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Abstract: Plant moisture content (PMC) is used as an indicator of forest flammability, which is
assumed to be affected by climate drought. However, the fire-induced drought stress on PMC
and its spatial and temporal variations are unclear. Based on a parallel monitoring experiment
from 2014 to 2015, this study compared the PMCs and soil moisture contents (SMC) at five
post-fire sites in central Yunnan Plateau, Southwest China. The number of years since last
fire (YSF), season, topographic position, plant species and tissue type (leaf and branch) were
selected as causal factors of the variations in PMC and SMC. A whole year parallel monitor-
ing and sampling in the post-fire communities of 1, 2, 5, 11 and 30 YSF indicated that drought
stress in surface soils was the strongest in spring within the first 5 years after burning, and the
SMC was regulated by topography, with 64.6% variation in soil moisture accounted for by
YSF (25.7%), slope position (22.1%) and season (10.8%). The temporal variations of PMC
and SMC differed at both interannual and seasonal scales, but the patterns were consistent
across topographic positions. PMC differed significantly between leaves and branches, and
among three growth-forms. The mean PMC was lower in broad-leaved evergreen species
and higher in conifer species. Season and soil temperature were the primary determinants of
PMC, accounting for 19.1% and 8.3% of variation in PMC, respectively. This indicated
phenology-related growth rather than drought stress in soil as the primary driver of seasonal
changes in PMC. The significant variations of PMC among growth forms and species re-
vealed that seasonal soil temperature change and dominant species in forest communities
are useful indicators of fire risk assessment in this region.

Keywords: plant moisture content; soil moisture content; topography; season; soil temperature; year since last
fire; drought stress

1 Introduction

Wildfire is one of the most common natural disturbances affecting ecosystems worldwide. It
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is considered as an intrinsic driver of succession in many vegetation types (Lohman et al.,
2007; Pausas et al., 2015). A vast body of literatures has revealed the critical role of fires in
shaping species strategies (Schutte et al., 1995; Bowman and Murphy, 2010), regulating
community assembly (Cavender-Bares and Reich, 2012), driving the dynamics of ecosystem
function and biogeochemical cycling (Houghton et al., 2000; DeLuca et al.,2006; Morris et
al., 2014).

The spatial and temporal variation of wildfires is generally related to four main natural
factors: fire source, climate, fuel moisture, and topography (Pausas and Paula, 2012). Fire
intensity varied spatially relative to topographic positions, generally more intense fires occur
on south-facing slopes and hilltops than north-facing slopes and valley bottoms (Han ef al.,
2015). At a regional scale, wildfires are more likely to occur in climate conditions where
periods of significant drought are common (Johnson et al., 1990; Marlon et al., 2008), and
wind by reducing the air humidity can increases vegetation flammability as well as fire
propagation (Cumming 2001; Trouet et al., 2009; Sanjuan et al., 2014). At the stand scale,
moisture content of litters and living plants directly determine the fuel flammability (Viegas
et al., 1992; Dimitrakopoulos and Papaioannou, 2001). In recent studies, fuel moisture has
been mostly estimated with remote sensing or climate-derived data, and been used in wild-
fire prediction and mapping at regional to global scales (Albertson et al., 2010; Chuvieco et
al., 2004b; Maffei and Menenti, 2014; Tanase et al., 2015), and studies have differentiated
the effects of moisture between living plants and litters (Reid et al., 2012; Clark et al., 2014).
Moreover, surface soil temperature and moisture were also used as indicators of fuel mois-
ture in estimating fuel flammability, and over time, the fire risk (Krueger et al., 2015).

At a landscape scale, occurrences of forest fire are typically point-based events that are
directly associated with fuel flammability at local habitats (Clark et al., 2014). Therefore,
the estimate of fuel flammability is critical for the accuracy of fire risk prediction, and fuel
flammability should be sensitive to the spatial and temporal resolutions of information on
fuel moisture content. However, high resolution data on temperature and moisture content of
soils and plants, as indicators of fuel combustibility, are difficult to obtain. This challenge is
due to the spatial heterogeneity of vegetation in structure and composition (Hunt et al., 1987;
Chuvieco et al., 2004a), and the lack of required accuracy in fuel moisture information that
mostly derived from remote sensing data (Valette, 1993; Castro et al., 2003) or modeling
output (Matthews, 2006), instead of direct field measurement. For these reasons, the avail-
ability of high resolution data for variations of soil and plant moisture is crucial for a better
understanding of the relationship between fire risk and fuel condition, and the reliable pre-
diction of fire risks.

Fire regime characteristics, such as the frequency distributions of returning interval and
burned area, are determined by a particular combination of climate and fuel features in dif-
ferent fire-prone ecosystems (Hunter, 1993; Taylor and Skinner, 2003). Because of uncer-
tainties in the ignition condition and severity for wildfires and the challenges in controlling
prescribed burning, the long-term monitoring of post-fire restoring processes across multiple
environmental gradients are not common, especially in forest ecosystems (Cavender-Bares
and Reich, 2012; Menke et al., 2015). As a fire-prone ecosystem, mixed coniferous and
broad-leaved forests that dominated by Yunnan Pine (Pinus yunnanensis) and several species
in Quercus and Lithocarpus are a typical forest landscape in central Yunnan Plateau, South-
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west China (Li and Sun, 1998; Han et al., 2015). This region possesses a semi-humid sub-
tropical climate, which is characterized by an eminent dry season from December to the fol-
lowing May, creating a period of high fire vulnerability (Zhang et al., 1994; Su et al., 2015).
Although the spatial and temporal distributions of fires in this region have been described
and predicted with regard to climate condition (Zhang et al., 1994; Wang et al., 2015; Ying,
2017), and the fuel flammability has been explored with experiments (Li et al., 2006; Li et
al., 2016; Wang et al., 2016), there is little knowledge about the fuel moisture variation that
is known to be critical for fire risk in this region. This study tried to compare the moisture
content of surface soils and tissues of common woody species at post-fire sites of different
years-since-last fire (YSF) in central Yunnan Plateau. Specifically we aimed to address the
following questions:

1) How do moisture contents in living plants and soil differ with regard to intra- and in-
ter-annual temporal scales and topography-related spatial variation?

2) How do ecological and taxonomic features affect the spatio-temporal variation of plant
moisture content (PMC) in the common woody plant species of the studied forests?

2 Materials and methods
2.1 Site description

The study area is located near Qinfeng town in Lufeng County of the central part of Yunnan
Province (101°38-102°25'E, 24°51'-25°30'N). The terrain gradually inclines from north-
west to southeast, with an average elevation of 2000 m above sea level (a.s.l.) (Figure 1a).
The region is affected by the southwest monsoon from the Indian Ocean. The subtropical
climate in central Yunnan is characterized by a long, dry season occurring from December to
May, followed by a prominent rainy season from June to October, with a mean annual pre-
cipitation of 912 mm and a mean annual temperature of 13.8°C (Han et al., 2015). The air
temperature in spring is fairly high, due to the low latitude of the study region and low rain-
fall (equal to only 10%—-20% of annual precipitation during spring) (Figure 1b) which results
in high frequency forest fires (Figure 1c). In contrast, rainfall in summer is quite abundant,
accounting for 60% of annual precipitation (Su et al., 2015).

The main vegetation types are characterized by secondary, mixed forests of conifers and
broad-leaved evergreen species, dominated by Lithocarpus dealbatus, Cyclobalanopsis
glaucoides, Myrica nana, Quercus acutissima, Lyonia spp., Pinus yunnanensis and Ketel-
eeria evelyniana (Su et al., 2015; Fan et al., 2011). Studies have shown that vegetation types
in central Yunnan Plateau are typically fire-prone (Li, 2000; Zhao et al., 2009; Chen et al.,
2014). Human activities are pervasive across the mountainous sections of the study area,
including tree cutting for firewood and mushroom and medicinal plants harvesting. These
activities are directly associated with igniting almost all of the recorded forest fires. During
the pre-monsoon season (March to May), when temperature is already high, the relative air
humidity is only 32%—-65%, thus creating highly flammable conditions in forests (Huo and
Liu, 1987; Zheng et al., 1994) (Figures 1b and 1c).

2.2 Data sampling and experiments

We used the space-for-time research approach (Legendre et al., 1989) to locate five post-fire
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Figure 1 Geographical location and climatic features of the burned sites in central Yunnan Plateau: a) Location
of the study area and the burned sites of 1, 2, 5, 11 and 30 years-since-last-fire (YSF); b) monthly mean precipita-
tion and temperature in Qinfeng County; and c) monthly frequency distribution of fire records from 2003-2012

sites in the study area, which were burned in 2013, 2012, 2009, 2003 and 1984, correspond-
ing to 1, 2, 5, 11 and 30 YSF, respectively. The restored vegetation types included shrubs
and young forests of mixed conifers and broad-leaved trees, with the canopy heights ranging
from 1 to 7 m.

We began to collect samples of surface soils and plant tissues on burned sites (n=20) in
October 2014, in the post-monsoon autumn, and then repeated collections during the fol-
lowing winter, spring and summer. Plant and soil samples were collected in three random
replicates at each topographic position within 10x10 m plots set at four topographic posi-
tions (i.e., hilltop, valley bottom, south slope, and north slope). The elevation of the plots
ranged 1851-2122 m a.s.l. We collected and measured soil and plant tissues moisture in the
middle of each season, starting collections after three consecutive sunny days between 8:00
am and 12:00 am. A total of 18 most common woody plant species of three growth-forms,
evergreen coniferous (EC), evergreen broad-leaved (EB) and deciduous broad-leaved (DB)
in the studied stands were measured for moisture content. To continuously obtain surface
soil temperature dynamics over one year, we placed one automatic temperature recorder
(HOBO) at each of the four topographic positions in each burned site at a depth of 2 cm be-
low the soil surface. Temperature was recorded at one-hour intervals.

During each season, we randomly collected three topsoil samples (at 5-cm depth) in each
of the 20 plots, and measured the wet weight of each sample using an aluminum cylinder
with 5 cm depth by 5 cm diameter, removing surface litter and gravels > 0.5 cm diameter.
We then measured the dry weight in the lab after drying the samples at 105°C for 12 h. For
the 18 plant species sampled, we collected a few healthy leaves and a section of branches
with 5 cm in length (formed during the current year) from the same three plant species dur-
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ing each of the four seasons, placed each sample in a labeled paper envelope and immedi-
ately measured the fresh weight in the field, and reweighed each sample after drying at 85°C
for 24 h. The wet and dry weights for each sample were measured using a portable electronic
balance with an accuracy of 0.01 g. In total, we sampled 11,433 samples of branches and
leaves from 5716 individuals belonging to the 18 woody plant species of three
growth-forms.

2.3 Data analysis

We calculated plant moisture content based on both fresh and dry weights (Slavik, 1974):
Mg =(Wg —Dg)/ Wg*100% €))
M; =(Wp —Dy)/W, *100% 2)

where Mp and My, are moisture percentage of branch and leaf samples, Wy and W; are wet

weights, and Dg and Dy are dry weights of branch and leaf samples.
We calculated soil moisture content using the gravimetric method:

Mg = (W —Dg) / Wg*100% 3)

where Mg is soil moisture content, Ws is wet weight and Dg dry weight of each soil sample.

The records of soil temperature were aggregated daily to obtain a daily mean value over
one year period of monitoring.

Generalized linear model (GLM) was applied to explore the multivariate relationships
between Mg or PMC and potential determinants including Y SF, season, topographic position,
soil temperature, and growth-forms. All data analyses were performed in R 3.2.2. Multifac-
tor comparisons were performed using “multcomp” and hierarchical variance partitioning
was analyzed using the “hier.part” statistical package. The common general linear model
was utilized in multiple comparisons:

y=XB+¢ “)
where y = (1, ..., », )" denotes the nx1 vector of observations, X = (x;);; denotes the

fixed and known nxp design matrix, and B=(4,....5, )T denotes the fixed and unknown

parameter vector. The random, unobservable nx1 error vector € is assumed to follow an
n-dimensional normal distribution with mean vector 0 = (0, v 0) and covariance matrix

o’I 2 €~N,(0, o’ ») (Bretzet al., 2016). Hierarchical partitioning calculates goodness-of-fit

measures for the entire hierarchy of models with all combinations of the N independent
variables using the function ‘all.regs’. This algorithm takes the list of goodness-of-fit meas-
ures, and uses the partition function, applies the hierarchical partitioning algorithm to return
a simple table listing each variable, including its independent contribution (I), and its joint
contribution with all other variables (J) (Walsh et al., 2003). The distribution of joint effects
shows the relative contribution of each variable to shared variability in the full model.
Negative joint effects are possible for variables that act as suppressors of other variables
(Chevan and Sutherland, 1991). In addition, we used randomized elements in each column
and recalculated ‘hier.part’ 100 times for a randomization test for hierarchical partitioning
(Walsh et al., 2003).
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3 Results
3.1 Temperature variations of surface soil

In the study area, the variations in surface soil temperature revealed a consistent seasonal
pattern, irrespective of YSF or slope position. In general, surface soil temperature decreased
after August 2014 to a minimum value in January 2015 (all > 2°C), and turned to increase
and reach a peak value in June and July, then decreased a little until late July, and increased
again to reach a secondary peak temperature in September (Figure 2a).

The mean of diurnal temperature range of surface soil (pooled for records on all 20 moni-
toring sites) in the spring and summer of 2015 varied much wider than that during the autumn
and winter of 2014, and the maximum of mean daily range in soil temperature occurred in
early May. The annual variation of maximum records of daily range of surface soil tempera-
ture followed a similar pattern with a more intensive seasonal variation, whereas minimum
values of the 20 simultaneous recordings of daily temperature range changed little across the
year of observation. Noteworthy, the daily range in surface soil temperature in early August of
2015 was similar to the range measured for the same period in 2014 (Figure 2b).
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Figure 2 Temporal (a) and diurnal (b) dynamics of soil surface temperature, pooled for records collected on
different slope positions of the five study sites in central Yunnan Plateau

3.2 Variations of moisture contents in soil and plant

Although the moisture contents of plant samples (52.9%=1.3% for branches in Figure 3a and
57.5%+0.7% for leaves in Figure 3b) was three times higher than those of surface soil
(16.5%+0.3%, Figure 3c), the variability of moisture content in plant samples was much less
than that of soil moisture content (SMC) across different levels of YSF, season, or topog-
raphic position. Nevertheless, for each level of a specific factor (YSF, topographic position
and season), the variability of moisture content was much larger for branches and leaves
than soil samples.

For soil samples, the 30 YSF site was significantly more humid (with mean SMC >20%)
than the other four sites burned more recently (SMC = 13%-18%), although SMC did not
increase continually with YSF (a decrease on 11th YSF, Figure 3¢). With respect to season,
SMC was the lowest in spring, increased during summer, decreased slightly in autumn, and
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Figure 3 Plant branches/leaves moisture and soil moisture variation tendency at spatial and temporal scales in
central Yunnan Plateau

reached its maximum value in winter. As for topographic position, SMC was obviously low-
er at south-facing slopes and hilltops than at north-facing slopes and valley bottoms.

In contrast to the increasing trend of SMC with the increase of YSF, except a low value in
the 11 YSF site, the highest PMC for both branches and leaves was recorded at the site of 1st
YSF site (mean PMC = 60%), this value then declined by 5%—-10% in plant samples col-
lected at sites of larger YSFs. The seasonal pattern of moisture was similar for branches and
leaves, declined from spring to summer, autumn, and reached the minimum in winter, this
trend was also opposite to that of SMC, which reached the highest value in winter and low-
est in spring. Moreover, the moisture content of branches and leaves showed little difference
among the four topographic positions (Figures 3a and 3b).

3.3 Variations of PMC across growth-forms and species

In general, the moisture content of vegetation was the lowest in the evergreen broad-leaved
(EB) species (51.3%=11.0% in branches and 56.6%+8.5% in leaves), and the highest in ev-
ergreen conifer (EC) species (58.0%+11.9% in branches and 61.0%+6.9% in leaves). De-
ciduous broad-leaved (DB) tree species had intermediate values (53.4%+11.1% in branches
and 57.4%+9.0% in leaves). The moisture content of leaves was significantly different
among three growth-forms for the sites of different YSF.

The moisture content of branches and leaves of three plant growth-forms followed a con-
sistent pattern among the sites relative to YSF (Table 1). The highest value was recorded in
the first year after fire, the lowest value was generally observed in the 5th or 11th YSF for
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Table 1 The variations of moisture contents in the branches and leaves of trees in three growth forms with re-
gard to YSF, season, and topographic position, in central Yunnan Plateau. Superscript character indicates the dif-
ference among values for different levels of each predictive factor. DB, deciduous broad-leaved species; EB,
evergreen broad-leaved species; EC, evergreen coniferous species; South, south slope; North, north slope.

Plant tissue Branch (%) Leaf (%)

Growth form DB EB EC DB EB EC
YSF Ist 60.8°+8.5 57.748.8 61.347.9 60.0°+8.2 59.0°+8.5 66.39+8.1
2nd 57.7°+8.3 53.3%48.5 61.7°£8.9 59.1°+8.2 54.7°£8.6  63.6°+8.5
5th 50.5%+7.7 49.5°+7.3 57.9%+7.8 54.6'+7.6 55.4+7.5  57.2°+7.4
11th 50.0%+8.1 47.5°46.9 56.7+8.5 57.9%48.9 55.2%47.1 59.8%+7.9
30th 51.6*7.8 50.6°+7.7 54.3%£7.9 57.0°+7.3 58.9°+8.1 60.8°£6.9
Season Spring 62.1'£8.5 59.7°+8.8 67.7°+7.9 67.3°48.2 62.948.5  62.7°48.1

Summer  56.2°+8.2 54.0°+8.1 60.1°+£7.8 55.3+7.4 55.1°+7.7 61.1°£76

Autumn  53.1°+8.2 53.4°+7.8 59.6°+8.3 54.0°+8.8 55.8°+7.2 61.3+8.3

Winter 38.3'+7.4 36.6%+7.0 40.1°£7.0 51.3%7.2 524470  58.1°%7.5

Topographic North 52.9°+8.5 51.8"+8.8 58.3%+7.9 57.2°+8.2 57.3°+8.5  61.8"+8.1
feature South 53.5%+8.9 49.6*+8.4 57.9%+8.3 58.1%+9.1 55.248.7  60.8"+8.3
Top 53.3%+8.4  50.6™+8.6 57.0%+8.1 57.5%4+8.2 55.0'48.4  60.2°+8.6

Valley 53.7%48.6 52.7°48.7 59.4°+8.4 56.8%+8.3 58.2°+8.8  61.3"+8.7
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Figure 4 Branch (a) and leaf (b) moisture content of 18 plant species in central Yunnan Plateau. C.re, Camellia reticu-
lata; C.or, Castanopsis orthacantha; C.de, Cyclobalanopsis delavayi; C.gl, C. glaucoides; K.ev, K. evelyniana; L.de, L.
dealbatus; L.1i, L. litseifolius; L.ov, Lyonia ovalifolia; M.yu, Michelia yunnanensis; M.na, M. nana; M.ru, M. rubra; P.yu,
P. yunnanensis; Q.fa, Q. fabrei; Q.aq, Q. aquifolioides; Q.ac, Q. acutissima; R.mi, Rhododendron microphyton; R.ar, R.
araiophyllum; T.gy, Ternstroemia gymnanthera
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different tissues and growth-forms. The seasonal patterns of PMC were also similar for the
three growth-forms, the highest in spring, not significantly different between summer and
autumn, and the lowest in winter. In contrast, topographic patterns of PMC were not the
same for three growth-forms. For DB species, there were no significant differences in PMC
(for either branches or leaves) between different topographic positions. However, for both
EB and EC species, the PMC of branches and leaves were slightly but significantly (p<0.05)
lower at south-facing slopes and hilltops than those at north-facing slopes and valley bot-
toms.

Comparing the 18 woody species sampled, an obvious phylogenetic bias was revealed in
the PMC variation of branches (Figure 4a) and leaves (Figure 4b). Eight species with the
lowest leaf moisture content belonged to the Fagaceae Family (including Cyclobanalopsis
and Quercus, Figure 4b). These species were mostly EB species and canopy dominants.
Other common species in the communities possessed moderate moisture contents, these in-
cluded Pinus yunnanensis, Lyonia ovalifolia, and two species of Myrica. The most common
shrub species in the study possessed relatively high moisture content, although the highest
moisture values for leaves and for branches were measured in the conifer species, Ketelerria
evelyniana and P. yunnanensis, respectively.

3.4 Determinants of soil and plant moisture variations

Hierarchical variation partitioning revealed that four habitat factors, i.e., YSF, season, to-
pographic position, and surface soil temperature, accounted for 64.6% of variation in soil
moisture, with YSF (25.7%), slope position (22.1%) and season (10.8%) comprising the top
three factors that independently contributed to soil moisture (Figure 5a). In contrast, 36.4%
of the PMC variation was attributed to eight variables. Season (19.1%) and soil temperature
(8.3%) were the top two contributing factors. Plant tissue (branch or leaf) and growth-form
were also important factors, whereas the effect of YSF was negligible for the PMC variation
(Figure 5b).
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Figure 5 Hierarchical partition of moisture variation in (a) soil and (b) post-fire regenerated plant tissues in
central Yunnan Plateau, based on GLM analysis (type includes three growth-forms covering DB, EB and EC, as
indicated in the text, * means difference is statistically significant).

Variation in PMC of the three growth-forms was accounted for by 44.9% (for DB species),
35.1% (EB), and 30.1% (EC), respectively. Seasonal and soil temperature were the most
important factors in all cases. The soil moisture was also important for PMC in DB and EC
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species, while plant tissue type (branch or leaf) was critical for PMC in EB species. Sepa-
rated HP analysis showed that the variations of moisture content in branch and leaf was ac-
counted for 22.2% and 56.6%, respectively. Season remained the primary determinant of
PMC for both branches and leaves, followed by growth-form for branches, and soil tem-
perature for leaves (Table 2).

Table 2 Hierarchical variation partitioning for PMC of three growth-forms and two types of plant tissue in cen-
tral Yunnan Plateau. DB, deciduous broad-leaved; EB, evergreen broad-leaved; EC, evergreen coniferous. Indep.,
independent effect (%); Joint, joint effect (%). SMC, soil moisture content; Ts, temperature of surface soil.

Branch Leaf

Exp. variable

Indep. Joint Indep. Joint Indep. Joint Indep. Joint Indep. Joint
Plant tissue 3.74 0.00 6.85 0.00 2.29 0.00 - - - -
Growth-form - - - - - - 3.55 0.06 4.35 0.40
Season 2591 15.89 19.57 9.99 15.51 11.92 13.30 3.86 27.93 20.19
Slope position 1.17 -1.09 2.60 -1.15 1.82 -1.37 1.24 —-0.60 2.57 -2.33
YSF 0.69 0.49 0.17 -0.16 1.17 1.18 0.52 -0.26 1.12 0.73
SMC 3.88 5.58 1.23 0.63 243 3.29 0.81 0.18 3.10 4.62

Tsoil 11.35 12.78 7.48 6.46 9.82 9.15 2.76 1.85 17.49 15.95

4 Discussion
4.1 Contrasting variations of moisture contents in soils and plants

Habitat degradation is widely observed after fires (Lamont et al., 1993). The loss of canopy
cover and ground litter layer largely increases the risk of plant mortality for some species
during early post-fire regeneration but plant regeneration can also benefit from these open
conditions (Lloret et al., 2003; Bonnet et al., 2005). However, the direct impacts of forest
fires on moisture content of soil and plants of post-fire sites have rarely been studied, and
the adaption of plants to fire-induced environmental stress is therefore elusive.

In this study, the gradual recovery of SMC over time after burning indicates a possible
drought stress in early stages of post-fire regeneration. However, the PMC of all three
growth-forms of woody species were the highest in the first year after burning, and de-
creased significantly thereafter, this suggests that SMC was not a primary determinant of
PMC, at least when it was below a threshold value. In fact, Han et al. (2015) found that the
post-fire tree regeneration in the study region was very rapid and abundant compared to
many fire-prone vegetation types in other regions. The abundance of summer rainfall, >500
mm on average (Figure 1b), might play a critical role in releasing drought stress in soil fol-
lowing fires, thus allowing the ecosystem to recover rapidly from fires.

The contrast between seasonal dynamics and topographic patterns of SMC and PMC
(both branches and leaves) also reveal the adaptive capacity (i.e. resilience) of common
woody species to the spatio-temporal variations of water availability in a heterogeneous
landscape. Specifically, although soil moisture availability is significantly modified by to-
pography, the difference of PMC between branches and leaves are negligible across topog-
raphic positions. Thus, the seasonal dynamics of PMC is dominated by plant phenology
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rather than the dynamics of SMC, even during the drought stress that occurs in spring. De-
spite numerous studies on the homeostasis of plant stoichiometry (Agren, 2008), which
mostly focused on chemical elements, this study provides a direct evidence for the stability
of moisture content in woody plant species facing drought stress caused by fires.

4.2 Biotic and abiotic controls on PMC

Fuel moisture content is an important predictor of fuel flammability (Castro et al., 2003;
Pellizzaro et al., 2007), and has been increasingly applied in fire risk assessment (Chuvieco
et al., 2004a; Tanase et al., 2015). Since fine fuel, including leaves and thin shoots, is highly
combustible, fuel type plays a critical role in wildfire initiation and propagation (Castagneri
et al., 2013; Clark et al., 2014). Therefore, to better understand how differences in fuel
flammability may affect fire risk in forests with different species composition and structure,
we should compare the moisture content of fine fuels among different communities (Johns-
ton et al., 2015).

We found that PMC is significantly related to both growth-form and fuel types (branches
vs. leaves). For the 18 most common woody species studied, broad-leaved evergreen species
have the lowest moisture content in both branches and leaves, while the two evergreen coni-
fer species, P. yunnanensis and K. evelyniana, have the highest moisture contents (Figure 4).
Growth-form differences in moisture content were significant and changed little across sites
of different YSFs (Table 2). Moreover, the eight species with the lowest moisture content
were broad-leaved evergreen, belonging to the Family Fagaceae. The taxonomic and
growth-form bias of moisture content thus supports the hypothesis that plant flammability is
a naturally-selected trait (Burger and Bond, 2015; Zimmer et al., 2015).

Our data also showed that, besides season, surface soil temperature was also a critical de-
terminant of leaf moisture (Table 2). Since the evergreen species of Fagaceae tend to domi-
nate hilltops and south-facing slopes in the study region, the low moisture content of leaves
and their sensitivity to soil temperature enable us to understand the spatial patterns related to
the severity of forest fires (Bradstock ef al., 2009; Fang et al., 2015; Han et al., 2015), and
the high vulnerability of Fagaceae-dominated communities to forest fires. In contrast, the
high moisture content in leaves and branches of K. evelyniana support its low flammability
potential, which is locally well known.

In addition to moisture content, oil and aromatic compounds, such as terpenes, in plant
tissue are also critical features influencing fuel flammability (Ormefio et al., 2008). More-
over, other studies have found the vertical structure of fuel materials is critical for the poten-
tial of fire propagation (Castagneri et al., 2013), and that forest litter has distinct spatial dis-
tribution and flammability from living fuel (Varner et al., 2015). Therefore, further studies
need to integrate the physical and chemical features of fuel in order to better understand the
inherent complexity of the flammability of different forest types and to more accurately pre-
dict the behavior of fire in this region.

4.3 Implications of forest management

Our results suggest that potential flammability, indicated by moisture content of living plants
in the study region, is not significantly affected by drought stress in spring, and is largely
invariant across topographic position. In contrast, species composition of forests can be a
useful indicator for assessing fire risk in central Yunnan Plateau. In addition, since the
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moisture content of living plant tissue is not affected by spatial and seasonal variations in
water availability, it would be important to focus on the distribution and moisture content of
litters in forests to assess fire risk and manage fuel loads with optimal strategies. For exam-
ple, prescribed burning in late autumn or early winter could be a useful strategy for decreas-
ing litter accumulation, because the rainy season has passed so that the burning will not re-
sult in strong soil erosion in the following dry season of several months. Moreover, the
growing season is almost finished, and moisture contents in both soil and plants are still high,
thus the burning will be easier to control and less likely to cause severe harm to the living
plants.

5 Conclusions

This study explored the spatial and temporal variations of moisture content in soils, tree
branches and leaves of post-fire communities, as well as underlying drivers. Based on the
approach of multiple comparisons and variation partition for the samples of different YSF
sites, several preliminary conclusions can be drawn as follows:

(1) The post-fire drought stress in soil is obvious in central Yunnan Plateau, and is most
severe in spring, regulated by topographic position. However, drought stress almost disap-
pears in a forest stand about 10 years after a fire. A total of 64.6% variation in SMC was
accounted for by YSF (25.7%), slope position (22.1%) and season (10.8%).

(2) The drought stress showed a limited effect on the variation of PMC in living tissues,
both branches and leaves, for the 18 most common woody plant species in the study. PMC
differs significantly among growth-form and taxa, is primarily related to seasonal phenol-
ogy and soil temperature, accounting for 19.1% and 8.3% of variation in PMC, respec-
tively. Tree species of Fagaceae had the lowest PMC in general, and thus should be vul-
nerable to wildfire.

(3) The contrast in moisture content between soil and plant tissue reveals a prominent re-
silience of extant vegetation to fire-induced drought stress, possibly facilitated by abundant
rainfall in summer, implying that the local ecosystem is adapted to the monsoon-dominated
regional climate.
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