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EFEITOS DE INCÊNDIOS FLORESTAIS SOBRE A ESTRUTURA DA FLORESTA EM

BORDAS CRIADAS POR FOGO

RESUMO

Os  incêndios  florestais  são  uma  das  mais  importantes  ameaças  às  florestas  tropicais,
promovendo  altos  níveis  de  mortalidade  na  vegetação  e,  colocando  em  risco  a
biodiversidade.  Estas  florestas  vêm  enfrentando  nas  últimas  décadas  um  aumento  na
intensidade e prevalência dos incêndios induzidos pelo homem, associados a eventos de
secas  severas.  O  legado  destes  distúrbios  são  florestas  com  mudanças  estruturais  e
composicionais que, em escala de paisagem, causam perda de habitat e fragmentação. Nas
novas bordas criadas entre as áreas de floresta queimada e não queimada espera-se que a
influência de borda e de floresta guiem as mudanças na vegetação, extendendo ainda mais
os impactos do fogo. Embora bem estudado em muitas florestas tropicais, como a Amazônia,
os impactos dos incêndios florestais nos remanescentes de Floresta Atlântica Brasileira são
pouco avaliados,  mesmo sendo um elemento  comum.  Para  preencher  estas  lacunas no
conhecimento foram avaliados atributos da estrutura florestal de oito bordas de fogo em três
fragmentos de Floresta Atlântica Brasileira parcialmente queimados. Os resultados mostram
níveis  altos  de mortalidade de árvores,  arvoretas  e lianas,  com profundas mudanças na
maior parte dos atributos estruturais avaliados. O alto contraste entre áreas queimadas e não
queimadas prevaleceu,  evidenciando uma incipiente influência de floresta e de borda na
maioria  dos atributos.  Além disso,  o  Pteridium arachnoideum  dominou o  subbosque das
parcelas queimadas, apontando para uma possível sucessão secundária retida. O quadro
proporcionado por estas bordas de fogo sinaliza um alerta para esta ameaça subestimada
nos remanescentes de Floresta Atlântica Brasileira.

Palavras-chave: Influência de borda. Influência de floresta. Incêndios florestais. Estrutura da

floresta. Floresta tropical.



EFEITOS DE INCÊNDIOS FLORESTAIS SOBRE A ESTRUTURA DA FLORESTA EM

BORDAS CRIADAS POR FOGO

ABSTRACT

Wildfires are one of the main threats to tropical forests, inducing high mortality levels in the
vegetation and imperiling biodiversity. These forests are facing an increase in the intensity
and prevalence of human-induced fires, often associated with extreme droughts. The legacy
of these disturbances are forests with structural and compositional changes habitat loss and
fragmentation  in  the  landscape.  At  the  newly  created  edges  between  burnt  and  unburnt
stands,  edge  and  forest  influence  are  expected  to  drive  the  vegetation  changes,  further
extending the fire impacts. Although well studied in many tropical forests like the Amazon,
wildfires impacts in the Brazilian Atlantic Forest remnants are poorly understood, even though
fires  are  already  common in  this  environment.  To  fulfill  these  gaps,  we  evaluated  forest
structure attributes at eight  fire  edges in  three partially  burnt  Atlantic  Forest  patches. We
observed very high mortality levels of trees, saplings and lianas, with profound changes on
most  structural  attributes  evaluated.  The  high  contrast  between burnt  and  unburnt  areas
prevailed, evidencing an incipient edge and forest influence on most attributes. Furthermore,
Pteridium  arachnoideum  dominates  the  understory  of  burnt  plots,  pointing  to  a  possible
arrested secondary succession. The picture provided by these fire edges sign an alert to this
underestimated threat in Brazilian Atlantic Forest remnants.

Keywords: Edge influence. Forest influence. Wildfire. Forest structure. Tropical forest.
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1. INTRODUÇÃO GERAL

Tropical  forests  are  vanishing  (KEENAN  et  al.,  2015),  and  together  two-thirds  of

terrestrial  biodiversity  (GARDNER  et  al.,  2009).  Beyond  deforestation,  anthropogenic

disturbances, like logging, hunting, fire and landscape disturbances (edge, area and isolation

effects), can double this biodiversity loss (BARLOW et al., 2016). Wildfires in humid tropical

forests used to be a rare event (MEGGERS, 1994), but have been undergoing a substantial

increase in incidence for the last decades (JOLLY et al., 2015). Microclimatic conditions of

these evergreen forests maintain it moist and cool even during the dry seasons (COCHRANE,

2009). Nevertheless, extreme droughts events, such as the ones associated with anomalous

warming of the Atlantic Ocean (CHEN et al., 2011) and/or with El Niño Southern Oscillation

cycles (SILVA et al., 2018), can increase the fire susceptibility of continuous forest stands

(ALENCAR et al., 2015; BAKER; BUNYAVEJCHEWIN, 2009; COCHRANE, 2003; SILVA et

al., 2018). This rise in fire intensification is so severe that it is now placed as one of the main

threats to biodiversity in the Anthropocene (MALHI et al., 2014).  

Climate change has a strong connection with  this  disturbance.  In  areas like the Amazon

forest, the carbon related wildfire emissions during extreme droughts (ERFANIAN et al., 2017)

already surpassed the historically dominant deforestation emissions (ARAGÃO et al., 2018),

and is unlikely that tropical forests will return to the original carbon stocks (ANDRADE et al.,

2017). The loss of carbon due to fires is a serious risk to the objectives of REDD+ (Reducing

Emissions from Deforestation and Degradation) (BARLOW et al., 2012). At the same time,

climate  change  is  expected  to  modify  wildfire  regimes  on  a  global  scale,  increasing  the

importance of this disturbance in a warmer world (SEIDL et al., 2017). This connection scales

up the consequences, putting it at global level concern.

On the patch level,  wildfire produces high mortality levels that changes the structure and

composition of tropical forests (COCHRANE; SCHULZE, 1999). On landscape, that changes

induces habitat loss and the fragmentation of the forest, with the creation of edges between

burnt and unburnt stands. These fire edges prolongs the indirect fire impacts on undisturbed



areas through edge influence processes, also changing the structure and composition of the

forest along the evolution of the edge.

The Brazilian Atlantic Forest is a hotspot of biodiversity severely subject to habitat loss and

fragmentation threats (HADDAD et al., 2015; RIBEIRO et al., 2009). Besides wildfire already

be  a  common  element  (AXIMOFF;  RODRIGUES,  2011;  MATOS  et  al.,  2002;  SANTOS

CLEMENTE et al., 2017), it is poorly studied in this forest. Mainly, lacks studies that evaluate

his pervasive effects on vegetation mortality and the associated structural changes at the

newly  created  fire  edges.  To  fulfill  this  knowledge  gaps,  we  evaluate  in  this  study  a

comprehensive set of structural local forest attributes on fire edges of Brazilian Atlantic Forest

fragments. Our main tasks were to access the mortality levels promoted by wildfire, and the

structural changes of vegetation associated with edge and forest influence on both sides of

this fire edges.
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Highlights

◦ Wildfires induce high levels of plant mortality, creating high-contrast edges

◦ The understory of burnt areas is dominated by the bracken fern Pteridium 

arachnoideum

◦ Edge influence on forest structure is steep and short

Abstract

Human-induced wildfires are one of greatest threats to tropical forest and are predicted to

increase  in  importance  due  to  altered  regimes  associated  with  climate  change.  Wildfires

promote high tree  mortality,  thus  modifying  forest  structure  and composition,  and lead to

habitat loss and fragmentation. Wildfires may also have effects on the adjacent unburnt areas

due to edge influence; conversely, proximity to unburnt forest stands may favour regeneration

in the burnt areas. We evaluated wildifre effects on the forest structure of Brazilian Atlantic

forest  remnants.  We  established  244  plots  along  eight  360  m-long  transects  distributed

among three burnt patches, where we measured structural attributes of overstory, understory,

and  deadwood.  The  wildfire  promoted  very  high  mortality  of  trees,  saplings  and  lianas,

changing substantially the forest structure. Our analyses showed clear differences between

the burnt and unburnt areas but no clear gradients, highlighting the incipient stage of edge

influence-related processes. The native bracken fern Pteridium arachnoideum was dominant

in the burnt areas, which can possibly arrest the secondary succession. Our results highlight

the importance of wildfires as a menace to Brazilian Atlantic Forests remnants, as well as

tropical rainforests elsewhere - an ever-rising concern in a future of increased fire frequency.

Keywords

Edge influence; forest influence; wildfire; forest structure; tropical forest 



 1 Introduction

Tropical forests are declining worldwide  (Keenan et al., 2015), imperiling biodiversity

(Betts et al., 2017) and contributing to the sixth mass extinction event (Ceballos et al., 2015).

Tropical  forests  in  the  Anthopocene  have  been  changing  due  to  several  drivers,  which

typically  play  out  in  different  combinations  and  intensities  (Malhi  et  al.,  2014).  Human

modifications have started millennia ago, with megafauna extinction, and now undergo

a  new  phase  dominated  by  intensive  permanent  agriculture,  industrial  logging,

hunting, fragmentation and human-induced fires (Lewis et al., 2015). 

Wildfires in humid tropical forests used to be a rare event (Meggers, 1994), but have

been undergoing a substantial increase in incidence for the last decades (Jolly et al., 2015).

Microclimatic conditions of these evergreen forests are moist and cool even during the dry

seasons  (Cochrane,  2009).  Nevertheless,  extreme  droughts  events  can  increase  fire

susceptibility  of  continuous forests  (Alencar  et  al.,  2015;  Aragão et  al.,  2018;  Baker  and

Bunyavejchewin,  2009;  Chen  et  al.,  2011;  Cochrane,  2003).  The  rise  in  tropical  fire

frequencies  is  a  global  concern  due  to  carbon  emissions  and  climate  change,  which  is

expected to increase in importance as a consequence of changes in the wildfire regimes in a

warmer world  (Flannigan et al., 2013; Seidl et al.,  2017). Due to their devastating effects,

wildfires are already considered one of the main threats to biodiversity in the Anthropocene

(Malhi et al., 2014).  

Wildfires  result  in  high  mortality  levels  that  alter  the  structure  and  composition  of

tropical forests (Cochrane and Schulze, 1999), inducing a ‘secondarization’ process, whereby

the forest shifts to a more open state dominated by short-lived pioneer species, resembling

young secondary forests (Barlow and Peres, 2008). Global assessments of biomass changes

associated with wildfires show that tropical forests lose an average of 46.0 MgC/ha (Andrade



et  al.,  2017).  Chronossequences with longer  temporal  ranges in  Amazonian forests

show increased mortality especially for high-density trees (315%) and a late increase

in the mortality of large-sized trees up to 8 years after fire (680%) (Silva et al., 2018).

Mortality  is  high in species with thin barks,  low wood density,  and small  diameter

(Brando et al., 2012).

One important synergic factor that can increase the wildfire hazard in tropical forests is

habitat  fragmentation  (Alencar  et  al.,  2015;  Andrade  et  al.,  2017;  Aragão  et  al.,  2018;

Cochrane, 2001).  Deforestation leads to habitat  loss and increases the area subjected to

edge  influence,  where  the  microclimate  alterations,  changes  in  vegetation  structure  and

higher exposition to anthropic activities intensify the incidence of fires in intact forests, which

in turn creates more habitat loss and fragmentation in a positive feeback process (Cochrane,

2003). Wildfires can also induce fragmentation by acting at heterogeneous severities in the

landscape  (Bradstock,  2008),  creating  edges  between  burnt/unburnt  stands  as  well  as

between unburnt/moderately burnt and severely burnt patches (Parkins et al., 2018), or even

creating patches of unburnt forests within the perimeter of large forest fires (Leonard et al.,

2014; Meddens et al., 2018; Meigs and Krawchuk, 2018; Román-Cuesta et al., 2009). This

large-scale heterogeneity may contribute to landscape divergence in species composition6

(Laurance et al., 2007), producing either decreases or increases in β diversity depending on

the resultant spatial landscape configuration (Arroyo-Rodríguez et al., 2013).

On the patch level, the new edge habitats formed at the contact point between burnt and

unburnt stands are exposed to abiotic and biotic process that change forest composition,

structure  and  function,  creating  environments  that  differ  from forest  interior  in  a  process

defined as edge influence (EI) (Harper et al., 2005). It’s known that the creation of new edges

often alters the forest microclimate, making it drier and hotter (Arroyo-Rodríguez et al., 2017b;



Didham and Lawton,  1999;  Ewers and Banks-Leite,  2013;  Kapos,  1989;  Magnago et  al.,

2015). These changes, especially when associated to higher wind turbulence  (Laurance et

al., 1997; Laurance and Curran, 2008), increase tree mortality near edges (Laurance et al.,

1998; Nascimento and Laurance, 2004), which in turn reduces canopy cover (Williams-Linera,

1990) and increases litter depth  (Didham and Lawton, 1999; Sizer et al.,  2000) and liana

abundance  (Laurance  et  al.,  2001).  Over  time,  these  structural  modifications  in  edge

vegetation increase recruitment,  growth and reproduction,  thus increasing juvenile density

(Harper  et  al.,  2005),  especially  of  pioneer  species  adapted  to  these  new  microclimatic

conditions (Laurance et al., 2006, 2002). These changes can also favor the establishment of

invasive species (Balch et al., 2009; Dodonov et al., 2013).

The burnt area is also subjected to EI from the remaining forest in a process known as

forest influence (FI), by which direct and indirect effects of unburnt nearby stands may change

the pathway of forest recovery  (Baker et al., 2013; Keenan and (Hamish) Kimmins, 1993).

After-fire regeneration depends on dispersal either from the intact forest or from the surviving

individuals,  and  the  effectiveness  depends  on  species’  life  history  traits  and  on  habitat

suitability  (Baker  et  al.,  2013).  The residual  structures  present  at  fire  edges  act  as

environmental  filters,  supporting  floristically  different  communities  than  common

clear-cut  edges  (Braithwaite  and  Mallik,  2012).  Thus,  the  microclimate-ameliorating

conditions and the contribution of propagules provided by the unburnt stand may favor shade-

tolerant species near the edge. 

In  the  Brazilian  Atlantic  Forest fire  has  become  a  common  element  (Aximoff  and

Rodrigues, 2011; Matos et al., 2002; Santos Clemente et al., 2017) and an increasing threat

(Jolly et al., 2015). For instance, more than 160000 firespots were recorded in the Atlantic

Forest  region between June 2015 and May 2016 (INPE, 2018).  In  this  region,  fires may



promote  long-term  changes  in  the  landscape  by  curbing  the  regeneration  process  (dos

Santos et al.,  2019).  In addition,  this biodiversity hotspot  (Myers et al.,  2000) is severely

subjected to habitat loss and fragmentation  (Malhi et al., 2014), with most remnants being

smaller than 1000 ha and most area being less than 1000 m from a forest edge (Haddad et

al., 2015; Ribeiro et al., 2009). Still, notwithstanding the importance of this tropical forest and

the hazardous wildfire effects (including potential synergistic effects with other anthropogenic

disturbances),  wildfire  effects  in  Brazilian  Atlantic  Forest  are  poorly  known.  This  includes

direct fire effects of mortality and the indirect effects associated with edge influence and forest

influence at the newly created fire edges. Understanding how wildfires change the forest and

whether unburnt forest patches affect the regeneration pathway is fundamental to predict the

future of landscape configuration and biodiversity within this hotspot.

In this study, we evaluate a comprehensive set of structural local forest attributes to

evaluate the direct and indirect (edge and forest influence) wildfire effects in Atlantic forest

fragments.  Specifically, our main objectives were: i) to evaluate differences in the vegetation

structure  attributes  between  burnt  and  unburnt  forest  areas,  ii)  to  assess  whether  forest

and/or edge influence affect local forest attributes iii) to evaluate the shape of the gradient

across these edges,  and iv)  to  evaluate  the  distance and magnitude of  edge and forest

influence in the vegetation structural attributes.



 2 Methods

 2.1 Study area

We conducted this study in remnants in the central portion of Brazilian Atlantic Forest

(Bahia  state,  northeast  Brazil),  a  forest  that  has  28%  of  the  original  native  vegetation

(Rezende et al., 2018), and is considered one of the hottest hotspots in the world (Laurance,

2009). The vegetation of the region is classified as Bahia Coastal Forest (Zamborlini Saiter et

al.,  2016),  a  wet  lowland  forest  with  a  conspicuous  structure  of  emergents  and  canopy,

subcanopy, and herbaceous layers (Thomas, 2003). Climate in region is classified as Af: hot

and humid, without a defined dry season. Pluviosity varies between 1200 and 1350 mm (dry

years) to 1650 and 1800 mm (humid years). Annual mean temperature varies between 24º

and 25º C  º C (Mori et al., 1983).

Fig.1. Study area. Top left: Firebreak dug in the forest root mat during the wildfire, preventing the ground-fire to continue. Bottom left: Burnt area, showing the 

dominance of the bracken fern Pteridium arachnoideum in the understorey. Right: Study area map, showing burnt areas in orange, forest in green, and transects 

as black lines.



The study area comprises three fragments (15.08-15.16o S, 39.00-39.04o W) inserted

in the Una Wildlife Refuge, which were partially burnt (fig. 1) during a severe drought in the

2015/2016 El Niño. We observed no evidence of previous fires in the sampled fragments. The

burnt areas were mapped (fig. 1) with a Sentinel-2A image (L1C Tile ID: 24LVJ; acquisition

date: 12.03.2016) in QGIS 2.18 (QGIS Development Team, 2017), in order to define sampling

locations. Sampling was performed between July 2017 and February 2018. The burnt patches

ranged from 28 to 263 ha. 

 2.2   Sampling Design

 Perpendicularly to  the edge between burnt and unburnt patches,  we established 8

transects extending 180 m on each side, maintaining a distance of at least 100 m between

transects and from other edges. Due to the low number of burnt patches available in which a

360 m long transects could be set up, we did not control for the edge orientation. Thus, edge

aspect spanned orientations from 115º to 43º, and three edges were near water courses.

Along each transect, 27 plots of 20x4 m were placed perpendicular to the transect at the

distances 0, 5, 10, 15, 20, 30, 40 50, 60, 80, 100, 120, 150 and 180 m into the forest and into

the burnt area. The edge plots (0 m) were located with the center longitudinal axis along

visually located edge, meaning that half of the plot was in the forest and half in the burnt area.

The edge was defined as up to where the fire burned, as could be seen from charcoal on the

soil.

In  each plot  we evaluated the following vegetation structure attributes:  diameter  of

living and dead trees (dbh ≥ 10 cm), diameter of saplings (dbh ≥ 1 cm); diameter and decay

class of logs (Harmon and Sexton, 1996) (dbh ≥ 10 cm) which intercept the plot’s longitudinal

central axis; diameter of lianas (diameter ≥ 1 cm), measured accordingly to (Gerwing et al.,

2006) and  (Schnitzer  et  al.,  2008);  litter  depth  measured  each  0.5  m  along  the  plot’s



longitudinal  central  axis;  percentage  of  understory  cover  (total,  bamboos,  graminoids,

herbaceous,  Pteridium arachnoideum and small  saplings (woody individuals with dbh < 1

cm)),  through visual  evaluation at  5% precision,  and its  maximum height  (excepting total

cover),  measured  in  5  subplots  of  1  m²  randomly  disposed  inside  the  plots.  We  also

registered  the  numbers  of  saplings  from  selected  pioneer  species  (Trema  micrantha,

Solanum crinitum, Cecropia sp.).

To evaluate the basal area of trees, saplings, lianas and snags, plot level values were

summed and scaled to achieve a measure of squared meters per hectare. Density values

were also summarized per plot and scaled to a number per hectare unit of measure. Log

density and basal area were summed per plot but were not scaled for a hectare measure,

since they derive from a line intercept methodology. For decay classes, we evaluated the

number of logs in each decay class per plot. Height and cover of understory classes for each

plot were calculated as the mean of subplots values. The density of pioneer species was

divided by the number of saplings in each plot to a proportional value.

2.3   Statistical Analyses:

Based on the approach proposed by (Ewers and Didham, 2006), 5 different models to

represent  the  mean  effect  were  fitted  on  each  response  variable,  representing  different

hypotheses  of  their  behavior  along  the  forest-edge-burnt  area  gradient:  1)  null  model,

representing  a  neutral  response;  2)  categorical  model,  marking  two  different  ecosystems

(burnt/unburnt), with 0 m plots classified as unburnt forest; 3) linear model, indicating edge

and  forest  influence  extending  further  than  the  measured  distances;  4)  logistic  model,

showing the presence of edge influence and/or forest influence, with a significant difference

between the interior conditions on each side; and 5) additive model, allowing for nonlinear

patterns not represented by the other models. 



To fit nonlinear models with different types of data (continuous, count, percentage and

ordinal)  in  a hierarchical  design,  we used  a  Bayesian  approach,  with  the  brms package

(Bürkner, 2017), which uses the Stan program (Carpenter et al., 2017) at the backend, in R

version 3.5.1 (R Core Team, 2018). We used leave-one-out cross-validation (Loo) (Vehtari et

al., 2016) for model selection. In order to evaluate the predictive accuracy of a model, exact

cross-validation  requires  re-fitting  the  model  with  different  training  sets,  a  practice  that

involves too high computational costs in Bayesian analyses. The Loo package (Vehtari et al.,

2016)  implements  the  PSIS-LOO  (Pareto  smoothed  importance  sampling  leave-one-out

cross-validation), to utilize the draws from the full posterior (with Pareto smoothed importance

sampling to derive importance ratios) without the need to refit the model . The result is an

estimate of the accuracy of the predictive distribution of a model (Vehtari et al., 2016).



Fig.2. Model selection flowchart: Example of a model selection workflow used, specifically for modeling tree basal area values. hu - hurdle parameter (zero 

inflation probability); σ – residual standard deviation.

 



The models used the distance from the edge (with plots in the burnt area assuming

negative values) as the population effect predictor variable for the mean parameter (except in

the categorical model, which used the classification of burnt/unburnt areas, and in the null

model),  and  transects  as  a  group  level  variable  with  a  varying  intercept,  in  a  multilevel

modeling  framework  (fig.  2).  The  hierarchical  framework,  and  formulas,  follow  the  one

implemented by Ewers and Didham (2006) and Hurst et al. (2013). The same workflow (fig. 2)

was applied for each variable. First an additive model was constructed via smoothing splines

(brms uses additive models from the mgcv package - Wood (2011)) with different distribution

families, depending on the nature of the data, the presence of zeros, and overdispersion.

Additive models allow for more flexible outcomes compared with the other tested models.

After  selecting  using  loo  to  select  the  distribution,  different  variances  and  mixture

dependencies were implemented modeling the scale, hurdle, zero, or one-inflated parameters

with the side (burnt/unburnt)  as categorical  variable and/or the transect as grouping level

variable.  Whenever  the  difference  in  expected  log  pointwise  predictive  density  (ELPD;  a

measure of predictive accuracy) between the best model and another one was smaller than 2

standard errors, we selected the simplest model, defined as the one with fewer parameters.

After  this  selection  procedure,  the  5  possible  models  (null,  linear,  categorical,  logistic,

additive)  were  fitted,  with  the  family  distribution,  variance  and  mixture  dependencies  as

defined in the previous steps, and compared with LOO. Again, in the case of differences of

ELPD smaller than 2 standard errors, the most parsimonious model, with fewer parameters,

was chosen. 

We used ordinal regression models with the cumulative distribution family to model the

decaying class of logs; this approach is broadly applied in modeling deadwood decay classes

in  forests  (Bater  et  al.,  2009;  Eskelson et  al.,  2012;  Russell  et  al.,  2013).  In  addition  to

transects, plot was also included as a group-level variable with a varying intercept to account



for the correlation between logs measured within each plot. Another exception in the workflow

was the exclusion of the logistic model in the model selection procedure, as brms does not

support nonlinear formulas with ordinal models.

We modeled the proportion of pioneer species in relation to saplings only for the burnt

side (included edges) because only 5 of 746 individuals were found beyond the edge inside

the unburnt forest. Model selection was performed with four candidate models: 01) null model

- mean only, 02) linear, 03) exponential, and 04) additive. 

All fitted models were, before selection steps, validated via posterior predictive check,

inspected to detect  autocorrelation problems within MCMC chains, divergence transitions,

and the well-mixed behavior of chains. All of these validations were performed with the brms

(Bürkner, 2017) and bayesplot packages (Gabry et al., 2017).

We also evaluated the distance of edge influence and forest influence (DEI and DFI)

and the magnitude of edge and forest influence (MEI and MFI) on each response variable.

The former are metrics that shows at what distances from the edge a given response variable

is significantly different from the interior (forest or burnt area) conditions, and the latter report

how much it differs between edge and interior. The magnitude of edge or forest influence

were evaluated following a standardized formula (Harper et al., 2005):

M=
(e
−

−r
−

)

(e
−

+r
−

)

In this formula, accounts for the value in the edge and for the value in the reference

distance, which in this study were considered as plots located further than 100 m from the

edge.  These  metrics  are  important  to  provide  a  comprehensive  understanding  of  the

magnitude of edge influence and their influence across landscapes (Ries et al., 2017).



We used the randomization test  for  assessing  edge influence -  RTEI  (Harper  and

Macdonald, 2011)  with blocking to calculate distance of edge and forest influence for each

response variable.  This randomization method favors sampling designs in which data are

collected at different distances from the edge, along multiple replicate transects (Harper and

Macdonald, 2011), as the one employed in this study. This analysis was performed in each

side, separately, including the edge plot (0 m) both times. 

     



    3.   Results

In the 244 plots we sampled 706 trees, 8676 saplings, 869 lianas, 741 logs and 373

snags. Mean litter depth per plot varied between 0.8 cm and 8.5 cm. Mean plot height values

of understory classes varied between 0 cm for all classes to 163 cm (herbaceous), 210 cm

(small  saplings),  267  cm  (graminoids),  276  cm  (Pteridium  arachnoideum),  and  297  cm

(bamboos). We found marked among-plot variation in all response variables.

3.1   Forest structure

Model selection procedures showed that the values of the response variables differed

between the burnt and the unburnt areas, as the categorical mean model (burnt/unburnt) was

selected for most response variables (tables 1 and 2).  Thus, the basal area and density of

trees, saplings and lianas, as well as litter depth, were lower in the burnt area than in the

forest, whereas the basal area and density of snags and the density of logs, were higher.  In

the understory, total cover (fig. 3), Pteridium arachnoideum and graminoids height and cover

were higher in burnt areas, whereas herbaceous height and cover and small saplings’ height

showed an opposite trend, with higher values in unburnt areas (fig. 4).

The proportional density of pioneer species in relation to saplings did not vary with

distance from the edge in the burnt area (fig. 3). Basal area (fig. 4) and decay classes of logs

(fig. 3) did not differ between areas (null model selected). Bamboo cover had great variability

in the response between transects (fig.S.1 - supplementary material), with opposing trends

that might have lead to the null model being selected and to the wide confidence intervals for

the predicted values. The pattern for bamboo height also varied between transects (fig.S.1 -

supplementary material) resulting in almost the same predicted mean values along distances,

with wider confidence intervals in unburnt areas. Small sapling height showed a sigmoidal

pattern, with lower values in burnt interior plots.



Fig.3. Top left to right: observed and modeled litter depth patterns along burnt/unburnt distances; observed and modeled proportion of pioneer stems in relation to

all sapling stems in the burnt area. Bottom left to right: distribution of log decay classes; and observed and modeled understory total cover. Negative distances

represents plots in burnt areas. For litter depth, pioneer, and understory total cover: black horizontal lines represent the mean values of the fitted models; dark

shaded areas the 95% confidence intervals of the fitted values; and light shaded areas the 95% posterior predicted intervals. Log decay classes: central dots

accounts for the mean of the fitted values, thicker and thinner bars for the 66% and 95% confidence intervals respectively. Fitted values account for the

uncertainty of the fixed coefficients, and of the variance parameters in the grouping factors. Predicted values accounts also for the residual (observation-level)

variance.



Fig.4. From left to right columns: observed and modeled values for basal area and density of overstory and deadwood attributes, and cover and height of 

understory attributes. 

a – C
ategoric hierarquical m

odel of the m
ean – burned/unburned;

b – L
ogistic hierarquical m

odel of the m
ean, accordingly to  H

urst et al., (2013);
c – N

ull hierarquical m
odel of the m

ean – Intercept only;
d – hurdle param

eter – zero inflation probability;
e – sigm

a param
eter – residual standard deviation;

f – zero inflated param
eter -  zero inflation probability;

g – shape param
eter – precision param

eter that m
odels overdispersion;

h – s( ) m
odels sm

ooth splines through m
gcv package; 

i – zero or one inflated param
eter – probability that zero or one occurs, for the zero one inflated beta fam

ily;
j – conditional one inflated param

eter – probability that one occurs rather than zero, for the zero one inflated beta 
fam

ily.
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 3.2   Edge and forest influence

Measures of distance of edge and forest influence with RTEI matched most results of

regression  analyses.  Some  response  variables  showed  edge  and  forest  influence  but

restricted to the edge itself (0 m plots),  which means that edges were structurally different

from interiors for both burnt and unburnt interiors. These significant differences between 0 m

and interiors plots are possibly due to the fact that these edge plots are half burnt. Others

variables showed only edge or forest influence, or no differences (table 3).

Table 3. Distance of Edge Influence and Forest Influence values, as well as Magnitude of Edge Influence and Forest Influence for overstory, deadwood and

understory response variables. ns: no significant results found in any distance.

Overstory,

 deawood

Response 

variable

Edge Influence Forest Influence Understory Respons

e variable

Edge Influence Forest Influence

DEI MEI DFI MFI DEI MEI DFI MFI

Trees Basal area ns -0.29 0 m 0.61 Total cover Cover ns -0.01 0 m -0.13

Density 0 m -0.34 0 m 0.50 Graminoids Height ns 0.34 ns -0.09

Saplings Basal area 0 m -0.22 0 m 0.49 Cover ns 0.26 ns -0.26

Density 0 m -0.24 0 m 0.48 Bamboos Height ns -0.32 ns 0.16

Lianas Basal area ns -0.11 10 m 0.93 Cover ns -0.26 ns 0.19

Density 0 m -0.36 5 m 0.80 Small saplings Height 0 m -0.18 ns 0.10

Logs Basal area 0 m 0.41 ns 0.01 Cover ns -0.06 5 m 0.27

Density 0 m 0.40 ns -0.17 Pteridium 

arachnoideum

Height 0 m 1 5 m -0.59

Litter Depth ns 0.04 0 m 0.17 Cover 0 m 0.98 5 m -0.63

Snags Basal area 0 m 0.92 ns 0.00 Herbaceous Height ns -0.07 5 m 0.45

Density 0 m 0.81 ns -0.21 Cover 0 m -0.31 ns 0.40

Values of 0 m were found for distance of edge influence of the density and basal area of

logs and snags, density of lianas and height of small saplings; and also for the distance of

forest influence of basal area of trees, litter depth and total understory cover. Distance of

forest influence of 5 m was found for basal area of lianas, cover of small saplings, height of

herbaceous, so as height and cover of Pteridium arachnoideum. Basal area of lianas had the

greatest values of DFI - 10m. Basal area and density of saplings, and density of trees had

both  DEI  and  DFI  of  0  m.  Others  response  variables  showed  no  significant  responses.

Overstory attributes (trees, saplings and lianas) had negative values of magnitude of edge



influence and positive values of magnitude of forest influence. Deadwood (logs and snags)

showed positive values of magnitude of edge influence, and negative or neutral values of

magnitude  of  forest  influence.  In  the  understory  Pteridium arachnoideum  presented  high

positive values of magnitude of edge influence, and negative values of magnitude of forest

influence. 



     4.   Discussion

Our results show marked differences in forest structure between burned and unburnt

areas. The wildfire devastated the Atlantic forest remnants and such changes are still evident

after 2 years post-disturbance. The fire plots have lower densities and basal area of trees,

saplings  and  lianas,  lower  litter  depth,  and  higher  densities  of  snags  and  logs.  These

differences between burned and unburnt areas are higher than the ones founded in other

tropical forests (but see Flores et al., (2014) and Woods (1989)), such as Amazon (Barlow et

al., 2012; Barlow and Peres, 2008; Numata et al., 2017; Xaud et al., 2013), Borneo (Slik et al.,

2011; Slik and Eichhorn, 2003) and Nicaragua (Granzow-de la Cerda et al., 2012). 

On the unburned areas, values of DEI and MEI showed that edge influence is steep

and short for the majority of the evaluated response variables. Firstly, this is attributed to the

high contrast in forest structure between areas, as showed by model selection, and to the

young age of these fire edges. The magnitude of edge influence is expected to reduce with

the  decrease of  patch  contrast  when the  burned areas regenerate (Harper  et  al.,  2005).

Secondly, we hypothesized that tree mortality, evaluated here by logs and snags density and

basal area, exerts a high influence on the determination of DEI and MEI of the others forest

attributes, explaining the consistency of the low DEI values. Tree mortality mediates energy

flows  (wind  turbulence,  sunlight)  (Laurance  et  al.,  1998;  Laurance  and  Curran,  2008;

Nascimento and Laurance, 2004) from the adjacent area to the intact forest, changing the

abiotic environment (Magnago et al., 2015; Williams-Linera, 1990) over which the vegetation

respond  in  a  process  known  as  resource  mapping  (Ries  et  al.,  2004).  A  well-known

characteristic of tropical forest edges is the proliferation of shade-intolerant pioneer species,

induced by the new microclimatic conditions (Laurance et al., 2006; Tabarelli et al., 2008).

However,  even  with  the  three  pioneer  species  representing  almost  50% of  the  saplings

species composition in the burned areas, only 5 individuals were found in the forest side. This



pattern  clearly  shows  the  incipient  characteristic  of  edge  influence  process  in  these  fire

edges. Similar results were found in Panama (Williams-Linera, 1990), with a lack of response

in  forest  structure  variables  on  recent  edges  (ten-month),  and  a  trend  of  increasing  the

magnitude  of  response  with  the  edge  age,  including  higher  densities  and  basal  area  of

saplings and trees. In the dynamic of edge influence process, this fire edges represents a

snapshot  of  the  first  moments,  which  can  take  centuries  (Santos  et  al.,  2010)  until  all

extinction debts are paid (Kuussaari et al., 2009).

In the burned area, herbaceous and small saplings are more impacted by wildfires.

This pattern is contrary to the one showed by the bracken fern Pteridium arachnoideum that

was almost absent in the unburnt areas. The high cover and height presented by fern indicate

that they dominate and might limit the regeneration process far from the edge. Near the edge,

forest influence process reduces this dominance by lowering the cover and height of fern’s

fronds until 5 m from the edge, as well as increasing small saplings cover also until 5 m – a

trend also confirmed by height values in model selection, but not by RTEI. It is well known the

potential  of  species of the genus  Pteridium  to form mono-dominant patches, especially in

areas with  low fertility  sandy soils  with  a  burning  past  (Suazo-Ortuño et  al.,  2015).  This

dominance potential  is associated with an allelopathy mechanism – green fronds produce

allelochemical composts that persist to the senescence process until it is integrated into the

soil  (De  Jesus  Jatoba  et  al.,  2016).  Ssali  et  al.  (2017) while  examining  forest  structure

changes in  bracken-dominated clearings inside African tropical  forests,  ranging from 7 to

more than 40 years, found similar decrease on tree, sapling, and seedling density. They also

found a decrease in seed rain and increase in seed removal, when compared to the adjacent

forest,  revealing  a  twofold  mechanism  of  recruitment  limitation  (Ssali  et  al.,  2018).  We

hypothesized  that  in  burned  forests  the  succession  pathway  will  be  delayed  due  to  a

recalcitrant understory layer dominated  Pteridium arachnoideum (Royo and Carson, 2006).



We also expect that the fire legacy in burned areas would contribute to a slow convergence in

species composition in relation to the old-growth forests. The high mortality of trees may lead

to a dispersal limitation process (Guariguata and Ostertag, 2001) due to the small number of

remaining survivor trees. In cleared areas, remnant trees can assist the succession process

by altering  microclimatic  conditions (Williams-Linera  et  al.,  1998),  providing  seed sources

(Nadkarni and Haber, 2009) and enhancing seed dispersal by attracting frugivorous animals

(Guevara  et  al.,  1986),  thus  modifying  the  composition  of  the  resultant  secondary  forest

(Sandor  and  Chazdon,  2014).  Rare  species,  more  prone  to  dispersal  limitation,  are  an

important driver of this divergence on secondary forests (Norden et al., 2017). In the long

term, even if succession overcomes the barrier formed by bracken fern dominance, the lack

of remnant trees will contribute to an increased floristic divergence in relation to unburned

patches.



5.   Conclusion

The broad picture provided by this diverse array of forest structure attributes confirms

the importance of wildfire as a disturbance able to profoundly modify Atlantic Forest remnants,

mainly due to the high levels of early mortality. Also, the short distances over which edge

influence changes the forest structure patterns do not confirm the pervasive effects found in

other tropical forests (Laurance et al., 2018; Magrach et al., 2014; Roque et al., 2018; Santos

et al., 2010; Smith et al., 2018; Tabarelli et al., 2008). However, how much this is an effect of

the young age of these fire-edges remains unclear.

Although it  is  well  known that  secondary  succession  might  follow divergent  routes

(Norden et al., 2015) and that this process is better analyzed in multiple spatial scales with

long-term monitoring (Arroyo-Rodríguez et al.,  2017a), the results presented here, even if

extreme in a continuous disturbance gradient promoted by fire-induced mortality levels, shed

lights to a potentially catastrophic threat in the event of an altered regime with higher wildfires

frequencies in Atlantic Forest. 
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Supplementary material

Figure S.1. From left to right: first and second column shows the observed and modeled understory height of bamboos along burnt/unburnt distances for the

eight transects – transects names in the right grey title box; third and fourth column shows the observed and modeled understory cover of bamboos along burnt

distances. Negative values of distances represents plots in burnt areas. Black horizontal lines represents the mean values of the fitted models; dark shaded

areas the 95% confidence intervals of the fitted values; and light shaded areas the 95% posterior predicted intervals. Fitted values accounts for the uncertainty of

the fixed coefficients, and of the variance parameters in the grouping factors. Predicted values accounts also for the residual (observation-level) variance.



3. CONCLUSÕES GERAIS

 The results showed by this study reinforces the pervasive effect of wildfire over tropical

forests, promoting high mortality levels that changes drastically the forest structure. In the

burnt  areas  Pteridium  arachnoideum  dominates  the  understory,  rising  concerns  for  the

successful of the secondary sucession.

Nonetheless, the edge influence in unburnt forests are short, contrary with the patterns found

in other tropical forest edges. Most structural attributes changes with high magnitudes only on

the edge line, pointing to the incipient state of these processes. 


