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Abstract 
Tropical mountain cloud forests (TMCFs) are becoming new fire-prone areas in the Neotropics due to ongoing 
climate change. TMCFs are increasingly suffering from drought episodes during which fires starting at the puna 
grasslands that occur immediately above the forest, tend to penetrate into the TMCFs causing irreversible 
damage. Moreover, when the fire reaches the puna-forest treeline it frequently exhibits smouldering propagation 
consuming the humic soil layer resulting in large carbon emissions. 
This paper presents an experimental program set up to study critical conditions that favour fire spread in the 
puna-TMCFs interface. The objective is twofold: to provide understanding of the threshold environment and 
fuel conditions allowing sustainable back-fire propagation in puna grasslands when advancing towards the 
TMCFs and to investigate the onset of smouldering combustion of the humic layers of the puna soil near the 
TMCFs treeline. 
The study area was located at tropical Andean puna grasslands at the Cusco region (Southern Peru, bordering 
Manu National Park). It involved two different locations, one for the ground fire experiments and the other for 
the grassfire sustainability and behaviour tests. The first site comprised 20 paired ground plots (0.5 m x 0.5 m) 
which were ignited by a purpose-standardized ignition procedure and monitored by thermocouples during 48 h. 
The second site was divided in 12 grassland plots (20 m x 5 m) of two different fuel ages. Each grassfire was 
recorded with video and infrared cameras and witnessed by ground observers to detect fine scale changes in fire 
activity due to fuel and wind variability. Environmental conditions were constantly monitored in both type of 
experiments. 
The ground tests provide novel information about smouldering fires in a real environment, going beyond classic 
laboratory experimentation. Soil temperatures higher than 100ºC were observed to last for around 20 hours with 
maximum temperatures around 450 ºC. The surface fires experiments revealed dead fuel load and fuel moisture 
content thresholds (0.2 kg m-2 and 20% respectively) that would explain back-fire sustainability, reaching those 
go-fires pseudo-stationary rates of spread of around 0.4-0.6 m min-1. 
These results will allow a more accurate estimation of the magnitude of the fire impact into the TMCFs 
ecosystems and help envisaging primary fire management policies and recommendations for the correct use of 
fire by the Andean indigenous communities. 
 
Keywords: grass fires, smouldering combustion, Peruvian Andes, fire sustainability, infrared imagery. 
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1. Introduction 
  
Fires are one of the largest disturbances in the Neotropics leading to severe environmental impacts in 
terms of carbon and biodiversity losses. One of the most threatened ecosystems in this ecozone are the 
tropical mountain cloud forests (TMCF), that albeit they only represent about 2.5% of all tropical 
forests (Bubb, 2004) they harbour the highest levels of biodiversity of the world (Myers, Mittermeier, 
Mittermeier, da Fonseca, & Kent, 2000). 
TMCFs are mountain forests frequently covered by clouds or mist, and are usually found at altitudes 
between 1,500 m and 3,300 m a.s.l. (Stadmüller, 1987). Immediately above the forest, high altitude 
“puna” grasses are found. These grasslands have been populated for millennia by indigenous 
communities among which the use of fire has been a common practice for agricultural and grazing 
purposes as well as for supporting cultural and religious beliefs (Sarmiento & Frolich, 2002). Despite 
their high moisture levels, TMCFs are increasingly suffering from drought episodes due to climate 
change (Román-Cuesta et al., 2011) during which anthropogenic fires starting at the puna grasslands 
tend to penetrate into the TMCFs causing irreversible changes to the forests structure and composition 
and pushing the forest-puna treeline downslope (Oliveras, Anderson, & Malhi, 2014). Regardless of 
the erratic behaviour of fire in complex environments in terms of topography, fuel and wind dynamics, 
when a fire starts and a self-sustained flame front is formed in the puna grasslands, it usually exhibits 
backwards downslope flame propagation with high ratios of fuel consumption. Furthermore, under 
certain conditions, it can also involve smouldering propagation within the humic soil layer. Both the 
TMCFs and the high-altitude grasslands store large quantities of carbon. Recent studies have 
quantified the storage at the TMCF humic organic soil layer of 100 Mg C·ha-1 and 280 Mg C·ha-1 in 
the first 30 cm of the puna soil in the South-Eastern Peruvian Andes (Gibbon et al., 2010; Zimmermann 
et al., 2009), becoming then carbon losses through smouldering fires, a potentially substantial CO2 
emission source. 
Notwithstanding the importance of fire activity in the tropical Andes, biomass burning dynamics are 
still poorly understood (Oliveras et al., 2014). Firstly, little is known about the onset environmental 
conditions for a self-sustained flame propagation in the high-altitude grasslands. Backing fire 
propagation is hardly affected by wind speed but mostly influenced by fuel moisture and fuel 
continuity (Cheney & Sullivan, 2008). This is particularly noteworthy in puna grasses, which are 
organized in discrete clumps favouring discontinuous fire behaviour. Likewise, the puna-tree line 
exhibits complex water dynamics among fuel and soil moisture and air relative humidity due to 
persistent ground-level clouds, which may result in an increased catchment water yield compared to 
other types of fuel (Wård, 2007). Secondly, the knowledge of the critical conditions that determine 
smouldering fire spread in the humic layers of the puna-tree line is very scarce. Moisture content of 
the carbon-rich humic layer is a key factor in controlling ignition and the subsequent spread of a 
smouldering front. Research in lowland rainforests has suggested a moisture content of 65% as a 
critical threshold for fire ignition and spread (Cochrane, 2003) but high elevation humic layers may 
have very different flammability characteristics, both because of the nature of the fuel and the low 
ambient atmospheric pressure and absolute oxygen concentration (Planas et al., 2013).  
This paper presents an experimental burning program set up to advance our understanding of the 
critical conditions that favour fire spread in the puna-TMCFs interface. The program was performed 
at the south-eastern Peruvian Andes during July 2012 (mid dry season) and its objective was twofold: 
i) to investigate the threshold environment and fuel conditions allowing sustainable backing fire 
propagation in puna grasslands when advancing towards the TMCFs; and ii) to study the onset of 
smouldering combustion of the humic layers of the puna soil near the TMCFs treeline. The main 
highlights of these experiments are presented and preliminary results are summarized and briefly 
discussed. 
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2. Materials and methods 
 
Experimental sites 
The study area was located at tropical Andean puna grasslands at the Cusco region (Southern Peru, 
bordering Manu National Park). It involved two different locations, one for the ground fire experiments 
(13°10’50.28’’S, 71°35’19.95’’W) and the other for the grassfire sustainability and behaviour tests 
(13º9’4.26’’S, 71º38’25.19’’W) (Figure 1). This region experiences a tropical rainforest climate. 
Average annual rainfall ranges from 1,900 to 2,500 mm, with a wet season spanning from October to 
April. Mean annual temperature is approximately 11°C at 3,600 m a.s.l. (Gibbon et al., 2010). Both 
sites were covered by typical puna vegetation type, dominated mainly by tussock-forming grasses 
(Calamagrostis longearistata, Ageratina sternbergiana, Juncus bufonius, and Scirpus rigidus 
(Oliveras et al., submitted) with soils typically composed of an organic-rich A-layer, stony B/C-layers, 
and no Oh-layer (Gibbon et al., 2010; Zimmermann et al., 2009).  
 

 

Figure 1. Study area 

 
Ground fire test experimental design 
An experimental program of smouldering fires was designed and performed in-situ. To the best of our 
knowledge, field burns experimentation for studying ground fires is a completely novel approach, far 
beyond the controlled conditions of laboratories set-ups (e.g. (Frandsen, 1998; Rein, Cleaver, Ashton, 
& Pironi, 2008)) where the soil usually losses its natural compactness and state. A randomized block 
of 20 plots (0.5 m x 0.5 m) was designed and replicated once. Five plots in every block were randomly 
selected as control plots (to be left unburned). Metal plates inserted 0.5 m deep bound all the plots 
(excepting the control ones), in order to avoid propagation outside the plots. The planning consisted 
on burning 6 plots at the same time (3 at every block) having then 5 sets available for five burning 
days. Due to meteorological constraints, only 3 sets were tested (Table 1, Figure 2). 

Table 1. Random distribution of paired plots burned at each burning day (control plots in brackets) 

Date of tests start Plots in Block W1 Plots in Block W2 
Day 1 A1, B2, D1 (CP4) B1, C1, C2 (CP4) 
Day 2 A4, B4, B5 (CP1) B4, D4, C5 (CP1) 
Day 3 B1, D3, D5 (CP2) A1, A3, A5 (CP2) 

 
An ad-hoc ignition procedure was implemented, which consisted on introducing glowing charcoal in 
a 30 cm x 10 cm x 20 cm deep dug hole at one of the sides of the plot. An educated guess of the power 
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supply of the ignition source was done according to data available on charcoal heat of combustion and 
burning rate (Shafizadeh, 1978)(Andreatta, personal communication). 98% of the charcoal energy was 
assumed to be released within the first 6 hours and a mean heat transfer rate per unit area of 8,4 kW·m-

2 was found, being only during the first two hours above the minimum necessary for the propagation 
of a smouldering front, suggested at 10 kW·m-2 (Ohlemiller, 2002).Weather data (ambient 
temperature, relative humidity and wind speed and direction) was measured by a portable weather 
station placed between the two experimental blocks. Soil moisture content was read at 12 cm and 20 
cm deep before ignition at the control plot using a Hydrosense Soil Water Measurement System 
(Campbell Scientific, Inc.). Grass was clipped at the experimental plots before ignition and some soil 
samples were extracted from the control plots and sent to the laboratory in order to obtain inorganic 
content and bulk density. An array of K-type metal-sheathed thermocouples of 0.5-mm diameter, 30-
cm length was used to monitor soil temperatures at two deferent depths (5 cm and 15 cm) during the 
tests, following Figure 3 distribution scheme. This layout was designed in order to both detect ignition 
(by observing the thermocouple evolution placed 5 cm apart from the ignition source) and pick any 
possible heat front propagation main direction (by observing the evolution of the rest of the sensors). 
The plots were left 48h untouched letting the data loggers (HOBO Onset Computer Corp.) connected 
to the thermocouples register temperatures at a frequency of one datum per minute. 
 

A1 B1 CP1 D1

A2 B2 CP2 D2

CP3 B3 C3 D3

A4 B4 CP4 D4

A5 B5 CP5 D5

A1 B1 C1 CP1

A2 B2 C2 CP2

A3 B3 CP3 D3

CP4 B4 C4 D4

A5 CP5 C5 D5

Block W1 Block W2N

 

Figure 2. Plots layout at blocks W1 and W2 for ground fire experiments 
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Figure 3. Thermocouples distribution used for monitoring plots temperature 

 
Grassfire sustainability and behaviour tests experimental design 
Concerning the experimental grassfires program, it covered thirteen backing fires designed to study 
the effect of the different weather and fuel variables in grassfire sustainability and behaviour. We 
stablished two 20 m width by 30 m length plots in a 40º slope spot, one in 3-year old grassland (named 
P3) and the other in a 7-year old grass (named P7). Six experimental fires were planned in each plot, 
leaving 5 m for the fire to spread downslope. Every test was ignited with drip-torches along the leeward 
side of the plot. If the flame front failed to propagate, i.e. exhibited a discontinuous perimeter that tent 
to self-extinguish, the fire was considered a no-go, and a subsequent ignition was planned for when a 
significant change of meteorological conditions was observed. If the fire propagated, we would 
monitor its behaviour until the fire advanced 5 m and proceed to suppress it immediately afterwards 
using hand firefighting tools. 
For planning purposes prior to the experiments, weather records (June-July 2011) from a local station 
located at 1.5 km from the site (Pumataki weather station) were obtained to analyse rainfall 
probabilities and to study relative humidity daily variation. Before the experiments, we characterized 
fuel loads, cover, height and degree of curing, involving a variety of sampling methods (i.e. destructive 
sampling and point intersect method following a systematic sampling grid within each experimental 
plot). During burning days, fire weather was monitored every 30 seconds, using a portable weather 
station located in the vicinity of the experimental plot. Fuel moisture was obtained in-situ before each 
burn by using an infrared-heated moisture analyser (Sartorius MA-45). Fire direct observation 
alongside the flame front was performed in order to have fire behaviour information. Two groups of 
fire observers at each plot would record flame front position, flame length and flame angle at time 
intervals between 30-60 seconds.  
 
3. Preliminary results and discussion 
 

3.1. Ground fire tests results 
Ignitions were performed in eighteen plots in three days (7th, 10th and 11th July 2012) between 10:30h 
and 14:30h. Ambient conditions followed a similar trend at night time, with stable temperature (around 
8ºC), relative humidity (above 90%) and wind speed (below 2 km·h-1) for the whole experimental 
period. During the day, and particular at noon (from 11h to 14h), weather variables had more 
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fluctuations. Table 2 shows the experimental range of these environmental parameters coupling the 
three experimental days, together with soil properties and moisture content values at two different 
depths. 

Table 2. Environmental parameters associated with the ground fire tests 

Variable Measures 
Mean midday temperature (ºC) 10.7 – 18.3 
Mean midday windspeed (km·h-1) 3.4 – 7.8 
Mean midday relative humidity (%) 37.7 – 95.9 
Soil moisture content at 12 cm (SMC, d.b. 
%) 

90.89 – 130.76 

Soil moisture content at 20 cm (SMC, d.b. 
%) 

83.29 – 122.96 

Soil inorganic content (IC, %) 18 
Soil bulk density (BD, kg·m-3) 830 

  d.b.: dry basis 
 
Ground fire ignition is known to be controlled by soil bulk density, inorganic content and soil moisture 
content (Frandsen, 1997). The two first parameters were considered constants in all our study area (i.e. 
no differences per plot) whereas we assumed that soil moisture content could had a variation during 
burning days responding to meteorological changes at least at the first centimetres of soil depth. 
Statistical analysis was performed in order to peak possible characteristic soil moisture values per day 
or plot (data not shown). Significant differences were observed in soil moisture content at the two 
different depths but this parameter did not show any statistical significant dependence between days 
or blocks. This result led us to perform an aggregated analysis considering all the tests (18 in total). 
For all the experimental plots, we only registered noteworthy temperature response (>60ºC) at some 
thermocouples named as TC1 (5 cm apart from the ignition source, 15 cm depth) and at some TC2 and 
TC3 (both 10 cm apart from the ignition source, 5 cm depth). Table 3 summarizes the main findings 
obtained after processing temperature vs time evolution curves of all the active thermocouples used in 
our two blocks. In 67% of the cases, at least TC1 showed some significant temperature increase, 
achieving values above 60ºC, which is roughly the mean value corresponding to protein degradation 
and at which water loss starts (Cerda & Robichaud, 2009; Swezy & Agee, 1991). The time needed for 
these thermocouples to reach this threshold oscillated from 8h to 16h after ignition depending on the 
plot, which is well after the time needed for almost complete (98%) charcoal consumption. Slightly 
less than half of these thermocouples reached 80 ºC (threshold for many soil microbes death, (Cerda 
& Robichaud, 2009), with only 3 from 18 sensors peaking values above 100ºC at which water 
vaporizes and carbon volatizes (Swezy & Agee, 1991). We had only one case from 18 tests, at which 
typical ground fire front temperatures were registered (Rein et al., 2008), with a peak temperature 
above 400 ºC. Concerning TC2 and TC3 readings, temperatures above 60ºC were achieved in 3 cases 
and only in one of these, peak temperature reached 80ºC. 
These results show that under our experimental conditions, there are only 6% chances for a weak 
ground fire ignition (i.e. a ground fire that may propagate less than 10 cm from the ignition point 
tending to self-extinguish). Furthermore, there are 17% chances for the formation of a heat front of 
around 60ºC which may travel less than 15 cm and finally, 6% chances that the same front may reach 
the temperature needed for killing most of the microbes present at the soil. 
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Table 3. Temperature response occurrence of the ground fire experiments. 

Peak Temperature  Number 
of tests 

Occurrence

 TC1 at T > 60 ºC 12/18 67% 
TC1 at T > 80 ºC 5/18 28% 
TC1 at T > 100 ºC 3/18 17% 
TC1 at T > 400 ºC 1/18 6% 
TC2/TC3 at T > 60 ºC 3/18 17% 
TC2/TC3 at T > 80 ºC 1/18 6% 

 
Temperature vs time profile of some selected TC1 thermocouples readings are plotted in Figure 4. 
TC1 of W1B1 plot is the one showing successful ignition. Soil at TC1 vicinity was 5 hours above 400 
ºC, it reached a maximum temperature of 463ºC 15 hours after ignition, and it was more than 16 hours 
at temperatures exceeding 200°C (threshold for N volatilization (Raison, Woods, Jakobsen, & Bary, 
1986)). Considering the instant of maximum temperature as the smouldering front characteristic arrival 
time, we can affirm that the mean spread rate of the ground fire was 3 mm·h-1. This value corresponds 
to a self-extinguishing ground fire front and is below the typical ranges for smouldering fronts of 10-
30 mm·h-1 (Rein, 2009). 
W2A3, W1D1 and W2D4 TC1 profiles show temperature evolution of failed ignition tests. However, 
it is worth mentioning some interesting patterns of these three sensors: TC1 in W1D1 had a clear drop 
around 12 hours after ignition which would correspond to the 100% consumption of the ignition 
source; W2A3 TC1 had one of the longest residence time (14 h) above 60ºC, surpassing in this case 
any ignition effect. Finally, W2D4 was more than 45 h above this latter threshold, exhibiting plateaus 
at 80ºC -100ºC corresponding to the evaporation of the moisture in the soil. 
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Figure 4. Left) Temperature evolution of four selected TC1 thermocouples; right) thermal severity registered by the 
same TC1 thermocouples 

 
4. Grassfires results 
 
The experimental program comprised a set of seven and six experimental fires in the 3-years-old puna 
and the 7-year-old puna, respectively performed during 4 burning days (July 5th, 6th, 9th and 10th 2012). 
Figure 5 shows the evolution of the relative humidity (RH) with time for the four days together with 
the exact time when the experiments were undertaken. Taking into account the expected unfavourable 
climatology of the area despite being at the dry season (70% of daily raining probabilities were 
registered during June-July 2011 by the Pumataki weather station), a RH range of around 50 points 
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could be picked during the four burning days, taking advantage of the daily fluctuation of this variable 
to perform several tests within the same day. 
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Figure 5. Relative humidity time evolution for the four burning days (5th, 6th, 9th, 10th July 2012) 

Environmental parameters (i.e. fuel characteristics and fire weather) changed from one test to another. 
Table 4 provides the experimental range of these, partitioned by fuel type. Statistical differences 
between both types of fuels were explored for each variable. 3-year and 7-year old puna differed in 
terms of dead fuel load, degree of curing and fuel cover, whereas no statistically significant differences 
were found for FMC, respectively. Air temperature, RH and wind speed varied roughly within the 
same order of magnitude for both plots, being the latter reasonably well aligned with the slope (leeward 
side of the plots north/north-westerly oriented). 

Table 4. Range in environmental parameters associated with the grassland fires 

Group Variable 3-year puna 7-year puna Statistical test (p-value) 
Fuel Dead fuel load (kg·m-2) 0.2 – 0.5 0.8 – 1.4 Mann-Whitney (p< 

0.005) 
Degree of curing (%) 70 – 76 78 – 87 ANOVA (p<0.005) 
Fuel cover (%) 47.5 – 80 75 – 99 ANOVA (p=0.005) 
Dead fuel moisture 
content, FMC (%) 

8.2 – 30.6 7.2 – 23.3 ANOVA (p=0.651) 

Fire 
weather 

Air temperature (ºC) 7.8 – 10.6 7.8 – 11.7 ANOVA (p=0.163) 
Relative humidity (%) 57 – 98 47 – 89 ANOVA (p=0.131) 
2-m wind speed (km·h-1) 5.4 – 12.9 5.8 – 12.6 ANOVA (p=0.526) 
2-m wind direction (º) 98 – 107 80.8 – 98.1 ANOVA (p<0.005) 

 
We counted 3 go-fires from 7 ignitions in 3-year old puna and 4 go-fires from 6 ignitions in the elder 
puna. We explored differences between parameters for go and no-go fires (analyzing both P3 and P7 
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tests together). Figure 6 suggests fire sustainability could be explained by means of dead fuel load and 
dead fuel moisture content. These results are in agreement with other fire sustainability studies (Cruz 
& Gould, 2010). Our preliminary results show there could be a FMC threshold between 17-23% which 
could avoid fire propagation in our experimental set as well as a dead fuel load threshold around 0.2 
kg·m-2 below which there might be not available fuel for a sustained fire spread. This idea is supported 
by the fact that FMC differences between go and no-go fires were found to be statistically significant 
(ANOVA p=0.042). However, we could not find any statistical bases related to DFL, probably because 
P3 mean dead fuel load is already marginal for sustained fire spread and we do not have any test with 
DFL significantly lower than this in our dataset.  
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Figure 6. Go/no-Go matrix for P3 and P7 fires 

Rate of spread was analysed for P3 and P7 self-sustained fires. There was a convergence to a pseudo-
stationary rate of spread for all P3 (a) and all P7 (c) go-fires (Figure 7). Analysing ROS averages at 2-
minutes intervals, it can be observed how steady state was achieved after 10 minutes in P3 fires with 
a mean stationary propagation of 0.37 m/min (s.d. 0.038), and after 8 minutes in P7 fires, at 0.56 m/min 
(s.d. 0.095). A 2-Sample t-test between all P3 ROS observations and all P7 ones, denoted dissimilarity 
between groups (p<0.005). This difference can be explained in terms of relative humidity (ANOVA 
p=0.02), curing degree (ANOVA p=0.013) and dead fuel load (ANOVA p=0.02). The latter result 
highlights the important role of the amount of available fuel on fire behaviour in this type of ecosystem. 
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Figure 7. ROS evolution for P3 tests and P7 tests; left) Scatterplots of all fire observations sorted by tests at a) P3 and 
c) P7; right) evolution of 2-min interval mean ROS value for all b) P3 and d) P7 dataset. 

Byram’s fireline intensity, flame length of the leading edge and flame angle (defined as the inclination 
of the leading edge from the vertical) are presented in Table 5. According to these, experimental tests 
are in agreement with low intensity back-fire regime figures (Andrews, Heinsch, & Schelvan, 2011). 
The lowest mean fire intensity computed corresponds to test 6 of 3-year puna, and equals to 18.9 
kW·m-1 (s.d. 4.5) which can be considered the threshold for backfire spread by flaming combustion in 
the study area. It is to be highlighted that this threshold almost doubles the headfire spread minimum 
intensity limit set at 10 kW·m-1 (Alexander, 2000) which reveals the existing differences between head 
and backfire propagation mechanisms. 

Table 5. Mean values of fireline intensity and flame geometry characteristics  

 Fireline Intensity (kW·m-

1) 
Flame angle (º) Flame length (m) 

P3 39.5 (s.d. 27.6) 45.8º (s.d. 12.9) 0.34 (s.d. 0.23) 

P7 180.1 (s.d. 82.9) 46.0º (s.d.13.6) 0.94 (s.d. 0.57) 

 
5. Concluding remarks 
 
A twofold experimental program was performed to study critical conditions that favour fire spread in 
the puna-TMCFs interface, providing understanding of the threshold environment and fuel conditions 
allowing sustainable ground smouldering fires and back-propagation grassfires. These results will 
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allow a more accurate estimation of the magnitude of the fire impact into the TMCFs ecosystems and 
will help envisaging primary fire management policies.  
A novel methodology for in-situ ground fire tests has been developed and found successful, being our 
experimental dataset the first of these characteristics, far beyond the controlled conditions of 
laboratories set-ups. Conditions tested have been found marginal for self-sustained propagation (SMC 
between 91-131%, IC 18% and BD 830 kg·m-3). However, in one particular case, a smouldering front 
has been observed advancing 5 cm in 15 h, with typical temperature ranges above 400ºC. In 67% of 
the tests, temperatures for biological molecules denaturation have been reached with residence times 
up to 14h but the water evaporation threshold has been only surpassed in 3 tests, which confirms that 
given the physical properties of the soil, moisture content has been the factor preventing self-sustained 
smouldering fires in our dataset. Despite the front propagation has been in all plots weaker than in 
many of the lab-scale tests reported in the literature, residence times found in our experimentation are 
substantially larger and not dependent on the ignition source used. 
Sustainability of back fires at the puna grasses sitting above the TMCFs is a key aspect when studying 
fire occurrence and its environmental implications at the forest-puna treeline. A complete 
understanding of this phenomenon is needed for fire managing purposes, in particular for debriefing 
indigenous communities about the correct use of fire. Our grassfire behaviour and sustainability 
experiments have proved that fire sustainability at the Andean puna can be explained by key fuel 
parameters. Fuel moisture content has a preponderant role and dead fuel load appears to be also 
important. For dry season, we suggest initial thresholds of 20% and 0.2 kg·m-2, respectively, to be used 
in our study area. However, our dataset would have to be enlarged with more experimental campaigns 
to precise these figures. Due to the difficulty and cost of this type of experimentation, physical or 
quasi-physical simulation appears to be the most feasible alternative to burning campaigns. With a 
complete experimental design, a simulation-based probabilistic model for fire sustainability could be 
obtained, which should be of great help for management purposes in the zone of influence of our study 
area and in other Andean emerging fire-prone grasslands, provided the selected fire simulation tool is 
validated with the already available experimental dataset. 
Steady state fire spread at puna of different ages has been achieved in the go-fires of our experimental 
campaign. Relative humidity, curing degree and dead fuel load are the key parameters that have major 
influence on the rate of spread in our experimental dataset. The limit for sustained back-fire spread has 
been found at around 20 kW·m-1. This is the minimum power needed for the flame front to overcome 
grass clumps discontinuities. Rate of spread, fireline intensity and flame dimensions have been 
accurately quantified for 3-year and 7-year puna grasses. These are the main variables arisen from the 
heat transfer processes between the fireline and the surrounding environment. This information can be 
of great help when evaluating different aspects of fire impact and the ecosystem response to it. In 
particular, this data with such a degree of accuracy shall be useful to improve carbon losses 
estimations. 
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