly fire prone (e.g. Fernandes et al., 154 

2008). At the time of plots installation, the stand age ranged from 12 to 32 years (mean age 155 

17.6 years) for maritime pine and from 12 to 22 years (mean age 16.3 years) for radiata 156 

pine. Three rectangular plots (25 × 40 m) were established in each location, and a different 157 
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treatment was randomly applied to each of the three plots: control (C, unthinned), light 158 

thinning (LT, 20% of the basal area removed) or heavy thinning (HT, 40% of the basal area 159 

removed). The same treatment applied in the plot was also applied in a 5m buffer area 160 

around each plot. All plots had been pruned to a minimum height of 2.5 m several years 161 

before the study. The trees were measured immediately after plot establishment in 2009-162 

2010, when they were thinned from below. Thinning was carried out manually, with 163 

chainsaws, and logs were subsequently harvested using a forwarder or an adapted tractor. In 164 

some plots, small diameter logs (usually <10 cm) were left on site, as harvesting was not 165 

profitable. Thinning slash was left scattered on site, which is usual practice in the region, 166 

again because extraction was not profitable.  167 

Trees in all plots were re-measured in 2011-2012, 2013-2014 and 2015-2016. Surface fuels 168 

were only inventoried in 2015-2016 and due to the complexity of the approach used to 169 

estimate these fuel loads, the lightly thinned plots were not considered. Therefore, in this 170 

study only the extreme treatments (control and heavy thinning) have been analysed, 171 

representing 82 sample plots. 172 
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 173 

Figure 1. Geographical location of the 41 thinning trials in the study area (left). Example of 174 

three sample plots (green polygons) in one of the trial locations (middle right). 175 

Arrangement of surface fuel transects in each sample plot (lower right). 176 

 177 

2.1.2. Tree and stand variables 178 

Diameter at breast height (d) of all the trees was measured to the nearest 0.1 cm, at two 179 

perpendicular angles, with a graduated caliper. Total tree height (h) and height to the base 180 

of live crown (hblc), defined as the lower insertion point of live branches in a tree, were 181 

measured to the nearest 0.1 m with a digital hypsometer in all trees, except during the last 182 

inventory, in which a random sample of 30 trees and an additional sample including all 183 

dominant trees (the proportion of the 100-largest diameter trees per hectare) were 184 

measured. Generalized h-d models (Diéguez-Aranda et al., 2009) and crown profile models 185 

(Crecente-Campo et al., 2009; 2013) developed in the study area for respectively P. radiata 186 
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and P. pinaster were used to estimate height (h) and height to the base of live crown (hblc) 187 

for the remaining trees. 188 

The number of stems per hectare (N), mean stand diameter (𝑑̅), stand basal area (G), mean 189 

stand height (ℎത) and stand dominant height (H) were calculated for each plot and inventory 190 

from tree variables.  191 

 192 

2.1.3. Canopy fuel variables 193 

Three structural canopy fuel variables were estimated from tree measurements for each plot 194 

and inventory: available canopy fuel load (CFL), canopy base height (CBH) and canopy 195 

bulk density (CBD). The ‘load over depth method’ was used to define these variables 196 

because it is compatible with the canopy fuel stratum characteristics used in the crown fire 197 

initiation and propagation model developed by Van Wagner (1977) and implemented in 198 

most fire behaviour simulation systems: BehavePlus (Andrews et al., 2008), Farsite 199 

(Finney, 2004), FlamMap (Finney, 2006) and CFIS (Alexander et al., 2006).  200 

According to this method, CBH was calculated as the mean value of the height to the base 201 

of live crown per plot; CFL was calculated as the biomass of needles and fine twigs 202 

(particles of diameter < 0.6 cm) from all the trees in the plot, which were assumed to be the 203 

fuel consumed within the flaming front of a crown fire, divided by surface plot; and CBD 204 

was calculated by dividing CFL by the crown length, estimated as the difference between 205 

mean stand height (ℎത) and CBH. The compatible systems of tree biomass equations 206 

developed for maritime pine and radiata pine in Galicia (Diéguez-Aranda et al., 2009) were 207 

used to estimate CFL. The mean value and standard deviation for the main stand 208 

characteristics and canopy fuel variables for each species, treatment and inventory are 209 

shown in Table 1. 210 
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Table 1. Statistics of the main stand characteristics and canopy fuel variables. Std. dev. = standard deviation; N = stem density; G = stand basal area; 𝑑 = 
mean stand diameter; ℎത = mean stand height; H = stand dominant height; CFL = available canopy fuel load; CBH = canopy base height; CBD = canopy 
bulk density; BT = before treatment; C = control and HT = heavy thinning.  
 

Species Variable Statistic 
 2009-2010 (BT)  2011-2012  2013-2014  2015-2016 

C HT C HT C HT C HT 

Pinus 
pinaster 

N 
(stems ha-1) 

Mean 1521.34 1521.33 1475.95 792.92 1430.01 712.20 1401.22 707.85 
Std. dev. 547.92 538.63 530.60 413.77 518.35 218.79 515.01 218.45 

G 
(m2 ha-1) 

Mean 32.99 34.47 37.47 25.51 41.28 28.23 45.93 32.84 
Std. dev. 8.98 9.33 8.84 7.67 8.63 5.40 8.31 6.43 

𝑑 
(cm) 

Mean 16.68 17.06 18.10 20.83 19.64 23.13 20.63 24.70 
Std. dev. 3.46 3.67 3.70 4.17 3.59 4.04 3.92 4.27 

ℎത Mean 10.90 11.13 12.06 12.92 13.52 14.35 14.69 15.20 
(m) Std. dev. 2.44 2.53 2.45 2.64 2.33 2.51 2.48 2.67 
H 

(m) 
Mean 12.59 12.73 13.75 13.87 15.20 15.33 15.90 15.98 
Std. dev. 2.52 2.69 2.52 2.69 2.50 2.45 2.53 2.75 

CFL 
(kg m-2) 

Mean 0.7702 0.8096 0.8980 0.6300 1.0148 0.7199 1.1474 0.8574 
Std. dev. 0.2427 0.2478 0.2489 0.2048 0.2489 0.1576 0.2477 0.1903 

CBH 
(m) 

Mean 5.24 5.50 6.47 6.38 7.80 7.50 8.77 8.61 
Std. dev. 1.90 2.09 2.00 2.27 2.02 2.26 2.19 2.35 

CBD 
(kg m-3) 

Mean 0.1376 0.1475 0.1625 0.0974 0.1792 0.1061 0.1964 0.1309 
Std. dev. 0.0408 0.0501 0.0444 0.0347 0.0462 0.0248 0.0470 0.0274 

Pinus 
radiata 

N 
(stems ha-1) 

Mean 1462.19 1442.85 1327.82 560.67 1254.42 554.77 1207.69 549.29 
Std. dev. 445.69 397.31 470.10 187.83 477.67 185.37 500.75 185.07 

G 
(m2 ha-1) 

Mean 31.47 32.19 34.77 21.45 37.90 24.85 41.60 29.03 
Std. dev. 7.75 9.25 8.14 5.74 8.92 6.26 10.27 7.17 

𝑑 
(cm) 

Mean 15.83 16.05 17.75 22.01 19.16 23.81 20.49 25.78 
Std. dev. 2.35 2.42 2.85 3.61 2.91 3.55 3.11 3.46 

ℎത 
(m) 

Mean 13.73 14.01 15.78 17.79 17.46 19.31 19.66 20.72 
Std. dev. 2.29 2.50 2.53 2.89 2.69 2.98 2.45 2.95 

H 
(m) 

Mean 17.60 17.55 19.48 19.35 21.22 20.88 22.69 22.24 
Std. dev. 2.84 2.88 2.72 2.78 2.79 2.83 2.64 2.92 

CFL 
(kg m-2) 

Mean 1.0158 1.0328 1.1006 0.6580 1.1826 0.7501 1.2787 0.8610 
Std. dev. 0.2466 0.2776 0.2616 0.1670 0.2865 0.1816 0.3277 0.2081 

CBH 
(m) 

Mean 5.85 6.25 7.48 7.42 9.23 8.68 10.73 9.57 
Std. dev. 2.34 2.53 2.35 2.62 2.00 2.40 2.55 2.78 

CBD 
(kg m-3) 

Mean 0.1336 0.1398 0.1354 0.0644 0.1479 0.0719 0.1484 0.0804 
Std. dev. 0.0421 0.0558 0.0365 0.0181 0.0488 0.0200 0.0465 0.0249 
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2.1.4. Surface fuel variables 215 

The fuel loads of woody and herbaceous understory, downed woody debris and litter and 216 

duff layers were estimated in the last inventory in winter 2015-2016.  217 

For each sample plot, two transects each of 32 m were established from the middle of one 218 

of the 40 m sides of the plot to the vertices of the opposite side (see Figure 1). The linear 219 

understory cover, differentiated by species, was recorded along each transect. The depth of 220 

the litter and duff layers and the understory height were measured for each species every 4 221 

m along each transect. The mean understory cover (COVus) and depth of the litter (𝑑௅തതതሻ and 222 

duff layers (𝑑ிതതത and 𝑑ுതതതത) were estimated from these measurements. Moreover, surface fuel 223 

depth (FD) was calculated as the sum of 𝑑௅തതത and the weighted average of the understory fuel 224 

depth (𝑑௨௦തതതതത), which was calculated by weighting the heights of understory species by the 225 

respective cover.  226 

The total understory load (Wus_total), the fine understory load (Wus_1, particles with diameter 227 

< 0.6 cm) and litter and duff layers fuel loads (WL, WF and WH) were calculated using the 228 

equations proposed by Arellano-Pérez (2011) for these types of fuels in pine stands in 229 

Galicia (equations A.1 to A.5 in appendix A).  230 

The downed woody debris load was estimated by the planar transect method (Brown, 1971; 231 

1974). This is an adaptable technique based on probability-proportional-to-size concepts 232 

and has been used extensively in many inventory and monitoring programs because it is 233 

relatively fast and simple to apply and is also accurate (Busing et al., 1999; Sikkink and 234 

Keane, 2008). The downed woody debris was divided into four commonly accepted size 235 

classes corresponding to time-lag fuel classes used in fire behaviour modelling (see e.g. 236 

Burgan and Rothermel, 1984): small fine woody debris (FWD) 1-h fuels (particles of 237 

diameter <0.6 cm); medium FWD 10-h fuels (particles of diameter 0.6 to 2.5 cm); large 238 
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FWD 100-h fuels (particles of diameter 2.5 to 7.6 cm) and coarse woody debris (CWD) 239 

1000-h fuels (fuel components of diameter ≥ 7.6 cm, including all logs). In this study, 240 

different segments along each transect were used per size class: 1-h and 10-h fuels were 241 

sampled along 2 m segments (n=5), whereas 100-h and 1000-h fuels were sampled along 5 242 

m and 20 m segments, respectively. The downed woody material loads (WFWD_1h, 243 

WFWD_10h, WFWD_100h, and WCWD_1000h) were subsequently calculated from relationships that 244 

consider the number of pieces intersected, transect length and wood specific gravity 245 

(Brown, 1974).  246 

Finally, surface fine fuel load (SFFL) was calculated as the sum of the estimated load of 247 

Wus_1, WFWD_1h and WL, and surface fuel load (SFL) was calculated as the sum of the 248 

estimated load of all surface fuel layers.  249 

The mean values and standard deviations for the main surface fuel variables measured in 250 

the last inventory (2015-2016) are shown in Table 2 for each species and thinning 251 

treatment.  252 

During measurements of surface fuels two hemispherical photographs were taken at the 253 

middle point of each of the two 32 m transects in the sample plots. These images were then 254 

analysed with Gap Light Analyzer software (Frazer et al., 1999) to estimate the canopy 255 

cover (CC).  256 

  257 
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Table 2. Statistics of the main surface fuel variables, canopy cover (CC), wind adjustment 258 
factor (WAF) and terrain slope (s) in the 2015-2016 inventory. Std. dev. = standard 259 
deviation; C = control; HT = heavy thinning; 𝑑௨௦തതതതത = understory fuel depth weighted by 260 
species cover; 𝑑௅ிுതതതതതത = litter and duff layers depth; FD = surface fuel depth; COVus = 261 
understory cover; Wus_1 = understory fine load (diameter < 0.6 cm); Wus_tot = understory 262 
total load; WL = litter layer load; WFH = duff layers load; WFWD_1h, W FWD_10h, W FWD_100h, 263 
W CWD_1000h = downed woody debris loads for size classes; SFFL = surface fine fuel load 264 
and SFL = surface fuel load.  265 
 266 

Variable Statistic 
Species 

Pinus pinaster Pinus radiata 
C HT C HT 

𝑑௨௦തതതതത  
(cm) 

Mean 18.43 29.55 38.98 44.42 
Std. dev. 23.12 30.74 29.42 33.20 

𝑑௅ிுതതതതതത 
(cm) 

Mean 9.31 8.99 8.68 8.81 
Std. dev. 2.09 1.94 1.84 2.01 

FD  
(cm) 

Mean 33.34 40.17 43.92 53.81 
Std. dev. 20.17 24.41 25.47 23.29 

COVus 

(%) 
Mean 28.16  44.55 51.45 55.08 
Std. dev. 26.13 27.70 32.61 32.41 

Wus_1 
(Mg ha-1) 

Mean 2.63 4.40 3.52 4.78 
Std. dev. 1.52 1.97 1.95 2.61 

Wus_tot 
(Mg ha-1) 

Mean 3.59 5.94 5.54 7.09 
Std. dev. 2.53 3.35 3.24 4.13 

WL 
(Mg ha-1) 

Mean 0.29 0.29 0.21 0.22 
Std. dev. 0.04 0.05 0.05 0.05 

WFH 
(Mg ha-1) 

Mean 28.09 27.23 27.24 27.49 
Std. dev. 5.27 4.89 4.67 5.20 

WFWD_1h 
(Mg ha-1) 

Mean 0.24 0.18 0.40 0.37 
Std. dev. 0.14 0.11 0.25 0.20 

WFWD_10h 
(Mg ha-1) 

Mean 2.38 2.31 2.28 3.01 
Std. dev. 1.32 1.51 1.36 1.87 

WFWD_100h 
(Mg ha-1) 

Mean 2.59 3.50 1.73 2.69 
Std. dev. 2.32 2.25 1.53 1.00 

WCWD_1000h 
(Mg ha-1) 

Mean 0.97 2.55 0.85 2.19 
Std. dev. 2.02 3.91 1.53 1.91 

SFFL 
(Mg ha-1) 

Mean 5.74 7.49 6.00 7.30 
Std. dev. 1.54 2.07 1.98 2.72 

SFL 
(Mg ha-1) 

Mean 40.72 44.63 40.12 44.99 
Std. dev. 9.10 9.41 8.85 9.22 

CC Mean 72.87 66.64 75.87 66.65 
% Std. dev. 8.16 9.89 6.40 7.88 

WAF Mean 0.15 0.15 0.13 0.12 
 Std. dev. 0.02 0.02 0.01 0.02 

s Mean 13.98 14.38 12.43 11.60 
(º) Std. dev. 5.91 5.08 7.33 7.44 
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2.1.5. Wind speed and fuel moisture characterization in the study area  267 

The environmental variables 10-m open wind speed (U10) and the fine dead fuel moisture 268 

content (Ms) are strongly related to potential fire behaviour. Because of the wide spatial 269 

distribution of the sample plots, extreme percentiles (97th and 3rd) were used to 270 

characterize these variables in the study area. The percentiles were estimated on the basis of 271 

the daily values of observed air temperature, relative humidity and wind speed at 1400 h 272 

(local time) for the fire season (122 days between June and September) at the weather 273 

stations in Santiago (42º53´17´´N; 8º24´38´´W), Lugo (43º6´41´´N; 7º27´27´´W), Ourense 274 

(42º19´31´´N; 7º51´35´´W) and Vigo (42º14´19´´N; 8º37´26´´W), as the most 275 

representative of the study area with the longest data series available (Figure 1). Different 276 

recording period lengths were considered between 1961 and 2018, depending on the station 277 

record length (AEMET, 2019).  278 

Ms was estimated daily according to Rothermel (1983) due to this approach is compatible 279 

with the crown fire rate of spread model that will be used in simulations and it also takes 280 

into account the effect of surface fuel exposure degree to solar radiation on moisture 281 

content. Since we were dealing with relatively dense plantations (CC > 50 %), it was 282 

assumed a sheltered fuel situation. Moreover, because canopy cover (CC) was not 283 

significantly different between thinned and unthinned plot six years after thinning, the same 284 

Ms was assumed for all treatments. The extreme 3rd percentile of the Ms calculated was 285 

9%, whereas the extreme 97th percentile of U10 was 27.7 km h-1. 286 

 287 

2.2. Mid-term effect of heavy thinning on the potential fire behaviour 288 

The effects of the thinning six years after treatment, in terms of the potential fire behaviour, 289 

were evaluated through simulation of three fire behaviour metrics under different weather 290 
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scenarios: i) the variation in fire spread rate for a range of wind speed (U10), ii) comparison 291 

of fireline intensity (I) and iii) the proportion of different types of fire: surface fire (SF), 292 

passive crown fire (PCF) and active crown fire (ACF) according to fireline intensity. 293 

 294 

2.2.1. Variation in fire spread rate for a range of wind speed (U10) 295 

The response of fire spread rate was simulated for a representative plot of each species and 296 

treatment, characterized by the mean values of the stand variables and slope of each species 297 

 treatment combination. As already mentioned, U10 ranged from 1 to 28 km h-1 and Ms 298 

extreme percentile was assumed to be equal to 9% for both treatments. Two additional 299 

inputs: U10 threshold to initiate crown fire (U10_init) and U10 threshold to start an active 300 

crown fire (U10_ACF) are required to classify the simulated fire in surface fire, passive crown 301 

fire or active crown fire and consequently apply the adequate fire rate of spread equation. 302 

The thresholds U10_init and U10_ACF were estimated through several interconnected steps 303 

shown in Figure 2 (further details in appendix B). 304 
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Figure 2. Data sources and workflow components for assessing the mid-term effect of 305 

heavy thinning on potential fire behaviour  306 

  307 

Plots of fire rate of spread versus 10-m open wind speed were developed for each pine 308 

species and treatment by using the surface fire rate of spread (equation B.5) and the crown 309 

fire rate of spread (equation B.9) and taking into account the 10-m open wind speed 310 

thresholds previously estimated to define transitions between SF, PCF and ACF (Figure 2). 311 

Given the uncertainty associated with the prediction of PCF spread rate (Van Wagner, 312 

1993; Scott and Reinhardt, 2001; Cruz et al., 2005), we assumed the spread rate of a 313 

passive crown fire between the 10-m open wind speed threshold to initiate crown fire 314 

(U10_init.) and the 10-m open wind speed threshold to start an active crown fire (U10_ACF) is 315 

equal to that of the surface fire as assumed in some simulators such as Farsite or FlamMap, 316 

(Finney, 2004; 2006). 317 



 

18 

 318 

2.2.2. Comparison of fireline intensity (I)  319 

The simulated fireline intensity (I) estimated considering the extreme percentiles of Ms 320 

(9%) and U10 (27,7 km h-1) for the representative plots of each species and treatments were 321 

calculated and compared. Byram’s model (equation B.2) was used to estimate I, which 322 

depends on fire rate of spread (r or R) above mentioned and fuel load consumed (wa) varied 323 

according to the type of fire (surface, passive crown or active crown fire). For surface fire, 324 

wa was calculated using equation (B.4). For active crown fires, available canopy fuel load 325 

(CFL) was also considered as fuel load consumed, and was therefore added to the value 326 

obtained from Eq. (B.4). In the case of passive crown fire only a proportion of CFL should 327 

be added; this proportion (the crown fraction burned, CFB) was calculated using the model 328 

proposed by Van Wagner (1993) for mature stands (equation B.11).  329 

 330 

2.2.3. Proportion of fire types according to fireline intensity  331 

Fire rate of spread and fireline intensity were simulated for all the sample plots considering 332 

a broad range of Ms and U10 values. Subsequently, the percentage of fire types (surface, 333 

passive crown and active crown fire) were calculated and compared for four groups of 334 

fireline intensity (see, for example Alexander and Lanoville, 1989; Alexander and Cruz, 335 

2012b): group A (I ≤ 500 kW m-1), group B (500 < I ≤ 2000 kW m-1), group C (2000 < I ≤ 336 

4000 kW m-1) and group D (I > 4000 kW m-1). Ms ranged from 9% to 20% (by 0.5%), 337 

whereas U10 varied from 1 to 28 km h-1 (by 0.5 km h-1). Overall, 1,265 simulations (55 338 

values of U10 combined with 23 values of Ms) were analysed for each of the 82 sample 339 

plots, yielding a total of 103,730 simulations.  340 
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Van Wagner´s (1977) criteria was followed when classifying the percentage of plots 341 

undergoing crown fire in the simulations. First, values of fireline intensity (I, equation B.2) 342 

higher than critical surface intensity (I0, equation B.1) indicated occurrence of crown fire. 343 

When the values indicated that a crown fire was likely to occur, if the active crown fire rate 344 

of spread (Rc, equation B.9) was higher than critical rate of spread (R0, equation B.8) an 345 

active crown fire occurred, in other case a passive crown fire took place. 346 

 347 

2.3. Simulated deferred effect of heavy thinning on fire severity  348 

The effect of thinning treatment on potential fire severity was evaluated via fire simulation, 349 

with three metrics: i) mean height of tree crown scorch (hs); ii) percentage of crown volume 350 

scorched (CVs); and iii) mean value of probability of post-fire tree mortality (ptree_mortality ), 351 

based on individual tree data. The simulation scenario for these metrics was defined for all 352 

the sample plots (82) and all combinations of Ms and U10 mentioned earlier; i.e. a total of 353 

103,730 simulations. 354 

 355 

2.3.1. Crown scorch height  356 

Mean crown scorch height (hs, m) per plot for different combinations of Ms and U10 was 357 

calculated using the empirical model (equation C.1) developed by Van Wagner (1973).  358 

Only simulations in groups A, B and C (I < 4000 kW m-1) and conditions without active 359 

crown fires were used in this part of the study related to fire severity. Group D has not been 360 

considered due to two reasons: i) its important percentage of active crown fires and ii) 361 

values of I higher than 4000 kW m-1 are clearly outside of the empirical values used by Van 362 

Wagner to fit the model to estimate hs (Eq. 2). 363 

 364 
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2.3.2. Crown volume scorched  365 

The estimated values of hs for each sample plot and simulation condition were used with 366 

the crown profile equations developed for both pine species in the study area by Crecente-367 

Campo et al. (2013) to calculate the scorch crown volume (CVs) of each tree within each 368 

sample plot. The same plot fireline intensity was assumed for each individual tree. The 369 

percentage of scorch volume of each sample plot and simulation condition was calculated 370 

by dividing the sum of the scorch crown volume of all the trees within the plot by the total 371 

crown volume of all the trees.  372 

 373 

2.3.3. Post-fire tree mortality  374 

Given the absence of resprouting ability in both pine species considered, tree mortality was 375 

assumed for plots affected by passive or active crown fire. 376 

Mean probability of post-fire individual-tree mortality was assessed using the reduced 377 

model (equation C.2) proposed by Vega et al. (2011) for P. pinaster stands in Galicia. The 378 

full model includes as an independent variable the influence of damage to cambium; 379 

however, given that a relationship between linear surface fire intensity and the level of 380 

damage to the cambium is not available, the reduced model has been used.  381 

An average probability value for each plot for different values of Ms and U10 was obtained 382 

as the mean probability of mortality of all the trees within the sample plot.  383 

Due to the differences in crown development and structure and other morphological and 384 

physiological conifer traits that affect fire resistance of P. pinaster and P. radiata 385 

(Fernandes et al., 2008), only post-fire tree mortality on the sample plots of P. pinaster was 386 

estimated in this study. 387 

 388 
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2.4. Effect of thinning on soil protection against potential post-fire erosion  389 

To evaluate the effect of thinning on soil resistance to erosion following wildfire, the 390 

potential ground cover provided by dead needles fallen from scorched tree canopies was 391 

estimated. The simulation scenario and fireline intensity restrictions were the same as those 392 

used in the fire severity section.  393 

We assumed that all the needles below the scorch height fall to the ground, and we 394 

estimated the needle load using the vertical profiles of the needle biomass fraction proposed 395 

by Hevia (2012) for radiata pine and by Hevia et al. (2017) for maritime pine in the study 396 

area. Plot values were calculated by aggregating individual-tree values. 397 

To determine the ability of needles fallen from the scorched stand canopy to provide 398 

adequate soil surface cover, the relationship between the load of fallen needles and the 399 

corresponding percentage of soil cover was determined. For this purpose, 5 samples of 400 

fresh scorched needles from P. pinaster and P. radiata trees were collected in 5 stands 401 

affected by wildfire in Pontevedra province (NW of Spain) in 2013. Needles were 402 

transported to the laboratory and spread by hand in regular 20 g increments in a 1 m2 square 403 

frame placed on a firm clean surface. The area of the square frame was divided into 400 404 

squares by a grid (55 cm) of tiny threads and was fully lighted to prevent shadows. For 405 

each 20 g of needles, the percentage area of each 55 cm square covered by needle (at 406 

intervals of 10%) was visually estimated. The mean value from the 400 squares was taken 407 

as the corresponding 1 m2 frame cover. Needles were added consecutively in 20g 408 

increments until the square frame was almost totally covered. Two different observers 409 

evaluated the corresponding cover and the mean value was calculated. 410 

A sigmoid model with a horizontal asymptote equal to 100 was fitted for each species, 411 

relating the percent of soil cover (SC) to the fallen dead needle load (Wdn, kg m-2): 412 
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𝑆𝐶ሺ%ሻ ൌ 100 ∗ ሺ1 െ 𝑒𝑥𝑝ሺെ𝑎 ∗ 𝑊ௗ௡ሻሻ (1) 

Figure 3 shows the workflow for assessing the effect of heavy thinning on potential fire 413 

severity and ability of a burned stand to protect soil, providing a simple overview of the 414 

procedure described in detail in the above sections. 415 

Figure 3. Data sources and workflow components for assessing the effect of heavy thinning 416 
on potential fire severity and availability of burn stand to protect soil. 417 
 418 

2.5. Statistical analysis 419 

To assess the influence of the thinning treatment on the main stand variables, the canopy 420 

and surface fuel variables, the wind adjustment factor (WAF) and the terrain slope (s), a 421 

generalized linear mixed model (GLMM) was fitted considering the treatment as a fixed 422 

effect and the site as a random effect affecting the intercept of the model. Significant level 423 

used was (α = 5%). The value of the variable measured in the previous inventory was 424 
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included in the model as a covariate for all post-treatment comparisons. The function 425 

“lmer” of the package “lme4” of R (R Core Team, 2017) was used to fit the GLMM using 426 

restricted maximum likelihood (REML) and the Kenward-Roger approximate F-test was 427 

used to approximate inference about fixed effects (Kenward and Roger, 1997).  428 

The sigmoid models used to estimate the percentage surface cover (SC) of dead needles 429 

were fitted by ordinary nonlinear least squares in the “nls” function of R (R Core Team, 430 

2017). Model performance was evaluated by graphical analysis, by plotting the observed 431 

against predicted values of SC and plotting the studentized residuals against the estimated 432 

values and two statistical indices: the root-mean-square error (RMSE) and the model 433 

efficiency (ME).  434 

 435 

3. RESULTS 436 

3.1. Changes in stand and canopy fuel variables over time 437 

Mean values of the main stand variables (G, 𝑑̅ and ℎത) before thinning did not differ 438 

significantly between plots assigned to different treatments for both species Mean stand 439 

diameter at breast height (𝑑̅) increased significantly over the six years after heavy thinning, 440 

relative to the control, for both species (Table 1). Mean stand height (ℎത) did not show any 441 

significant response due to treatment in maritime pine but increased significantly relative to 442 

the control in radiata pine thinned plots. Six years after treatment, stand basal area (G) was 443 

lower in the thinned than in control plots, although the growth pattern during this period 444 

was similar (Table 1).  445 

For both pine species before thinning treatments, the values of the three canopy fuel 446 

variables (CBH, CFL and CBD) did not differ significantly between plots assigned to 447 

different thinning treatments (Figure 4). CBH did not vary between treatments over six 448 
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years after thinning in P. pinaster. However, heavy thinning of P. radiata led to 449 

significantly lower CBH values six years after the treatment. 450 

The different treatments led to significant difference in CFL and CBD for both species in 451 

the first post-thinning remeasurement (2011-2012). Moreover, the differences were 452 

maintained throughout the 6-year period considered, and the pattern was similar for both 453 

species. The CBD values in the thinned plots at the end of the study period (2015-2016) 454 

were similar to those obtained before thinning for maritime pine, but not for radiata pine.  455 
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Figure 4. Box plots of CBH (upper), CFL (middle) and CBD (lower) for each species, 456 
inventory and thinning treatment: control (C) and heavy thinning (HT). Before treatment 457 
(BT). Different letters indicate significant differences between mean values (α = 5%). 458 
Black dots represent mean values.  459 

 460 

 461 

 462 



 

26 

3.2. Surface fuel variables 463 

Surface fuel depth did not differ significantly between treatments for both pine species. 464 

Total surface fuel load (SFL) was significantly higher for heavy thinning for both species 465 

(Figure 5). Total understory (Wus_tot), fine understory (Wus_1) and surface fine fuel (SFFL) 466 

loads were significantly larger in thinned plots for both species, whereas thinning did not 467 

lead to a significant difference in the litter (WL) and duff (WFH) loads for either species, six 468 

years after thinning. Downed woody debris load showed significant differences between 469 

treatments only for the two coarser size classes (100h and 1000h) in both species (Figure 470 

5).  471 
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Figure 5. Box plots of the surface fuel load disaggregation (upper) and of the downed 472 
woody debris decomposition (lower) six years after thinning for each species and thinning 473 
treatment: control (C) and heavy thinning (HT). Different letters indicate significant 474 
differences between mean values (α = 5%). Black dots represent mean values. Wus_1 is the 475 
understory fine load; Wus_tot is the total understory load; WWD is the total downed woody 476 
debris load; WL is the litter layer load, WFH is the duff layer load; SFFL is the surface fine 477 
fuel load; SFL is the total surface fuel load, and 1h (diameter < 0.6 cm), 10h (0.6 cm ≤ 478 
diameter < 2.5cm), 100h (2.5 cm ≤ diameter < 7.6 cm) and 1000h (diameter ≥ 7.6 cm) are 479 
fractions of downed woody debris.  480 

 481 

3.3. Mid-term effect of heavy thinning on the potential fire behaviour 482 

3.3.1 Variation in fire spread rate for a range of U10  483 

Neither the wind adjustment factor (WAF) nor the terrain slope (s) differed between control 484 

and treated plots for both pine species. Surface fire rate of spread (r) showed practically the 485 

same response to wind speed in the representative thinned and control plots, for U10 values 486 

lower than 10 km h-1 for P. pinaster and lower than 14 km h-1 for P. radiata (Figure 6). For 487 

U10 values above these limits, fire rate of spread increased markedly in the control plots, 488 

directly reaching the threshold to start an active crown fire without a previous passive 489 
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crown fire phase in both pine species. For thinned plots, the transition from surface fire to 490 

crown fire was more gradual, with an intermediate phase of passive crown fire.  491 

Active crown fire started at markedly lower wind speed in the representative control plot 492 

than in the thinned plot for both types of pine. The wind speed required to start an active 493 

crown fire in the representative thinned plot of P. radiata (36.4 km h-1) was even higher 494 

than the extreme percentile used as upper limit (27.7 km h-1). In relative terms, the increase 495 

in wind speed required to start an active crown fire (U10_ACF) in thinned stands was 88% for 496 

maritime pine and 151% for radiata pine, expressed in relation to the respective control 497 

values. Once an active crown fire started, rate of spread (Rc) was always higher in the 498 

control than in the thinned plots, especially for radiata pine.   499 

 500 

3.3.2. Comparison of fireline intensity (I)  501 

For maritime pine, potential fireline intensity for extreme percentiles of Ms and U10 was 502 

reduced from 31302 kW m-1, in the representative control plot, to 27705 kW m-1 in the 503 

representative thinned plot. Nevertheless, those differences were more pronounced for 504 

radiata pine with values of 31960 kW m-1 and 11333 kW m-1, respectively. 505 

 506 

3.3.3. Percentage of type of fire according fireline intensity 507 

 Overall, the mid-term effect of thinning was a slight increase in the number of simulations 508 

within the higher fireline intensity group D (I > 4000 kW m-1), especially in maritime pine 509 

(Table 3). However, it is important to emphasize that the percentage of active crown fires 510 

was significantly lower in both species (62.5% and 90% of reduction for maritime and 511 

radiata pine, respectively) in the thinned relative to the control plots. Nevertheless, the 512 

percentage of passive crown fires increased (105% and 92%, respectively). 513 
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Figure 6. Fire rate of spread as a function of 10-m open wind speed (km h-1) estimated for 514 
the extreme percentile of Ms (9%) in the representative plot of each treatment for P. 515 
pinaster (upper) and P. radiata (lower) six years after treatment. C = control treatment; HT 516 
= heavy thinning treatment; SF = surface fire; PCF and ACF = passive and active crown 517 
fire, respectively. 518 
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Table 3. Distribution of number of simulations by species, treatment and fireline intensity ranges six years after treatment. SF = surface 
fire; ACF = active crown fire; PCF = passive crown fire; C = control and HT = heavy thinning. 
 

Species and 
Treatment 

 Group A 
(I< 500 kW m-1) 

Group B 
(500≤I<2000 kW m-1) 

Group C 
(2000≤I<4000 kW m-1) 

Group D 
(I≥4000 kW m-1) 

Total 

P. pinaster 

C 

SF 1839 (6.6%) 9353 (33.6%) 6825 (24.6%) 3424 (12.3%) 21441 (77.1%) 
PCF 0  71   (0.2%) 933   (3.4%) 2487   (8.9%) 3491 (12.5%) 
ACF 0   0 237   (0.8%) 2661   (9.6%) 2898 (10.4%) 
Total 1839 (6.6%) 9424 (33.8%) 7995 (28.8%) 8572 (30.8%) 27830 

 SF 938 (3.4%) 7861 (28.2%) 6851 (24.6%) 3951 (14.2%) 19601 (70.4%) 

HT 

PCF 0  0 1665   (6.0%) 5466 (19.7%) 7197 (25.7%)  
ACF 0  0 8   (0.0%) 1090   (3.9%) 1098   (3.9%) 
Total 938 (3.4%) 7861 (28.2%) 8524 (30.6%) 10507 (37.8%) 27830 

P. radiata 

C 

SF 2219 (9.2%) 8474 (35.3%) 6747 (28.1%) 3399 (14.1%) 20839 (86.7%) 
PCF 0   0 124   (0.5%) 2455 (10.2%) 2579 (10.7%) 
ACF 0   0 0 617   (2.6%) 617   (2.6%) 
Total 2219 (9.2%) 8474 (35.3%) 6871 (28.6%) 6471 (26.9%) 24035 

HT 

SF 1722 (7.2%) 8449 (35.1%) 6073 (25.3%) 2770 (11.5%) 19014 (79.1%) 
PCF 0   0 422   (1.7%) 4538 (18.9%) 4960 (20.6%) 
ACF 0   0 0 61   (0.3%) 61   (0.3%) 
Total 1722 (7.2%) 8449 (35.1%) 6495 (27.0%) 7369 (30.7%) 24035 
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3.4. Simulated deferred effect of heavy thinning on fire severity  520 

The mean scorch height (hs), for all combinations of Ms and U10, differed significantly 521 

between treatments (17.49 and 18.90 m for control and thinned maritime pine plots, 522 

respectively, and 16.95 and 17.22 m for control and thinned radiata pine plots, 523 

respectively). hs differed significantly between treatments for all the fireline intensities in P. 524 

pinaster and only for I < 2000 kW m-1 in P. radiata (Figure 7).  525 

 

Figure 7. Box plot of the potential crown scorch height for each species, treatment and 526 
fireline intensity ranges (kW m-1) six years after thinning. C = control; HT = heavy 527 
thinning. Different letters indicate significant differences between mean values (α = 5%). 528 
Black dots represent mean values.  529 

 530 

Contour plots of the mean value of the scorch height (hs), percentage of scorch crown 531 

volume (CVs) and mortality (ptree_mortality) are shown in Figures 8, 9 and 10, respectively, 532 

enabling visual comparison of the influence of treatments and pine species for each 533 

combination of fine fuel moisture (Ms) and 10-m open wind speed (U10).  534 

 535 
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As expected, the highest mean values of hs, CVs and ptree_mortality corresponded to the lowest 536 

fuel moisture content and highest wind speed and all these variables showed more 537 

sensitivity to wind for low Ms than for high (Figures 8, 9 and 10). Overall, for the same Ms 538 

and U10 values, the mean estimates of hs, CVs and ptree_mortality were higher in heavily 539 

thinned than in control plots for both maritime and radiata pine. These differences resulted 540 

in generally larger areas between isolines for thinning plots for increasingly unfavourable 541 

fire danger scenarios.  542 

Regarding the CVs estimates, the mean values of all the simulations analysed were 81.7% 543 

and 90.0% for control and thinned plots of maritime pine, respectively, and 65.4% and 544 

72.2% for control and thinned plots of radiata pine, respectively. Significant differences 545 

between treatments were observed for both species.  546 

The mean values of post-fire tree mortality (ptree_mortality) in maritime pine plots were 547 

significantly different between treatments in both situations: 0.73 and 0.84 for control and 548 

thinned plots without post-fire beetle attack, respectively and 0.81 and 0.90 for control and 549 

thinned plots with post-fire beetle attack, respectively. In both cases, the values were above 550 

the ptree_mortality threshold (0.5) proposed by Vega et al. (2011) for the model. In fact, the 551 

area below the isoline corresponding to this threshold represented only a small portion of 552 

the total area coloured, and the effect was more pronounced in thinned plots.  553 

 554 
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Figure 8. Contour plots of the potential mean scorch height estimates for Pinus pinaster 555 
(upper) and Pinus radiata (lower) for control (left) and heavy thinning (right) six years 556 
after treatment. White area corresponds to combinations with fireline intensities higher than 557 
4000 kW m-1 and/or at least one sample plot with an active crown fire. 558 
 559 
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 560 
Figure 9. Contour plots of the potential mean scorch crown volume (%) for Pinus pinaster 561 
(upper) and Pinus radiata (lower) for control (left) and heavy thinning (right) six years 562 
after treatment. White areas correspond to combinations with fireline intensities higher than 563 
4000 kW m-1 and/or at least one sample plot with an active crown fire. 564 
 565 
 566 



 

35 

 

 

 567 
Figure 10. Contour plots of potential three years post-fire tree mortality estimated using 568 
equation C.2 for Pinus pinaster without post-fire beetle attack (upper) and with post-fire 569 
beetle attack (lower) for control (left) and heavy thinning (right) six years after treatment. 570 
White areas correspond to combinations with fireline intensities higher than 4000 kW m-1 571 
and/or at least one sample plot with an active crown fire. 572 
 573 

 574 
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3.5. Effect of heavy thinning on the protection against potential post-fire soil erosion  575 

The models (based on Equation 1) used to estimate the potential percent soil cover (SC) 576 

from the dead needles caused by a fire explained more than 98% of the observed variability 577 

(Table 4); all the parameters were significant, and the plots of studentized residuals versus 578 

observed values do not show any trend suggesting violations of the assumptions of ordinary 579 

nonlinear least squares. 580 

 581 

Table 4. Parameter estimates and goodness-of-fit statistics of fitting equation (4) relating 582 

the percent soil cover (SC) to the dead needle load (Wdn) for each species. 583 

Species Parameter Estimate Std. Error RMSE ME 

Pinus pinaster a 3.6818 0.0466 2.3252% 0.9920 

Pinus radiata a 4.7395 0.0850 2.9117% 0.9867 

 584 

Once these equations were fitted, contour plots of the mean value of soil cover (SC) by 585 

species and treatments for combinations of fine fuel moisture (Ms) and 10-m open wind 586 

speed (U10) were obtained (Figure 11).  587 

The mean values of SC, estimated considering all the simulations used, were 76.1% and 588 

80.0% for control and thinned maritime pine plots, respectively and 67.2% and 70.2% for 589 

control and thinned radiata pine plots, respectively. Significant differences between 590 

treatments were found for both species. 591 

Considering a value of 70% of soil cover as a threshold for an effective soil protection 592 

(Cerdà and Doerr, 2008; Robichaud et al., 2010), this figure was exceeded for a wide 593 

number of combinations of Ms and U10 for both species and treatments, particularly for 594 

maritime pine.  595 
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 596 

Figure 11. Contour plots of the potential mean percent of post-fire soil cover due to the fall 597 
of the dead needles from the scorch canopy volume for Pinus pinaster (upper figure) and 598 
Pinus radiata (lower figure) for control (left column) and heavy thinning (right column) six 599 
years after treatment. White areas correspond to combinations with fireline intensities 600 
higher than 4000 kW m-1 and/or at least one sample plot with an active crown fire. 601 
 602 
 603 
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4. DISCUSSION 604 

4.1. Stand and canopy fuel variables response 605 

The lack of reaction of CBH to thinning in maritime pine in the present study is consistent 606 

with the observations of Fernández-Alonso et al. (2013), Gómez-Vázquez et al. (2013) and 607 

Ruiz-González et al. (2015) in the same area and was probably enhanced by the marked 608 

self-pruning of the species, even at low stocking levels (Fernandes and Rigolot, 2007). The 609 

slightly lower CBH in heavily thinned plots of radiata pine six years after the treatment was 610 

probably due to enhanced lower branch elongation associated with increased light 611 

availability (Mead, 2013).  612 

On the other hand, the smaller CBD and CFL for thinned maritime pine plots six years after 613 

treatment disagree with Soler et al. (2017), who did not observe any change in CBD seven 614 

years after thinning. Nevertheless, the different stand and environmental characteristics and 615 

the type of thinning carried out (systematic thinning, based on the position of the trees) in 616 

the latter study preclude direct comparisons. Six years after treatment only the mean value 617 

of the CBD for the thinned radiata pine remained below the threshold of 0.10 kg m-3 (Figure 618 

4 lower, red dotted line for CBD), recommended for strong reduction in crowning (e.g. 619 

Graham et al., 1999; Scott and Reinhardt, 2001; Cruz et al., 2005). 620 

 621 

4.2. Surface fuel variables 622 

The higher understory fine fuel load (Wus_1) in thinned stands caused an increase in SFFL 623 

as WFWD_1h and WL did not differ between treatments. This result suggests a remaining 624 

effect of a probable shrub expansion in the first years following a decrease in canopy cover 625 

(CC) in thinned plots. Several factors may have positively and negatively affected the 626 

understory response for 6 years after treatment. The increased levels of light, nutrients and 627 
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water availability following thinning may have favoured understory expansion (Castedo-628 

Dorado et al., 2012). Also, thinning operations may have disturbed understory and thinning 629 

slash left on site could partially and temporarily obstruct understory regrowth (Abella and 630 

Springer, 2015). In addition, the rapid CC recovery in these fast-growing pine species 631 

probably contributed to preventing a marked increase in the understory layer. On the other 632 

hand, understory in many plots, particularly in radiata pine stands, was dominated by fern 633 

and raspberry, which are not very responsive to changes in light availability (Ricard and 634 

Messier, 1996; Gaudio et al., 2011), thus explaining the lower response of the understory 635 

load in radiata pine.  636 

The existing literature on the effects of thinning shows that the most frequent response is an 637 

increase in understory biomass in different conifer ecosystems (e.g. Son et al., 2004; Zhou 638 

et al., 2016), including Mediterranean climate stands (Navarro et al., 2010). The response 639 

observed in the present study for maritime pine and, to a lesser extent in radiata pine, 640 

supports those results. Regarding the understory cover, a limited thinning impact is the 641 

most frequently reported result in different ecosystems for periods ranging from 2 to 19 642 

years (Nelson et al., 2008; Huffman et al., 2013; Abella and Springer, 2015; Willms et al., 643 

2017), as found in the present study. 644 

The absence of significant differences between observed duff loads (WFH) in control and 645 

thinned plots suggests that the decomposition rate was not substantially altered by thinning 646 

and that the microclimatic conditions in thinned stands were probably not much worse. This 647 

would indicate similar smoulder combustion risk six years after thinning in both treatments 648 

and for both species, assuming similar duff moisture contents due to the equivalence of CC 649 

between treatments.  650 

 651 



 

40 

4.3. Potential fire behaviour 652 

The coincidence of the rate of spread in the surface fire (r) phase in both treatments for the 653 

representative plots of maritime and radiata pine (Figure 6) was due to the lack of 654 

difference in the independent variables in the prediction equation of r (B.5).  655 

The high 10-m open wind speed threshold for starting an active crown fire (U10_ACF) in both 656 

pines in the representative thinned plot is a consequence of the notable reduction in CBD, 657 

which affects the balance between the critical spread rate for active crown fire (R0) and the 658 

active crown fire rate of spread (Rc). This was more pronounced for radiata pine and 659 

consistent with the greater reduction in CBD in this species over the six-year period. In 660 

turn, the decrease in CBD implied lower Rc in thinned than in control plot for both pines. 661 

This response agrees with the results obtained by Fulé et al. (2012) in a review of the 662 

effects of thinning in western USA pine-dominated forests, although focused on short-term 663 

thinning effects.  664 

The response of the potential fireline intensity (I) to thinning for the extreme percentiles of 665 

U10 and Ms in both species is in line with that reported by Cruz et al. (2017) for Pinus 666 

radiata, although the differences between treatments were less pronounced in the present 667 

study. This may be because of the greater presence of thinning debris on ground in our 668 

study.  669 

According to a more comprehensive vision given by a wide range of combinations of U10 670 

and Ms (Table 3), the mid-term effects of thinning would not be as favourable, since the 671 

number of potential fires in the highest fireline intensity group (group D) would be larger in 672 

thinned than in control stands. This response would be caused by a slight increase in FD 673 

and wa. 674 
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From the standpoint of the potential environmental impact of fire, the effect of thinning on 675 

the reduction in occurrence of active crown fire (ACF) was very important in relative terms 676 

but more modest in absolute terms. Given the highly destructive potential of ACF, the 677 

extreme effort associated with its suppression and the elevated risk for firefighters, the 678 

result is remarkable. The smaller number of ACF in radiata pine plots can be explained by 679 

their different structural characteristics (higher CBH, lower CBD), as surface fine fuel 680 

characteristics were similar for both pine species. Consequently, the effects of thinning in 681 

reducing ACF occurrence were more important in maritime than in radiata pine.  682 

Although there is abundant information available on fuel reduction effects on potential fire 683 

behavior, paradoxically there is a gap of information about mid-term effects of thin-only 684 

based on field fuel inventory, particularly for maritime and radiata pines. Our findings are 685 

consistent with those of Waldrop et al. (2010), who observed only slight differences in 686 

simulated fire behaviour characteristics of thinned and control stands five years after 687 

thinning. They are also consistent with those of Ziegler et al. (2017), who reported a long-688 

term (ten year) decrease in potential fire behaviour parameters. However, the differences in 689 

stand structure and composition and thinning treatment preclude direct comparisons.  690 

While surface fuels were not assessed in the first three inventories after thinning, the 691 

changes in the canopy variables suggest possible associated changes in surface fuels as 692 

above mentioned. Furthermore, a temporary decrease in litter moisture (Ms) as Ruiz-693 

Gonzalez (2007) found in thinned maritime pine in NW Spain and as also observed in other 694 

ecosystems (Cruz et al., 2014; 2017) likely occurred. Also, an increase in wind 695 

penetrability due to a larger WAF probably took place. Those three changes may result in 696 

an increase in surface fire (SF) behaviour potential in thinned stands in the short term. 697 

Overall, although this complex scenario precludes straightforward generalizations, it 698 
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suggests the worsening of fire behaviour after thin-only in the short-term with: i) more 699 

intense SF; ii) lower U10-init. values; iii) more difficult transition to ACF and iv) higher Rc 700 

values, once ACF started, given its greater sensitivity to variations in Ms than in CBD 701 

(equation B.9). This is consistent with the findings reported by Cruz et al. (2008) for 702 

heavily thinned radiata pine stands and also with findings regarding other species 703 

(Raymond and Peterson, 2005; Stephens and Moghaddas, 2005; Waldrop et al., 2010) in 704 

which thinning slash was also left on the ground. 705 

 706 

4.4. Potential fire severity after thinning  707 

The slightly higher level of damage detected in thinned compared to control plots, for the 708 

same combination of U10 and Ms, is because the fireline intensity (I) was slightly higher in 709 

the treated stands. The latter was due to a somewhat higher available fuel load (wa) and 710 

slight increase in the surface fire rate of spread (r).  711 

Due to the structure of the empirical equation used to estimate crown scorch height (hs) the 712 

I value plays a predominant role in the estimation of this variable. Van Wagner (1973) did 713 

not clarify what fuel consumption was used in the I equation. We assumed that fuel 714 

consumption included fine fuels and variable proportions of medium fuels and F-layer, 715 

depending on Ms values (Cruz et al., 2006; Cruz and Alexander, 2017). Indeed, our 716 

approach to fuel consumption as a function of Ms is too simplified since other factors play 717 

a role in that process (e.g. Brown et al., 1985; Fernandes and Loureiro, 2013; Prichard et 718 

al., 2017). In fact, our modelling underestimated of the F-layer consumption for high values 719 

of Ms, with respect to the predictions of Fernandes and Loureiro's (2013) model, 720 

particularly when the moisture profile in the forest floor is not very marked. On the other 721 

hand, for low Ms, the values obtained in our study were very similar to those predicted by 722 
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the above-mentioned model. Still, given that the equation proposed by Fernandes and 723 

Loureiro (2013) was developed based on prescribed burning carried out from autumn to 724 

spring, with a marked moisture profile in the forest floor, that comparison must be taken 725 

with caution. Although this raw approximation of the fuel consumed can be clearly 726 

improved, we think that it does not substantially alter the results of the comparison between 727 

treated and untreated stands, since the same method was used in both cases.  728 

In our case the variability in I depended more on the large variation in wa, due to the change 729 

in Ms, than on wind speed variability, as the mid-flame wind speed was strongly limited by 730 

the low values of WAF. Therefore, hs estimates were ultimately more dependent on Ms than 731 

on U10, especially at high values of Ms, whereas for low fuel moisture the influence of both 732 

variables was very similar. This same reasoning extends to scorch crown volume (CVs) and 733 

post-fire individual tree mortality (ptree_mortality).  734 

The differences in response in hs estimates between pine species appear to be primarily 735 

related to differences in stand height (ℎത), FD and wind penetrability in both species The 736 

higher values of CVs in maritime pine were probably due to lower CBH and crown length 737 

values in this species. 738 

The values of hs should be considered as a first approximation and taken with caution, 739 

mainly because the Van Wagner´s model of hs (equation C.1) does not directly consider the 740 

effect of terrain slope (neither do any of the currently available equations for estimation of 741 

hs: Alexander and Cruz, 2012a). On steep terrains, hot convective gases flow up the slope 742 

closer to the surface than on flat terrain (Cheney and Sullivan, 2008), and overestimation of 743 

hs is thus expected. 744 

The high post-fire tree mortality (ptree_mortality) in maritime pine for most wind and moisture 745 

conditions considered was due to the simulated CVs values were frequently higher than the 746 
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two-third threshold for tree survival usually considered for this species (Vega et al., 2011; 747 

Catry et al., 2010). Regarding radiata pine some authors consider that this species is more 748 

sensitive to fire than P. pinaster (Luke and McArthur, 1978; Fernandes et al., 2008) 749 

although no model has yet been developed for predicting post-fire mortality.  750 

Low-intensity surface fires can also kill the cambium of thin bark trees, since fire-caused 751 

tree mortality results from injuries not only to the crown, but also to the bole and roots 752 

(Hood et al., 2018). Nevertheless, mortality from convective and radiative heating from 753 

surface fires is more challenging to predict than from crown scorch height (Hood et al., 754 

2018). 755 

Information about the effect of thinning only on the severity of a subsequent fire is very 756 

limited. Some studies have reported significantly lower canopy CVs in thinned conifer 757 

stands than in untreated ones (Omi and Martinson, 2002; Cram et al. 2006; Ritchie et al., 758 

2007), while others have revealed a higher level of canopy damage (Raymond and 759 

Peterson, 2005; Omi et al., 2006). 760 

The tree mortality after wildfire affecting thinned only and unthinned areas showed a 761 

complex response. In some cases there was no difference in mortality (Prichard et al., 762 

2010), while in other cases the mortality was lower in thin-only stands (Prichard and 763 

Kennedy, 2012; Safford et al.; 2009; 2012).  764 

 765 

4.5. Soil protection against potential post-fire erosion 766 

The estimated value of parameter “a” for maritime pine (3.7) in the equation fitted to relate 767 

needle fall mass and soil cover was almost the same as those reported for different pine 768 

species (Gilley et al., 1991) and also for ponderosa pine (Pannkuk and Robichaud, 2003), a 769 

species with similar needle dimensions to maritime pine. The higher estimated value of “a” 770 
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for radiata pine resulted in a slightly higher SC capacity (15%) for the 0.2-0.8 kg m-2 needle 771 

load range. However, given that the mean CVs was much lower in radiata pine than in 772 

maritime pine, the combined result was a reduction in the capacity to protect burned soil in 773 

radiata pine stands. 774 

Six years after thinning, most fires potentially occurring in a wide range of U10 and Ms 775 

would generate enough needle cast to effectively reduce post-fire erosion in both treatments 776 

and species. This is important from the ecosystem resilience perspective and mitigation of 777 

wildfire impacts on potentially threatened human communities. Our results are compatible 778 

with the predictions reported by Vega et al. (2013) for the same species, On the other hand, 779 

the slightly higher capacity of thinned stands to cover soil appears irrelevant from a 780 

practical standpoint.  781 

 782 

5. CONCLUSIONS 783 

 784 

Our results showed that, relative to fuel hazard reduction, the thin-only treatment 785 

significantly and moderately increased the load of the fine surface fuels even in the mid-786 

term. However, the treatment was still effective in reducing CBD. These effects on the fuels 787 

resulted in an increase in the fireline intensity of a potential surface fire, and therefore in 788 

greater capacity for crown fire initiation, although lower risk and rate of spread of active 789 

crown fire once this it started. 790 

Overall, the potential severity (in terms of crown scorch height and volume and tree 791 

mortality) caused by hypothetical post-thinning fire was hardly altered by the treatment. In 792 

addition, protection of soil against erosion improved only slightly when thinning has 793 
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previously been carried out, although again the differences were unimportant in practical 794 

terms. 795 

Although our study did not evaluate surface fuels in the first years after thinning, our data 796 

suggests that it is possible that the situation from a surface fuel hazard reduction point of 797 

view was more unfavourable than in the mid-term. This point needs to be further 798 

investigated. 799 

On the whole our results show that thin-only is not an effective treatment to reduce the 800 

intensity and effects of a possible fire affecting the treated area. Since its main limitation is 801 

due to its effect on surface fuels, its reduction is critical from the point of view of fire 802 

management. Consequently, treatments such as prescribed burning, mastication or surface 803 

fuel removal for energy could clearly improve their effectiveness and are strongly 804 

recommended. 805 

The results also highlight the need of a comprehensive assessment of the effects of thin-806 

only on both the whole fuel complex and microclimatic variables for obtaining realistic 807 

results. 808 
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APPENDIX A 1167 

Equations used to estimate surface fuel loads 1168 

The total understory load (Wus_total, kg m-2), the fine understory load (Wus_1, particles with 1169 

diameter < 0.6 cm, kg m-2) and litter and duff layers fuel loads (WL, WF and WH, kg m-2) 1170 

were calculated using the equations proposed by Arellano-Pérez (2011) for these types of 1171 

fuels in pine stands in Galicia:  1172 

𝑊௨௦_௧௢௧௔௟ ൌ 0.0052 ∗ 𝑑௨௦തതതതത ൅ 0.2095 ∗ ൬
100

𝐻 ∗ √𝑁
൰
଴.଻଴ଷହ

∗ 𝑑௨௦തതതതത଴.ସହଵସ
 (A.1) 

𝑊௨௦_ଵ ൌ 0.2095 ∗ ൬
100

𝐻 ∗ √𝑁
൰
଴.଻଴ଷହ

∗ 𝑑௨௦തതതതത଴.ସହଵସ
 (A.2) 

𝑊௅ ൌ 0.02166 ൅ 0.1998 ∗ 𝑑௅തതത (A.3) 

𝑊௅ி ൌ 0.2992 ൅ 0.1549 ∗ ൫𝑑௅തതത ൅ 𝑑௅തതത൯ (A.4) 

𝑊௅ிு ൌ 0.5374 ∗ ൫𝑑௅തതത ൅ 𝑑ிതതത ൅ 𝑑ுതതതത൯
଴.଻଼଻

 (A.5) 

 1173 

where 𝑑௨௦തതതതത, 𝑑௅തതത, 𝑑ிതതത and 𝑑ுതതതത are the depth (cm) of understory, litter and duff layers, 1174 

respectively; H is the stand dominant height (m) and N is the number of stems per hectare. 1175 

  1176 
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APPENDIX B 1177 

Mid-term effect of heavy thinning on the potential fire behaviour 1178 

The approaches used to estimate the fire behaviour metrics were as follows: 1179 

i) Variation in fire spread rate for a range of wind speed (U10) 1180 

The first step was to estimate the critical surface intensity (I0) needed to initiate crowning. 1181 

The model proposed by Van Wagner (1977) was applied: 1182 

𝐼଴ ൌ ሾ0.01 ∗ 𝐶𝐵𝐻 ∗ ሺ460 ൅ 25.9 ∗ 𝑀௖ሻሿଵ.ହ (B.1) 

where I0 is the critical fireline intensity (kW m-1), CBH is the mean canopy base height (m) 1183 

and Mc is the foliar moisture content (%). Mc was assumed to be equal to 130% for plots 1184 

located in areas strongly affected by the Atlantic ocean climate influence, where summer 1185 

drought is frequently low (Pontevedra, A Coruña, Lugo and Asturias) according to the 1186 

mean values observed for radiate pine in the study area (Ruiz-González et al., 2010) and 1187 

110% for areas characterised by typical Mediterranean climate (Southern Lugo, Ourense 1188 

and Leon) and usually affected by intense summer drought (Míguez-Castro, 2010).  1189 

Once I0 was obtained, the second step was to estimate the critical surface fire rate of spread 1190 

(r0) by substituting the critical fireline intensity (I0) in the model proposed by Byram (1959) 1191 

to estimate fireline intensity (I, kW m-1) (Eq. B.2) and solving for r (m s-1): 1192 

𝐼 ൌ 𝐻௖௢௠௕ ∗ 𝑤௔ ∗ 𝑟 (B.2) 

𝑟଴ ൌ
𝐼଴

𝐻௖௢௠௕ ∗ 𝑤௔
 

(B.3) 

where Hcomb is the net low heat of combustion (kJ kg-1) and wa is the fuel load consumed in 1193 

the active flaming front (kg m-2).  1194 

Net low heat of combustion (Hcomb) was fixed at 18,828 kJ kg-1 (Van Wagner, 1973). Fuel 1195 

load consumed (wa ,kg m-2) was computed as follows:  1196 
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𝑤௔ ൌ 𝑊௨௦_ଵ ൅𝑊ிௐ஽_ଵ௛ ൅𝑊௅ ൅
൫𝑊ிௐ஽_ଵ଴௛ ൅𝑊ி ൅𝑊௨௦_ଶଷ൯ ∗ ሺ20 െ𝑀௦ሻ

11
 

 

(B.4) 

where Wus_23 is the difference between total understory (Wus_total) and fine understory loads 1197 

(Wus_1).  1198 

The third step consisted of estimating the 1.5-m in-stand wind speed threshold to initiate 1199 

crown fire (U1.5_init.) from the r0 value obtained in Eq. (B.3). The empirical model proposed 1200 

by Fernandes et al. (2009) was used together with the initial multiplicative parameter 1201 

modification proposed by Fernandes (2014) (Eq. B.5). This model was used to estimate the 1202 

surface fire rate of spread for maritime pine stands in Portugal. Given the similarities in fire 1203 

behaviour in radiata pine and maritime pine plantations (Cruz et al., 2008; Cruz and 1204 

Alexander, 2017), the model is assumed to be appropriate for the study area and the tree 1205 

species analysed.  1206 

𝑟 ሺ𝑚 𝑠ିଵሻ ൌ 0.034 ∗ 𝑈ଵ.ହ
଴.଻଴଻ ∗ expሺ0.062 ∗ 𝑆 െ 0.039 ∗ 𝑀௦ሻ ∗ 𝐹𝐷଴.ଵ଼଼ (B.5) 

𝑈ଵ.ହ_௜௡௜௧. ൌ ൬
𝑟଴

0.034 ∗ expሺ0.062 ∗ 𝑆 െ 0.039 ∗ 𝑀௦ሻ ∗ 𝐹𝐷଴.ଵ଼଼൰
ଵ
଴.଻଴଻ൗ

 
(B.6) 

where U1.5 is the 1.5-m in-stand wind speed (km h-1), S is the terrain slope (º), Ms is the 1207 

moisture content of fine dead surface fuels (%) and FD is the surface fuel depth (cm). 1208 

The 1.5-m in-stand wind speed U1.5_init. was then converted to open wind velocity, measured 1209 

at 6 m height (U6), by dividing by the sheltered wind adjustment factor (WAF) per plot 1210 

obtained using the model proposed by Andrews (2012) (Eq. B.7):  1211 

𝑊𝐴𝐹 ൌ
0.555

ඥ1.0936 ∗ 𝐶𝐶 ∗ 𝐶𝑅 ∗ ℎത ∗ 𝑙𝑛 ൬
20 ൅ 1.1811 ∗ ℎത

0.4265 ∗ ℎത
൰
 

(B.7) 
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where CC is the plot canopy cover and CR is the plot crown ratio, calculated for each plot 1212 

by dividing average crown length (ℎത - CBH) by mean stand height (ℎሻതതത. Finally, each value 1213 

of U6_init. was divided by 0.87 to estimate U10_init. (Turner and Lawson, 1978). 1214 

The 10-m open wind speed threshold to start an active crown fire (U10_ACF) was obtained in 1215 

two steps. Initially, the critical minimum spread rate for active crown fire (R0, m min-1) was 1216 

estimated from canopy bulk density values (CBD, kg m-3) by applying the criterion 1217 

proposed by Van Wagner (1977) (Eq. B.8): 1218 

𝑅଴ ൌ
3

𝐶𝐵𝐷
 

(B.8) 

Once R0 was obtained, U10_ACF was estimated by substituting R0 in the model of active 1219 

crown fire rate of spread (𝑅௖, m min-1) developed by Cruz et al. (2005) (Eq. B.9): 1220 

𝑅௖ ൌ 11.02 ∗ 𝑈ଵ଴
଴.ଽ ∗ 𝐶𝐵𝐷଴.ଵଽ ∗ 𝑒ି଴.ଵ଻∗ெೞ (B.9) 

𝑈ଵ଴_஺஼ி ൌ ൬
𝑅଴

11.02 ∗ 𝐶𝐵𝐷଴.ଵଽ ∗ 𝑒ି଴.ଵ଻∗ெೞ
൰
ଵ/଴.ଽ

 
(B.10) 

where U10 is the 10-m open wind speed (km h-1) and Ms is the moisture content of fine dead 1221 

surface fuels (%).  1222 

 1223 

ii) Comparison of fireline intensity (I) 1224 

The crown fraction burned (CFB) was calculated using the model proposed by Van Wagner 1225 

(1993) for mature stands:  1226 

CFB ൌ 1 െ 𝑒ି଴.ଵ଴଼൉ሺ୰ି ୰బሻ (B.11) 

where r is the surface fire rate of spread (m min-1) and r0 is the critical surface fire rate of 1227 

spread (m min-1), estimated by equations B.5 and B.3, respectively. For passive crown 1228 

fires, the CFL partial load, obtained by multiplying CFB by CFL, was added to the values 1229 

of wa obtained from Eq. (B.4).  1230 
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APPENDIX C 1231 

Simulated deferred effect of heavy thinning on fire severity 1232 

The equations used to estimate the potential fire severity were: 1233 

i) mean height of tree crown scorch (hs) 1234 

Mean crown scorch height (hs, m) per plot was calculated using the empirical model 1235 

developed by Van Wagner (1973):  1236 

ℎ௦ ൌ
0.7418 ∗ 𝐼଻ ଺⁄

ඥ0.0256 ∗ 𝐼 ൅ 0.0214 ∗ 𝑈ଵ.ଶ
ଷ ∗ ሺ60 െ 𝑇ሻ

 
(C.1) 

where I is the Byram’s fireline intensity (kW m-1, equation B.2), T is the ambient air 1237 

temperature (ºC) and U1.2 is the 1.2 m in-stand wind speed (km h-1). The ambient air 1238 

temperature (T) was fixed for all simulations to 25ºC corresponding to the 75th percentile of 1239 

temperature at 1400 h (local time) for the fire season in the study area. The values of U1.2 1240 

were calculated by multiplying U10 values by 0.87 to estimate 6-m wind speed (Turner and 1241 

Lawson, 1978) and these values were subsequently converted to 1.5-m in-stand wind speed 1242 

by multiplying by the sheltered wind adjustment factor (WAF) obtained using equation 1243 

(B.7) and then assuming that in-stand wind speed is the same at 1.2 and 1.5 m. 1244 

 1245 

ii) mean value of probability of post-fire tree mortality (ptree_mortality ) 1246 

Mean probability of post-fire individual-tree mortality per plot, based on individual tree 1247 

data, was assessed using the reduced model proposed by Vega et al. (2011) for P. pinaster 1248 

stands in Galicia: 1249 

𝑝௧௥௘௘_௠௢௥௧௔௟௜௧௬ ൌ
1

1 ൅ 𝑒𝑥𝑝൫1.444 െ 0.052 ∗ 𝐶𝑉௦ ൅ 1.601 ∗ 𝑋ௗ௨௠௠௬൯
 

(C.2) 

The model estimates the probability that a tree will die (ptree_mortality) in the third post-fire 1250 

year, by using as independent variables the total crown volume damaged (CVs,) and a 1251 
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dummy variable (Xdummy), which takes a value of 0 when the tree was attacked by beetles 1252 

post-fire and 1 otherwise (in this study, both situations were simulated).  1253 


