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Abstract

Background: Fire is important for the maintenance of African savanna ecosystems, particularly humid savanna.
Despite the importance of fire behavior to our understanding of fire’s ecological effects, few studies have documented
fire behavior and its determinants in humid West African savannas and, in particular, whether fire behavior depends on
season of the year. We analyzed fire behavior in the Guinean savanna of Lamto (lvory Coast) during a 4-year field
experiment. The fire regimes tested consisted of three different burning seasons: early-season fire, mid-season
fire, and late-season fire. Nine 0.5 ha plots were burned annually to determine the rate of spread and fire
intensity. Fuel characteristics and weather conditions were measured to assess their impact on fire behavior.

Results: Understory grass height, total fresh fuel load, and moisture content had greater values in early-season fire than
in mid-season and late-season fire. The rate of spread and intensity of both mid-season fire (0.14+0.03 m s~' and 3920
+740 KW m™', respectively) and of late-season fire (0.12+0.02 m s~ and 3134 + 482 kW m™', respectively) were
significantly greater than those of early-season fire (0.04+0.01 m s~' and 1416 + 252 kW m™", respectively). The best
predictors of fire behavior were fuel moisture content and air humidity; these two explanatory variables were the sole
significant predictors for fire intensity, rate of fire spread, and flame height.

Conclusions: Given that there is no difference between intensity of mid-season and late-season fire, we suggest
that the generally reported higher impact of late-season fire on trees in the West African humid savannas is due
not to fire intensity per se, but rather to a more sensitive phenological stage of trees (e.g., leafless in mid-season),
and to a longer time of exposure to lethal temperatures (> 60 °C) in the late dry season. These data provide important
insights into fire behavior in the Guinean savanna—forest mosaic ecoregion, informing fire management.
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Resumen

Antecedentes: El fuego es un disturbio importante para el mantenimiento de los ecosistemas de sabana africanos,
particularmente de la sabana himeda. A pesar de la importancia del comportamiento del fuego para entender sus
efectos ecoldgicos, pocos estudios han documentado el comportamiento del fuego y sus determinantes en las
sabanas humedas del oeste de Africa y, en particular, si este comportamiento depende de la estacion del afo.
Analizamos en comportamiento del fuego en la sabana de Lamto (Costa de Marfil) en Guinea durante 4 afos de
experimentos a campo. Los regimenes de fuegos analizados consistieron en tres estaciones de incendios: fuegos
ocurridos durante la estacion temprana, la media y la tardia. Nueve parcelas de 0,5 ha fueron quemadas anualmente
para determinar la velocidad de propagacion vy la intensidad del fuego. Las caracteristicas de los combustibles y las
condiciones atmosféricas fueron medidas para determinar su impacto en el comportamiento del fuego.

Resultados: La altura de los pastos en el sotobosque, el peso verde de la carga total de combustible, y el contenido
de humedad tuvieron mayores valores en la estacion temprana de incendios en comparacion con las estaciones
media y tardia. La velocidad de propagacion e intensidad del fuego tanto de la estacién media (0,14 +£0,03 m s y
3920 + 740 kW m ™", respectivamente) como de la estacion tardia (0,12 0,02 m s 'y 3134 +482 kW m ',
respectivamente), fueron significativamente mayores que aquellos obtenidos para la estacion temprana (0,04 +

001 ms™y 1416+ 252 kW m™', respectivamente). Los mejores predictores del comportamiento del fuego fueron la
humedad del combustible y la humedad del ambiente; estas dos variables explicativas fueron las Unicas significativas
para predecir la intensidad del fuego, la velocidad de propagacion, y la altura de llama.

Conclusiones: Dado que no hay diferencias en intensidad entre fuegos ocurridos en las estaciones medias y tardias,
sugerimos que el mayor impacto que se reporta generalmente para incendios ocurridos durante la estacion tardia en
arboles de las sabanas humedas del oeste de Africa, no es debido al impacto de la intensidad del fuego de por sf, sino
a un estado fenoldgico mas sensible (ie, sin hojas durante la estacion media de incendios), y a una exposicion mas

prolongada a temperaturas letales (> 60 °C) durante la estacion tardia seca. Estos datos contribuyen de manera
importante al conocimiento sobre el comportamiento del fuego en los mosaicos de sabanas y bosques de la eco-
region de Guinea y como informacién para el manejo del fuego.

Background

Almost every vegetation type in the world occurs in
balance with a particular fire regime. Fire regimes are
increasingly controlled, if not driven, by humans (Gill
and Allan 2008), yielding dramatic changes in many
ecosystems worldwide, to the point that managers of
protected areas sometimes have to revert to past fire
regimes in order to maintain targeted ecosystem services
or biodiversity (Swetnam et al 1999). The
spatio-temporal patterns of heat energy release are
called fire behavior (Trollope 1983). Fire behavior is
generally described by fire intensity, rate of spread, flame
height, residence time, and surface temperature (Wil-
liams et al., 1998, Savadogo et al. 2007, Fontaine et al.
2012). It is influenced by a wide range of variables such
as fuel characteristics, burning season, and weather
conditions (Trollope et al. 2002). Fire behavior directly
affects savanna plants (e.g, scorching, topkill, death;
N'Dri et al. 2011, Werner and Prior 2013, Smit et al
2016). Fuel loads are generally higher with longer time
intervals between fires and thus fire frequency becomes
the primary driver of fuel accumulation and is a major
factor in wooded ecosystems, where plants are
long-lived. Fuels may accumulate over many years until
the accumulated dead biomass reaches balance with

decomposition. As a result, at least for short fire return
intervals, a strong negative correlation between fuel load
and fire frequency is expected.

When fire frequency is very high, the season of the fire
plays a significant role on fuel quantity (Govender et al.
2006). This is the case in most savanna and grassland
ecosystems, where fire return intervals are commonly in
the range one to ten years (van Wilgen et al. 2003).
Whereas the effect of fire frequency on fire intensity is
well documented (e.g, Govender et al. 2006, Robertson
and Hmielowski 2014), only a few studies have examined
very high fire frequency and the impact of fire season on
fire intensity (e.g, van Wilgen et al. 2007; Rissi et al.
2017). Moreover, quite recently, Prichard et al. (2017)
reviewed fire regimes across the world’s major biore-
gions and pointed out the relative scarcity of literature
on these subjects in African savannas.

In a review of the experiments of the Kruger National
Park, South Africa, van Wilgen et al. (2007) found that
the most marked effects on vegetation were found in
extreme treatments (annual burning, burning in the
summer wet season, or long periods of fire exclusion),
and were greater in areas of higher rainfall. Among the
African savannas, the most extreme fire conditions (an-
nual burning, high rainfall) occur in the Guinean forest
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—savanna mosaic ecoregion, extending over 670 000 km?
in West Africa (Kier et al. 2005). In this area, fire return
interval is generally between 1 and 3 years, with 21% of
this area burned annually (Innes 1972, Dwomoh and
Wimberly 2017). Annual rainfall is in the range of 1000
-1600 mm yr' (LUHéte and Mahé 2012), yielding very
high grass production (Gignoux et al. 2006). At the con-
tinental scale, the Guinean ecoregion is a transition zone
from forest to savanna; but at the local scale, forest and sa-
vannas do not mix: they form a mosaic of savannas dotted
with forest islands and fringed by gallery forests following
the hydrologic network. In the field, the transition
between the two ecosystems is very sharp (often occurring
in as little as four meters); both the physiognomy and the
respective floras are different (Spichiger and Pamard
1973). Fires almost never enter the forests, but
near-annual fires are responsible for maintaining the adja-
cent open vegetation (Vuattoux 1976, Louppe et al. 1995).
Nevertheless, significant woody plant encroachment into
this area has been reported despite the very frequent and
intense fire regime (Gautier 1990, Dauget and Menaut
1992, Hochberg et al. 1994).

It is well known from field studies that late-season
fires (occurring at the end of the long dry season, or
even at the start of the long wet season) are more harm-
ful to trees and can better control tree populations than
are early-season fires (Louppe et al. 1995, Gignoux et al.
2006, Laris et al. 2017). Studies undertaken in Guinean
savanna of West  Africa  (Aubréville 1953,
Brookman-Amissah et al. 1980, Swaine et al 1992,
Louppe et al. 1995) explored the impacts of fire treat-
ments on vegetation dynamics but did not analyze
fire behavior parameters. Overall, we do not know
whether the more severe effect of late fires on trees
is due to a higher fire intensity or a higher sensitivity
of trees to fire due to their phenological stage. It is
therefore of primary importance, in the first instance,
to measure how fire intensity varies with fire season.

To this end, we conducted a 4-year field experiment with
three different fire treatments in a Guinean savanna to
study fire behavior (including intensity) in response to fire
season. Our aim was to test the effect of fire season on fire
intensity in an extreme situation in which fire frequency is
at its maximum, with one fire each year, as well as to
explore a range of variables that determine fire behavior in
general. The study addressed the following questions:

1. Do fire behavior, fuel characteristics, and weather
conditions differ among fires set in early, mid, and
late dry seasons?

2. Is late-season fire (occurring at the end of dry season),
more intense than early- and mid- season fires?

3. Which weather and fuel characteristics predict fire
behavior?
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Methods

Study site

The study site was the Lamto Reserve (central Ivory
Coast, extending from 6°9' N to 6°13' N, and from -5°
15" W to -4°57" W), a 2500 ha area of typical Guinean
forest-savanna mosaic devoted to scientific research
since 1962 (Abbadie et al 2006). The average annual
rainfall is about 1200 mm (Pagney 1988). The climate is
sub-equatorial with four seasons based on monthly rain:
a long rainy season from mid March to July, a short dry
season in August, a short rainy season from September
to mid November, and a long dry season from mid
November to mid March. The shorter dry season has
significant interannual variations in the date (August,
September, or October) and duration (0 to 2 months).
Fires in the Lamto Reserve are set by managers in the
middle of the long dry season (mid-season fire), follow-
ing practices of local populations.

The main savanna type is a shrubby savanna with tree
cover between 7% and 62% (Gautier 1990). The savanna is
dominated by three species of Andropogoneae grasses:
Andropogon ascinodis C. B. Cl., Andropogon canaliculatus
(Schumach.), and Andropogon schirensis (Hochst. ex A.
Rich). Annual aboveground grass net primary production
can be as high as 20 t ha™ yr™' (dry mass; Gignoux et al.
2006).

Experimental set-up and fire treatments

This study was conducted on three 230 m x 120 m blocks
of shrubby savanna, each separated from the surrounding
similar savanna by a 10 m wide firebreak, and distant from
each other by a few kilometers (Fig. 1). Each block was
divided into three 100 m x 50 m plots separated from each
other by 30 m wide firebreaks. Each plot in a block
received one of three fire treatments in a full factorial
design: (1) early-season fire at the start of the long dry sea-
son (~18 November); (2) mid-season fire at the middle of
the long dry season (~18 January); and (3) late-season fire
at the very end of the long dry season (~15 March) (Fig. 2).
On each plot, the designated fire treatment was applied
four times from 2013 to 2017. All blocks were located on
flat ground to eliminate the influence of slope. All plots
had experienced annual mid-season fire for at least 50
years before the experiment.

Fuel characteristics

Fuel consisted primarily of grass and tree leaf litter. Fuel
characteristics were described by the following variables be-
fore fires were applied: fuel load (kg m™>), moisture content
(%), and grass height (cm). Fuel was collected on ten 1 m?>
quadrats per plot shortly (minutes) before burning. Fuel
was separated into litter (fallen dead grass and tree leaves)
and standing fuel (standing grass and stems), and immedi-
ately weighed for fresh mass. Samples were oven-dried at
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80 °C to constant weight and weighed for dry mass. Mois-
ture content was then calculated. Grass cover height (cm)
was determined as the average vertical distance from the
ground to the tip of the shoot of 50 randomly selected
points.

Fire behavior
Fire was ignited with a dry palm leaf along the shorter
side of each plot in the direction of the wind to rapidly
establish a fire-line and ensure linear ignition. All burns
were conducted in the morning (1000 to 1100 hours)
on the same day, in order to ensure similarity of fuel
moisture levels and weather conditions (e.g wind, air
humidity, and temperature). We characterized fire behav-
ior using six variables: rate of spread (m s™'), fire inten-
sity (kW m™"), fire maximal temperature (°C), residence
time above 60 °C (s), flame height (m), and combustion
efficiency (%).

The rate of spread was determined by using stop
watches to record the time it took for a flame line to reach
poles positioned every 10 m on both sides of each plot.

Fire intensity (/) was estimated using Byram’s (1959)
equation:

I = WHR, (1)

where W (kg m™?) is the mass of fresh fuel consumed;
H is the heat yield of the fuel, which, for grass fuel,
16 890 kJ kg is the recommended value (Trollope
1983); and R (m s™") is the rate of spread.

The fire residence time was defined as the time during
which air temperature at ground level, measured with a
thermocouple, was above 60 °C—the commonly accepted
lethal temperature for most plant cells (Daniell et al. 1969).
We used self-built synchronized fire temperature recorders
(SFTRs) to measure this time. Each SFTR was composed of
a thermocouple (type K 250 mm steel probe, 0 to 1100 °C
range) connected to a Raspberry Pi nano-computer
(https://www.raspberrypi.org/), plus batteries. Prior to set-
ting fires, the SFTRs were synchronized by sending a “start”
signal prior to burying them in the plots, with only the top
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Fig. 2 Experimental set-up and fuelbed the day before each fire in 2014. EF: early-season fire, MF: mid-season fire; LF: late-season fire.

10 cm of the thermocouple probe protruding from the
ground. They were placed at the ends of equilateral trian-
gles that had sides 20 m in length. After the fires, the time
series of temperatures were downloaded from the STFRs
and residence times were computed from those data.

Flame height (m) and fuel consumption (%) were mea-
sured as post-fire indices of fire intensity and fire sever-
ity, respectively. Intensity is a function of the energy
released by a fire front, while severity refers to the
impact of fire on vegetation.

Flame height was measured on each plot after each
fire using 10 iron poles, each of 4 m height, on which
5 c¢m long pieces of paper tape had been placed every
20 cm. The flame height was equal to the maximum
height where the paper was burned. The 10 poles on
each plot were distributed randomly; heights were aver-
aged over the ten poles for each plot for further analysis.

Immediately after each experimental fire, the residual
unburned fuel in each plot from 10 random quadrats of 1
m?” was sampled, dried, and weighed, using techniques that
were similar to those for the pre-fire samples. For each
plot and fire, we used the average values of post-fire mass
and pre-fire mass to estimate combustion efficiency (%).

Weather

During each fire, wind speed (m s™'), air temperature
(°C), and relative humidity (%) were recorded every five
minutes, similar to methods of Kidnie and Wotton (2015),
using an in situ automatic weather station (reference
number SM55PRO; Inovalley, Pontoise, France) placed at
2 m aboveground, in the fire break between two adjacent
plots. The recorded values were averaged over the period
of fire propagation for each plot.

Statistical analyses

We analyzed data using R software (R Development Core
Team 2014). Mixed-effect models (Imer R function) were
developed to analyze the responses of fire behavior param-
eters (rate of spread, fire-line intensity, maximum
temperature, residence time above lethal temperature,
flame height, and combustion efficiency), as well as the
relative importance of pre-burn fuel characteristics (grass
height, fuel loads, and fuel moisture contents), and weather
parameters during fires (air humidity, air temperature, and
wind speed) relative to three explanatory variables: season
(3 seasons), year (4 years) and plot (9 plots). Season was
the fixed effect, while year and plot were treated as crossed
random effect. We simplified the models by eliminating
non-significant random effects, based on F-tests (they were
exact tests because the experimental design was balanced).
A Tukey multiple comparison test (HSD) was used to com-
pare the different modalities of significant fixed effects.

For the effect of fuel and weather variables on fire be-
havior, we used mixed-effect multiple regression models
(averages of fuels and weather parameters for each site
and fire had been used to describe the sites and weather;
these parameters did not vary at the individual plot
level). Final models were selected using a stepwise pro-
cedure based on minimum Akaike Information Criterion
estimation. Year and plot were again treated as crossed
random effects.

Results

Fuel characteristics, weather conditions, and fire behavior
across the seasons

Total fresh fuel load (kg m™) and its moisture content
were significantly greater in the early dry season than in
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the mid and late dry seasons. There was no significant
difference in fuel loads between mid and late dry sea-
sons. The height of the grassy understory decreased sig-
nificantly from early to late dry season (Fig. 3, Table 1).
Significant year random effects occurred for both total
fuel load and grass height (Table 1).

Wind speed varied with year (78% of variance ex-
plained by the random effect in the complete model;
Table 1) and increased from early-season fire to
late-season fire. Air temperature did not vary with fire
season. Relative air humidity also varied with fire season,
with a higher value in early-season fire (Fig. 3, Table 1).

All fire behavior variables except residence time above
60 °C showed the same pattern of response to fire sea-
son: their values were lower during the early-season fire
than during mid-season and late season fires. There
were no differences in the variables between mid-season
fire and late-season fire. The fire residence time was
highest in late-season fire and lowest in mid-season fire.
Early-season fire presented the middle value. The only
significant random effect (plot) was for combustion effi-
ciency (Fig. 3; Table 1).

Fire behavior: explanatory models

Fire intensity (log I), rate of spread (log r), and flame
height (H) all decreased with fuel moisture content, and
air humidity, explaining 55, 63, and 64% of the variability
in these three aspects of fire behavior, respectively. Fire
maximum temperature (7) decreased with fuel moisture
content, air humidity, and grass height (explaining
45% of the variation). Fire residence time above 60 °C
(Rt ) increased with fuel moisture content, air humid-
ity, and air temperature, and decreased with fuel load
(explaining 51% of the variation). Combustion efficiency
(C) decreased with grass height (explaining 34% of the
variation; Table 2).

As for explanatory variables, fuel moisture content
was a very important (P < 0.001) for three of the six vari-
ables that describe fire behavior, and somewhat import-
ant (P <0.10) in a fourth (Table 2). Air humidity was an
important explanatory variable (P < 0.01 and P <0.05) for
four of the six variables describing fire behavior, and
somewhat important (P <0.10) in a fifth. These two ex-
planatory variables were the sole significant predictors for
fire intensity, rate of fire spread, and flame height. They
also appeared in models for fire maximum temperature
(plus grass height) and for fire residence time > 60 °C (plus
fuel load and air temperature; Table 2).

Grass height was a significant predictor (P <0.05)
of only one response variable (combustion efficiency),
but also a weak inclusion in the model for fire max-
imum temperature. Fuel load was a significant pre-
dictor (P <0.01) only in the model for fire residence
time > 60 °C (Table 2).
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Discussion

Seasonal changes in fuel and fire characteristics

There are few studies of the impact of season on fuel
and fire characteristics in humid savannas anywhere in
the world; comparisons can yield important insights for
savanna ecosystem management. The results of our
study are consistent with findings of Williams et al
(1998) in Northern Australia, and of Higgins et al.
(2000) and van Wilgen et al. (2003) in South Africa that
showed a decrease in moisture content as the dry season
progresses. We also confirmed results from Rissi et al.
(2017) in Brazil that showed that the dry fuel load does
not change during the dry season.

Fuel loads in the present study at Lamto Reserve are
higher than those previously reported for other African sa-
vannas—about five times greater than those of a Sudanian
savanna of Burkina Faso (Savadogo et al. 2007), and about
ten times greater than in Chad (Guiguindibaye et al
2013). These high fuel loads most likely explain the higher
fire intensity we recorded, compared to these savannas
(Savadogo et al. 2007; Guiguindibaye et al. 2013). Frost
et al. (1986) concluded that fire is more intense in humid
savannas than in dry savannas due to differences in water
availability that lead to differences in grass biomass
(i.e., fuel loads).

Based on fire intensity classes defined by Morrison
(2002), in Lamto Reserve, early-season fire can be consid-
ered low-intensity fire, and mid-season and late-season
fires as high-intensity fires. In our study, both the rate of
spread and intensity of fires increased as the dry season
progressed. Flame height followed the same trend, and
can be considered a good indicator of fire intensity, as was
suggested by Burrows (1995), Williams et al. (1998), and
Morrison (2002).

The fact that fire maximum temperature was lower
during the early-fire season than during the mid- and
late-season fires of our study is consistent with the re-
sults for different seasons reported by Sidzabda et al
(2010) for the same three fire seasons in a Sudanian sa-
vanna of Burkina Faso. The maximum fire temperature
recorded in Lamto Reserve, however, is three times
higher than that observed in both Laba State (Sidzabda
et al. 2010) and Tiogo (Savadogo et al. 2007) in Burkina
Faso. These differences in the maximum fire temperature
is certainly due to the highest fire intensity in Lamto
Reserve.

Prediction of fire characteristics with fuel and weather
characteristics

Fuel characteristics and fire behavior of our study were
comparable to those reported by Afelu and Kokou (2015)
in the transition zone between the Guineo-Congolese and
the Sudanian zones of Togo. The fuel loads in our humid
savanna of Lamto Reserve were higher than those
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measured in the humid savannas of Northern Australia
(Williams et al., 1998) and in somewhat drier savannas of
South Africa (van Wilgen et al., 1985), yet in Lamto Re-
serve, the rate of fire spread was slower and the intensity of
fire was lower than those reported for early-season and
late-season fires in those savannas. The difference in fire
behavior could be due to the lower fuel moisture in North-
ern Australia and South Africa due to the single, much lon-
ger dry season. In Northern Australia, the very low moisture
content of the fuel and the very dry air create favorable

conditions for very rapid fire spread and higher fire intensity
(Anderson and Anderson 2010, Fontaine et al. 2012). The
comparison suggests that fuel moisture content is one of the
main factors influencing fire behavior, as indicated by the
fact that fuel moisture is the most common and significant
explanatory variable predicting various descriptors of fire be-
havior in our study. Our results are also consistent with
those of Govender et al. (2006), who observed a doubling of
fire intensity when fuel moisture decreased three-fold. In
our study, we observed the doubling of fire intensity when
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Table 1 Response of fire behavior, weather, and fuel variables to fire season (fixed effects), plot, and year (crossed random effects)

Variables Fixed effects Random effects

Fire season (n = 3) Plot (n = 9) Year (n = 4)

F df P value R’ x> (1 df) P value x> (1.df P value
Fire intensity® 717 2.33 0.003 030 0.00 1.000 227 0.132
Flame height 16.17 233 <0.001 049 0.01 0.925 1.83 0.176
Rate of fire spread® 11.78 233 <0.001 042 0.01 0912 1.57 0.210
Residence time > 60 °C 4.53 2.24 0.021 0.27 0.00 1.000 1.34 0247
Maximum temperature 6.67 2.24 0.005 036 0.00 1.000 0.58 0447
Combustion efficiency 9.24 2.6 0.015 4.49 0.034 0.00 1.000
Wind speed 3.97 2.6 0.029 0.00 1.000 35.59 <0.001
Air temperature 2.35 2.33 0.112 0.12 0.01 0.921 0.14 0.706
Air humidity 3.55 233 0.040 0.18 0.00 1.000 2.83 0.093
Fuel load (fresh) 23.14 2.30 <0.001 0.00 1.000 10.95 <0.001
Fuel moisture content 11.16 233 <0.001 040 0.00 1.000 0.11 0.738
Grass height 58.41 2.30 <0.001 0.00 1.000 15.01 <0.001

Mixed models analyses were performed with the R Imer function. R? values provided for fixed-effects models when random effects were not significant. Boldface
data indicates effects significant at the 0.05 level. F = F value; df = degrees of freedom; x> = chi-squared statistic

?log-transformed prior to analysis based on the distribution of residuals.

fuel moisture decreased by 12% (for 10% of fuel humidity,
fire intensity was 8800 kW m™; for 22% fuel humidity,
4430 kW m™Y; and for 50%, 540 kW m ™).

Our results are also consistent with the conclusion of
Govender et al. (2006), that the effects of seasonal mois-
ture override that of fuel load. During the early dry season
of our study, there were large quantities of live perennial
fuel with high moisture content, but the fires had the low-
est rate of spread, intensity, and flame height (Fig. 2).

According to Hoffmann et al. (2012), the microcli-
mate during fire determines flammability because of
its effect on fuel moisture. In our study, air humidity
was the only weather parameter that varied between
seasons (with a higher average value during the early
fire; i.e, this variable did impact fire behavior). In dry

conditions, fires were faster and more intense, flames
were higher, but the maximum residence time was
shorter.

Contrary to the reports from studies in other savannas
that wind speed (Savadogo et al. 2007, Vega et al. 2012)
and air temperature (Platt et al. 2015) strongly affect fire
behavior, this was not the case in our study in the
Guinean savanna of Lamto Reserve. These two parame-
ters did not change over the seasons in our study,
although fire behavior certainly did. A lack of effect of
wind speed may be due to generally low wind speed in
Lamto Reserve (Le Roux 1995), as was also reported in
the Brazilian Cerrado (Rissi et al. 2017); further, there
are only minor variations of air temperature throughout
the year (Forge 1982).

Table 2 Prediction of fire behavior variables from weather and fuel variables

Response and explanatory variables see. R’ F P-value
Log() = 1061 - 00589 FM"~~ - 0.0187 AH. 0.5701 0.55 14.89 < 0.0001
Log() = 0.8036 — 0.0717 FM™" - 0.0191 AH' 05697 063 20.54 < 0.0001
H = 44963 - 00388 FM™" - 00189 AH™ 03587 064 2097 < 0.0001
T=1028161 - 73.324 GH — 4226 FM — 3.466 AH’ 105.967 045 641 0.002

Rt = 0.8694 — 0.7908 FL” + 0.0206 FM.+ 0.0221 AH™ + 0.02496 AT 07276 051 574 0.002
C=106.755 - 6452 GH" 3197 034 12,99 0.001

Results show best models found by stepwise backward multiple regressions with plot and year as crossed random effects (using the R step function of the
ImerTest package). Response (predicted) variables: fire intensity (/), rate of fire spread (r), flame height (H), fire maximum temperature (7), fire residence time
above 60 °C (Rt), and combustion efficiency (C). Explanatory (predictors) variables: fuel load (FL), fuel moisture content (FM), grass height (GH), wind speed (W),
air humidity (AH), air temperature (AT). s.e.e. = standard error of estimation; R? = coefficient of determination; F = F value

P

P < 0.001
P <001
P < 0.05
P <01
P> 0.1
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Our analyses indicating that seasonal fuel characteristics
and weather conditions jointly contribute to determine
fire behavior in these West African humid savannas is
consistent with studies of Higgins et al. (2000) in southern
African savannas, and Platt et al (2015) in humid
savannas of southeastern North America. In particular, in
Lamto Reserve, fuel moisture and air humidity are highly
predictive of fire behavior; these variables are relatively
easily measured in the field. The models presented in this
study are novel and could be useful tools for assessing and
monitoring various fire regimes in the humid savannas of
West Africa. To date, no other work is available that can
be used to predict fire behavior in this region.

Potential severity of fire

In our study, although there was no difference in fire be-
havior between mid dry season and late dry season fires,
there were differences in fire severity (e.g, the effect on
trees) across seasons. Indeed, late-season fires are known
to negatively impact trees in Lamto Reserve (Gignoux
et al. 2006). Similarly, the high impact of late-season
fires on trees is common in other savannas; most studies
attribute this phenomenon to higher fire intensity
(Williams et al., 1998, Savadogo et al. 2007).

We suggest that the differences in fire severity (impact
on trees) between mid-season and late-season fires
(despite similar fire behavior) is most likely explained by
the phenological state of trees, as suggested for humid
savannas in Australia (Werner and Prior 2013) and
southeastern North America (Robertson and Hmie-
lowski 2014). In Lamto Reserve savanna, all trees are
leafless during the dry season so that mid-season fire
cannot cause significant damage to living tree tissues
(ie, trunks and main branches are fire resistant
(Gignoux et al. 1997, N'Dri et al. 2014). However, at the
end of the dry season or beginning of the rainy season,
trees begin to set new leaves, so that fire at this period
could be very detrimental (Gignoux et al 2009). In
addition, the longer lethal temperature residence time
during late-season fires compared to mid-season fires
could further explain the high impact of late-seaon fire
on trees.

Our results support the hypothesis that the generally
observed high severity of late-season fires for savanna
trees is not due to a higher fire intensity: we found no
significant increase in fire intensity in late-season fires com-
pared to mid-season fires. However, to assess this point fur-
ther, studies are needed relating fire intensity to measures
of tree growth and survival under different fire regimes.

Conclusion

In the humid savannas of Lamto Reserve that are repre-
sentative of the Guinean savanna-forest mosaic eco-
region, up to 35 to 65% of the total variation of several
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metrics used to describe fire behavior can be predicted
by fuel moisture and air humidity. Specific qualities of
the site (e.g,, very low wind speed on average) may limit
generalization in the absence of a larger spatial and tem-
poral data coverage, so further work using other sites is
highly desirable. Among the various aspects of fire
behavior, we recommend using flame height measure-
ments, as it is easier to measure than intensity, in order
to quickly produce large datasets that could help us to
understand and predict fire behavior. The ultimate goal
is to improve fire management in West Africa.
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