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Abstract.

In 2003 in a municipal park near Esquel, Patagonia, Argentina, plots within a 21-year-old Douglas-fir

(Pseudotsuga menziesii) afforested area were subjected to three silvicultural treatments (thinning to Reineke’s Stand
Density Index (SDI) of 900, 700, 500). In March 2007 all plots were burned by a wildfire that presented extreme fire
behaviour. Three weeks after the wildfire we assessed mortality, height of scorch and percentage of crown scorch, and
during three subsequent growing seasons we measured mortality and growth parameters. At the end of the study, mortality
differed significantly among treatments and an untreated control, and ranged from 100% in the untreated control to 25, 10
and 5% in the SDI1 900, 700 and 500 treatments. The highest growth parameters and lower mortality rates were achieved at
SDI indices of 700 or 500 (i.e. in the least dense plots). Trees thinned to these densities not only appear to withstand
extreme fires, at least under the conditions presented, but also to achieve the highest growth rates.

Additional keywords: extreme fire behaviour, fuel management, Reineke’s index, silvicultural treatments.

Received 21 December 2012, accepted 8 January 2013, published online 2 May 2013

Introduction

In the Andean Piedmont of Patagonia, Argentina, conifer
afforestation started 40 years ago. Today, ~80 000 ha have been
planted, 80% with ponderosa pine (Pinus ponderosa (Dougl.) ex
Laws.) and the rest with Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) (Loguercio et al. 2008). Most Patagonian
afforestations have not yet received silvicultural treatments and
there have been few activities to reduce fire hazard. These
afforested areas accumulate biomass faster than it decomposes,
thereby increasing fire risk. Recent data showed that 2—-3% of all
Patagonian afforested areas are burnt annually by wildfires, and
that this percentage may increase in the future as these forests
age and climate changes (Defossé ef al. 2011). In forest fire-
prone environments such as in Patagonia, silvicultural treat-
ments should be conducted not only to maximise growth and
timber quality (Cahill et al. 1986), but also to modify fuel
structure to reduce fire hazard (Fulé ef al. 2012). The reduction
of canopy fuels by increasing canopy base height, decreasing
stem and crown density and removal from the stand the slashes
produced by those activities, are basic methods to minimise the
negative effects of eventual fires (Agee and Skinner 2005).
Douglas-fir trees, at least the older individuals, are known to
have high fire resistance due to a thick, corky bark of high
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insulating capacity (Brown and Davis 1973, p. 39). However,
information about post-fire survival of young, even-aged
Douglas-fir afforested stands subjected to different pruning and
thinning densities is still scarce. In this study we took advantage
of a wildfire that occurred in 2007 in a park located near the city
of Esquel in Patagonia, Argentina, to determine post-fire effects
on some growth parameters and mortality in three Douglas-fir
stands that had been thinned to different densities in 2003. The
objectives of this study were to: (1) estimate fire intensity and
flame length in fire-affected Douglas-fir stands previously
thinned to different densities; (2) determine primary effects
three weeks after fire occurrence on stand attributes in all
treatments; (3) determine post-fire effects on mortality and other
growth parameters one, three, and four growing seasons after the
fire and (4) determine which silvicultural treatment best
achieves both fire resistance and favourable tree growth.

Materials and methods
Study area

The afforested area of this study consisted of 300 ha of pon-
derosa pine and Douglas-fir stands 5-26 year old within La Zeta
Municipal Park (42°53’S and 71°20'W). The 950-ha park was
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formerly a shrub steppe composed of native Patagonian grasses
(Stipa, Poa, Festuca, Bromus and Hordeum spp.) and shrubs
(Acaena, Colletia, Discaria, Fabiana, Mulinum and Berberis
spp). Most of this vegetation ceases aerial growth during the
summer when its aboveground structures become dead or
completely dry (Bertiller ef al. 1991). This condition facilitates
ignition and propagation of fires occurring in the region. The
park has a typical Mediterranean climate with a mean annual
rainfall of 564.8 mm (Pereyra and Abadie 1966).

Stand characteristics and treatments

In winter 2003 (August), a 21-year-old Douglas-fir stand was
thinned to three different densities based on the Reineke’s Stand
Density Index: SDI 900, 700 and 500 (Reineke 1933; Long
1985), plus a control. One sample plot was established in each of
the thinned and control areas. Plots were contiguous with each
other, and each consisted of a 40 x 40-m area surrounded by a
10-m exterior (buffer) border. The SDI is a measure of the
stocking of a stand, based on the mean number of trees per
hectare and the mean diameter calculated from the basal area.
This index assumes that even-aged, fully stocked stands of the
same species always have the same number of trees when they
reach a pre-determined quadratic mean diameter (Dg, cm). The
SDI is expressed (Daniel ef al. 1982) as:

SDI = n (Dg25~")"%% (1)

where 7 is the number of trees per hectare. Because trees inside
treatment plots were so uniform in size, diameter and height data
were collected on only 40 systematically selected trees per
treatment plot (based on the general rules for systematic sam-
pling in Scheaffer et al. 1986). At the time of thinning all
treatments were pruned to a height of 3.5m and the pruning
height for the control was 2.5 m. Most thinning and pruning
residues were removed from the treated areas.

Weather variables and wildfire behaviour

On 4 March 2007 at 0745 hours a rapidly spreading arson fire
was detected in the park. We went to observe the fire, taking
in situ meteorological data (temperature, relative humidity and
wind speed) and measuring or estimating fire behaviour vari-
ables (fire intensity, flame length, linear rate of spread and fuel
consumed).

Fire intensity was estimated by applying Byram’s (1959)
equation, modified by Alexander (1982), as:

[=HwR )

where [ is fire intensity (kWm™"), H is the net low heat of
combustion (kI kg '), w is the quantity of fuel consumed in the
active flame front (kg m ) and R is the linear rate of fire spread
(ms™Y). For H, we used a value of 18000 kag’l based on
studies carried out in similar ecosystems (Beck et al. 2005).
Since understorey fuel load previous to the fire was unknown,
we estimated it by destructively sampling understorey vegeta-
tion in ten 1-m? plots placed randomly in the unburnt Douglas-
fir stand near the treatment plots. Biomass inside these plots was
collected to the ground level; taken to the laboratory, separated
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into time lag categories (Schlobohm and Brain 2002), oven dried
to constant weight and weighed. From the total load and
according to Alexander (1982), we estimated that the fuel
consumed by the active flame front (w) was ~75% of the total
understorey load. The linear rate of spread (R) was estimated by
visual observations during the actual fire.

Flame length was estimated by applying Byram’s (1959)
equation adapted by Alexander (1982), as:

L =0.07751°% (3)
where L is flame length (m) and [ is fire intensity (kW m ).

Fire effects

The ‘direct’ effects of the fire on the different treatments were
determined three weeks after the fire event. Crown scorch height
was determined by systematic sampling (Scheaffer ez al. 1986)
of 40 trees per treatment plot. This height was measured with a
Vertex hypsometer (Haglof, Langsele, Sweden), measuring
from ground level to the highest point of each tree’s crown
scorch and rounded to the nearest 10 cm. In the case of SDI 500,
since the crowns were neither burnt nor scorched, we measured
stem char height instead. Percentage of crown scorch volume
was estimated visually as the proportion of the crown scorched
and killed due to fire in relation to the whole crown. Significant
differences in crown scorch were determined by analysis of
variance. These data were rounded to the nearest 10% according
to Fowler and Sieg (2004). Tree mortality caused by the wildfire
was calculated as the number of dead trees observed in each
treatment plot as a percentage of the total number of trees in that
plot. This measurement was repeated 1 (2008), 3 (2010) and 4
(2011) years after the fire. Stand characteristic data were col-
lected right after thinning, and then 1 (2008) and 3 (2010) years
after the fire. Mean height was measured as for crown scorch
height. Quadratic mean diameter (Dg) was calculated from the
mean basal area obtained from diameter at breast height (DBH)
on the same aforementioned 40 systematically selected trees per
treatment. Mean annual increment (MAI) in DBH per treatment
plot was calculated right after thinning (2003) by dividing the
DBH by the age of the plantation. Mean annual increment in
DBH measured in 2008 was the annual growth achieved from
2003 to 2008, whereas MAI in 2010 was that achieved from
2008 to 2010. The presence of insects or pathogens was deter-
mined at the end of the first (2008), third (2010) and fourth
(2011) growing seasons after the fire. Equation 4 of Bell ef al.
(1981, p. 4) modified by Davel (2008) was used to determine
volume of each stand and annual growth per treatment was the
total volume achieved per year.

Results and discussion
Weather variables and wildfire behaviour

Right after the fire was detected the air temperature was 13.7°C,
relative humidity was extremely low (9%) and wind speed
ranged from 15 to 18kmh~'. At 1200 hours, temperature
increased to 16°C and relative humidity rose to 35%. At that time
the fire started to be driven by the wind, whose speed increased
from 20kmh~! at 0800 hours to 35kmh~"! at 1500 hours,
remaining stable at that speed until 2100 hours. Under these
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Table 1.
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Crown scorch height and crown scorch volume (mean + standard error) three weeks after the wildfire,

and mortality after one (2008), three (2010) and four (2011) growing seasons after the wildfire

Treatment (n = 40) Crown scorch height (m) Crown scorch volume (%) Tree mortality (%)
2008 2010 2011
Control 142+4.7 1004+0.0 100 100 100
SDI 900 7.6+1.9 66+5.1 20 25 25
SDI 700 55+0.9 39+4.7 5 10 10
SDI 500 1.8+0.2% 0 0 5 5

AIn SDI 500 this value corresponds to stem char height.

conditions, the rate of fire spread was 0.11ms™" in the open,
unforested area. During this major run fire presented extreme
behaviour and reached the treatment sites. The rate of spread
diminished to 0.042ms ™' when the fire reached the treatment
and control plots. This diminution may have been due to the
attenuating effects of the forest on wind speed. Total under-
storey fuel load was 4.36 4 0.54 kg m™2; 52% corresponding to
1-h fuels and 48%, to 10-h fuels. Assuming 75% consumption
by the active flame front, fuel consumed was 3.27 kg m 2. Fire
intensity inside the treatment plots was 2353 kW m ™' and flame
length was 2.8 m. The fire rapidly crowned in the control plot
whereas flames were too small to get to the crowns in the thinned
treatments, burning the foliage by heat radiation or convection
alone. Flame length was fairly similar in all treatment plots,
although its height was lower in the SDI 500 plot than in the
other treatments. This effect may have been caused by the wind,
which forced the flames to remain more horizontal in this less
dense stand.

Primary fire effects

Three weeks after the fire crown scorch volume was 100% in the
control plot, 66% in SDI 900, 39% in SDI 700 and, in SDI 500
crowns were not scorched at all (Table 1). Analysis of variance
suggested significant differences in crown scorch due to thin-
ning (P <0.001). Analogous results were reported by Graham
et al. (2004) for a wildfire that burned a natural stand of
Douglas-fir—ponderosa pine forest in the western United States.
Peterson et al. (1991) detected ~40% crown scorch volume in
naturally grown Douglas-fir stands burned by a wildfire in the
northern Rocky Mountains (USA), similar to the value recorded
in our plot thinned to SDI 700. Crown scorch increases with fire-
line intensity (Van Wagner 1973) and in wildfires is constrained
by the prevailing fuels and environmental conditions as well as
crown base height and tree size (Ryan and Reinhardt 1988). In
our study plots, because the environmental conditions and fuel
loading were similar for all treatments, differences in crown
scorch volume might be attributed to understorey fuel avail-
ability and the treatments themselves, as explained in Alexander
and Cruz (2012).

Crown scorch height was significantly (P < 0.0001) higher
(14.2 m) in the control plot than in treatment plots (7.6, 5.5 and
1.8 m (stem char height) in SDI 900, 700 and 500) (Table 1). In
the Rocky Mountains Douglas-fir fire crown scorch height
averaged 9.7m (Peterson et al. 1991). In our study, a similar
value was measured in the unthinned control and the least
thinned treatment (SDI 900), suggesting that, considering the

age of the stands, this thinning treatment could be highly
affected by fire. The literature has established that Pinus and
other conifer species can withstand from one- to two-thirds
foliage loss due to fire without significant growth loss effects
(Ryan 1982; Peterson and Arbaugh 1989; de Ronde et al. 1990).
In our case, it seemed that the values reached in the SDI 900
treatment for both crown scorch volume and crown scorch
height represent a threshold above which fire effects severely
restricted Douglas-fir growth and survival (Table 1). In contrast,
although the SDI 700 treatment showed some crown scorch
damage it rapidly recovered and later showed growth rates
similar to SDI 500, which suffered no crown scorch at all.

Tree mortality

No trees survived in the control plot, whereas the percentage of
dead trees decreased as the SDI decreased (Table 1). At the end
of the first growing season after the fire (2008), mortality was
20, 5 and 0% for SDI treatments of 900, 700 and 500. In 2010
mortality was 25, 10 and 5% for the same treatments, and
remained unchanged for 2011 (Table 1). This suggests a stabi-
lisation of this parameter for all treatments, and that no further
mortality due to fire is expected. Our results also showed a direct
relationship of crown scorch volume and stem char height (for
SDI 500) with tree mortality (Table 1). Furthermore, a strong
relationship (r=0.79, P <0.001) was found between crown
scorch height and tree mortality. Our findings generally agree
with Peterson (1984, 1985) and Peterson et al. (1991), who
considered that the degree of crown injury is a critical deter-
minant of Douglas-fir survival and growth after wildfires, and
that crown scorch height and percentage of crown scorch vol-
ume are good indicators of tree damage.

Some studies in western North America found no significant
differences in tree mortality due to crown scorch volume
between Douglas-fir and ponderosa pine after wildfire
(McHugh and Kolb 2003; Fowler and Sieg 2004; Raymond
and Peterson 2005). This assertion, however, should be carefully
considered if our results are intended to be expanded to similarly
thinned, young ponderosa pine afforestations burned by wild-
fires in Patagonia. Although crown scorch volume may be
similar in both species, differences in bud resistance to fire
could lead to different mortality rates (Peterson and Ryan 1986).
More studies will be necessary to elucidate this crucial question
because ponderosa pine and Douglas-fir will continue to be the
most-planted species in Patagonia. Although currently only
~2-3% of these still-young afforestations are burned by wild-
fires annually, it is probable that this percentage could increase
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Stand characteristic data of the treatment plots before and after the thinning (2003), and 1 (2008)

and 3 (2010) years after the wildfire
Abbreviations are: SDI, site density index of Reineke; Dg, quadratic mean diameter; MAI, mean annual increment in
diameter at breast height (DBH) (+s.e.). Heights are mean =+ s.e.

Plot SDI Dg® (cm) Height (m) MAI in DBH Annual growth
(cm year™ ") (m3 ha™! year ')

After thinning 2003

Control 1354 18.7 129+0.2 0.8+0.3 16.7

SDI 900 858 17.0 12.7+0.3 0.7+0.2 9.8

SDI 700 680 234 145+0.2 0.8+0.2 9.5

SDI 500 507 18.8 13.2+0.2 0.74+0.3 6.2
After fire 2008"

Control - - -

SDI 900 1078 21.8 14.7+0.2 0.6+0.2 7.0

SDI 700 878 27.8 174+0.2 1.04+0.2 11.3

SDI 500 709 232 16.0£0.2 1.0+0.2 8.8
After fire 2010%

Control - - - - -

SDI 900 1063 22.5 15.6+0.5 04+0.3 10.6

SDI 700 955 30.3 184+0.2 1.1+£0.2 12.0

SDI 500 799 25.8 17.0+0.4 1.04+0.2 9.1

AAnnual increment in DBH from 2003 to 2008.
B Annual increment in DBH from 2008 to 2010.

in the near future. Some of the causes for this increase are stands
aging, reluctance of landowners to carry out proper silvicultural
treatments (thinning, pruning and prescribed burning) and the
increase in global mean temperatures (Defossé et al. 2011).

Effects of thinning on different growth parameters

Right after thinning (2003), MAI in DBH was similar (~0.8 cm
year ') for all plots (Table 2). From 2003 to 1 year after the fire
(2008), the MAI at DBH reached 1.0 cm year™ ' for both SDI 500
and 700 plots, significantly higher than the 0.6cmyear '
obtained in SDI 900 (Table 2). Differences in MAI in DBH
found between SDI 500 and 700 as compared with SDI 900, still
remained when the stands were re-measured in 2010 (Table 2),
and may have been due to the combined effects of thinning and
fire. Similar findings to our SDI 500 to 700 comparison were
noted in a Douglas-fir afforestation in Chile grown under similar
environmental conditions as those presented here. That affor-
estation, thinned to 775 treesha™", produced a MAI in DBH
from 0.7 to 1.6cmyear ' 4 years after thinning (Drake ef al.
2003). Annual growth (in volume) measured 1 (2008) and 3
(2010) years after the fire was greater in the SDI 700 plot than in
the other two treatments (Table 2). It seems then that in SDI 500
thinning was excessive, whereas thinning to SDI 900 appears to
be risky if a wildfire occurs. No pathogens or insect outbreaks
were observed after the wildfire in any of the treatments in 2008,
2010 or 2011. This could be due to the fact that Douglas-fir is
practically a newcomer to Patagonia, and no specific insects or
pathogens have been detected to attack this species yet.

Management implications

This study showed that silvicultural treatments (thinning to
Reineke’s SDI from 500 to 700) and removal of thinning resi-
dues could be a sound management option to achieve both the

greatest growth and a considerable reduction of fire risk in
Douglas-fir afforestations in Patagonia. In the future and besides
thinning, other fuel reduction treatments (i.e. mastication, pre-
scribed underburning) should be tested to reduce wildfire risk in
these afforestations. This study could serve as a basis to expand
our results to other Douglas-fir afforestations carried out in
similar Mediterranean ecosystems around the world.
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