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Abstract

The relationships among species diversity, functional diversity, functional redun-
dancy, and community stability are central to community and ecosystem ecology. In
this paper, a “space substitution for time” approach is used to study the plant commu-
nities at different stages of the natural recovery process of degraded karst vegetation
on the karst plateau of Guizhou. These restoration stages include the herbaceous
stage, herbaceous and shrub transition stage, shrub stage, tree and shrub transition
stage, and tree stage. We calculated the functional diversity and functional redun-
dancy of the community based on functional characteristics and mediated the re-
lationship between functional diversity, functional redundancy, and stability of the
plant community through changes in functional diversity and functional redundancy.
This study aims to reveal the mechanisms of changes in species diversity and commu-
nity stability and thus further reveals the intrinsic reasons for maintaining the stabil-
ity of karst plant communities. The most important results include the following: (1)
Species diversity, functional redundancy, and stability gradually increased with resto-
ration, and there were significant differences among the different stages; functional
diversity increased at first and then decreased, and reached the highest level at the
tree and shrub transition stage; (2) Plant height and specific leaf area were functional
traits that influenced the diversity and stability of the plant community, with plant
height being positively correlated with plant community diversity and stability, and
specific leaf area being negatively correlated with plant community diversity and sta-
bility; (3) During the community's recovery, functional diversity and functional re-
dundancy interacted to maintain stability. In the early and late stages of recovery,
the effect of functional redundancy on stability was greater than that of functional
diversity, but it was the opposite in the middle stages; (4) The tree and shrub transition
stage is the likely point at which the functional diversity of plant communities in karst
areas reaches saturation, and the growth rate of functional redundancy after func-
tional diversity saturation is greater than that before saturation. Overall, community

stability increased with species diversity; habitat heterogeneity increased functional

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Ecology and Evolution. 2022;12:€9254.
https://doi.org/10.1002/ece3.9254

www.ecolevol.org

10f12


http://www.ecolevol.org
https://orcid.org/0000-0001-9597-7655
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:gdyulifei@163.com

WANG ET AL.

20f12 WI LEY-ECOIOgy and Evolution

Open Access,
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1 | INTRODUCTION

With the acceleration of global species extinctions (Butchart
etal., 2010), the correlation between species diversity and ecosystem
stability has become an important scientific issue (Macarthur, 1955;
Elton, 2000; Mougi & Kondon, 2012). Species diversity is an im-
portant part of biodiversity (Crawley & Harral, 2001), not only in
terms of providing material, energy, and stability to ecosystems (lves
& Carpenter, 2007; Tilman, 1994), but also in terms of directly af-
fecting the structure and function of communities (Hart et al., 2016;
Levine et al., 2017).

The mechanisms underlying changes in community stability
include compensation dynamics (lves, 1995; Tilman, 1996), mean-
variance scaling relationships (Doak et al., 1998; Taylor, 1961), and
dominant species effects (Grman et al., 2010; Polley et al., 2007,
Sasaki & Lauenroth, 2011). Compensatory dynamics mainly in-
clude the regulation of stability mechanisms by competition and the
asynchrony of species responses. It has been found that competi-
tion among species can make system properties more unstable, so
increasing system stability requires weakening the intensity of in-
terspecific competition (Loreau & de Mazancourt, 2013). The asyn-
chrony of species response is mainly reflected in two aspects—in
the opposite direction of response to environmental fluctuations
and in the different speeds of response after the occurrence of
environmental fluctuations. Species improve the stability of the
community through the change of multiplicity, the differentiation
of ecological niches, and the change of biomass under specific en-
vironmental fluctuations (Hector et al., 2010). Natural communities
are composed of different species that interact with each other
while their multiplicity fluctuates stochastically over time. If spe-
cies are assumed to be independent of each other, the sum of spe-
cies covariates is zero, so some mechanisms that cause changes in
the sum of variances must play a role in the relationship between
biodiversity and stability (Sasaki & Lauenroth, 2011). Taylor (1961)
found that there is an exponential relationship between the mean
of variance and multiplicity in biomes, and that community stabil-
ity increases as species diversity increases. In natural systems, the
functional properties of the system are largely determined in the
short term by the nature of the dominant species, and some stud-
ies, especially field experiments, have found that dominant species
can limit the relationship between biodiversity and stability (Polley
et al., 2007; Sasaki & Lauenroth, 2011). Some studies have shown
that dominant species are more stable than other species (Grman

diversity in the early stages of recovery; and habitat homogeneity increased func-
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et al.,, 2010; Polley et al., 2007) and that increasing the relative
abundance of stable species increases the stability of communities
(Grman et al., 2010). All of these mechanisms can underlie patterns
of biodiversity. Interest in the relationship between diversity and
stability increased in the 1950s. Based on repeated observations,
Odum (1953) suggested that population density was more likely to
fluctuate drastically in simple terrestrial communities than in com-
plex communities. Elton (1958) showed that communities with high
diversity are more resistant to invasion by exotic species. Gardner
and Ashby (1970) and May (1973) showed that diversity reduces the
stability of systems through mathematical modeling, which is in con-
trast to the results of previous studies. Subsequently, some ecolo-
gists failed to find a significant relationship between diversity and
stability (Goodman, 1975). Thus, there is currently no unified under-
standing of the relationship between diversity and stability across
ecosystems (Elton, 1958; Ives & Carpenter, 2007; Li et al., 2013;
Maestre et al., 2012; Mccann, 2000).

One way species diversity can be quantified is based on func-
tional diversity and functional redundancy (de Bello et al., 2007;
Diaz et al., 2007), such that species diversity (SD) = functional
diversity (FD)+functional redundancy (FR). Functional diversity
is a key factor linking species diversity and ecosystem function
(Flynn et al., 2011), and plays an important role in the relation-
ship between environmental change, community composition,
and ecosystems (Mori et al.,, 2013). When community species
have completely different functional characteristics and each
function is unique, the loss of any species can have a significant
impact on community stability, which, as predicted by the rivet-
ing hypothesis, should depend entirely on functional diversity (de
Bello et al., 2007). In addition, Wood et al. (2017) examined two
common small mammals using stable isotope and functional trait
dendrograms to determine whether FD is associated with short-
term population stability and small mammal community stability,
and to test whether spatially explicit trait filters help explain the
observed FD patterns. Ultimately, it is proposed that functional
diversity can influence stability (Wood et al., 2017). When func-
tional diversity shows an asymptotic pattern with the increase of
species diversity, it indicates the existence of functional redun-
dancy (Petchey et al., 2007; Pillar et al., 2013; Sasaki et al., 2009).
Functional redundancy represents species in ecosystems perform-
ing similar functions (Pillar et al., 2013), where species loss would
not substantially affect ecosystem function (Rosenfeld, 2002).
The existence of functional redundancy can facilitate the recovery
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of a system following a disturbance (Walker, 1992; Walker, 1995).
Therefore, when assessing the stability of plant communities,
redundancy theory may be a more reliable metric than diversity
(Tilman, 1994).

Quantitative functional redundancy (de Bello et al., 2007)
research focuses on plant communities. For example, Ricotta
et al. (2016, 2018, 2020) revealed functional redundancy of sys-
tems based on a-diversity and p-diversity. However, few reports
focus on the stability of different recovery stages based on func-
tional diversity and functional redundancy. Karst forests are frag-
ile ecosystems (Yu et al., 2002), and their distribution pattern is the
product of multiple ecological processes (Song et al., 2015). The
Southwest Karst region is one of the most fragile ecological re-
gions in China, and its more serious stone desertification is a con-
straint on the ecological environment in the region (Wang, 2003).
Vegetation restoration is the fundamental way to manage karst
stone desertification, and plant community stability is an import-
ant element of vegetation restoration research (Ren et al., 2007).
Relevant studies have been reported on the restoration of plant
ecosystems in karst areas, such as the structure of forest vegeta-
tion communities during the restoration process and the relation-
ship between plants and the environment (Pocock et al., 2012; Yu
et al., 2000; Yu et al., 2002). However, there are few studies on
the stability of karst plant communities during restoration, espe-
cially the study of species diversity on the stability of karst plant
communities. Here, the effects of functional diversity and func-
tional redundancy on the stability of karst plant communities were
examined by addressing the following questions: (1) What is the
relationship between species diversity and community stability?
(2) What is the relationship of species diversity with functional di-
versity and functional redundancy? (3) What role does functional
diversity or functional redundancy play in maintaining community
stability?

2 | METHODS

2.1 | Generalsituation of the study area

The study area is on a typical karst plateau in central Guizhou
Province, China, which is located in Zhenning County, Anshun City
(Figure 1). There are plant communities in different restoration
stages (This is a recovery process after a disturbance) in this area (Liu
et al., 2020). Zhenning County is located at 105°35'-106°01" east
longitude and 25°25'-26°11' north latitude. Its topography is high in
the north and low in the south, and the slope varies greatly (altitude
of 447-2177 m). The region has a subtropical humid monsoon climate
with an annual average temperature of 16.2°C, an annual sunshine
duration of 1142 h, and an annual average precipitation of 1277 mm.
The vegetation in the study area has undergone a gradual natural
recovery process after the forests were deforested in 1958-1960.
The area is a karst landscape with a consistent soil development
type, that has been studied by several scholars (Liu et al., 2019; Liu
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et al., 2020). The parent rock of the soil formation is limestone, and
the soil type is limestone. The vegetation in the study area is mainly
mixed evergreen deciduous broadleaf forest and evergreen broad-
leaf forest. The forest vegetation in the area has been damaged to
varying degrees due to human activities. After 1960, the govern-
ment banned the felling of trees and promoted the natural recovery
of vegetation, so that plant community types with different recovery
stages exist in the area. Due to the anthropogenic disturbance in
different years of this process, the vegetation communities can be
classified into herbaceous stage (HE), herbaceous and shrub transi-
tion stage (HS), shrub stage (SH), tree and shrub transition stage (TS)
and tree stage (TR) according to the appearance of the vegetation.
We chose these five different recovery stages as sampling points to
better analyze the relationship between species diversity and sta-
bility under each stage and help understand the characteristics of
changes from the previous to the next recovery stage. The domi-
nant species in HE were Imperata cylindrica, Carex capilliformis, and
Miscanthus sinensis; the dominant species in SH were Pittosporum
tobira, Pyracantha fortuneana, Rosa cymosa, and Coriaria nepalensis;
and the dominant species in TR were Platycarya strobilacea, Carpinus

pubescens, Cyclobalanopsis argyroscopia, and Celtis sinensis.

2.2 | Plotset-up and community investigation

The sampling of plots was completed from May to June in 2019 and
from October to November in 2020 using a “space substitution for
time” approach (Mueller-Dombois & Ellenberg, 1974). In the study
area, we selected sample sites with similar conditions, such as eleva-
tion, slope, and aspect. We determined the sampling area for each
recovery stage based on the “species-area curve” (Feng et al., 2011).
It is usually used as a reference to determine the size of the survey
sample. Affected by the geological environment, the soil in karst
areas is thin and vulnerable to soil erosion or soil loss. Therefore, the
vegetation growth in karst areas has discontinuous characteristics,
which is different from the vegetation growth in other areas. Finally,
we obtained a minimum sampling area of 400m? for the TR and TS
stages, 100m? for the SH and HS stages, and 25 m? for the HE stage.
In the TR and TS stages, a 20mx20m sample plot was established;
in the SH and HS stages, a 10 mx 10 m sample plot was established;
in the HE stage, a 5 mx5 m sample plot was established; there were
three replicate sample plots in each stage for a total of 15 sample
plots. In general, the distance between three replicate sites needs
to be >100m, but the interval should not be too large, and try to
have the same elevation, slope, and direction (Liu, Yu, Zhao, Wu, &
Yan, 2020; Liu, Yu, Yan, Liu, & Zhao, 2019).

In the sampling method in this paper, we refer to the nested sam-
pling method which is suitable for karst forest community proposed
by Yu et al. (2000). Specifically, in each restoration stage, all the tree
layers were investigated first, then the shrub layers in the plot area
were investigated, and finally the herb layers in the plot area were
investigated. The area of the four tree sample plots was 10 mx 10 m,
the area of the four shrub sample plots was 4 mx4 m, and the area
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FIGURE 1 Geographic location and sampling sites of the study area. HE, herbaceous stage; HS, herbaceous and shrub transition stage;

SH, shrub stage; TS, tree and shrub transition stage; TR, tree stage.

of the four herb sample plots was 1 mx 1 m. A total of 24 tree layer
samples, 24 shrub layer samples, and 24 herbaceous layer samples
were investigated for the TS and TR stages; 24 shrub layer samples
and 24 herbaceous layer samples were investigated for SH and HS
stages; and 12 herbaceous layer samples were investigated for the
HE stage. A total of 132 samples, 24 tree layer samples, 48 shrub
layer samples, and 60 herbaceous layer samples, were investigated
for all five restoration stages. The latitude and longitude of each
sample were recorded. We recorded the identity and height of all
plants, the diameter at breast height and crown width of trees and
shrubs, and the ground diameter and number of herbs. We photo-
graphed and recorded the characteristic traits of the species such as
leaves, flowers, and fruits, and then compared the botanical histo-
ries and the botanical histories of botany in Guizhou to find out the
names of the species. The breast diameter of a plant is measured by
measuring its chest circumference with a tape measure about 1.3 m
above the ground. The method of measuring the ground diameter
is to measure the ground diameter of the plant with a tape measure
about 0.1 m from the ground. The width of the crown is measured
by measuring the shaded parts of the plant's leaves and branches
that are cast vertically on the ground. Coverage is estimated as a
percentage of the distribution area of herbaceous plants in the sam-
ple plot. In total, we surveyed and recorded 146 species.

2.3 | Selection and determination of
functional traits

Six quantitative traits were chosen, including plant height (PLH),
leaf thickness (LT), chlorophyll content (CHL), leaf dry matter con-
tent (LDMC), leaf area (LA), and specific leaf area (SLA). These were
assessed following the Manual of Standardized Measurement of
Global Plant Functional Traits (Pérezharguindeguy et al., 2013).
For trees under 5 m, we can directly measure with a tape measure.
For trees above 5 m, a pole of known length is set up on the ground
according to the sun's irradiation, and the shadow length of the
tree and the shadow length of the pole are measured separately,
and then obtained according to the proportional relationship (the
height of the tree is equal to the height of the pole multiplied by
the shadow length of the tree and then divided by the shadow
length of the pole). Species showing healthy growth in each sample
were identified, and 10 healthy leaves of each species (from differ-
ent locations on the plant) were collected using shears and placed
in self-sealing bags for measurements of functional traits. LT was
measured using electronic vernier calipers (Derek, DL91150).
Leaf length and leaf area (LA) were calculated using a scanner and
Photoshop software (HP, HPScanJetN92120), and the chlorophyll
content (CHL) of leaves was determined using a chlorophyll meter
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TABLE 1 Stepwise regression analysis

of the effects of functional diversity Recovery stages
(x1) and functional redundancy (x2) HE
on community stability (y) at different HS
restoration stages.
SH
TS
TR
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Regression equations R? p

y =0.048+1.003x1+1.058x2 776 .011
y =0.067+0.869x1+0.834x2 .938 <.001
y =0.013+0.934x1+0.800x2 969 <.001
y =0.026+0.982x1+0.779x2 732 .019
y =0.890+0.284x1+0.415x2 .909 .001

Note: R? represents the goodness of fit of the equation, the closer the fit is to 1, the better the
equation fits. When P represents the regression equation's significance for the F test, p<.05
indicates that the regression model is reliable and the data are ecologically significant. The
abbreviations of the recovery stages are shown in Figure 1.

(Linde, LD-YD). For leaves with a near-cylindrical shape, the diam-
eter and length were determined using digital vernier calipers, and
the total leaf area was calculated using the formula for calculating
the surface area of a cylinder. Ten healthy leaves of each species
were selected, the petioles were removed, and the fresh weight
(FW) of these leaves was weighed; these leaves were then dried
in an oven at 60°C for 72h. The dry weight (DW) of these leaves
was then weighed, and the leaf dry matter mass was equal to the
ratio of leaf dry weight to leaf fresh weight (i.e., LDMC = DW/FW).
The ratio of leaf area to dry weight is equal to the specific leaf area
(SLA) (i.e. SLA = LA/DW).

2.4 | Data calculation and statistical analysis

241 | Functional redundancy calculation

We use the algorithm proposed by de Bello et al. (2007) to calculate

the size of functional redundancy.

SON;(N; - 1)
D=1- 3 NN-1

s s
FD = Z d;ipp;
i=1 j=1
FR=SD - FD

In the formula, SD is the Simpson diversity index (Simpson, 1949),
FD is Rao's coefficient (Rao, 1982), and S is the number of species in
the sample. N represents the total number of individuals of all spe-
cies and N, represents the number of individuals of the ith species;
p;and p;are the relative densities of the i and j species in the sample;
and dj; is the Euclidean distance, 0 <d; <1, indicating the difference
of speciesiandjin a set of character spaces (Gower, 1971).

2.4.2 | Calculation of community stability

Community stability is expressed by the reciprocal STB of the varia-
tion of species population density:

stB=#
o

In the formula, x is the average density of each species in the sam-
ple and ¢ is the standard deviation of the density of each species. The
higher the STB value, the higher the community stability, because the
variability of each species density was smaller than the average den-
sity variability among species (Lehman & Tilman, 2000). The improved
Godron stability method was used to determine community stability
(Lv et al., 2007).

2.4.3 | Statistical analysis

We used SPSS 22.0 software for statistical analysis. Since the sample
data satisfy the following conditions: the samples are independent of
one another and their overall variances when compared to one an-
other are equal. Therefore, one-way ANovA was used for changes in
diversity and stability at different recovery stages (We use the check
method of Shapiro-Wilk to test the normality distribution of the data,
and only when the data provide the test of normal distribution can we
carry out one-way ANovA), multiple comparison tests were performed,
and ggpplot2 was used to visualize the data (Wickham, 2016).

A Pearson correlation analysis was used to determine the cor-
relation between plant communities in the study area and functional
traits, diversity as well as stability under different recovery stages,
and the output was visualized in Figure 3 after graphing with R4.0.3
(R Core Team, 2020). The R package used is “corrplot” and “cor.
mtest” (Wei & Viliam, 2021).

Binary stepwise regression analysis was used to determine the
relative influence of functional diversity and functional redundancy
on stability, using community stability as the dependent variable
and functional diversity and functional redundancy as independent
variables. The degree of influence was determined by standardized
partial regression coefficients. This analysis was used to analyze the
magnitude of community stability affected by functional diversity
and functional redundancy at different restoration stages, which ul-
timately led to Table 1.

The relationship between functional diversity and species diver-
sity, functional redundancy and species diversity was analyzed by
using scatter plot in regression analysis. Assuming that the species
diversity can reach the maximum value 1, after fitting the species
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diversity, functional diversity, and functional redundancy functions
in Origin 9.1 software, the “screen reader” is used to read the inter-
section coordinates to obtain the intersection coordinates a, b. The
values of intersection coordinates ¢ and d are obtained by mathe-
matical calculation. In MatLab 7.0, the “solve” function is used to cal-
culate the area of the two fitted curves, and the area S, is obtained,
and the area of any closed curve is calculated by “PolyArea” based on

b, ¢, and d coordinates, and the area S, is obtained (Figure 4).

3 | RESULTS

3.1 | Characteristics of diversity and stability in
different restoration stages

The trends of SD, FR, and STB were consistent with the progress
of plant community restoration (p <.001). They showed significant
differences at different restoration stages and gradually increased
with the progress of restoration. As shown in Figure 2, SD, FR, and
STB were lowest in the herbaceous stage and highest in the tree
stage. The SD, FR, and STB for the HE stage were 0.34, 0.16, and
0.39, while the SD, FR, and STB for the TR stage were 0.89, 0.55, and
1.21. The FD increased and then decreased as the restoration pro-
gressed, reaching a maximum value of 0.45 (p<.001) in the arboreal

and shrub transition stage.

3.2 | Correlation of functional traits with
diversity and stability

In terms of the overall plant community, SD was negatively correlated
with LA (p<.05) and SLA (p<.001), SD was significantly positively
correlated with PLH (p<.001), and STB (p<.001) was significantly
negatively correlated with SLA (p<.001). FD was significantly neg-
atively correlated with SLA (p<.05) and positively correlated with
PLH (p <.05). FR was highly negatively correlated with SLA (p<.001)
and significantly positively correlated with PLH (p<.001). STB was
significantly positively correlated with FD (p<.05), FR (p<.001),
and SD (p<.001), and the degree of correlation indicated that
FR(0.96)>SD(0.85)> FD(0.45). According to the display in Figure 3,
in the SH and TR stages: SD was significantly and positively corre-
lated with FD (p<.01), FR (p<.001), and STB (p<.001); FD was sig-
nificantly and positively correlated with FR (p<.01) and STB (p <.05);
and FR was significantly and positively correlated with STB (p <.001).

3.3 | Functional diversity, functional redundancy, and
stability relationships in different recovery phases

Refer to Table 1, In the HE stage, the biased regression coefficient (x2)
of functional redundancy was 1.058, and the biased regression coef-
ficient (x1) of functional diversity was 1.003; the biased regression
coefficient of functional redundancy in this stage was greater than

that of functional diversity. In the HS stage, SH stage, and TS stage,
the biased regression coefficients (x2) of functional redundancy were
0.834, 0.800, and 0.779. The biased regression coefficients (x1) of
functional diversity were 0.869, 0.934, and 0.982, and the biased re-
gression coefficients of functional redundancy in these three stages
were smaller than those of functional diversity. In the TR stage, the
biased regression coefficient (x2) of functional redundancy was 0.415
and the biased regression coefficient (x1) of functional diversity was
0.284, and the biased regression coefficient of functional redundancy

in this stage was greater than that of functional diversity.

3.4 | Characteristics of functional diversity and
functional redundancy with species diversity

As can be seen from Figure 4, the explanation rate of the two fit-
ted curves is at least 0.8507, which indicates that the two fitted
curves have a good fitting effect. These two fitted curves indicated
that functional diversity showed an increasing and then decreasing
change with increasing species diversity, while functional redundancy
showed a gradual increasing trend with increasing species diversity.

In addition, the coordinates of the intersection points in the
graphs are indicated as a (0.35, 0.18), b (0.77, 0.38), c (1, 0.66),
d(1,0.34);.S, =0.0244,S, = 0.0364.

(i) WhenSD<0.35,y,>y,, indicating that the increase in functional
redundancy is faster than the increase in functional diversity.

(i) When 0.35<SD<0.77, y,<y,, indicating that the increase of
functional diversity is faster than the increase of functional
redundancy.

(i) When 0.77 <SD, y, >Yy,, indicating that the increase in functional

redundancy is faster than the increase in functional diversity.

This shows that FD reaches its maximum at point b with a value
of 0.38 and FR reaches its maximum at point ¢ with a value of 0.66.
Therefore, we define point b as the saturation point of functional di-
versity. After the saturation of functional diversity, functional redun-

dancy will exceed functional diversity as species diversity increases.

4 | DISCUSSION

4.1 | Effect of species diversity on stability at
different restoration stages

Numerous studies have shown that species diversity has a posi-
tive effect on community stability (Cottingham et al., 2001;
Isbell et al., 2009; Tilman, 1999; Tilman et al., 2006; Valone &
Hoffman, 2003). The species diversity of plant communities in this
study (Figure 2) increased with the process of restoration (This is a
recovery process after a perceived disturbance), which is consistent
with the findings of Yu et al. (1998, 2002). It has been shown that as
restoration proceeds, the ecology becomes more favorable for the
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FIGURE 2 Characteristics of changes in species diversity, functional diversity, functional redundancy, and stability at different stages of
recovery. The vertical coordinate represents the index and the horizontal coordinate represents the different recovery stages. Bar graphs
show the mean (+95% confidence interval—Cl); the error bar is the standard error (SD). Three replicates were performed for each recovery
stage. (a) SD, species diversity; (b) FD, functional diversity; (c) FR, functional redundancy; (d) STB, stability. Multiple comparison tests were
used to determine statistical significance, which indicates statistical significance when p <.05. Different lowercase letters between (a-e)
represent significant differences. The abbreviations of the recovery stages are shown in Figure 1.

settlement of other species (Sitzia et al., 2015). As the community
becomes richer in species and more complex in structure, its stabil-
ity may increase (Campbell et al., 2011; Naeem & Li, 1997). The pre-
sent study (Figure 3) showed a highly significant positive correlation
between SD and STB, indicating that species diversity and stability
of degraded karst plant communities are closely related during the
restoration process.

4.2 | Impact of functional diversity and functional
redundancy on stability in different recovery stages

Species diversity is the basis for generating functional diversity and
functional redundancy, with functional diversity acting as a comple-
mentary effect and functional redundancy as an insurance effect
(Tilman, 1999). Plant functional traits can help identify the adap-
tive responses and resource allocation strategies of plants (Guittar
et al., 2016); therefore, exploring functional traits, functional

diversity, and functional redundancy can elucidate system stability,
community structuring mechanisms, and community productivity
(He et al., 2018). It has been shown that plants generally exhibit low
specific leaf area and high leaf dry matter content to adapt to habi-
tats, such as shallow karst soils with high soil water seepage (Biswas
et al., 2019; Chen et al., 2016; Dunck et al., 2016; Niu et al., 2014).
Lower specific leaf area indicates higher plant access and utiliza-
tion of resources, such as light, water and is closely related to plant
survival strategies (Ali et al., 2017; Garnier et al., 2001; Gazol &
Camarero, 2016). The results of this study showed (Figures 2 and 3)
that PLH was significantly and positively correlated with FD, FR, and
STB, and SLA was significantly and negatively correlated with FD,
FR, and STB. This indicates that as the recovery proceeds, the plant
community's access to resources and photosynthetic capture capac-
ity increases, promoting the increase of FD, FR, and STB.

Pillar et al. (2013) found that community stability was maintained
only by functional redundancy, while functional diversity had no ef-
fect on stability in a study of grazed grasslands in southern Brazil.
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FIGURE 3 Pearson correlation diagram of functional traits with diversity and stability. ***p <.001; **p <.01; *p <.05. Corr represents the
correlation coefficients between functional traits, SD, FD, FR, and STB in the whole plant community. 1-herbaceous stage, 2-herbaceous and
shrub transition stage, 3-shrub stage, 4-tree and shrub transition stage, 5-tree stage. The numbers after 1, 2, 3, 4, 5 represent the correlation
coefficients of the corresponding stages. Figure 2 depicts the abbreviations SD, FD, FR, and STB. PLH, plant height; LT, leaf thickness; CHL,
chlorophyll content; LDMC, leaf dry matter content; LA, leaf area; SLA, specific leaf area.

Our study shows that both functional redundancy and functional di-
versity exist simultaneously during plant community restoration and
maintain stability together, but they have different effects on sta-
bility. However, the effect of functional redundancy on community
stability was more important after the plant community entered the
TS stage, which is consistent with Pillar's results (Pillar et al., 2013).
Sasaki and Lauenroth (2011) found that the maintenance of com-
munity stability by functional diversity was stronger than that by

functional redundancy in a study of grasslands in Mongolian pas-
tures, and this finding is similar to some of our findings. The recov-
ery process of plant communities from HE to TS reflects the greater
importance of functional diversity for the maintenance of stability.
During the restoration of plant communities in karst areas, the
habitat gradually changes from being heterogeneous to being homog-
enous (Yu et al., 2000). Combining these findings, together with our
results, suggests that species diversity increases community stability;
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FIGURE 4 Curves of functional diversity and functional
redundancy with species diversity. The blue dashed line is the
change in functional diversity with species diversity (y,); the

orange dashed line is the change in functional redundancy with
species diversity (y,); the red line is when the species diversity
index is 1. R? represents the interpretation rate of the fitted curve.
“a” represents the first equal value of functional diversity and
functional redundancy as species diversity increases; “b” represents
the second equal value of functional diversity and functional

“«. n

redundancy as species diversity increases; “c” represents the value
of functional redundancy when species diversity is at its maximum;
and “d” represents the value of functional diversity when species
diversity is at its maximum. S, represents the amount of increase in
functional diversity before functional diversity saturation, and S,
represents the increase in functional redundancy with functional
diversity saturation.

The intrinsic mechanism between species diversity and stability may be
explained by habitat heterogeneity and habitat homogeneity. Habitat
heterogeneity favors the increase of functional diversity, and habitat
homogeneity favors the increase of functional redundancy. With the
restoration of karst vegetation, habitat heterogeneity decreases and
habitat homogeneity increases; It leads to a decrease in functional di-

versity and an increase in functional redundancy.

4.3 | Relationship between functional diversity and
functional redundancy with species diversity

During the HE stage, species diversity is relatively low (Figure 2),
plants recover faster (faster growth), and most species mostly
maintain stability mainly with functional redundancy because plant
growth is the main function. This is consistent with the results of
Pillar et al. (2013). Species diversity gradually increases in the middle
stages of recovery (HS, SH, TS) (Figure 2), and the complementary
effect of functional diversity increases and becomes the main factor
in maintaining stability. In other words, the complementary effect
among species was greater than the insurance effect, which is con-
sistent with the findings of Yao et al. (2016) and Wang et al. (2017). At
the end of recovery (TR), species diversity continued to increase, but
functional diversity decreased (Figure 2). In the TR stage, although
species diversity increases, the functions supported (or functional
overlap) between species decreases, resulting in more redundant
functional responses (Dalerum et al., 2012).
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It is generally accepted that functional redundancy can be pre-
dicted when functional diversity shows a saturation increase pattern
with increasing species diversity, but this description does not quan-
tify the degree of functional redundancy in different communities
(Petchey et al., 2007; Pillar et al., 2013; Sasaki et al., 2009). Our study
shows (Figure 4) that the TS stage is the stage where functional di-
versity appears to increase in saturation, and it is predicted that from
this stage onwards, the increase in functional redundancy should
exceed functional diversity. To prove this idea, we assumed that
species diversity approaches 1 as recovery proceeds; when species
diversity reaches 1, stability is 1.26, indicating a gradual increase in
stability as species diversity increases. S, represents a net increase
in functional diversity when 0.35<SD <0.77 and y, >v,, and S, rep-
resents a net increase in functional redundancy when 0.77<SD< 1
and y,<y, (as shown in Figure 4). In addition, S, (0.0364)>S,
(0.0244) indicates that functional diversity first increases and then
decreases, and functional redundancy gradually increases during the
recovery process of karst plant communities; after functional diver-
sity reaches saturation, the growth rate of functional redundancy in-
creases significantly, and functional redundancy plays a greater role

than functional diversity in maintaining community stability.

5 | CONCLUSION

In this study, the causes of community stability and the relationships
of species diversity with functional diversity and functional redun-

dancy were examined. The major conclusions are summarized below:

1. During the natural recovery of degraded karst plant communi-
ties, community stability increases with species diversity; plant
community stability is maintained by a combination of functional
diversity and functional redundancy.

2. In degraded karst plant communities, the TS stage might be key,
given that this is the stage during which functional diversity
reaches its saturation point; as recovery progresses, the role of
functional redundancy in maintaining stability increases relative
to that of functional diversity.

3. Functional diversity and functional redundancy jointly contribute
to the maintenance of community stability via habitat heteroge-
neity, which increases functional diversity, and habitat homoge-
neity, which increases functional redundancy.
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