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Abstract: 

 

As fire becomes more common in rainforests due to climate change, 

understanding rainforest tree species’ tolerance to fire becomes increasingly 

important. Madagascar’s northeast coast is particularly vulnerable to fire given the 

20th century invasion of Dicranopteris linearis fern that is extremely flammable, 

promoting its own dominance in this region. The objective of the study was to 

investigate which Malagasy tree species were better able to survive a fire 

disturbance and under what conditions. We planted 4,000 trees of 11 different 

Malagasy tree species in 160 small monoculture islands consisting of 25 trees each. 

At this time, we recorded site conditions such as fuel depth, slope, sapling height, 

and position within the island. Just after the wildfire we scored the intensity and 

severity of the fire at each of the 4,000 saplings. Several months later during the 

rainy season, we returned to each of the 4,000 saplings and recorded survival. We 

found that choice of species and low perimeter:area ratio planting designs are two 

of the most important factors that determined sapling survival of a wildfire. The 

timing of outplanting was the third most important choice that required species-

specific knowledge of the relative importance of larger sapling size and days of 

establishment to harden in the field. A number of diverse life history traits also 

emerged that described how each species was able to survive wildfire. We 

categorized these into three broad categories:  retardance, resistance, resilience. For 

restoration practitioners worldwide who work amidst highly flammable fuels, our 

results suggest that at the time of outplanting careful planning for the possibility of 

subsequent fire disturbances can greatly increase the chance of the project reaching 

maturity. 
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Introduction: 

Madagascar is well known as a hotspot for biodiversity with over 11,000 

species of vascular plants ranging across 243 plant families (Goodman and 

Benstead 2005, Schatz 2018). Malagasy forests are being lost at an alarming rate of 

111,000 ha/yr and many experts believe forest loss will increase from 85% to over 

97% by 2025 (Green and Sussman 1990, Harper et al. 2007). Many of these forests 

contain rare species that will go extinct having never even been discovered by 

Western science. There is no other backup in situ conservation option for many of 

these species because more than 95% of Malagasy woody species are endemic 

(Myers et al. 2000, Schatz 2000, Ganzhorn et al. 2001).  

Most of this forest destruction has been caused by wildfires resulting from 

accidents of anthropogenic activities including “tavy” (rice cultivation after 

slash/burn), charcoal-making, and clearing of land by fire to accommodate the 

ever-growing rural population (Messerli 2000, Nambena 2003, Food and 

Agriculture Organization 2006, Styger et al. 2007, Desbureaux and Brimont 2015, 

Burns et al. 2016). In Eastern Madagascar, two species, Dicranopteris linearis 

(Gleicheniaceae) and Ravenala madagascariensis (Strelitziaceae) dominate the 

landscape following a fire disturbance (Cohen et al. 1995, Slocum et al. 2004, 

Kato-Noguchi et al. 2012, Zhao et al. 2012). D. linearis fern is extremely shade 

intolerant (Page 1979, Russell et al. 1998) thus, restoration work is often focused 

solely on the objective of quickly attaining canopy-cover to suppress the ruderal 

fern. However, human caused wildfires occur with high frequency (Burney 1996, 

Kull 2002, Burns et al. 2016) because D. linearis  and R. madagascariensis are 

extremely flammable, promoting their own dominance (Blanc et al. 1999, 

Ainsworth and Kauffman 2013). For this reason, a practitioner may want to 

consider tree species’ abilities to survive fire in addition to rapidly establishing 

canopy-cover when making their choice of species for a restoration project amongst 

a landscape of fire-inducing D. linearis. 
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There are diverse life history traits related to tree survival of fire-

disturbances (Pausas et al. 2004, Lamont et al. 2011, Clarke et al. 2015) that many 

fire-ecologists categorize into three broad categories: survival on the cellular, 

individual, and population level. On the cellular level, there are tree species that 

have enough protection above ground to not be damaged by the heat of lower 

intensity wildfires. On the individual level, there are tree species that can resprout 

from above or below ground after suffering severe fire damage. And on the 

population level, there are tree species that can quickly re-invade the unoccupied 

burned land through fire resistant seeds in the seedbank or abundant new wind-

blown seeds. 

Experiments conducted in the tropics suggest that certain cellular level 

survival strategies like having thick fire-retardant bark have not evolved in species 

that live in humid rainforests with a history of infrequent non-anthropogenic fire 

disturbances (Paine et al. 2010, Lawes et al. 2014). This trend has been reinforced 

by experiments in less humid temperate zones that examine fire-survival strategies 

of species within a single genus (Quercus) whose various species dominate 

ecosystems across a wide spectrum of rainfall/fire ecosystems: the more rainfall 

that exists in an ecosystem, the less tree species tend to invest in cellular level fire-

survival traits like thick bark (Schwilk et al. 2013). Studies of wood characteristics 

of tropical species imported to Europe demonstrate that certain tropical species 

possess chemical and density related fire-retardant characteristics but it is unclear 

how relevant these are to fire survival of living trees (Monder et al. 2009, 

Jaskolowski and Kozakiewicz 2010, Xu et al. 2015). 

Fire ecologists tend to divide the broad range of strategies to survive at the 

individual tree level into two categories: above ground strategies and below ground 

strategies. Many species of palms have been found to survive fires (Van 

Nieuwstadt and Sheil 2005) possibly by retaining high enough levels of water in 

their sheathing petioles to leave the apical meristem undamaged. Some woody 

tropical tree species have the ability to survive droughts by leaf movement (Marler 
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and Guzman 1995) that reduce water loss and that may also help them survive fires 

through higher leaf water content and thus less flammable tissues. In addition to 

high leaf water content, small leaf size has been shown to inhibit the spread of fire 

(Murray et al. 2013). Below ground fire survival strategies involve resprouting 

from any of a variety of starch-storing organs that are protected from fire by the 

heat-insulating property of soil (Pausas et al. 2018). Some studies show a trend for 

above-ground strategies to be more prevalent in dry grasslands while belowground 

strategies are more prevalent in wet forests (Schwilk et al. 2013). For both above- 

and belowground strategies, the literature consistently indicates that larger trees 

survive at a higher rate than smaller trees (Hodgkinson 1998, Noel and Fowler 

2007, Cardoso et al. 2016). 

Population level strategies most often involve seed banks or abundant seed 

dispersal that can be carried long distances by either wind or animals (Cheke et al. 

1979). Although several of our study species employ these population strategies 

(Styger et al. 2007), they are not the focus of our current investigation. 

Another possible mechanism to discourage wildfires is choosing a spatial 

arrangement of planting that affects the amount of damage the trees experience 

during a fire. Two spatial arrangements are common in forest restoration: a uniform 

“orchard style” geometry and an “island style” geometry. In “orchard planting” the 

saplings are planted using a fixed spacing (typically, 3 m) that results in the row-

column corridors of trees familiar to anyone who has visited an apple orchard or 

tree plantation. In “island planting,” also called “applied-nucleation,” frameworks 

trees are planted in dense patches in some areas while leaving intermittent patches 

of the site completely unplanted (Corbin and Holl 2012, Zahawi et al. 2013, 

Piiroinen et al. 2015, Corbin et al. 2016). Advantages of the applied-nucleation 

framework include capture of wind-blown seed (Albornoz et al. 2013), recruitment 

of animal seed-dispersers (Holl et al. 2000, Slocum and Horvitz 2000, Zahawi and 

Augspurger 2006), clonal growth (Robinson and Handel 2000, Corbin and Holl 

2012), increase of structural complexity (McDonnell and Stiles 1983), or increasing 
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the speed of natural succession (Holl et al. 2000, Corbin and Holl 2012, Bechara et 

al. 2016). Other studies, however, suggest that islands that are very small begin to 

suffer from having too great of a perimeter:area ratio (Zahawi et al. 2013). Small 

islands can suffer from a host of negative edge effects such as overexposure to 

light, high night-day temperature fluctuations, extreme humidity fluctuations, 

reduction of habitation by seed-dispersers and reduced seed rain (Holl 2002, 

Zahawi and Augspurger 2006). In a fire-prone landscape, another disadvantageous 

edge effect may be higher intensity and damage, and lower survival rates after a 

fire disturbance of trees planted in high perimeter:area geometry nucleation 

frameworks. 

Finally, restoration practitioners must consider the impacts of existing 

vegetation on outplanting success as well as topography. The vegetation “matrix” 

into which saplings are planted affects not only fire risk but also the competitive or 

facilitative environment. Topography can also impact survival rates because fires 

burn much more intensely on steep slopes than they do on flat hilltops, all other 

things being equal (Rothermel 1983, Mell et al. 2007, Viegas 2014). 

Here we implemented a large-scale restoration project with 11 tree species 

commonly found in eastern Madagascar. Our original objectives were to investigate 

inter-specific differences in tree growth and the concomitant effects on suppression 

of ruderals such as D. linearis. However, an accidental wildfire led to modification 

of the experiment to focus on response to fire. Thus, the objective of our study was 

to investigate under what conditions were saplings better able to survive a fire 

disturbance. We address the following questions: Do Malagasy tree species differ 

in survival rates after experiencing similar fire intensities? We hypothesize that 

some Malagasy tree species have a higher survival rate than other Malagasy species 

after experiencing similar fire intensities. Do larger saplings experience higher 

survival rates compared to smaller saplings of the same species? We hypothesize 

that within each species larger seedlings will survive at higher rates than smaller 

seedlings. Does time since planting influence rate of survival? We hypothesize that 
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seedlings that were planted earlier in the planting season will survive at a higher 

rate than seedlings that experienced the fire very soon after they were planted. Does 

sapling survival differ based on amount of fuel in the vicinity of the tree island?  

We hypothesize that seedlings planted in dense patches of the fern, D. linearis, will 

experience lower survival rates than seedlings planted in patches of grass that have 

lower bulk density of fuel per square meter. Does slope affect survival? We 

hypothesize that fire survival will be lower on steep slopes than on flat microsites. 

Does island size affect survival rates? We hypothesize that survival rates will 

increase the further a sapling is from the edge: corners will survive the least, then 

edges, then middle-ring, and finally the center position will have the highest 

survival rate. In this thesis, I investigate these questions in a study of post-fire 

survival of 11 Malagasy species planted as part of the restoration efforts of the 

NGO Green Again Madagascar.  I conclude by offering recommendations to 

practitioners who restore forests in landscapes dominated by fire-inducing ruderals 

in hopes that these recommendations lead to projects that have a better chance of 

surviving a wildfire and reaching maturity. 

 

Methods: 

Study Site 

The study was conducted on a site located on the east coast of Madagascar, 

6 km north of Toamasina city and 5 km inland west up the Ivoloina river (18°045 

S, 49°351 E). Annual rainfall at nearby Toamasina airport ranges from 3,000-3,500 

mm/yr with heaviest rainfall between Feb – April during the cyclone season. Mean 

annual temperature at Toamasina is 24C with a mere 5C fluctuation summer-to-

winter, being so close to the tropical Indian Ocean. The topography in this part of 

Madagascar consists of repeated 100 m high hills having up to 50-degree slope. 

Our site covers four hectares on the southeast face and top of one such hillside with 

elevation ranging from 30 m to 70 m above sea level. The soil in the region is 
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ferralitic red clay interspersed with granite boulders. The site has never been 

cultivated for agriculture nor used as grazing pasture. Positioned on a hillside 

surrounded by rice-paddy valleys, the site has been burned accidentally by wildfire 

resulting from tavy (slash-burn agriculture) in the past, though the landowner and 

local mayor could not reach consensus on specific years of those historical fire 

disturbances. The dominant species at the time of the study were D. linearis fern 

and R. madagascariensis palm. 

 

Study Species 

From amongst the 60 Malagasy species commonly used in restoration 

projects in this region, 11 species were chosen (Table 1) based on the dual criteria 

of being able to clear a minimum of 1.5 m height and spread a minimum of 1.0 m 

crown within three years (based on past experiments; unpublished data) in order to 

quickly attain a closed canopy to out-shade D. linearis and other ruderals. The 60 

common species used in restoration in eastern Madagascar span 31 families 

whereas our focal 11 species in this experiment drew from nine of those families. 

 

Planting Stock 

Seeds were field collected in seed lots and pretreated in the same manner 

within each species. Pretreatments included scarification by machete, scarification 

by sand-scrubbing, fruit removal, and soaking for 24 hours before sowing. Seeds 

were planted in 10 cm diameter plastic pots that were closed at the bottom and 

measured 20 cm tall. The nursery soil was a mixture of ferralitic red clay, aged cow 

manure, and alluvial river sand with different composition for each species but the 

same composition within any species. Both the quantity of seeds planted and timing 

of seed germination were varied by species, according to known mortality and 

growth rates that we have measured in past planting trials (unpublished data). The 

pots were placed in bamboo nursery beds with palm leaf covered partial roofs. The 
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pots were watered each morning and evening only if there had been < 2 cm of rain 

in the last 24 hours. Pots were aerated on the first of each month and weeded on a 

weekly basis. No fertilizer was applied in our operation. Our goal was growing 

nursery stock in quantities that would yield 300 saplings of 11 Malagasy species at 

the optimal size for outplanting on 6/1/2016. Five species fared below expectation 

in the nursery and the resulting deficit needed to fill the four-hectare restoration site 

was met by a surplus of saplings from six species that fared above expectation in 

the nursery. This variability in the availability of nursery stock accounts for the 

variability in the number of trees from each species in the experiment. 

 

Land-clearing / pretreatment 

At the time of outplanting, for each island into which trees would be 

planted, we removed all extant ruderals by machete to less than five centimeters 

above the organic (O) horizon. The flammable, thick mat of D. linearis fern that 

can create a thick O horizon was not dug up and therefore we did not expose 

mineral soil. All vegetation surrounding each plot was left unmanipulated. Before 

clearing by machete, we measured fuel depth as a continuous variable from the 

highest fern tip down to the top of the fern mat/O horizon. Fuel depth was recorded 

at four points each 150 cm diagonally away from the center of each island. The 

mean of these height measurements served as a proxy for the bulk density per 

square meter of slash fuel in the immediate vicinity of each island. Since the slash 

surrounding those islands in the grassy matrix had such low mass, we recorded 0 

for this variable regardless of grass height. 

 

Planting Design and Measurements 

We planted 160 islands of trees across a total of 11 Malagasy tree species 

(Table 2) between 06/08/2016 and 09/22/2016. Every planting day, we planted 

three islands of the same species from the same nursery stock. Two of these three 
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islands were positioned within a patch of Dicranopteris linearis fern (minimum 

depth of 100 cm) and the remaining third island was planted in a grassy patch of 

mixed ruderal species that support lower fire intensity than the fern. The unequal 

number of islands between ruderal types reflects the requirements of the original 

experimental design that was later consumed by the wildfire. Each island consisted 

of 25 saplings of the same species planted one meter apart in a five column by five 

row square. For each plot we measured slope with five-degree precision using a 20 

cm length board and hanging pendulum located 35 cm due east from the center 

position of each island. 

We planted monocultures to examine species-specific effects within the 

experiment. Spacing of one meter between trees was chosen to achieve canopy 

closure within a three-year timeline. A total of 4,000 trees were included in our 

study. As explained above, sample sizes were unequal among species due to 

availability of planting stock in the nursery.  

Sapling height was measured with 1 cm precision at the time of outplanting. 

 

Fire intensity and severity measurements 

 After the unplanned wildfire destroyed our original ruderal suppression 

experiment on 10/14/2016, and afterwards we made observations about both the 

fire intensity and severity effects for each of the 4,000 individual trees within all 

160 islands from 12/06/2016 through 01/20/2017. To calculate the intensity of the 

fire, six Boolean fields of abiotic observations were recorded just after the wildfire 

and summed to generate an index of fire intensity for each sapling. Identification 

tags and stakes provided us with standard, objective metrics to quantify fire 

characteristics by assessing the condition of each: unaffected, melted, scorched, or 

charred. Abiotic measures of intensity relied on scoring of damage to slash, duff 

and stakes with identification tags that marked each sapling. Each sapling was 

marked with a stake of invasive tree Grevillea robusta to which was attached 
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plastic tree-ID tags at the 75 cm mark. In addition, an aluminum island-ID tag was 

attached at the 80 cm mark on the stake of the center tree. Thus, for each tree we 

recorded as binary variables whether the duff was burned, stake was scorched, 

stake was charred, plastic tree-ID tag was melted and plastic tree-ID tag was 

charred. At the plot level we recorded whether slash was burned and whether the 

center alluminum island-ID was charred. Scorched means that the object was 

affected by the radiant and convection energy of the fire but not combusted by 

flame directly. Charred means that the object had direct contact with flames and 

was partially consumed by flame. Although this index could theoretically range 

from zero to seven, our particular wildfire only generated a range of scores from 

one to six, indicating that all 160 islands were within the purview of the fire-

disturbance, yet nowhere was the fire hot enough for long enough to melt 

aluminum. The fire-intensity ordinal number index was then averaged at all 25 

trees within each island to generate the normally distributed continuous variable 

characterizing the fire intensity at the scale of the island. 

Similarly, the severity that each sapling suffered from exposure to the 

wildfire was calculated by summing binary biotic factors for each tree. Thus, for 

each sapling we recorded as binary variables whether the leaves were scorched, 

leaves were charred, stem was scorched and stem was charred. This index ranged 

from zero to four. The fire-severity ordinal number index was then averaged at all 

25 trees within each island to generate the normally distributed continuous variable 

characterizing the severity at the scale of the island. 

Fire intensity and fire severity represent different but complementary 

characteristics of fire behavior and tree response respectively. Intensity is a 

measure of energy output of the fire using non-fluctuating abiotic materials very 

near each sapling like plastic id-tags, non-living wooden stakes, and metal id-tags. 

On the other hand, severity is a measure of how much each of the saplings was 

damaged immediately following the fire and is based on the interaction of fire-

intensity and biotic factors of the sapling itself. Thus, species and individual tree 
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characteristics such as leaf water content, crown structure and leaf area interact 

with the fire to determine impact on each individual. 

 

Fire survival and growth  

To allow for re-sprouting of severely damaged saplings, we waited several 

months until three distinct rain systems had moved through the area. After the third 

rain system had cleared, we again visited each of the 4,000 saplings to determine 

fire-survival from 03/27/2017 through 05/24/2017. A given tree was marked as a 

survivor if it showed new growth or still had a flexible, green stem.  

 

Data processing and analysis: 

We calculated several categorical variables from the raw data. We binned 

slope into categories of steep and flat using the mode of slope as the dividing line 

(17.5%). We binned saplings into position categories [center, middle ring, edge, 

corner] for the 5 by 5 matrix as: center:=[3-3]; middle ring:=[2-2, 2-3, 2-4, 3-2, 3-4, 

4-2, 4-3, 4-4]; edge:=[1-2, 1-3, 1-4, 5-2, 5-3, 5-4]; corner:=[1-1, 1-5, 5-1, 5-5] in 

column-row syntax (Figure 4a). The categorical variable exposure [exposed, 

shielded] was then calculated as exposed:=[corner, edge] and shielded:=[center, 

middle ring]. 

Within each species, we normalized each sapling height as (sapling height – 

species minimum height) / (species maximum height – species minimum height) to 

produce a [0<x<1] metric of how big any particular sapling was compared to other 

saplings of the same species within this experiment.  This standardized height 

across 11 species that consistently differ in mean height and thereby avoided 

conflating  height with species. 

We calculated three metrics (retardance, resistance and resilience) 

associated with how fire affected each tree island or sapling, also representing 

another example of interaction between abiotic and biotic variables. A measure of 
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an island’s ability to retard the fire from reaching its interior was calculated as one 

minus the mean intensity at the four corners minus the intensity at the center 

position.  

A measure of a sapling’s ability to resist the fire assessed the ability of an 

individual to withstand high intensities of fire without suffering much functional 

damage. It was calculated for each species at each intensity (zero to seven) as the 

mean severity across all saplings of that particular species that experienced that 

particular fire intensity.  

A measure of a species fire resilience was calculated at each level of sapling 

severity as the species mean survival rate calculated from only those saplings that 

experienced that score of fire severity. 

Table 3 summarizes all predictor and response variables used in the study. 

 

Statistical analysis overview 

 We analyzed three response variables (intensity, severity, survival) in a set 

of related but independent models using JMP Pro, version 13.1.0 statistical 

software. First, for all 11 species we analyzed intensity as a response variable and 

then severity as a response variable using only pre-fire variables. Next, we analyzed 

survival of the 11 species, which separated species into classes (survivors, 

perishers). The remainder of the analyses focused on only the survivor species. For 

those species that survived at greater than 5% rate, we analyzed factors that 

predicted variation in survival among species.  

 In a number of models, there were several variables all having p-values < 

0.0001. To help differentiate the relative significance of these terms, we employed 

the Logworth = -log(p-value) standard protocol. Notice that larger Logworth values 

are generated by smaller p-values indicating higher statistical significance. 

 

Intensity as a response variable 
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 We analyzed intensity at the scale of the individual sapling using an ordinal 

logistic model. All 11 species were included in the analysis. Predictor variables 

included type of fuel, depth of fuel, slope, and position within the island, all of 

which were variables known before the wildfire arrived (Table 4, model 1). To 

make recommendations to restoration practitioners about what site characteristics 

to consider in order to lessen the impact of a fire disturbance, we also analyzed 

intensity at the scale of tree islands using a general linear model with normal 

distribution and identity link (Table 4, model 2). To examine patterns of intensity 

across positions within the islands, we then created intensity maps (Figure 1).  

  

Severity as a response variable 

 We analyzed severity at the scale of the individual sapling using an ordinal 

logistic model. All 11 species were included in the analysis. Predictor variables 

included type of fuel, depth of fuel, slope, and position, as well as an additional 

three biotic factors (species, normalized height, time since planting) all of which 

were measured before the wildfire event. We also included all two-way 

interactions. We then included intensity and species*intensity as additional 

predictor variables and again used an ordinal logistic model to predict severity at 

the sapling level from all variables known after the fire. 

 

Survival as a response variable  

 We analyzed survival as a function of species using a generalized linear 

model (GLM) with survival as the response variable and species as the predictor 

variable. Survival was modeled with a binomial (0 = died, 1=survived) distribution 

and a logit link function. Post hoc tests separated the 11 species into mortality 

categories [survivor, perisher] using differences in the 95% confidence intervals of 

tree survival rates (Table 5). Subsequent models examined only the six species that 

fell into the “survivor” class delineated as those that fell above a 5% survival rate. 



 

13 

For those species that survived at a greater than 5% rate, we analyzed 

factors that predicted variation in survival among species. We included two sets of 

models. The first set of models used predictive variables available at the time of 

project planning before the wildfire occurred (fuel type, fuel depth, slope, position, 

time since planting, normalized height, species) and their two-way interactions to 

predict individual tree survival. These GLMs used a binomial distribution and logit 

link function. Non-significant terms were dropped and the models refit.  

 Our second set of models included all pre-fire variables plus intensity or 

severity and all two-way interactions. Again, non-significant terms were dropped 

and the models refit. For significant interactions (e.g., species*severity), we then 

ran species-specific regressions (e.g., severity-by-intensity).  

 

Retardance, resistance and resilience 

 We compared differences in the mean retardance for each species using 

95% confidence intervals (Table 6). For resistance, we compared differences in 

mean severity each species experienced after being exposed to an intensity=4 fire 

(Table 7). And, lastly, for resilience we compared mean survival rates for each 

species after suffering severity=2 damage from the wildfire (Table 8). 

 

Results: 

Intensity 

Fire intensity at the sapling level had a similar frequency across intensity 

levels one through five but was much lower for level six intensity. There were no 

points that experienced zero intensity and no points that experienced the most 

intense level-seven fire. 

The best model for predicting intensity at the individual sapling level was 

most influenced by location within the island followed by depth of fuel. Slope only 
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played a minor explanatory role in this best model, while fuel type and all the 

interaction terms were insignificant (Table 4, model 1). 

When modeling the average fire intensity at each island, only depth of fuel 

was a meaningful predictor variable, with both slope and fuel type having large p-

values (Table 4, model 2). 

 

Severity 

 In the initial model for predicting severity from variables known before the 

fire, species was by far the most influential factor (Table 9, model 3). Location 

within the island was the second most important variable and the significant 

interaction terms included species*depth-of-fuel, species*sapling-height, and 

species*days-of-establishment (Table 9, model 3). The main effects of depth of 

fuel, sapling height, and days of establishment were not significant factors in this 

model. 

 The model improved to a great degree when intensity and its interaction 

terms were included (Δ-AICc = 2,173). This model was dominated by intensity as 

the overwhelmingly important factor (Table 9, model 4). Species, depth of fuel and 

the interaction term species*intensity were of importance as well. Other interaction 

terms of nominal importance included species*depth-of-fuel, species*sapling-

height, and species*days-of-establishment. 

 

Survival 

A total of 379 saplings survived out of the 4,000 planted in our experiment 

(mean = 9.5%; 95% confidence interval 8.5%-10.4%). There were significant 

differences in survival among species (X2=464.7, p<0.0001): six species survived 

significantly more than average and five species survived less (Table 5). This split 

the 11 species into two groups of ‘survivor’ (17.8%; 16.1%-19.4%) and ‘perisher’ 

(0.8%; 0.0%-1.2%) categories. For the remainder of the results we focused on the 
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six survivor species to explain fire survival as a function of environmental factors 

of the site and factors related to the biological traits of each species.  

The best model using only variables that were measured before the fire 

included species, geometric position within an island, depth of fuel, sapling height, 

and planting time (Table 10, model 5: AICc=1,616) all having p-values<0.0001 

except slope (p=0.97). By also considering the intensity of the fire, the model 

improved (Table 10, model 6: AICc=1,494) and no longer required the position 

variable (p=0.19). If severity was considered in place of intensity, the model again 

improved (Table 10, model 7: AICc=1,281) and fuel depth was dropped (p=0.32). 

Overall, the best model that predicts variation in survival among the six survivor 

species included the factors [species, severity, height, planting time, 

species*planting time, species * height and species*severity] (Table 10, model 8). 

Severity was a key fire variable that predicated survival: higher severity was 

associated with lower survival (χ2=425, Logworth=93.7, p<0.0001). There was 

significant interaction between species*severity (χ2=110, Logworth=21.4, 

p<0.0001) indicating inter-specific variation in resilience in response to high levels 

of fire severity. There was a strong linear relationship between intensity and 

severity at the tree level (R2=0.50) that strengthened further at the island level 

(R2=0.70). A number of our hypotheses that involve environmental and intrinsic 

factors were supported through the relationship between severity and those factors 

(e.g. position, fuel, height) and hence do not appear in the full model but 

nonetheless are important. 

The interaction between time since planting and species in the models 

(Logworth=8.9, p<0.0001; Table 10, model 8) was consistent with the species-

specific regressions of survival by days of establishment (Figure 3). For several 

species, saplings that had several months to establish survived at a higher rate than 

saplings that were planted just days before the fire arrived. For others, there was no 

relationship or even a slight negative relationship between time since planting and 

survival. 
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Taller saplings (intra-specific) survived at a higher rate (31.3%; 26.7%-

36.0%) than shorter saplings (14.6%; 12.9%-16.3%). The large saplings suffered 

the same severity from the fire (1.65; 1.55-1.76) as the small saplings (1.72; 1.67-

1.77) but demonstrated a higher resilience following that biotic damage. 

Survival differed with geometric position within an island. All three metrics 

(intensity, severity, survival) showed a distinctive geometric pattern (Figure 1). As 

the fire moved towards the centers of the islands it became less intense and severe, 

allowing for higher survival rates. Center-positioned saplings survived at a higher 

rate (25.6%; 16.0%-35.3%) than those in the corners (9.8%; 6.5%-13.0%). Saplings 

in the middle-ring and edge positions survived at nearly the same rate squarely 

between these two extremes (Figure 4) and led to a steady monotonic trendline 

throughout the set. Center and mid-ring positions combined into a single group 

‘protected’ had higher survival (21.5%; 18.6%-24.5%) compared to ‘exposed’ 

positions (edges and corner combined; 15.6%; 13.7%-17.6%). The fire appeared to 

be more intense at the downhill side of the islands than at the uphill side of the 

islands due to the direction of movement of this particular fire.  

Saplings planted amongst D. linearis survived at almost half the rate 

(14.7%; 12.8%-16.5%) than those planted amongst the grass (24.8%; 21.4%-

28.2%). The fire was more intense (3.43; 3.35-3.51) as well as more severe (1.89; 

1.83-1.94) in the fern plots than in the grass plots (intensity=2.48, 2.37-2.60; 

severity=1.30, 1.22-1.37).  

We did not find evidence that the fire was more intense on steep slopes 

(mean=3.08; 95% Confidence Interval 2.98-3.18) than on flat plots (3.20; 3.11-3.9). 

The slope variable (χ2=0.0, LogWorth=0.0, p=0.9631) therefore played an 

insignificant role in the larger, more-robust model when predicting sapling survival 

rates (Table 10, model 7). 

 

Discussion: 
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Madagascar has lost 85% of its rainforests in the last 50 years (Myers 1988, 

Green and Sussman 1990, Harper et al. 2007). Most of that loss is due to 

anthropogenic fire-disturbances (Messerli 2000, Kull 2002, Nambena 2003, Styger 

et al. 2007, Brimont et al. 2015, Desbureaux and Brimont 2015, Rougier et al. 

2015, Burns et al. 2016). Rural Malagasy culture incorporates open-fires on a daily 

basis including open-fire cooking as well as slash/burn agriculture and 

anthropogenic accidents are likely to continue (Messerli 2000, Kull 2002, Nambena 

2003, Styger et al. 2007, Brimont et al. 2015, Desbureaux and Brimont 2015, 

Rougier et al. 2015, Burns et al. 2016). Although the high moisture of mature 

rainforests ameliorates the risk of wildfires to some extent, newly enacted 

restoration projects with low humidity and more exposure to ground-level winds 

are likely more susceptible to fires. Our results indicate that rainforest restoration 

practitioners can make meaningful decisions at the beginning of their project to 

increase the odds of juvenile tree survival in the event of a subsequent fire. Key 

decisions include choice of species, timing of outplanting, and size of the islands 

planted. We found no evidence that other oft-cited factors like slope of planting site 

(Rothermel 1983, Dillon et al. 2011, Viegas 2014) led to less intense fires and 

therefore higher survival rates. 

 Madagascar’s northeast coast is particularly vulnerable to fire given the 

widespread monoculture of highly-flammable invasive fern Dicranopteris linearis. 

Although the exact extent of this monoculture has not been calculated in hectares 

using satellite imagery, I have noted it’s dominance for well over 100 km 

East/West (along RN2 from Moramanga to Brickaville) and 500 km North/South 

(along RN2 from Brickaville to Toamasina then continuing north along RN5 from 

Toamasina to Maroantsetra) putting a low-end estimate at well over five million 

hectares (personal observation). In this area, the likelihood of a fire before a 

restoration project reaches maturity is a very real concern. By taking active 

measures in project planning that lessen the impact of a fire disturbance, Malagasy 

restorationists can greatly increase the odds of their saplings reaching maturity and 
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the site well on its way to being restored to rainforest. Other practitioners 

worldwide who work in fire-hazard zones can likewise benefit from practices like 

the ones uncovered in this paper. 

 Selection of species is by far the most important choice a restoration-

practitioner can make to ensure high fire survival rates (Table 1). Our fire survivors 

were Neotina spp, Harungana madagascariensis, Trema orientalis, Intsia bijuga, 

Hymenaea verrucosa, and Terminalia mantaly. We posit that survivor species 

survived the fire in at least three different ways (retardant, resistant, resilient) due 

to characteristics related to their biology like leaf size, wood density, and deep 

taproots. Retardant species cool the fire as it passes through their monoculture 

islands. Resistant species suffer lighter severity for a given level of fire intensity. 

Resilient species have high rates of resprouting even after suffering strong levels of 

damage from the fire. 

Fire-retardant species like Intsia bijuga reduced the fire’s intensity as it 

passed through the islands. In Intsia-islands, center positions experienced fire 

intensity that was 34% cooler than at corner positions. This was a more pronounced 

cooling off than a non-retardant species like Macaranga spp where the fire only 

cooled off 17% moving from corner to center (Table 5). The fire-retardant 

chemicals that are so valued in Intsia’s lumber (Monder et al. 2009, Jaskolowski 

and Kozakiewicz 2010, Xu et al. 2015) were likely to make the stems of the living 

saplings less flammable as well. Also, the heliotropic leaf capabilities (Marler and 

Guzman 1995) that Intsia employs to survive droughts may have allowed for 

higher leaf moisture content in the saplings, making the leaves less flammable. 

Fire-resistant species like Terminalia mantaly suffered very low severity for 

a given intensity of fire. Intensity was the score-card index of abiotic factors (like 

plastic id-tag melted) that measured how hot the fire was at each sapling’s location, 

whereas severity was the score-card index of biotic factors (like leaves charred) that 

measure how severely damaged the individual sapling was at that site. Saplings of 

Terminalia that experienced a fire intensity of four only suffered severity of 1.89 as 
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opposed to the 3.33 severity that Parkia madagascariensis suffered after 

experiencing heat of similar level-four fire intensities (Table 6). Terminalia’s short 

thick leaves that allow it to survive droughts on Madagascar’s dry west-coast may 

also be less flammable, leading to this pronounced fire-resistant phenomenon 

(Pauker and Gurion 2001, Cook et al. 2007, Orwa et al. 2009, Murray et al. 2013). 

Lastly there were fire-resilient species like Harungana madagascariensis 

that were able to resprout even after experiencing high levels of severity. 

Harungana saplings survived at a 13.5% rate compared to the average survival rate 

3.8% for all 11 species that experienced level two severity (Table 7). The same 

ability of Harungana to resprout from below ground (Morin et al. 2010) after 

heavy grazing and trampling by cattle across the East-African grasslands (Hurault 

1998) also allowed Harungana to resprout following our fire disturbance, even 

when everything aboveground had been baked by the fire. These varied 

mechanisms that each species has evolved to survive a fire should be studied in 

more detail in experiments that specifically target each of these biological 

characteristics. 

Many tropical restoration projects have broad planting windows that last 

more than half the year before the hot/dry season sets in. When is the best time 

within that window to plant the nursery stock into the field? Our results suggest 

that the answer depends on at least two factors that affect fire survival: plant size 

and establishment time. For all species, larger saplings have higher survival rates 

than smaller saplings of the same species (Figure 5). Saplings grow much faster in 

the nursery than in the field because we water on dry days, drain soil on wet days, 

shade-cover on sunny days, uncover on cloudy days, pull away competitive weeds 

each week, and aerate the soil in the pots each month. When only considering 

sapling height, it is therefore better to give the potted saplings as many days in the 

nursery as possible, thus allowing them to get as large as they can before planting 

into the field at the end of the season. On the other hand, our results show that 

higher survival rates of saplings are also associated with having more days in the 
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field to establish their roots and acclimate to their new micro-climate in the field. 

This suggests it is better to plant early in the season. So which factor is more 

important when balancing the opposing recommendations from each? Running a 

GLM (binomial distribution, logit link) using only height and establishment for 

predictor variables, height is by far the dominant factor (Logworth=18.7, p<0.0001) 

compared to establishment (Logworth=0.1, p=0.8279) and thus we conclude that in 

general it is best to plant late in the season.  

Are there any species where this general rule of thumb is not true? Looking 

at the species-specific regression of survival by establishment (Figure 3) we see 

that Intsia bijuga has an extremely strong positive slope that suggest early planting 

given the relatively mild species-specific slope of regression survival by height 

(Figure 5). Running the same GLM on only Intsia saplings, we find that 

establishment becomes a stronger factor (Logworth=15.1, p<0.0001) than height 

(Logworth=0.0, p=0.9363) and conclude that Intsia saplings are indeed an 

exception and should be planted very early in the season to optimize survival rates. 

For Harungana madagascariensis (Logworth establishment=2.2, height=1.6) and 

Terminalia mantaly (Logworth establishment=1.0, height=0.9) the effect of each 

factor was similar, suggesting that these saplings could be planted mid-season.  

 Geometric position within each island was another important factor that 

predicted survival rates. The further a sapling was planted from the exposed edges, 

the more fire intensity decreased and, due to this cooling off of the fire, the rates of 

survival increased. Our metric of fire-retardance revealed that some species cooled 

off the fire to a greater degree than other species. Nevertheless, all 11 species were 

fire retardant to some degree (Table 5), indicating that the further a fire has to travel 

through a new restoration island, the less hot it will become. Our data also show a 

clear pattern of increasing survival moving from the fire’s downhill arrival-side to 

the uphill leeward-sides of the islands (Figure 1). These patterns thus far are 

monotonic and show no sign of a ceiling. This strongly suggests that as island size 

increases further, we would expect to see a continued increase of survival rates in 
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interior positions. Further experiments that have island size as a focus variable of 

study would be needed to test this hypothesis. 

 Fuel depth before the fire was a significant factor affecting fire survival 

(Table 10, model 5) such that seedlings surrounded by higher fuel loads 

experienced lower survival rates. The interaction-term species*fuel-depth was more 

than twice as important in these models (Logworth fuel depth 3.6, species*fuel-

depth 9.5) indicating that some species were more sensitive to rising fire-intensity 

caused by additional slash as proxied by fuel depth (Table 10, model 5). When 

post-fire variables like intensity were allowed into these models, both fuel depth 

and its interaction-term become of borderline significance (Table 10, model 6). 

This makes sense because fuel depth was merely a pre-fire proxy for intensity. This 

proxy relationship is further confirmed statistically by the high significance of fuel 

depth (Logworth 31.2) in earlier pre-fire models that predicted intensity as a 

response variable (Table 4, model 1). Fuel depth became statistically insignificant 

as severity replaced intensity (Table 10, model 7) and was not included in the final 

best model (Table 10, model 8), although it is nonetheless an important variable for 

project-planning when only pre-fire variables are known. 

 Slope did not predict survival in any model, contrary to our initial 

predictions. We expected steep slopes to experience much higher intensity, higher 

severity, and lower survival than on the flat hilltops because the decreased angle 

between adjacent fuels usually cause the fuels higher up the hillside to be dried out 

in advance of the fire as the fuels lower down combust (Rothermel 1983, Mell et al. 

2007, Dillon et al. 2011, Viegas 2014). As seen elsewhere in the literature, it is 

likely that other factors overwhelmed the slope factor that in standard models 

assumes “everything else being equal” (Rogan and Yool 2001, Chafer et al. 2004, 

Bradstock et al. 2010). In our particular experiment, likely candidates for such 

factors include wind direction, fluctuating wind speed, heterogeneous density of 

highly combustible Ravenala madagascariensis, depth of Dicranopteris linearis 

duff, and micro-site fluctuations in topography that affect fuel moisture. 
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Conclusions: 

As fire becomes more common in rainforests due to climate change (Dale et 

al. 2001, Nepstad et al. 2001, Cochrane and Barber 2009), understanding rainforest 

tree species’ tolerances to fire becomes increasingly important. Our results 

indicated that choice of species and low perimeter:area ratio planting designs are 

two of the most important factors when determining sapling survival of a fire 

disturbance. For restoration practitioners who work amidst highly flammable fuels, 

our results suggest that carefully pairing a project’s goals with the various 

biological methods (retardance, resistance, resilience) that species have to survive a 

fire can greatly increase the chance of the project reaching maturity. For example, 

we recommend employing highly retardant species (eg: Intsia bijuga in eastern 

Madagascar) to act as living firebreaks around the perimeter of restoration projects 

or in the direction from which anthropogenic fire accidents may likely arise. For 

hedgerow projects that are designed to mark landowners’ property boundaries, 

advise restorationists to choose fire-resistant species (eg: Terminalia mantaly in 

eastern Madagascar) that are more likely than other species to preserve their 

structure once maturity has been reached. And we advise planting highly resilient 

species (eg: Harungana madagascariensis in eastern Madagascar) for projects 

located at sites where both fire and grazing are of concern due to these trees’ ability 

to resprout after total above-ground annihilation. Further studies of Malagasy 

endemic species are needed as restoration practitioners increasingly value the 

incredible biological strategies each species have to be retardant, resistant, and 

resilient to fire disturbances. 
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Table-1:  Characteristics of 11 focal tree species in a restoration 

experiment in eastern Madagascar. 

     

Scientific Name Code Family Leaf type  Endemic? 

Dypsis lutescens DL Arecaceae simple Y 

Harungana madagascariensis HM Hypericaceae simple N 

Hymenaea verrucose HV Fabaceae simple N 

Intsia bijuga IB Fabaceae simple N 

Macaranga spp MC Euphorbiaceae simple N 

Neotina spp NT Sapindaceae simple N 

Parkia madagascariensis PM Fabaceae compound Y 

Pittosporum crassifolium PO Pittosporaceae simple N 

Terminalia mantaly TE Combretaceae simple Y 

Trema orientalis TO Cannabaceae simple N 

Uapaca spp UP Phyllanthaceae simple N 
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Table-2:  Planting design of 11 tree species in a restoration experiment in eastern Madagascar. 

        

Scientific Name 

Tree 
Islands 
in Fern 
Matrix 

Tree 
Islands 
in Grass 
Matrix 

Total 
Tree 

Islands 

Total 
Trees 

Planted 

Average 
Date of 
Planting 

Tree 
Height 
(cm) at 
Time of 
Planting 

Tree 
Crown 

Diameter 
(cm) at 
Time of 
Planting 

Dypsis lutescens 10 5 15 375 2016-08-04 9 35 

Harungana madagascariensis 10 5 15 375 2016-08-14 12 17 

Hymenaea verrucose 14 5 19 475 2016-07-27 17 11 

Intsia bijuga 8 3 11 275 2016-07-14 29 21 

Macaranga spp 8 4 12 300 2016-08-21 9 11 

Neotina spp 7 3 10 250 2016-07-03 34 25 

Parkia madagascariensis 10 5 15 375 2016-07-12 25 22 

Pittosporum crassifolium 14 5 19 475 2016-08-01 21 16 

Terminalia mantaly 10 5 15 375 2016-07-22 15 11 

Trema orientalis 8 4 12 300 2016-08-31 13 15 

Uapaca spp 11 6 17 425 2016-07-28 16 16 

ALL 110 50 160 4,000 2016-07-30 18 18 
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Table-3: Variable types and scale involved in the modelling and analysis of fire 

survival of 11 tree species in a restoration experiment in eastern Madagascar. 

     

Variable Name Type 
Timing of 

Measurement 
Scale of 

Observation 

Is a 
Calculated 

Field? 

species nominal pre island N 

Fuel nominal pre island N 

fuel_depth continuous pre island Y 

Slope continuous pre island N 

slope_bucket nominal pre island Y 

establishment continuous pre island Y 

position nominal pre tree N 

exposure nominal pre tree Y 

height_normalized continuous pre tree Y 

intensity ordinal post tree N 

intensity_island continuous post island Y 

severity ordinal post tree N 

severity_island continuous post island Y 

retardant continuous post island Y 

survival continuous post tree N 

survival_island continuous post tree Y 
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Table-4: Model assumptions and AICc results of two models predicting fire 

intensity from four factors known before a fire disturbance in eastern 

Madagascar.  Logworth values for each of the four variables with bold font 

indicating associated p-values < 0.0001 and red font indicating p-values > 

0.0001. 

 Log-Worth      

  m-1 m-2     

Scale Sapling Island     

Model type Ordinal Logistic General Linear     

Distribution   Normal     

Link  Identity     

AICc 12,967 453     

Simplicity (factors) 3 1     

          

Position 78.5 -     

Fuel depth 31.2 3.1     

Slope 7.6 1.1     

Fuel type 2.8 0.4     
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Table-5: Mean survival rate and 95% confidence intervals for saplings of 11 

tree species following a fire disturbance in a restoration experiment in eastern 

Madagascar.  Separation of these species into two groups using 5% survival 

rate as the dividing line. 

     

Scientific Name Group 
Survival 

Rate 
Lower 
95-CI 

Upper 
95-CI 

Neotina spp Survive 27.6% 22.0% 33.2% 

Harungana madagascariensis Survive 20.8% 16.7% 24.9% 

Trema orientalis Survive 19.7% 15.1% 24.2% 

Intsia bijuga Survive 16.7% 12.3% 21.2% 

Hymenaea verrucosa Survive 13.7% 10.6% 16.8% 

Terminalia mantaly Survive 12.5% 9.2% 15.9% 

Dypsis lutescens Perish 1.9% 0.5% 3.2% 

Parkia madagascariensis Perish 1.3% 0.0% 2.5% 

Macaranga spp Perish 1.0% 0.0% 2.1% 

Pittosporum crassifolium Perish 0.0% 0.0% 0.0% 

Uapaca spp Perish 0.0% 0.0% 0.0% 

ALL   9.5% 8.6% 10.4% 
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Table-6: Mean fire intensity (range: 0 to 7) at the corner positions and center position of monoculture tree islands of 

11 tree species in a restoration experiment in eastern Madagascar.  Mean retardance of the islands calculated as center 

intensity divided by corner intensity and 95% confidence intervals of those mean retardance values. 

       

Code Scientific Name 

Fire 
Intensity 
at Corner 
Positions 

Fire 
Intensity 
at Center 
Positions Retardance 

Lower 
95% CI 

Upper 
95% CI 

TE Terminalia mantaly 3.80 2.00 47% 32% 61% 

HV Hymenaea verrucosa 3.97 2.42 39% 42% 71% 

NT Neotina spp 4.03 2.60 35% 16% 57% 

IB Intsia bijuga 4.00 2.64 34% 20% 52% 

TO Trema orientalis 3.69 2.50 32% 16% 54% 

UP Uapaca spp 3.85 2.65 31% 18% 46% 

DL Dypsis lutescens 4.27 2.93 31% 20% 50% 

HM Harungana madagascariensis 3.95 2.80 29% 32% 79% 

PO Pittosporum crassifolium 4.25 3.16 26% 12% 40% 

PM Parkia madagascariensis 4.10 3.13 24% 10% 44% 

MC Macaranga spp 4.21 3.50 17% 2% 33% 

ALL   4.02 2.76 31% 29% 38% 
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Table-7: Fire-resistance-4 calculated as mean severity score 

(range: 0 to 4) and 95% confidence intervals for saplings of 11 tree 

species exposed to moderate fire intensity 4 (range: 0 to 7) in a 

restoration experiment in eastern Madagascar. 

     

Code Scientific Name Severity 
Lower 
95% CI 

Upper 
95% CI 

HM Harungana madagascariensis 1.70 1.48 1.92 

TO Trema orientalis 1.84 1.62 2.07 

TE Terminalia mantaly 1.89 1.64 2.13 

DL Dypsis lutescens 1.90 1.71 2.09 

UP Uapaca spp 1.96 1.76 2.16 

NT Neotina spp 1.98 1.76 2.21 

MC Macaranga spp 2.14 1.81 2.48 

PO Pittosporum crassifolium 2.19 2.02 2.36 

IB Intsia bijuga 2.22 1.97 2.47 

HV Hymenaea verrucosa 2.47 2.18 2.76 

PM Parkia madagascariensis 3.33 3.14 3.51 

ALL   2.18 2.11 2.26 
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Table-8: Fire-resilience-2 calculated as mean survival rate and 95% 

confidence intervals for saplings of 11 tree species that suffered a 

moderate severity score of 2 (range: 0 to 4) following a fire disturbance in 

a restoration experiment in eastern Madagascar.   

     

Code Scientific Name Survival 
Lower 
95 CI 

Upper 
95 CI 

HV Hymenaea verrucosa 18.3% 8.3% 28.4% 

NT Neotina spp. 16.7% 3.9% 29.5% 

HM Harungana madagascariensis 13.5% 2.0% 25.1% 

IB Intsia bijuga 5.7% 0.7% 10.6% 

TE Terminalia mantaly 2.2% 0.0% 6.7% 

PM Parkia madagascariensis 1.3% 0.0% 3.9% 

TO Trema orientalis 0.0% 0.0% 0.0% 

DL Dypsis lutescens 0.0% 0.0% 0.0% 

MC Macaranga spp. 0.0% 0.0% 0.0% 

PO Pittosporum crassifolium 0.0% 0.0% 0.0% 

UP Uapaca spp. 0.0% 0.0% 0.0% 

ALL   3.8% 2.5% 5.2% 
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Table-9: AICc results of two ordinal logistic models that 

predict sapling severity of 11 tree species using eight factors 

and four cross terms after a fire disturbance in eastern 

Madagascar.  Logworth values for each of the 12 factors 

with bold font indicating associated p-values < 0.0001 and 

red font indicating associated p-values > 0.0001. Grey boxes 

signify that the factor was not included in the model. 

 Log-Worth  
  m-3 m-4 

AICc 9,353 7,180 

simplicity (factors) 8 7 

      

intensity   435.2 

species 93.5 29.6 

position 55.3   

fuel_depth 35.8 23.3 

species* intensity   20.2 

species* establish 35.2 7.7 

species* fuelDepth 20.2 5.8 

species* height 18.2 10.4 

establish 4.7 0.1 

fuel 5.8   

height 0.5 1.1 

slope     
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Table-10: AICc results of four general linear models with 

binomial distribution and logit link that predict sapling survival 

rates of 11 tree species using eight factors and three cross terms 

after a fire disturbance in eastern Madagascar.  Logworth values 

for each of the 12 factors with bold font indicating associated p-

values < 0.0001 and red font indicating associated p-values > 

0.0001. Grey boxes signify that the factor was not included in 

the model. 

  

Log-
Worth   

  m-5 m-6 m-7 m-8 

AICc 1,616 1,494 1,281 1,274 

simplicity (factors) 7 8 4 4 

          

severity     71.1 93.7 

intensity   24.5     

species 17.7 5.0 19.5 22.4 

species* severity     18.7 21.4 

species* establish 14.4 10.4 7.6 8.9 

establish 10.5 7.2 3.9 4.0 

species* height 2.1 4.8 3.9 3.9 

height 6.4 6.3 1.6 1.8 

fuel 1.1 0.5 0.5   

fuel_depth 3.6 1.1 0.3   

slope 0.0 0.9 0.0   

position 5.5 1.0 0.3   

species* fuelDepth 9.5 5.5 1.8   

species* intensity   2.7     
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Figure-1: Maps of mean fire intensity (1a), sapling severity (1b), and sapling survival (1c) 

calculated individually for each of the 25 positions within islands for saplings across all 11 

tree species in a restoration experiment in eastern Madagascar.  Red font is used to indicate 

positions where the fire was more intense than the overall mean, the saplings suffered 

greater severity than the overall mean, or the trees survived at a lower rate than the overall 

mean.  Likewise, green font indicates positions where the fire was less intense than the 

overall mean, the saplings suffered less severity than the overall mean, or the trees survived 

at a higher rate than the overall mean. 

 

 Intensity 

5 3.6 3.2 3.1 3.3 3.8 

4 3.4 2.7 2.6 2.8 3.5 

3 3.5 2.8 2.8 2.7 3.6 

2 3.8 3.2 3.0 3.1 3.8 

1 4.3 4.0 3.8 3.9 4.4 

 1 2 3 4 5 

   Figure 1a   
      

 Severity 

5 2.1 1.8 1.9 1.9 2.2 

4 2.0 1.7 1.7 1.6 2.0 

3 2.0 1.7 1.6 1.7 2.1 

2 2.2 1.8 1.8 1.8 2.2 

1 2.6 2.3 2.3 2.2 2.5 

 1 2 3 4 5 

   Figure 1b   
      

 Survival 

5 8% 13% 14% 11% 6% 

4 8% 14% 15% 14% 10% 

3 9% 8% 14% 12% 9% 

2 10% 9% 9% 9% 8% 

1 4% 6% 6% 8% 3% 

 1 2 3 4 5 

   Figure 1c   
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Figure-2: Mean survival rates following a fire disturbance for 11 tree species in a 

restoration experiment in eastern Madagascar.  Groupings of survivor species in 

green and perisher species in red. 
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Figure-3: Linear regressions of survival rate by days of establishment before the 

wildfire for 6 survivor tree species in a restoration experiment in eastern 

Madagascar.  Survivor species are defined as any species with a mean survival rate 

greater than 5%.  Days of establishment is calculated as the date of the fire minus 

the date of planting for each of the tree islands. 
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Figure-4: Grouping into corner, edge, ring, and center categories for the 25 

positions within each island in a restoration experiment in eastern Madagascar.  

Mean survival rates with standard error bars for each of those four categories across 

6 survivor tree species in a restoration experiment in eastern Madagascar.   
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Figure-5: Linear regressions of survival rate by interspecific height before the 

wildfire for 6 survivor tree species in a restoration experiment in eastern 

Madagascar.  Survivor species are defined as any species with a mean survival rate 

greater than 5%.  Interspecific height is calculated as (sapling height – species 

minimum height) / (species maximum height – species minimum height). 
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