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Abstract 

Background  In recent decades, fire has increasingly occurred in the tropical montane rainforests of northern 
Vietnam. However, there are few studies of the effects of fire on forest composition and recovery in this region, 
and understanding these effects is critical for effective forest fire management and conservation. Forest plant spe-
cies richness, structure (density, basal area), and composition were quantified for 133 forest plots randomly located 
in unburned (> 20 years since last fire) and recently burned (3–9 years since fire) vegetation associated with ten 
selected wildfires in three provinces of northern Vietnam where fires since 2000 were most frequent. Linear mixed 
effect models and nonmetric multidimensional scaling (NMDS) ordination were used to explore the structure, rich-
ness, and composition of burned and unburned forests and their environmental drivers, and to explore the key drivers 
of regeneration patterns in burned forest, including time since fire occurrence, fire severity, and distance to unburned 
forest edge.

Results  Total species richness and diversity, tree species richness, tree density, and basal area were higher 
in unburned (vs. burned) forest plots, low (vs. high) severity burn areas, near (vs. far) from the closest unburned forest 
edge, and longer (vs. shorter) time since last fire. Results suggest that while burned forests were recovering on a tra-
jectory back towards unburned forest composition, recovery was likely to be markedly slowed where fires were large 
(distance from edge effects) and/or of high severity, and forests may shift towards a different state (i.e., composition 
and structure) where more than one fire affects the same area over short time intervals.

Conclusions  This study provides insights into the effects of fire and other environmental factors on forest composi-
tion and recovery in the tropical montane forests of northern Vietnam, crucial for informing policymakers involved 
in forest conservation and management.
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Resumen 

Antecedentes  En décadas recientes, ha habido un incremento en la ocurrencia de incendios en los bosques mon-
tanos tropicales lluviosos del norte de Vietnam. Sin embargo, hay muy pocos estudios sobre los efectos del fuego 
en la composición y recuperación en esta región, y el entender estos efectos es crítico para un efectivo manejo del 
fuego y conservación de estos bosques. La riqueza de especies del bosque, su estructura (densidad y área basal) y 
composición, fueron cuantificadas en 133 parcelas ubicadas al azar en áreas no quemadas (> 20 años desde el último 
incendio) y en vegetación quemada recientemente (3–9 años desde el último incendio) asociadas a 10 incendios 
seleccionados en tres provincias del norte de Vietnam donde los incendios fueron más frecuentes desde el año 2000. 
Modelos de efectos mixtos lineales y análisis de ordenación no métricos multidimensionales (NMDS) fueron usados 
para explorar la estructura, riqueza, y composición en áreas quemadas y no quemadas y sus conductores ambientales 
clave de los patrones de regeneración en las áreas quemadas, incluyendo el tiempo desde el último incendio, la seve-
ridad de esos incendios, y la distancia a los bordes de las áreas no quemadas.

Resultados  La riqueza total de especies y la diversidad, la riqueza de especies leñosas, la densidad y área basal 
de árboles fueron mayores en las áreas no quemadas (vs áreas quemadas), en bajas (vs altas) severidades, en áreas 
cercanas (vs alejadas) de los bordes no quemados más cercanos, y en los quemados más antiguos (vs recientes). Estos 
resultados sugieren que si bien los boques se estaban recuperando en una trayectoria hacia una composición previa 
del mismo, esa recuperación fue marcadamente más lenta en lugares que experimentaron grandes incendios (efecto 
de la distancia desde el borde del no quemado), y/o alta severidad, y esos bosques podrían desviar su trayectoria a un 
diferente estado (en cuanto a estructura y composición), en aquellos lugares en los que el fuego afecta recurrente-
mente la misma área en un período corto de tiempo.

Conclusiones  Este estudio provee de perspectivas sobre el efecto del fuego y otros factores ambientales en la com-
posición del bosque y su recuperación en bosques tropicales montanos del norte de Vietnam, cruciales para informar 
a los decisores políticos involucrados en conservación y manejo de bosques.

Introduction
Tropical forests occupy only 7% of the earth’s land surface 
but contain nearly two-thirds of global floral and faunal 
diversity (Estoque et al. 2019). South East Asia contains 
nearly 15% of the world’s tropical forests (Stibig et  al. 
2013) and includes four of twenty-five global biodiversity 
hotspots (Sodhi et al. 2010). In recent decades, biodiver-
sity in the region has been adversely affected by multiple 
global environmental change factors, including increased 
forest fire (Cochrane 2003; Hughes 2017; Prestes et  al. 
2020), attributed to a range of human activities including 
anthropogenic climate change (Cochrane 2003; Goldam-
mer 2007; Corlett 2016; Juárez-Orozco et al. 2017).

Many ecosystems worldwide show adaptations to fire, 
with species traits facilitating rapid recovery, including 
resprouting and seedling recruitment from in  situ seed 
banks (Bellingham and Sparrow 2000; Bond and Midgley 
2001). However, in ecosystems where fire is infrequent 
and in which species are less well adapted and resistant to 
fires, such as rainforests (Mueller-Dombois 1981; Kauff-
man and Uhl 1990), fire can negatively impact regenera-
tion by killing extant saplings and seedlings, seeds and 
other underground regenerative plant parts near the 
soil surface (Kennard et al. 2002), as well as trees, most 
of which have thin bark (Pinard et  al. 1999; Balch et  al. 
2013). As a result, there is little or no regeneration from 
on-site propagules (Kauffman 1991) and recovery is likely 

to be slowed as it must occur from the in-migration of 
seeds from surrounding unburned forest areas (Tesfaye 
et al. 2004; Mayke et al. 2017).

The post-fire characteristics of forest ecosystems 
depend on the fire regime and the suite of plant traits 
represented among extant forest species (Keeley et  al. 
2011). Fire frequency, burn severity, time since fire 
occurrence, and distance from unburned forest are four 
key parameters that can strongly affect post-fire recov-
ery (Cochrane and Schulze 1999; Barlow and Peres 2008; 
Numata et  al. 2017). Fire frequency is one of the most 
important factors influencing ecosystem composition 
and structure (Gill 1975). Ecosystems are less likely to 
return to their pre-disturbance state under increased 
short-interval fires (Díaz-Delgado et  al. 2002; Tessler 
et al. 2014). Stand structure can be changed by repeated 
short-interval fire, reducing tree density and height 
(Hutchinson et al. 2012), depleting the seed bank (Ken-
nard et  al. 2002; Balch et  al. 2013; Prestes et  al. 2020) 
and removing fire-sensitive species (Cochrane and 
Barber 2009; Brando et  al. 2012). It can lead to system 
state changes, and to dominance by fire-tolerant species 
(Cochrane and Schulze 1999; Goldammer 1999). While 
repeat short interval fires are infrequent in wet tropi-
cal forests, they are likely to increase as climate changes 
and have been reported to negatively affect diversity 
and community composition in Amazonian forests 
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(Cochrane and Schulze 1999; Barlow and Peres 2008; 
Balch et al. 2015; Verma and Jayakumar 2015).

Time since fire (TSF) is a key determinant of the 
composition and structure of forests. Species richness, 
species diversity, and aboveground biomass generally 
increase with time since fire (Mayke et al. 2017; Numata 
et  al. 2017; Verma et  al. 2017), whereas the presence 
and abundance of pioneer species declines (Mayke et al. 
2017; Numata et  al. 2017). The recovery time of tropi-
cal forests after fire is highly dependent on the severity 
of fire and the presence or absence of surviving trees, 
resprouting, seedling banks, seed banks (Kennard et  al. 
2002; Primack  and Corlett 2005; Mayke et  al. 2017), 
and the particular forest attribute considered. Uhl et  al. 
(1981) reported that species richness had recovered after 
22  months and stem density after 10  months following 
simulated slash-and-burn events in the upper Rio Negro 
region of the Amazon basin, and Verma et  al. (2017) 
found that tree diversity reached the level of unburnt 
stands after 15  years in tropical dry deciduous forest of 
the Western Ghats, India. On the other hand, Mayke 
et al. (2017) estimated that at least 190 years was required 
for complete forest recovery (structure and composition) 
after high severity fires in seasonally dry tropical forest 
fragments in southeastern Brazil. These examples high-
light that different measures of forest recovery vary in 
their recovery times, among forest types, and in relation 
to fire severity.

Burn severity also affects forest recovery and may be 
influenced by topography (e.g., slope, aspect), vegeta-
tion composition and structure, and fuel moisture. Driv-
ers and effects are well described for temperate forests 
(Turner et al. 1997; Lentile et al. 2007; Odion et al. 2010; 
Kane et al. 2015; Harris and Taylor 2017; Fang et al. 2018) 
but not for tropical forests (Cochrane and Schulze 1999; 
Verma and Jayakumar 2015). High severity burns are 
more likely to occur in extreme weather (i.e., dry, hot, 
and windy), on upper slopes and on warmer aspects 
(Alexander et al. 2006; Fang et al. 2018). All trees may be 
killed in high severity burns, increasing opportunities for 
ground layer early secondary species, while there may be 
selective mortality in low severity burn areas, depending 
on species, size and bark thickness of trees (Cochrane 
and Schulze 1999; Zhong 2006; Donato et al. 2009). The 
severity of fire also affects post-fire regeneration through 
its impact on seed sources both above and below ground 
(Turner et al. 1998; Donato et al. 2009).

Finally, distance to the nearest unburned forest edge is 
another key factor influencing vegetation recovery fol-
lowing disturbance and has been demonstrated in rela-
tion to both old field successions (Riedel and Epstein 
2005) and fire (Hill and Read 1984; Welch et al. 2016), as 
well as for forest types where fire is infrequent (Hooper 

et  al. 2004). The recovery of tropical forests after fire is 
highly dependent on seed sources provided by trees from 
surrounding unburned forest (Swaine 1992; Miller and 
Kauffman 1998; Primack  and Corlett 2005). Previous 
studies have shown that distance to the nearest undis-
turbed forest edge is often negatively correlated to plant 
species richness and diversity (Hooper et al. 2004; Balch 
et al. 2013; Stevens‐Rumann and Morgan 2019).

Understanding post-fire regeneration patterns and the 
factors influencing post-fire recovery is important for 
forest management to effectively restore forest resources 
and reduce the negative consequences of wildfire. While 
there are some studies of post-fire regeneration in dry 
tropical forests where fires occur frequently (e.g., Verma 
and Jayakumar 2015; Mayke et al. 2017), the understand-
ing of post-fire regeneration is more limited in tropical 
rainforests where fires are less frequent due to higher 
fuel moisture (Bowman et  al. 2011). In the northern 
part of Vietnam, rainforests now occur mostly in nature 
reserves, national parks, and mountainous areas unsuit-
able for crop production (Averyanov et al. 2003; Phuong 
et al. 2012). The forests of this region have become a fire 
hotspot in recent decades, with fire now one of the key 
drivers of forest loss (Department of Forest Protection 
2019; Doanh and Bao 2014; Le et al. 2014).

The objective of this study is to determine the effects 
of fire on forest attributes and recovery, with particular 
emphasis on time since fire (TSF), burn severity, and dis-
tance from unburned forest edges. We hypothesize that 
(i) burned forests will show increasing species richness 
with increasing time since fire, and increasing similar-
ity to unburned forest, (ii) areas experiencing high burn 
severity will have lower tree species and total species 
richness and higher non-woody species richness (and 
therefore also strong compositional differences) than low 
severity burn areas, and (iii) areas far from unburned for-
est edges will have lower overall and tree species richness 
than areas close to forest edges. Since fires are generally 
infrequent in these tropical forests, it is not possible to 
fully explore the effects of short-interval repeat fire on 
forest regeneration. However, one short-interval repeat 
fire was available and is included in the analysis of time 
since fire patterns on species composition. The results of 
this study will help to build a knowledge-base for effec-
tive decision-making about tropical montane rainforest 
conservation and management.

Methods
Study sites
The study took place in and around 10 tropical montane 
forest fires across three northern Vietnam provinces 
over the period 2010–2016 (Fig.  1). The ten fires were 
located at elevations 1200–2400 m asl where the climate 
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is montane monsoon tropical, with average temperatures 
from 20 to 23 °C, mean annual precipitation from 1500 to 
2400 mm, a dry season of 2–5 months (from November 
to March, but decreasing in duration with elevation), and 
rainy season from April to September (Averyanov et  al. 
2003). Annually, this region experiences approximately 
12 days of frost, and 40 days of Foehn winds (dry and hot 
winds) (Van 2015). The main soil types are acrisols and 
andosols (Sehgal 1989; Chuc et  al. 2006). The region is 
characterized by mountains with very steep slopes. The 
main forest types are classified by Averyanov et al. (2003) 
as evergreen montane forests dominated by species from 
the families Illiciaceae, Lauraceae, Theaceae, Clusiaceae, 
Fabaceae, Fagaceae, and Magnoliaceae.

The study sites comprised both burned (time since 
fire 3–9  years) and adjacent unburned forest plots with 
sample plots in burned sites including contrasting burn 
severities (low, high) and distance from nearest unburned 
edge (near/far) (Table  1), as described below. The time 
since fire for unburned plots was unknown: Plots were 
chosen in areas of forest with a closed tree canopy layer 
comprised of individuals with stems of canopy trees 

mostly > 20  cm DBH and with no fire scars evident, so 
that stands were assumed to be mature and with stand 
age > > 20 years.

Data collection
Fieldwork was carried out in 2019. In total, 133 plots were 
established. The number of burned/unburned, high/low 
severity, and near/far from unburned forest edge plots is 
shown in Table 2. One site burned twice within the study 
period (in 2010 and 2014; Table 2). The distance between 
plots ranged from 500 to 1000 m depending on the shape 
and size of each burn area. Plots were chosen randomly 
within the burn areas (burned plots) and within the 
immediate surroundings of the burned area but at a dis-
tance of at least 100  m from the disturbed forest edge 
(unburned plots) using the sample tool in TerrSet ver-
sion 18.21 software (Eastman 2016). Plots were manually 
screened to exclude stream beds and cliffs.

Burn area and burn severity were estimated using 
remote sensing and digital maps provided by the 
Vietnam Ministry of Agriculture and Rural Develop-
ment (2016) and the U.S. Geological Survey (USGS). 

Fig. 1  Location of the three study provinces in northern Vietnam, showing the locations of the ten fires (filled red symbols). Symbol shapes and site 
codes (see Table 1) indicate year of fire. The twice-burned location (burned in 2010 and again in 2014) is indicated by*
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Burn severity was mapped by calculating the rela-
tive differenced normalized burn ratio (RdNBR) from 
pre- and post-fire Landsat surface reflectance images 
(Landsat 5 Thematic Mapper (TM) and Landsat 8 
Operational Land Imager (OLI)). Four levels of burn 
severity were identified: unburned (RdNBR < 249), 
low (RdNBR = 249–455), moderate (RdNBR = 456–
798), and high (RdNBR ≥ 799), as detailed in (Trang 
PT, Enright NJ, Chu T, Andrew ME: Drivers of burn 
severity in the montane rainforests of Northern 

Vietnam, submitted) and following Miller et  al. 
(2009). Moderate severity burn areas were excluded 
from the sample since our objective here, as stated in 
hypothesis ii, was to identify differences in measured 
variables between forest areas affected by high versus 
low severity fire.

Near plots were defined as those ≤ 100  m from the 
nearest unburned forest edge, while far plots ranged 
from 105 to 800 m from unburned forest. The distance 
from nearest unburned forest edge to each burned 

Table 1  Study site code, location, fire year, elevation, total burned area, and area burned at high severity, for each fire included in the 
study

a Area of overlap of fires in 2010 and 2014, no low severity burn area

Site code Location Fire year Elevation
(m asl)

Burned area (ha) High 
severity 
area (ha)

TV2010 Ta Van communes in Hoang Lien National park, Sapa, Lao Cai province 2010 1548 764 374

SSH2010 Sa Sa Ho communes in Hoang Lien National park, Sapa, Lao Cai province 2010 2321 151 103

BH2012 Ban Ho commune in Hoang Lien National park, Sapa, Lao Cai province 2012 1849 65 14

TV2016 Ta Van commune in Hoang Lien National park, Sapa, Lao Cai 2016 1906 27 1

MC2016 Hua Ngai commune, Muong Cha, Dien Bien province 2016 1531 1514 242

TG2016 Tenh Phong commune, Tuan Giao, Dien Bien province 2016 1587 1183 592

TC2016 Copia Nature Reserve Area, Thuan Chau, Son La province 2016 1502 278 100

CL2016 Chieng Lao commune, Muong La, Son La province 2016 1529 602 96

HT2016 Hua Trai commune, Muong La, Son La province 2016 1504 397 135

BH2010 Ban Ho commune in Hoang Lien National park, Sa Pa, Lao Cai province 2010 2156 338 113

RF2010_14 Ban Ho commune in Hoang Lien National Park, Sa Pa, Lao Cai province 2010 and 2014 2156 12a 12

Table 2  The number of burned and unburned plots in and around the ten fire locations, with burned plots also identified by fire 
severity level (high, low) and distance from unburned forest edge (near, far)

a These two unburned plots are common to both BH2010 and RF2010_14
b All high severity plots were far from unburned forest edges

Site code Time of fire occurrence Number of plots

Burned Unburned

High severityb Near edge, low severity Far edge, low severity

TV2010 2010 6 4 4 7

SSH2010 2010 4 3 3 6

BH2012 2012 2 1 1 4

TV2016 2016 1 1 1 2

MC2016 2016 4 3 3 5

TG2016 2016 5 3 3 5

TC2016 2016 5 3 2 5

CL2016 2016 4 3 3 5

HT2016 2016 4 3 3 6

BH2010 2010 1 1 2a

RF2010_14 2010, 2014 2

Total 38 24 24 47
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forest plot was determined based on satellite imagery 
and confirmed on the ground when plots were surveyed.

Plots were navigated to in the field and elevations 
determined using a Garmin™ 78  s GPS, and slope 
and aspect recorded using clinometer and compass, 
respectively. Plots were 20 × 25 m in size, with 5 × 5 m 
sub-plots in each corner. In each plot, the diameter 
of individuals for all trees with a diameter at breast 
height (DBH) ≥ 10 cm was measured and species iden-
tity recorded. In each subplot, species identity and 
DBH were recorded for all saplings (1–10  cm DBH), 
identity and total density for all tree species seedlings 
(< 1 cm DBH), and identity and Braun-Blanquet cover-
abundance score for other lifeforms (i.e., shrubs, herbs, 
grasses and sedges, ferns and fern allies).

All species were identified using the relevant floras 
and reference to herbarium specimens (Ban 2003, 2005; 
Ho 1999; Hoang Lien National Park 2020; WFO 2020).

Overview of analyses
Our hypotheses each set out expectations for the effects 
of fire regime characteristics on the species richness 
and composition of forest communities post-fire, which 
were evaluated by univariate statistical and ordination 
analyses, respectively. These analyses are described in the 
following sections. In both sets of analyses, the signifi-
cance of time since fire (TSF, hypothesis i), burn severity 
(hypothesis ii), and distance to nearest unburned forest 
edge (hypothesis iii) on key forest attributes were tested.

Analysis of forest structure and diversity
Tree and total species (i.e., the pooled sample of all trees, 
shrubs, seedlings, saplings, and other life forms in both 
plots and sub-plots) data were described using a range 
of vegetation measures, including total, tree and non-
woody species richness, Shannon diversity H’, tree den-
sity (D), and basal area ha−1 (BA).

Linear and mixed effect models were used to evalu-
ate the effects of TSF, burn severity, and distance to 
unburned forest edge on species richness (total, non-
woody, tree), diversity (H’), and forest structure (BA, D) 
response variables (results for H’ and D were similar to 
those for richness and BA, respectively, and are not pre-
sented). It was also necessary to include 2-way interac-
tions with TSF in the models, to account for differences 
in recovery for high vs low severity and far vs near forest 
edge treatments. However, because a full factorial design 
was not possible, interactions were evaluated with a 
composite variable that indicated the combination of 
severity (unburned, low, high) or distance from edge 
(unburned, near, far) levels with TSF (unburned, 3 years, 
9 years; twice-burned (n = 2) and 7-year TSF plots (n = 4) 
were not included due to small sample size). Because of 

strong interactions, we could not evaluate our 3 hypoth-
eses simply by testing the main effects of the corre-
sponding terms. Instead, pairwise differences between 
levels of the severity-by-TSF or distance-by-TSF terms 
were evaluated with Tukey’s tests. Further, since all 
burned areas near unburned forest edge experienced low 
burn severity, separate models were used to evaluate the 
severity-by-TSF and distance-by-TSF interactions. For 
each focal interaction term and each response variable, 
models were iteratively constructed with and without 
topographic covariates (elevation, slope, aspect—quanti-
fied as a southwestness index (see Trang et al. 2022)) and 
with and without random effects of location (province, 
site code), to account for confounding effects on forest 
composition and structure. Akaike’s information crite-
rion (AIC) was used to select the top model.

We repeated these analyses on subsets of the plots to 
attempt to separate the effects of burn severity and dis-
tance from unburned forest edge. The “controlled” effects 
of the severity-by-TSF interaction were evaluated within 
the set of plots that were far from unburned edge while 
the distance-by-TSF effect was tested for the plots that 
burned at low severity. These analyses identified patterns 
consistent with analyses on the full set of plots, so only 
the results from the analyses of all plots are presented in 
the text. All analyses were performed in R v4.2.2 using 
the packages “nlme” (Pinheiro et al. 2021) and “emmeans” 
(Lenth et al. 2019).

Analysis of forest community composition
Nonmetric multidimensional scaling (NMDS; PC-ORD 
v.7.08; Peck 2021) was used to explore patterns in spe-
cies composition and their relationships to fire-related 
(i.e., TSF, burn severity, distance from nearest unburned 
forest edge) and other environmental drivers (elevation, 
slope, aspect, location) for (i) all (burned plus unburned) 
plots, and (ii) burned plots only. The all and burned forest 
plots only datasets were each described by two matrices: 
the main matrix containing species presence/absence 
data and a second matrix containing environmental vari-
ables (elevation, slope, southwestness), fire frequency 
(0 = unburned, 1 = once-burned, 2 = twice-burned), TSF, 
burn severity (0 = unburned, 1 = low, 2 = high), distance 
to the nearest unburned forest edge (0 = unburned, 
1 = near, 2 = far), and other derived vegetation variables 
(total, tree and non-woody species richness, Shannon 
diversity, density and basal area). Analyses using density 
and presence/absence were explored and the latter cho-
sen since it allowed combined species data for all strata 
(trees, saplings, seedlings, and other life forms) to be 
used, and provided readily interpretable results with little 
loss in information.
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NMDS is a non-parametric ordination technique for 
analyzing ecological data which uses an iterative search 
for an ordination result with the lowest stress, as meas-
ured by the relationship between ranked distances in the 
original multidimensional space and the ranked distances 
for a specified number of dimensions in ordination space. 
It seeks a solution of sample unit ordination scores in 
which the paired interpoint distances have the same rank 
order as those calculated from the original data matrix. 
NMDS requires no assumptions of multivariate normal-
ity or linearity and is robust to the occurrence of large 
numbers of zero values (McCune and Grace 2002; Peck 
2021). Sørensen (Bray–Curtis) distance was used to rep-
resent compositional dissimilarity. It is a robust measure 
of ecological distance (Faith et  al. 1987) and is widely 
used with plant community data (Peck 2021).

The joint plot procedure was used to show the correla-
tion of second matrix variables (as vectors) to the ordi-
nation axes of the samples (plots) in NMDS space. The 
significance of each vector was calculated using the Pear-
son’s correlation (r) for continuous variables and Kend-
all’s correlation (tau) for ordinal variables (Peck 2021).

Multi-response permutation procedure (MRPP) was 
used to evaluate the significance of difference in species 
composition between groups based on TSF (3, 5 [note 
that the 5 year TSF samples are the twice-burned plots], 
7, 9, and > 20  years [unburned]), burn severity (high/
low), distance to nearest unburned forest edge (near/
far), and elevation (> 1750 m asl/ < 1750 m asl). MRPP is 
a non-parametric procedure for testing the hypothesis of 
no difference between two or more groups (Peck 2021). 
Sørensen (Bray–Curtis) distance was used for all MRPP 
tests. MRPP calculates two key statistics; T, describing 
the separation between communities, and A, the chance-
corrected within-community agreement: A = 1 when 
there is complete within-group homogeneity, A = 0 if 
the heterogeneity within groups is equal to the random 
expectation, and A < 0 where there is less agreement 
within groups than expected by chance (McCune and 
Grace 2002; Peck 2021).

To better understand species associations with TSF, 
burn severity, distance from unburned forest edge, and 
elevation, indicator species analysis (ISA) for binary data 
was used, following McCune and Mefford (1999) and De 
Caceres and Legendre (2009). Species with high indica-
tor values suggest high frequency of occurrence within a 
given group of plots relative to other comparison groups 
(De Caceres and Legendre 2009).

Results
General forest attributes
Across all (n = 133) burned and unburned plots, 293 spe-
cies belonging to 94 families were recorded. This included 

192 tree species from 55 families, plus 101 species from 
52 families of other lifeforms (13 families common to 
both). The most frequently encountered species were the 
canopy tree Schima wallichii (Theaceae), the grass Cyrto-
coccum patens (Poaceae), and the small early successional 
tree Eurya ciliata (Pentaphylacaceae). Fagaceae was the 
most species-rich family (23 species), followed by Lau-
raceae (19), Fabaceae (14), Moraceae (11), and Ericaceae 
(10). The number of species occurring in burned only, 
unburned only, and both burned and unburned plots was 
112, 80, and 101 species, respectively.

In unburned forest, 181 species from 73 families (130 
tree species from 43 families and 51 other life-form spe-
cies from 33 families) were recorded in 47 plots. Mean 
(± s.e.) basal area was 35.5 ± 6.5 m2  ha−1 (range 14–107) 
and mean density was 450 ± 41  ha−1 (range 220–800). 
Mean total species richness per plot was 22.6 ± 1.9 (range 
9–32) and mean tree species richness was 10.0 ± 1.0 
(range 5–17).

In burned forest, a total of 213 plant species from 81 
families were recorded in 86 plots (142 tree species 
from 52 families and 71 other lifeform species from 41 
families). Mean basal area was 4.8 ± 1.1 m2  ha−1 (range 
0–22.3) and mean density was 180 ± 28  ha−1 (range 
0–600), the wide ranges reflecting differences in burn 
severity impacts, with no trees > 10  cm dbh in some 
high severity burn plots. Mean total species richness 
per plot was 17.6 ± 1.7 (range 7–46) and mean tree spe-
cies richness was 5.0 ± 0.8 (range 0–13). Mean elevation 
(1626 ± 32 m vs 1681 ± 45 m), slope (29 ± 1° vs 31 ± 1°), and 
aspect (southwestness index 0.05 ± 0.07 vs 0.00 ± 0.11) 
were similar for burned and unburned plots, respectively.

Forest recovery was significantly affected by burn 
severity, as revealed by strong severity-by-TSF effects 
on BA (F4,121 = 209.31; p < 0.0001), tree species richness 
(F4,113 = 62.81; p < 0.0001), and total species richness 
(F4,112 = 20.18; p < 0.0001) (see Supplementary Table  1 
for full model results, including covariates and group-
ing terms used). The lowest values for each of these 
variables occurred in the high severity burn plots and 
did not improve with TSF (Fig. 2a, b, d). In contrast, in 
low severity burn plots, basal area (Fig.  2a), tree rich-
ness (Fig. 2b), and total richness (Fig. 2d) were all lower 
in the 3-year TSF plots relative to values in unburned 
forests (though significantly higher than in the high 
severity burn plots of this age), but increased signifi-
cantly with TSF (all pairwise comparisons noted in 
this text were significant at Tukey p < 0.05; Fig. 2). Nine 
years post-fire, basal area remained significantly lower 
than in unburned forests, while tree species richness 
had recovered to unburned levels and total species rich-
ness exceeded that in unburned plots (Fig.  2a, b, d). 
This increase in total species richness can be attributed 
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partly to the increase in tree species richness, but also 
to greater richness of small woody species (seedlings, 
saplings, and shrubs), as non-woody species richness 
did not vary with burn severity or TSF (F4,113 = 1.31; 
p = 0.27; Fig. 2c).

The effects of distance from the unburned forest 
edge broadly paralleled those of burn severity on forest 
recovery for BA (F4,121 = 105.37; p < 0.0001; Fig. 2e), tree 
species richness (F4,119 = 27.04; p < 0.0001; Fig. 2f ), and 
total species richness (F4,112 = 17.23; p < 0.0001; Fig. 2h), 
with more severe reductions in BA and richness, and 
no significant recovery with TSF, in plots far from the 
unburned forest edge. Distance tended to have slightly 
weaker effects than burn severity based on comparisons 
of F values. The exception was non-woody richness, 
which was significantly affected by the distance-by-TSF 
term (F4,113 = 3.03; p = 0.02), though it was not affected 
by burn severity. Non-woody richness was marginally 
lower (Tukey p < 0.1) 3 years post-fire in plots far from 
the unburned forest edge than in unburned plots, while 
all other combinations of edge distance and TSF were 
indistinguishable from unburned plots and from each 
other (Fig. 2g).

MRRP analyses confirmed the significance of dif-
ferences in species composition between groups for 
burned vs unburned, high vs low burn severity, near vs 
far from forest edge, and all TSF age groups (i.e., includ-
ing twice-burned and 7-year TSF groups which were 
removed from the univariate statistical analyses due to 
small sample size) (Supplementary Table  2). In relation 
to TSF, unburned vs 3  years TSF was the least similar 
(T =  − 39.13), and 9 vs 7 (T =  − 2.14) and 7 vs 5 years TSF 
(T =  − 1.89) the most similar.

Forest community composition: all plots
NMDS ordination of the all-plot data captured three 
dominant gradients (axes) in species composition space 
(Fig.  3). The ordination had a final stress of 15.6, with 
the three-axis solution explaining 70% of the variance 
in species composition (40.2, 13.5, and 16.2% for axes 
1–3, respectively). Most burned plots had low scores 
on axis 1, while unburned plots had high scores on this 
axis, reflecting a strong difference in plant species com-
position between burned and unburned forest (Fig.  3). 
The two repeat fire plots had the lowest scores on this 
axis. Axis 2 separated plots burned 3  years ago (low 
scores) from those burned 9 years ago (high scores), with 
unburned plots also widely distributed along this axis. 
Axis 3 showed no clear patterns of plot distribution and 
is not further interpreted.

The joint plot showed strong correlation with a num-
ber of measured environmental, vegetation and fire vari-
ables (Fig. 3, Table 3). TSF, BA, density, and richness were 
strongly positively correlated with the first axis, and burn 
frequency, severity, and distance to unburned forest neg-
atively with this axis. Elevation was positively correlated 
with the second axis, with both burned and unburned 

Fig. 2  Plot-scale patterns of a, e basal area (m2 ha−1), b, f tree species 
richness, c, g non-woody species richness, and d, h total species 
richness, by interactions of time since fire with a–d burn severity 
and e–h distance from unburned forest edge. Non-woody species 
richness includes ferns, grasses, sedges, and herbs. Significant 
pairwise comparisons (Tukey p < 0.05) are indicated by different 
letters (a–d). Values are means ± standard error
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plots at elevations > 1750  m asl showing high scores on 
this axis (Table 3).

Indicator species analysis clearly identified key spe-
cies characteristic of unburned forest, including the 
trees Eberhardtia tonkinensis and Gironniera  subae-
qualis, understorey shrubs Loxostigma  griffithii  and 
Psychotria  prainii, the tree fern Cyathea  contami-
nans and lesser club-moss Selaginella  chrysocaulos 
(Table  4). Plots most strongly impacted by fire, i.e., 

burned at high severity, far from the unburned for-
est edge and/or burned twice, were characterized by 
strong presence of the early successional tree species 
Eurya ciliata, invasive weed Chromolaena  odorata 
(Siam weed: Asteraceae), invasive sedge Kyllinga brev-
ifolia, and climbing fern Dicranopteris  linearis 
(Gleicheniaceae). While there were a large number of 
indicator species (especially trees) for forest plots at 
elevations > 1800 m, there were few for lower elevation 

Fig. 3  Distribution of plots on the first two axes of the NMDS ordination for all plots. Plots are coded by TSF (years). TSF centroids are shown, 
along with biplot variables significant at p < 0.01: TSF—Time since fire; Sev—Burn severity; Elev—Elevation; Den—Density ha−1 of trees > 10 cm dbh; 
Tree R—Tree species richness; Freq—Number of times burned; BA—Basal area ha−1

Table 3  Relationship between nonmetric multidimensional scaling (NMDS) axis values and environmental variables for all plots 
(presence/absence, all strata, n = 133). Values shown are Pearson correlation coefficient “r” for continuous variables, and Kendall’s “tau” 
for ordinal/ranked variables. Values significant at P < 0.001 are bolded

NMDS axis

1 2 3

Variable r tau r tau r tau

Fire frequency  − 0.65 0.07  − 0.25

Time since fire 0.52 0.15 0.33
Burn severity  − 0.73 0.11  − 0.24

Distance from forest edge  − 0.7 0.06  − 0.29

Elevation  − 0.14 0.61 0.27

Slope 0.23  − 0.13  − 0.10

Southwestness  − 0.15 0.00 0.05

Total species richness 0.53 0.27 0.13

Basal area ha−1 0.61 0.12 0.34
Shannon diversity, H’ 0.51 0.27 0.12

Tree density ha−1 0.66 0.10 0.40
Tree species richness 0.65 0.19 0.45
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plots (Table 4). The most frequently occurring species 
across all plots, the tree Schima  wallichii and grass 
Cyrtococcum  patens, were not associated with any 

tested grouping, reflecting their occurrence across a 
range of both burned and unburned (but not twice-
burned) plots and elevations.

Table 4  Indicator species analysis (ISA) results, showing species (and their life forms) strongly significantly associated (P<0.005) with 
groups based on burn severity, distance from nearest unburned forest edge, elevation, and time since last fire. Unburned forest plots 
are shown as “>20 years (unburned).”  Values are Indicator value (IV). Indicator species present in the twice-burned plots are shown (*) 
to highlight the dominance of fire indicator species in these plots.Columns are color-coded based on hypothesized fire severity impact 
on species composition (green—no fire impact, yellow—low fire impact, orange—high fire impact). # indicates invasive species
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Forest community composition: burned plots
The optimal NMDS solution for the burned plots data had 
three dimensions with final stress of 16.8 and axes 1–3 
explaining 31.7, 25, and 15.8% of the variation in species 
composition respectively (72.5% overall). Twice-burned 

forest plots had the highest scores on axis 1 (Fig. 4). Most 
other high severity burn plots were located with posi-
tive scores on this axis, while low severity burn plots had 
negative scores. The joint plot showed a significant posi-
tive correlation primarily along axis 1 for burn severity, 

Table 5  Relationship between nonmetric multidimensional scaling (NMDS) axis values and environmental variables for burned plots 
(presence/absence, all strata, n = 86). Values shown are Pearson correlation coefficient “r” for continuous variables, and Kendall’s “tau” for 
ordinal/ranked variables. Values significant at P < 0.001 are bolded, and P < 0.01 in italics

NMDS axis

1 2 3

Variable r tau r tau r tau

Fire frequency 0.215 0.11  − 0.133

Time since fire 0.025 0.307  − 0.345

Burn severity 0.256 0.329  − 0.063

Distance from forest edge 0.127 0.027  − 0.191

Elevation  − 0.009 0.473  − 0.135

Slope 0.038  − 0.15 0.104

Southwestness 0.155 0.015  − 0.286

Density, ha−1  − 0.455  − 0.23  − 0.121

Total species richness  − 0.404  − 0.19  − 0.257

Basal area ha−1  − 0.263  − 0.023  − 0.173

Shannon diversity, H’  − 0.46  − 0.209  − 0.198

Tree species richness  − 0.157  − 0.039 0.019

Fig. 4  Distribution of plots on the first two axes of the NMDS ordination for burned plots. Plots are coded by TSF (years) and burn severity (Sev: 
H—High, L—Low).Group centroids ( +) are shown along with biplot variables significant at p < 0.01: TSF—Time since fire; Sev—Burn severity; Den—
Density ha−1 of trees > 10 cm dbh; Elev—Elevation; R—Total species richness; H’—Shannon diversity
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and negative correlations for species diversity, total species 
richness, and tree density  (Fig.  4, Table  5). Elevation and 
TSF (along with burn severity) were positively associated 
with axis 2.

A number of tree species including Aralia chapaen-
sis, Iteadaphne caudata, and Litsea cubeba, and the vine 
Rubus phoenicolasius were indicator species of low sever-
ity and near forest edge burn plots, while few fern, herb, 
or shrub species were significantly associated with them 
(Table 4). In contrast (as noted above) a number of such 
species characterized high severity burn plots, twice-
burned plots, and plots 9  years TSF. Many of the same 
tree species present as indicators of high severity burn 
areas were also indicators of TSF plots, including early 
successional trees Eurya ciliata and Macaranga denticu-
lata, and Cratoxylum cochinchinense (Table 4).

Discussion
Fire is normally infrequent in tropical forests, typically 
leaving ample time for forests to return to pre-fire forest 
composition and structure (Slik et al. 2008). However, in 
recent decades, tropical forest fires have occurred more 
frequently and at larger spatial scales, primarily due to 
on-going anthropogenic global change drivers (Cochrane 
2003; Slik et al. 2008), resulting in increasingly large areas 
of secondary, regenerating forest, and potential ecosys-
tem state changes (Balch et  al. 2013; Mayke et  al. 2017; 
Numata et al. 2017, 2022), and raising concerns for for-
est conservation and recovery in relation to fire. Here, 
we address in turn the hypotheses proposed of how time 
since fire (TSF), burn severity, and distance to nearest 
unburned forest edge, influence forest structure, com-
position, and recovery in the tropical montane forests of 
NW Vietnam.

Time since fire
We proposed (hypothesis i) that burned forests should 
show increasing species richness with increasing time 
since fire, and increasing similarity to unburned forest. 
Rapid forest recovery was found in most measured vari-
ables following fire in plots experiencing low severity fire, 
and/or that were near unburned forest edges (nb. there 
were no high severity burn plots near to unburned forest 
edges), where total species richness quickly approached 
unburned forest values after 9  years. Tree species rich-
ness increased rapidly over the first 9 years after fire, sug-
gesting arrival of new species propagules from nearby 
unburned forest. In contrast, non-woody species rich-
ness remained approximately constant over time, but 
with species turnover from early successional (includ-
ing some invasive) species to more shade-tolerant spe-
cies (Table  4). Total species richness was highest at 
9  years, likely reflecting the presence of both early and 

later successional species at this stage of forest recov-
ery. However, mature tree density (not shown) and basal 
area showed slower trends of recovery. High severity 
burn plots showed the strongest negative impacts of fire 
(reduced richness, density, basal area) with no clear trend 
of recovery towards the characteristics of unburned for-
est over the first 9 years TSF. Thus, there was partial sup-
port for hypothesis i, with a clear pattern of increasing 
species richness and diversity with time since fire and 
increasing similarity to unburned forest overall, although 
this was contingent on both burn severity and proximity 
to unburned forest. Species composition was also differ-
ent between unburned and burned forests at all fire ages 
(MRRP analysis; Supplementary Table 1), suggesting suc-
cessional changes and continued large differences in spe-
cies composition between forest stands at 9 years of age 
and mature forest.

Plots 3  years TSF showed strong presence of pio-
neer tree species Eurya ciliata, Macaranga denticu-
lata and Cratoxylum cochinchinense, while at 9  years 
a mix of ground layer species (also strong indicators of 
high severity fire; Table  4) were more frequent, includ-
ing the invasives Chromolaena  odorata (Siam weed) 
and Kyllinga brevifolia, Dicranopteris linearis, and shrub 
Melastoma  malabathricum, along with an increas-
ing number of tree species. As noted above, while 
understorey (non-woody) species richness remains 
approximately constant, there is a shift in composi-
tion, from these early successional species to understo-
rey shrubs Loxostigma  griffithii  and Psychotria  prainii, 
the tree fern Cyathea contaminans and lesser club-moss 
Selaginella  chrysocaulos, along with the appearance of 
Eberhardtia tonkinensis as a common canopy layer tree 
(Table  4). The trends in species richness and composi-
tion with time since fire revealed here suggest that woody 
species are increasing over time as propagules are dis-
persed in from surrounding unburned forest (i.e., are not 
all there from the start as found in some forests which 
follow an initial floristic composition successional path-
way (van Breugel et al. 2007)), while non-woody species 
composition changes, reflecting a replacement of early 
seral light-demanding species by later seral, shade-toler-
ant understorey species. Schima wallichii was the most 
frequently encountered tree species in this study, occur-
ring across most stand ages and elevations. It is widely 
distributed in SE Asia and has been described elsewhere 
as a light-demanding pioneer tree species able to persist 
as a large tree in mature forest due to its longevity (Do 
et al. 2011), explaining its widespread presence here.

Burn severity
In relation to burn severity, we proposed (hypothesis 
ii) that areas experiencing high burn severity will have 
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lower tree species and total species richness and higher 
non-woody species richness (and therefore also stronger 
compositional differences) than low severity burn areas. 
In agreement with this hypothesis, total and tree spe-
cies richness were significantly lower in high (vs. low) 
severity burned plots (Fig. 2). Basal area was also lower 
for high compared to low severity burn areas. However, 
contrary to the hypothesized trend, non-woody species 
richness showed no difference between severity levels. 
High severity fire can increase stand-level tree mortal-
ity, reduce seedbanks (Ghermandi et al. 2013), and nega-
tively impact a range of soil properties (Hart et al. 2005; 
López-Poma and Bautista 2014). High soil temperatures 
in high severity fires can reduce densities of viable seeds 
and other underground regenerative plant tissues (Holl 
et al. 2000; Kennard et al. 2002), slowing post-fire recov-
ery in species richness and composition. In contrast, 
higher species richness after low severity fire may reflect 
survival of a greater proportion of mature trees, seed 
and seedling banks, and vegetative buds (e.g., de Oliveira 
et al. 2014).

Results of ISA showed that pioneer non-woody (e.g., 
Cyrtococcum  patens, Dicranopteris linearis) and woody 
species (Schima wallichii, Cratoxylum  cochinchinense) 
were prominent in high burn severity plots (Table  4), 
likely benefiting from the more open growing condi-
tions (Balch et  al. 2013, 2015; Cury et  al. 2020). Later 
successional tree species, including Quercus lineata and 
Lithocarpus truncatus, only occurred in low severity burn 
plots (Table  4). Here, remnant surviving trees become 
seed sources for regeneration (Brando et  al. 2012; Cury 
et  al. 2020) and provide shade which may limit compe-
tition from herbs and grasses, permitting high densities 
of tree species seedlings to establish (Smith and Ashton 
1997; Crotteau et al. 2013). Additionally, they act as nuclei 
for forest species regeneration, providing perch sites for 
birds which may disperse the seeds of a range of forest 
species. We observed rapidly increasing basal area and 
tree species richness from 3 to 9 years TSF in low sever-
ity burn plots, but not in high severity burn plots (Figs. 2 
and 3). Total and tree species richness in unburned forest 
areas were higher and more similar to those in low sever-
ity than in high severity burned forest areas suggesting 
that forest recovery in low severity burned areas may be 
more rapid, as noted elsewhere (Numata et al. 2011; Mar-
tins et al. 2012; Welch et al. 2016; Strand et al. 2019).

Distance to unburned forest edge
According to hypothesis iii, we expected lower total and 
woody species richness, and higher non-woody spe-
cies richness, in areas far from unburned forest edges. 
Results support this hypothesis for total and woody, but 
not for non-woody species (Figs. 2 and 3). The lack of a 

relationship for non-woody species richness may be due 
to overlap of the presence of both forest understorey 
non-woody species that have survived the disturbance, 
and growth of additional early successional species that 
have invaded after disturbance. The highest total spe-
cies richness (and significantly higher than for unburned 
plots; Fig. 2, Supplementary Table 1) occurred for near-
edge plots 9 years TSF, reflecting a marked peak in both 
tree and shrub (not shown) species suggestive of ready 
colonization of these locations by species from adjacent 
undisturbed forest. Recovery of the near-edge plots may 
also have been facilitated by the fact that all of these sites 
burned at low severity, while high burn severity occurred 
closer to the middle of burned areas. However, analyses 
restricted to only low burn severity plots to assess the 
controlled effects of distance from forest edge yielded 
similar results (not shown) to those presented for the set 
of all plots (Fig. 2).

A high abundance of mature woody species in 
unburned forest close to the forest edge leads to an 
increase in seed dispersal (propagule availability) in these 
near-edge areas (Cubiña and Aide 2001; Bueno and Lla-
mbí, 2015). In tropical forests, and forests more generally, 
most previous studies of edge effects have focused on 
anthropogenic activities such as land clearance and aban-
donment (Mesquita et al. 2001; Ribeiro et al. 2010), while 
forest edges in relation to post-fire recovery have rarely 
been evaluated. Hooper et al. (2004) found that proxim-
ity to seed sources is linked with increased seed disper-
sal and plant establishment near the edge compared to 
far from the edge in tropical forests in Panama. Similarly, 
Turner et  al. (1997), Gill et  al. (2021), and Hoecker and 
Turner (2022) found that distance to the unburned forest 
edge negatively impacted herb and shrub cover, seedling 
density, and total seed rain in northern USA. Falk et al. 
(2022) reported a rapid decline in forest species prop-
agules at distances > 75  m from nearest forest edge for 
forests in western USA, while Donaldson et  al. (2002) 
showed that abundance of pollinators was also closely 
related to distance from the forest edge, so that even 
surviving trees in low severity burn areas far from forest 
edges may show reduced seed set as a result of pollinator 
limitation, further impacting rate of recovery of burned 
areas far from intact forest edges.

Indicator species analysis results here showed that 
non-pioneer species including Iteadaphne caudata, 
Litsea cubeba, Aralia chapaensis, and Saurauia napau-
lensis were more common in burned forest plots close 
to unburned forest edges, likely explained primarily by 
ready seed dispersal from adjacent unburned forest. 
Conversely, pioneer species such as Dicranopteris  lin-
earis, Chromolaena  odorata, Eurya ciliata, Macaranga 
denticulata, and Schima  wallichii were widespread in 
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burned forest plots far from unburned forest edges 
(Table  4). A strong negative relationship between tree 
seedling density and distance to the nearest surviving 
reproductive tree has been reported in other studies 
(Owen et al. 2017; Stevens-Rumann and Morgan 2019). 
Most seeds of tropical montane forest tree species are 
dispersed by wind (Rother and Veblen 2016; Halpern 
and Antos 2021), but animals may be important for dis-
persal of some tree and other plant species (Rueangket 
et al. 2021): Birds may be effective dispersers over longer 
distances, with the use of perch sites in remnant trees 
within burned areas acting as nuclei for forest species 
invasion, making low severity burn areas with surviv-
ing trees very important to patterns of recovery far from 
forest edges (Primack and Corlett 2005; Carpenter et al. 
2019). Forest mammals may be less effective as long-
distance dispersers, being reticent to move across areas 
of land without suitable tree cover (Primack and Corlett 
2005; Naniwadekar et al. 2019). Thus, specific forest spe-
cies may show very different rates of recovery in relation 
to distance from unburned forest edges depending on 
their dispersal vectors.

Short interval fire
While based on only a small sample size, species compo-
sition, richness, diversity, and density were lowest (Figs. 3 
and 4) in the two (5 years TSF) forest plots which expe-
rienced two fires in 4  years (burned in 2010 and 2014). 
The short period between successive fires is likely to 
have increased tree mortality and reduced woody species 
richness relative to once-burned forests at a similar time 
since last fire (Balch et al. 2013, 2015; Cury et al. 2020). 
Elsewhere, short time intervals between consecutive fires 
have been shown to result in more open forest canopy, 
increased susceptibility of the forest understorey to 
drought, and larger near-surface and fine fuel load (Uhl 
and Kauffman 1990; Cochrane and Schulze 1999; Slik 
et  al. 2008), facilitating colonization and establishment 
of invasive grasses, and killing regenerating tree seed-
lings (Hoffmann et al. 2004; Brando et al. 2014). Pioneer 
species dominated the twice-burned sites in this study 
(including Eurya ciliata, Urena  lobata, Kyllinga brevifo-
lia, Melastoma malabathricum, and Dicranopteris  line-
aris) and these twice-burned areas appear to be at risk of 
transition to an alternative structural/compositional state 
of non-woody seral species dominance, potentially more 
prone to repeat, short interval fire. Although the small 
sample of just two repeat burned forest plots is insuffi-
cient to confirm this trend in the present study, results 
provide a preliminary picture of the effect of repeat fire 
on species diversity and composition. Fires at low fre-
quency of occurrence provide good regeneration oppor-
tunities, maintain more woody species, and take less 

time to return to the unburned forest composition, while 
repeat fires over short time intervals can delay recovery 
or may shift vegetation towards a different state (Barlow 
and Peres 2008; Oakman et al. 2021). Overall, these TSF 
results are consistent with those for a range of other stud-
ies from tropical forest ecosystems (Veldman and Putz 
2011; Teegalapalli et al. 2016).

Conclusions
Fires are occurring more frequently in tropical rainfor-
ests, raising concerns for forest recovery following fire 
since generally they lack adaptations to this historically 
rare disturbance. We evaluated those concerns by stud-
ying patterns of tropical montane forest community 
structure and composition in burned and unburned 
forests, and among burned areas that experienced dif-
ferent fire characteristics in northern Vietnam. Analy-
ses of unburned and burned forest plots, and among 
burned forest plots, found that fire characteristics, 
including time since fire, fire severity, and distance from 
the unburned forest edge, were important drivers of the 
measured forest attributes, and these results were veri-
fied by statistical analyses which supported the three 
hypotheses proposed: higher total species richness, tree 
species richness, tree density and basal area were found 
in (1) longer (vs. shorter) time since last fire, (2) low (vs. 
high) severity burn areas, and (3) near to (vs. far from) 
unburned forest edges. Maximum species richness, 
both total and for trees, was associated with plots at an 
early-intermediate stage (9 years TSF) of recovery after 
fire, reflecting presence of a mix of both early and later 
successional species, and conforming with the inter-
mediate disturbance hypothesis (Molino  and  Sabatier 
2001). While forests burned at low severity and close to 
unburned forest edges are recovering rapidly on a tra-
jectory towards unburned forest composition, recovery 
appears markedly slower where fires are of high sever-
ity and distance from edge is large, and forests may 
shift towards a different state where more than one fire 
affects the same area over a short time interval.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s42408-​023-​00205-3.

Additional file 1: Table S1.  Specification of the top models and fixed 
effects parameter estimates for the linear mixed effects models evaluating 
the univariate effects of burn severity (a-e) and distance to unburned 
forest edge (e-h) by TSF on forest structure (basal area) and diversity (Tree 
species richness, Non-woody richness, Total richness) measures. Table S2. 
Test statistics (T, A) and significance of difference among groups for multi–
response permutation procedure (MRPP) analysis of unburned vs burned, 
high vs low burn severity, near vs far from forest edge and time since 
fire. Table S3.  List of species, their abbreviations and families recorded 
from burned and unburned plots in northern Vietnam.

https://doi.org/10.1186/s42408-023-00205-3
https://doi.org/10.1186/s42408-023-00205-3


Page 15 of 18Trang et al. Fire Ecology           (2023) 19:47 	

Acknowledgements
We thank Mr. Hoang Thanh Son (Vietnamese Academy of Forest Sciences), Mr. 
Hoang Manh Quyen (K58—Forest Resource and Environmental Manage-
ment, Vietnam National University of Forestry), and Mr. Ly Ta Chun (K59—For-
est Resource and Environmental Management, Vietnam National University of 
Forestry) for their help with fieldwork and species identification. We thank Dr. 
Joseph B Fontaine for his contribution to the original research design.

Authors’ contributions
NJE, MEA, and PTT developed the research aims and methods. PTT conducted 
the fieldwork with some assistance from NJE. All authors contributed to data 
analyses, interpretation, and write-up of the research.

Funding
This research was funded by a PhD scholarship to TTP from Murdoch Uni-
versity and the Vietnamese Government (VIED program), and field logistical 
support from Murdoch University.

Availability of data and materials
The data that support this study will be shared upon reasonable request to 
the lead author.

Declarations

Ethics approval and consent to participate
PTT obtained all necessary permissions to conduct field research in Vietnam.

Consent for publication
All authors consent to publication.

Competing interests
The authors declare they have no competing interests.

Author details
1 Environmental and Conservation Sciences, Murdoch University, Murdoch, WA 
6150, Australia. 2 Faculty of Forest Resource and Environmental Management, 
Vietnam National University of Forestry, Xuan Mai, Chuong My, Hanoi, Vietnam. 

Received: 28 April 2023   Accepted: 8 July 2023

References
Alexander, J.D., N.E. Seavy, C.J. Ralph, and B. Hogoboom. 2006. Vegetation and 

topographical correlates of fire severity from two fires in the Klamath-
Siskiyou region of Oregon and California. International Journal of 
Wildland Fire 15 (2): 237–245. https://​doi.​org/​10.​1071/​WF050​53.

Averyanov, L.V., P.K. Loc, N.T. Hiep, and D.K. Harder. 2003. Phytogeographic 
review of Vietnam and adjacent areas of Eastern Indochina. Komarovia 
3: 1–83.

Balch, J.K., T.J. Massad, P.M. Brando, D.C. Nepstad, and L.M. Curran. 2013. Effects 
of high-frequency understorey fires on woody plant regeneration in 
southeastern Amazonian forests. Philosophical Transactions of the Royal 
Society b: Biological Sciences 368 (1619): 20120157. https://​doi.​org/​10.​
1098/​rstb.​2012.​0157.

Balch, J.K., P.M. Brando, D.C. Nepstad, M.T. Coe, D. Silvério, T.J. Massad, E.A. 
Davidson, P. Lefebvre, C. Oliveira-Santos, W. Rocha, R.T.S. Cury, A. 
Parsons, and K.S. Carvalho. 2015. The susceptibility of southeastern 
Amazon forests to fire: Insights from a large-scale burn experiment. 
BioScience 65 (9): 893–905. https://​doi.​org/​10.​1093/​biosci/​biv106.

Ban, N.T. 2003. Checklist for flora of Vietnam. Agricultural Publishing, Hanoi, 
Vietnam. 2: p. 1203 (in Vietnamese).

Ban, N.T. 2005. Checklist for Flora of Vietnam. Agricultural Publishing, Hanoi, 
Vietnam. 3: p. 1248 (in Vietnamese).

Barlow, J., and C.A. Peres. 2008. Fire-mediated dieback and compositional 
cascade in an Amazonian forest. Philosophical Transactions of the Royal 
Society b: Biological Sciences 363 (1498): 1787–1794. https://​doi.​org/​10.​
1098/​rstb.​2007.​0013.

Bellingham, P.J., and A.D. Sparrow. 2000. Resprouting as a life history strategy 
in woody plant communities. Oikos 89 (2): 409–416. https://​doi.​org/​10.​
1034/j.​1600-​0706.​2000.​890224.x.

Bond, W.J., and J.J. Midgley. 2001. Ecology of sprouting in woody plants: The 
persistence niche. Trends in Ecology & Evolution 16 (1): 45–51. https://​doi.​
org/​10.​1016/​S0169-​5347(00)​02033-4.

Bowman, D.M.J.S., J. Balch, P. Artaxo, W.J. Bond, M.A. Cochrane, C.M. D’antonio, 
R. DeFries, F.H. Johnston, J.E. Keeley, M.A. Krawchuk, C.A. Kull, M. Mack, 
M.A. Moritz, S. Pyne, C.I. Roos, A.C. Scott, N.S. Sodhi, and T.W. Swet-
nam. 2011. The human dimension of fire regimes on Earth. Journal of 
Biogeography 38 (12): 2223–2236. https://​doi.​org/​10.​1111/j.​1365-​2699.​
2011.​02595.x.

Brando, P.M., D.C. Nepstad, J.K. Balch, B. Bolker, M.C. Christman, M. Coe, and F.E. 
Putz. 2012. Fire-induced tree mortality in a neotropical forest: The roles 
of bark traits, tree size, wood density and fire behavior. Global Change 
Biology 18 (2): 630–641. https://​doi.​org/​10.​1111/j.​1365-​2486.​2011.​
02533.x.

Brando, P.M., J.K. Balch, D.C. Nepstad, D.C. Morton, F.E. Putz, M.T. Coe, D. 
Silvério, M.N. Macedo, E.A. Davidson, C.C. Nóbrega, A. Alencar, and B.S. 
Soares-Filho. 2014. Abrupt increases in Amazonian tree mortality due 
to drought–fire interactions. Proceedings of the National Academy of Sci-
ences 111 (17): 6347–6352. https://​doi.​org/​10.​1073/​pnas.​13054​99111.

Bueno, A., and L.D. Llambí. 2015. Facilitation and edge effects influence 
vegetation regeneration in old-fields at the tropical Andean forest line. 
Applied Vegetation Science 18 (4): 613–623. https://​doi.​org/​10.​1111/​avsc.​
12186.

Carpenter, J. K., C.F.J. O’Donnell, E. Moltchanova, and D. Kelly. 2019. Long seed 
dispersal distances by an inquisitive flightless rail (Gallirallus australis) 
are reduced by interaction with humans. Royal Society open science 6(8): 
190397. https://​doi.​org/​10.​1098/​rsos.​190397

Chuc, N.T., P. Singh, K. Srinivas, A. Ramakrishna, N.T. Chinh, N.V. Thang, S.P. Wani, 
and T.D. Long. 2006. Yield Gap Analysis of Major Rainfed Crops of Northern 
Vietnam Using Simulation Modeling. Global Theme on Agroecosystems 
Report No. 26 Patancheru 502 324. International Crops Research Insti-
tute for the Semi-Arid Tropics. Andhra Pradesh, India.

Cochrane, M.A. 2003. Fire science for rainforests. Nature 421 (6926): 913. 
https://​doi.​org/​10.​1038/​natur​e01437.

Cochrane, M.A., and C.P. Barber. 2009. Climate change, human land use and 
future fires in the Amazon. Global Change Biology 15 (3): 601–612. 
https://​doi.​org/​10.​1111/j.​1365-​2486.​2008.​01786.x.

Cochrane, M.A., and M.D. Schulze. 1999. Fire as a recurrent event in tropical 
forests of the eastern Amazon: Effects on forest structure, biomass, and 
species composition. Biotropica 31 (1): 2–16. https://​doi.​org/​10.​1111/j.​
1744-​7429.​1999.​tb001​12.x.

Corlett, R.T. 2016. The impacts of droughts in tropical forests. Trends in Plant 
Science 21 (7): 584–593. https://​doi.​org/​10.​1016/j.​tplan​ts.​2016.​02.​003.

Peck, J.E. 2021. Multivariate analysis for ecologists: step-by-step. Glenden Beach, 
Oregon, USA: MjM Software Design.

Primack, R.B. and Corlett, R.T. 2005. Tropical rain forests: An ecological and 
biogeographical comparison. John Wiley & Sons. p. 319

Crotteau, J.S., J.M. Varner III., and M.W. Ritchie. 2013. Post-fire regeneration 
across a fire severity gradient in the southern Cascades. Forest Ecology 
and Management 287: 103–112. https://​doi.​org/​10.​1016/j.​foreco.​2012.​
09.​022.

Cubiña, A., and T.M. Aide. 2001. The effect of distance from forest edge on seed 
rain and soil seed bank in a tropical pasture. Biotropica 33 (2): 260–267. 
https://​doi.​org/​10.​1111/j.​1744-​7429.​2001.​tb001​77.x.

Cury, R.T.S., C. Montibeller-Santos, J.K. Balch, P.M. Brando, and J.M.D. Torezan. 
2020. Effects of fire frequency on seed sources and regeneration in 
Southeastern Amazonia. Frontiers in Forests and Global Change 3: 82. 
https://​doi.​org/​10.​3389/​ffgc.​2020.​00082.

De Cáceres, M., and P. Legendre. 2009. Associations between species and 
groups of sites: Indices and statistical inference. Ecology 90 (12): 
3566–3574. https://​doi.​org/​10.​1890/​08-​1823.1.

de Oliveira, M.T., G.A. Damasceno-Junior, A. Pott, A.C.P. Filho, Y.R. Suarez, and P. 
Parolin. 2014. Regeneration of riparian forests of the Brazilian Pantanal 
under flood and fire influence. Forest Ecology and Management 331: 
256–263. https://​doi.​org/​10.​1016/j.​foreco.​2014.​08.​011.

Department of Forest Protection. 2019. Forest fire database in Vietnam. Avail-
able at: http://​www.​kieml​am.​org.​vn/. Accessed July 6, 2020.

https://doi.org/10.1071/WF05053
https://doi.org/10.1098/rstb.2012.0157
https://doi.org/10.1098/rstb.2012.0157
https://doi.org/10.1093/biosci/biv106
https://doi.org/10.1098/rstb.2007.0013
https://doi.org/10.1098/rstb.2007.0013
https://doi.org/10.1034/j.1600-0706.2000.890224.x
https://doi.org/10.1034/j.1600-0706.2000.890224.x
https://doi.org/10.1016/S0169-5347(00)02033-4
https://doi.org/10.1016/S0169-5347(00)02033-4
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1111/j.1365-2486.2011.02533.x
https://doi.org/10.1111/j.1365-2486.2011.02533.x
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1111/avsc.12186
https://doi.org/10.1111/avsc.12186
https://doi.org/10.1098/rsos.190397
https://doi.org/10.1038/nature01437
https://doi.org/10.1111/j.1365-2486.2008.01786.x
https://doi.org/10.1111/j.1744-7429.1999.tb00112.x
https://doi.org/10.1111/j.1744-7429.1999.tb00112.x
https://doi.org/10.1016/j.tplants.2016.02.003
https://doi.org/10.1016/j.foreco.2012.09.022
https://doi.org/10.1016/j.foreco.2012.09.022
https://doi.org/10.1111/j.1744-7429.2001.tb00177.x
https://doi.org/10.3389/ffgc.2020.00082
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1016/j.foreco.2014.08.011
http://www.kiemlam.org.vn/


Page 16 of 18Trang et al. Fire Ecology           (2023) 19:47 

Díaz-Delgado, R., F. Lloret, X. Pons, and J. Terradas. 2002. Satellite evidence of 
decreasing resilience in Mediterranean plant communities after recur-
rent wildfires. Ecology 83 (8): 2293–2303. https://​doi.​org/​10.​1890/​0012-​
9658(2002)​083[2293:​SEODRI]​2.0.​CO;2.

Do, T.V., A. Osawa, N.T. Thang, N.B. Van, B.T. Hang, C.Q. Khanh, L.T. Thao, and D.X. 
Tuan. 2011. Population changes of early successional forest species 
after shifting cultivation in Northwestern Vietnam. New Forests 41 (2): 
247–262. https://​doi.​org/​10.​1007/​s11056-​010-​9225-9.

Doanh, L.S., and T.Q. Bao. 2014. Impact of climate change on forest fire risk in 
Vietnam. Journal of Agriculture and Rural Development 7: 113–118.

Donaldson, J., I. Nänni, C. Zachariades, and J. Kemper. 2002. Effects of habitat 
fragmentation on pollinator diversity and plant reproductive success 
in renosterveld shrublands of South Africa. Conservation Biology 16 (5): 
1267–1276. https://​doi.​org/​10.​1046/j.​1523-​1739.​2002.​99515.x.

Donato, D.C., J.B. Fontaine, J.L. Campbell, W.D. Robinson, J.B. Kauffman, and 
B.E. Law. 2009. Conifer regeneration in stand-replacement portions 
of a large mixed-severity wildfire in the Klamath-Siskiyou Mountains. 
Canadian Journal of Forest Research 39 (4): 823–838. https://​doi.​org/​10.​
1139/​X09-​016.

Eastman, J.R. 2016. TerrSet Geospatial Monitoring and Modeling System–Manual. 
Clark University: Worcester, MA, USA, 345-389. Available at: https://​clark​
labs.​org/​wp-​conte​nt/​uploa​ds/​2016/​10/​Terrs​et-​Manual.​pdf. Accessed 
10 Mar 2018.

Estoque, R.C., M. Ooba, V. Avitabile, Y. Hijioka, R. DasGupta, T. Togawa, and Y. 
Murayama. 2019. The future of Southeast Asia’s forests. Nature Commu-
nications 10 (1): 1–12. https://​doi.​org/​10.​1038/​s41467-​019-​09646-4.

Faith, D.P., P.R. Minchin, and L. Belbin. 1987. Compositional dissimilarity as a 
robust measure of ecological distance. Vegetatio 69 (1): 57–68. https://​
doi.​org/​10.​1007/​BF000​38687.

Falk, D.A., P.J. van Mantgem, J.E. Keeley, R.M. Gregg, C.H. Guiterman, A.J. Tepley, 
D.J.N. Young, L.A. Marshall. 2022. Mechanisms of forest resilience. Forest 
ecology and management 512: p. 120129. https://​doi.​org/​10.​1016/j.​
foreco.​2022.​120129.

Fang, L., J. Yang, M. White, and Z. Liu. 2018. Predicting potential fire severity 
using vegetation, topography and surface moisture availability in a 
Eurasian boreal forest landscape. Forests 9 (3): 130. https://​doi.​org/​10.​
3390/​f9030​130.

Ghermandi, L., S. Gonzalez, M.N. Lescano, and F. Oddi. 2013. Effects of fire 
severity on early recovery of Patagonian steppes. International Journal 
of Wildland Fire 22 (8): 1055–1062. https://​doi.​org/​10.​1071/​WF121​98.

Gill, A.M. 1975. Fire and the Australian flora: A review. Australian Forestry 38 (1): 
4–25. https://​doi.​org/​10.​1080/​00049​158.​1975.​10675​618.

Gill, N.S., T.J. Hoecker, and M.G. Turner. 2021. The propagule doesn’t fall far from 
the tree, especially after short‐interval, high‐severity fire. Ecology 102(1): 
p. e03194. https://​doi.​org/​10.​1002/​ecy.​3194

Goldammer, J.G. 1999. Forests on fire. Science 284 (5421): 1782–1783. https://​
doi.​org/​10.​1126/​scien​ce.​284.​5421.​1782a.

Goldammer, J.G. 2007. History of equatorial vegetation fires and fire research 
in Southeast Asia before the 1997–98 episode: A reconstruction 
of creeping environmental changes. Mitigation and Adaptation 
Strategies for Global Change 12 (1): 13–32. https://​doi.​org/​10.​1007/​
s11027-​006-​9044-7.

Halpern, C.B., and J.A. Antos. 2021. Rates, patterns, and drivers of tree reinva-
sion 15 years after large‐scale meadow‐restoration treatments. Restora-
tion ecology 29(5): p. e13377. https://​doi.​org/​10.​1111/​rec.​13377

Harris, L., and A.H. Taylor. 2017. Previous burns and topography limit and 
reinforce fire severity in a large wildfire. Ecosphere 8(11): e02019. https://​
doi.​org/​10.​1002/​ecs2.​2019

Hart, S.C., T.H. DeLuca, G.S. Newman, M.D. MacKenzie, and S.I. Boyle. 2005. Post-
fire vegetative dynamics as drivers of microbial community structure 
and function in forest soils. Forest Ecology and Management 220 (1–3): 
166–184. https://​doi.​org/​10.​1016/j.​foreco.​2005.​08.​012.

Hill, R.S., and J. Read. 1984. Post-fire regeneration of rainforest and mixed 
forest in western Tasmania. Australian Journal of Botany 32(5): 
481‒493. https://​doi.​org/​10.​1071/​BT984​0481

Ho, P.H. 1999. Cay co Vietnam. An Illustrated Flora of Vietnam (Vol. 1). Youth 
Publishing House, Ho Chi Minh City, Vietnam. p. 271.

Hoang Lien National Park. 2020. List of vascular plants in Hoang Lien National 
Park. Available at: https://​vqghl.​laocai.​gov.​vn/​1258/​28490/​45810/​
256539/​danh-​luc-​thuc-​vat/​danh-​luc-​thuc-​vat-​co-​mach-o-​vqg-​hoang-​
lien. Accessed September 10, 2020.

Hoecker, T.J., and M.G. Turner. 2022. A short-interval reburn catalyzes depar-
tures from historical structure and composition in a mesic mixed-
conifer forest. Forest ecology and management 504: 119814. https://​doi.​
org/​10.​1016/j.​foreco.​2021.​119814

Hoffmann, W.A., V.M.P.C. Lucatelli, F.J. Silva, I.N.C. Azeuedo, M.S. Marinho, A.M.S. 
Albuquerque, A.O. Lopes, and S.P. Moreira. 2004. Impact of the invasive 
alien grass Melinis minutiflora at the savanna-forest ecotone in the 
Brazilian Cerrado. Diversity and Distributions 10 (2): 99–103. https://​doi.​
org/​10.​1111/j.​1366-​9516.​2004.​00063.x.

Holl, K.D., M.E. Loik, E.H.V. Lin, and I.A. Samuels. 2000. Tropical montane forest 
restoration in Costa Rica: Overcoming barriers to dispersal and estab-
lishment. Restoration Ecology 8 (4): 339–349. https://​doi.​org/​10.​1046/j.​
1526-​100x.​2000.​80049.x.

Hooper, E.R., P. Legendre, and R. Condit. 2004. Factors affecting community 
composition of forest regeneration in deforested, abandoned land in 
Panama. Ecology 85 (12): 3313–3326. https://​doi.​org/​10.​1890/​03-​0655.

Hughes, A.C. 2017. Understanding the drivers of Southeast Asian biodiversity 
loss. Ecosphere 8(1): e01624. https://​doi.​org/​10.​1002/​ecs2.​1624

Hutchinson, T.F., D.A. Yaussy, R.P. Long, J. Rebbeck, and E.K. Sutherland. 2012. 
Long-term (13-year) effects of repeated prescribed fires on stand 
structure and tree regeneration in mixed-oak forests. Forest Ecology and 
Management 286: 87–100. https://​doi.​org/​10.​1016/j.​foreco.​2012.​08.​036.

Juárez-Orozco, S.M., C. Siebe, and D. Fernández y Fernández. 2017. Causes and 
effects of forest fires in tropical rainforests: A bibliometric approach. 
Tropical Conservation Science 10: 1940082917737207. https://​doi.​org/​10.​
1177/​19400​82917​737207.

Kane, V.R., J.A. Lutz, C.A. Cansler, N.A. Povak, D.J. Churchill, D.F. Smith, J.T. Kane, 
and M.P. North. 2015. Water balance and topography predict fire and 
forest structure patterns. Forest Ecology and Management 338: 1–13. 
https://​doi.​org/​10.​1016/j.​foreco.​2014.​10.​038.

Kauffman, J.B. 1991. Survival by sprouting following fire in tropical forests of 
the eastern Amazon. Biotropica 23 (3): 219–224. https://​doi.​org/​10.​
2307/​23881​98.

Kauffman, J.B., and C. Uhl. 1990. Interactions of anthropogenic activities, fire, 
and rain forests in the Amazon Basin. In Fire in the tropical biota, ed. J.G. 
Goldammer, 117–134. Berlin: Springer.

Keeley, J.E., J.G. Pausas, P.W. Rundel, W.J. Bond, and R.A. Bradstock. 2011. Fire as 
an evolutionary pressure shaping plant traits. Trends in Plant Science 16 
(8): 406–411. https://​doi.​org/​10.​1016/j.​tplan​ts.​2011.​04.​002.

Kennard, D.K., K.A. Gould, F.E. Putz, T.S. Fredericksen, and F. Morales. 2002. Effect 
of disturbance intensity on regeneration mechanisms in a tropical dry 
forest. Forest Ecology and Management 162 (2–3): 197–208. https://​doi.​
org/​10.​1016/​S0378-​1127(01)​00506-0.

Le, T.H., T.N.T. Nguyen, K. Lasko, S. Ilavajhala, P.V. Krishna, and C. Justice. 2014. 
Vegetation fires and air pollution in Vietnam. Environmental Pollution 
195: 267–275. https://​doi.​org/​10.​1016/j.​envpol.​2014.​07.​023.

Lenth, R., H. Singmann, J. Love, Buerkner, and M. Herve. 2019. ‘emmeans’ R 
package version, 1(3,2). Vienna: R Core Team.

Lentile, L.B., P. Morgan, A.T. Hudak, M.J. Bobbitt, S.A. Lewis, A.M.S. Smith, and 
P.R. Robichaud. 2007. Post-fire burn severity and vegetation response 
following eight large wildfires across the western United States. Fire 
Ecology 3 (1): 91–108. https://​doi.​org/​10.​4996/​firee​cology.​03010​91.

López-Poma, R., and S. Bautista. 2014. Plant regeneration functional groups 
modulate the response to fire of soil enzyme activities in a Mediterra-
nean shrubland. Soil Biology and Biochemistry 79: 5–13. https://​doi.​org/​
10.​1016/j.​soilb​io.​2014.​08.​016.

Martins, F.S.R.V., H.A.M. Xaud, J.R. dos Santos, and L.S. Galvão. 2012. Effects of 
fire on above-ground forest biomass in the northern Brazilian Amazon. 
Journal of Tropical Ecology 28 (6): 591–601. https://​doi.​org/​10.​1017/​
S0266​46741​20006​36.

Mayke, B.C., L.F.T. Menezes, and M.T. Nascimento. 2017. Post-fire regeneration 
in seasonally dry tropical forest fragments in southeastern Brazil. Anais 
Da Academia Brasileira De Ciencias 89 (4): 2687–2695. https://​doi.​org/​10.​
1590/​0001-​37652​01720​160728.

McCune, B., and J.B. Grace. 2002. Analysis of ecological communities. MjM soft-
ware design, Gleneden Beach, Oregon, USA. p. 300.

McCune, B., and M.J. Mefford. 1999. PC-ORD multivariate analysis of ecological 
data. Version 4. MjM Software Design, Gleneden Beach, Oregon, USA.

Mesquita, R.C.G., K. Ickes, G. Ganade, and G.B. Williamson. 2001. Alternative 
successional pathways in the Amazon Basin. Journal of Ecology 89 (4): 
528–537. https://​doi.​org/​10.​1046/j.​1365-​2745.​2001.​00583.x.

https://doi.org/10.1890/0012-9658(2002)083[2293:SEODRI]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2293:SEODRI]2.0.CO;2
https://doi.org/10.1007/s11056-010-9225-9
https://doi.org/10.1046/j.1523-1739.2002.99515.x
https://doi.org/10.1139/X09-016
https://doi.org/10.1139/X09-016
https://clarklabs.org/wp-content/uploads/2016/10/Terrset-Manual.pdf
https://clarklabs.org/wp-content/uploads/2016/10/Terrset-Manual.pdf
https://doi.org/10.1038/s41467-019-09646-4
https://doi.org/10.1007/BF00038687
https://doi.org/10.1007/BF00038687
https://doi.org/10.1016/j.foreco.2022.120129
https://doi.org/10.1016/j.foreco.2022.120129
https://doi.org/10.3390/f9030130
https://doi.org/10.3390/f9030130
https://doi.org/10.1071/WF12198
https://doi.org/10.1080/00049158.1975.10675618
https://doi.org/10.1002/ecy.3194
https://doi.org/10.1126/science.284.5421.1782a
https://doi.org/10.1126/science.284.5421.1782a
https://doi.org/10.1007/s11027-006-9044-7
https://doi.org/10.1007/s11027-006-9044-7
https://doi.org/10.1111/rec.13377
https://doi.org/10.1002/ecs2.2019
https://doi.org/10.1002/ecs2.2019
https://doi.org/10.1016/j.foreco.2005.08.012
https://doi.org/10.1071/BT9840481
https://vqghl.laocai.gov.vn/1258/28490/45810/256539/danh-luc-thuc-vat/danh-luc-thuc-vat-co-mach-o-vqg-hoang-lien
https://vqghl.laocai.gov.vn/1258/28490/45810/256539/danh-luc-thuc-vat/danh-luc-thuc-vat-co-mach-o-vqg-hoang-lien
https://vqghl.laocai.gov.vn/1258/28490/45810/256539/danh-luc-thuc-vat/danh-luc-thuc-vat-co-mach-o-vqg-hoang-lien
https://doi.org/10.1016/j.foreco.2021.119814
https://doi.org/10.1016/j.foreco.2021.119814
https://doi.org/10.1111/j.1366-9516.2004.00063.x
https://doi.org/10.1111/j.1366-9516.2004.00063.x
https://doi.org/10.1046/j.1526-100x.2000.80049.x
https://doi.org/10.1046/j.1526-100x.2000.80049.x
https://doi.org/10.1890/03-0655
https://doi.org/10.1002/ecs2.1624
https://doi.org/10.1016/j.foreco.2012.08.036
https://doi.org/10.1177/1940082917737207
https://doi.org/10.1177/1940082917737207
https://doi.org/10.1016/j.foreco.2014.10.038
https://doi.org/10.2307/2388198
https://doi.org/10.2307/2388198
https://doi.org/10.1016/j.tplants.2011.04.002
https://doi.org/10.1016/S0378-1127(01)00506-0
https://doi.org/10.1016/S0378-1127(01)00506-0
https://doi.org/10.1016/j.envpol.2014.07.023
https://doi.org/10.4996/fireecology.0301091
https://doi.org/10.1016/j.soilbio.2014.08.016
https://doi.org/10.1016/j.soilbio.2014.08.016
https://doi.org/10.1017/S0266467412000636
https://doi.org/10.1017/S0266467412000636
https://doi.org/10.1590/0001-3765201720160728
https://doi.org/10.1590/0001-3765201720160728
https://doi.org/10.1046/j.1365-2745.2001.00583.x


Page 17 of 18Trang et al. Fire Ecology           (2023) 19:47 	

Miller, P.M., and J.B. Kauffman. 1998. Seedling and sprout response to slash-
and-burn agriculture in a tropical deciduous forest. Biotropica 30 (4): 
538–546. https://​doi.​org/​10.​1111/j.​1744-​7429.​1998.​tb000​94.x.

Miller, J.D., H.D. Safford, M.A. Crimmins, and A.E. Thode. 2009. Quantitative 
evidence for increasing forest fire severity in the Sierra Nevada and 
southern Cascade Mountains, California and Nevada, USA. Ecosystems 
12 (1): 16–32. https://​doi.​org/​10.​1007/​s10021-​008-​9201-9.

Ministry of Agriculture and Rural Development. 2016. National forest inventory 
map. Ministry of Agriculture and Development, Hanoi, Vietnam: Unpub-
lished document.

Molino, J.-F., and D. Sabatier. 2001. Tree diversity in tropical rain forests: A 
validation of the intermediate disturbance hypothesis. Science 294: 
1702–1704. https://​doi.​org/​10.​1126/​Scien​ce.​10602​84.

Mueller-Dombois, D. 1981. Fire in tropical ecosystems. p. 137-176. In Fire 
regimes and ecosystem properties, ed. H.A. Mooney, T.M. Bonnicksen, 
N.L. Christensen, J.E. Lotan, and W. A. Reiners. Gen. Tech. Rep. WO-26. 
Washington, DC: U.S. Forest Service, Department of Agriculture.

Naniwadekar, R., S. Chaplod, A. Datta, A. Rathore, and H. Sridhar. 2019. Large 
frugivores matter: Insights from network and seed dispersal effective-
ness approaches. Journal of Animal Ecology 88 (8): 1250–1262. https://​
doi.​org/​10.​1111/​1365-​2656.​13005.

Numata, I., M.A. Cochrane, and L.S. Galvão. 2011. Analyzing the impacts of 
frequency and severity of forest fire on the recovery of disturbed forest 
using Landsat time series and EO-1 Hyperion in the Southern Brazilian 
Amazon. Earth Interactions 15 (13): 1–17. https://​doi.​org/​10.​1175/​2010E​
I372.1.

Numata, I., S.S. Silva, M.A. Cochrane, and M.V.N. d’Oliveira. 2017. Fire and edge 
effects in a fragmented tropical forest landscape in the southwestern 
Amazon. Forest Ecology and Management 401: 135–146. https://​doi.​org/​
10.​1016/j.​foreco.​2017.​07.​010.

Numata, S., K. Yamaguchi, M. Shimizu, G. Sakurai, A. Morimoto, N. Alias, 
N.Z.N. Azman, T. Hosaka, and A. Satake. 2022. Impacts of climate 
change on reproductive phenology in tropical rainforests of South-
east Asia. Communications Biology 5: 311. https://​doi.​org/​10.​1038/​
s42003-​022-​03245-8.

Oakman, E.C., D.L. Hagan, T.A. Waldrop, and K. Barrett. 2021. Understory com-
munity shifts in response to repeated fire and fire surrogate treatments 
in the southern Appalachian Mountains, USA. Fire Ecology 17 (1): 1–15. 
https://​doi.​org/​10.​1186/​s42408-​021-​00097-1.

Odion, D.C., M.A. Moritz, and D.A. DellaSala. 2010. Alternative community states 
maintained by fire in the Klamath Mountains, USA. Journal of Ecology 98 
(1): 96–105. https://​doi.​org/​10.​1111/j.​1365-​2745.​2009.​01597.x.

Owen, S.M., C.H. Sieg, A.J.S. Meador, P.Z. Fulé, J.M. Iniguez, L.S. Baggett, P.J. 
Fornwalt, and M.A. Battaglia. 2017. Spatial patterns of ponderosa pine 
regeneration in high-severity burn patches. Forest Ecology and Manage-
ment 405: 134–149. https://​doi.​org/​10.​1016/j.​foreco.​2017.​09.​005.

Phuong, V.T., H.V. Anh, N.N. Lung, D.D. Sam, N.D. Ky, and T.V. Lien. 2012. Forest 
ecological stratification in Vietnam. Hanoi, Vietnam: Techniques and Sci-
ence Publishing House.

Pinard, M.A., F.E. Putz, and J.C. Licona. 1999. Tree mortality and vine prolifera-
tion following a wildfire in a subhumid tropical forest in eastern Bolivia. 
Forest Ecology and Management 116 (1–3): 247–252. https://​doi.​org/​10.​
1016/​S0378-​1127(98)​00447-2.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, S. Heisterkamp, B. Van Willigen, J. 
Ranke, and R. Maintainer. 2021. ‘nlme’: Linear and nonlinear mixed effects 
models. R package version, 3.1-152. R Core Team, Vienna, Austria.

Prestes, N.C.C.S., K.G. Massi, E.A. Silva, D.S. Nogueira, E.A. de Oliveira, R. Freitag, 
B.S. Marimon, B.H. Marimon-Junior, M. Keller, and T.R. Feldpausch. 2020. 
Fire effects on understory forest regeneration in southern Amazonia. 
Frontiers in Forests and Global Change 3: 1493. https://​doi.​org/​10.​3389/​
ffgc.​2020.​00010.

Ribeiro, M.B.N., E.M. Bruna, and W. Mantovani. 2010. Influence of post-clearing 
treatment on the recovery of herbaceous plant communities in Ama-
zonian secondary forests. Restoration Ecology 18: 50–58. https://​doi.​org/​
10.​1111/j.​1526-​100X.​2010.​00715.x.

Riedel, S.M., and H.E. Epstein. 2005. Edge effects on vegetation and soils in a 
Virginia old-field. Plant and Soil 270 (1): 13–22. https://​doi.​org/​10.​1007/​
s11104-​004-​1012-y.

Rother, M.T., and T.T. Veblen. 2016. Limited conifer regeneration following 
wildfires in dry ponderosa pine forests of the Colorado Front Range. 
Ecosphere 7(12): e01594. https://​doi.​org/​10.​1002/​ecs2.​1594

Rueangket, A., P. Duengkae, S. Thinkampheang, N.J. Enright, and D. Marod. 
2021. Fruit Traits of Tree Species in Lower Montane Rainforest at 
Suthep-Pui,northernThailand. Journal of tropicalecology 37: 240–251. 
https://​doi.​org/​10.​1017/​S0266​46742​10003​77.

Sehgal, J. 1989. Classification and correlation of the Vietnamese soils. A technical 
report. Project VIE/86/024: Strenghtening of the National Institute for 
Agriculturral planning and projections, Hanoi, Vietnam. Available at 
https://​www.​fao.​org/3/​as060e/​as060e.​pdf. Accessed September 30, 
2021.

Slik, J.W.F., C.S. Bernard, M. Van Beek, F.C. Breman, and K.A.O. Eichhorn. 2008. 
Tree diversity, composition, forest structure and aboveground biomass 
dynamics after single and repeated fire in a Bornean rain forest. Oecolo-
gia 158 (3): 579–588. https://​doi.​org/​10.​1007/​s00442-​008-​1163-2.

Smith, D.M., and P.M.S. Ashton. 1997. The practice of silviculture applied forest 
ecology. New York: John Wiley & Sons.

Sodhi, N.S., M.R.C. Posa, T.M. Lee, D. Bickford, L.P. Koh, and B.W. Brook. 2010. 
The state and conservation of Southeast Asian biodiversity. Biodi-
versity and Conservation 19 (2): 317–328. https://​doi.​org/​10.​1007/​
s10531-​009-​9607-5.

Stevens-Rumann, C.S., and P. Morgan. 2019. Tree regeneration following wild-
fires in the western US: A review. Fire Ecology 15 (1): 1–17. https://​doi.​
org/​10.​1186/​s42408-​019-​0032-1.

Stibig, H.J., F. Achard, S. Carboni, R. Raši, and J. Miettinen. 2013. Change in tropi-
cal forest cover of Southeast Asia from 1990 to 2010. Biogeosciences 
Discuss 10: 12625–12653. https://​doi.​org/​10.​5194/​bgd-​10-​12625-​2013.

Strand, E.K., K.L. Satterberg, A.T. Hudak, J. Byrne, A.H. Khalyani, and A.M.S. Smith. 
2019. Does burn severity affect plant community diversity and compo-
sition in mixed conifer forests of the United States Intermountain West 
one decade post fire? Fire Ecology 15 (1): 1–22. https://​doi.​org/​10.​1186/​
s42408-​019-​0038-8.

Swaine, M.D. 1992. Characteristics of dry forest in West Africa and the influence 
of fire. Journal of Vegetation Science 3 (3): 365–374. https://​doi.​org/​10.​
2307/​32357​62.

Teegalapalli, K., and A. Datta. 2016. Field to a forest: Patterns of forest recovery 
following shifting cultivation in the Eastern Himalaya. Forest Ecology 
and Management 364: 173–182. https://​doi.​org/​10.​1016/j.​foreco.​2016.​
01.​006.

Tesfaye, G., D. Teketay, Y. Assefa, and M. Fetene. 2004. The impact of fire on 
the soil seed bank and regeneration of Harenna forest. Southeastern 
Ethiopia. Mountain Research and Development 24 (4): 354–361. https://​
doi.​org/​10.​1659/​0276-​4741(2004)​024[0354:​TIOFOT]​2.0.​CO;2.

Tessler, N., L. Wittenberg, E. Provizor, and N. Greenbaum. 2014. The influence 
of short-interval recurrent forest fires on the abundance of Aleppo 
pine (Pinus halepensis Mill.) on Mount Carmel. Israel. Forest Ecology 
and Management 324: 109–116. https://​doi.​org/​10.​1016/j.​foreco.​
2014.​02.​014.

Trang, P.T., M.E. Andrew, T. Chu, and N.J. Enright. 2022. Forest fire and its key 
drivers in the tropical forests of northern Vietnam. International Journal 
of Wildland Fire 31 (3): 213–229. https://​doi.​org/​10.​1071/​WF210​78.

Turner, M.G., W.H. Romme, R.H. Gardner, and W.W. Hargrove. 1997. Effects of 
fire size and pattern on early succession in Yellowstone National Park. 
Ecological Monographs 67 (4): 411–433. https://​doi.​org/​10.​1890/​0012-​
9615(1997)​067[0411:​EOFSAP]​2.0.​CO;2.

Turner, M.G., W.L. Baker, C.J. Peterson, and R.K. Peet. 1998. Factors influencing 
succession: Lessons from large, infrequent natural disturbances. Ecosys-
tems 1 (6): 511–523. https://​doi.​org/​10.​1007/​s1002​19900​047.

Uhl, C., and J.B. Kauffman. 1990. Deforestation, fire susceptibility, and potential 
tree responses to fire in the eastern Amazon. Ecology 71 (2): 437–449. 
https://​doi.​org/​10.​2307/​19402​99.

Uhl, C., K. Clark, H. Clark, and P. Murphy. 1981. Early plant succession after cut-
ting and burning in the upper Rio Negro region of the Amazon basin. 
The Journal of Ecology 69 (2): 631–649. https://​doi.​org/​10.​2307/​22596​89.

Van, N.K. 2015. Climatic zoning of the Bac Bo mountainous provinces and 
Western Thanh Nghe (in Vietnamese). Vietnam Journal of Earth Sciences 
37 (3): 204–212.

van Breugel, M., F. Bongers, and M. Martınez-Ramos. 2007. Species dynamics 
during early secondary forest succession: Recruitment, mortality and 
species turnover. Biotropica 35: 610–619. https://​doi.​org/​10.​1111/j.​1744-​
7429.​2007.​00316.x.

Veldman, J.W., and F.E. Putz. 2011. Grass-dominated vegetation, not species-
diverse natural savanna, replaces degraded tropical forests on the 

https://doi.org/10.1111/j.1744-7429.1998.tb00094.x
https://doi.org/10.1007/s10021-008-9201-9
https://doi.org/10.1126/Science.1060284
https://doi.org/10.1111/1365-2656.13005
https://doi.org/10.1111/1365-2656.13005
https://doi.org/10.1175/2010EI372.1
https://doi.org/10.1175/2010EI372.1
https://doi.org/10.1016/j.foreco.2017.07.010
https://doi.org/10.1016/j.foreco.2017.07.010
https://doi.org/10.1038/s42003-022-03245-8
https://doi.org/10.1038/s42003-022-03245-8
https://doi.org/10.1186/s42408-021-00097-1
https://doi.org/10.1111/j.1365-2745.2009.01597.x
https://doi.org/10.1016/j.foreco.2017.09.005
https://doi.org/10.1016/S0378-1127(98)00447-2
https://doi.org/10.1016/S0378-1127(98)00447-2
https://doi.org/10.3389/ffgc.2020.00010
https://doi.org/10.3389/ffgc.2020.00010
https://doi.org/10.1111/j.1526-100X.2010.00715.x
https://doi.org/10.1111/j.1526-100X.2010.00715.x
https://doi.org/10.1007/s11104-004-1012-y
https://doi.org/10.1007/s11104-004-1012-y
https://doi.org/10.1002/ecs2.1594
https://doi.org/10.1017/S0266467421000377
https://www.fao.org/3/as060e/as060e.pdf
https://doi.org/10.1007/s00442-008-1163-2
https://doi.org/10.1007/s10531-009-9607-5
https://doi.org/10.1007/s10531-009-9607-5
https://doi.org/10.1186/s42408-019-0032-1
https://doi.org/10.1186/s42408-019-0032-1
https://doi.org/10.5194/bgd-10-12625-2013
https://doi.org/10.1186/s42408-019-0038-8
https://doi.org/10.1186/s42408-019-0038-8
https://doi.org/10.2307/3235762
https://doi.org/10.2307/3235762
https://doi.org/10.1016/j.foreco.2016.01.006
https://doi.org/10.1016/j.foreco.2016.01.006
https://doi.org/10.1659/0276-4741(2004)024[0354:TIOFOT]2.0.CO;2
https://doi.org/10.1659/0276-4741(2004)024[0354:TIOFOT]2.0.CO;2
https://doi.org/10.1016/j.foreco.2014.02.014
https://doi.org/10.1016/j.foreco.2014.02.014
https://doi.org/10.1071/WF21078
https://doi.org/10.1890/0012-9615(1997)067[0411:EOFSAP]2.0.CO;2
https://doi.org/10.1890/0012-9615(1997)067[0411:EOFSAP]2.0.CO;2
https://doi.org/10.1007/s100219900047
https://doi.org/10.2307/1940299
https://doi.org/10.2307/2259689
https://doi.org/10.1111/j.1744-7429.2007.00316.x
https://doi.org/10.1111/j.1744-7429.2007.00316.x


Page 18 of 18Trang et al. Fire Ecology           (2023) 19:47 

southern edge of the Amazon Basin. Biological Conservation 144 (5): 
1419–1429. https://​doi.​org/​10.​1016/j.​biocon.​2011.​01.​011.

Verma, S., and S. Jayakumar. 2015. Post-fire regeneration dynamics of tree 
species in a tropical dry deciduous forest, Western Ghats, India. Forest 
Ecology and Management 341: 75–82. https://​doi.​org/​10.​1016/j.​foreco.​
2015.​01.​005.

Verma, S., D. Singh, S. Mani, and S. Jayakumar. 2017. Effect of forest fire on tree 
diversity and regeneration potential in a tropical dry deciduous forest 
of Mudumalai Tiger Reserve, Western Ghats. India. Ecological Processes 6 
(1): 1–8. https://​doi.​org/​10.​1186/​s13717-​017-​0098-0.

Welch, K.R., H.D. Safford, T.P. Young. 2016. Predicting conifer establishment 
post wildfire in mixed conifer forests of the North American Mediter-
ranean‐climate zone. Ecosphere 7(12): e01609. https://​doi.​org/​10.​1002/​
ecs2.​1609

WFO. 2020. World Flora Online. http://​www.​world​flora​online.​org. Accessed 
September 9, 2020.

Zhong, C. 2006. Effects of fire on major forest ecosystem processes: An over-
view. The Journal of Applied Ecology 17 (9): 1726–1732.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.biocon.2011.01.011
https://doi.org/10.1016/j.foreco.2015.01.005
https://doi.org/10.1016/j.foreco.2015.01.005
https://doi.org/10.1186/s13717-017-0098-0
https://doi.org/10.1002/ecs2.1609
https://doi.org/10.1002/ecs2.1609
http://www.worldfloraonline.org

	Burn severity and proximity to undisturbed forest drive post-fire recovery in the tropical montane forests of northern Vietnam
	Abstract 
	Background 
	Results 
	Conclusions 

	Resumen 
	Antecedentes 
	Resultados 
	Conclusiones 

	Introduction
	Methods
	Study sites
	Data collection
	Overview of analyses
	Analysis of forest structure and diversity
	Analysis of forest community composition

	Results
	General forest attributes
	Forest community composition: all plots
	Forest community composition: burned plots

	Discussion
	Time since fire
	Burn severity
	Distance to unburned forest edge
	Short interval fire

	Conclusions
	Anchor 27
	Acknowledgements
	References


