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Abstract

Anthropogenic understory fires affect large areas of tropical forest, particularly during
severe droughts. Yet, the mechanisms that control tropical forests” susceptibility to fire
remain ambiguous. We tested the widely accepted hypothesis that Amazon forest fires
increase susceptibility to further burning by conducting a 150 ha fire experiment in a
closed-canopy forest near the southeastern Amazon forest-savanna boundary. Forest
flammability and its possible determinants were measured in adjacent 50 ha forest plots
that were burned annually for 3 consecutive years (B3), once (B1), and not at all (B0).
Contrary to expectation, an annual burning regime led to a decline in forest flammability
during the third burn. Microclimate conditions were more favorable compared with the
first burn (i.e. vapor pressure deficit increased and litter moisture decreased), yet flame
heights declined and burned area halved. A slight decline in fine fuels after the second
burn appears to have limited fire spread and intensity. Supporting this conclusion, fire
spread rates doubled and burned area increased fivefold in B3 subplots that received fine
fuel additions. Slow replacement of surface fine fuels in this forest may be explained by
(i) low leaf litter production (4.3 Mgha ' yr "), half that of other Amazon forests; and (ii)
low fire-induced tree and liana mortality (5.5 &+ 0.5% yr’l, SE, in B3), the lowest measured
in closed-canopy Amazonian forests. In this transitional forest, where severe seasonal
drought removed moisture constraints on fire propagation, a lack of fine fuels inhibited
the intensity and spread of recurrent fire in a negative feedback. This reduction in
flammability, however, may be short-lived if delayed tree mortality or treefall increases
surface fuels in future years. This study highlights that understanding fuel input rate
and timing relative to fire frequency is fundamental to predicting transitional forest
flammability — which has important implications for carbon emissions and potential
replacement by scrub vegetation.
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Oscillation (ENSO), understory wildfires burned

Introducti .
niroduction 39000km? of Amazon forests, twice the average area

Understory wildfire in closed-canopy tropical forests
causes substantial carbon emissions and is a potential
catalyst of forest degradation and substitution. During
the 1997-98 droughts, related to the El Nifio-Southern
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deforested annually in Brazil from 1988 to 2005 (INPE,
2006), and committed 0.024-0.165PgC to the atmo-
sphere (Alencar et al., 2006). Fire could have a more
lasting effect on the global carbon budget if vegetation
change ensues. Currently, the extent of closed-canopy
forest is suppressed by fire in South America and Africa
and would double in a modeled no-fire world, repla-
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cing savanna or grassland (Bond et al., 2005). Although
charcoal deposits throughout the Amazon suggest that
fire has affected neotropical forests at multiple-century
intervals over the past few millennia (Sanford et al.,
1985; Hammond et al., 2007), increasing fire frequency
associated with human land use is expected to shift
forests to savanna-like or scrub vegetation (Cochrane
et al., 2004). Moreover, Amazon savanna—forest bound-
aries are expected to be sensitive to fire regime and
climate shifts (Ratter, 1992; Grogan & Galvao, 2006).

The Amazon’s transitional forests (approximately
400000km?) lie between the 2-millionkm? cerrado, or
savanna, of central Brazil to the south and more humid
forests to the north. Transitional forests differ from
dense, tall forests to the north in their shorter stature
(mean canopy height: 20 + 1, SE, m), lower leaf area
index (LAI maximum: 5m?m™2), and lower above-
ground biomass (191 £ 6, SE, Mg ha™') (see ‘Materials
and methods’). Although half of Amazon forests ex-
perience seasonal drought, when average daily rainfall
is <1.5mm during the driest 3 months (Nepstad et al.,
1994), intensity of seasonality increases close to the
southern forest-savanna border (Sombroek, 2001). At
our field site, in the Brazilian state of Mato Grosso, total
annual rainfall is 1739 mm yr_], but there is a severe
dry season from May to September, when rain-
fall is <l0mmmonth ' for 3 months followed by
<50 mm month™! for 2 months.

In addition to severe annual drought, these transi-
tional forests currently incur some of the highest defor-
estation rates in Brazil due to soy and cattle pasture
expansion (INPE, 2006; Morton et al., 2006; Soares-Filho
et al., 2006), and are consequently exposed to anthro-
pogenic ignition sources (Alencar et al., 2004). The
prediction of climate-driven dieback of closed-canopy
forests in the Amazon toward the end of the 2Ist
century (Oyama & Nobre, 2003; Cox et al., 2004; Hutyra
et al., 2005) — which would substantially shift the forest—
savanna boundary — may be superceded or exacerbated
by fire-driven changes in Amazon forests. During the
2001 ENSO-related drought, a third of Amazon forests
were susceptible to fire due to soil moisture depletion,
and the entire southeastern transitional forest formation
was at high fire risk (Nepstad et al., 2004). Yet, there is
currently insufficient understanding of transitional for-
ests and their response to increasing understory fire
frequency to predict the future trajectory of this vulner-
able forest (Rodriguez et al., 2007).

It was hypothesized that understory wildfire in-
creases the flammability of seasonally dry Amazon
forests by killing trees, causing greater sunlight pene-
tration into the forest interior, faster drying of the fuel
layer, and additional surface fuel build-up (Nepstad
et al., 1995, 1999). Indeed, canopy height and density

were associated with the spread rates of experimental
fires in a central Amazon forest and both decline
following fire (Ray et al., 2005). Moreover, fires were
found to burn more intensely in eastern Amazon forests
that had been previously burned (Cochrane & Schulze,
1999; Cochrane et al., 1999), and prior disturbance from
logging and fire was the best predictor of fire occur-
rence in another eastern Amazon landscape (Alencar
et al., 2004).

Microclimate and fuel moisture — rather than fuel
mass — control fire behavior in seasonally dry, evergreen
Amazon forests where 75% of the 2000mm of yearly
rainfall comes during the 6-month wet season (Nepstad
et al., 2002; Ray et al., 2005). However, in seasonal, but
drier Bolivian semideciduous forests (1500 mmyr ),
total canopy cover had little influence on whether
experimental forest plots burned (Blate, 2005). During
the severe dry season in Amazon transitional forests,
fuel loads may have a greater effect on fire intensity and
spread than understory moisture dynamics. This may
explain why Amazon transitional forests are susceptible
to fire during both normal and drought years, whereas
moist forests burn more during ENSO-related droughts
(Alencar et al., 2006). Understanding what controls fuel
stocks and replacement may be essential for assessing
fire probability and modeling carbon emissions from
understory transitional forest wildfires. Yet, few experi-
mental, field-based studies exist that test the controls of
fire behavior or document fuel load trajectories with
initial or repeat fires in these forests.

Therefore, we established a 150 ha burn experiment
within Amazon transitional forests, 30 km north of the
forest—cerrado boundary. The scale at which wildfires
occur in the Amazon requires a large-scale ecosystem
approach, which makes adequate experimental replica-
tion challenging (Oksanen, 2001). A necessary limita-
tion of this experiment is that we treat sampling within
the 50ha treatment plots as independent, which we
acknowledge as a form of pseudoreplication that is
often associated with experimental fires (van Mantgem
et al., 2001). Key advantages of our planned burns,
however, are that we were able to conduct intensive
pre-, during-, and postfire measures and compare with
an unburned control, following well-established proce-
dures for large experimental manipulations without
true replication (Hurlbert, 1984).

The objectives of the first 2 years of this experiment
were threefold. First, we determined the effect of fire
history on forest flammability (defined by the propor-
tion of burned forest floor and flame heights) by com-
paring possible determinants of fire behavior [fuel load,
fuel moisture, and air vapor pressure deficit (VPD)]
within a previously once-burned (B1) and twice-burned
(B3) plot, compared with a control (B0). Second, we
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tested the hypothesis that fuel becomes limiting to fire
following consecutive annual burns by comparing fire
behavior in twice-burned forest subplots (in B3 plot)
with and without fine fuel additions. Third, we documen-
ted fuel combustion loss from our prescribed burns in
order to provide necessary, but lacking, field-based esti-
mates of carbon emissions from tropical understory fires.

Materials and methods

Site description

The study site is located on Fazenda Tanguro, a pri-
vately owned farm 75km north of Canarana, in the
Brazilian state of Mato Grosso, in the southern part of
the Amazon basin (13°04'35.39"S, 52°23'08.85"W; Fig. 1).
The experimental forests are found within the region’s
remaining transitional forest formation, and are lower
in diversity [97 tree and liana species >10cm diameter
at breast height (DBH)] than more humid, northern
forests. Furthermore, nine species represent 50% of the
Importance Value Index (IVI), with a prevalence of
Lauraceae and Burseraceae (Supplementary Informa-
tion-Appendix S1). Soils are Oxisols (Haplustox) with a
water table at 12-15m depth and no impeding layers.

-Furast

Pastura/
Agriculture

nTangum Ranch
Boundary

Precipitation, temperature, and relative humidity

A meteorological station, <1km from the forest plots,
was established in an open area to measure temperature
(T, °C) and relative humidity (RH, %) during the study
period (starting July 2004). A pair of Hobo RH-T sensors
were used to log readings at 30 min intervals (Onset
Computer Corporation, Pocasset, MA, USA). Dry-
season T was 25°C and RH was 66% (average daily
values used to calculate). Rainfall was monitored from
July 2004 to February 2006 with an automated pluvi-
ometer (RainWise 20 cm diameter tipping-bucket; Rain-
Wise Inc., Bar Harbor, ME, USA). Mean precipitation,
1739 mmyr ', during both study years was not anom-
alous when compared with the prior 8 years of rainfall
data collected by the farm (T. Ranch, unpublished data).
In addition, 35 Hobo RH-T sensors, placed at randomly
selected grid points and rotated biweekly, measured T
and RH at 30min intervals in the forest understory.
Maximum daily August VPD was defined as the 0.75
quantile of the VPD values recorded over a 24 h period.

Study design

One 1.5km x 1.0km (150 ha) experimental plot with
three treatment plots (0.5km x 1.0 km, 50 ha) was estab-
lished in the property’s legally protected forest reserves

]

Third burm (2008)

Fig. 1 (a) Location of experimental plot on Tanguro Ranch. Inset map shows study site located in Mato Grosso state, in the Amazon
basin. (b) Burn pattern in once-burned (B1) and annually burned (B3) 50 ha plots from three consecutive prescribed fires (burned areas in

gray, unburned in white).
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(Fig. 1). Location was selected along a pasture edge
within forest without logging or previous fire, with
<2% slope, and containing >1000m of forest extend-
ing around the experimental block. Three 50 ha treat-
ment plots within the block include a control (B0), a plot
burned once in 3 years (B1), and a plot burned three
times in 3 years (B3). Trails (1km) were cut in a N-S
direction every 50m with nine perpendicular trails
(1.5km) at varying distances from the edge.

Aboveground biomass, canopy height, and canopy density

In each 50 ha treatment plot, we tagged, mapped, and
measured height (m) and DBH (at 1.3m) of all trees
> 40 cm DBH (N ~ 930 individuals per plot). Trees and
lianas (> 20cm DBH) were sampled in belt transects
(500m x 20 m) at 0, 30, 100, 250, 500, and 750 m from the
edge (5.5ha sampled per treatment plot; N ~ 880 in-
dividuals per plot). Nested sub-sampling of trees and
lianas 10-19.9cm DBH occurred within the same belt
transects (500m x4m; 1.2ha sampled per treatment
plot; N ~ 490 individuals per plot). All sampled trees
and lianas were identified to species. This floristic
inventory was used to calculate IVI for the overall
experimental plot and each treatment plot before burn-
ing (Supplementary Information — Appendix S1). Tree
height was measured using a clinometer.

Using height and DBH measurements, aboveground
biomass for trees was calculated with allometric equa-
tions developed for tropical moist forests with a marked
1-4 month dry season and annual precipitation between
1500 and 3500 mm yr’1 (Chave et al., 2005); for lianas,
basal diameter was used to calculate biomass from a
diameter-based allometric equation (Gerwing & Farias,
2000). Our estimate of aboveground biomass for trees
and lianas > 10cm DBH, 191 + 6 (SE) Mgha_1, was
calculated by plot (N = 3). Also, our estimate of mean
canopy height, 20 + 1 (SE) m, was calculated using all
trees >20cm DBH and then averaged by plot (N = 3).

LAI was measured three times during the experiment
— May 2005, August 2005, and July 2006 — at 50m
intervals on all N-S trails (N =230 per treatment plot)
using two LiCor-2000 Plant Canopy Analyzers in differ-
ential mode (LI-COR Inc., Lincoln, NE, USA; Welles,
1990). One instrument was placed in an adjacent open
field to measure incoming radiation with no canopy
influence; the other was simultaneously used to take
understory measurements. The instruments were inter-
calibrated before each set of measurements in the open
field. The light field of each sensor was reduced to 90°
using opaque sensor caps. Measurements were taken
during diffuse light conditions — either before 8:00 or
after 17:00 hours. LAI calculations were made using the
inner four quantum sensor rings.

Experimental burns

Three annual experimental burns were conducted near the
end of the dry season, when many escaped wildfires
occur. The first experimental fire was set in both Bl and
B3 plots in August 2004. The second and third burns were
set in plot B3 in September 2005 and August 2006. More
than 2 months of rainless days preceded the 2004 and 2006
burns. In 2005, 4.3 mm of rain fell 11 days before burning;
this was the total precipitation over the preceding 2
months. During each consecutive burn, mean ( + SE) daily
T, measured at the meteorological station, was 24.0°C
(£05°0),287°C (£ 0.1°C),and 27.6°C (£ 0.7 °C). Also,
mean daily (£ SE) RH was 51% (£ 2%), 57% (£ 1%),
and 55% ( £ 1%) during the first, second, and third burns,
respectively. Wind speed was low in the understory
(<05ms™") and had little noticeable effect on fire beha-
vior during all years. Before the firelines were set, we also
measured T and RH at 25 m intervals along the forest floor
using battery-powered psychrometers.

Fires were set with kerosene drip torches along the
N-S trails; a total of 10 km of firelines were set per plot
during 3—4 consecutive days between 9:00 and 16:00
hours. During all years, fires extinguished at night
(likely due to low VPD) and were relit on subsequent
days. The spatial burn pattern was then mapped on
a 5mx5m scale within a month postfire (Fig. 1).
A limitation of this study is that the experimental fires
may not replicate the actual fire intensity, spread rate,
and burn pattern of accidental fires that move into the
understory from adjacent land use. Ignition sources
were likely twice that found in an escaping wildfire,
where a single fireline moves in from a forest edge.
Here, within each 50 m x 50 m cell, two parallel firelines
advance from trails on either side. Also, accidental fires
often occur under distinct weather conditions (e.g. high
surface winds) and, as a result, may have higher fire
intensities and faster spread rates than the prescribed
fires of this experiment.

During the burns flame height and width, fire spread
rate (FSR), and flame T were measured. Flame heights
and widths were measured at 25-50 m along the advan-
cing fireline. FSR was calculated by visiting these same
reference points and noting distance spread between
time intervals. Maximum flame T at the surface and
maximum soil T at 2cm belowground were measured
using Tempilaq heat sensitive paints (range: 79-1093 °C)
with an interval between paints of 56 °C. These paints
were applied to a copper plate and placed at 2 cm below
ground and at ground level.

To test whether flame heights, widths, and VPD
differed with increasing fire frequency, one-way analy-
sis of variance was used with Tukey’s HSD contrasts to
identify significant differences in mean values.
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Mortality rate and standing dead fuels

All inventoried trees were censused annually immedi-
ately before that year’s prescribed burns. Mortality was
designated if all aboveground tissue was dead (a stem
was also considered dead if only live basal sprouts were
present). Annual mortality rate (m) was calculated as

follows:
D\ 1/t
o (1-0)"

where N is the initial number of live stems, D is the
number of dead stems at the end of the measurement
interval, and t is the time interval between surveys
measured in years (Sheil & May, 1996).

Standing dead fuels were measured pre- and postfire
in the same transects for 10-19.9cm DBH and >20cm
DBH stems (N = 6 per treatment plot). DBH and height
(m) of standing dead stems were measured to calculate
volume, which was then multiplied by an estimate of
the specific gravity of sound wood, 0.69 gcm > (Brown
& Lugo, 1992), to obtain biomass. Where height data
were missing, heights were underestimated at 2m (the
minimum height to enter as a standing dead stem).
Logistic regression was conducted to determine
whether the probability of combustion of standing dead
stems increased with repeated burns in the B3 plot.

Fuel measurements

Within a week pre- and postfire, downed woody fuel
loads were measured using Brown’s planar transect
method (N =27 per treatment plot; Brown et al., 1982).
Based on diameter, downed woody debris was parti-
tioned by standard fuel moisture timelag classes
(Deeming et al., 1977). Downed woody fuels, 1h
(0-0.6cm diameter), 10h (0.6-2.5cm diameter), and
100 h (2.5-7.6 cm diameter), were counted that cross 2,
3, and 5m planar transects, respectively. Fuels >7.6cm
diameter, or 1000 h fuels, were counted and their dia-
meters measured along a 10m transect. Their condition
(sound or rotten) was noted. Downed woody fuel
biomass (Mgha ') was calculated by multiplying the
fuel volume by a wood density estimate; 0.69 and
O.52gcm73, were used for sound and rotten wood,
respectively. Leaf litter was collected within a 40cm
diameter wire circle at three points along the same 10 m
transect. Concurrent with psychrometer measurements,
leaf litter samples were collected before firelines in
order to measure LMC (litter moisture content). Litter
samples were oven-dried (65 °C for 48 h), weighed, and
averaged per transect. To calculate total necromass,
total downed fuels were combined with total standing
dead fuels by transect.

© 2008 The Authors

Analysis of covariance was used to test for differences
in fuel loads among treatment plots 2 years after the
initial burn treatment. Baseline fuels were accounted for
as a covariate when necessary and Kruskal-Wallis tests
used when analysis of variance assumptions were vio-
lated in certain fuel size classes. To test whether fuel
consumption differed with repeated burns, linear
mixed-effects modeling was used to first test for effects
of repeated measures; if no repeated measure problems
existed, then analysis of variance was conducted (with
plots B1 and B3 joined for 2004 initial prescribed burn).
If analysis of variance assumptions were violated, then
Kruskal-Wallis tests were used. Also, Kruskal-Wallis
test was applied to compare LMC values across years.

Litterfall

Litterfall was collected biweekly for 2 years (August
2004-August 2006) from 0.5m?” screened traps (N =90
per treatment plot) placed systematically throughout
the plots. Traps were suspended ~1m above the forest
floor. Following standard practice, woody debris
(>1cm) was excluded (Clark ef al., 2001). Leaf litter
was then oven-dried (65°C for 48h) and weighed to
calculate dry mass. Daily litterfall production was cal-
culated by dividing dry mass by days between collec-
tions. To test whether annual litterfall differed across
plots and with repeated burns linear mixed-effects
modeling was used to first test for effects of repeated
measures, if no repeated measure problems existed,
then analysis of variance was conducted with contrasts.

Fuel additions in canopy gaps and nongaps

Adjacent canopy gaps (at least 25m x 25m in size) and
nongaps were identified within areas that had previ-
ously burned twice in the B3 plot. Nine (50 m x 25m)
plots were then established within a randomly selected
subset of these suitable areas. The plots were estab-
lished where half (25m x 25 m) fell within a treefall gap
and half within a closed-canopy area. LAI was mea-
sured at eight points within each of these subplots
(25m x 25m). Mean LAI was 3.0 (£ 0.2, SE) in open
vs. 42 (£0.2, SE) in closed subplots and differed
significantly between canopy treatments (P<0.01;
two-sample t-test). Furthermore, the resulting differ-
ence in VPD between open and closed subplots at the
time of burn, 0.20kPa ( £ 0.06 SE), differed significantly
from zero (P <0.05; one-sample t-test). However, LMC
did not differ significantly from zero between open and
closed plots (P = 0.92; one-sample t-test).

Canopy treatment plots were then further split to
25m x 12.5m subplots, 50% randomly received fuel
additions. Fine leaf litter fuels were collected from
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outside the experimental area and dispersed evenly
across the plot. For each 25m x 12.5m plot, approxi-
mately 130kg (dry weight) of fine fuels were added,
or ~42Mgha .

Prescribed fires within these split-split plots were
conducted during August 27-31, 2006. Firelines were
set both in the morning and afternoon, but all firelines
were set at the same time for all the subplots within a
whole plot. VPD (kPa) and wet weights (g) of leaf litter
samples were measured at four points within each
25m x 12.5m fuel treatment plot immediately before
the firelines were set. Samples of leaf litter were then
oven-dried (65°C for 48h) to calculate leaf mass dry
weights (g) and subsequently LMC (%). As the fire
progressed through the plot, flame heights and widths
(cm) were measured with rulers at five points along
each active fireline at three different time intervals and
then averaged for each fuel treatment plot. FSR
(mmin~') was calculated based on the time required
to spread to the end of the plot (25m) or on the total
distance traveled. After the fire extinguished, total area
burned was then mapped.

To test whether canopy opening or fuel loads had a
considerable effect on fire behavior (including total area
burned, flame dimensions, and FSR), analysis of
variance for split plots was conducted using a linear
mixed-effect model. The fuel and canopy treatments
were considered fixed effects whereas the whole plot
and split-plot were treated as random effects. All sta-
tistical analyses conducted with R (R Development Core
Team, 2007).

Results

Initial fire behavior

In this experiment, prescribed fires were low-intensity,
slow-moving surface fires typical of tropical understory
forest fires (Cochrane et al., 1999; van Nieuwstadt &
Sheil, 2005). Initial mean flame height, flame width, and
FSR (+ SE) were 31 (£ 1)cm, 29 (£ 1)cm, and 0.21
(£ 0.0) mmin~}, respectively. Mean initial T ( & 56 °C
resolution) measured as the fireline passed ranged from
128 °C belowground (2cm) to 273 °C at the surface to
87 °C aboveground (100 cm).

Forest flammability decreases with repeat burns

Flame height, a proxy for fireline intensity (Rothermel &
Deeming, 1980), decreased after the first burn (P <0.001;
ANOVA). Flame heights and widths during the second
and third burns were significantly less than the first
burn (P<0.01; Tukey’s HSD contrasts). Mean flame
heights (£ SE) were 33 (+2), 24 (£1), and 24

(£ 2)cm in the first, second, and third burns, respec-
tively. Moreover, whereas the first and second pre-
scribed fires burned equivalent proportions of the
experimental plots (i.e. mean £SE: 79 £1% and
79 £ 2%), the total burned area in the third fire declined
to 39 (£ 2)% (Fig. 1).

Fire-induced changes in canopy structure and fuel inputs

Mean annual tree and liana mortality for the 2 years
after the initial prescribed burn (> 10cm DBH; N
~2300 individuals per plot) was 2.8 (£ 0.3, % =+ SE),
4.8 (£0.5), and 55 (+0.5) %yrf1 after zero (B0), one
(B1), and two annual burns (B3), respectively. Highest
annual mortality rates during this time occurred in the
10-19.9 cm DBH size class; mean annual mortality rate
(£ SE) was 3.8 (£0.9), 93 (£1.3), and 99 (£ 1.3)
% yrf1 in the B0, B1, and B3 plots, respectively.

Two years after the initial burn, LAI (m?m?) differed
significantly among all plots (P<0.01; ANOVA). Mean
LAI (£ SE) was 5.0 (£ 0.1),4.2 (£ 0.1), and 3.9 (£ 0.1)
in the BO, B1, and B3 plots, respectively. However,
during the first 2 treatment years, mean annual litterfall
did not differ across plots nor between years within the
B3 plot (P>0.48; aANovA with Tukey’s HSD contrasts).
Mean annual litterfall ( 4+ SE) was 4.2 (+0.1), 4.2
(£0.1), and 44 (£0.1)Mg ha! yrf1 during the first
year (September 2004-August 2005) and 4.3 ( £ 0.1), 4.2
(£0.2),and 43 (£ 0.1) Mg ha™! yrf1 during the second
year (September 2005-August 2006) in the B0, B1, and
B3 plots, respectively.

Microclimate and litter moisture content

VPD near the soil surface (~10cm height) was indis-
tinguishable among plots in the weeks before the first
burn, but increased with repeat burns. By 2 years after
the first burn, maximum daily August VPD ( + SE),
when many illegal burns occur, was higher in the Bl
and B3 plots (22 £0.1 and 3.0 £0.1, respectively),
compared with the control (1.8 £0.1). Immediately
before the third set of firelines, VPD at the forest floor
was significantly higher and LMC significantly lower
than pretreatment conditions (Fig. 2). Mean VPD
( £ SE) significantly increased a year after the first and
second prescribed burns compared with pretreatment
levels: 2.9 (4 0.04) and 2.7 ( 4= 0.04) vs. 2.0 ( 4= 0.04) kPa,
respectively (P<0.001; ANovA with Tukey’s HSD con-
trasts). Mean LMC ( + SE) values were similar before
the first and second burns, 12.5% ( &+ 1.0), 11.2% ( &+ 0.4),
but significantly declined to 7.7% (£ 0.8) before the
third burn (P <0.001; Kruskal-Wallis tests).

Although the study forest presented higher VPD and
lower LMC values following burning, this microcli-
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Proportion of burned area
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0.0

Litter moister content (%)
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Vapor pressure deficit (kPa)

Fine leaf litter (Mg ha™")

——

Burn 1 Burn 2 Burn 3

Fig. 2 Mean burned area, litter moisture content, vapor pres-
sure deficit, and fine fuel loads (SE) before each prescribed burn
(B1 and B3 plots joined for initial burn). When predictor variable
before third burn is significantly different from pretreatment
level, it is indicated by *(P <0.1) and **(P <0.001).

matic change was not accompanied by an increase in
percent of the forest floor burned or flame height. Given
the 5 month period with low rainfall, the low stature of
the forest canopy, and the low dry season LAI (mean
SE, 48 £0.2), all of this study forest, including our
control plot, appears to be microclimatically prone to
burning during the severe dry season.

© 2008 The Authors

Fuel accumulation

Surprisingly, no significant treatment effect was found
on downed fuel loads among plots, either in total fuel
mass or in individual fuel size classes 2 years after
initial experimental burns (Fig. 3). The hypothesis that
fire would increase fuel loads was not supported.

Total downed fuel loads recovered within 11 months
of each annual burn, with one notable exception; fine
leaf litter did not fully recover within a year of the
second fire in the B3 plot. This component of 1h fuels
significantly declined from 3.2 to 2.8 Mg ha~!in 2004 vs.
2006, with a mean difference of 0.5 Mghef1 (P<0.1;
t-tests).

Two years after the initial fire, standing dead fuels in
the 10-19.9cm DBH size class significantly differed
across treatment plots (P<0.01; aNcova). They in-
creased from 4.6 (4 0.9)Mgha ' pretreatment to 12.4
(£23) Mgha_1 after two burns (Table 1). In contrast,
standing dead fuel mass did not differ in the larger size
class ( > 20cm DBH) across plots, likely due to lower
stem mortality.

Fine fuel additions

Fine fuel addition increased total burned area, FSR, and
flame height and width by two to fivefold over plots
without fuel additions (P<0.001; linear mixed-effects
model), and this effect was not influenced by subplot
LAI (treefall gap vs. closed canopy). Total burned area
(£ SE) was fivefold greater in the fuel addition plots,
increasing from 16 (£ 6)% to 85 (£ 7)%. Also, mean
FSR, flame height, and flame width (+ SE) nearly
doubled. FSR increased from 0.10 (£ 0.01) to 0.18
(£ 0.01) mmin~!, while flame height and width in-
creased from 23 (+4) to 42 (£ 4)cm, and from 16
(£2) to 27 (£ 3) cm, respectively (Fig. 4).

Fuel consumption

Total fuel combustion ( &= SE) was 44.5 ( £ 21.2), 23.2
(£9.1), and 15.3 (£ 9.3) Mg ha~! in the initial, second,
and third burns, respectively (Table 2). Total downed
fuel consumption was similar between the first and
second burns (P = 0.88; Kruskal-Wallis test), but signif-
icantly declined during the third burn (P <0.05; Krus-
kal-Wallis tests). Concurrent with the declines in total
fuel combustion, combustion efficiency more than
halved. Only 21.7% (+£10.2, SE) of total available
downed fuels burned in 2006 compared with 50.2%
(£5.7, SE) and 48.7% (£22.8, SE) in the first and
second burns, respectively (Table 2).

The third fire burned substantially less fine leaf litter
and 1h fuels than the previous burns (P<0.001;
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Fig. 3 Downed and standing dead (SD) fuel loads ( + SE) across plots, 2 years after initial burn treatment. (Downed woody fuels were
partitioned by moisture timelag: 1h (0-0.6 cm diameter), 10h (0.6-2.5cm diameter), 100h (2.5-7.6 cm diameter), and 1000h (>7.6cm

diameter).

Table 1 Mean fuel loads (Mgha™' + SE) by size class 1 year
after each prescribed fire

Once Twice
Unburned  burned burned
2004 2005 2006
Leaf litter 3.1(0.1) 3.4 (0.1) 2.8(0.2)
1h Woody* 0.8 (0.1) 0.8 (0.1) 0.9 (0.1)
10h woody 7.4 (0.6) 7.3 (0.8) 6.9 (1.1)
100h woody 12.1 (1.7) 7.8 (1.6) 7.6 (1.9)
1-100 h (total) 20.3 (2.0) 15.9 (1.8) 15.4 (2.2)
1000 h woody 30.9 (8.6) 105 (3.4) 10.5 (5.0)
Total downed wood 51.3 (8.7) 26.5 (3.6) 25.3(6.3)
Total downed fuels 55.9 (9.3) 299 (3.6) 28.1(6.3)
Standing dead 4.6 (0.9) 10.4 (1.6) 12.4 (2.3)
(10-19.9 cm DBH)
Standing dead 6 (0.9) 102 (1.5) 121 (1.4)
(> 20cm DBH)
Total necromass 68.1 (14.9) 51.2 (4.5) 53.2(8.7)

Plots B0, B1, and B3 joined for pretreatment measure. Plots B1
and B3 joined for single burn measure, and Plot B3 represents
the twice-burned measure.

*Downed woody fuels were partitioned by moisture timelag:
1h (0-0.6cm diameter), 10h (0.6-2.5cm diameter), 100h
(2.5-7.6 cm diameter), and 1000 h (>7.6 cm diameter).

DBH, diameter at breast height.

ANOVAs). The proportion of fine leaf litter combusted is
approximately a third of previous burns, or 1.0 (£ 0.3,
SE) vs. 2.2 (£ 0.2, SE), and 2.5 (£ 0.3, SE)Mgha ' in
the first and second burns, respectively.

Although significant accumulation of standing
dead fuels occurs within the B3 plot, (primarily in the
10-19.9cm DBH size class), combustion losses with
repeated burns do not change in either size class
(P>0.05; ANOvVAs). Mean combustion losses ( 4 SE)

100 0.25
<
80 £ 0.20
S 3
g 60 % 0.15
5 o
B 40 & 0.10 ——
E —
5 @
@ 20 o 0.05 -
i
0 - 0.00 - _—
Fuel No fuel Fuel No fuel
Treatment Treatment

Fig. 4 Mean ( &+ SE) percent burned area and FSR (m min~Y) in
fuel/no fuel addition subplots. Both response variables signifi-
cantly different between treatment subplots (P<0.001; linear
mixed-effects models).

were 0.1 (£0.1), 0.7 (£ 0.6), and 0.9 (£ 0.3) Mgha_1
in the 10-19.9 DBH size class and 0.6 (£+0.2), 1.0
(4 0.5), and 0.7 (4 0.5)Mgha ' with each consecutive
burn (see Table 2). Total standing dead stems ( > 10cm
DBH) doubled in the B3 plot between the first and third
burns (from 152 to 306 standing dead stems), yet the
probability of a dead stem burning during the third
burn significantly declined from 12% to 3% (P <0.01;
logistic regression).

Discussion

We have shown that fuel loads, and fine fuels in
particular, are an important determinant of fire spread
in this transitional Amazonian forest. Two years after
the initial burn downed fuels in all size classes are
similar across once-, twice-, and never-burned plots,
with an important exception. In the B3 plot, fine leaf
litter fuels are replaced after one, but diminish after

© 2008 The Authors
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Table 2 Mean combustion loss (CL; Mg ha™') and percentage fuel mass loss ( + SE) during consecutive burns

First burn 2004 Second burn 2005 Third burn 2006

CL Loss (%) CL Loss (%) CL Loss (%)
Leaf litter 2.2(0.2) 70.9 (4.6) 2.5(0.3) 75.8 (5.9) 1.0* (0.3) 27.4 (11.0)
1h woody* 0.5 (0.1) 425 (9.7) 0.5 (0.1) 61.4 (9.1) —0.2* (0.2) —58.4 (19.2)
10h woody 2.6 (0.7) 12.2 (18.4) 2.7 (1.3) 21.1 (17.0) 1.0 (1.2) —9.0 (16.8)
100h woody 4.2 (1.3) 38.2 (14.3) 7.1 (3.0) 69.0 (21.3) 6.4 (1.9) 75.0 (15.3)
1-100 h (total) 7.4 (1.5) 30.8 (7.9) 10.3 (3.4) 46.9 (11.1) 72 (2.2) 18.6 (13.6)
1000 h 25.3 (11.5) 62.9 (9.2) 9.8 (4.3) 100.0 (0.0) 54 (5.2) 64.8 (22.8)
Total downed wood 33.2 (11.8) 44.5 (7.5) 20.1 (5.6) 17.2 (45.3) 11.9* (6.3) 10.8 (14.5)
Total downed fuels 37.1(12.8) 50.2 (5.7) 22.6 (5.7) 48.7 (22.8) 12.9% (6.4) 21.7 (10.2)
Standing dead (10-19.9 cm DBH) 0.1 (0.1) 2.3 (1.5) 0.7 (0.6) 5.1 (3.7) 0.9 (0.3) 6.5 (2.4)
Standing dead (>20cm DBH) 0.6 (0.2) 14.7 (5.8) 1.0 (0.5) 15.2 9.2) 0.7 (0.5) 5.6 (4.2)
Total necromass 445 (21.2) 46.4 (5.8) 232 (9.1) 43.9 (17.7) 15.3 (9.3) 21.7 (10.6)

Negative value indicates fuel mass greater postfire than prefire. Plots B1 and B3 joined for 2004.
*Combustion loss differed significantly from 2004 (P <0.05; ANOVA with contrasts or Kruskal-Wallis if assumptions not met).
tDowned woody fuels were partitioned by moisture timelag: 1h (0-0.6 cm diameter), 10h (0.6-2.5 cm diameter), 100 h (2.5-7.6 cm

diameter), and 1000 h (>7.6 cm diameter).
DBH, diameter at breast height.

a second burn by ~0.5Mg ha L Compared with the
first and second burns, understory VPD is greater and
LMC lower during the third burn, yet fires do not
increase in intensity nor in burned area — as would be
expected in taller, denser, seasonally dry Amazon for-
ests (Ray et al., 2005). Rather, the small decrease (by
13%) in fine leaf litter fuels may have resulted in the
lower fire intensity and 50% decline in burned area
during the third burn. Corroborating this conclusion,
experimental fine fuel additions (increased by
~4.2Mgha71) in B3 subplots doubled fire intensity
and increased burned area fivefold. Because of a com-
bination of lower fine fuel mass and less total burned
area, fuel combustion emitted less carbon during the
third burn, 7.7MgCha™!, compared with 223 and
11.6MgCha ' during the first and second burns, re-
spectively (assuming half of biomass is carbon). The
reduction in flammability documented in this study
highlights a fundamental principle of fire ecology —
where ignition sources are present, fire propagation
depends initially on available fuels and secondarily on
microclimate and fuel moisture content (Whelan, 1995).

This transitional forest’s flammability during the
marked dry season is dependent on the rate of fuel
inputs, particularly fine fuel inputs, relative to fire
return intervals. Slow replacement of surface fuels
may be partially explained by the following processes.
First, this forest has naturally low litter production
rates, half that found in central and eastern Amazon
forests (4.3 vs. 7-10Mg ha™! yr_l; Nepstad et al., 1994,
2002; Trumbore et al., 1995; Salimon et al., 2004; Vieira
et al., 2004). Second, tree and liana mortality (> 10cm

© 2008 The Authors

DBH) with one and two annual burns was low, 4.8
(+0.5) and 5.5 (£ 0.5) %yr ', 2 years after the initial
burn in the Bl and B3 plots, compared with 2.8 ( &+ 0.3)
% yr~" in the control plot (B0). Other studies have found
much higher fire-induced mortality rates in closed-
canopy Amazon forests. For example, tree mortality
(> 10cm DBH) was near 50%, 3 years postfire in a
central Amazon forest (2000mmyr~'; 3-5 month dry
season; Barlow et al., 2003; Haugaasen et al., 2003), 44%
15 months postfire in an eastern Amazon forest
(1750 mm yrf1 ; 5-month dry season; Holdsworth &
Uhl, 1997), 23% 1 year postfire in a Bolivian subhumid
forest (1500 mm yr71; 3-month dry season; Pinard et al.,
1999), and 8% within 10 months postfire in a transitional
forest ~100km west of our study site (1500 mmyr ;
5-month dry season; Ivanauskas et al., 2003). Third,
there may be a substantial delay in the transition of
standing dead trees to available surface fuel stocks. In
the B3 plot, the number of standing dead stems in-
creased but the probability of burning declined during
the third burn, suggesting that there is a stock of
standing dead fuels not yet available to a low intensity
fireline. These processes may explain how low rates of
fuel inputs led to a negative fire feedback with an
annual burning regime.

Additional negative feedback mechanisms may also
be important. Beyond removing surface fuels, repeat
fires may impart a longer-term negative feedback by
diminishing soil nutrients (Kauffman et al., 1995; Certi-
ni, 2005; Davidson et al., 2007), which has been shown to
limit tree growth and leaf litter production in the tropics
(Vitousek, 1984; Paoli & Curran, 2007). Indeed, > 5
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fires reduced carbon accumulation by half in regrowing
Amazon forests after clearing and burning (Zarin et al.,
2005). Also, fine fuel mass influences fire intensity
directly and indirectly, by providing an important link
in the ignition and combustion of larger, more dispersed
fuels. In this transitional forest, fine fuel additions
increased flame heights in previously unburned forests
(J. Balch, unpublished data), and a lack of fine fuels
during the third burn may have limited the ignition of
increased standing dead fuels.

These results may help explain observed variation in
tropical wildfires elsewhere. High tree mortality after the
ENSO-related wildfires of 1997-1998 in Brazil and
Indonesia, where tree mortality (> 10cm DBH) was
~50% 3 years postfire in central Amazon forests (Barlow
et al, 2003) and ~80% 21 months postfire in East
Kalimantan forests (van Nieuwstadt & Sheil, 2005),
may, in part, have resulted from high fire intensity related
to substantial fine fuels. The convergence of naturally
high rates of litterfall production (Nepstad et al., 2002;
Paoli & Curran, 2007), drought-induced leaf abscission
(van Nieuwstadt & Sheil, 2005), and previous logging or
fire disturbance (Uhl & Kauffman, 1990; Siegert et al.,
2001) could make substantial fine fuels available that, in
turn, increase burn intensity and severity.

Conclusions

The negative fire feedback observed in the present
study, driven by low fine fuel inputs, implies that there
exists a window of inflammability after multiple annual
burns in these Amazon transitional forests. The combi-
nation of low, or delayed, tree mortality and low litter-
fall production may provide a buffer against increasing
ignition sources. On the other hand, this period of
inflammability may be short-lived relative to persistent
anthropogenic threats (Soares-Filho et al., 2006), and
increasing frequency of ENSO-related droughts that,
in turn, increase fuel loads (Trenberth & Hoar, 1997).
A delayed wave of tree mortality and treefall due to
prior fire damage, logging, and severe drought could
create a pulse of available fuels. Furthermore, grass
invasion from pasture or agricultural edges would
create more available fine fuels (Brooks et al., 2004).
Moreover, although this forest is flammable during
average rainfall years (Alencar et al., 2006), severe
drought conditions would extend the burn season and
remove night-time moisture barriers to fire spread. Such
a convergence of conditions could result in severe and
widespread wildfires in Amazon transitional forests,
which could further promote pyrophytic vegetation.
Hence, the negative feedback mechanisms observed
for this forest do not necessarily confer assurance that
fire will not be an agent of anthropogenic change in this

region. Rather, this study demonstrates that, as the
expanding soy and cattle-driven frontier further bisects
the forest and leaves degraded edges, understanding
fuel dynamics will be essential for predicting transi-
tional forest flammability.
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