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Comparison of Leaf Moisture Content and Ignition 
Characteristics among Native Species and Exotic 
Conifers in Northwestern Patagonia, Argentina
Lucas O. Bianchi , Facundo J. Oddi, Miriam Muñoz, and Guillermo E. Defossé

The forest–steppe ecotone in Argentine Patagonia has been planted with non-native Pinus ponderosa, Pseudotsuga menziesii, Pinus radiata, and P. contorta. As in many other 
planted areas of the Southern Hemisphere, there is great concern about increasing landscape flammability. We determined, under lab conditions, live fuel moisture content 
(LFMC) and leaf ignition of these conifers, a naturalized poplar, and 13 native species. The mean LFMC was inversely related to leaf ignition of these species. The conifer LFMC 
was lower than that of most natives, making the conifers the most ignitable species. Pinus ponderosa and Pseudotsuga menziesii showed the spring dip phenomenon (i.e., low 
LFMC in early spring). Leaf ignition and LFMC may help elucidate some flammability components at species levels. At landscape scales, however, they have to be evaluated 
along with other landscape traits such as structure and stand composition. Understanding this landscape context will require full-scale experimental fires. Nevertheless, our 
results provide useful information for fire danger assessment, and also for setting policies aimed at planning and applying appropriate silvicultural techniques for fire preven-
tion and control, and hence reducing fire danger at stand or landscape levels.

Keywords: flammability, pine plantation, fuel management, forest fires, leaf traits

The forest–steppe ecotone of Patagonia, Argentina, is a 
narrow strip of land of about 4 million hectares along the 
eastern side of the Andes. This ecotone has a sharp precip-

itation gradient, decreasing from 4,000 mm to 400 mm per year 
over less than 80 km from the Andean timberline toward the eastern 
steppe (Veblen et al. 1992). As in any Mediterranean-type climate 
ecosystem (humid winters and hot, dry summers), vegetation in 
this ecotone is prone to wildfires during the dry season (Kitzberger 
and Veblen 2003, and references therein). Fires are more frequent 
and less severe in low ecotone areas where native grasses and shrubs 
dominate, and less frequent but more severe at high elevations 
of the Andean mountains occupied by Nothofagus and other tree 
species (Veblen et  al. 2008). Although native shrub–steppe vege-
tation recovers quickly after wildfire events (Defossé et al. 2015), 
plantation efforts in this ecotone require careful planning according 
to the frequency of fire occurrence.

During the last century, the ecotone landscape was mainly used 
for livestock production and forest logging. In the last 30  years, 
however, economic and ecological constraints (low prices of wool 
and meat at international markets, land degradation by overgrazing, 
and unsustainable native forest management) have led stakeholders 
(e.g., government agencies, researchers, concerned citizens) to focus 
on other economic activities. As in many other temperate areas of 
the southern Hemisphere (Simberloff et al. 2009), many ranchers 
from the central western Patagonia (38–46°S) replaced traditional 
land uses with exotic conifer plantations for timber production. 
Currently, about 100,000 hectares are planted; mainly (80%) 
with Pinus ponderosa (Dougl.) ex Laws, and Pseudotsuga menziesii 
(Mirb.) Franco plantations account for an additional 10%. The re-
maining sites are planted with Pinus radiata D. Don and P. contorta 
Dougl. var. latifolia (Engelm) (Defossé et al. 2015). Most of these 
plantations are less than 25 years old. Another exotic tree that has 
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been widely planted in this region is the non-native Populus nigra 
var. italica (Munch.) Koehne (Bianchi and Defossé 2015).

Fire has been relatively uncommon in Patagonian plantations, 
with only about 3% of sites burning annually. However, this per-
centage may increase in the near future because of stand aging, lack 
of density management, and climate change (Defossé et al. 2011, 
Godoy et al. 2013). Although the fire ecology of the region is well 
studied (Defossé et  al. 2015, Oddi and Ghermandi 2016, and 
references therein) and the flammability of native trees and shrubs 
has recently been evaluated (Blackhall et  al. 2012, Bianchi and 
Defossé 2014, 2015, Ghermandi et al. 2016), little is known about 
the effects of LFMC on leaf ignition of conifer plantations or how 
these effects compare to native vegetation.

Although the flammability of live fuels cannot solely be 
explained by their moisture content (Jervis et al. 2010, McAllister 
et al. 2012), this parameter is one of the most important factors 
regulating the ignition and spread of wildland fires in Patagonia 
(Bianchi and Defossé 2014, 2015) and elsewhere (Rothermel 
and Anderson 1966, Xanthopoulos and Wakimoto 1993, 
Dimitrakopoulos and Bemmerzouk 2003, Jolly et  al. 2012). 
Furthermore, flammability and fire risk can be greatly modified in 
ecosystems when new species are introduced (Brooks et al. 2004, 
Gill and Zylstra 2005, Peña-Fernández and Valenzuela-Palma 
2008, Fraser et al. 2016).

In their native ranges, the exotic conifers planted in the study 
area evolved in the presence of fire (Wright and Bailey 1982, Agee 
1993). The vegetation of the forest–steppe ecotone is also fire-
adapted (González 2011, Defossé et al. 2015, Oddi and Ghermandi 
2016). However, the combination of recurrent fires and pine plan-
tations without appropriate management could lead to more fre-
quent and severe fires (Raffaele et al. 2015). Also, this cycle may 
enhance the possibility that the non-native species become invasive 
(Sarasola et al. 2006, Orellana and Raffaele 2010). This has led to 
controversy in Patagonian society regarding the most appropriate 
land-management schemes. Although some groups are concerned 
that plantations may greatly increase flammability and fire risk at 
either the stand or landscape level (Raffaele et  al. 2015), others 
suggest that well-managed stands would not have negative effects at 
these scales and that exotic conifer plantations would not result in 
environmental damage (Davel et al. 2015).

We conducted our study to help resolve this controversy. Our 
objectives were: (1) to determine the effect of LFMC on leaf ig-
nition of commonly planted exotic conifers (Pinus ponderosa, 
Pseudotsuga menziesii, Pinus radiata, and P. contorta) and a broad-
leaf species (Populus nigra), as well as of the most abundant native 
shrubs and trees from the region; (2) to model the seasonal dy-
namics of LFMC in the most critical period of a typical fire season 
for all the selected species; (3) to model diurnal LFMC dynamics 
of Pinus ponderosa (the most commonly planted species) at 2-h 
intervals during one entire fire season; (4) based on the results of 
the study, to provide rangers, land owners, and policymakers of 
the Patagonian region with a basis for planning adequate conifer 
planting and management schemes to reduce landscape flam-
mability and fire danger. This study will not only increase the 
knowledge about vegetation flammability in Patagonia but also 
provide management guidelines for regions around the globe that 
share similar Mediterranean climate and vegetation conditions in 
which plantations are planned.

Materials and Methods
Study Area and Species Evaluated

The study area was located nearby the town of Esquel, in north-
western Patagonia, Argentina (42°55ʹS, 71°21ʹW; Figure  1a). 
Native vegetation gradually changes from steppe to humid forests 
along a steep precipitation gradient, from less than 400 mm year–1 
in the east to more than 1,000 mm year–1 in the west (Buduba 2006, 
Figure 1a). In the dry east, native grasses of the genera Pappostipa, 
Poa, Festuca, and Bromus, together with the native shrubs Mulinum 
spinosum (Cav.) Pers., Fabiana imbricata (Ruiz & Pav.), Adesmia 
sp., and Senecio sp., dominate the landscape (Defossé et al. 2015, 
Oddi and Ghermandi 2016). Toward the west, where annual pre-
cipitation and altitude increase, vegetation becomes dominated 
by native forests mainly composed of Austrocedrus chilensis (D. 
Don) Pic. Serm. & Bizarri and Nothofagus antarctica (G. Forst.) 
Oerst, accompanied by Maitenus boaria (Mol.), and the tree-like 
species Schinus patagonicus (Phil.) I.  M. Johnst. ex Cabrera, and 
Lomatia hirsuta (Lam.) Diels ssp. obliqua (Ruiz & Pav.) R. T. Penn. 
Intermingled with these trees and tree-like species are the common 
shrubs Berberis microphylla (Juss. ex Poir.), B. darwinii (Phil.) and 
Ribes magellanicum (Poir.), together with the bamboo-like Chusquea 
culeou E. Desv. Chusquea culeou forms dense thickets in the land-
scape that intermix with other vegetation types up to the timberline 
and is one of the key species in propagating wildfires. Toward the 
west, Nothofagus dombeyi (Mirb.) Oerst forests dominate in humid 
sites, whereas Nothofagus pumilio (Poepp. & Endl.) Krasser 1896 
forests prevail on upper areas of the Andean mountain range up to 
the timberline.

As in western North America, the native range of the conifers 
planted in Patagonia, a Mediterranean-type of climate (Keeley et al. 
2012) characterizes this ecotone region of Patagonia. Precipitation 
is concentrated during winter and early spring, followed by a dry 
period that lasts from late spring to early fall (mid-November 
to early March in the Southern Hemisphere; Figure  1b; Villalba 
1995). The fire season coincides with this dry period, during which 

Management and Policy Implications

Our lab results showed that live fuel moisture content (LFMC) is lower, and 
leaf ignition higher in exotic conifers than in most native species in Patagonia. 
Populus nigra showed the lowest leaf ignition parameters. Besides, Pinus pon-
derosa and Pseudotsuga menziesii, have extremely low LFMC in early spring 
(spring dip), when the wildland fire control system is not yet fully operational. 
These results are useful for understanding flammability of individual plants 
and can also be used as inputs for fire behavior models. However, they cannot 
be directly used as a surrogate for determining landscape flammability. In 
addition, leaf and canopy traits, stand density, and fuel distribution, among 
others characteristics, should be considered. For reducing fire risk posed by 
conifer afforestations, initial diminution of plantation density, reductions 
in density, and elevation of canopy height of old plantations, accompanied 
by prescribed burning and other slash treatments, and establishing lines of 
Populus nigra poplar within conifer stands seems to be the best solution. 
These findings should promote further research into silvicultural techniques 
to reduce fire risk in Patagonian afforestations. Rangers, foresters, and 
policymakers should use this basic information for planning conifer planting 
and management schemes aimed at reducing landscape flammability.
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westerly wind speeds increase (Defossé 1995), increasing the risk 
and spread of fire. Most soils of the region originated from post-
glacial pyroclastic deposits (volcanic ashes, lapilli layers, or glacial 
deposits contaminated with volcanic sands). These volcanic deposits 
allowed for the development of high-fertility soils. Although the 
more humid areas are dominated by andisols, characterized by the 
presence of amorphous aluminosilicate (allophane and imogolite), 
the drier zone is a transitional area between xerands and andic 
mollisols (La Manna 2005).

We analyzed and compared LFMC and leaf ignition of 18 
species. Sampled species comprised the four exotic conifers planted 
in Patagonia: Pinus ponderosa, Pseudotsuga menziesii, Pinus radiata, 
and P. contorta. The rest were all native species and comprised the 
trees Nothofagus pumilio, N. dombeyi, and Maitenus boaria; and the 
shrubs Mulinum spinosum, Fabiana imbricata, Ribes magellanicum, 
Berberis microphylla, and B. darwinii. We supplemented our work 

with previous data on leaf ignition and LFMC for the native trees 
Nothofagus antarctica, Austrocedrus chilensis, Schinus patagonicus, 
and Lomatia hirsuta; the bamboo-like Chusquea culeou; and the ex-
otic Populus nigra (see Bianchi and Defossé 2015).

Field Sampling
We carried out the field sampling in five sites distributed along 

the precipitation gradient (Figure 1a). Sampling was repeated every 
15 days from December to April (summer), covering the late part 
of the growing season (Jobbagy et al. 2002) and the period of high 
wildfire occurrence in northern Patagonia (Oddi and Ghermandi 
2016). To test the decrease in LFMC during spring, a phenom-
enon known as “spring dip” (Jolly et  al. 2016), we also sampled 
exotic conifers fortnightly during August and September. At every 
sampling date, between noon and 16:00, we randomly selected 10 
individuals per species and collected ~100  g of living leaves per 

Figure 1. (a) Map showing the location of the five sampling sites (squares), the city of Esquel and the two weather stations. (b) Climate 
diagrams (Walter and Lieth 1960–1967) based on monthly data gathered from the Esquel airport (1949–2016) and from a remote au-
tomated weather station, located in the Bergwyn Ranch (2007–2012). Isohyets showing the marked precipitation gradient of the region. 
Data from the Esquel Airport weather station provided by the Argentinean National Weather Service (Servicio Meteorológico Nacional, 
SMN).

D
ow

nloaded from
 https://academ

ic.oup.com
/forestscience/article-abstract/65/4/375/5232979 by N

ottingham
 Trent U

niversity user on 10 August 2019



378 Forest Science • August 2019

tree (resulting in ~1,000  g per species) on the north side of the 
crown (the sunniest part of the tree), up to a height of 2 m. Leaf 
samples were combined in the field and packed in individual her-
metic bags. They were weighed in the field to obtain their fresh 
weight (FW) and then taken to the lab in a portable fridge. Once in 
the lab, ~500 g of each species was oven-dried at 80°C for 48 h and 
reweighed to obtain the dry weight (DW). We used the remaining 
leaf samples (other ~500 g of each species) for the leaf ignition tests. 
We calculated the LFMC of each species as follows (Pellizzaro et al. 
2007):
 LFMC FW DW DW 1% /( ) = ( ) ×− 00

Besides seasonal LFMC dynamics and leaf ignition of the 
selected species, we determined the daily variation of LFMC of 
Pinus ponderosa needles weekly from January to March 2008. We 
collected needle samples randomly from 10 different trees every 2 h 
from early morning (09:00 am) to early evening (19:00 pm). For 
determining LFMC, we followed the same procedure as mentioned 
above. This intensive, time-consuming sampling was only done 
with Pinus ponderosa because it is the most planted species in the 
region and hence the main exotic tree that may be affected by 
wildfires in Patagonia.

Leaf Ignition Tests
Each ignition test included 70 subtests. For each subtest, we ran-

domly took some leaves from the collected samples and put them 
inside a Petri box. Leaves were weighed in a precision balance (0.1 g 
resolution) to obtain 1 g of their FW. These subsamples were then 
put over a standard epiradiator of 500 W. A pilot flame, located 
4 cm above the center of the epiradiator, allowed the ignition of 
the air–gas mixture resulting from the thermal decomposition of 
the subsample, but it did not play any part in this decomposition. 
In each subtest, we measured four parameters: (1) ignition time: 
the time lapse between the moment we put the sample over the 
epiradiator and the appearance of the first flame; (2) combustion 
duration: the duration of the flame (in seconds) after ignition; (3) 
ignition frequency: the proportion of positive subtests over the 70 
subtests performed (a subtest was considered positive if the ignition 
time was less than 60 s); and (4) flame index, which ranged from 1 
to 5 based on flame height (1: flames <1 cm tall; 2: flames 1–2 cm; 
3: flames 3–7 cm; 4: flames 8–12 cm; 5: flames >12 cm tall). The 
final values of ignition time, combustion duration, and flame index 
were averaged over the 70 subtests.

Data Analyses
We computed all the statistical analyses using R software, 

version 3.2.3 (R Core Team 2015). To evaluate the effect of LFMC 
on leaf ignition (objective 1) we applied a multilevel modeling (or 
partial pooling) approach (Gelman and Hill 2007) using the “lme” 
function from the “nlme” package (Pinheiro et al. 2016). For igni-
tion time, combustion duration, and flame index (continuous re-
sponse variables), these data were structured hierarchically within 
species. According to this hierarchy, we used species as a random 
factor and fitted a two-level linear model in which the random 
effect of species was modeled through a linear relation with the 
species-level LFMC (the mean LFMC of each species). We used 
varIdent as the variance function (Pinheiro and Bates 2006) when 
we detected that residual variance was different among species. 

For ignition probability, we used a generalized linear mixed model 
with binomial distribution (“glmer” function from the “lme4” 
packages; Bates et al. 2015). Ignition probability has two possible 
responses: “ignited” or “not ignited.” It was analyzed at test level 
with responses nested within samples (random factor; each sample 
was formed by 70 tests), nested within species (random factor). 
We related the random effect of species to the species-level LFMC. 
Additionally, we fitted simple linear regressions to study the re-
lations among each one of the four ignition parameters and the 
LFMC for individual species. This analysis allowed us to assess 
the response of each species to changes in the LFMC. Finally, we 
combined the LFMC and the results of the four ignition parameters 
for each species using a principal-components analysis (PCA) and 
grouped the species according to their leaf ignition characteristics, 
with a hierarchical cluster analysis.

To analyze the seasonal dynamics of LFMC (objective 2), we 
applied a general linear model and varIdent as the variance function 
to model the heterogeneity among species. We modeled the mean 
LFMC as a function of time (continuous predictor) and species 
(categorical predictor). We incorporated species into the model as a 
fixed effect to evaluate the influence of each species on LFMC var-
iations. The model was fitted using Pinus ponderosa as the reference 
level because it is the main planted exotic conifer. Therefore, we 
performed a posteriori comparisons with respect to this species. To 
adjust these models, we used LFMC and leaf ignition data gathered 
from December to April. We did not observe any temporal corre-
lation, and so it was not necessary to include it into the model. For 
this analysis, we applied the “gls” function from the “nlme” package 
(Pinheiro et al. 2016).

To model the daily LFMC dynamics of Pinus ponderosa (ob-
jective 3), we used a multilevel approach with errors correlated in 
time. Our approach assumed that data corresponding to a same 
day are not independent, and consecutive data (e.g., LFMC at 
09:00 versus LFMC at 11:00) are more similar than time-separate 
data (e.g., LFMC at 09:00 versus LFMC at 19:00). Therefore, we 
considered day as a random factor and applied an autoregressive 
moving mean error structure (Pinheiro et al. 2016). In addition, 
we used varIdent as the variance function to model heterogeneity 
among days. We included a proxy of the time of the fire season 
(number of weeks since the first sampling) to model the change 
in LFMC daily dynamics along the season (i.e., as a continuous 
predictor at the day level). We obtained a random intercept and 
slope model with temporal autocorrelation and heterogeneity 
considering day as the random factor, hour as the fixed effect at 
the data level, and time in the fire season as the fixed effect at the 
day level.

Results
Relation between LFMC, Leaf Ignition, and Ignition Rating

When considering all species together, LFMC was significantly 
related to the four leaf ignition parameters. According to the fitted 
models, ignition time increased by 0.08  s when the LFMC of 
species increased by one unit (tdf:16 = 2.54; P = .021). In contrast, 
combustion duration decreased by 0.07  s per percentage unit of 
LFMC (tdf:16 = –5.44; P < .0001); ignition frequency decreased by 
6.0% per unit of LFMC (logit slope = –0.06, tdf:16  = –6.56; P  < 
.0001); and flame index decreased by 0.01 units per unit of LFMC 
(tdf:16 = –4.73; P < .0001; Figure 2).
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LFMC was similar for the four exotic conifer species and gen-
erally below the LFMC of native trees (Table 1); in this sense, leaf 
ignition parameters were higher in exotic conifers than in native 
trees. The exotic Populus nigra had the lowest values of leaf igni-
tion and the highest mean LFMC. Shrub values were more var-
iable. Although Schinus patagonicus, Fabiana imbricata, Ribes 
magellanicum, and Mulinum spinosum showed relatively low levels 
of leaf ignition, both Berberis microphylla and B.  darwinii had 
lower LFMC and higher levels of leaf ignition than native trees. 
Moreover, ignition of Berberis microphylla leaves was higher than 
that of the exotic conifers, and only surpassed by Chusquea culeou, 
which had the lowest LFMC and the highest leaf ignition values of 
all species analyzed.

Most of the leaf ignition parameters were not highly modified 
by changes in LFMC when considered within species (Table S1). 
Among conifers, only the combustion durations of Pseudotsuga 
menziesii and Pinus ponderosa were slightly influenced by changes 
in LFMC. In Populus nigra, the relation of LFMC with combus-
tion duration and flame index was slightly significant. Relations of 
LFMC with ignition variables for native trees differed by species. 
LFMC influenced the combustion duration of Nothofagus antarctica 

and Maitenus boaria, the ignition time of Nothofagus antarctica, and 
the flame index of N.  pumilio. It is remarkable that Austrocedrus 
chilensis is the only species in which changes of all the four leaf 
ignition parameters were significantly associated with changes in 
LFMC. Considering shrubs, the relation was significant only in the 
ignition time of Ribes magellanicum and Mulinum spinosum, and in 
the combustion duration of Mulinum spinosum.

The PCA for leaf ignition of the 18 species explained 88.8% of 
the variation with the first two principal components (Figure 3). All 
parameters were closely related to Axis 1 (PCF1) explaining 71.2% 
of the variance, and Axis 2 (PCF2) added 17.6% of the variation of 
leaf ignition. Combustion duration, ignition frequency, and flame 
index were positively correlated with PCF1 (0.8, 0.9, and 0.9, re-
spectively) and poorly correlated with PCF2 (<0.4). Contribution 
of these parameters was 22.6, 29.6, and 30.3% to PCF1, and 26.9, 
8.0, and 1.4% to PCF2, respectively. On the other hand, ignition 
time was negatively correlated with PCF1 (–0.7), and its contribu-
tion to this axis was 17.5%, but it was positively correlated with 
PCF2 (0.7), to which it highly contributes (63.7%). The results of 
the hierarchical cluster analysis grouped the species in six clusters 
according to their ignition parameters (Table 1 and dotted ellipses 

Figure 2. Observed (circles) and fitted (squares) values of the four leaf flammability parameters plotted against mean live fuel moisture 
content (LFMC, predictor at species level) considering all species together. Dotted lines represent the fitted curve for the estimated mean 
of the species random effect. (a) ITs = 8.49–0.08 LFMCs; (b) CDs = 20.73–0.07 LFMCs; (c) IFs = e^(12.10–0.06 LFMCs) / 1 + e^(13.10–0.06 
LFMCs); and (d) FIs = 4.07–0.01 LFMCs. IT, ignition time; CD, combustion duration; IF, ignition frequency; FI, flame index. The subscript “s” 
indicates species.
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in Figure 3). The more ignitable species had large positive values 
for PCF1, whereas the less ignitable species had large negative 
values in this axis. Because PCF2 has very few contributions of 
most parameters, only two species, Mulinum spinosum and Fabiana 
imbricata, which had high ignition times, were differentiated in this 
axis (Figure 3).

LFMC Dynamics
LFMC dynamics varied widely among species and vegetation 

types (Figure 4 and Table S2). The LFMC of exotic conifers varied 
around a mean value of 117.4% ± 10.8. The LFMC of Pinus radiata 
increased as the season advanced. The other three conifers, instead, 
showed a decreasing LFMC trend along the fire season (Pinus pon-
derosa was the reference level with LFMC decreasing at a rate of 
0.14% day–1). The exotic broadleaf Populus nigra had the highest 
LFMC mean of all the species studied (252.0%) and also was 
relatively more variable (residual standard error  =  28.8). Among 
the native forest species, Nothofagus dombeyi had the lowest mean 
LFMC (104.3%) with a relatively small variability around its tem-
poral trend (residual standard error = 6.1). Live FMC of the other 
six native forest species was higher (greater than 135.5%) and more 
variable. The LFMC trend in Nothofagus antarctica, Austrocedrus 
chilensis, and Nothofagus pumilio was similar to that of Pinus 
ponderosa. On the other hand, whereas Schinus patagonicus and 
Lomatia hirsuta had increasing LFMC, Maitenus boaria decreased 
dramatically during the season (0.86% day–1). With the exception 
of Fabiana imbricata, LFMC of all shrub species decreased as the 
season progressed. In particular, Mulinum spinosum had the highest 
drying rate of all species evaluated (i.e., the most negative slope). 
This drying trend separated the shrubs into two groups. The first 
group included Berberis microphylla and B.  darwinii, with mean 
LFMC values below those of the native tree species. The rest of the 
shrubs form the second group, which had generally higher LFMC 
values than all tree species (168.0% ± 31.4). Although Chusquea 
culeou had the lowest LFMC values throughout the season 
(Table 1), its temporal trend was similar to that of Pinus ponderosa. 
It is important to note that the lowest values of LFMC in Pinus 
ponderosa (~110.2%) and in Pseudotsuga menziesii (~87.1) occurred 

during September—October (spring in the southern Hemisphere), 
but in Pinus contorta (~97.3%) and P. radiata (~118.8%) the lowest 
LFMC values were registered during January (summer) and March 
(early fall), respectively.

Daily Variation of LFMC in Pinus ponderosa
The daily variation of LFMC in Pinus ponderosa was min-

imal (less than 15%), but the pattern of daily variation changed 
during the growing season. From January to mid-February, LFMC 
reached a minimum around noon (Figure  5a–d). The timing of 
this minimum shifted to 15:00–17:00 from late February to the 
end of the season (late April); the highest LFMC was observed at 
09:00 (Figure 5e–l). Thus, there was a significant interaction effect 
(P  =  .018) between the hour of day and the moment of the fire 
season. The initial LFMC (at 09:00) tended to remain constant 
during the fire season (Figure 5m), but the slope in the hourly dy-
namics (i.e., the change in LFMC during the day) decreased by 
0.19 unit per week (Figure 5n).

Discussion
The degree to which plant traits, rather than climate or weather, 

influence flammability and subsequent fire behavior is still a matter 
of ongoing debate (Mutch 1970, Troumbis and Trabaud 1989, 
Bond and Midgley 1995, Schwilk 2003, Fernandes and Cruz 
2012, McAllister et  al. 2012, Pausas et  al. 2012, Schwilk 2015). 
Some studies, for example, have conceptually equated flamma-
bility parameters measured in the lab (ignitability, combustibility 
and sustainability) to fire rate of spread, fire intensity, and residence 
time occurring during wildfires (Gill and Zylstra 2005). Although 
lab flammability tests should not be used solely as a surrogate for 
directly determining flammability at landscape level (Schwilk and 
Caprio 2011), these tests are essential for understanding some flam-
mability components that operate at higher scales. Furthermore, 
their results can be used as inputs to models that predict fire behavior 
at landscape levels. However, the relation between flammability as 
assessed in the laboratory and flammability at stand or landscape 
level is often limited by factors associated with the scale of exper-
imentation. Exposure of individual plant parts to heat under lab 

Table 1. Fitted values for the four leaf ignition parameters and LFMC at the species level.

Type Species Leaf ignition category
Ignition
time (s)

Combustion
duration (s)

Flame
index

Ignition
frequency (%) LFMC (%)

Exotic conifers Pinus ponderosa Highly ignitable 17.4 12.2 3.0 100.0 119.7
Pseudotsuga menziesii Highly ignitable 17.8 14.8 2.5 99.6 107.2
Pinus contorta Highly ignitable 17.2 10.0 3.6 100.0 111.0
Pinus radiata Highly ignitable 17.9 10.4 2.8 100.0 126.7

Exotic broadleaf Populus nigra Poorly ignitable 22.9 3.1 1.2 40.4 252.0
Native trees Nothofagus dombeyi Highly ignitable 16.0 12.6 3.0 100.0 104.3

Nothofagus antarctica Very ignitable 15,0 12,6 2,5 91,1 135.6
Nothofagus pumilio Very ignitable 15.2 9.4 2.3 87.8 142.5
Lomatia hirsuta Very ignitable 17.7 13.2 2.5 89.7 152.8
Maitenus boaria Very ignitable 19.9 9.2 2.4 97.0 157.4
Austrocedrus chilensis Ignitable 23.3 7.5 1.9 72.7 153.4
Schinus patagonicus Ignitable 21.9 6.2 1.5 43.0 137.2

Native shrubs Berberis microphylla Highly ignitable 19.5 13.5 2.7 99.2 87.7
Berberis darwinii Highly ignitable 15.2 8.5 3.1 98.8 142.6
Fabiana imbricata Moderately ignitable 37.5 11.7 1.6 97.0 164.0
Mulinum spinosum Moderately ignitable 47.5 8.2 1.6 55.0 169.1
Ribes magellanicum Poorly ignitable 24.3 7.3 1.5 47.5 202.8

Native bamboo Chusquea culeou Extremely ignitable 11.4 19.2 2.8 98.0 75.2

Note: Species are categorized according to the results of the hierarchical cluster analysis.
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conditions does not always recreate what may occur during wildfires 
to plants as a whole, or to a group of plants growing together in 
stands or at landscape level (Fernandes and Cruz 2012, Schwilk 
2015). Sometimes the heat-transfer processes that operate in the 
real world cannot be realistically reproduced in the laboratory, and 
the corresponding flammability metrics and their interpretation 
cannot be extrapolated beyond the experimental setting (Fernandes 
and Cruz 2012). On the other hand, outdoor experimental fires, 
which may be extremely useful for determining fire rate of spread, 
fire intensity, and residence time, are generally limited by opera-
tional, safety, and cost constraints (Fernandes and Cruz 2012). In 
this study, we determined, under lab conditions, the LFMC and 
leaf ignition characteristics of dominant native Patagonian plant 
species and compared them with those of four exotic conifers and a 
broadleaf tree species planted in the region.

Relation between LFMC, Leaf Ignition, and Ignition Rating
The relation between LFMC and ease of ignition reported in 

previous studies (Xanthopoulos and Wakimoto 1993, Jolly et  al. 
2012, Page et  al. 2012, 2014, Bianchi and Defossé 2014, 2015, 
among others) was supported by our results. Although the ignition 

behavior of live fuels is influenced by many different factors besides 
moisture content (e.g., chemical components or foliage structure; 
Jervis et al. 2010, McAllister et al. 2012), the mean LFMC of the 
species analyzed in this study was closely related to their leaf igni-
tion (Figure 2). In addition, ignition frequency, flame index, and 
combustion duration were highly positively correlated, and ignition 
time highly negatively correlated, with LFMC on almost all species 
studied (Figure  3). Although the mean LFMC of a particular 
species was negative related to its mean leaf ignition characteristics, 
the relation between LFMC and all the leaf ignition parameters 
was not always significant (Table S1). This intraspecies variability 
could be related to variations in chemical components or foliage 
structure, for example.

The four exotic conifers analyzed had lower values of LFMC 
than most native trees and had some of the highest ignition values 
(Figure  4 and Table  1). Only the native bamboo-like Chusquea 
culeou was more likely to ignite. This may explain, in part, why 
all the exotic conifers burn rapidly if the stands are dense and un-
managed (not properly thinned or pruned). Among native trees, 
Nothofagus dombeyi had similar leaf ignition characteristics to 
the exotic conifers. This species naturally grows in humid areas 

Figure 3. PCA and hierarchical cluster results. Vectors represent correlations between leaf ignition parameters and principal components 
1 and 2. Dotted circles group species according the ignition clusters. LFMC, live fuel moisture content; IP, ignition percentage; FI, flame 
index; CD, combustion duration; and IT, ignition time. Pipo, Pinus ponderosa; Psme, Pseudotsuga menziesii; Pico, Pinus contorta; Pira, 
Pinus radiata; Poni, Populus nigra; Noan, Nothofagus antarctica; Auch, Austrocedrus chilensis; Lohi, Lomatia hirsuta; Scpa, Schinus 
patagonicus; Nopu, Nothofagus pumilio; Mabo, Maitenus boaria; Nodo, Nothofagus dombeyi; Chcu, Chusquea culeou; Faim, Fabiana 
imbricata; Musp, Mulinum spinosum; Beda, Berberis darwinii; Bemi, B. microphylla; Rima, Ribes magellanicum;
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(western region of the precipitation gradient), so the highly ig-
nitable characteristic of its leaves could be masked by the less 
fire-prone conditions of the surrounding natural environment. 
Nothofagus antarctica, N.  pumilio, Maitenus boaria, and Lomatia 
hirsuta, instead, were classified as very ignitable. Similar results 
for moisture content and flammability in native trees, including 
Nothofagus dombeyi had been observed by Ghermandi et al. (2016) 
in a wildland urban interface in northwestern Patagonia. In this 
region of Patagonia, N.  pumilio forests are generally located at 
higher altitudes and above N. dombeyi forests. After periods of ex-
treme drought, however, patches of both species may be reached by 
wildfires generally initiated in tall shrublands or in forests located 
at lower altitudes dominated by N. antarctica and Chusquea culeou 
(Mermoz et al. 2005). Communities dominated by Nothofagus ant-
arctica occupy large areas in the Andean forest–steppe ecotone of 
northwestern Patagonia (CIEFAP and MAyDS 2016) and are spa-
tially linked to human settlements and roads (Gowda 2013), gen-
erally known as wildland–urban interfaces. The closeness to human 
settlements, and the very ignitable condition of its leaves, makes the 
communities dominated by N. antarctica, accompanied by Lomatia 
hirsuta and Maitenus boaria in the understory, the most fire-prone 
areas in the region (Mermoz et al. 2005).

It is important to note that LFMC of both Austrocedrus chilensis 
(widely distributed and a dominant tree species in the Andean pied-
mont) and Maitenus boaria decreased during the fire season (Figure 4 
and Table S2). Moreover, these two species are among the few in 
which leaf ignition parameters are strongly related to within-species 
LFMC variations (Table S1). For that reason, although the cluster 
analysis classified Austrocedrus chilensis as ignitable and Maitenus 
boaria as very ignitable (Figure 4), when the season advances and 
their LFMC decreases, their leaf ignition increases, and then both 
species may behave as very ignitable and highly ignitable, respec-
tively. Among shrubs, Berberis microphylla and B.  darwinii were 
classified as highly ignitable, whereas the other shrub species were 
classified as moderately or poorly ignitable. The LFMC of Populus 
nigra was very high, and its leaf ignition parameters nearly coincide 
with those reported for the related trembling aspen (P. tremuloides 
Michx.) in North America (Van Wagner 1967). Trembling aspen 
also had a significantly higher LFMC and lower ignitability than 
five North American conifers. These results suggest that planting 
black poplar within conifer plantations in Patagonia, either as lines 

or as interspersed individuals, can create fire barriers and help re-
duce fire risk and flammability at stand levels (Bianchi and Defossé 
2015).

LFMC Dynamics
In comparison with other regions of the world, the LFMC 

range that we found in the conifers species (~87–141%) is below 
those (~140–200%) reported for the same species grown in North 
America (Agee et al. 2002). Pinus contorta had a mean LFMC of 
~111.0%, similar to that found in north-central Colorado and 
western Montana, USA (Jolly et al. 2012). Values for P. ponderosa 
and P. contorta are also similar to those found by Jolly and Hadlow 
(2012). Moreover, in these studies, as in our results in northwestern 
Patagonia, the LFMC trend in conifers varied slightly during the 
summer season (Table  S2 and Figure  4). It is important to no-
tice that we identified the spring dip phenomenon (Van Wagner 
1967, Chrosciewicz 1986, Jolly et  al. 2016) in P.  ponderosa and 
Pseudotsuga menziesii. Such low foliage moisture content during 
spring has been related to extreme fire behavior, and these min-
imum values of LFMC used for fire danger assessment (Agee et al. 
2002). This spring dip in LFMC in the main conifers planted in 
the region, several months before the beginning of the fire season, 
could favor fire occurrence when the wildland fire control system is 
not fully operational. With regard to shrubs, as has been reported 
in other studies in the region (Oddi et al. 2016), in Mediterranean 
areas of southern Europe (Viegas et al. 2001, Castro et al. 2003, 
Pellizzaro et al. 2007) and in North America (Agee et al. 2002), the 
LFMC steadily decreased as the fire season advanced. This general 
trend may explain why the most extreme wildfires tend to occur in 
late summer in this region of Patagonia.

Daily Variation of LFMC in Pinus ponderosa
We found only a small diurnal variation of LFMC in Pinus 

ponderosa. As the season progressed, daily LFMC decreased more 
rapidly (Figure 5a–n). Similar to our results, the minimum LFMC 
around noon during the first part of the fire season was also re-
ported by Agee et al. (2002) in August, and by Philpot (1965) in 
late June and in mid-July in the Northern Hemisphere. Philpot 
(1965) also found the minimum LFMC around 15:00–18:00 later 
in the fire season (late September). These variations along the season 

Figure 4. Foliar moisture content dynamics and the corresponding linear trends based on statistical modeling: (a) exotic trees, (b) native 
trees and (c) shrubs.
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and during a specific day could influence fire behavior and should 
be considered in fire danger assessments. Our model suggests that 
the initial LFMC at 09:00 remains almost constant for the entire 

fire season (Figure 5m). However, this result is highly influenced 
by LFMC hourly dynamics observed on 16 April 2008, when we 
measured the lowest LFMC values of the season. If this particular 

Figure 5. (a–l) daily variation of LFMC (response variable) in Pinus ponderosa (highlighted dots) plotted against the time of the day (fixed 
effect/predictor at data level) for every sampling date during the 2008 fire season. Gray circles represent all the LFMC values measured 
during the season, and dotted lines represent the adjusted model for each day (random effect). Below, trends of the intercepts (m) and the 
slopes (n) of these adjusted curves during the fire season (fixed effect/predictor at day level); dotted lines represent the fitted curve of the 
model for those intercepts and slopes.
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value is removed from the analyses, the LFMC at 09:00 would 
increase during the season. Further research is suggested to improve 
our understanding about daily LFMC dynamics.

In summary, leaves from the introduced conifers are more ig-
nitable than most of the native species, with the exception of the 
bamboo-like Chusquea culeou, the shrub Berberis microphylla, and 
the tree Nothofagus dombeyi (Table  1). However, landscape-level 
flammability also depends on the plant structure, architecture, and 
other plant traits, and their arrangement in the landscape (Schwilk 
2003, Kuljian and Varner 2013, Cruz et al. 2017). Examples taken 
from different conifers stands burned in Patagonia may help illustrate 
this issue. One example is presented by different stands composed of 
Pinus radiata, P.  contorta, and Pseudotsuga menziesii, planted about 
40–45 years ago at very high densities (2500 trees ha–1). Plantations 
grew, their canopies closed, and, because of competition and lack 
of light, native vegetation disappeared from their understory. Fires 
resulting from arsonburned these plantations in 1987 and 1999, 
and again in 2012 and 2015. These recurrent fires initiated a sec-
ondary succession path that not only self-perpetuated the non-native 
species, but also triggered invasive behavior in nearby areas (Raffaele 
et al. 2015). Another emblematic fire in this region occurred in 1990 
(Dentoni et  al. 1999). This extreme wildfire burned near 20,000 
hectares of rangelands, of which about 1,000 hectares were of unman-
aged stands of Pinus ponderosa and P. contorta. On the other hand, 
in a 25-year-old Pseudotsuga menziesii plantation caught by a wild-
fire, the tree mortality in unmanaged plots was 100% and steadily 
declined to 25, 10, and 5% as stand densities decreased to 900, 700, 
and 500 trees ha–1, respectively (Godoy et  al 2013). All plots in-
cluded the same species grown in the same place, i.e., the LFMC and 
leaf ignition characteristics were expected to be similar among trees. 
Therefore, it is reasonable to suppose that the differences in flamma-
bility and fire behavior among stands were because of different stand 
management. Similar results were observed when another wildfire 
caught a Pinus ponderosa plantation that, having received appropriate 
thinning and pruning treatments and residues removed, successfully 
survived with only minor bole damage (Davel et al. 2015).

Concluding Remarks
Fire is a ubiquitous phenomenon that has shaped the structure 

and functioning of vegetation of most ecosystems at global scale. 
However, the influence of plant traits on vegetation flammability 
is still under discussion. In this study, we provided data showing 
some flammability constituents for dominant native Patagonian 
plant species and made comparisons with those of exotic conifers 
and a broadleaf tree species planted in the region. We found that 
the introduced conifers were, in general, more ignitable than most 
of the native species analyzed. This basic information is essential 
for the subsequent development of fire behavior models and the 
correct determination of flammability at stand or landscape levels 
(Fernandes and Cruz 2012). Further studies are required to con-
tinue improving our understanding about other factors that may 
link lab with field studies. Among them are the development of 
more complex physical models describing what happens with 
LFMC during a fire, or the study of the relation of the chemical 
composition and structure of live foliage with flammability (Jervis 
et al. 2010, McAllister et al. 2012). Finally, to apply these results 
to stand or landscape levels, more detailed characterization of fuel 

complexes in specific vegetation types, followed by experimental 
fires, should be necessary.
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