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Ecological Applications, 7(2), 1997, pp. 713-725 
? 1997 by the Ecological Society of America 

FIRE IN AMAZONIAN SELECTIVELY LOGGED RAIN FOREST AND 
THE POTENTIAL FOR FIRE REDUCTION 

ANDREW R. HOLDSWORTH13 AND CHRISTOPHER UHL2,45 

'Instituto do Homen e Meio Ambiente da Amazonia (IMAZON), Caixa Postal 1015, Belhm, Para 66.000 Brazil and 
Center for Environmental Studies, Brown University, Providence, Rhode Island 02912 USA 

2Biology Department, Pennsylvania State University, University Park, Pennsylvania 16802 USA 

Abstract. Approximately 8000 km2 of Brazilian Amazon forest are selectively logged 
each year. Although virgin forest in eastern Amazonia is generally immune to fire, selec- 
tively logged forests are susceptible to fire. In eastern Amazonia we employed permanent- 
plot studies, forest fuel moisture measurements, and hemispheric canopy photographs to 
study the impacts of fire on a selectively logged forest, the microclimatic conditions that 
foster forest fires, and the measures that loggers might take to reduce fire incidence. 

Significant tree mortality followed a typical ground fire in a selectively logged forest. 
Forty-four percent of all trees ?10 cm in diameter at breast height died in a burned plot 
while only 3% died in an unburned plot. In large logging gaps the density of regenerating 
pioneer species increased by >60% in burned plots 15 mo after the fire, while it decreased 
by >40% in unburned plots. 

The rate of fuel drying in selectively logged forest was influenced by photon flux density 
(PFD), time since logging, and logging techniques. There was a significant (P = 0.005) 
negative correlation between PFD and the number of days fuel sticks required to reach the 
point where fire could spread. In a recently logged forest, large logging gaps (>700 m2) 
reached fire susceptibility after 6 d, and medium-sized logging gaps (a200-700 m2) reached 
fire susceptibility after 15 d. But fire susceptibility declines over time as logging gaps 
become densely packed with saplings; fuel moisture conditions in large gaps of forest 
selectively logged 4 yr earlier were similar to those found in virgin forest, thus reducing 
the likelihood of fire. Careful logging also can reduce the likelihood of fire. Special low- 
impact logging techniques remove the same amount of timber as do the more typical high- 
impact logging techniques, but fire is significantly less likely because the more careful 
operation avoids the creation of large logging gaps, the most fire susceptible areas. 

Key words: Amazonian rain forest and selective logging; fire damage and tree mortality; fire 
reduction in selectively logged forests; fire susceptibility, effects of logging methods on; forest frag- 
mentation, fire-induced; gap size andfuel moisture in loggedforests; hemispheric canopy photography; 
photon flux density and forest fuel moisture; tree and vine/liana regeneration after fire. 

INTRODUCTION 

For thousands of years fire has influenced the struc- 
ture and composition of Amazonian forests. In north- 
western Amazonia soil charcoal indicates the occur- 
rence of multiple fires in the last 6000 yr (Sanford et 
al. 1985) that appear to have affected forest structure 
in the region (Saldarriaga and West 1986). Nelson 
(1994) suggested that large natural burns may explain 
the unusual structure of eastern Amazonian liana for- 
ests. In past epochs, prolonged droughts induced by 
mega-Niino events (occurring on the order of hundreds 
of years) together with more frequent shorter droughts 
associated with El Niino events (occurring on the order 

of tens of years) have created conditions that probably 
would have permitted extensive fires in Amazonia 
(Meggars 1994). 

In the last 30 yr some areas of Amazonia have un- 
dergone rapid land-use changes (Hecht 1981). In Para 
State of eastern Amazonia, roads and colonization ac- 
tivities (ranching, farming, logging) have led to the 
fragmentation of the seasonally dry evergreen forest. 
Like climatic changes in the distant past, these land- 
use changes have contributed to an increased incidence 
of fire in the region. During the dry season, when av- 
erage rainfall is <50 mm/mo and rainless periods >16 
d occur 1-7 times every year (Empresa Brasileira de 
Pesquisa Agropecuarria and Woods Hole Research Cen- 
ter, unpublished data), pasture grasses often become 
water stressed, leaf area declines (Nepstad et al. 1994), 
and pasture fire becomes possible after only a single 
rainless day (Uhl and Kauffman 1990). Since fire is the 
principal tool for land clearing and pasture maintenance 
(Fearnside 1990), ignition events are common. The sat- 
ellite studies of Setzer and Pereira (1991) reported the 

Manuscript received 23 October 1995; revised 1 July 1996; 
accepted 26 August 1996; final version received 15 October 
1996. 

3 Present address: Institute for the Study of Planet Earth, 
1439 East Helen Street, Tucson, Arizona 85721 USA. 

4 Affiliation in Brazil: Instituto do Homen e Meio Ambiente 
da Amazonia (IMAZON). 

5 Author to whom correspondence should be addressed. 

713 

This content downloaded from 150.163.25.163 on Thu, 23 Jan 2014 14:11:28 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


714 ANDREW R. HOLDSWORTH AND CHRISTOPHER UHL Ecological Applications 
Vol. 7, No. 2 

burning of 2.0 x 105 km2 (=5%) of the Legal Brazilian 
Amazon in 1987 alone. 

In recent years selective logging has become the most 
important land-use activity in the region and is most 
likely to increase in importance (Verissimo et al. 1992). 
It is estimated that -8000 km2 (-0.2%) of the Brazilian 
Amazon are selectively logged annually (IMAZON [In- 
stituto do Homen e Meio Ambiente da Amazonia], un- 
published data). Although loggers often only extract 4- 
8 trees/ha, the resulting forest is fragmented into a mo- 
saic of gaps and forest patches and canopy cover is 
reduced by about half (Uhl and Vieira 1989). Selective 
logging transforms fire-immune primary forest into fire- 
susceptible forest. Post-logging fuel loads in logged for- 
ests are three times higher than in uncut primary forest, 
and large gaps can burn after only 5-6 rainless days in 
the dry season (Uhl and Kauffman 1990). Uhl and 
Buschbacher (1985) reported that fire had occurred in 
the logged forests of 50% of the ranchers interviewed 
(n = 15). This phenomenon seems to be continuing. In 
1994, 40% of the ranchers indicated that areas of their 
logged forests burned between 1987 and 1992 (n = 14) 
(A. Holdsworth, unpublished data). The resulting fires 
can be large; in 1988 a single fire burned -1000 km2 
of logged forest (D. Nepstad, personal communication). 
Finally, the fires are not unique to the Amazon; for ex- 
ample, in 1982-1983 1.2 x 106 ha of selectively logged 
forest burned in the Indonesian province of East Kali- 
mantan (Leighton and Wirawan 1986). 

Most fires are intentionally set in pastures and fields 
from which they then inadvertently spread into nearby 
selectively logged forests. In forest patches of the 
logged forest the ground fires spread relatively slowly, 
with mean flame heights of only 10-30 cm. When the 
fire reaches logging gaps and the high fuel loads of 
logging slash, flame heights typically increase to sev- 
eral meters, yet rarely (if ever) reach into the crowns 
of trees (A. Holdsworth, personal observation). 

Fires in pastures burn through land that is already 
cleared, thus having little effect on biodiversity. But 
fire in logged forest could have much greater effects 
on biodiversity as well as the structure and composition 
of regenerating forest. Following drought and fire in 
logged forests of Malaysia, Woods (1989) recorded 38- 
94% (depending on size class) mortality of trees ?10 
cm diameter at breast height (dbh) and an increase in 
the understory density of woody creepers, invasive 
grasses, and ferns. Two percent and 96%, respectively, 
of all stems ?10 cm dbh were killed after ground fires 
spread through closed canopy and open canopy selec- 
tively logged forests in the eastern Amazon (Uhl and 
Buschbacher 1985). Kauffman (1991), working in the 
same region, found that tree mortality depended on fire 
severity, and ranged from 36 to 69%. 

While the studies cited above have documented some 
effects of fire on forest structure and composition, few 
have suggested how these effects could be reduced. We 
hypothesize that careful logging practices that reduce 

logging-inflicted damage to unharvested trees and fos- 
ter the natural regeneration of the forest could reduce 
the risk of fire to selectively logged forests. An ex- 
perimental logging study in the eastern Amazon dem- 
onstrated that through pre-logging vine-cutting, skid- 
trail planning, and directional felling the amount of 
canopy lost was low compared to that in high-impact 
logging operations (Johns et al., in press). Hence, if 
fire susceptibility is correlated with canopy loss, the 
careful execution of timber extraction could reduce the 
probability of forest fires in eastern Amazonia. 

In this study we address the following three ques- 
tions: 

1) What were the impacts of a fire on the structure 
and composition of a seasonally dry selectively logged 
forest in the eastern Amazon? 

2) How do fuel dry-down rates differ among micro- 
environments of a selectively logged forest and how 
are these rates related to incoming solar radiation? 

3) Do improved logging techniques reduce canopy 
loss and thus make the forest more resistant to invasion 
by fire? 

METHODS 

Study region and sites 

This study occurred at two ranches (each >5 000 ha), 
Fazenda Vitoria and Fazenda Sete, located 35 km apart 
near Paragominas, Para State, Brazil (30 S, 48? W) (Fig. 
1). Aided by government incentives, conversion of for- 
est to pasture in Paragominas County began in the early 
1970s, but diminishing forage productivity led to the 
abandonment of some of these pastures after 5-10 yr. 
Abandonment was followed by the development of sec- 
ond-growth forest (Nepstad et al. 1991). Recently, se- 
lective logging has become the dominant activity in 
Paragominas County; in 1970 only one sawmill existed 
in the 2.49 x 106 ha county, while in 1992 137 mills 
were operating (Verissimo et al. 1992). Most of the 
selective logging that supplies these mills occurs in 
forests owned by ranchers. 

At both Fazenda Vitoria and Fazenda Sete the soils 
are predominantly oxisols and the mature forest has a 
canopy height of 25-35 m (Uhl et al. 1988). Both prop- 
erties have a combination of pasture, second-growth, 
selectively logged, and primary forests. Average an- 
nual rainfall is 1750 mm, with a notable dry season 
that occurs between July and December when average 
rainfall is <50 mm/mo (1973-1982 Empresa Brasileira 
de Pesquisa Agropecuairia [Belem, Para, Brazil] re- 
cords). Topographic relief is slight at both sites. 

Mechanized selective logging began in the early 
1980s at Fazenda Vitoria. Our study area at Fazenda 
Vitoria was logged in 1989. Bulldozers and trucks cre- 
ated a network of roads and skid trails to remove an 
average of 3 trees (18 m3)/ha (Table 1). The creation 
of the roads and skid trails in conjunction with the 
cutting and extraction of the desirable trees directly 
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FIG. 1. Location of the two study areas near Paragominas in the eastern Amazon, Para State, Brazil, 1 = Fazenda Vitoria; 
2 = Fazenda Sete. 

resulted in damage (uprooting, stem-breakage, bark re- 
moval) to 120 trees/ha and a 25% reduction in canopy 
cover (Verissimo et al. 1992). 

Eight months after logging, a 50 x 1000 m (5-ha) 
plot was established adjacent to the main logging road 
to examine post-logging tree growth. The plot was di- 
vided into two 50 x 500 m (2.5 ha) sub-plots (Table 1). 
In one sub-plot (silviculture plot) vines >2 cm in di- 
ameter were cut and some non-commercial trees com- 
peting with future timber trees were girdled. The other 
sub-plot received no post-logging treatment. All trees 
? 10 cm in diameter at breast height (dbh) were mapped, 
measured, and permanently marked in both sub-plots. 

In November 1992 (3 yr after logging) a wildfire 
spread from a nearby pasture, through a second-growth 
forest, and into the two sub-plots. The fire occurred 
after 21 rainless days, part of an unusually strong dry 
season. The fire burned one sub-plot (no silviculture 
treatment) and 10% of the silviculture treatment plot 
before it stopped at a firebreak. It left many islands of 
unburned vegetation (Fig. 2B). The pre-existing plot 
data provided an excellent baseline for measuring 
changes in forest structure and composition following 
this fire, particularly given that there was no significant 
pre-fire difference between tree density by diameter 
class within the two sub-plots (unpaired t test; t = 0.12, 
P = 0.91). 

To compare tree mortality with and without fire, the 
combined area of the original two sub-plots (5 ha) was 
divided into a 1.75-ha unburned control plot and a 
2.75-ha burned plot. To eliminate any potential edge 
effects, all trees within 40 m of both sides of the fire 
boundary were excluded from the analysis of fire ef- 
fects. This eliminated 0.25 ha each of burned and un- 
burned area. 

At the other site, Fazenda Sete, selective logging had 
occurred annually since the early 1980s. To study the 
benefits of a proposed low-impact logging system, a 
comparative demonstration study was conducted in 
1993 (Table 1). In one 75-ha plot (725 x 1025 m), 
typical (high-impact) logging occurred. Low-impact 
logging occurred simultaneously in an adjacent 105-ha 
plot (750 x 1400 m). The high-impact logging removed 
5.6 trees/ha (30 m3/ha) but created significantly larger 
canopy gaps than the low-impact logging, which ex- 
tracted 4.5 trees/ha (37 m3/ha) (Johns et al., in press). 
The presence of forest tracts that had been selectively 
logged at different times in the past and the testing of 
low-impact logging techniques allowed us to examine 
how both time since logging and logging methods can 
affect fire susceptibility. 

Fire effects on tree mortality and regeneration 
To characterize the structure of the Fazenda Vitoria 

selectively logged forest following fire, all previously 
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TABLE 1. Dates of logging, fire, and plot measurements included at the two sites in this study. 

Date Event Plot information 

Fazenda Vitoria, 6.5 km northwest of Paragominas, Para, Brazil 
Aug.-Sept. 1989 Logging of --150 ha ... 
Oct. 1989 Gap regeneration plots (n = 34) established 1 x 3 m, 1 each in slash, no-slash, and skid- 

trail areas of 7 large gaps 
1 x 3 m, 1 each in slash and no-slash areas of 

7 small gaps 
May 1990 Silvicultural treatment established One 50 X 500 m (2.5 ha) silviculture sub-plot 

and one 50 x 500 m (2.5 ha) untreated sub- 
plot created 

Oct. 1991 Gap regeneration plots re-censused ... 
Nov. 1992 Fire burns 2.5 ha of untreated sub-plot and 0.5 2.75 ha burned plot and 1.75 ha unburned plot 

ha of silviculture sub-plot created 
Nov.-Dec. 1992 Trees in burned plot censused for burn damage ... 
Jan. 1993, 1994 Gap regeneration plots re-censused ... 
June 1994 Trees in burned and unburned plots re-censused ... 

Fazenda Sete, 30 km east of Paragominas, Para, Brazil 
Dec. 1993 Timber extraction using low-impact logging ... 

(105 ha) and high-impact logging techniques 
(75 ha) completed 

Aug. 1994 Fuel moisture study in forests subjected to low- 
impact and high-impact logging techniques 

marked trees ?10 cm dbh were surveyed 1 mo and 30 
mo after the fire. Trees were considered burned if the 
litter layer had burned to within 5 cm of their trunks. 
Mortality was defined as the death of all aboveground 
tissue. 

To compare regeneration before and after fire, three 
1 x 3 m plots were established in October 1989, 1 mo 
after logging in each of seven large gaps where ?3 
trees had been extracted. In addition, two 1 x 3 m plots 
were established in each of seven small gaps where 1 
tree had been extracted (Table 1). In the seven large 
gaps, one plot was established where the bulldozer had 
maneuvered (referred to as "skid trail"), one in logging 
slash, i.e., fallen branches and debris ("slash"), and 
one in an area with no slash nor machine maneuvering 
("no slash"). Small gaps only included slash and no- 
slash plots. All plants ?10 cm in height were identified 
and permanently marked in October 1989 (the month 
of plot establishment) and re-measured in October 
1991. 

The fire (November 1992) burned approximately half 
of the gap plots. We re-surveyed all plots 15 mo after 
the fire, noting mortality, new establishment, and spe- 
cies (Table 1). For consistency, plots will be referred 
to as "burned" or "unburned" for measurements be- 
fore and after the fire. Plants in the plots were grouped 
into five classes: non-timber trees and shrubs, vines 
and lianas, pioneer species, currently sawn timber spe- 
cies, and other species (unidentified individuals and 
forbs). The pioneer-species group consisted of the most 
common pioneer genera (Cecropia, Banara, Vismia, 
Solanum, and Trema). Currently sawn timber species 
include any of the nearly 90 species processed by saw- 
mills in Paragominas County. A split-plot 3 x 2 fac- 
torial design ANOVA was used to test the interactions 
between the effects of ground treatment (slash, no 

slash, skid trail), burn (burned, unburned), and census 
time (1 yr before fire, 15 mo after fire, the time period 
of most concern) on density. Because only one fire 
burned all the plots, the burn treatment is pseudo-rep- 
licated, but the opportunity to evaluate change in spe- 
cies composition through time was worthwhile. Due to 
violations of the assumptions of ANOVA, density val- 
ues were log transformed. 

Fuel dry-down rates in a forest subjected to 
high-impact logging practices 

To measure how fuel dry-down varies in different 
areas of a recently logged forest, 1-cm diameter, 10-h 
time-lag "fuel sticks" were suspended 25 cm above 
the ground in 20 locations in a 6-ha forest tract logged 
8 mo earlier at Fazenda Sete. The sticks were placed 
in a range of light environments including closed-can- 
opy forest patches, skid trails with a moderately open 
canopy, and large logging gaps (>700 m2) with little 
canopy cover. Some stations (particularly those in large 
gaps) had a dense layer of knee-high regrowth over- 
topping the fuel sticks. When this occurred, we re- 
moved the leafy vegetation up to 1 m above the ground 
in a 1-iM2 area around the fuel sticks so that we would 
be measuring just tree canopy cover effects on fuel 
dry-down. To test the effects of 8 mo of regeneration 
on dry-down in three of the large gaps, we placed ad- 
ditional fuel sticks 50 cm into the ground-level re- 
growth. We also placed a fuel stick in 25 ha of uncut 
primary forest as a reference for the fuel sticks in the 
selectively logged forest. For 16 rainless days follow- 
ing a 1-cm rain at the beginning of the dry season in 
August 1994, we weighed all fuel sticks daily to ?0.1 
g between 1300 and 1500, the period when air humidity 
levels are lowest (Uhl and Kauffman 1990). Moisture 
content was calculated on an oven-dry basis where per- 
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FIG. 2. Forest cover in a 50 x 200 m (0. 1-ha) section of 
the Fazenda Vitoria burned plot near Paragominas, Para, Bra- 
zil. Cover classes include high-forest (15-30 m high), low 
forest (6-15 m high and heavily vine laden), gap (areas where 
trees were extracted), and burned area (areas where fire 
burned the litter layer). 

centage moisture content = [(field mass - oven-dry 
mass)/(oven-dry mass)] X 100. 

To test for a relationship between fuel dry-down and 
the amount of direct solar radiation reaching each fuel 
stick, we took a hemispheric photograph of the canopy 
from 1 m above each fuel stick. Photographs were an- 
alyzed using the computer program SOLARCALC 
(Chazdon and Field 1987). Using the SOLARCALC 
calculations of the rate of direct photon flux density 
(PFD) arriving at each station and the number of days 
required for the fuel stick to cross the fire threshold 
(described below), we developed a regression model 
of fire susceptibility. For this model, a fuel-stick mois- 

ture content of 12% was assumed to be the threshold 
below which ignition of the litter layer and spread of 
fire is possible (Uhl and Kauffman 1990). Small fire 
trials during the measurements confirmed the validity 
of this threshold. 

To measure the effect of 4 yr of regeneration on litter- 
layer dry-down in gaps where high-impact logging had 
occurred, we made paired fuel-stick moisture mea- 
surements in three large gaps four yr after logging. We 
removed the vegetation cover from a 10 x 10 m (100 
mi2) area in the center of each gap to simulate the dry- 
down conditions found just after logging. One fuel stick 
was placed in the center of each cleared patch and 
another 10 m northwards, 5 m into the 3-5 m high 
regrowth. Fuel sticks were weighed daily during the 
16 rainless-day period already mentioned. 

Fire susceptibility of forests subjected to 
low-impact vs. high-impact logging practices 

To measure the effects of logging techniques on fuel 
dry-down, we selected a 700 x 350 m (-25 ha) plot 
in the forest subjected to high-impact logging and in 
the forest subjected to low-impact logging at Fazenda 
Sete. Both plots had similar pre-logging stand densities 
and roughly the same number of trees extracted. We 
randomly chose 10 of 16 possible 250-m transects 
along pre-existing lines 50 m apart. We then shot a 
hemispheric photograph every 50 m along all 10 tran- 
sects in each 25-ha plot. Due to a technical malfunction, 
12 photos (two adjacent transects) from the forest sub- 
jected to low-impact logging did not turn out, thus we 
re-shot them 7 mo later. To test for any seasonal 
changes in the canopy cover, we re-shot 11 stations in 
the high-impact logging area to compare with the pho- 
tos of the same stations taken 7 mo earlier. There was 
not a significant difference between the photos from 
the two seasons (Mann-Whitney U test; U = 50, P = 
0.5, n = 11 stations each season), thus we included the 
re-shot photos from the forest subjected to low-impact 
logging in the analysis. All photos were analyzed with 
SOLARCALC (Chazdon and Field 1987) to calculate 
the weighted percentage canopy openness (i.e., open 
sky points closer to vertical are weighted more than 
those closer to horizontal) and rate (number of minutes 
per day) of direct PFD (in units of molm-2-d-') for 
each photo station. Applying the regression model of 
fire susceptibility developed from the fuel-stick mea- 
surements described above, we estimated the number 
of rainless days required to cross the 12% threshold 
for each photo station in both the forests subjected to 
low-impact and high-impact logging practices. 

RESULTS 

Fire effects on tree mortality and regeneration 

Tree mortality in the burned plot of the logged forest 
at Fazenda Vitoria was high after the fire. Forty-four 
percent of the 1010 trees ?10 cm dbh in the burned 
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TABLE 2. Tree mortality for trees 210 cm in diameter at breast height (dbh) at Fazenda Vitoria study site near Paragomi- 
nas, Para. Brazil. 

Burned plot 

Trees contacted Trees not Unburned plot, 
dbh size class by fire contacted by fire All trees all trees 

(cm) % No. % No. % No. % No. 

10-19.9 59 504 11 133 49 637 3 341 
20-29.9 53 163 2 54 40 217 3 134 
30-39.9 28 74 5 22 22 96 2 58 
40-49.9 58 33 33 6 49 39 0 28 
50-59.9 37 8 0 8 19 16 0 8 
?60 67 3 0 2 40 5 0 9 

Total all classes 55 785 8 225 44 1010 3 578 

plot (2.75 ha) died during the 1.5-yr period following 
the fire while only 3% of the 578 trees 210 cm dbh 
died in the unburned plot (1.75 ha) (Table 2). However, 
when only considering the trees contacted by fire (78% 
of 1010), the total mortality rate for all classes was 
55% in the burned plot. Fifty-nine percent of the cur- 
rently-sawn timber species :10 cm dbh that were con- 
tacted by fire died. Eight percent of the 225 trees not 
contacted by fire died (Table 2). 

Tree mortality following fire does not necessarily 
occur rapidly. One month after the fire, we estimated 
(based on visual inspection of leaf abscission and the 
cambium layer) that only as many as 38% of the fire- 
contacted trees would die vs. the 55% recorded 1.5 yr 
after the fire. 

Trees in this region have thin bark (7.1 ? 0.14 mm 
[X ? 1 SE]; Uhl and Kauffman 1990), thus these species 
are vulnerable to low-intensity ground fires. We found 
that 42% of 451 trees with only minor fire damage 
(small surficial scars on a small proportion of the bark), 

TABLE 3. Results of ANOVA for the effects of ground (no- 
slash, slash, skid-trail) and burn (burned, unburned) treat- 
ments and census time (I yr before fire, 15 mo after fire) 
on density of regenerating plants 210 cm tall in four spe- 
cies groups in large gaps I yr before fire and 15 mo after 
fire at Fazenda Vitoria near Paragominas, Para, Brazil. The 
whole-plot and split-plot error df were both 13. 

F statistics 
Non- 
timber 
tree and Vine/ 

Source of shrub liana Pioneer Timber 
variation df species species species species 

Ground, G 2 10** 5.5* 5.7* 2.5 
Burn, B 1 0.7 0.2 1.9 0 
G x B 2 3 0.8 1.9 0.8 
Census C 1 7.3* 7.6* 13.9** 8.2* 
C x G 2 2.2 3.6 9.4** 1.3 
C x B 1 0.2 0.2 11.3* 2.9 
C x G x B 2 2 2.8 12.6** 0.4 

* P < 0.05; ** P < 0.005. 

- b. F- --- -. 

PLATE 1. Burned logging gap one month after the fire in the selectively logged rain forest at the Fazenda Vitoria 
study site near Paragominas, Para, Brazil. The area in the foreground shows the remains of logging slash that fueled 
a locally higher intensity fire, which cleared the layer of regenerating saplings and generally increased fire damage to 
nearby trees. 
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FIG. 3. Density of regenerating plants ?10I cm tall in burned and unburned slash, no-slash, and skid-trail treatments in 
large logging gaps 1 yr before fire and 15 mo after fire at Fazenda Vitoria near Paragominas, Pari, Brazil. (A) Non-timber 
tree and shrub species, (B) vine/liana species, (C) pioneer species, and (D) timber species. Data are means + 1 SE. Note that 
the y-axis scale changes in each panel. Unidentified individuals and forbs (always n<6% of total density) are excluded. 

died following the fire. Percentage mortality increased 
as fire damage increased; of 114 trees that experienced 
severe damage (extensive deep scars and split/peeling 
bark), 84% were dead after 1.5 yr. Seventeen percent 
of the trees in the burned plot had fallen during the 1.5 
yr after the fire. 

Changes through time in the density of regenerating 
plants ?10 cm in height varied greatly between the 
treatments, with the most notable response to fire oc- 

curring in the five genera of pioneer species (Cecropia, 
Banara, Vismia, Solanum, and Trema). Densities of 
non-timber tree and shrub species and vine/liana spe- 
cies were at their highest before fire (1.9-13.2 plants/ 
m2) and decreased by 5-71 % in all burned and unbur- 
ned treatments after fire (Fig. 3A and B). Between the 
last pre-fire census and the post-fire census the density 
of non-timber tree and shrub species and vine/liana 
species groups was not significantly affected (P < 0.05) 

TABLE 4. Density (number of plants/M2) of regenerating plants ?10 cm tall in four species groups in small logging gaps 1 
yr before fire and 15 mo after fire at Fazenda Vitoria near Paragominas, Pard, Brazil. Data are means and 95% confidence 
intervals. 

Non-timber 
tree and 

shrub species Vine/liana species Pioneer species Timber species 

Treatment Pre-fire Post-fire Pre-fire Post-fire Pre-fire Post-fire Pre-fire Post-fire 

Burned slash 2.6 + 1.7 1.3 + 2.3 2.1 + 1.0 1.4 t 2.1 0 1.7 + 2.0 0.3 e 0.8 0.3 + 0.7 
(n = 4 plots) 

Unburned slash 6.4 + 11.3 5.0 ? 11.0 2.1 + 4.8 2.4 + 3.9 0.1 + 0.4 0.2 + 0.5 0.4 4 0.5 0.4 + 0.5 
(n = 3 plots) 

Burned no slash 15.4 + 6.8 4.2 + 1.0 4.8 + 3.4 3.9 + 2.1 0.1 + 0.4 2.4 + 6.5 0.2 + 1.0 0.2 + 1.2 
(n = 3 plots) 

Unburned no slash 15.0 + 23.7 10.6 + 21.6 5.6 ? 6.5 3.2 + 3.9 0.7 + 2.8 0.9 + 3.8 0.4 ? 1.3 0.7 + 0.8 
(n = 3 plots) 
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by fire, but was by ground treatment (slash, no slash, 
skid trail) and by census time (1 yr before fire, 15 mo 
after fire) (Table 3). 

The density of pioneer species following fire in all 
burned treatments (1.7-4.4 plants/M2) was at least 60% 
greater than densities recorded 1 yr before fire. This 
increase seems to be largely related to the fire itself; 
between the last pre-fire census and the post-fire cen- 
sus, pioneer species' density increased 60-70% (0.7- 
1.7 plants/M2) in all burned treatments and decreased 
40-50% (0.1-1.3 plants/M2) in all unburned treatments 
(Fig. 3C). There were significant (P < 0.05) effects of 
ground and census time x burn interaction, and highly 
significant (P < 0.005) effects of census time, census 
time x ground interaction, and census time x ground 
x burn interaction (Table 3). 

Regenerating timber species generally occurred at 
lower densities than the other species groups but their 
future economic value increases the importance of ex- 
amining their status through time. In the 2 yr prior to 
the fire the only notable (>10%) changes in density of 
timber species included a doubling in the unburned 
no-slash treatment and a 50% decrease in the unburned 
skid-trail treatment. Between the 1991 and the post- 
fire censuses there was a significant census-time effect 
(Table 3); in the post-fire census, all burned treatments 
had decreased by over 80% (0.8-1.0 plant/M2) except 
for slash, which increased by 50% (0.2 plant/M2), while 
unburned slash, no-slash, and skid-trail treatments de- 
creased by 10-70% (0.1-0.2 plant/M2) (Fig. 3D). Over- 
all, there was a 58% (11 plants/M2) decrease in timber 
species in the burned treatments, more than twice the 
decrease recorded in the unburned treatments. 

Sample sizes were somewhat low (2-4 plots per 
treatment) and variances relatively high in the large 
logging-gap data set, but measurements 1 yr before fire 
and 15 mo after fire in the small logging gaps sub- 
stantiate the trends in densities found in the large gaps, 
especially for non-timber tree and shrub species, vine 
and liana species, and pioneer species (Table 4). The 
density of non-timber tree and shrub species decreased 
by 22-73% (1.3-11.2 plants/M2) in all burned and un- 
burned treatments, with the greatest decrease occurring 
in the burned no-slash treatment. Vine and liana density 
decreased by 19-43% (0.7-2.4 plants/M2) in all burned 
and unburned treatments except for a 12% (0.3 plant/ 
m2) increase in unburned slash. As in the large-gap 
plots, pioneer species' density increased dramatically 
in the burned treatments. Unlike the large-gap plots, 
the density of timber species changed negligibly in all 
small-gap treatments (Table 4). 

Fuel dry-down rates in a forest subjected to 
high-impact logging practices 

In the Fazenda Sete forest subjected to high-impact 
logging practices 8 mo earlier, fuels dried most rapidly 
in the largest logging gaps that received the most solar 
insolation. Following 1 cm of rain, fuel sticks in large 
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FIG. 4. Fuel dry-down in the logged forest over 16 rain- 
less days following a 1-cm rainstorm at Fazenda Sete near 
Paragominas, Parm, Brazil. All data are means ? i SE; n = 
number of fuel-stick stations. (A) Forest 8 mo after being 
subjected to high-impact logging. Measurement stations 
grouped in classes of minutes of direct photon flux density 
(MOI.M-2 .d-'). (B) Three large (>700 in2) gaps in a forest 4 
yr after being subjected to high-impact logging. 

gaps that received 320-460 min of direct photon flux 
density (PFD) crossed the 12% fire threshold (the point 
below which the ignition and spread of fire is possible) 
after 6 rainless days (Fig. 4A). Areas receiving 160- 
300 mi of direct PFD became fire susceptible after 15 
d. However, some areas receiving little solar radiation 
also became fire susceptible; two areas receiving 48 
and 58 mn of direct PFD, crossed the 12% fire thresh- 
old after 15 rainless days. Sixteen days after rain, fuel 
sticks in forest patches receiving 0-30 minutes of direct 
PFD had dried to 15% moisture content (Fig. 4A). The 
fuel stick in the uncut primary forest dried to 18% 
moisture content after sixteen rainless days. The win- 
dow of fire susceptibility was not just between 1300 
and 1500, the time of lowest humidity and when mea- 
surements were made; 84% of 159 additional mea- 
surements taken between 1600 and 1730 were less than 
or equal to earlier measurements. 

In addition to the quantity of direct incoming solar 
radiation, the dense layer of knee-high regrowth pres- 
ent in some plots influenced fuel dry-down rates. After 
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FIG. 5. The relationship between rate of direct photon flux 
density and fuel-stick moisture content on the sixteenth rain- 
less day in a forest 8 mo after being subjected to high-impact 
logging at Fazenda Sete near Paragominas, Para, Brazil (n = 
20 fuel-stick stations). 

five rainless days, the mean moisture content of fuel 
sticks placed under the regrowth of three large (>700 
mi2) gaps remained 2% higher on average than fuel 
sticks 1 m away in the open. However, by day 16 the 
mean moisture content of these vegetated stations had 
dropped below 12%. For two of three paired vegetated 
and unvegetated stations receiving the most sun, dry- 
down to below 12% was 8-10 d longer under knee- 
high vegetation. 

Four years of regrowth following logging had a dra- 
matic effect on fuel moisture conditions in three large 
gaps receiving 340-520 min of direct PFD/d. Clearing 
the 3-5 m high vegetation cover over a 100-M2 area 
caused fuel conditions to mimic those found in the 
recently logged forest described above; fuel sticks in 
the clearing dried to <12% moisture content after six 
rainless days. However, fuel-stick moisture content in 
the dense regrowth was 17.4% ? 1.8 (X ? 1 SD) after 
16 rainless days (Fig. 4B). 

There is a negative relationship between fuel mois- 
ture content and the rate of direct PFD. The 11 stations 
that dropped below 12% fuel moisture content in the 
16 days of measurements received the greatest rates of 
direct PFD (Fig. 5). For these stations, there is a sig- 
nificant negative relationship between the rate of direct 
PFD and the number of days it takes to reach the 12% 
fire threshold (r2 = 0.61, P = 0.005, n = 11 fuel-stick 
stations) (Fig. 6), suggesting a model of continuous 
dry-down. However, the 11 stations reached the 12% 
level in two groups, one at 2-7 d after rain and the 
other at 15-16 d after rain, suggesting a more complex 
relationship than the linear model may imply (Fig. 6). 

Fire susceptibility of forests subjected to 
low-impact vs. high-impact logging practices 

The 25-ha forest stand subjected to low-impact log- 
ging lacked gaps with high rates of direct PFD even 
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FIG. 6. Linear regression of the rate of direct photon flux 
density and the number of rainless days required to reduce 
fuel moisture content below the 12% threshold in the forest 
logged 8 mo earlier at Fazenda Sete, near Paragominas, Para, 
Brazil (n = 11 fuel-stick stations). 

though almost the same number of trees was extracted 
and the wood volume harvested was actually greater 
than in the forest subjected to high-impact logging (Fig. 
7). The most open photo station in the forest subjected 
to high-impact logging (n = 58 stations) received 480 
min of direct PFD vs. a maximum of only 274 min 
direct PFD in the forest subjected to low-impact log- 
ging (n = 54 stations). In the fuel-stick moisture study, 
all stations receiving >150 min of direct PFD crossed 
the fire threshold within 16 rainless days (Fig. 5). 
Twenty-one percent of the 58 photo stations in the for- 
est subjected to high-impact logging vs. 13% of the 54 
stations in the forest subjected to low-impact logging 
received >150 min of direct PFD/d. 

Applying the regression model (Fig. 6) of the rela- 
tionship between the number of days required to cross 
the 12% fire threshold and the rate of direct PFD con- 
verts the PFD measurement into a "days-to-fire sus- 
ceptibility" estimate for each photo station, thus pro- 
viding the opportunity to further compare the fire sus- 
ceptibility of the forests subjected to high-impact and 
low-impact logging practices. The equation only ap- 
plies to the stations that crossed the threshold within 
16 d, which in the fuel-stick measurements was all 
stations receiving >150 min direct PFD/d. Since two 
stations receiving less solar radiation crossed the 
threshold, this is a conservative application of the equa- 
tion. 

Photo stations in the forest subjected to high-impact 
logging began to reach fire susceptibility as soon as 4 
d after rain, while no stations in the forest subjected 
to low-impact logging became fire susceptible until 10 
d after rain. Examining rain data over the 10-yr period 
1983-1992, 4-9 d rainless periods have occurred twice 
as often as 10-16 d periods (5.9 ? 2.5 times/yr vs. 3.0 
? 1.7 times/yr, respectively; X ? 1 SD). During rainless 
periods ?10 d, when areas of both forests subjected to 
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low-impact and high-impact logging are susceptible to 
fire, there is a notable difference in the proportion of 
each forest that can burn; combining the frequency of 
10-16 d rainless periods with the rate of dry-down to 
12% derived from the regression model, produces a 
highly significant (P < 0.0001), two-fold difference in 
the proportion of photo stations susceptible to fire in 
the forest subjected to low-impact logging (8.2 ? 1.0% 
[X ? 1 SE]) VS. those of the forest subjected to high- 
impact logging (17.0 ? 0.9%) (unpaired t test on lo- 
gistic-transformed proportions [Bessin et al. 1990]; t 
= 5.9; n = 29 rainless periods for each forest). 

DIscusSION 

Impacts of fire on forest structure and composition 

The fire at Fazenda Vitoria seriously altered the 
structure and composition of the selectively logged for- 
est. It caused a second round of fragmentation of the 
forest (Fig. 2). First, loggers extracted 3 trees per hect- 
are, severely damaged 121 trees ?10 cm in diameter 
at breast height (dbh) per hectare in the logging pro- 
cess, and increased the opening of the canopy by 25%, 
leaving a heterogeneous mix of high- and low-forest 
fragments and gaps (Verissimo et al. 1992). Four years 
later, the accidental fire precipitated the death of 161 
trees per hectare. The death and eventual fall of these 
trees further increased the fragmentation of the high- 
and low-forest patches, leaving them more susceptible 
to windthrow and to further alteration of forest struc- 
ture and composition. Similar patterns of canopy frag- 
mentation were recorded in logged and then burned 
forests in Malaysia (Woods 1989). 

Thick bark and vegetative sprouting could be im- 
portant determinants of the persistence of individual 
trees following fire (Kauffman and Uhl 1990). How- 
ever, sufficiently protective bark properties were not 
prevalent in the burned forest of Fazenda Vitoria; many 
trees (42%) that experienced only low levels of bark 
damage died. Basal and/or epicormic sprouting follow- 
ing a burn has been observed in 59% of surveyed spe- 
cies in this region and can provide a rapid replacement 
of vegetative cover (Kauffman 1991). While sprouting 

was occasionally observed at the study site, the timber 
potential of any such tree is usually low. 

The fire at Fazenda Vitoria shifted the trajectory of 
forest regeneration further towards pioneer species. 
While the density of non-timber tree and shrub species, 
vine/liana species, and timber species generally de- 
creased, the density of pioneer species increased by 
60-70% to levels higher than that found anytime before 
the fire in all burned treatments, and decreased 40- 
50% in all unburned treatments. Kauffman and Uhl 
(1990) postulated that the high seed-production rates, 
good long-distance dispersal, persistence in the seed 
bank, and rapid growth rates of early successional spe- 
cies in high-light environments make them strong con- 
tenders in post-fire environments. While the density of 
pioneer species following logging in the large gaps was 
greatest in the skid trails, fire also increased the density 
in slash and no-slash areas (Fig. 3C). The scraping of 
the ground that accompanies the creation of a skid trail 
provided a seedbed for pioneer species following log- 
ging. Fire served much the same purpose for areas with 
and without slash by leaving a nutrient-rich ash layer 
over exposed soil and killing the post-logging regen- 
eration in the gaps, thus converting once low-light en- 
vironments back into high-light environments. 

At least three pioneer genera in this study (Cecropia 
spp., Vismia spp., and Solanum spp.) include species 
with an absolute light requirement for germination (Uhl 
and Clark 1983). In a study in the northwestern Am- 
azon, burning significantly reduced the seed bank from 
that found in unburned forest. However, post-fire seed 
dispersal of Cecropia spp., Solanum spp., and Vismia 
spp. via birds and bats increased these species' abun- 
dance (Uhl et al. 1981). While the absolute contribution 
of the seed bank to seedling establishment in the Fa- 
zenda Vitoria burned forest is unknown, the unburned 
islands of vegetation (Fig. 2B) and the delayed tree 
mortality probably provided sufficient habitat for birds 
and bats to disperse seeds of pioneer species into the 
burned areas. 

Woods (1989) recorded an increase in woody creep- 
ers following fire in logged forests of Malaysia. Vas- 
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cular cambium deep inside of the stem tissue of lianas 
may provide for significant tissue regeneration after 
mechanical wounding (Dobbins and Fisher 1986) and 
also protect the liana from fire (Kauffman and Uhl 
1990). However, in all regeneration treatments at Fa- 
zenda Vitoria there was an overall decrease in vine and 
liana density following fire. Fire severity and drought 
may have decreased the effectiveness of usually pro- 
tective stem morphology; in burned, unlogged primary 
forests of East Kalimantan, Indonesia, which showed 
similar post-fire tree mortality to that of Fazenda Vi- 
toria, there was >90% mortality for lianas (Leighton 
and Wirawan 1986). 

In addition to the decrease in vines and lianas, there 
was an overall 58% decrease in the density of timber 
species in burned areas of large gaps following fire vs. 
a 24% overall decrease in unburned areas. Moreover, 
the death of 59% of the fire-contacted timber trees -10 
cm dbh has notably reduced the seed source for the 
replacement of lost timber regeneration. As one pro- 
posed management system for the region relies on nat- 
ural timber regeneration and stocking (Verissimo et al. 
1992), we predict that the economic and ecological 
feasibility of forest management at the Fazenda Vitoria 
burned, logged forest has been greatly diminished by 
fire. 

Fuel dry-down rates in a forest subjected to 
high-impact logging practices 

Logging gaps were the areas of the most rapid dry- 
down in the logged forest and thus the focal points for 
fire susceptibility. Medium-sized gaps (-200-700 m2) 

became fire susceptible after 15-16 d and large gaps 
(>700 m2) became fire susceptible after 2-7 rainless 
days. There was a significant negative correlation be- 
tween days to cross the 12% fire threshold and rate of 
direct photon flux density (PFD), thus providing a use- 
ful predictor of fire susceptibility during the time when 
measurements were made. Deviations from this linear 
model could be due to numerous factors. Brown (1993) 
found that small gaps exhibit more variability in such 
microclimatic variables as maximum air temperature 
and relative air humidity. He suggests that on any given 
day there is a greater chance that partial cloud cover 
would block insolation from reaching small gaps than 
from reaching larger gaps. This could explain why two 
fuel-stick stations became fire susceptible even though 
SOLARCALC (Chazdon and Field 1987) estimated 
that they received at least 63% fewer minutes of direct 
PFD/d than the other stations that reached fire condi- 
tions. Density of undergrowth and/or distance to areas 
of higher humidity (e.g., forest patches) may also ex- 
plain deviations from the linear model. The measure- 
ment site with the least dry-down relative to the re- 
gression line in Fig. 6 was surrounded by an 80-100 
cm cover of regrowth and was within 15 m of two 
different forest patches, unlike other stations with only 
dense regrowth. 

Besides the effect that incoming solar radiation has 
on the rate of fuel dry-down, time since logging also 
affects incoming solar radiation and, therefore, the rate 
of fuel dry-down. Eight months of regrowth in a forest 
subjected to high-impact logging slowed fuel dry-down 
to the fire susceptibility point by at least 8 d. Four years 
of regrowth had an even more dramatic effect on dry- 
down; after 16 rainless days fuel-stick moisture was 
nearly equal to that in uncut primary forest. Fetcher et 
al. (1985) found that vapor-pressure deficit, the driving 
force of fuel dry-down (Pyne 1984), in a 400-M2 gap 
was nearly equal to that in primary forest understory 
after only 2 yr of gap regrowth. 

This study was carried out during the second rainless 
period greater than 6 d following a prolonged wet sea- 
son. As the dry season progresses, plant-available soil 
water decreases (Nepstad et al. 1994), probably cre- 
ating increased water stress for relatively shallow-root- 
ed regeneration, a decrease in transpiration rates, de- 
creased leaf area, and potentially decreased resistance 
to fire. Indeed, even after 3 yr of regrowth in the Fa- 
zenda Vitoria logged forest, 72% of the gap area burned 
in a late dry-season burn (Fig. 2B). There is a negligible 
difference in slopes of dry-down rates between the 
most open areas and the more closed areas (Fig. 4A) 
suggesting that these closed-canopy forest patches will 
further approach the threshold, if not cross it, in a lon- 
ger rainless period. Again, the fire at Fazenda Vitoria 
supports this possibility; 78% of the high-forest area 
burned (A. Holdsworth, unpublished data). 

Forest management and the potential for 
fire reduction 

Fire reduces the potential value of the forest, but by 
reducing the size of logging gaps low-impact logging 
techniques can reduce the risk of fire. The low-impact 
logging at Fazenda Sete reduced the mean gap size by 
53% relative to the high-impact logging (Johns et al., 
in press). This reduction in mean gap size resulted in 
the absence of areas receiving large quantities of direct 
solar insolation (Fig. 7). The decreased solar insolation 
reaching the forest floor resulted in a greatly reduced 
probability of fire in the forest subjected to low-impact 
logging vs. high-impact logging practices. In addition 
to the other benefits that low-impact logging brings to 
the forest owner (e.g., reduced logging waste, lower 
machine operating costs, and enhanced forest regrowth 
potential-see Uhl et al. 1997), this study suggests that 
reduced fire susceptibility is an added benefit. 

The extra U.S. $50/ha required to carefully plan and 
execute logging operations using low-impact logging 
techniques is reduced by the accumulation of benefits; 
thus the more benefits that can be accrued, the more 
economically feasible low-impact logging will be. For 
the average extraction intensity found in the Paragom- 
inas region (30-40 m3/ha), the added costs of low- 
impact logging would be completely recovered by the 
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additional benefits (P. Barreto, P. Amaral, E. Vidal, and 
C. Uhl, unpublished manuscript). 

While the economic benefit of decreased fire risk has 
not been quantified, decreased fire risk adds an element 
of insurance for the forest owner. As more loggers own 
their own forests, there is an increasing concern over 
the threat of fire to their forests. Along with sustainably 
cutting their forests every 30-50 yr with low-impact 
logging techniques, forest owners must be assured that 
their long-term investment in their forests will not be 
threatened by accidental fire. This study has demon- 
strated the reduced fuel dry-down rates in forests sub- 
jected to low-impact vs. high-impact logging practices. 
With the reduction in logging wastes, fuel loads have 
also been effectively reduced by a still unknown but 
notable amount. The combination of reduced fuel dry- 
down rates and reduced fuel loads can effectively pro- 
vide forest owners with assurance that their forests are 
more protected from fire than if they pursued typical 
logging practices. 

The decreased fire susceptibility that we observed in 
the forest subjected to low-impact logging does not 
mean that fire is not a concern. Selectively logged for- 
ests are typically adjacent to fire-prone pastures. In the 
most intense dry-seasons (El Ninlo years), even a forest 
subjected to low-impact logging is likely to be at risk 
to fire if it is near pasture or slash-and-burn fields. 
Besides the reduced flammability that low-impact log- 
ging can bring, protection in the form of fire breaks 
adjacent to fire-prone areas, such as pasture, is required. 
Goldammer (1988) says that fire management in trop- 
ical lands must focus on fuel management, such as the 
creation of fuel breaks. The requirement of a fuel/fire 
break around all selectively logged forests is a com- 
ponent of one potential forestry code for the Brazilian 
Amazon. This code could be called "edict 5/50/5" and 
would limit logging to 5 trees/ha, require 50 yr between 
logging cycles, and require a 5-m-wide swath of ground 
cleared of fuels (Uhl et al. 1997). This 5-m fuel break 
surrounding each tract of selectively logged forest 
would protect the forest as long as it is scrupulously 
maintained. An alternative would be to preserve a 
1-km-wide swath of intact primary forest surrounding 
selectively logged areas. These borders of primary for- 
est could serve as fire breaks if they are tapping deep 
water reserves (Nepstad et al. 1994) and would thus 
be able to maintain fuel moisture levels well above the 
fire threshold. Fire breaks of primary forest have two 
distinct advantages over a 5-m-wide fuel break. First, 
there is no need for the frequent maintenance that is 
critical for an effective fuel break. Second, 1-km-wide 
primary forest fire breaks enhance ecosystem function; 
they facilitate regeneration of the selectively logged 
areas by providing seed sources of primary forest spe- 
cies, corridors for passage of seed dispersers, and po- 
tential sources of non-timber forest products. 

To further the potential for forest fire reduction in 
the increasingly fragmented eastern Amazonian land- 

scape, we need to study fire risk and its economic costs 
in selectively logged forests subjected to a range of 
logging intensities. These studies should include the 
driest periods of multiple dry seasons in order to bolster 
our understanding of the relationship among fire risk, 
intensity of logging, and time since logging. Finally, 
we need studies on the fire resistance and economic 
costs of fire breaks of various widths through many 
climatic conditions. The results of these studies could 
further demonstrate that increased fire resistance is an- 
other reason to practice low-impact logging techniques 
and that the strategic preservation of intact primary 
forest as natural fire breaks may be a cost-effective 
way to reduce the economic and ecological damage 
wrought by fire on selectively logged forests. 

ACKNOWLEDGMENTS 

This research was funded by a grant from the World Wild- 
life Fund to the Instituto do Homen e Meio Ambiente da 
Amazonia (IMAZON). We gratefully acknowledge Paulo 
Barreto for sharing the Fazenda Vitoria data; Edson Jose Vidal 
da Silva for help with data collection and field logistics; Stev- 
en Hamburg for many illuminating discussions and reviews 
of earlier drafts; Steven Brewer for assistance with the sta- 
tistical analysis; Paulo Amaral, Damiao Lopes Farias, Fran- 
cisco de Assis Barros, and Arquimino Cordeiro Lopes for 
help in the field; Nelson de Araujo Rosa for botanical iden- 
tifications; and Jeffrey Gerwing, James Grogan, Jennifer 
Johns, Daniel Nepstad, Jeffrey Parrish, Johanna Schmitt, and 
two anonymous reviewers for comments on earlier drafts of 
the manuscript. 

LITERATURE CITED 

Bessin, R. T., E. B. Moser, T. E. Reagan, and W. W. White. 
1990. Analysis of percent bored internode data collected 
from sugarcane borer varietal resistance evaluations. Jour- 
nal of the American Society of Sugarcane Technology 10: 
8-22. 

Brown, N. 1993. The implications of climate and gap mi- 
croclimate for seedling growth conditions in a Bornean 
lowland rain forest. Journal of Tropical Ecology 9:153- 
168. 

Chazdon, R. L., and C. B. Field. 1987. Photographic esti- 
mation of photosynthetically active radiation: evaluation of 
a computerized technique. Oecologia 73:525-532. 

Dobbins, D. R., and J. B. Fisher. 1986. Wound responses in 
girdled stems of lianas. Botanical Gazette 147:278-289. 

Fearnside, P. M. 1990. Fire in the tropical rain forest of the 
Amazon basin. Pages 106-116 in J. G. Goldammer, editor. 
Fire in the tropical biota: ecosystem processes and global 
challenges. Ecological Studies, Volume 84. Springer-Ver- 
lag, Berlin, Germany. 

Fetcher, N., S. F Oberbauer, and B. R. Strain. 1985. Vege- 
tation effects on microclimate in lowland tropical forest in 
Costa Rica. International Journal of Biometeorology 29: 
145-155. 

Goldammer, J. G. 1988. Rural land-use and wildland fires 
in the tropics. Agroforestry Systems 6:235-252. 

Hecht, S. B. 1981. Deforestation in the Amazon Basin: mag- 
nitude, dynamics, and soil resource effects. Studies in Third 
World Societies 13:61-108. 

Johns, J. S., P. Barreto, and C. Uhl. In press. Logging damage 
during planned and unplanned logging operations in the 
eastern Amazon. Forest Ecology and Management. 

Kauffman, J. B. 1991. Survival by sprouting following fire 
in tropical forest of the eastern Amazon. Biotropica 23: 
219-224. 

This content downloaded from 150.163.25.163 on Thu, 23 Jan 2014 14:11:28 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


May 1997 FIRE IN AMAZONIAN LOGGED FOREST 725 

Kauffman, J. B., and C. Uhl. 1990. Interactions of anthro- 
pogenic activities, fire, and rain forests in the Amazon Ba- 
sin. Pages 117-134 in J. G. Goldammer, editor. Fire in the 
tropical biota: ecosystem processes and global challenges. 
Ecological Studies, Volume 84. Springer-Verlag, Berlin, 
Germany. 

Leighton, M., and N. Wirawan. 1986. Catastrophic drought 
and fire in Bornean tropical rain forest associated with the 
1982-1983 ENSO event. Pages 75-101 in G. T. Prance, 
editor. Tropical rain forests and the world atmosphere. Pro- 
ceedings of the AAAS selected symposium 101. Westview 
Press, Boulder, Colorado, U.S.A. 

Meggars, B. J. 1994. Archeological evidence for the impact 
of mega-Niiio events on Amazonia during the past two 
millenia. Climate Change 28:321-338. 

Nelson, B. W. 1994. Natural forest disturbance and change 
in the Brazilian Amazon. Remote Sensing Reviews 10: 105- 
125. 

Nepstad, D. C., C. R. de Carvalho, E. A. Davidson, P. H. 
Jipp, P. A. Lefebvre, G. H. Negreiros, E. D. da Silva, T. 
A. Stone, S. E. Trumbore, and S. Vieira. 1994. The role 
of deep roots in the hydrological and carbon cycles of Am- 
azonian forests and pastures. Nature 372:666-669. 

Nepstad, D. C., C. Uhl, and E. A. S. Serrao. 1991. Recu- 
peration of a degraded Amazonian landscape: forest re- 
covery and agricultural restoration. Ambio 20:248-255. 

Pyne, S. J. 1984. Introduction to wildland fire: fire manage- 
ment in the United States. John Wiley & Sons, New York, 
New York, USA. 

Saldariagga, J. G., and D. C. West. 1986. Holocene fires in 
the northern Amazon Basin. Quaternary Research 26:358- 
366. 

Sanford, R. L., J. Saldarriaga, K. E. Clark, C. Uhl, and R. 
Herrera. 1985. Amazon rain forest fires. Science 227:53- 
55. 

Setzer, A. W., and M. C. Pereira. 1991. Amazonia biomass 
burnings in 1987 and an estimate of their tropospheric emis- 
sions. Ambio 20:19-22. 

Uhl, C., P. Barreto, A. Verissimo, E. Vidal, P. Amaral, A. C. 
Barros, C. Souza, Jr., J. S. Johns, and J. Gerwing. 1997. 
Natural resource management in the Brazilian Amazon: an 
integrated research approach. BioScience 47:160-168. 

Uhl, C., and R. Buschbacher. 1985. A disturbing synergism 
between cattle ranch burning practices and selective tree 
harvesting in the eastern Amazon. Biotropica 17:265-268. 

Uhl, C., R. Buschbacher, and E. A. S. Serrao. 1988. Aban- 
doned pastures in eastern Amazonia. I. Patterns of plant 
succession. Journal of Ecology 76:663-681. 

Uhl, C., and K. Clark. 1983. Seed ecology of selected Am- 
azon Basin successional species. Botanical Gazette 144: 
419-425. 

Uhl, C., K. Clark, H. Clark, and P. Murphy. 1981. Early plant 
succession after cutting and burning in the upper Rio Negro 
region of the Amazon Basin. Journal of Ecology 69:631- 
649. 

Uhl, C., and J. B. Kauffman. 1990. Deforestation effects on 
fire susceptibility and the potential response of tree species 
to fire in the rain forest of the eastern Amazon. Ecology 
71:437-449. 

Uhl, C., and I. C. G. Vieira. 1989. Ecological impacts of 
selective logging in the Brazilian Amazon: a case study 
from the Paragominas region in the state of Para. Biotropica 
21:98-106. 

Verissimo, A., P. Barreto, M. Mattos, R. Tarifa, and C. Uhl. 
1992. Logging impacts and prospects for sustainable forest 
management in an old Amazonian frontier: the case of Par- 
agominas. Forest Ecology and Management 55:169-199. 

Woods, P. V. 1989. Effects of logging, drought, and fire on 
structure and composition of tropical forests in Sabah, Ma- 
laysia. Biotropica 21:290-298. 

This content downloaded from 150.163.25.163 on Thu, 23 Jan 2014 14:11:28 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p. 713
	p. 714
	p. 715
	p. 716
	p. 717
	p. 718
	p. 719
	p. 720
	p. 721
	p. 722
	p. 723
	p. 724
	p. 725

	Issue Table of Contents
	Ecological Applications, Vol. 7, No. 2 (May, 1997), pp. 345-734
	Front Matter [pp. ]
	Legume, Grass, and Conservation Reserve Program Effects on Soil Organic Matter Recovery [pp. 345-357]
	Nitrogen Loading from Coastal Watersheds to Receiving Estuaries: New Method and Application [pp. 358-380]
	Ecological Water Treatment System for Removal of Phosphorus and Nitrogen from Polluted Water [pp. 381-390]
	Nitrogen Saturation in Japanese Forested Watersheds [pp. 391-401]
	Biogeochemical Response of Forest Ecosystems to Simulated Chronic Nitrogen Deposition [pp. 402-415]
	Soil Nutrient Dynamics in a Boreal Mixedwood Cutover Following the Application of Hexazinone [pp. 416-430]
	High Spectral Resolution Remote Sensing of Forest Canopy Lignin, Nitrogen, and Ecosystem Processes [pp. 431-443]
	Responses of N-Limited Ecosystems to Increased CO$_2$: A Balanced-Nutrition, Coupled-Element-Cycles Model [pp. 444-460]
	Temporal Variations in the Carbon Budget of Forest Ecosystems in Spain [pp. 461-469]
	A Simulation Study of Responses of the Northeast China Transect to Elevated CO$_2$ and Climate Change [pp. 470-483]
	Intraspecific and Diffuse Competition: The Response of Nassella Pulchra in a California Grassland [pp. 484-492]
	Detecting Fire and Grazing Patterns in Tallgrass Prairie Using Spectral Mixture Analysis [pp. 493-511]
	Fitness of Interspecific Hybrids in the Genus Sorghum: Persistence of Crop Genes in Wild Populations [pp. 512-518]
	A Comparison of Demographic Characteristics in a Rare and a Common Species of Eupatorium [pp. 519-530]
	Identifying Gaps in Conservation Networks: Of Indicators and Uncertainty in Geographic-Based Analyses [pp. 531-542]
	Effects of Organismal and Distance Scaling on Analysis of Species Distribution and Abundance [pp. 543-551]
	Response of Rodents to Habitat Fragmentation in Coastal Southern California [pp. 552-563]
	Forest Structure and Prey Abundance in Foraging Areas of Northern Goshawks [pp. 564-571]
	Forestry Practices and the Risk of Bird Nest Predation in a Boreal Coniferous Forest [pp. 572-580]
	Nonlinear Population Dynamics of Six Species of Florida Ciconiiformes Assessed by Christmas Bird Counts [pp. 581-592]
	Effects of the Exxon Valdez Oil Spill on Habitat Use by Birds in Prince William Sound, Alaska [pp. 593-613]
	Change in Avian Abundance Across the Geographic Range in Response to Environmental Change [pp. 614-624]
	Decay and Collapse of Trees with Hollows in Eastern Australian Forests: Impacts on Arboreal Marsupials [pp. 625-641]
	Bringing Home the Bacon: A Spatial Model of Wild Pig Hunting in Sulawesi, Indonesia [pp. 642-652]
	The Nile Perch in Lake Victoria: Interactions Between Predation and Fisheries [pp. 653-664]
	Conditions for the Return and Simulation of the Recovery of Burrowing Mayflies in Western Lake Erie [pp. 665-676]
	Flood Dependency of Cottonwood Establishment Along the Missouri River, Montana, USA [pp. 677-690]
	Characteristics and Origins of Deadwood Material in Aspen-Dominated Boreal Forests [pp. 691-701]
	Coarse Woody Debris as a Function of Age, Stand Structure, and Disturbance in Boreal Newfoundland [pp. 702-712]
	Fire in Amazonian Selectively Logged Rain Forest and the Potential for Fire Reduction [pp. 713-725]
	Fitness Consequences of Toxic Stress Evaluated within the Context of Phenotypic Plasticity [pp. 726-734]
	Back Matter [pp. ]



	Text1: http://www.jstor.org/stable/pdfplus/2269533.pdf


