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Abstract: Southwest China is distributed with the largest area of limestone and dolomite karst
landscapes in the world, and its ecological environment is very fragile; the problem of rock desertifi-
cation is particularly prominent. Karst lithological differences make habitats and soil heterogeneity
more complex, and vegetation has developed certain morphological and physiological structural
characteristics to adapt to these special environments, which will most likely lead to differentiation
in vegetation functional characteristics, such as seed size, wood density, life type and flowering
time, thus affecting the number and growth of seedlings and young trees and the future succession
potential of forest stands in karst-vegetation restoration. Therefore, it is important to understand
the differences in species composition and the functional characteristics of dolomite and limestone
karst forests. Over a 2-year period, we investigated a total of 3170 individuals from 123 species and
analyzed the relationship between the species compositions and the functional characteristics of two
karst-forest areas with different lithology (i.e., limestone and dolomite karst). It was found that the
average number of species with medium-diameter seeds and medium wood density in dolomite
plots was obviously greater than the average number of species in limestone plots, but this reached
no significant difference. However, with the gradual restoration of each forest, the height and carbon
sequestration capacity of the trees began to diverge, with the relative abundance of species with tall
trees and high wood density being significantly higher in limestone plots than in dolomite plots. The
species richness of evergreen trees was significantly higher in the limestone plots than in the dolomite
plots. There was no significant difference in the relative species richness of flowering plants in the two
karst-forest areas during spring-summer and winter-spring seasons; however, the species richness of
flowering plants in the limestone karst forests was significantly higher than that of flowering plants
in the dolomite karst forests during summer and autumn seasons. These significant traits were very
closely related to the species richness of the understory plants. Further insight into the temporal
aspects of karst-forest succession is needed to grasp how functional traits affect the restorations of
different lithological karst forests to their primary states.

Keywords: functional traits; wood density; forest succession; karst; rocky desertification

1. Introduction

China has an approximate karst area of 3.44 million km?2, which accounts for 15.6% of
all of the karst areas in the world [1]. Karst rocky desertification has long been regarded
as a major environmental problem that has significantly limited social and economic de-
velopment in Southwest China and has a powerful influence on the 1.7 million people in
the regions [1]. Some of the most typical characteristics of karst areas are well-developed
surface and subsurface double-layered karst landscapes and high habitat heterogeneity.
Differences in topography, soil, climate and other environmental factors in the region di-
rectly affect the vegetation-succession process and tree-species distribution pattern [2]. The
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ecology of karst-forest trees is mainly impacted by hydrological, edaphic and topographic
factors that exhibit fine spatial heterogeneity [3].

Subtropical evergreen—deciduous broadleaved forests are the dominant forest type
in the subtropical region of Southwest China. Their species have obvious morphological
and functional traits, which are optimal materials for studying the mechanisms of species
coexistence and functional-feature change [4,5]. Tree species have shown nonrandom dis-
tributions associated with soil conditions, and these distribution patters have already been
verified in a 15 ha plot in Southwest China [6]. Previous papers have shown that deciduous
tree species are more common on more gradual slopes in tropical karst forests [7,8], but tall
evergreen tree species are common on lower slopes with deeper soils and more moisture [3].
During the process of soil formation, lithology plays an important role in many processes
of vegetation succession [9]. For example, soil C and N contents may increase significantly
from cropland to forest in dolomite, but they may vary insignificantly among successional
periods in limestone [10]. Distribution of dominant tree species is obviously related to total
phosphorus, nitrogen and potassium contents in soil [11-13].

Plants tend to respond to external environmental variation by changing their own
physiological or morphological structures. In the long-term evolutionary process, habi-
tat heterogeneity enhances the stability of ecosystems by increasing plant-community
diversity [14]. Hence, specific morphological and physiological characteristics are de-
veloped that are adapted to the habitat, leading to a high diversity of functional traits.
However, there are significant differences between dolomite and limestone in terms of karst
morphology, degree of rock fracture development, soil thickness and water-holding capac-
ity of weathered crust, which regulate spatial allocation of regional soil and water resources
and the geochemical cycling process of nutrients and thus affect vegetation growth and
functional-trait variation [15,16]. The numbers of dominant species in the limestone-forest
arbor layer and in the shrub layer had no overlap at all, but the number of species pairs was
14 higher than that in the dolomite forest. Forests in pure limestone regions are relatively
rich in species of trees and shrubs [17].

Species differences have a significant impact on wood density, which can have several
variations between species [18]. For example, coniferous wood is usually loose and soft,
while broadleaf wood is mostly dense and hard. Some functional attributions of trees, such
as growth rate, age, structure, height, etc., also have an effect on wood density [19]. A study
of 12 karst tree species in karst forests found that the wood density of evergreen trees was
significantly higher than that of deciduous trees [20,21]. In particular, environmental factors
can affect the wood density of plants by changing hydrothermal conditions in karst areas
where water and nutrients are highly susceptible to loss. Wood density exhibits uniform
distribution in relation to habitat types that range from valleys to peaks. Tree species in
karst hilltops with little soil substrate display higher tissue density than that of species
grown in valleys that maintain more soil [22].

The flowering time of a plant is the most important stage in its life history. Flowering
time is closely linked to nutritional and reproductive growth, and variations in plant
flowering can limit or promote plant-species establishment and thus community structure
and functional traits [23,24]. The flowering time of perennial plants is one of the most
widely used indicators for production studies [25]. In karst regions, the biological processes
that lead to flowering might be influenced by weathering of rock derivation from climate
variation. A previous study suggested that the mean trend of flowering duration in West
China was larger than that in East China, and the extending trends for shrub species were
found to be more significant than those for tree species [26]. However, some research
suggests that there is no clear conclusion about the effect of environmental changes on
floral phenology [27-29].

Currently, many studies focus on climate and soil to influence plant growth, while
lithological control of plant growth is often neglected [30-34]. However, tree and shrub
species composition and biodiversity under pure limestone and dolomite conditions were
significantly different when Maolan karst primary forest was studied [35]. Therefore, for
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vegetation restoration projects in different lithologic karst areas, how to select tree species
should not only consider plant productivity, survival rate and site conditions but also the
future ecological function of these restored forests. For example, a previous study showed
that seeds that rely on small animals or wind dispersal were more abundant in planted
forests than in mature natural forests [36].

Accordingly, as plant functional traits such as seed type, wood density and flowering
time are some of the most widely used indicators for changes in environmental factors, this
study aims to evaluate these functional traits and their influence on tree-species richness,
composition and distribution in dolomite and limestone karst forests in Southwest China.

2. Materials and Methods
2.1. Study Sites

This study focused on two karst sites: Shibing (26°57'42.4558" N, 108°1445.63919” E) and
Liping (109°7'18.15” N, 25°59’15.08" E) (Figure 1). These study sites are located about
400 km apart and were classified based on the lithology in the Southwest China karst
region, of which the Shibing karst area was dominated by dolomite and Liping dominated
by limestone. In these two sites, the representative vegetation was subtropical evergreen
deciduous broadleaf or limestone evergreen broadleaf. The dominant tree species in
the community are Fagaceae Quercus fabri Hance and Q. acutissima Carr., Anacardiaceae
Choerospondias axillaris (Roxb.) B. L. Burtt & A. W. Hill, Theaceae Schima superba Gardn. et
Champ., Juglandaceae Platycarya strobilacea Sieb. et Zucc., etc. In the forest understory, the
common species are mainly Lauraceae Lindera glauca (Sieb. et Zucc.) Bl., Hamamelidaceae
Loropetalum chinense (R. Br.) Oliver, Oleaceae Ligustrum quihoui Carr., etc.
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Figure 1. The locations of dolomite and limestone karst-forest plots in Guizhou Province, Southwest China.
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Rolling topography is a common feature; elevation ranges from 500 m to 850 m above
sea level. The soil types were mainly limestone and dolomite, weathered to form limestone
soils. This area is characterized by a typical subtropical monsoon climate (a warm, rainy
season and a cool, dry season). Meteorological data (such as air temperature, extreme
temperature, precipitation, etc.) were measured with a ground meteorological station in
each of our study sites (Figure 1). There was an average annual temperature of 16.3 °C.
The annual precipitation was approximately 1182.4 mm, and the mean number of wet
days (daily precipitation > 2 mm) was 223 days of each year. The monthly minimum and
maximum temperature averaged 1.7 °C (January) and 32.5 °C (July), respectively.

2.2. Plots Survey and Soil Samples

A total of 18 sample plots in the Shibing dolomite karst forests were investigated; 4 of
those plots (data not shown) were artificial-pure-forest plots and therefore not included
in the analysis. In the Liping limestone karst forests, 12 sample plots were investigated.
All sample plots were 20 m x 20 m in size and were randomly selected between 2017 and
2019. The field work was performed in July and August. In each plot, tree species with
diameters more than or equal to 3 cm at breast height (DBH) had their diameters recorded
to 0.1 cm using a tape and were surveyed as tree species. Woody species that were less than
3 cm DBH and shrubs were surveyed as seedlings or saplings. In these sample plots, all
woody plants were systematically recorded to the species, with an exception of a few that
were identified to the genus, since it was difficult to identify them to the species in the field
without flowers or fruits.

In each of these plots, four soil samples were collected from the four-10 x 10 m-quadrat
central area of each plot, and then these four soil samples were mixed to build one composite
sample in each plot in this field work. All soil samples were naturally air-dried and sieved
with 2 mm mesh for physical and chemical analysis of the soil [37]. The soil organic
carbon concentration (SOC) was determined via wet oxidation using the dichromate redox
colorimetric method [10]. Total nitrogen (TN) was measured based on the Kjeldahl method.
Total phosphorus (TP) was measured using an ultraviolet spectrophotometer according to
the Mo-Sb colorimetric method [38]. Total potassium (TK) was measured with a sodium-
hydroxide fusion-atomic absorption method.

2.3. Functional Trait Selection

To analyze the responses of the functional traits of dolomite and limestone karst in
Southwest China, functional data for our 123 species were compiled from the published
literature. Five functional traits were selected for this analysis: (1) Species were categorized
based on seed size, using classes, as having small width (width less than or equal to 6 mm),
medium width (6-20 mm) or large width (more than or equal to 20 mm); (2) Species
were categorized based on wood density, using classes modified from [39], as having low
density (less than or equal to 0.4 g/cm?), medium density (0.4-0.6 g/cm?) or high density
(more than 0.6 g/cm?); (3) Species were classified into two life forms: deciduous and
evergreen; (4) Species flowering times were classified into three categories: March to June,
July to September and October to next year’s February; (5) Species were classified by their
maximum height, using classes modified from [39], as understory trees (height less than
10 m), sub-canopy trees (10-20 m) or canopy trees (height more than 20 m).

2.4. Data Analysis and Statistics

Species richness provides a useful measure of diversity while species-abundance models
describe distribution of species abundance. Species richness is correlated with sampling
area. A species accumulation curve (SAC) was used to evaluate the adequacy of sampling
efforts and to compare the richness between the limestone karst forests and the dolomite karst
forests [40]. Species richness was computed as follows (more details can be seen in [7]):

H
Sohs = Z S;
i=1
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where S,;; represents the number of observed species in the pooled plots and S; stands for
the number of species found in exactly i plots of the empirical sample set, which has a total
of H samples [7,8].

Observed species richness and its standard deviation were calculated with EstimateS
ver. 9.1 for Windows (accessed on 1 September 2022 at: https://www.robertkcolwell.org/
pages/1407-estimates) and 100 random iterations from the data [7,8]. Species abundance
was computed across a summation of total species percentage cover in each sample site.

A negative binominal GLM (log link), with seed size, wood density, life form, flower
time and tree height as fixed effects, was carried out to reflect the significant functional traits
associated with species abundance [39]. To explain species-abundance variation in dolomite
and limestone karst both between and within functional trait groups, estimated marginal
means were carried out for each functional group. Comparisons of the mean abundance
in groups for each functional trait were calculated using sequential Bonferroni pairwise
tests. To compare the differences between dolomite and limestone karst forests, relative
abundances of understory woody species (including shrubs, seedlings and saplings) with
different functional trait groups (seed size, wood density, life form, blooming stage and tree
height) were calculated using Mann-Whitney U tests [39]. Mann-Whitney U tests were
also employed for the effects of lithology (i.e., karst dolomite and karst limestone) on soil
properties. SPSS 25.0 (SPSS Inc., Chicago, IL, USA) and OriginPro 2018 (Originlab Inc.,
Northampton, MA, USA) for Windows were used to perform statistical analysis and draw
figures, respectively.

3. Results
3.1. Species Diversity and Soil Characteristics

Between 2018 and 2019, 3170 individuals from 123 tree species were identified in
dolomite and limestone karst forests. For all classes, species accumulation curves (SACs)
showed that community species richness was sufficiently captured within the scope of the
investigation and hence was sufficient enough to estimate community richness related to
the number of sampling plots (Figure 2). However, the species abundance of the two karst
forest areas was extremely uneven (Figure 3), with the 12 and 10 most abundant species,
respectively, comprising more than 60 percent of all of the individual plants in the dolomite
and limestone karst forests, respectively (the 20 most abundant tree species can be seen
in Supplementary Materials Tables S1 and S2). Hence, the majority of species had low
abundances across the two karst forest areas, with the 40 and 52 least abundant species
combined contributing only 10 percent of the dolomite and limestone karst forests, which
showed that the average abundances at the individual scale were relatively uniform, with
negligible influence. However, it is worth noting that the response of the species richness
of the total, tree-species and understory plants differed significantly between the dolomite
and limestone karst forest areas (p < 0.01).
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Figure 2. Species accumulation curves (SACs) relating total species richness to dolomite and limestone
karst-forest sampling-plot treatment. The solid line represents the SAC and the dashed line represents
one positive standard deviation.
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Figure 3. A rank-abundance curve of all tree species (124 species, 36 common species) studied in
dolomite (n = 96 species) and limestone (n = 61 species) karst forests in Southwest China from 2017 to
2019. The most abundantly planted species account for >60% of plants and are displayed with the
dashed line. The 20 most abundant tree species can be found in the Supplementary Materials.

Differences in soil nutrient contents, including total nitrogen (TN), total phosphorous
(TP), total potassium (TK) and soil organic carbon (SOC) content, for the two karst forest
areas are shown in Figure 4. In the dolomite and limestone karst plots, the soil pH values
were 6.8 and 5.7, respectively (data not shown). In the secondary dolomite karst forests, the
TN, the TP and the SOC in the soil were 18.2%, 220.0% and 57.5% higher than those in the
secondary limestone karst forests, but the TK in the soil was 16% lower compared to that in
the limestone plots (data not shown). However, there was no significant difference in the
TN in the karst soil between the dolomite and limestone plots.

1 [ Dolomite [ Limestone
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30 A
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Total N Total P Total K SOC

Figure 4. A comparison of total nitrogen (TN), total phosphorous (TP), total potassium (TK) and soil
organic carbon (SOC) contents in soil from dolomite and limestone plots in Southwest China. Mann—
Whitney U tests were used to examine differences in content of nitrogen, phosphorous, potassium
and soil organic carbon in soil from 18 dolomite plots and 12 limestone plots. Each bar represents
content mean =+ standard deviation of the mean. The asterisks “***” and “*” represent the significance
levels of 0.001 and 0.05, respectively, and “ns” represents nonsignificant levels.
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3.2. Functional Trait Representation

Comparison of the composition of the individuals in the two karst-forest areas showed
that woody species with small and large seeds had significantly higher abundances in
the limestone karst forests than in the dolomite karst forests, but reached no statistical
significance (Figure 5). Inversely, medium-seeded species abundance was obviously higher
in the dolomite karst plots than in the limestone karst plots and reached a extremely
significant difference.
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Figure 5. A comparison of the representation of functional traits in tree species (DBH > 3 cm) from
dolomite and limestone plots in Southwest China. Mann-Whitney U tests were used to examine
proportion data of tree species from 14 dolomite- and 12 limestone-karst-forest plots. Each bar
represents total proportion of individuals + standard error of the mean. The asterisks “***”, “**”

17

and represent the significance levels of 0.001, 0.01 and 0.05, respectively, and “ns” represents

nonsignificant levels.

To assess the community structure and the carbon sink potential of the two karst
forest areas, the proportions of all individuals from different tree-height classes and wood-
density-classed species were also compared. There were significant differences in the
relative abundances of the understory- and canopy-class species between the limestone
karst and dolomite karst forests, but no significant difference was found in all of the
subcanopy. Similarly, the relative abundances of low- and high-wood-density species were
significantly different between the dolomite-dominated karst and limestone-dominated
karst forest areas, but those of medium wood density species were not.

To explore the vegetation-landscape and nectariferous-plant differences of the two
karst regions, the representations of species from different life forms and the flowering times
from the limestone and dolomite karst forests were recorded and compared (Figure 5).
In the two karst regions, the mean abundance of deciduous species had no significant
difference, but the proportion of individuals from deciduous species was obviously higher
in the dolomite-karst-forest plots than in the limestone-karst-forest plots. However, the
average abundance of evergreen species was significantly higher in the limestone karst
forests than in the dolomite karst forests. Therefore, the kart forests dominated by limestone
looked greener than the karst forests dominated by dolomite in winter.

It is worth noting that many plant species bloom from March to June in the two
karst regions, but there was no significant difference. From July to September, the mean
abundance of flowering plants was extremely higher in the limestone-dominated karst
forests than in the dolomite-dominated karst forests.



Forests 2022, 13, 2187

8of 13

3.3. Functional Trait Abundance

For both limestone and dolomite karst secondary forest seedling and sapling species,
high class, flowering time, wood density and seed size were significantly associated with
abundance (Figure 6), but there was no statistically significant relationship between life
form (i.e., evergreen and deciduous species) and mean abundance (Figure 6d,i). Understory
and subcanopy species showed higher mean abundance than those of canopy species
in both the limestone- and dolomite-dominated karst secondary forests, but the canopy
species in the dolomite karst forests had higher abundance than those canopy species in
the limestone karst forests (Figure 6a,f). Woody species with a blooming stage from March
to June had a higher average abundance than species with a blooming stage from July to
next February, but the abundance for species with a blooming stage from October to next
February in the dolomite karst forests was obviously higher than that in the limestone
karst forests (Figure 6b,g). Interestingly, species with high wood density in limestone
karst forests had the highest mean abundance, but species with low wood density had
the lowest abundance in the two karst regions. Medium-seed-size seedling species had a
higher average abundance than that of low- and large-seed-size species in the two areas
(Figure 6e,j). In the two karst regions, the average abundance in the limestone karst forests
was generally slightly higher than in the dolomite karst forests.
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Figure 6. A comparison of the relative abundances of seedlings or saplings (all woody plants
or shrubs DBH < 3 cm) and their functional traits, (a,f) tree height class, (b,g) flowering time,
(c,h) wood density, (d,i) life form and (e,j) seed type, from dolomite and limestone plots in Southwest
China. Estimated marginal means among groups were computed from abundance data from the two
karst sites using a negative binomial GLM (log link) with the Wald chi-square Stata (W). Each bar
represents estimated marginal mean =+ standard error of the mean. Bars with different letters stand for
significant differences based on Bonferroni pairwise tests. The asterisks “***”, “**” and “*” represent

the significance levels of 0.001, 0.01 and 0.05, respectively, and “ns” represents nonsignificant levels.
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4. Discussion

In this study, we described the vegetation of karst forests with different lithologies
and analyzed their functional diversity and compositions. These differences are, without
question, associated with lithological character across regions in conjunction with local
forest-stand disturbance history (e.g., natural forests to secondary forests after firewood
gathering for livelihood) [41]. In our study area, the functional trait responses to the
dolomite and limestone karst forests showed statistical differences because many species
exhibit distributions in relation to special topographic positions. Early logging may directly
or indirectly influence regional species biodiversity in forested karst landscapes [42], espe-
cially in the understories. This is why total seedlings or saplings were higher than total
individuals due to logging in the two karst forest areas. Interestingly, litter production is
closely associated with the tree species that are most strongly driven by structural attributes
and stand biodiversity [43]. Therefore, secondary forest stands dominated by deciduous
tree species can accumulate large amounts of litter over a short term, which in turn will
promote niche differentiation and thus increase the biodiversity in the lower locations of
the karst areas, where moisture is easily preserved.

Trees with smaller species abundance and higher aggregation have stronger density
dependence [44]. Evergreen plants in karst areas usually adopt a conservative water-use
strategy with larger wood density and lower water-conduction and photosynthesis rates,
but have higher water-use efficiency and stronger abilities to maintain expansion and resist
cavitation embolism. Hence, the physiological functions of the leaves and branches can be
maintained under water deficit conditions [45,46].

However, deciduous plants tend to adopt a risky water-use strategy with small wood
density and large xylem ducts, resulting in high hydraulic conductivity and photosynthetic
capacity to compensate for the loss of carbon in the dry season through rapid growth in the
rainy season [47,48].

In present study, the species richness of the two karst forest areas differed significantly
as wood density increased with higher tree height. There are two possible reasons for this
difference: one is that trees actively increase their wood densities to adapt to increased
pressure on their trunks as they grow, and the other is that as the trees grow, the trunks are
subjected to greater pressure, which causes tree cells to become more compact and some
gaps to be filled by compression, so the trees passively increase their wood density. As
such, some young trees may need more light and rainfall to reach the canopy in a short
period of time through rapid growth, so differences in nutrient content inevitably lead to
differences in seedling-species richness; however, as trees grow, especially when they reach
medium height, either wood density is not sensitive enough to hydrothermal conditions
or environmental factors are not the dominant factors in wood-density changes, so the
tree-species individuals of the two karst forest areas had no significant difference. Thus, in
limestone karst forests, where the number of individuals of evergreen species is dominant,
the heights of the largest trees (i.e., the canopy) and the species richness of high wood
density are both significantly higher than in dolomite karst forests.

The relationship between rock type and vegetation has been recognized for a long
time. Some previous studies from South Spain have shown that ridges in dolomite areas,
especially on the southern slopes or when rocks are very fragmented, are more likely to
grow vegetation, but other aspects of the functional characteristics of vegetation are not
significantly different from those of limestone areas [49]. This is mainly because dolomite
soil maintains lower soil moisture and higher magnesium content [50], and the proportion
of local drought-tolerant plants is higher [49,51], which is very similar to the phenomenon
we observed in this work.

A survey of tree species in a permanent 25-hectare limestone-karst-forest plot in the
Mulun National Natural Reserve showed that of the 93 species recorded in the species-rich
subtropical karst forest, the smaller the species richness was and the higher the aggregation
was, the stronger the density dependence was. The density dependence of evergreen
species is stronger than that of deciduous and understory species [44]. Moreover, tree size
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(including tree height and DBH) is one of the important driving factors that affects tree
survival and is closely related to tree mortality [52]. No matter what kind of plants grow
on a lithology, even closely related species often have ecological differences in community
composition and functional traits [53]. Many functional traits, such as tree species diversity,
tree size and life form, can significantly affect the seasonal productivity of a stand [43]. For
example, dominance of deciduous tree species may lead to slow litter decomposition in
karst habitats, which would provide favorable conditions for good adaptation to harsh
habitats [54]. In line with our study, the richness of deciduous tree species in dolomite areas
was significantly higher than that in limestone areas, providing stable nutrient support for
the transition from seedlings or saplings to big trees.

In the humid subtropical karst region, natural secondary forests have a different
growing-season length than that of planted forests because they present greater adaptation
to hydraulic and edaphic characteristics [55]. Some studies have also shown that envi-
ronmental factors such as annual rainfall, temperature and pH play a more pronounced
effect on the functional traits of plants than the plants themselves play [56]. In soil, TP,
SOC and pH were remarkably higher in the dolomite karst areas than in the limestone
karst areas. Our results are consistent with the report in Shibing [34]. Development of
shrubs or seedlings plays a critical role in the ecological-restoration stages of dolomite
regions [34]. In dolomite karst forests, SOC and TN continuously increase with natural
succession progresses [38]. As such, the rate of soil formation has an important influence
on vegetation growth, and dolomite weathers faster than limestone; the difference between
their weathering rates can also have different effects on the functional traits of plants.

Plant functional biodiversity not only significantly increases soil carbon, nitrogen,
potassium, calcium, magnesium and cation exchange, but also plant nitrogen, potassium,
calcium and magnesium, indicating a positive feedback relationship between plant di-
versity, plant productivity and soil fertility [33]. Therefore, stand characteristics (e.g.,
individuals per area) and environmental factors (e.g., lithology and soil nutrient con-
tents) can significantly impact forest functional diversity, such as forest biomass or carbon
storage [57]. It was further found that the higher the functional plant diversity was, the
greater the nutrient accumulation in the ecosystem was, mainly because of the trade-off
between different functional types of plants in terms of their ability to promote soil fertility.

5. Conclusions

Differences in functional characteristics of plants (seed type, wood density, tree height,
life form, flowering period) in response to dolomite and limestone karst secondary natural
forests were studied. In the limestone karst forests, tree species with small seeds or higher
wood density, evergreens and trees that flower from March to June were substantially
abundant compared to those of the dolomite karst forests. In analysis of the dolomite
and limestone karst secondary forests, the species richness of the functional traits of the
main tree species was significantly different. In addition, there were significant differences
in species richness of other functional traits between the two karst forest areas, except
for life form (evergreen or deciduous). The species richness of tall trees and high wood
density in the limestone karst forests was significantly higher than that in the dolomite
karst forests, which indicates that limestone karst forests have higher biomass and carbon
storage at the current successional stage. However, the number of species with medium
wood density, large seeds and flowering seedlings in autumn and winter in the dolomite
karst secondary forests was significantly higher than that in the limestone karst forests. The
number of species of seedlings and saplings with high wood density, evergreen life forms
and medium-sized seeds in the limestone karst secondary forests was significantly higher
than that in dolomite karst forests, indicating that limestone karst forests have great carbon-
sequestration potential for future succession processes, and the appearance of these forests
will be greener in winter and autumn. These findings can provide a critical reference for
recovery of tree functional diversity in rock-desertification-restoration plantings. As such,
vegetation restoration in dolomite karst areas is more suitable for selection of plants with
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medium wood density and that flower in autumn and winter to cultivate more nectariferous
plants, but in limestone karst areas, it is more suitable to select tall trees and species with
high wood density to increase forest carbon storage. In summary, the differences in the
responses of these functional traits to the two different karst forest areas may be closely
related to the growth and survival statuses of seedlings and saplings during succession
and the nutrient contents of different lithological soils; this requires long-term follow-up
observation and further research.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/£13122187/s1, Table S1: The 20 most abundant tree species
investigated in Liping limestone karst plots in Southwest China. M_DBH represents mean diameter
at breast height; M_TH represents mean tree height. Table 52: The 20 most abundant tree species
investigated in Shibing dolomite karst plots in Southwest China. M_DBH represents mean diameter
at breast height; M_TH represents mean tree height.

Author Contributions: Conceptualization, H.Z.; data curation, X.X.; funding acquisition, ED.; in-
vestigation, H.Z., X.J. and P.W.; methodology, X.X., B.D. and P.W.; resources, ED.; validation, X.X.
and B.D.; writing—original draft, H.Z. All authors have read and agreed to the published version of
this manuscript.

Funding: This research was funded by Forestry Administration of Guizhou Province (Qianlinkehe
[2019]15 and The second batch of provincial forestry and grassland ecological protection and restora-
tion projects in 2021), National Natural Science Foundation of China (NO. 32260421) and Key
Laboratory of Forest Fire Ecology and Management in Guizhou province (QJ]J [2022] No. 051).

Acknowledgments: We are very grateful to Liu Yanhui, Yang Yongyan, Hou Yiju, Zhao Wenjun, Cui
Yingchun and Xie Tao for their assistance in this field and laboratory work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jiang, Z.; Lian, Y,; Qin, X. Rocky desertification in Southwest China: Impacts, causes, and restoration. Earth-Sci. Rev. 2014, 132,
1-12. [CrossRef]

2. Sheng, M.; Xiong, K.; Wang, L.; Li, X.; Li, R. Response of soil physical and chemical properties to Rocky desertification succession
in South China Karst. Carbonates Evaporites 2018, 33, 15-28. [CrossRef]

3. Geekiyanage, N.; Goodale, U.M.; Cao, K.; Kitajima, K. Plant ecology of tropical and subtropical karst ecosystems. Biotropica 2019,
51, 626—640. [CrossRef]

4. Huang, Y,; Ai, X;; Yao, L.; Zang, R.; Ding, Y,; Huang, J.; Feng, G.; Liu, ]. Changes in the diversity of evergreen and deciduous
species during natural recovery following clear-cutting in a subtropical evergreen-deciduous broadleaved mixed forest of central
China. Trop. Conserv. Sci. 2015, 8, 1033-1052. [CrossRef]

5. Jiang, Y,; Chen, X.; Ma, J; Liang, S.; Huang, ].; Liu, R.; Pan, Y. Interspecific and intraspecific variation in functional traits of
subtropical evergreen and deciduous broadleaved mixed forests in karst topography, Guilin, Southwest China. Trop. Conserv. Sci.
2016, 9, 1-9. [CrossRef]

6. Guo, Y.; Wang, B.; Mallik, A.U.; Huang, F; Xiang, W.; Ding, T.; Wen, S.; Lu, S.; Li, D.; He, Y. Topographic species-habitat
associations of tree species in a heterogeneous tropical karst seasonal rain forest, China. J. Plant. Ecol. 2017, 3, 450-460. [CrossRef]

7. Colwell, RK.; Mao, C.X.; Chang, J. Interpolating, extrapolating, and comparing incidence-based species accumulation curves.
Ecology 2004, 85, 2717-2727. [CrossRef]

8. Zhao, J.; Ouyang, Z.; Xu, W.; Zheng, H.; Meng, X. Sampling adequacy estimation for plant species composition by accumulation
curves—A case study of urban vegetation in Beijing, China. Landsc. Urban Plan. 2010, 95, 113-121. [CrossRef]

9.  Hartmann, J.; Moosdorf, N. The new global lithological map database GLiM: A representation of rock properties at the Earth
surface. Geochem. Geophys. Geosystems 2012, 13. [CrossRef]

10. Li, D.; Wen, L.; Yang, L.; Luo, P,; Xiao, K.; Chen, H.; Zhang, W.; He, X.; Chen, H.; Wang, K. Dynamics of soil organic carbon and
nitrogen following agricultural abandonment in a karst region. J. Geophys. Res. Biogeosci. 2017, 122, 230-242. [CrossRef]

11.  Zhang, Z.H.; Hu, G.; N, J. Effects of topographical and edaphic factors on the distribution of plant communities in two subtropical
karst forests, southwestern China. J. Mt. Sci.-Engl. 2013, 10, 95-104. [CrossRef]

12. Zhang, Z.H.; Hu, G.; Zhu, ].D.; Luo, D.H.; Nji, J. Spatial patterns and interspecific associations of dominant tree species in two
old-growth karst forests, SW China. Ecol. Res. 2010, 25, 1151-1160. [CrossRef]

13. Guo, Y,; Li, D.; Wang, B.; Bai, K.; Xiang, W.; Li, X. C, N and P stoichiometric characteristics of soil and litter fall for six common

tree species in a northern tropical karst seasonal rainforest in Nonggang, Guangxi, southern China. Biodivers. Sci. 2017, 25,
1085-1094. [CrossRef]


https://www.mdpi.com/article/10.3390/f13122187/s1
https://www.mdpi.com/article/10.3390/f13122187/s1
http://doi.org/10.1016/j.earscirev.2014.01.005
http://doi.org/10.1007/s13146-016-0295-4
http://doi.org/10.1111/btp.12696
http://doi.org/10.1177/194008291500800413
http://doi.org/10.1177/1940082916680211
http://doi.org/10.1093/jpe/rtw057
http://doi.org/10.1890/03-0557
http://doi.org/10.1016/j.landurbplan.2009.12.008
http://doi.org/10.1029/2012GC004370
http://doi.org/10.1002/2016JG003683
http://doi.org/10.1007/s11629-013-2429-7
http://doi.org/10.1007/s11284-010-0740-0
http://doi.org/10.17520/biods.2017148

Forests 2022, 13, 2187 12 of 13

14.
15.
16.
17.
18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Laszlo, E.; Gy Rgy, K.D.; Zoltan, B.; Bence, K.; Csaba, N.; Janos, K.P.; Csaba, T. Habitat heterogeneity as a key to high conservation
value in forest-grassland mosaics. Biol. Conserv. 2018, 226, 72-80.

Yuan, D. On the karst environmental system. Carsological Sin. 1988, 3, 179-186.

Cao, J.; Yuan, D.; Pan, G. Some soil features in karst ecosystem. Adv. Earth Sci. 2003, 18, 37-44.

Dong, Q.; You, Y.; Luo, W,; Liu, S.; Wang, G.; Liu, Y.; Zhou, J. Species composition and niche differences of dominant populations
of plant communities from different parent rocks in karst area. Carsological Sin. 2021, 40, 849-859.

Xu, M;; Ke, X.; Zhang, Y.; Wang, Y.; Su, Z. Wood densities of six hardwood tree species in Eastern Guangdong and Influencing
factors. J. South China Agric. Univ. 2016, 37, 100-106.

Zhu, J.; Shi, Y.; Fang, L.; Liu, X.; Ji, C. Patterns and determinants of wood physical properties across major tree species in China.
Sci. Sin. Vitae 2015, 45, 56—67. [CrossRef]

Zimmermann, M.H. Xylem Structure and the Ascent of Sap; Springer: Berlin/Heidelberg, Germany, 1983.

Cao, K,; Fu, P; Chen, Y;; Jiang, Y.; Zhu, S. Implications of the Ecophysiological Adaptation of Plants on Tropical Karst Habitats for
the Ecological Restoration of Desertified Rocky Lands in Southern China. Sci. Sin. Vitae 2014, 44, 238-247.

Geekiyanage, N.; Goodale, U.M.; Cao, K.; Kitajima, K. Leaf trait variations associated with habitat affinity of tropical karst tree
species. Ecol. Evol. 2018, 8, 286-295. [CrossRef] [PubMed]

Shipley, B.; Vile, D.; Garnier, E. From plant traits to plant communities: A statistical mechanistic approach to biodiversity. Science
2006, 314, 812-814. [CrossRef] [PubMed]

Sargent, R.D.; Ackerly, D.D. Plant-pollinator interactions and the assembly of plant communities. Trends. Ecol. Evol. 2008, 23,
123-130. [CrossRef] [PubMed]

Bartolini, S.; Massai, R.; Iacona, C.; Guerriero, R.; Viti, R. Forty-year investigations on apricot blooming: Evidences of climate
change effects. Sci. Hortic-Amst. 2019, 244, 399-405. [CrossRef]

Tao, Z.; Zhong, S.; Ge, Q.; Dai, J.; Xu, Y.; Wang, H. Spatiotemporal variations in flowering duration of woody plants in China from
1963 to 2012. Acta Geogr. Sin. 2017, 72, 53-63.

Cleland, E.E.; Chuine, I.; Menzel, A.; Mooney, H.A.; Schwartz, M.D. Shifting plant phenology in response to global change. Trends
Ecol. Evol. 2007, 22, 357-365. [CrossRef]

Fitter, A.H.; Fitter, R.S.R. Rapid Changes in Flowering Time in British Plants. Science 2002, 296, 1689-1691. [CrossRef]

Menzel, A. Phenology: Its Importance to the Global Change Community. Clim. Chang. 2002, 54, 379-385. [CrossRef]
Stephenson, N.L. Climatic Control of Vegetation Distribution: The Role of the Water Balance. Am. Nat. 1990, 135, 649-670.
[CrossRef]

Zhong, F; Xu, X,; Li, Z.; Zeng, X.; Yi, R.;; Luo, W.; Zhang, Y.; Xu, C. Relationships between lithology, topography, soil, and
vegetation, and their implications for karst vegetation restoration. Catena 2022, 209, 105831. [CrossRef]

Zhang, S.; Bai, X.; Zhao, C.; Tan, Q.; Luo, G.; Cao, Y.; Deng, Y.; Li, Q.; Li, C.; Wu, L; et al. Limitations of soil moisture and
formation rate on vegetation growth in karst areas. Sci. Total Environ. 2022, 810, 151209. [CrossRef] [PubMed]

Furey, G.N.; Tilman, D. Plant biodiversity and the regeneration of soil fertility. Proc. Natl. Acad. Sci. USA 2021, 118. [CrossRef]
[PubMed]

Bai, Y.;; He, Q.; Liu, Z.; Wu, Z.; Xie, S. Soil nutrient variation impacted by ecological restoration in the different lithological karst
area, Shibing, China. Glob. Ecol. Conserv. 2021, 25, €1399. [CrossRef]

Hou, M,; Jiang, Z. Species diversity of karst original forest in different geochemical environments in Maolan. Ecol. Environ. 2006,
3, 572-576.

Brancalion, P.H.; Bello, C.; Chazdon, R.L.; Galetti, M.; Jordano, P; Lima, R.A.; Medina, A.; Pizo, M.A.; Reid, ].L. Maximizing
biodiversity conservation and carbon stocking in restored tropical forests. Conserv. Lett. 2018, 11, e12454. [CrossRef]

Zhang, Y.; Xu, X,; Li, Z.; Liu, M.; Xu, C.; Zhang, R.; Luo, W. Effects of vegetation restoration on soil quality in degraded karst
landscapes of southwest China. Sci. Total Environ. 2019, 650, 2657-2665. [CrossRef]

Wang, M.; Chen, H.; Zhang, W.; Wang, K. Soil nutrients and stoichiometric ratios as affected by land use and lithology at county
scale in a karst area, southwest China. Sci. Total Environ. 2018, 619—-620, 1299-1307. [CrossRef]

Engert, ].E.; Vogado, N.O.; Freebody, K.; Byrne, B.; Murphy, J.; Sheather, G.; Snodgrass, P.; Nugent, L.; Lloyd, D.; Laurance,
S.G.W. Functional trait representation differs between restoration plantings and mature tropical rainforest. For. Ecol. Manag. 2020,
473, 118304. [CrossRef]

Gotelli, N.J.; Colwell, R K. Quantifying biodiversity: Procedures and pitfalls in the measurement and comparison of species
richness. Ecol. Lett. 2001, 4, 379-391. [CrossRef]

Woodall, C.W.,; Perry, C.H.; Miles, P.D. The relative density of forests in the United States. For. Ecol. Manag. 2006, 226, 368-372.
[CrossRef]

Batori, Z.; Erd6s, L.; Gajdacs, M.; Barta, K.; Tobak, Z.; Frei, K.; Tolgyesi, C. Managing climate change microrefugia for vascular
plants in forested karst landscapes. For. Ecol. Manag. 2021, 496, 119446. [CrossRef]

Guo, Y;; Wang, B.; Li, D.; Xiang, W.; Ding, T.; Huang, F,; Li, X. Multivariate relationships between litter productivity and its
drivers in a tropical karst seasonal rainforest. Flora 2020, 273, 151728. [CrossRef]

Lu, M,; Du, H;; Song, T.; Peng, W.; Su, L.; Zhang, H.; Zeng, Z.; Wang, K.; Zeng, F. Effects of density dependence in an
evergreen-deciduous broadleaf karst forest in southwest China. For. Ecol. Manag. 2021, 490, 119142. [CrossRef]


http://doi.org/10.1360/N052014-00211
http://doi.org/10.1002/ece3.3611
http://www.ncbi.nlm.nih.gov/pubmed/29321871
http://doi.org/10.1126/science.1131344
http://www.ncbi.nlm.nih.gov/pubmed/17023613
http://doi.org/10.1016/j.tree.2007.11.003
http://www.ncbi.nlm.nih.gov/pubmed/18262307
http://doi.org/10.1016/j.scienta.2018.09.070
http://doi.org/10.1016/j.tree.2007.04.003
http://doi.org/10.1126/science.1071617
http://doi.org/10.1023/A:1016125215496
http://doi.org/10.1086/285067
http://doi.org/10.1016/j.catena.2021.105831
http://doi.org/10.1016/j.scitotenv.2021.151209
http://www.ncbi.nlm.nih.gov/pubmed/34748828
http://doi.org/10.1073/pnas.2111321118
http://www.ncbi.nlm.nih.gov/pubmed/34845020
http://doi.org/10.1016/j.gecco.2020.e01399
http://doi.org/10.1111/conl.12454
http://doi.org/10.1016/j.scitotenv.2018.09.372
http://doi.org/10.1016/j.scitotenv.2017.11.175
http://doi.org/10.1016/j.foreco.2020.118304
http://doi.org/10.1046/j.1461-0248.2001.00230.x
http://doi.org/10.1016/j.foreco.2006.01.032
http://doi.org/10.1016/j.foreco.2021.119446
http://doi.org/10.1016/j.flora.2020.151728
http://doi.org/10.1016/j.foreco.2021.119142

Forests 2022, 13, 2187 13 of 13

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ding, Y.; Nie, Y.; Chen, H.; Wang, K.; Querejeta, ].I. Water uptake depth is coordinated with leaf water potential, water-use
efficiency and drought vulnerability in karst vegetation. New Phytol. 2021, 229, 1339-1353. [CrossRef]

Tan, F; Song, H.; Fu, P; Chen, Y,; Siddiq, Z.; Cao, K.; Zhu, S. Hydraulic safety margins of co-occurring woody plants in a tropical
karst forest experiencing frequent extreme droughts. Agr. For. Meteorol. 2020, 292-293, 108107. [CrossRef]

Zhu, S.D,; Chen, Y.J.; Fu, P.L.; Cao, K.F. Different hydraulic traits of woody plants from tropical forests with contrasting soil water
availability. Tree Physiol. 2017, 37, 1469-1477. [CrossRef]

Johnson, D.M.; McCulloh, K.A.; Woodruff, D.R.; Meinzer, F.C. Hydraulic safety margins and embolism reversal in stems and
leaves: Why are conifers and angiosperms so different? Plant Sci. 2012, 195, 48-53. [CrossRef]

Mota, J.F.; Medina-Cazorla, ].M.; Navarro, E.B.; Pérez-Garcia, EJ.; Pérez-Latorre, A.; Sanchez-Gémez, P.,; Torres, J.A.; Benavente,
A.; Blanca, G.; Gil, C.; et al. Dolomite flora of the Baetic Ranges glades (South Spain). Flora-Morphol. Distrib. Funct. Ecol. Plants
2008, 203, 359-375. [CrossRef]

Allison, ].R.; Stevens, T.E. Vascular flora of Ketona dolomite outcrops in Bibb County, Alabama. Castanea 2001, 66, 154-205.
Mota, J.F; Valle, F.; Cabello, ]. Dolomitic vegetation of South Spain. Plant Ecol. 1993, 109, 29-45. [CrossRef]

Lu, M.; Du, H,; Song, T.; Peng, W.; Su, L.; Zhang, H.; Zeng, Z.; Wang, K.; Tang, W.; Wei, L.; et al. Drivers of tree survival in an
evergreen-deciduous broadleaf karst forest in southwest China. For. Ecol. Manag. 2021, 499, 119598. [CrossRef]

Batalha, M.A.; Pipenbaher, N.; Bakan, B.; Kaligaric, M.; Skornik, S. Assessing community assembly along a successional gradient
in the North Adriatic Karst with functional and phylogenetic distances. Oecologia 2015, 178, 1205-1214. [CrossRef] [PubMed]
Zhu, X.; Zou, X.; Lu, E.; Deng, Y.; Luo, Y.; Chen, H.; Liu, W. Litterfall biomass and nutrient cycling in karst and nearby non-karst
forests in tropical China: A 10-year comparison. Sci. Total Environ. 2021, 758, 143619. [CrossRef]

Yi, R.;; Xu, X.; Zhu, S.; Zhang, Y.; Zhong, F; Zeng, X.; Xu, C. Difference in hydraulic resistance between planted forest and naturally
regenerated forest and its implications for ecosystem restoration in subtropical karst landscapes. J. Hydrol. 2021, 596, 126093.
[CrossRef]

Zhang, S.; Zhang, Y.; Xiong, K.; Yu, Y.; Min, X. Changes of leaf functional traits in karst rocky desertification ecological environment
and the driving factors. Glob. Ecol. Conserv. 2020, 24, e1381. [CrossRef]

Zhang, H.; Song, T.; Wang, K.; Yang, H.; Yue, Y.; Zeng, Z.; Peng, W.; Zeng, F. Influences of stand characteristics and environmental
factors on forest biomass and root-shoot allocation in southwest China. Ecol. Eng. 2016, 91, 7-15. [CrossRef]


http://doi.org/10.1111/nph.16971
http://doi.org/10.1016/j.agrformet.2020.108107
http://doi.org/10.1093/treephys/tpx094
http://doi.org/10.1016/j.plantsci.2012.06.010
http://doi.org/10.1016/j.flora.2007.06.006
http://doi.org/10.1007/BF00149543
http://doi.org/10.1016/j.foreco.2021.119598
http://doi.org/10.1007/s00442-015-3295-5
http://www.ncbi.nlm.nih.gov/pubmed/25800875
http://doi.org/10.1016/j.scitotenv.2020.143619
http://doi.org/10.1016/j.jhydrol.2021.126093
http://doi.org/10.1016/j.gecco.2020.e01381
http://doi.org/10.1016/j.ecoleng.2016.01.040

	Introduction 
	Materials and Methods 
	Study Sites 
	Plots Survey and Soil Samples 
	Functional Trait Selection 
	Data Analysis and Statistics 

	Results 
	Species Diversity and Soil Characteristics 
	Functional Trait Representation 
	Functional Trait Abundance 

	Discussion 
	Conclusions 
	References

