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Lack of knowledge of plant flammability has impeded the understanding
of ecological feedbacks between fire and vegetation. We measured
flammability traits of 263 woody plant species in the subtropical semi-
humid regions of China to identify plant flammability strategies and assess
the impact of fire frequency on different plant flammability syndromes
that were defined as combinations of flammability strategies of leaves
and bark. The results indicated that 40.0%, 39.1% and 20.9% of woody
plant species had hot-, fast- and low-flammable leaves, respectively, and
28.2%, 35.7% and 36.1% of species had hot-, fast- and low-flammable bark,
respectively. Tree species (47.5%) had a higher percentage of flammability
strategy separation between leaves and bark than large shrubs (19.7%) and
shrub species (18.2%). Community-level evidence showed that species with
fast- or hot-flammable leaves and bark may gain a notable advantage with
repeated fires. Structural equation models indicated that more frequently
burned forests were associated with infertile soil, shrub enrichment and
lower species richness, subsequently leading to favour on flammable plant
species. Thus, a positive feedback loop would be generated between
the dominance of flammable species in the plant communities and fire
frequency, fostering the characteristics of fire regimes in the semi-humid
evergreen broadleaved forests.

This article is part of the theme issue ‘Novel fire regimes under
climate changes and human influences: impacts, ecosystem responses and
feedbacks’.

1. Introduction
Fire frequency, as one of the fundamental characteristics of a fire regime, is
jointly determined by fuel load accumulation, fuel flammability and ignition
events, revealing ecological and evolutionary links between the fuel syndrome
and fire regime of a fire-prone ecosystem [1–3]. The impact of fire frequency
extends to ecological filtering processes that selectively favour specific traits
and species [4–6], thus playing a critical role in species coexistence, forest
structure and community assembly [5,7–9].

In a generally recognized paradigm, fire occurrence is determined by a
scale-related hierarchical framework [10]. Among regions of a similar climate,
distinct fire regimes often arise from variations in differentiated community
assembly, which is characterized by different dominant species [11,12]. For
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example, the difference in fire intensity and burned area of boreal forests between northern North America and Eurasia was
attributed to different fuel characteristics of their dominant tree species, evergreen Picea and Pinus versus deciduous Larix,
respectively [12,13]. Within the region of subtropic semi-humid climate in southwest China, the heterogenic topography also
creates a mosaic of different fire regimes, maintaining conifer forests dominated by Yunnan pine (Pinus yunnanensis) on the
sunny south slopes and ridges with more frequent fires, and evergreen broadleaved forests at the shady slopes and valley
bottom, influenced by infrequent and light-severity fires [14,15]. Vegetation plays a crucial role in influencing a fire regime
through factors such as fuel load and flammability, which are determined by multiple plant traits [7,8,16]. The feedback between
tree species and the local fire regime remains an open question. This prompts investigation into whether tree species are
selectively filtered by the local fire regime and post-fire environment, or if, conversely, tree species play an active role in driving
the divergence of fire regimes.

Limited knowledge of plant flammability traits and fire-adaptive strategies that indicate the ability of burning and flame
spreading has hindered a comprehensive understanding of the extent and underlying mechanisms of ecological feedback
between fire and vegetation [16–18]. To address this issue, Pausas et al. [17] proposed a conceptual framework that identified
three flammability strategies (non-flammable, fast-flammable and hot-flammable), with regard to the likelihood of ignition and
differentiated burning behaviours among plant species. Species of three flammability strategies exhibit distinct survival and
reproduction behaviours under recurrent fires. Non-flammable plants are rarely burned; fast-flammable plants could survive
fires and mostly resprout in post-fire communities; and hot-flammable plants have high mortality rates but exhibit post-fire
recruitment through enhanced seeding, including more effective seed regeneration, dispersal and germination [19]. Despite the
significance of these findings, there remains a notable gap in demonstrating the association between flammability strategies and
the ecological fitness of plant species [17,20].

Given that plant flammability strategies are subject to natural selection at both organ and individual levels, it is suggested
that the flammability strategies of species may differ among plant organs [17], influenced by the magnitude and frequency
of fire disturbances. Notably, canopy leaves and trunk bark are the main parts of woody plant species burned in canopy
and surface fires, respectively [21]. As fire-exposed tissues, their flammability could be considered a fire-response trait that is
susceptible to fire disturbances [22]. Therefore, investigating the differences in the flammability strategy of leaves and bark, as
well as the combinations of their strategies as plant flammability syndromes (PFSs) should enhance our understanding of plant
resilience and adaptation to varying fire disturbances. It is thus worthwhile to explore the distribution of different flammability
strategies of leaves and bark and how plants with different PFSs adapt to and change with different fire frequencies, aiming to
demonstrate the ecological effects of fire frequency on forest composition and species coexistence with regard to fire adaptation.

Our research is conducted in the subtropic southwest China, which is characterized by the subtropical monsoon climate
and widespread distribution of the mixed Yunnan pine–evergreen broadleaved forests [23–26]. This region is identified as a
wildfire hotspot due to limited annual precipitation (700–900 mm) with strong seasonality that is regulated by the Indian Ocean
Monsoon and intensive human activities that cause most of the fire events [23,24]. In this study, we measured the flammability
traits of 263 common woody plant species to identify their flammability strategies. Utilizing the community composition data,
we explored the pathways through which fire frequency influences PFSs in this region. Based on our earlier understanding that
this vegetation type is a typical fire-prone ecosystem [14,27,28], we hypothesized that common woody plant species in this type
of forest communities should exhibit either hot- or fast-flammable strategies in their leaves and bark. Additionally, we assume
that more flammable species thrive in habitats with more frequent fires.

2. Material and methods
(a) Study area and wildfire distribution
This study was conducted across the Central Yunnan Plateau (CYP) in Yunnan Province, southwest China (figure 1). This region
is near mainland Southeast Asia, which is one of the global hotspots of both biodiversity and wildfire activity [30]. The climate
of this region is subtropical semi-humid, and the zonal vegetation type is semi-humid evergreen broadleaved forests (SEBFs),
which have been extensively fragmented by wildfires and human disturbances. These forests have largely been replaced by
conifer forests dominated by P. yunnanensis (Yunnan pine), as well as secondary mixed forests and shrublands [24,31].

To assess the fire frequency of the study area, we used the fire counts of 20 years (2001−2020) from fire points product of
moderate resolution imaging spectrometer (MODIS; MOD14A1 and MYD14A1) [32]. The number of fire counts was calculated
by the active fire hot spots that occurred within the 1 km grid cells. As a result, some areas such as the northwest and south
of CYP region are experiencing more frequent fires in last two decades. Based on the pattern of wildfire frequency in the study
area and average fire return interval of about 12 years (average fire frequency = 0.08 times per year) [29], we classified the areas
into the following three classes: NOFI (grid cells with no fire incidence in 20 year period, fire counts = 0, fire frequency = 0), HIFI
(grid cells with three or more fires in the period, fire counts ≥3, fire frequency ≥ 0.15 times per year) and other areas (grid cells
with one or two fires, 0 < fire counts < 3, fire frequency = 0.05–0.10 times per year, which was close to average fire frequency
[29]).

(b) Forest investigation, sampling and flammability measurements
For testing the flammability of plants broadly, we randomly selected 205 sites across the CYP to collect plant leaf and bark
samples of a total of 263 woody plant species, with at least three replicates per species at different sites (figure 1). The sampled
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species were classified into three growth forms including tree, large shrub and shrub based on Flora of Yunnan and Flora of China
[33,34], based on their average height and branching features. Samples were obtained using leaves and bark from healthy and
mature plants. We collected canopy leaves per individual from plants growing under relatively optimal conditions to avoid
leaves with obvious symptoms of pathogen or herbivore attack. We also collected 100 cm2 bark samples (over sapwood) at
breast height above the soil (trees) or base (not trees) per individual.

Among those traits sampling sites, we selected 19 sites to investigate communities and assess the effects of fire frequency
on plant flammability strategies. We applied a stratified random sampling procedure, based on the fire frequency level (i.e.
HIFI, NOFI and others), keeping those sites far enough apart from each other (at least 5.66 km in between; figure 1). At each
site, we selected typical forest communities on two aspects of the mountains (sunny and shady) and three slope positions
(valley, middle slope and upper slope) and sampled a total of 120 forest plots (20 × 20 m area, each further divided into four
subplots of 10 × 10 m). We recorded species names in each community to evaluate species richness, measured basal area of each
woody plant, and summed by species in each subplot. A total of 163 woody species in the plant trait data were recorded in the
community investigation. We also measured topographic features (slope position, aspect and slope angle), following reference
[15], collected a surface soil sample of 500 g at the depth of 0−5 cm in each plot, brought the soil samples back to the laboratory
and processed them following the standard procedure [35] before analysing pH value, total nitrogen (TN) and organic carbon
(OC). For the specific measuring methods, refer to Luo et al. [15]. The organic matter component (OMC) represents the primary
factor derived from a principal component analysis conducted using OC and TN [36].

Flammability measurements of leaves and bark were performed in the laboratory using the cone calorimeter (CONE,
TTech-GBT16172, FTT, England) with the ISO-5660-1 method [37,38]. We measured the flammability of 263 common woody
plant species in SEBFs, covering 84.5% of the woody species in the community. The radiation intensity of the cone calorimeter
was set to 35 kW m−2, and the temperature of the burner vessel at a distance of 25 mm from the radiation cone was leading to
650°C. The set temperature was chosen to be sure that most samples would ignite and could detect the differences in flammabil-
ity across species based on our pilot experiments. The oxygen concentration was set to 20.85–20.95% to simulate burning in the
air. A fan at the entrance produced a forced airflow through the tunnel with 24 l/s. Before the burning experiment, all leaves and
bark samples were air-dried for 72 h at a temperature of 65°C. The flammability traits of different tissue types mostly depend
on the quality of the tissues, and the architecture and structure of the samples [39]. Therefore, three replicates of 3 g (±0.5 g)
plant samples for each species were laid without crushing in the centre of a 100 × 100 mm burner vessel for preserving natural
states. For most species, samples were laid together naturally to resemble well-aerated fuel beds. For species with large leaves
or thick bark, 3 g (±0.5 g) samples were cut and burned as sections. All samples ignited successfully at 650°C, and there were
no non-flammable materials remained in the burning experiments. The cone calorimeter recorded the time to ignite (TTI) and

Figure 1. Map of study area and the distribution of fire counts during 2001−2020. Blue triangles, sampling plots of forest communities; green circles, sampling plots
for plant traits. Sub-figures: the left bottom was the location of the CYP region in Yunnan Province, and the histogram shows the distribution of sampled plots of plant
traits (green) and investigated community (blue) with different fire frequencies. Abbreviations of different fire frequencies: NOFI (no fire incidence in 20 years), HIFI
(fire counts ≥ 3). 'Others' indicates 0 < fire counts < 3, which was close to average fire frequency [29].
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flaming time duration (FT) during the combustion. The maximum flame height (FH) was recorded during the combustion (the
maximum record of FH was 55 cm).

(c) Data analyses
We selected three flammability traits, namely TTI, FT and FH, which represent ignitability, sustainability and ability of flame
spread [17]. Then we normalized flammability data and clustered the species into low-flammable, hot-flammable and fast-flam-
mable strategies based on the three dimensions of flammability traits. We used ‘fit.pam’ function in R package ‘cluster’ [40] with
partition around medoids clustering to eliminate the noise of outliner. Then we plotted the species on scatterplots to show the
interspecific variation within different flammability strategies, using R package ‘rgl’ [41].

We proposed to establish a concept of species-level PFSs, based on combinations of the flammability strategy of leaves and
bark of woody plant species (figure 2). These PFSs related to flammability strategies based on nine combinations of leaf and
bark flammability strategies (Fast + Fast, Fast + Hot, Fast + Low, Hot + Fast, Hot + Hot, Hot + Low, Low + Fast, Low + Hot
and Low + Low), and each represented a species-level flammability strategy (figure 2). The PFSs include plants with flammable
(fast- or hot-flammable strategies) leaves and bark (FLFB), plants with flammable leaves and non-flammable (low-flammable
strategy) bark (FLNB), plants with non-flammable leaves and flammable bark (NLFB), and plants with non-flammable leaves
and non-flammable bark (NLNB). Specifically, both FLNB and NLFB represent the separation of flammability strategies
between leaves and bark, indicating the presence of two distinct flammability strategies within a single plant species.

We used the importance value (IV) to measure the significance of a species in a given ecosystem [42]. The IV for tree species
were calculated and summed up for relative abundance, relative frequency and relative dominance. These components of the
plot-based IV were calculated using data from four subplots within each plot, with the following formula: relative abundance
= (abundance of a species/total abundance of all species) × 100; relative frequency = (frequency of a species/total frequency
of all species) × 100; and relative dominance = (total basal area of a species/total basal area of all species) × 100. For large
shrub and shrub species, IV of a plant species was calculated as (cover of a species/total cover of all species) × 100. Moreover,
IV was also used as a proxy for the significance of different PFSs within communities and was assessed by summing IVs
of species belonging to the same PFSs. In addition, we calculated the relative IV of different PFSs by plant growth forms
using the formula: (Σ(IV of the same PFS)/Σ(IV of the same plant growth forms)) × 100. This approach provides a better
understanding of the distribution of different PFSs across various plant growth forms in post-fire communities. To compare the
distribution of PFSs between areas with varying fire frequencies and highlight the effects of fire, we selected to compare only
NOFI and HIFI areas to reduce complexity and minimize the influence of other factors. We then employed the non-parametric
Duncan test to assess differences in the plot-based IV of various PFS plants between NOFI and HIFI, in order to characterize
the distribution of different PFS plants. To unravel the pathway through which fire frequency influences the flammability of
forest communities, we used structural equation models (SEM) to deduce direct and indirect effects of fire frequency, along
with climate, topography, soil properties and biotic factors, on the IV of all FLFB species within the community. The multiple
comparisons of different PFS plants across different fire frequency areas were conducted with Duncan test in R package
‘agricolae’ [43]. The SEM analyses were conducted with raw data of fire frequency using the R packages ‘piecewiseSEM’ [44],
and the path coefficients of each path (β), indicating the strength of the relationship, were reported. We calculated the R2 to
assess the fit of component models, and p values, along with Akaike information criterion (AIC), were used to evaluate the
fitness of the SEM models. All statistical analyses were conducted using R (R Development Core Team, 2022) and its packages
as mentioned.

3. Results
(a) Flammability strategies of leaves and bark
According to the conceptual model (figure 3a), the leaves and bark of the 263 woody plant species were classified into three
flammability strategies: low-flammable, hot-flammable and fast-flammable strategies (figure 3b,c). Low-flammable strategy is
characterized by low ignitability (high TTI) and a slow spread rate (low FH). Leaves with fast- and hot-flammable strategies
both exhibit high ignitability and a rapid spread rate, with hot-flammable leaves requiring more time to burn out (high FT).
Similar to leaves, bark with fast- and hot-flammable strategies both exhibit high ignitability but differ in spread rate.

The frequency distribution of three flammability strategies in leaves and bark among 263 woody plant species varied
across different growth forms (figure 4a,b). The leaves of about 80% of the woody species were either fast- or hot-flammable,
irrespective of growth forms, exhibiting both high ignitability (igniting within 10 s) and a rapid spread rate (mostly ≥40 cm;
figure 4a; electronic supplementary material, figure S1). The barks of more than half tree species were low-flammable, while
58.0% of shrub species’ bark was identified as fast-flammable (figure 4b). Furthermore, bark of tree species showed significantly
lower ignitability and spread rate and higher sustainability compared to bark of large shrubs and shrub species (all p < 0.01;
electronic supplementary material, figure S1).

(b) The plant distribution of plant flammability syndromes and its changes with fire frequencies
Plant species with different PFSs based on the flammability strategy of leaves and bark coexist in the communities, and their
frequency distributions differed across growth forms (figure 4c). The percentages of FLFB plants as a combination of flammable
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leaves and bark were higher in both large shrub (67.1%) and shrub (71.6%) species than in tree species (35.4%), while a much
higher percentage of FLNB plants comprised tree species than large shrub and shrub species. Plants exhibiting NLFB comprised

Figure 2. Four main PFSs in the SEBFs, indicated by their leaf and bark flammability strategy combinations (yellow bold words). ‘Fast’, ‘Hot’ and ‘Low’ were short
for fast-flammable, hot-flammable and low-flammable strategy, respectively. Specifically, fast- and hot-flammable strategies of leaves and bark implied they were
flammable, and low-flammable strategy implied they were non-flammable. Four PFSs are identified according to nine combinations of flammability strategies of
leaves and bark.

Figure 3. (a) Tree branching diagram: the criteria for classifying plant flammability strategies, adapted from [17]. (b,c) Three-dimensional scatterplots: the
classification of the flammability strategies for (b) leaves and (c) bark. The colour of the points on the plots indicates the different flammability strategies. TTI, FT and
FH represent time to ignition (ignitability), flame duration (sustainability) and maximum height of flame (ability of flame spread), respectively. TTI, FT and FH were
normalized before clustering analysis.

Figure 4. The distribution of different flammability strategies and flammability syndromes across three growth forms of woody plants. (a,b) Percentages of different
flammability strategies for (a) leaves and (b) bark. (c) Percentages of different flammability syndromes based on four combinations of flammability strategies for leaves
and bark. In addition, ‘FLNB’ and ‘NLFB’ represent the separation of flammability strategies across different organs of a single plant. This separation indicates the
presence of two distinct flammability strategies in leaves and bark of a single plant species (i.e. FLNB and NLFB).
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only 7.1, 5.3 and 9.1% of tree, large shrub and shrub species. Moreover, tree species are predominantly (59.6%) composed of
‘Fast + Low’, ‘Hot + Hot’ and ‘Hot + Low’ combinations (electronic supplementary material, figure S2), represented of the FLFB
and FLNB types (figure 4c). In contrast, over 46% of large shrub species exhibit ‘Fast + Fast’ and ‘Fast + Hot’ combinations,
and 53.4% of shrub species display ‘Fast + Fast’ and ‘Hot + Fast’ combinations. In addition, figure 4c (showing the percentages
of separation between leaves and bark that indicate the presence of two distinct flammability strategies within a single plant,
represented by the sum of percentages of FLNB and NLFB) showed that tree species (47.5%) had a higher percentage of
flammability strategy separation between leaves and bark compared to large shrub (19.7%) and shrub species (18.2%; figure 4c).

For three plant growth forms, the composition of different PFSs was found to be quite similar among areas with different
fire frequencies (table 1). The majority of woody plant species are characterized by FLNB in both high fire frequency (HIFI)
and low fire frequency (NOFI) areas. However, FLFB plants gain more advantage in HIFI areas (p < 0.05) for all woody species,
while more FLNB species were observed in NOFI areas (p < 0.05). Specifically, the IV of woody plant species with the ‘Fast +
Fast’ combination in HIFI areas was significantly higher than in NOFI areas, and ‘Fast + Low’ plants took more advantages in
NOFI areas (electronic supplementary material, table S1). Moreover, there were more plant species with consistent flammability
strategy in leaves and bark in HIFI areas (electronic supplementary material, table S2).

(c) Possible pathways of fire frequency effects on flammable plants
The SEMs for the prevalence of flammable plants (IV_FLFB) in the community exhibited good fitness and explained 48% of
the variance (figure 5a; SEMs for other PFSs, please see electronic supplementary material, figure S3). The IV of FLFB in the
community had a highly positive correlation with the IV of shrub species (β = 0.53) and was also positively correlated with fire
frequency (β = 0.14) while being negatively correlated with species richness (β = −0.22). Additionally, fire frequency and soil
OMC had an indirect effect on IV of FLFB by increasing the IV of shrubs (figure 5a; electronic supplementary material, figure
S2). Taken together, IV of shrubs, species richness, the mean temperature of dry season (MTDQ) and fire frequency dominated
the thriving of flammable plants in the community (figure 5b).

The SEMs (figure 5a,b) further illustrated the pathways through which fire frequency influenced subtropical semi-humid
forests. Initially, MTDQ directly increased fire frequency (β = 0.29), indicating that higher temperatures during dry quarter
resulted in more frequent fires. Then a causal path from fire frequency to soil properties (OMC and pH) showed that more
frequent fires lead to less fertile and more acidic soils (βOMC = −0.52; βpH = −0.24). Fire frequency had both direct and
indirect effects on community structure, with the indirect effects influenced by soil properties. Additionally, fire frequency
indirectly exerted negative effects on species richness through its impact on soil properties and shrub enrichment. Ultimately,
fire frequency promotes the prevalence of FLFB plants in the community, both directly and indirectly mediated by biotic factors.

4. Discussions
Flammability distinction is believed to play a pivotal role in niche differentiation and community assembly for plant spe-
cies living in fire-prone ecosystems [17,45,46]. Flammability strategies are defined by distinctions in different dimensions of
flammability [17], and the classification of these strategies can be validated across various ecological contexts using the global
flammability database [47]. This study reveals that plants with different flammability strategies can coexist in subtropical
SEBFs. It is posited that flammable fuel beds serve as the evolutionary cradle for non-flammable woody plant species,
facilitating their coexistence [17]. A notable example is the evolutionary adaptation of low-flammable species, such as pines
with self-pruning, in response to the presence of highly flammable grasses in tropical biomes [46]. It is crucial to recognize
that the flammability strategies of species can vary across different organs, reflecting distinct flammability syndromes that
correspond to diverse fire disturbances [17,46]. Yunnan pine (P. yunnanensis), a dominant species in the secondary forests in the
study region, possesses fast-flammable leaves and low-flammable bark (FLNB), adapting effectively to frequent surface fires
through self-pruning mechanisms and thick bark (figure 6c) [48]. A co-occurring species, Cyclobalanopsis delavayi (Fagaceae),

Table 1. Relative IVs of different PFS plants within the community and by plant growth forms. Multiple comparisons with Duncan test were conducted between
NOFI (unburned) and HIFI (frequently burned) areas (mean ± SE). Different letters indicate significant differences in multiple comparisons. Bold annotations indicate
significant differences in important values between NOFI and HIFI areas (p < 0.05). ‘All’ refers to the percentages of different flammability strategies among all woody
species (including tree/large shrub/shrub species).

different PFSs all tree large shrub shrub

NOFI HIFI NOFI HIFI NOFI HIFI NOFI HIFI

FLFB 83.3 ± 2.3b 95.1 ± 1.4a 61.1 ± 5.6a 76.0 ± 8.0a 98.7 ± 0.6a 98.2 ± 0.9a 99.6 ± 0.2a 98.7 ± 0.2a

FLNB 15.1 ± 2.3a 3.7 ± 1.4b 35.8 ± 5.5a 12.0 ± 4.2b 0.6 ± 0.03 — 0.1 ± 0.1 —

NLFB 0.9 ± 0.4a 1.2 ± 0.4a 2.1 ± 0.9a 11.8 ± 8.1a 4.96 × 10−16 b 1.8 ± 0.9a 0.3 ± 0.2a 1.3 ± 0.7a

NLNB 0.6 ± 0.3a 0.1 ± 0.3a 1.0 ± 0.5a 0.2 ± 0.2a 0.6 ± 0.3 — — —

all 100 100 100 100 100 100 100 100
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also features fast-flammable leaves and low-flammable thick insulating bark (FLNB) [49] (figure 6d). Less flammable species
(NLFB and NLNB) are typically found in areas with infrequent fires (figure 6e,f) and might be independent of fire (electronic
supplementary material, figure S3c,d). Another type of less flammable species (FLNB) can survive and reproduce after fires
due to the low ignitability of their bark, despite living in fire-prone ecosystems [17]. Nonetheless, research on adaptation and
plasticity of flammability strategies in different species under varying fire regimes is still rare.

Consistent with findings about the impact of fire frequency on plant communities [4,11,50], this study reveals that areas
experiencing more frequent burning had more flammable plants (FLFB) in SEBFs. For example, FLFB plants like P. yunnanen‐
sis var. pygmaea and Lithocarpus mairei dominate areas subjected to quite frequent burning, taking advantage from post-fire
resprouting (figure 6a) [27,28,51]. The other FLFB species, Rhododendron delavayi (Ericaceae), also gains competitive advantage
from epicormic resprouting after fires (figure 6b). We found that the FLFB plants have high branching, which makes them
susceptible to easy ignition and rapid spread during combustion, while also extending combustion residence time. These
characteristics of FLFB species contribute to the generation of fires that eliminate co-occurring species and create open
spaces conducive to post-fire recruitment. However, it is necessary to explore the relationship between plant functional traits,
architecture and flammability strategies, as well as their interactions in conferring fitness benefits to plants living under
recurrent fires.

Nonetheless, fire frequency exerts diverse impacts on vegetation structure in various fire-prone ecosystems across different
climates. Studies report that in Mediterranean shrublands and savannas, which are frequently disturbed by intense fires, fire
frequency plays a crucial role in maintaining plant diversity and preventing tree encroachment [5,52–54]. Infrequent but intense
fires in boreal forests contribute to stand replacement and enable recovery from fire-resistant species [13,55–57]. Increasing
fire frequencies driven by intensive human activities and climate warming could have unexpected and significant impacts on
the dynamics of subtropical broadleaved forests, which have experienced lower fire frequencies compared to other fire-prone
ecosystems [58,59]. The recurrent fires can stimulate evolution of woody species in forests with a multilayered structure [60–63].
Shrubs are likely to be killed or top-killed by fires and thus tend to have a uniform flammability strategy for both leaves and
bark [64]. However, for trees to grow up to a distinct, taller growth form, the bark is expected to protect the cambium from
injury and persist through fire cycles [65]. Moreover, our data indicated that tree bark is more likely to exhibit a low-flammable
strategy, in contrast to that of shrubs and even large shrub species. Overall, these differences in bark and architecture may
explain the different fire adaptations in flammability strategy and post-fire mortality of trees and shrubs.

Fire–vegetation feedback has been well described in many regions of the world [12,66,67]. These feedbacks are crucial for
understanding the maintenance of flammable and non-flammable plant communities. Frequent burning generally maintains
flammable plant communities, while long fire intervals enable shade-tolerant and fire-sensitive species to produce closed forest
canopy [67]. The feedback between fire and vegetation arises from community assembly and trait evolution [11]. In our study,
the selection of flammable plant species through post-fire ecological filtering was observed. Certain species were notably absent
from frequently burned sites, resulting in a simplified vegetation structure. Specifically, some species are filtered by post-fire
soil properties and shrub enrichment [14]. Notably, higher flammability of the plant community is typically associated with
soils of low fertility, as evidenced by comparisons among six vegetation types with different dominant species in the Cerrado
Domain [68]. Therefore, it is necessary to evaluate the strength of fire–vegetation feedback in our study region at different
temporal and spatial scales [69,70].

Fire frequency affects community assembly and shapes the mosaic landscape of SEBFs and pine forests in the CYP [29].
Studies suggest that the most flammable species in a community may disproportionately influence ecosystem flammability
[71,72], and even small changes in the abundance of flammable species can have significant ecological impacts. Given that more
frequent fires are being exacerbated by higher temperatures during dry periods at a global scale [73], this trend can also lead

Figure 5. (a) SEM of climate (blue), topography (yellow), soil (brown), biotic factors (green) and fire frequency (red) as predictors for IV of FLFB plants (IV_FLFB)
(orange) in the community (Fisher’s C = 30.02, AIC = 165.613, p = 0.663). The path coefficients as standardized effect sizes are adjacent to arrows, and arrow
width is proportional to the strength of relationship. Solid red and black arrows: significant positive and negative paths (p < 0.10), respectively; dotted grey arrows:
insignificant paths (p > 0.10). R2: the variance explained by predictors. Significant relationships: . p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001. (b) The direct
and indirect effects estimated by SEM. Indirect effect = indirect pathway standardized coefficients × pathway standardized coefficients of direct and indirect factors.
Abbreviations as per the text: MTDQ = mean temperature of the driest quarter; MPDQ = mean precipitation of driest quarter; Aspect = aspect of mountain slope;
Position = position of mountain slope; Slope = slope angle of mountain slope; Fire freq = fire frequency; OMC = organic matter content; IV_shrub = importance value
of shrub species; IV_FLFB = importance value of FLFB species.
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to the change of dominant tree species and an increase of flammable plants within subtropical SEBFs. Local plant communities
affect fire regimes through different forest compositions, and the increase of burning probability promotes the presence of
more flammable plants. Research on feedback between fire and vegetation is crucial for comprehending ecosystem dynamics,
resilience and adaptation to fire in this region, and will provide insights useful for adaptive forest management and post-fire
ecosystem restoration.

5. Conclusions
This study reveals that most woody plant species in the subtropical SEBFs in China exhibit high flammability. These flammable
plants might play an important role in maintaining fire-prone ecosystems and contribute to the increasing fire frequency in
this region. Additionally, some species with low ignitability are able to survive ongoing fires. Consequently, woody plant
species with diverse flammability strategies for leaves and bark can coexist under the local fire regime. Moreover, tree species
had a higher percentage of flammability strategy separation between leaves and bark than large shrub and shrub species,
suggesting their different adaptation to fire disturbances. The study also highlights a self-reinforcing cycle in which local plant
communities can alter fire frequency. This cycle involves the promotion of more flammable plants associated with infertile soil
and low species richness that result from shrub enrichment. The positive feedback between flammability strategies and the local
fire regime contributes to a better understanding of vegetation dynamics and adaption to fire disturbances.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The original data related to this paper are accessible via the link: https://geodata.pku.edu.cn/ and also available on request to the
corresponding author.

Supplementary material is available online [74].
Declaration of AI use. We have not used AI-assisted technologies in creating this article.

Figure 6. Examples of species with different PFSs in subtropical SEBFs. (a) Pinus yunnanensis var. pygmaea and (b) Rhododendron delavayi are classified as FLFB
plants; both resprout after fires. (c) Pinus yunnanensis and (d) Cyclobalanopsis delavayi are FLNB plants, with thick bark ensuring survival from surface fires. (e) Docynia
delavayi, an NLFB species with low ignitability of leaves. (f) Stewartia calcicole (Theaceae), an NLNB species, common in areas of infrequent fires.
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