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Editorial on the Research Topic
Plant diversity: the key to ecosystem resilience in a changing world

In a world shaped by climate fluctuations (Ditlevsen et al., 2002), natural disasters and
changing human impacts (Benevolenza and DeRigne, 2019), the richness and diversity of
plant species within ecosystems are key factors influencing the resilience of the ecosystem.
Plants are fundamental species that, at the base of the trophic pyramid, provide food,
shelter and resources to many other species (Christenhusz and Byng, 2016). Our Research
Topic, “Plant Diversity: The Key to Ecosystem Resilience in a Changing World”, explored
in depth the complex interplay between plant diversity and ecosystem resilience (Wang
et al; Song et al; de Tomas Marin et al., Zhang et al; Wei et al.). We revealed the
remarkable ways diverse plant communities support productivity (Teng et al,, Li et al., Kim
et al.), facilitate nutrient cycling and enhance soil stability (Zhou et al., 2024), thereby
strengthening an ecosystem’s ability to withstand and recover from a range of disturbances
(Gazoulis et al.). These insights contribute significantly to conservation strategies and land
management paradigms, guiding conserving and revitalizing ecosystem stability in our
planet’s changing global transformations (Li et al.; Kim et al.).

Ecological research showed that diverse plant communities are essential for the stability
of ecosystems (Wang et al.; de Tomas Marin et al.). They provide essential functions such as
nutrient cycling, pest and disease resistance, habitat provision and support for pollination
and reproduction. These multiple benefits enhance an ecosystem’s ability to respond to
challenges and sustain its vitality in the face of adversity (Song et al.). In contrast, simplified
landscapes with reduced plant diversity are inherently more vulnerable and less able to
respond to the changing conditions of our world (Zhou et al., 2024).

Wang et al. investigated how abiotic stressors influence community assemblages in
grasslands on the Tibetan Plateau and Mongolian Plateau by examining the distribution of
plant traits (height, specific leaf area and leaf dry matter content). The study emphasized
that future climate change, including warming and changing rainfall patterns, will affect all
communities differently in regions with distinct climatic conditions. At the same time, Song
et al. explored the role of plant functional traits in restoring ecosystem functions in karst
desertification areas. In this context, de Tomas Marin et al. examined how environmental
conditions influence plant community assemblages in sub-Mediterranean ecotones in
central Spain. It analyzes functional traits in six plant communities, finding that
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community type is the main driver of differences in functional
structure. Intraspecific trait variability, rather than species turnover,
plays a key role in functional changes. The study suggests that
ecotones are sensitive to minor environmental changes, leading to
changes in plant and functional composition. Teng et al.
investigated the net ecosystem productivity of a desert riparian
forest over seven years, focusing on how meteorological factors like
solar radiation, temperature, humidity, and vapor pressure deficit
influence net ecosystem productivity. The findings showed
significant daily and seasonal variations in net ecosystem
productivity, with a circadian rhythm linked to meteorological
conditions. Diurnal temperature and vapor pressure deficit
changes were particularly impactful, affecting net ecosystem
productivity’s daily amplitude and phase. The study highlights
how climate variability influences ecosystem carbon dynamics,
offering insights into the potential effects of climate change on
arid ecosystems.

There were studies highlighting the importance of biodiversity
and ecological processes in different contexts. Li et al. examined
how shallow tillage affects species diversity and community
dynamics in the Mu Us Desert. It found that shallow tillage
increases species and phylogenetic diversity and alters community
structure by reducing plant competition and enhancing stochastic
processes like dispersal limitation. The study suggests selecting
species with high adaptability and low niche overlap for effective
ecological restoration. Gazoulis et al. discussed how incorporating
non-crop plants, especially weeds, into agroecosystems can improve
sustainability and resilience. Properly managing weeds through
practices like mowing or grazing can provide valuable ecosystem
services. Overcoming challenges related to training and quantifying
these services requires research, education, and policy support. On
the other hand, Kim et al. focused on the endangered plant
Pedicularis hallaisanensis in Korea, which has a biennial lifecycle
and distinct flowering cohorts. Human-induced habitat changes
have reduced its genetic diversity. The study recommends
minimizing anthropogenic impacts and including individuals
from both flowering cohorts in conservation efforts to preserve
genetic diversity. Zhang et al. found that intercropping soybean and
maize significantly enhanced root exudates, lowered soil pH,
improved nutrient availability (e.g., nitrogen and phosphorus),
and increased arbuscular mycorrhizal fungi (AMF) colonization,
improving AMF community composition. Metabolomics and
sequencing analysis showed that root exudates in this system are
closely linked to AMF and soil nutrient dynamics. These findings
suggest that increased root exudates in intercropping systems
enhance AMF composition, boost soil fertility, and sustain
intercropping benefits.

Finally, Wei et al. investigated the effects of plant functional
group removal on community biodiversity and niche dynamics in
an alpine meadow over 3 and 10 years. Results showed that
removing plant functional groups led to changes in species
niches. Over time, removing Gramineae and Cyperaceae reduced
their numbers, narrowed their niche widths, and decreased niche
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overlap. The loss of species diversity caused significant changes in
the niches of remaining species, with increased negative species
associations. Niche differences, driven by resource allocation, were
vital in shaping species composition dynamics in the community.

The authors contributing to this research explored how plant
diversity influences ecosystem resilience, including its impact on
nutrient cycling, productivity and interactions with other species.
The authors analyzed how different disturbances, from natural
events to human-induced activities, interact with plant diversity
to form resilience. Recent advances in ecological modeling, remote
sensing technologies, and genetic analysis have allowed further
exploration of these dynamics.
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Academy of Sciences, Bejjing, China, ® Key Laboratory of Vegetation Ecology, Ministry of Education, Northeast Normal
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Multiple ecological processes simultaneously govern community assembly, but
it remains unclear how abiotic stressors regulate the relative importance of
these processes among different biogeographic regions. Therefore, we conducted
a comprehensive study on the responses of community assembly to varying
environmental gradients, using the mean, variance, skewness, and kurtosis of plant
height (height), specific leaf area (SLA) and leaf dry matter content (LDMC) distributions
on the Tibetan Plateau (TP) and the Mongolian Plateau (MP). Our results showed that
the prevalence of trait convergence across all grasslands in both TP and MP seem
to be the result of abiotic filtering or weaker competitive exclusion etc. These trait-
convergence assembly processes decrease the functional dispersion but increase the
evenness of the trait frequency distribution. The mean, variance, skewness, and kurtosis
responses of grassland communities to abiotic stress varied between the TP and MP.
On average, plant trait distribution was mainly driven by temperature on the TP, and low-
temperature stress altered the community assembly rules. In contrast, water availability
shaped plant trait frequency distributions on the MP, and drought stress mediated the
balance between different assembly processes. Our results provide empirical evidence
that divergent abiotic stressors regulate the grassland community assembly on the TP
and MP. Together, our study speculates that different aspects of future climate change,
such as climate warming and changing precipitation patterns, on community assembly
are dependent on regional climatic regimes.

Keywords: trait, community assembly, abiotic filtering, weaker competitive exclusion, stress, climate change

INTRODUCTION

Elucidating the mechanisms and drivers of plant community assembly is a key challenge in
ecology (Keddy, 1992; Vellend, 2010; Yao et al., 2021). However, many studies suggest that the
traditional taxon-based approach is unable to adequately describe the influence of climate on plant
community assembly processes (McGill et al., 2006; Gotzenberger et al., 2012; Purschke et al., 2013;
Cadotte and Tucker, 2017). Functional traits characterize the ecological strategies that species use
to respond to environmental variations (Diaz and Cabido, 2001; Violle et al., 2007). In nature,
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Response of Community Assembly to Abiotic Stressors

plant communities along environmental gradients exhibit
distinct functional trait frequency distributions (Wieczynski
et al., 2019; Liu et al., 2020), and the shifts in trait distributions
are linked to community assembly processes and their responses
to climate change (Enquist et al., 2015). Neutral theory posits
that all individuals in a community are ecologically equivalent,
and stochastic processes produce a random local trait frequency
distribution (Cadotte and Tucker, 2017; Perronne et al., 2017).
In contrast, a non-random trait frequency distribution pattern is
observed if deterministic processes dominate (Kraft and Ackerly,
2010). Recent studies have suggested that multiple processes
regulate community assembly, and changes in the relative
strength of these processes may induce substantial shifts in trait
distributions (Enquist et al., 2015). Therefore, exploring the
influence of the underlying processes on trait distribution may
provide new insights into community assembly mechanisms.
Abiotic filtering and biotic interactions have long been
recognized as the predominant forces of community assembly
(Emerson and Gillespie, 2008; Swenson et al., 2012). Abiotic
filtering tend to preferentially select species with specific traits
enter into community, resulting in coexistence of functionally
similar species (i.e., trait convergence). Limiting similarity holds
that biotic interactions, such as competition and parasitism,
may prevent species from being too similar, leading to the
niche differentiation of coexisting species possessing dissimilar
traits (Macarthur and Levins, 1967; Cornwell and Ackerly,
2009; Bernard-Verdier et al., 2012). However, weaker competitor
hypothesis believes that competitive interaction also leads to trait
convergence patterns, because species bearing traits associated
with low competitive ability are likely to be excluded by highly
competitive species sharing traits conferring higher fitness,
resulting the coexistence of functionally similar species (Grime,
2006; Mayfield and Levine, 2010). Additionally, facilitative
interactions have been found to result in trait convergence
among existing species (Moeller, 2004). Both the importance of
abiotic filtering and biotic interactions has been demonstrated
across different scales and ecosystems (Ding et al., 2019; Fang
et al., 2019; Luo et al., 2021). However, their relative roles
might be shaped by abiotic stressors (Lhotsky et al., 2016;
Luo et al,, 2019). Bernard-Verdier et al. (2012) found that
resource availability mediated assembly rules in a Mediterranean
rangeland. Furthermore, different abiotic stressors may influence
species strategies differently. For example, resource availability is
the main driver of different strategies along the leaf economic
spectrum under high precipitation, whereas hydraulic constraints
prevail under arid conditions (Blanchard et al., 2019). Therefore,
testing the effect of multiple abiotic stressors on trait distribution
provides a great opportunity to understand and predict the
response of community assembly to climate change (Le Bagousse-
Pinguet et al., 2017). Nevertheless, how multiple abiotic stressors
jointly drive variations in the distribution of traits within
communities across different spatial scales remains unclear.
Large-scale tests of trait-environment relationships have
focused on trait distributions that span multiple biomes and
biogeographic regions (Bruelheide et al., 2018). However, each
region often has unique historical and biogeographic features
(such as species pool, soil, and climate) (Zhang et al., 2016). These

complex differences in historical and biogeographic conditions
among different regions may be confounded in testing local
community assembly processes (Ricklefs and He, 2016). As the
direction and rates of trait evolution, dispersal, and speciation
differ among biogeographic regions (Weir and Schluter, 2007;
Cooper and Purvis, 2010), the manner in which species strategies
respond to abiotic stressors may depend on the environmental
regime (Muscarella et al., 2016; Crous et al., 2018). For example,
water availability generally determines biodiversity in regions
with high energy inputs, whereas temperature is more important
for cold areas or higher altitudes (Hawkins et al., 2003; Kreft and
Jetz,2007). However, few studies have focused on elucidating how
trait frequency distributions in different regions with different
limiting factors are affected by abiotic stressors.

To explore how multiple abiotic stressors affect plant
community assembly among regions, regional-scale transect
surveys were conducted across major grassland types within
two representative Eurasian grassland biogeographic regions
(Figure 1). The Tibetan Plateau (TP), referred to as the
“the world’s roof;” covers the highest alpine grasslands, which
experience low temperatures as a result of their altitude (Liu
et al., 2018). Recently, the rate of climate warming on the
TP has been more than twice the global average (Ma et al,
2017; Yao, 2019). The Mongolian Plateau (MP) covers the
largest regions of Eurasian temperate grasslands, which are
characterized by extremely limited water and nutrient availability
(Wang J. et al, 2021). MP is also expanding owing to climate
warming and frequent extreme weather events (Easterling et al.,
2000; Dai, 2013). Both TP and MP have continuous natural
vegetation gradients, which range from desert grassland to
typical grassland to meadow, and similar precipitation gradients
from west to east, making them ideal systems for conducting
biogeographic comparisons of the responses of community
assembly to climate change.

Here, the frequency distribution of three key functional traits
of 80 grassland communities was quantified using the four
important moments (i.e., mean, variance, skewness, and kurtosis)
in each region (Figure 1). We specifically address the following
questions: (1) What is the relative importance of stochastic
and deterministic processes in these two regions? (2) Does
the response of trait frequency distribution to abiotic stressors
differ between the two regions? (3) What are the foremost
abiotic stressors regulating community assembly processes in
two regions?

MATERIALS AND METHODS
Study Regions

In 2018, field investigations were conducted across the alpine
and temperate regions of the eastern part of the Eurasian
grasslands, including the TP and MP (Figure 1). In each region,
an east-west transect was established, ranging from arid to mesic
grasslands with varied soil, climatic, and vegetation conditions.
The transect on the TP includes three dominant vegetation
types (desert grassland, typical grassland, and meadow) with
decreasing mean annual temperature (MAT, ca. 0.8 to -2.96°C)
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FIGURE 1 | Two comparative grassland transects on the Tibetan Plateau (TP) and the Mongolian Plateau (MP). They represent different environmental regimes. Each
transect covers meadows, typical grasslands, and desert grasslands. The shifts in central moments of trait distribution represent the difference in intrinsic structure

and increasing mean annual precipitation (MAP, ca. 75-606 mm)
from desert grassland to meadows. On the TP, desert grasslands
were dominated by Stipa tianschanica var. gobica and Ajania
fruticulose, typical grasslands were dominated by Stipa purpurea
and Stipa capillata, and meadows were dominated by Kobresia
pygmaea and Potentilla saundersiana, among others. The transect
on the inner MP includes three dominant vegetation types (desert
grassland, typical grassland, and meadow) with increasing MAP
(ca. 183-425 mm) from desert grassland to meadows, whereas
average MAT was the highest in meadows (ca. 3.91-6.64°C),
followed by desert grasslands (ca. 1.81-3.81°C), and the lowest in
typical grasslands (ca. 0.98-1.59°C). On the MP, desert grasslands
were dominated by Stipa breviflora and Stipa klemenzii; typical
grasslands were dominated by Stipa grandis and Artemisia frigida,
and meadows were dominated by Stipa baicalensis and Leymus
chinensis. The Wilcoxon test showed that the soil and climatic
conditions were significantly different between the two grassland
transects (Figure 1 and Supplementary Figure 1). Together,
these transects were ideal systems for examining the macroscale
drivers of community assembly.

Field Sampling

At each east-west transect, 10 survey sites were randomly
selected along the vegetation gradient, including three for desert
grassland, four for typical grassland, and three for meadow.

At each site, eight 1 m X 1 m quadrats were randomly
established within a 1 km x 1 km sampling area, and the
geographic coordinates and elevations of each quadrat were
recorded using a Global Positioning System (GPS) device. In
total, 24 quadrats of desert grassland, 32 quadrats of typical
grassland, and 24 quadrats of meadow were selected in each
biogeographic region. For each quadrat, all plant species and
their individuals were identified, and the plant coverage of each
species was visually estimated. The height of each species was
determined by measuring the height of 50 randomly selected
individuals from each site. Approximately 50 mature but non-
senescent leaves with little damage were collected from different
locations at each site (outside of each quadrat) to determine
leaf dry matter content (LDMC) and SLA. Plant samples were
detached to measure plant height, SLA, and LDMC using a
previously described procedure (Cornelissen et al., 2003; Pérez-
Harguindeguy et al., 2013). The “species mean” trait values were
calculated by averaging the trait values of all repetitions of a
given species sampled across 10 sites. Aboveground biomass
was clipped by species in each 1 m x 1 m quadrats, and
dead parts were removed and combined with plant litter. The
leaf and aboveground biomass samples were carefully cleaned
and oven-dried at 60°C. The aboveground biomass of each
species within each quadrat was measured. According to soil
heterogeneity, 20-30 soil cores (10 cm in depth) were randomly
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collected in each quadrat and subsequently mixed into a
composite sample.

Soil and Climate Data

All soil samples were air-dried after being sieved (2 mm
mesh), and visible roots and organic debris were removed. We
summarized soil parameters at each quadrat using soil total
nitrogen (Sty) and phosphorus (Stp) content, and soil pH (S,x).
Spy was determined using a 1:2.5 (v/v) soil water aqueous extract.
The Sty and Stp contents have been calculated in a previous
study (Zhang et al., 2020).

As climate variables, the mean temperature of the warmest
quarter (Tpwq) and temperature seasonality (Ts) were selected
to represent the temperature stress; the precipitation of the
wettest quarter (Ppwq), and precipitation seasonality (Ps) were
selected to represent the water stress. T indicates the difference
between the annual maximum and minimum temperatures,
whereas Pg reflects the differences in the seasonal distribution
of precipitation between locations in the form of alternating dry
and wet seasons. These climatic data were obtained from the
WorldClim global climate database using geographic coordinates
for each site (with a resolution of 1 km x 1 km).!

Trait Frequency Distribution

Three key plant traits, namely, height, SLA, and LDMC, were
used in this study. Plant height is a central trait for plant
ecological strategies and is strongly correlated with seed mass, life
span, and time to maturity (Zhang et al., 2016). Height is key to a
species’ carbon gain strategy because it is a major determinant
of the species’ competitive ability to light (Diaz et al., 2016).
SLA describes the amount of leaf area for light capture per unit
of biomass invested, which reflects the trade-offs between leaf
structural attributes, carbon gain, and nutrient content (Wright
etal.,, 2004). High SLA values are generally recorded in resource-
rich environments, whereas low values are recorded in resource-
poor environments (Freschet et al., 2010; Pérez-Harguindeguy
et al,, 2013). LDMC quantifies leaf tissue density and nutrient
retention capacity. High LDMC values indicate a preference for
conserving nutrients. Species with high levels of LDMC have
tough leaves that are highly resistant to hazards (Freschet et al.,
20105 Lienin and Kleyer, 2012). Height and SLA are two key
independent axes of plant ecological strategies (Westoby, 1998;
Le Bagousse-Pinguet et al., 2017). SLA is a function of LDMC
and leaf thickness, while LDMC may give more meaningful
information (Pérez-Harguindeguy et al, 2013). For example,
SLA misses the majority of its ecological explanation in species
whose photosynthetic organs do not have the typical planar form,
LDMC remains well defined (Hodgson et al., 2011).

The trait frequency distribution of plant communities was
quantified using four moments: mean, variance, skewness, and
kurtosis (Enquist et al., 2015). The mean is the average location
of plant community traits as a result of environmental selection
and species adaptation, whereas the variance reflects the range or
dispersion of trait values within a local community (Gross et al.,
2017). Skewness and kurtosis are the shape moments of the trait

Uhttp://www.worldclim.org

frequency distribution, which represent the rarity and evenness of
trait values within local communities (Butterfield and Munson,
2016; Wieczynski et al.,, 2019). We calculated the community-
weighted mean, variance, skewness, and kurtosis (all weighted by
the relative aboveground biomass of species) of height, SLA, and
LDMC for each community.

Mean;j=>"7 P;Ti (1)
n

Variance; = ZPi(Ti - Meanj)2 (2)
i

n . 3
P;(Ti — Mean;

Skewnessj = Z 1(73/21) (3)
; Variancej

n . 4

) P;(Ti — Meanj)

Kurtosis; = Z % (4)
i

Variance]-
where P; and T; are the relative aboveground biomass and
the trait value of species i, respectively, in community j and
n is the total number of species within community j. For
each community, the sum of the relative aboveground biomass
is equal to 100%.

Null Models

In this study, null model was used to identify the relative
dominance of deterministic and stochastic processes (Swenson,
2014). All species occurring in 80 plots of each region were
regarded as species pools for that region. Then, we randomly
shuffled the functional trait values using these species pools
and generated 999 randomized communities. Subsequently, the
standardized effect size (SES) of each trait moment calculated as
the difference between the observed value and the mean value of
the null communities divided by the standard deviation of value
of the null communities:

(pammeterohsmed — mean (parameternu”))

SES = (5)

standard deviation (pammaternu”)

Due to the non-normality of the variables, the Wilcoxon test
was conducted to test the significant deviations of the observed
parameters (i.e., mean, variance, skewness, and kurtosis)
from null expectations (SES = 0). Community assembly was
considered non-random if SES was significantly different from 0
(Kraft and Ackerly, 2010).

Community-weighted variance (CWV) is equal to the
functional dispersion defined by Rao’s quadratic entropy
estimated using Euclidian dissimilarities (Rao, 1982; De Bello
et al,, 2009). Therefore, the SES values of the variances in height,
SLA, and LDMC frequency distributions were used to further
test the relative strength of different deterministic processes in
regulating grassland community assembly. The SES of a CWV
less than 0 indicates trait convergence among coexisting species
(Blanchard et al., 2019), whereas an SES value greater than 0
indicates trait divergence patterns (Bernard-Verdier et al., 2012).
Trait divergence and convergence patterns may result from

Frontiers in Plant Science | www.frontiersin.org

January 2022 | Volume 12 | Article 715730


http://www.worldclim.org
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

Response of Community Assembly to Abiotic Stressors

multiple community assembly processes, such as abiotic filtering
and competitive and facilitative interactions (Moeller, 2004;
Grime, 2006; Cornwell and Ackerly, 2009; Mayfield and Levine,
2010). To avoid uncertainties in the accepted usage of the term
“assembly process,” the trait-convergence and trait-divergence
assembly processes were adopted in this study following the
method of (Pillar et al., 2009).

Statistical Analysis

Four moments (mean, variance, skewness, and kurtosis) of
trait distribution and seven environmental variables (Tawq,
Ts, Pywq> Ps, Stn, Stp, and Sppy) were used in the statistical
analysis. Prior to the analysis, all the explanatory variables
were standardized. The data for variance and kurtosis of the
trait frequency distribution were log-transformed to improve
non-normality. The explanatory variables were divided into
temperature stress, water availability, and soil attributes. The
Wilcoxon test was employed to explore the differences in
environmental variables and the moments of trait distribution
between the TP and the MP. General linear and quadratic
regression models were used to evaluate the relationship
between the moments of trait frequency distribution and abiotic
variables. Akaike information criterion (AIC) values were used
to determine the better-fitting model (with a 10-unit reduction
in the AIC value).

Stepwise multiple regression was used to further examine the
most important drivers of the moments of the trait frequency
distribution. The quadratic terms of the explanatory variables
were also included in the initial models to account for possible
quadratic relationships. To prevent data overfitting, all variables
were subjected to forward selection until P < 0.05 for all
explanatory variables. Variables were removed according to the
criterion of a variance inflation factor > 3 to further avoid
strong collinearity among variables. Hierarchical partitioning
was applied to explore the independent effect of each variable
using an R package.

RESULTS

Shift in Functional Trait Frequency
Distribution Along Environmental

Gradients

Both the mean and variance of the height, SLA, and LDMC
frequency distributions were lower on the TP than on the MP
(Supplementary Figure 2). However, there were no differences
in skewness and kurtosis values. Furthermore, the responses
of the four moments of height, SLA, and LDMC distributions
to temperature stress and water availability differed between
the TP and MP (Figure 2, Supplementary Figures 3-6, and
Supplementary Tables 1-3). Both all moments of height and
SLA distribution, and the skewness of LDMC distribution were
more strongly related to Tywq or Ts in TP. In contrast, both
all moments of height and LDMC distribution, skewness and
kurtosis of SLA distribution showed stronger correlations with
Pytwq or Ps in MP. Notably, the variance and kurtosis of LDMC

distribution were only significantly related to Ps in TP, while
the mean and variance of SLA were more strongly related to
TM wQ in MP.

The mean height was positively related to Tarwq on the TP
but showed a concave relationship on the MP (Supplementary
Table 1). The mean height increased with Pywq on the MP
but decreased on the TP. The variances in height had opposing
responses to Tprwq between the TP and MP. Both the skewness
and kurtosis of the SLA were significantly correlated with
Pyiwg on the MP (P < 0.01) but only with Tprwq on the TP
(P < 0.01) (Supplementary Table 2). The skewness of the LDMC
distribution was positively related to Ps on the TP but negatively
related to Ps on the MP (Supplementary Table 3). The shifts in
the height and SLA distributions along the soil pH and nutrient
gradients also varied between the TP and MP. For example, the
mean and variance of both height and SLA increased with soil
pH on the TP but not on the MP.

Drivers of Trait Frequency Distribution
Stepwise multiple regression results showed that the four
moments of the height, SLA, and LDMC frequency distributions
are dependent on climatic factors on both the TP and MP
(Supplementary Tables 4, 5). However, the relative influence
of water- and temperature-related factors varied between the
TP and MP. On the TP, Ts and Ty wq individually explained
0-47.30, 7.67-40.77, and 0-21.32% of the variation in the
four moments of the height, SLA, and LDMC distributions,
respectively (Figure 3 and Supplementary Figure 7), whereas
water-related factors individually explained 0-13.69%, 0-9.46%,
and 4.9-24.41% of the variation in those three trait distributions.
On the MP, Ps and Pywq individually explained 30.28-
61.21%, 6.02-25.40%, and 7.35-50.62% of the variations in the
four moments of the height, SLA, and LDMC distributions,
respectively (Figure 3 and Supplementary Figure 7), whereas T
and Tyrwq explained 0-22.08%, 0-62.04%, and 0-22.99% of the
variations in those three trait distributions. These results indicate
that both water- and temperature-related factors significantly
influence the trait distributions on the TP and MP. However,
on average, temperature-related factors determine the trait
distributions on the TP, whereas water-related factors have
greater influence on the trait distributions on the MP.

Influence of Different Ecological
Processes on Community Assembly

The results of the null model and Wilcoxon test demonstrated
that almost all moments of height, SLA, and LDMC (except for
mean and skewness of SLA) significantly deviated from their
null expectations (SES = 0) on the TP (P < 0.05, Figure 4 and
Supplementary Figure 8). Similarly, the variance and kurtosis
of height significantly deviated from the null expectations on
the MP. Furthermore, the mean SESs of the kurtosis of height,
SLA, and LDMC distributions across all grassland communities
on both the TP and MP were significantly less than 0 (Figure 4).
The majority of grassland communities exhibited convergent
frequency distributions for height (81.25%), SLA (88.75%), and
LDMC (68.75%) on the TP (Figure 5). Convergent SLA, LDMC,
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FIGURE 2 | Shifts in the trait frequency distributions for height (H) and specific leaf area (SLA) within grassland communities along environmental gradients. Mean.H
and Mean.SLA represent community-weighted mean of height and SLA, respectively; Var.H and Var.SLA represent community-weighted variance of height and SLA,
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and height distributions were also observed in 86.25, 65, and
75% of the grassland communities on the MP, respectively.
The Wilcoxon test results further demonstrated lower observed
variances of height, SLA, and LDMC than expected on both the
TP and MP, when trait variance was evaluated as the mean value
across all local grassland communities.

DISCUSSION

Dominant Roles of Trait-Convergence

Process in Driving Community Assembly

To elucidate the relative contributions of deterministic and
stochastic processes in grassland community assembly across
the TP and MP, we determined the differences between the
observed and expected values for dominance, dispersion, rarity,
and evenness of trait distributions. Our results demonstrated that
almost all moments of the height, SLA, and LDMC frequency
distributions significantly deviated from the null expectations,
suggesting the dominance of deterministic processes (Kraft and
Ackerly, 20105 Liu et al., 2020). More importantly, our results
further demonstrated that trait convergence was more prevalent

than trait divergence across grassland communities of the TP and
MP, implying the widespread coexistence of functionally similar
species within the grassland community. This indicates that
trait-convergence processes, such as abiotic filtering or weaker
competitive exclusion, govern grassland community assembly
(Grime, 2006; Mayfield and Levine, 2010; Backhaus et al., 2021).
Previous studies on forests have reported the prevalence of trait
divergence in tree assemblages (Luo et al., 2019, 2021), while
study on desert steppe observed a convergent trait frequency
distribution (Wang X. et al., 2021). The interpretation for those
discrepancy between forest and grassland might be that, harsh
grassland environment leads to a stronger abiotic filtering or
weaker competitive exclusion, which reduce the range of trait
values (convergence; De Bello et al., 2009; Kraft and Ackerly,
2010), while limiting similarity dominates in weaker stressful
forest, thereby results in a high trait diversity (divergence;
Mayfield and Levine, 2010). This supports the viewpoints of
environment stress governs the relative roles of different assembly
processes, which resulting in different trait distribution patterns
(Enquist et al., 2015; Lhotsky et al., 2016).

The mean SESs of the kurtosis of height, SLA, and LDMC
distributions across all communities of the TP and MP were

Frontiers in Plant Science | www.frontiersin.org

January 2022 | Volume 12 | Article 715730


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

Response of Community Assembly to Abiotic Stressors

P Mean.H Mean.SLA
S
Prwo Pg
Ty’ 2
! Tyrg” (il
ol
2 Var.H N Var.SLA
Ty Tvwo
b2 2
Tyvwo Tg” [
SpH F Ig
Skew.H Skew.SLA
Stsy I Tywo
g Kur.H Kur.SLA
Tyvwo™ [T
Tvwo |0 Ty {0
STsp F
5 15 25 S 15 25

Independent contribution(%) Independent contribution(%)

community-weighted kurtosis of height and SLA, respectively.

FIGURE 3 | Independent influence of abiotic variables on the variations in mean, variance, skewness, and kurtosis of the height and SLA distributions within
grassland communities. Skew.H and Skew.SLA represent community-weighted skewness of height and SLA, respectively; Kur.H, and Kur.SLA represent

Mean.H p Mean.SLA
e’ —
Paywg o
ywo
g o —
Var.H Var.SLA
s v
Tvawo [ Taamo
2 2
Tvwg Iy |
Skew.H Skew.SLA
P
Py MWQ
"vwo
P 2 2
MWQ SpH
P2 KurH Kur.SLA
MWQ
Ty Prwo
. 2
STN
10 30 50 5 15 25
Independent contribution(%)  Independent contribution(%)

less than 0. This implies that the trait-convergence assembly
process decreased the functional dispersion but increased the
evenness of the trait frequency distribution. Functional traits
can regulate species abundance by influencing fitness and
performance (McGill et al, 2006; Webb et al., 2010). Trait-
convergence processes, such as abiotic filtering or weaker
competitive exclusion, maintain the species coexistence and filter
out species with lower resistance and competitiveness, thereby
reducing functional dispersion (Mayfield and Levine, 2010; Kraft
et al, 2015; Simova et al, 2015). However, species that enter
the community will have relatively high and uniform fitness
(Grime, 2006; Cornwell and Ackerly, 2009), which may decrease
the rarity of traits.

Response of Trait Distribution to Abiotic
Stressors Between Tibetan Plateau and
Mongolian Plateau

Habitat conditions may directly influence the trait distribution
of plant communities (Schob et al., 2013). Temperature and
drought stresses are likely the most important macrofilters for
grassland community assembly on the TP and MP, respectively

(Zhang et al., 2020). Therefore, the observed shifts in different key
features of trait distribution along these abiotic stress gradients
can be linked to community assembly processes and how
communities respond to climate change (Enquist et al., 2015). In
line with the findings for global drylands (Le Bagousse-Pinguet
etal,, 2017), this study revealed significant shifts in four moments
of the height, SLA, and LDMC frequency distributions along
abiotic gradients on both the TP and MP. All evidence indicates
that increasing abiotic stress may lead to different shapes of
the trait frequency distributions, which in turn affects grassland
community assembly (Kraft et al., 2015).

However, the responses of the four moments of height,
SLA, and LDMC frequency distributions to abiotic stressors
differed between the TP and MP. The mean and variance
of the community height data may increase along the water
availability gradient on the MP but decrease on the TP
because hydraulic constraints are more prevalent on the MP
than on the TP (Koch et al, 2004). Lower temperatures
substantially reduced plant height on the TP, indicating that
low-temperature stress strongly limits plant growth in alpine
grasslands. In contrast, plant height increased at the two
extremes of the temperature gradient across the MP because
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of the U-shaped relationship of summer precipitation with
temperature, which resulted in lighter drought stress at the
two extremes of the temperature gradient. Given that the
temperature on the TP was lower than that on the MP
(Zhang et al., 2020), these results suggest that species strategy
responses to different stressors depend on the environmental
regime (Muscarella et al, 2016; Crous et al, 2018). The
variance of height and SLA were more strongly related to
temperature-related factors on the TP but to water availability
on the MP. The kurtosis of height and SLA responded
prominently to low-temperature stress on the TP but had a
more powerful response to drought stress on the MP. These
results demonstrate that low-temperature and drought stresses
determine the functional dispersion and evenness of grassland
communities on the TP and MP, respectively. Furthermore, the
skewness of the LDMC frequency distribution was positively
(negatively) related to precipitation seasonality on the TP
(MP). These results suggest that climatic regimes may mediate

community assembly responses to abiotic stressors and even
climate change (Figure 6).

Different Abiotic Stressors Driving
Community Assembly Processes on
Tibetan Plateau and Mongolian Plateau

Temperature, precipitation, and their seasonality exerted
the greatest individual effects on the four key moments
of the height, SLA, and LDMC frequency distributions
on the TP and MP, which demonstrates that climate is
the dominant filter driving the trait frequency distribution
(Wieczynski et al., 2019). However, we observed that soil pH
and nutrient content individually explained 6.01-14.32% and
6.58-23.46% of the variation in some moments of height, SLA,
and LDMC, respectively. Furthermore, these soil variables
were highly correlated with climatic factors. Previous studies
have reported that climate and soil interact to affect trait
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distributions (Simpson et al, 2016; Le Bagousse-Pinguet
et al, 2017). Therefore, local environmental factors, such
as soil pH and nutrient availability, also play an important
role in influencing the trait frequency distribution in
grassland communities (Le Bagousse-Pinguet et al, 2017;
Umaina et al., 2021).

Our results further showed that temperature-related factors
exerted a more individual effect on the height and SLA
distribution of the TP, confirming the dominant role of
temperature as an abiotic filter. The skewness of the LDMC
distribution was more strongly influenced by temperature on the
TP, whereas the variance and kurtosis were mainly determined
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by drought stressors. This suggests that drought stress plays an
important role in shaping the trait distribution on the TP and that
multiple leaf trait strategies respond to similar abiotic stresses.
The largest fraction of the variations in height, SLA, and LDMC
distributions was driven by water-related factors on the MP,
which implies that water availability determines the distribution
of plant traits within MP communities, which is consistent with
the earlier findings (Butterfield and Munson, 2016). This result
suggests that divergent abiotic drivers shape functional trait
frequency distributions within grassland communities among
different biogeographic regions.

We demonstrated that divergent abiotic stressors regulate the
strength of trait convergence and divergence on the TP and
MP, respectively, which partly supports the stress-dominance
hypothesis (Coyle et al, 2014; Lhotsky et al, 2016). The
SESs of the variance in height and SLA were mainly affected
by temperature-related variables on the TP (Supplementary
Figure 5). On the TP, community height was more convergent
and less divergent at both ends of the temperature gradient,
but community SLA tended to converge at moderate levels
of temperature stress. This evidence supports the hypothesis
that different traits vary substantially in their roles in trait
convergence and divergence in community assembly (Ding et al.,
2019). In contrast, water availability plays a key role in shaping
the relative strength of the trait convergence and divergence
on the MP. Community height became more convergent in
more drought-prone habitats, but community SLA tended to
exhibit trait convergence at moderate levels of drought stress.
Community LDMC became more convergent in the higher
precipitation seasonality region on the TP, while it tended to
exhibit trait convergence at both ends of the drought gradient
on the MP. These findings provide robust evidence that different
abiotic stressors determine the relative importance of abiotic
filtering and biotic interactions in the grassland community
assembly on the TP and MP. Overall, our findings suggest that the
effect of different aspects of future climate change, such as climate
warming and changing precipitation patterns, on community
assembly is dependent on regional climatic regimes, especially the
specific limiting factor.

CONCLUSION

Our results demonstrated that trait-convergence assembly
processes, such as abiotic filtering or weaker competitive
exclusion, as the dominant determinant of species coexistence
in harsh environment of TP and MP, resulting in widespread
coexistence of functionally similar species. However, different
abiotic stressors regulated the community assembly of TP
and MP. Low temperature stress acted as a strong filter
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Introduction: Functional trait-based approaches are extensively applied to the
study of mechanisms governing community assembly along environmental
gradients. These approaches have been classically based on studying
differences in mean values among species, but there is increasing recognition
that alternative metrics of trait distributions should be considered to decipher the
mechanisms determining community assembly and species coexistence. Under
this framework, the main aim of this study is to unravel the effects of
environmental conditions as drivers of plant community assembly in sub-
Mediterranean ecotones.

Methods: We set 60 plots in six plant communities of a sub-Mediterranean forest
in Central Spain, and measured key above- and belowground functional traits in
411 individuals belonging to 19 species, along with abiotic variables. We
calculated community-weighted mean (CWM), skewness (CWS) and kurtosis
(CWK) of three plant dimensions, and used maximum likelihood techniques to
analyze how variation in these functional community traits was driven by abiotic
factors. Additionally, we estimated the relative contribution of intraspecific trait
variability and species turnover to variation in CWM.

Results and discussion: The first three axes of variation of the principal
component analyses were related to three main plant ecological dimensions:
Leaf Economics Spectrum, Root Economics Spectrum and plant hydraulic
architecture, respectively. Type of community was the most important factor
determining differences in the functional structure among communities, as
compared to the role of abiotic variables. We found strong differences among
communities in their CWMs in line with their biogeographic origin (Eurosiberian
vs Mediterranean), while differences in CWS and CWK indicate different trends in
the functional structure among communities and the coexistence of different
functional strategies, respectively. Moreover, changes in functional composition
were primarily due to intraspecific variability.
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Conclusion: We observed a high number of strategies in the forest with the
different communities spreading along the acquisitive-conservative axis of
resource-use, partly matching their Eurosiberian-Mediterranean nature,
respectively. Intraspecific trait variability, rather than species turnover, stood as
the most relevant factor when analyzing functional changes and assembly
patterns among communities. Altogether, our data support the notion that
ecotones are ecosystems where relatively minor environmental shifts may
result in changes in plant and functional composition.

KEYWORDS

community assembly, community-weighted moments, ecotone, functional structure,
intraspecific variability, mixed-species forest, sub-Mediterranean community,

trait-based

1 Introduction

The functional trait-based approach is a broadly-known tool
applied to the study of mechanisms governing community assembly
along environmental gradients (Garnier and Navas, 2012; de la Riva
et al, 2018a; Dong et al., 2020; Kermavnar et al., 2022), being the
initial step towards developing a more mechanistic understanding
of how the environment influences ecosystem structure and
function (Wieczynski et al, 2019). The classical approach for
assessing the assembly processes within a given community have
mostly aimed at quantifying the trait composition of plant
communities, i.e., the presence of species with particular trait
values within communities (e.g. Maire et al, 2012; de la Riva
et al,, 2016a; Hejda et al, 2019) by focusing on the first two
moments of a trait distribution weighted by species abundance,
i.e. community-weighted mean and variance of their trait
distributions (Garnier et al., 2004; Violle et al., 2012). Mean and
variance trait values are only meaningful when traits have a normal
(gaussian) distribution within the community. However, the
distribution of trait values within communities often deviates
from the symmetric normal distribution, for example as a result
of rapid environmental changes or asymmetric competition
favoring a limited portion of the community with specific trait
values (Enquist et al., 2015; Le Bagousse-Pinguet et al., 2017; Gross
etal., 2021). Thus, there is an increasing recognition that alternative
aspects of trait distributions should be considered to decipher the
mechanisms determining community assembly and species
coexistence, such as the third and fourth community-weighted
moments (skewness and kurtosis) (Le Bagousse-Pinguet et al,
2017; Danet et al, 2018; Wieczynski et al., 2019; Gross et al.,
2021). The community-weighted skewness and kurtosis bring
light on the shape of trait distributions in naturally assembled
communities (Figure 1) (Gross et al., 2017; Le Bagousse-Pinguet

Abbreviations: CWM, community-weighted mean; CWS, community-weighted
skewness; CWK, community-weighted kurtosis; LES, Leaf Economics Spectrum;
RES, Root Economics Spectrum; HyArq, hydraulic architecture; ITV,

intraspecific trait variability; SOM, Soil organic matter.
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et al,, 2021). The skewness quantifies the asymmetry of the trait
distribution, where extreme skewness values are found when rare
species within a community have infrequent trait values (Le
Bagousse-Pinguet et al., 2021). The kurtosis, in turn, is a measure
of the evenness of trait distributions, where extreme negative
kurtosis values reflect an even distribution of trait values in the
community or even bimodal trait distributions, and extreme
positive kurtosis values reflect a reduced range of trait values
(Gross et al.,, 2021; Le Bagousse-Pinguet et al., 2021). Thus,
combining the skewness and kurtosis of a trait distribution with
the mean value for a given trait, provides a more complete
understanding of how environmental changes shape the
functional diversity and species assembly of plant communities
(Wieczynski et al., 2019; Gross et al., 2021). Few works have
combined the study of abundance-weighted trait moments, i.e.
community weighted mean, skewness and kurtosis, for a wide
range of traits at the whole plant level, together with potential
environmental drivers simultaneously (Wieczynski et al., 2019),
despite the importance of looking simultaneously at multiple traits,
since different plant organs may respond differently to different
selection pressures (Carvajal et al., 2019). In fact, to the best of our
knowledge, this approach has never been performed in ecotones or
with belowground traits, as it is done in the present study.

The variation of the indices describing the position of the
dominant trait values in the trait space and shape of the trait
distribution do not reflect the source of variation along
environmental gradients. That is, changes in the functional
structure of plant communities may arise due to the replacement
of species (species turnover) and/or intraspecific trait variability
(ITV). These two sources of variation may contribute in different
degrees to the overall change in the functional structure of plant
communities (Albert et al., 2010; de Bello et al., 2011; Pérez-Ramos
et al., 2012; de la Riva et al., 2016a). Hence, the estimation of the
trait distribution moments at the whole-plant level, i.e. including
both above- and belowground traits, and the role of species
turnover and ITV in the variation of these distribution moments
among communities, may reveal different responses of plants to
environmental changes, offering higher insights into the assembly
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FIGURE 1

Schematic representation of the shifts in the shape of a normal trait distribution (A) produced by skewness (B: positive; C: negative) and kurtosis

(D: high; E: low).

processes taking place in communities along environmental
gradients (Leps$ et al., 2011; Kichenin et al., 2013; de la Riva
et al.,, 2016a).

Ecotones are transitional areas between adjacent biocenosis
with high levels of biodiversity, as they host species from the
adjacent biocenosis as well as unique species endemic to the
ecotone (Hufkens et al., 2009; Vila-Vicosa et al., 2020b; Shea
et al, 2022). Ecotones are of especial interest for conservation
(Carlson et al., 2014; Rawal et al., 2018; Lopes et al., 2020) for
their ecological uniqueness (Danso Marfo et al,, 2019), and for
contributing to stabilize adjacent ecosystems (Pogue and Schnell,
2001). Further, community assembly processes in ecotones are very
dynamic, as slight modifications in environmental conditions lead
to substantial changes in plant composition (Ruiz-Labourdette et
al., 2012; Brice et al.,, 2020), which makes them ideal study systems
to test such processes (Rahman et al., 2021). However,
understanding which environmental factors govern the process of
species assembly in transitional areas remains challenging
(Kitagawa et al,, 2020; Rahman et al., 2021) and could be key to
understanding how these communities will respond to future
climatic conditions.

Sub-Mediterranean areas are transition areas between
Mediterranean and temperate climates. The Iberian Peninsula, in
the south of Europe, represents one of the largest ecotones of this
kind (Sanchez de Dios et al., 2009), being the low-latitudinal edge
for the distribution of many central European species (Gil et al.,
2010; Dorado-Lifan et al., 2017; Hernandez-Lambrafio et al., 2021).
Sub-Mediterranean regions host Mediterranean and Eurosiberian
species as well as many endemic species (Vila-Vicosa et al., 2020a;
Box, 2021; Cantoral et al., 2023), creating a mosaic of unique plant
communities with contrasting assembly processes (de la Riva et al.,
2023). Sub-Mediterranean regions in the Iberian Peninsula are very
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sensitive to slight environmental alterations (Sanchez de Dios et al.,
2009; Vila-Vicosa et al., 2020a), which makes them highly
vulnerable to ongoing climatic change and thus critical areas for
conservation (Benito Garzon et al,, 2008; Cantoral et al., 2023).
Understanding trait-based assembly rules in sub-Mediterranean
regions can be critical for understanding how species coexist in
these and other ecotones, which could be important to predict the
trajectory of ecotone plant communities facing increasingly warmer
and drier conditions (Benito Garzon et al., 2008; Frenette-Dussault
et al., 2013; Pereira et al., 2021).

The broad aim of this study is to unravel the effects of
environmental conditions as drivers of the assembly of plant
communities in a sub-Mediterranean forest in Central Spain. To
this end, we measured four leaf, two stem and three root traits in a
total of 411 individuals of 19 woody plant species in six plant
communities. We then calculated three trait distribution moments
weighted by the relative abundance of each species in each
community, i.e., the community-weighted mean (CWM),
skewness (CWS) and kurtosis (CWK), of major axes of variation
at the aboveground (i.e. Leaf Economics Spectrum or LES, Wright
et al., 2004) and belowground levels (i.e. Root Economics Spectrum
or RES; Prieto et al., 2015) across plant communities, and assessed
their relationship with environmental variables to estimate which,
and to what extent, environmental drivers rule the assembly of sub-
Mediterranean plant communities. Additionally, we estimated the
proportion of variation in CWMs attributable to species turnover
and to ITV to have a detailed view of assembly processes occurring
in these communities. Using this novel approach, we will gain a
great understanding on the functional structure of sub-
Mediterranean plant communities and, ultimately, will be able to
guide conservation efforts to maintain their proper functioning
(Walker, 1995).
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2 Materials and methods

2.1 Study area

The study was conducted in the ‘Hayedo de Montejo’ (Montejo
hereafter), a 125 ha. forest located in the ‘Sistema Central’ range in
Spain (41°7’N, 3°30°W), between 1250 and 1550 m a. s. I
Orientation is predominantly northeast, although it ranges from
south to north in some locations. Slope varies from nearly flat at
higher elevations to ca. 58% in the steepest areas. Soil depth ranges
from 30 cm in upper areas to 150 cm down in the valley. The
dominant bedrock is micaceous gneiss and soils on top are acidic
with a sandy-loam texture (Lopez Santalla et al., 2003; Gil et al,
2010). The climate is sub-Mediterranean, with Mediterranean
influence in the east and a continental climate in the west. Mean
annual precipitation was 858.8 mm and mean annual temperature
was 9.7°C for the period 1994-2021 (Montejo meteorological
station). Summers are hot with a marked dry period between July
and August, typical of Mediterranean climate.

The Hayedo de Montejo is a sub-Mediterranean, mixed beech-
oak forest (Fagus sylvatica-Quercus pyrenaica), with a high diversity
of plant species and communities coexisting in a relatively small
area. In this forest, Eurosiberian species coexist with typically
Mediterranean species in the overstory and the understory
(Sanchez de Dios et al.,, 2009; Gil et al., 2010; Rivas-Martinez
et al, 2011), which harbors some herbaceous species of special
interest for conservation for their rarity, such as Paris quadrifolia L.,
Narcissus pseudonarcissus ssp. pseudonarcissus L. or Aconitum
napellus L. (Hernandez Bermejo et al., 1982; Moreno et al., 2005;
Gil et al,, 2010). The forest is dominated by the temperate tree
species European beech (Fagus sylvatica L.; hereafter beech) and
sessile oak (Quercus petraea (Matt.) Liebl.), both at the
southernmost limit of their distribution range, and the
Mediterranean Pyrenean oak (Quercus pyrenaica Willd.), at
the core of its distribution range (Rubio-Cuadrado et al., 2020;
Rubio-Cuadrado et al., 2021; de Tomas Marin et al., 2023).

This forest has been traditionally managed as a wooded pasture
(Pardo and Gil, 2005). After centuries of forest exploitation, mainly for
firewood and cattle grazing, these traditional land uses ceased in the
early 1960s (Lopez Santalla et al, 2003; Pardo and Gil, 2005) -
although, today, it is still relatively easy to find a few cows grazing in
the forest. These land-use changes transformed the former open
woodland structure with dispersed trees and scarce tree recruitment
into the dense secondary forest that we find today (Pardo and Gil, 2005;
Rubio-Cuadrado et al, 2021). The Hayedo de Montejo forest is
included in the ‘Ancient and Primeval Beech Forests of the
Carpathians and Other Regions of Europe’ list of European beech
forests included in the UNESCO World Heritage Site list. Furthermore,
it is embedded in the ‘Sierra del Rincon’ (Rincon mountain range),
designated as a Reserve of the Biosphere by UNESCO in 2005.

2.2 Sampling design
Three forest inventories (FI) were carried out in Montejo in the

years 1994, 2005 and 2015, respectively. In each FI, 125 circular
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plots of 30-m diameter were systematically established in a 100 x
100 m square grid covering the entire forest. Based on the last FI, we
divided the forest into six different areas (communities hereafter)
according to the distribution of the three most abundant tree
species, i.e., beech, Pyrenean oak and sessile oak (see also de la
Riva et al,, 2023). An additional community dominated by shrubs
where trees are scarce and dispersed was included. These
communities were classified based on the abundance of the three
main species recorded in the FI of 2015 as follows: (I) Fagus
sylvatica, (II) Quercus pyrenaica or (III) Quercus petraea, when
>60% of the abundance in terms of tree density corresponded to one
of these three species, respectively; (IV) mixed forest 1 (transition
areas between F. sylvatica and Q. pyrenaica), (V) mixed forest 2
(transition area with co-dominance of F. sylvatica, Q. pyrenaica and
Q. petraea) and (VI) a shrubland community (Supplementary
Material, Appendix S1, Figure S1).

Ten random plots from the FIs within each plant community (I
to VI) were selected for sampling. In each plot, four parallel 20-m-
long transects perpendicular to the slope were randomly set, two on
each side of the plot, with a minimum distance of 2 m between
transects. Species composition (i.e. identity) and abundance (i.e. %
cover) were recorded for each woody species intercepted by the
transect line (abundance was measured as the length in meters of
canopy of each woody species projecting on the transect line; total
abundance may thus exceed 20 m due to overlaying vegetation
layers). For leaf, stem and root trait measurements, we selected five
individuals per species and community, except for Huber values,
where n=3 (see below for description of this trait). Traits were
measured in species that together made up at least 90% of the
maximum cumulative cover within a community. With this
criterion, a total of 19 species were selected across communities:
Adenocarpus hispanicus, Crataegus monogyna, Cytisus purgans,
Cytisus scoparius, Erica arborea, Erica australis, Fagus sylvatica,
Genista florida, Hedera helix, Ilex aquifolium, Juniperus communis,
Lavandula stoechas, Prunus avium, Quercus petraea, Quercus
pyrenaica, Rosa sp., Rubus sp., Sorbus aria and Sorbus aucuparia.
All species occurred at least in two plant communities, if not more,
except Cytisus purgans, that was found only in the shrubland
community (Supplementary Material, Appendix S2, Table S2).

2.3 Plant sampling and trait measurements

Plant sampling was carried out in June and July 2021, during the
peak of the growing season. From this material, five aboveground
and three belowground functional traits related to water and
nutrient acquisition were measured (see functional roles in
Table 1): Leaf Dry Matter Content (LDMG; leaf dry mass per unit
of water-saturated fresh mass; mg g’l), Specific Leaf Area (SLA; leaf
area per unit of leaf dry mass; m? kg’l), leaf carbon isotopic
composition (8'*C; %o), leaf carbon to nitrogen ratio (leaf C:N),
Stem Dry Matter Content (SDMC; stem dry mass per unit of water-
saturated fresh mass; mg g'l), Huber value (Hv; sapwood cross-
sectional branch area to supported leaf area ratio; cm® cm™),
Specific Root Area (SRA; root area per unit of root dry mass;
m> kg'l), average root diameter (Rdi; mm), and root C:N ratio (root
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TABLE 1 List of the nine functional traits considered in this study, their abbreviations, units and their functional roles.

Trait Abbreviation  Unit Functional role References
Leaf
Leaf dry matter content LDMC mg g’ Physical resistance and stress tolerance Pércz—Harguindcegtua)lf 82(31114;2()13; dela Riva
Specific leaf area SLA m® kg Leaf longevity, light capture and growth rate Shipley and Vu, 2002
C:N content Leaf C:N unitless Growth rate Zhao et al., 2016; Zhang et al., 2020
isoi)a;ibcozlomposition §°C %o Gas exchange and water use efficiency Prieto et al, 2018
Stem
Stem dry matter content SDMC mg g'1 Physical resistance de la Riva et al.,, 2018b
Huber value H, cmﬁz2 Coordination of water transport and Mencuccini et al., 2019
cm water loss
Root
Specific root area SRA m* kg Water and nutrients acquisition de la Riva et al., 2021a
Average root diameter Rdi mm Water and nutrients acquisition Freschet et al., 2021
C:N content Root C:N Nutrients acquisition, root defence Freschet et al., 2021

Modified from de Tomas Marin et al. (2023).

C:N). Leaf 8"°C is a proxy of intrinsic water use efficiency (iWUE,
Prieto et al.,, 2018; Ma et al., 2023). The Huber value reflects the
mass investment in xylem area with respect to leaf area (Mencuccini
etal, 2019); it is thus a measure of how species adjust their leaf and
sapwood areas to water supply (Carter and White, 2009; Zhang
et al,, 2019) and is related to groundwater depth extraction (Carter
and White, 2009). Thus, we used this trait as a proxy of the
hydraulic architecture of the plants.

For leaf and stem measurements, two-year-old branches with
fully expanded, sun-exposed mature leaves from five healthy adult
individuals per species and community were sampled. A variable
number of leaves were measured depending on the average leaf size
of each species. For root measurements, fine roots (<2 mm
diameter) from five individuals per species and community were
collected within the first 20-30 cm of soil by excavating next to the
plant stem base to ensure that roots belonged to the selected
individual. Roots were stored fresh in a cooler after collection and
taken to the lab on the same day, where they were rinsed with
distilled water to eliminate adhered soil particles, and then frozen
until they were measured. The Hv was measured at regional level,
i.e. selecting a total of three individuals per species for all the species,
except for F. sylvatica and Q. pyrenaica, for which we measured 5
individuals per community (de Tomas Marin et al., 2023).

Leaf and root material was scanned with an EPSON® V850
PRO scanner at a resolution of 600 dpi. Leaf area was measured
from the scanned images using the Image] software (Schneider
et al, 2012). Root area and diameter were measured from the
scanned images using the WinRHIZO 2009 software (Regent
Instruments Inc., Quebec, Canada). After scanning, roots were
oven-dried at 60°C for 48h prior to measurements. Leaf carbon
isotopic composition and C and N concentrations were measured
simultaneously with a THERMO/Finnigan MAT V isotope ratio
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mass spectrometer, coupled to a THERMO Flash EA 1112
elemental analyzer via a THERMO/Finnigan Conflo IV- interface.
Leaf carbon isotopic composition is expressed in the conventional
delta notation (8"°C) relative to VPDB (Vienna PeeDee Belemnite
standard). All plant material was collected, stored and processed
following the protocols detailed by Peérez-Harguindeguy et al.
(2013). For a detailed protocol of sample harvesting and trait
measurements see also de Tomas Marin et al. (2023), de la Riva
et al. (2016a) and de la Riva et al. (2016b).

2.4 Abiotic variables

In each selected plot, soil organic matter content (SOM), total soil
N, soil nitrate and soil phosphate were determined from the top 15
cm of soil. Soil samples were collected with a hand trowel in three
points in the plot, one of the samples corresponding to the center of
the plot and the other two approximately 5 m above and below the
center, and mixed in a plastic bag to homogenize the soil. Then soils
were taken to the lab where they were dried at 50°C to constant
weight (~72 h) and sieved at 2 mm before analyses. Additionally,
slope, orientation, altitude and soil depth were also measured in the
same plots (Supplementary Material, Appendix S3, Table S3). For the
description of the methods employed to measure total soil N see
Rodriguez-Calcerrada et al. (2019); for the methods employed to
measure the rest of abiotic variables see de Tomas Marin et al. (2023).

2.5 Data analyses

As there is a great variety of ways in which plants combine a set
of traits to achieve a successful performance (Diaz et al., 2016; lozia
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et al, 2023), we focused on trait syndromes rather than on
individual functional traits. To this end, we conducted a Principal
Component Analysis (PCA) including the nine functional traits
considered in this study, measured in 411 individuals belonging to
the 19 sampled species, to describe trait trade-offs or trait
syndromes (Albert et al., 2011). The first three principal
components (PCs) had eigenvalues greater than one and
represented three key dimensions of plant ecological strategies
(Supplementary Material, Appendix S4, Table S4). That is, PC1,
PC2 and PC3 reflected clear spectrums related to the Leaf
Economics Spectrum (PC1, LES, Wright et al., 2004), Root
Economics Spectrum (PC2, RES, de la Riva et al., 2018b) and
hydraulic architecture (PC3, HyArq, Tyree and Ewers, 1991),
respectively. We then used the scores of each individual in these
three PCA axes to estimate the community-weighted moments and
in further analyses.

2.5.1 Community weighted moments along
the environmental gradient

We calculated three informative moments related to the
dominant trait values (mean) and the shape of the trait
distribution (skewness and kurtosis) of the individual PCA scores
for each of the three PC axes (LES, RES and HydArq) kept for
analyses (see mathematical equations in Supplementary Material,
Appendix S5). To scale up from species to community level, these
moments were weighted by the relative abundance of each species
in each community, resulting in the ‘community-weighted
moments’ of the trait distributions. The community-weighted
mean (CWM, Garnier et al., 2004) gives a representation of the
dominant trait values within a community. This metric is directly
related to Grime’s mass-ratio hypothesis (Grime, 1998) and
considers that the traits of the most abundant species in the
community have the largest influence in ecosystem processes
(Bila et al,, 2014). The community-weighted skewness (CWS)
quantifies the degree of asymmetry of the trait distribution within
the community (Wieczynski et al., 2019; Gross et al., 2021). In our
case, the CWS quantifies the degree of asymmetry of the individual
values in the three spectrum axes (PC1, PC2 and PC3 scores) and
reflects the presence of subordinate species within a community
with trait values close to one of the extremes of the PC scores range
(Le Bagousse-Pinguet et al, 2017). The community-weighted
kurtosis (CWK) refers to the evenness of the distribution of
individual values in the three spectrum axes (PC1, PC2 and PC3
scores) (Wieczynski et al., 2019; Gross et al., 2021), where a peaked
distribution indicates low levels of diversity along the spectrums
and a flat distribution indicates high levels of diversity.

To analyze the effect of the abiotic environment on the variation
of the three community-weighted moments (CWM, CWS and
CWK) of the different plant ecological dimensions in our
communities (LES, RES and HyArq), we built multiple linear
regressions models. The continuous abiotic variables
(independent variables) and the discrete variable ‘community’
(factor) were introduced in the models as predictors and each of
the three distribution moments of the selected PCs, separately, as
response variables. The Im function from the base R package stats
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was used to perform the linear regression models analyses (R Core
Team, 2021). To identify the best predictors, we applied the Akaike
information criterion corrected for small sample size (AICc) on the
full factorial model, i.e., including all the abiotic variables
considered in the study (Table 2) and the communities. The
selection of the best model (AAIC < 2) was performed using the
function dredge from the MuMIn R package (Barton and Barton,
2015). The strength of the relationship between the predictors and
the response variable for the selected models (lowest AICc) for each
community-weighted moment and PC axis, was given by the
adjusted R, obtained with the summary function, also from the
stats package (R Core Team, 2021). To assess the % of variance
explained by each predictor in each model, we obtained the sum of
squares of each predictor with the Anova function from the R
package car (Fox and Weisberg, 2019) and calculated the
proportion that the sum of squares of each variable was relative
to the total sum of squares. To determine differences among the six
communities for each community-weighted moment in each of PCs
spectrum (LES, RES and HydArq), we ran one-way ANOVAs
followed by post-hoc multiple pairwise comparisons (Tukey’s
test), to detect differences between pairs of communities.

2.5.2 Relative importance of intraspecific trait
variability and species turnover

We determined the relative contribution of species turnover,
i.e., the sum of the contributions of species occurrence and species
abundance, and ITV to the overall change in the functional
structure of our communities following the method developed by
Leps et al. (2011), using the function traitflex.anova implemented in
the R software. For a detailed explanation of the method and
mathematical calculations, please refer to the Appendix S6 in the
Supplementary Materials and to Leps et al. (2011). Variance
partitioning was estimated on the CWMs calculated for the first
two PC axes (PCl and PC2), which represent the LES and RES,
respectively. We estimated two partitions in parallel, one with
“community” as factor and the other with those abiotic variables
selected by AICc in the multiple regression linear models (section
2.5.1), to assess the effects of the type of community and of the
environment on the variation of CWMs, respectively. We could not
carry out the partition for PC3 (HyArq) because Huber values were
measured at the regional level, not at the community level.

All analyses were performed in R (version 4.1.2; R Core Team,
2021) interfaced with R Studio (RStudio Team, 2021).

3 Results
3.1 Trade-offs among traits

According to the loadings on the PCA axes (Supplementary
Material, Appendix S4, Table S4), the first three axes of variation
(PC1, PC2 and PC3) were related to trait trade-offs within plant
organs and thus to plant ecological dimensions (Figure 2). The first
PCA axis accounted for 28.1% of the overall variation and was
representative of the aboveground resource acquisition strategy or
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Regarding variations in the functional structure among
communities, we found clear differences in their community
weighted moments related to the main axes of variation
(Figure 3). The CWMs showed clear trends in relation to the
position of the communities along the acquisitive-conservative
axis of resource uptake. Mediterranean communities, i.e.,
Shrubland and Q. pyrenaica communities, had the lowest CWM
scores in the LES (PC1 axis), i.e., these communities were composed
by species with high tissue dry matter content and low SLA, and did
not differ from each other, indicating a conservative resource-use
strategy in both communities (Figure 3). In contrast, the
Eurosiberian communities (dominated by either Q. petraea or F.
sylvatica) showed the highest CWM scores in the LES axis
(Figure 3); the two mixed communities showing intermediate
CWM scores in the LES (Figure 3). In relation to the RES
(Figure 3), the Shrubland community showed significantly higher
CWM scores than the rest of the plant communities, indicating a
more acquisitive resource use strategy belowground. F. sylvatica
community had the second highest CWM scores, while Q. petraea
community showed the lowest scores in the RES. Again, mixed
communities (Mixed 1 and 2) showed intermediate CWM scores
along the RES axis (Figure 3). With regard to the hydraulic strategy,
we found an overall decreasing trend in CWM scores from

10.3389/fpls.2023.1303022

Mediterranean to Eurosiberian communities (with the exception
of Q. petraea community, which had similar CWM scores than
Mediterranean communities; Figure 3).

We observed strong differences among communities on the
community-weighted skewness (CWS) scores on the three plant
ecological dimensions (LES, RES and HyArq), although we did not
detect a clear pattern regarding the biogeographic origin of the
communities (Mediterranean vs Eurosiberian). We found a high
asymmetry in the scores’ distribution (high positive CWSs) in the
two Mixed communities and in the Q. petraea community for the
LES, in Shrubland community for the RES and in F. sylvatica
community for HyArq. By contrast, F. sylvatica and the Mixed 2
(F.sy-Q.py-Q.pe) communities showed a high negative asymmetry
(very low values) for the RES.

Similarly, community-weighted kurtosis (CWK) varied among
communities depending on the plant ecological dimension
considered. CWK values greater than 0 were found in the Mixed
2 (F.sy-Qpy-Qpe) community for the LES, in the Q. pyrenaica
community for the RES, and in the Mixed I (F.sy-Qpy)
community for the HyArq. By contrast, CWK scores for the
Shrubland, Q. petraea and F. sylvatica communities did not differ
from 0 for any plant ecological strategy (except for the HyArq axis
in F. sylvatica community).
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FIGURE 3

Boxplots of the community-weighted moments (CWM: community weighted mean, CWS: community weighted skewness and CWK: community
weighted kurtosis) of each plant ecological strategy (LES, RES and HyArq, related to the principal components 1, 2 and 3, respectively; see materials
and methods section for a detailed description of the different plant ecological strategies) for the six communities studied (see section ‘2.2 Sampling
design” and Supplementary Material, Appendix S2 for the composition of each community). LES, Leaf Economics Spectrum; RES, Root Economics
Spectrum; HyArq, Hydraulic Architecture. The line inside the box represents the mean value, the box limits represent the SE and the whiskers
represent the SD. Different letters indicate significant differences (p < 0.05) among communities. Community-weighted moments are significantly
different from zero when its 95%-confidence interval does not overlap with zero (dashed lines).
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3.3 Contribution of ITV and species
turnover to variation in the CWMs for the
LES and RES ecological strategies

The percentage of variance explained by both ITV and species
turnover was higher for the LES than for the RES (Figure 4;
Supplementary Material, Appendix S8, Table S8.1). For both LES
and RES, results showed a stronger influence of ITV than of species
turnover in the CWMs’ variation among communities. This was
especially evident for the RES, for which the effect of species
turnover was particularly small compared to that of ITV: close to
61.3% of the variation was explained by ITV against 9.5% explained
by turnover (Figure 4; Supplementary Material, Appendix S8,
Table S8.1).

4 Discussion

4.1 Trait distribution and environmental
effects on community assembly

We found large variation in the functional trait composition
considered in this study. Our results showed that functional traits at
community level (functional parameters) were mainly driven by
differences among plant communities, while abiotic factors exerted
a minor role on community weighted trait distributions. In this sub-
Mediterranean ecosystem, we observed in a recent study (de la Riva
et al,, 2023) that environmental suitability explained species
segregation better than their functional composition, being the six
woody plant communities segregated spatially and functionally
partly in relation to microenvironmental conditions, mostly soil
depth at aboveground level, and aspect and soil nutrients at
belowground level.

Overall, the CWMs showed a trend that was in line with the
acquisitive-conservative axis of resource uptake (Reich, 2014; Diaz
et al., 2016; de la Riva et al, 2016b) at aboveground level. Plant
communities dominated by Mediterranean species (Q. pyrenaica,
Shrubland and Mixed 1 and 2) are dominated by species with low
SLA and SRA, and high LDMC, thick root diameters (Rdi), and
high leaf and root C:N. These communities are found in harsh areas

. Turnover l:‘ Intraspecific

0.6 0.9
% variance explained

RES-

LES-

0.0 03
FIGURE 4

Decomposition of total variability in individual trade-offs among
traits. LES corresponds to the trade-offs among the study traits
related to the Leaf Economics Spectrum. The same applies for the
RES in relation to the study traits related to the Root

Economics Spectrum
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which are characterized by low soil depths with stony soils, steep
slopes or high insolation (de la Riva et al., 2023; de Tomas Marin
et al., 2023), conditions that probably limit water availability. In
fact, this water shortage promoted the prevalence of communities
with a conservative hydraulic architecture (i.e. water efficient with
high leaf 8'3C and Huber values), commonly associated with
conservative water use strategies at the expense of a slower plant
growth (Prieto et al., 2018; Mencuccini et al., 2019). On the other
hand, communities dominated by Eurosiberian species (Q. petraea
and F. sylvatica communities) are found in areas of Montejo with
deeper soils —which likely increase soil water storage— and
potentially lower evapotranspiration due to lower insolation.
These communities had CWM values associated with faster
growth and acquisitive resource-use strategies (i.e., higher SLA
and SRA, and lower tissue dry matter content, Rdi, C:N ratios
and Huber values).

When belowground strategies were considered, however,
Shrubland community was the most acquisitive (high CWM) but
also showed the highest positive skewness, indicating the presence
of subordinate species with conservative strategies. This community
occupies flat areas with shallow soils (and thus lower water
availability) and high soil nutrient contents in Montejo (de la
Riva et al,, 2023). In these areas, greater aridity would promote
the convergence of traits towards conservative strategies (Cornwell
and Ackerly, 2009; de la Riva et al., 2018b; Carrascosa et al., 2023).
Although shallow soils prevent the accumulation of big amounts of
water, the flat terrain favors water accumulation in the soil surface
during short periods. Under these conditions, with a high-enough
nutrient concentration, fast resource-uptake belowground strategies
would give plants a competitive advantage to absorb the water and
nutrients accumulated in shallow soils (Ryel et al., 2008; Schenk,
2008; Querejeta et al., 2021), and to grow during short wet pulses
(Querejeta et al., 2018; Carvajal et al., 2019; de la Riva et al., 2021b).
Shrub species from Mediterranean arid environments are able to
produce cheaper roots in terms of carbon investment to structural
components, resulting in roots with high SRA and high absorptive
efficiency (de la Riva et al., 2021b). Further, adaptation to low soil
water availability during the summer months also explains the
negative kurtosis of Shrubland for HyArq, indicative of an evenness
in the distribution of trait values related to the plant water balance,
promoting the coexistence of functionally contrasting species
(Gross et al., 2021). Overall, these results suggest a niche
segregation and/or complementarity in water-use strategies that
could minimize competition and favor coexistence (Bello et al,
2019; Illuminati et al., 2022), which could lead to a more efficient
use of water in the Shrubland community. These results are in line
with a recent study (Illuminati et al., 2022), in which the authors
found a clear niche segregation and complementarity in functional
traits related to water-use strategy of species coexisting in a
Mediterranean shrubland community, and suggested that the
presence of species with contrasting water-use strategies may
represent a key driver in the assembly of dryland communities.

At the other end of the environmental gradient (see also de la
Riva et al, 2023), we found the F. sylvatica community with
predominantly acquisitive strategies at the whole plant level. In
fact, species with a profligate water-use strategy, such as F. sylvatica
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(de Tomas Marin et al., 2023), dominated the lowest areas of
Montejo where deeper soils are found (de la Riva et al, 2023),
which could explain the shift in the hydraulic dimension along the
soil depth gradient better than soil nutrients. This profligate use of
water and nutrients of F. sylvatica makes it a strong fast-growing
species that promotes strong competitive exclusion (Meyer et al.,
2003; Rodriguez-Calcerrada et al., 2011; Castafio-Santamaria et al.,
2021). In this regard, the highest differences in the skewness values
of the RES and HyArq dimensions imply that the asymmetric
competition promoted by F. sylvatica selects for species with very
different functional profiles to that of the dominant species (Le
Bagousse-Pinguet et al., 2017). Thus, sub-dominant species seem to
be able to buffer competition with F. sylvatica by displaying
contrasting morphological resource uptake strategies, and
possessing different hydrological architecture. As a matter of fact,
deeper soils may favor the ecohydrological niche segregation among
coexisting species (Silvertown et al., 2015), allowing species to bufter
competition by the uptake of water from different soil depths.

In relation to the Mixed communities, overall and looking at the
CWM, they occupied an intermediate position along the Economics
Spectrum (LES, RES and HydArq) and along the environmental
gradient in Montejo. These communities, however, exhibited an
overall positive asymmetric distribution (CWS = 0.62 for Mixed 1
and CWS = 0.27 for Mixed 2), i.e. a higher frequency of species with
traits associated to conservative strategies (CWS > 0), and especially
so for the LES dimension. These mixed communities assembled
following a competitive hierarchy (de la Riva et al., 2023) where
species with acquisitive strategies aboveground are excluded in
favor of those with more conservative traits that confer higher
competitive advantage in harsher environments (Gross et al., 2013;
Carmona et al,, 2019). This is further supported by the high kurtosis
in both mixed communities for the LES and HyArq, respectively,
reflecting a selection of conservative trait values under strong
competition (Le Bagousse-Pinguet et al., 2017).

Further, we found that the PC scores for the three plant
ecological dimensions were normally distributed across species in
the Q. pyrenaica community, with a predominance of conservative
traits. On the other hand, Q. petraea community showed the most
conservative traits at root level, opposite to the aboveground level,
and deviated from normality for the LES (CWS significantly
different from 0), which suggests contrasting resource uptake
strategies at leaf level in the less dominant species with regard to
the dominant aboveground acquisitive profile of the community.
Thus, and similarly to the mixed communities, the departure from
normality in the LES dimension in the Q. petraea community
(indicated by its positive CWS values) suggests a process of
hierarchical competition (de la Riva et al., 2023) in which species
with aboveground conservative strategies are favored. Interestingly,
we observed a mismatch between CWM root and leaf strategies.
This mismatch can be explained by the ability of Q. petraea to take
up water from deep soil layers to cope with drought stress during
dry periods (Zapater et al.,, 2011; Bello et al.,, 2019; Staszel et al,,
2022). This habit would be consistent with a vertical decoupling
between water and nutrient uptake (Querejeta et al, 2021),
explaining its conservative fine root traits in the topsoil (<20 cm)
associated with a lower capacity for nutrient uptake.

Frontiers in Plant Science

28

10.3389/fpls.2023.1303022

To the best of our knowledge, our study is the first one that
incorporates the use of community-weighted moments to
disentangle the mechanisms and processes driving community
assembly in a sub-Mediterranean ecotone. In this regard, the use
of community-weighted moments of a trait distribution allowed us
to get a deeper insight into the mechanisms driving community
assembly in this sub-Mediterranean forest that would be otherwise
overlooked, supporting the need to use metrics-based indices
beyond the mean for a complete understanding of the underlying
assembly patterns of plant communities (Enquist et al.,, 2015; Le
Bagousse-Pinguet et al., 2017; Wieczynski et al., 2019; Guerin
et al., 2022).

4.2 Disentangling the role of species
turnover and intraspecific variability in
shaping the trait distribution

between communities

Our results from the analysis of variance decomposition showed
that variations in community functional traits along Montejo were
mainly explained by changes in intraspecific trait variability (ITV
above 60%) rather than by species turnover, in line with previous
findings (Jung et al., 2014; Siefert and Ritchie, 2016; Niu et al., 2020;
Guo et al,, 20225 or Spitzer et al., 2023) but in sharp contrast with
others (de Bello et al., 2011; Pérez-Ramos et al., 2012; Kichenin
et al., 2013; de la Riva et al., 2016a; Weemstra et al., 2021). The
contrasting results found in the literature suggest that the relative
contribution of interspecific vs intraspecific variability to the
functional structure among plant communities vary with the
spatial scale considered and the range of environmental variation.
For instance, in this study, 17 out of the 19 species occurred in at
least two communities if not more, which could explain the low
contribution of species turnover. These results add further support
to the hypothesis that ITV gains importance at smaller spatial scales
(Lajoie and Vellend, 2015; Siefert et al., 2015; Pichon et al., 2022),
when environmental conditions are less variable and interspecific
trait variation is low (Cordlandwehr et al., 2013; Petruzzellis et al.,
2017). Our results add up to the increasing evidence of the
preponderant role that above- and belowground ITV plays on
community assembly, suggesting that, in transitional areas such
as ecotones, species are not solely filtered based on their mean trait
values but also by their trait variability (Siefert, 2012). In fact, ITV is
higher across the whole forest than at the community level in the
Hayedo de Montejo (de la Riva et al., 2023), supporting the notion
that adaptive shifts in traits within species allow them to establish in
different communities along transitional areas.

Despite a majority of studies focusing on aboveground traits
(e.g. Leps et al, 2011; Pérez-Ramos et al., 2012; Siefert, 2012;
Kichenin et al,, 2013; Jung et al., 2014; Siefert et al., 2015; Siefert
and Ritchie, 2016; Henn et al., 2018; Niu et al., 2020; Chelli et al.,
20215 Guo et al,, 2022; Pichon et al.,, 2022), evidence showing the
contribution of belowground intraspecific trait variability to
community assembly is starting to accumulate (de la Riva et al,
2016a; Navarro-Fernandez et al., 2016; Weemstra et al., 2021;
Hogan et al., 2023; Spitzer et al., 2023). In this study we observed
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Schematic representation of the main findings of this study. Overall, the communities in Montejo spread along the conservative-acquisitive axis of
resource use, partly matching their biogeographic origin (Mediterranean vs Eurosiberian). The positive skewness indicates a general shift of the
Montejo forest towards more conservative trait values. The low kurtosis, shown by a flattened trait distribution curve, suggests the coexistence of
different plant ecological strategies. Furhtermore, the relative contribution of ITV to the changes in the functional structure of Montejo is much
higher than that of turnover, both at above- and belowground levels. Additionally, the type of community is the most relevant factor determining
differences in the functinoal structure among communities, with environmental variables having a minor role. Shr, Shrubland community; Qpy, Q.
pyrenaica-dominated community; Mixed 1, community co-dominated by Fagus sylvatica and Q. pyrenaica; Mixed 2, community co-dominated by F.
sylvatica, Q. pyrenaica and Q. petraea; Qpe: Q. petraea-dominated community; Fsy, F. sylvatica-dominated community; ITV, Intraspecific

Trait Variability.

that the extent and sources of variation of root traits followed a
similar pattern to those of leaves, even with a relatively higher
importance of ITV for roots than for leaves (Figure 4;
Supplementary Material, Appendix S8, Table S8.1). A recent
study showed that ITV explained the mean trait variation of
morphological root traits rather than of chemical root traits
(Spitzer et al., 2023), while previous studies carried out in
Mediterranean woody communities showed higher ITV for the
number of arbuscular mycorrhizas vesicles than for SRL (Navarro-
Fernandez et al., 2016). This indicates that ITV differs between root
traits, as found at the aboveground level (Leps et al., 2011; Kichenin
et al,, 2013). Considering root trait syndromes at unified
dimensions help to depict the role of ITV vs species turnover in
community assembly, because traits co-vary from trade-offs
between different plant functions, producing syndromes that
influence species’ fitness (Albert et al., 2011).

5 Conclusions

In this study, we discerned the assembly patterns of woody
plant communities in a sub-Mediterranean forest, using a whole-
plant, trait-based approach. We observed a high number of
strategies in the forest, reflecting coordination in the change of
above- and belowground traits, with the different communities
spreading along the acquisitive-conservative axis of resource-use,
partly matching their Eurosiberian vs Mediterranean nature,
respectively. Additionally, we showed that ITV is a highly
relevant factor that should be incorporated when analyzing
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functional changes and assembly patterns in plant communities,
both above- and belowground, especially at small spatial scales. We
also found slight relationships between changes in trait syndromes
and topographic and soil factors. This is probably due to the small
spatial scale and sampling area of the study and to the potential
biotic interactions occurring among the different plant species,
which may prevent us from detecting stronger functional
responses to environmental conditions (See Figure 5 for a
conceptual illustration of the main findings of the study).

Altogether, these findings represent an important step
towards a more general understanding of the processes driving
the assembly and functional composition of sub-Mediterranean
plant communities. Our data support the notion that ecotones are
fragile regions where minor environmental shifts may result in
abrupt changes in ecosystem structure and composition. Thus,
understanding which and how abiotic factors produce changes in
the composition and functional structure of these transitional
regions (e.g. species turnover vs intraspecific variability) may
help to their protection in the face of global change. Our results
set the ground for future research of community assembly
processes and mechanisms of plant communities in these and
other ecotone regions.
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Plant functional traits serve as a bridge between plants, the environment, and
ecosystem function, playing an important role in predicting the changes in
ecosystem function that occur during ecological restoration. However, the
response of grassland ecosystem function to plant functional traits in the
context of ecological restoration in areas of karst desertification remains
unclear. Therefore, in this study, we selected five plant functional traits
[namely, plant height (H), specific leaf area (SLA), leaf dry matter content
(LDMCQ), root length (RL), and root dry matter content (RDMC)], measured
these along with community-weighted mean (CWM) and functional trait
diversity, and combined these measures with 10 indexes related to ecosystem
function in order to investigate the differences in plant functional traits and
ecosystem function, as well as the relationship between plant functional traits
and ecosystem functions, under four ecological restoration models [Dactylis
glomerata (DG), Lolium perenne (LP), Lolium perenne + Trifolium repens (LT),
and natural grassland (NG)]. We found that: 1) the Margalef index and Shannon—
Wiener index were significantly lower for plant species in DG and LP than for
those in NG (P<0.05), while the Simpson index was significantly higher in the
former than in NG (P<0.05); 2) CWMy, CWM, pmc, and CWMgpmc were
significantly higher in DG, LP, and LT than in NG, while CWMg. s was
significantly lower in the former than in NG (P<0.05). The functional richness
index (FRic) was significantly higher in DG and LP than in NG and LT, but the
functional dispersion index (FDis) and Rao’s quadratic entropy index (RaoQ) were
significantly lower in DG and LP than in NG and LT (P<0.05), and there was no
significant difference between DG and LP, or between NG and LT (P>0.05); 3)
ecosystem function, including ecosystem productivity, carbon storage, water
conservation and soil conservation, was highest in LT and lowest in NG; and 4)
CWMpmc (F=56.7, P=0.024), CWMg_ (F=28.7, P=0.024), and CWMy (F=4.5,
P=0.048) were the main factors affecting ecosystem function. The results
showed that the mixed pasture of perennial ryegrass and white clover was
most conductive to restoration of ecosystem function. This discovery has
important implications for the establishment of vegetation, optimal utilization
of resources, and the sustainable development of degraded karst ecosystems.

KEYWORDS

plant diversity, functional trait, ecosystem function, ecological restoration,
karst desertification
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Introduction

The findings of the Millennium Ecosystem Assessment report
show that, globally, approximately 60% of the services provided by
nature are currently being degraded or are in an unsustainable state.
Furthermore, the report reveals that 78% of the benefits that
humans derive from nature are rapidly declining (MEA, 2005).
The sustainability of ecosystem services has become one of the most
important issues for natural resource and environmental
management in recent decades (Sharafatmandrad and Mashizi,
2020; Sardar et al, 2023). Biodiversity plays a crucial role in
maintaining ecosystem services and human well-being, and the
relationship between biodiversity and ecosystem functioning has
become a hot topic in ecological research (Cardinale et al.,, 2012;
Gamfeldt and Roger, 2017; Plas, 2019). Biodiversity is considered to
be one of the fundamental indicators of ecosystem restoration (Liu
M. et al,, 2022). Restoring biodiversity and ecosystem function has
become the primary objective in ecological restoration (Zirbel et al.,
2017; Teng et al, 2023). Not only is an understanding of the
relationship between biodiversity and ecosystem function helpful
in better coping with the ecological consequences of biodiversity
loss under a scenario of global climate change and increasing
disturbance arising from human activities, but such an
understanding also has practical implications for achieving
sustainable management of ecosystems, ensuring the provision of
ecosystem services, and realizing the goal of ecological restoration
(Hector and Bagchi, 2007; Fry et al., 2018; Gonzalez et al., 2020;
Miao et al., 2023). However, the outcomes of restoring biodiversity
and ecosystem function are often unpredictable, and the question of
how to link changes in community composition to ecosystem
function is a major challenge facing current work in ecology and
environmental management (Siwicka et al., 2020; Shabaan et al,
2022). Functional trait-based approaches provide a useful
framework for studying plant resource acquisition, population
survival strategies, and changes in ecosystem processes and
functions during restoration (McCormack et al., 2017).

The term functional traits refers to morphological,
physiological, and life history traits that indirectly influence plant
fitness by affecting growth, reproduction, and survival at the
individual level; these traits can be divided into response traits
(traits related to the response of organisms to environmental
factors, such as resources and disturbances) and effect traits

Abbreviations: DG, Dactylis glomerata grassland; LP, Lolium perenne grassland;
LT, Lolium perenne + Trifolium repens grassland; NG, natural grassland; H,
plant height; SLA, specific leaf area; LDMC, leaf dry matter content; RL, root
length; RDMC, root dry matter content; CWM, community-weighted mean;
CWM.H, community-weighted mean of plant height; CWM.LDMC,
community-weighted mean of leaf dry matter content; CWM.SLA,
community-weighted mean of specific leaf area; CWM.RL, community-
weighted mean of root length; CWM.RDMC, community-weighted mean of
root dry matter content; FRic, functional richness index; FDis, functional
dispersion index; RaoQ, Rao’s quadratic entropy index; AB, aboveground
biomass; BB, belowground biomass; PC, plant C content; RC, root C content;
SOG, soil organic carbon; WC, water conservation; SFC, soil field capacity; SP,

soil porosity; TN, total nitrogen; TP, total phosphorus; TK, total potassium.
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(traits that determine the impact of organisms on ecosystem
functions) (Violle et al., 2007). Functional traits are considered to
be measurable characteristics that determine the interaction
between plants and their environment (Diaz and Cabido, 2001),
and have been used to study plant adaptive strategies and their
effects on ecosystem function (Garnier et al., 2015). Plant functional
traits, which serve as physiological and ecological indicators of plant
uptake, use, and maintenance of resources, reflect plant adaptation
to different environments and the physiological or evolutionary
trade-offs between different functions within plants; these traits are
bridges between plants, environments, and ecosystem functions,
and play an important role in determining ecosystem functions (Liu
etal, 2021). A growing body of research-based evidence shows that
plant functional traits are closely related to ecosystem function and
can, to some extent, indicate changes in ecosystem function
(Faucon et al., 2015; Hobbie, 2015; Roumet et al., 2016). For
example, traits related to plant structure and physiology, such as
specific leaf area (SLA), stem dry matter content, and leaf nutrient
concentration, determine the quality and quantity of litter
produced, which in turn indirectly affects leaf carbon storage and
decomposition rates (Kazakou et al., 2006). There are also related
studies showing that leaf traits (e.g., SLA or carbon-to-nitrogen (C:
N) ratio) and root traits related to nutrient access (e.g., diameter,
nutrient content, branching intensity) may exert different effects on
resource access, carbon storage, and pathogen communities in the
soil (Albert et al., 2012; McCormack et al., 2015). However, since
there are numerous plant species in nature and various types and
intensities of climate change and disturbances arising from human
activity, it has become crucial to determine how to utilize plant
functional traits to accurately reflect and predict changes in plant
communities and ecosystem functions in the process of ecological
restoration (Lei et al., 2016).

Two hypotheses can explain the relationship between plant
functional traits and ecosystem function (Cadotte, 2017). One is the
“mass-ratio hypothesis”, which states that the relative biomass of
dominant species in the plant community and their specific traits
are the dominating factors in the dynamic changes that occur in
ecosystem processes (Grime, 1998); this is often characterized using
the community-weighted mean (CWM) (Garnier et al., 2004; Vile
et al, 2006; Diaz et al., 2007) for measures such as primary
productivity (Finegan et al., 2015; Duffy et al, 2017) and soil
carbon storage (Cong et al.,, 2014; Lange et al., 2015). The other is
the “niche differentiation hypothesis”, which suggests that trait
differences between species maximize the diversity of resource-use
strategies, enhance ecosystem processes by reducing niche overlap,
and subsequently influence ecosystem functions, which are
considered to be an important component of biodiversity
(Petchey and Gaston, 2002; Diaz et al, 2007). Measures of the
diversity of plant functional traits, including the functional richness
index, functional evenness index, and functional divergence index,
are typically used to assess this hypothesis (Tilman et al., 1997). For
example, Qi et al. (2022) found that species diversity, functional
diversity, and biodiversity in phylogenetic space were generally
positively related to productivity in their examation of the
relationship between biomass and species diversity, functional
diversity, and phylogenetic diversity of each community in the
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grasslands of the Qinghai-Tibet Plateau. Zhang et al. (2023)
investigated the contribution of intraspecific variability to
ecosystem function and found that a community with high
interspecific variation in plant height and individuals with large
leaf area could exhibit improved productivity through niche
complementarity and dominance effects, respectively. Because
functional diversity can better quantify the trait differences that
define species interactions, is more sensitive to environmental stress
or disturbance, and is more indicative of changes in ecosystem
function, an increasing number of studies have used functional
diversity measures to examine the relationship between plant
functional traits and ecosystem function (Flynn et al, 2011;
Chollet et al., 2014; Gross et al., 2017; Rosenfield and Miiller,
2020). However, the mass ratio hypothesis and the niche
differentiation hypothesis are not mutually exclusive; they jointly
explain the construction of plant communities and ecosystem
functions or processes, and have different relative importance in
explaining ecosystem functions under different environmental
conditions and vegetation types (Schleuter et al., 2010; Mouillot
et al,, 2013; Kraft et al., 2015; Jiang M. et al., 2022). It is therefore
crucial to screen for plant functional traits that are associated with
specific ecosystem processes, taking into account regional
differences and ecosystem variation.

The karst ecosystem is a significant component of the terrestrial
ecosystem, covering approximately 15% of the world’s land area
(Yuan, 1991). Among these regions, the South China Karst, with
Guizhou as its center, is one of the three major areas of concentrated
karst distribution in the world, and it is also the main area of karst
ecosystem in China. Due to the fragility of the karst ecosystem itself,
following long-term, unsustainable levels of development and use
by humans, the ecosystem function is damaged and a rocky,
desertified landscape appears (Xiong et al., 2002). The
degradation and alteration of the ecological environment due to
karst desertification result in decreased stability, weakened
resistance to disturbances, and reduced biodiversity in the karst
ecosystem. Consequently, the sustainable development of this
region has attracted much attention from scholars (Xiong et al,
2012; Canedoli et al., 2021; Yang et al., 2021; Gu et al,, 2022). In
order to control karst desertification, a large number of ecological
restoration projects have been carried out in the karst areas of
southern China. Ecological restoration is the core task of karst
desertification control, and its goal is to restore biodiversity and
ecosystem functions (Benayas et al, 2009; Xiong et al., 2022).
Realizing the sustainable development of the karst ecological
environment is an important issue for current karst
desertification control (He et al., 2019; Wang K. et al., 2020; Xiao
and Xiong, 2022). The use of grassland is a pioneer strategy in terms
of plant community ecosystems for ecological restoration, and
“grain for green” and the establishment of artificial grassland are
important components of the project to restore degraded
ecosystems; these approaches play an irreplaceable role in the
ecological restoration process (Chi et al, 2020). The results of
ecological restoration and control over many years have shown
that grasslands involved in rocky desertification control have a
significant positive effect in terms of the restoration of degraded
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soil, biodiversity, and ecosystem function (Song et al, 2022).
Therefore, a comprehensive and in-depth study on the response
of grassland ecosystem function to plant functional traits under
different restoration models in karst desertification control areas
can provide a better understanding of the degradation and
restoration processes of the karst ecosystem. Additionally, such
work can provide a theoretical basis for the practice of
ecological restoration.

So far, although scientists have carried out extensive research
on the functional characteristics of karst plants in the context of
ecological restoration, they have mainly focused on adaptive
strategies. For example, Zhang S. et al. (2020) conducted a
statistical analysis of the relationships among leaf functional
traits, plant characteristics, and environmental factors in order
to explore the ecological strategies and driving factors of dominant
plants in different succession stages of the ecosystem under karst
desertification. Liu L. et al. (2022) comprehensively investigated
four forests (three natural secondary forests and one artificial
forest) in a trough-valley karst watershed in northern Guizhou
Province, southwest China, to examine the community-level
adaptation strategies of karst forests. Zhou et al. (2022) studied
the differences in species composition and functional
characteristics between dolomite and limestone karst natural
forests to clarify the adaptability of vegetation to desertified
karst environments. However, there are fewer studies on the
relationship between plant functional traits and ecosystem
function, and research on the response of grassland ecosystem
function to plant functional traits in the context of ecological
restoration in areas of karst desertification is also at an exploratory
stage. Therefore, there is an urgent need to explore the response
mechanism of grassland ecosystem function to plant functional
traits in the context of ecological restoration in areas of karst
desertification. On this basis, the objectives of this study were: (1)
to investigate the differences in plant functional traits and
ecosystem functions between natural and artificially restored
grassland ecosystems; and (2) to evaluate the relationship
between plant functional traits and grassland ecosystem
function. We hypothesized that CWM and functional trait
diversity in plant functional traits in grassland ecosystems under
different vegetation restoration models would be found to
contribute equally to changes in grassland ecosystem function.
To address this hypothesis, we selected five indicators of plant
functional traits, namely plant height (H), specific leaf area (SLA),
leaf dry matter content (LDMC), root length (RL), and root dry
matter content (RDMC). We assessed CWM and functional trait
diversity, and combined these measures with 10 ecosystem
function-related indicators to comparatively analyze the
response of grassland ecosystem function to plant functional
traits under four ecological restoration models [Dactylis
glomerata (DG) grassland, Lolium perenne (LP) grassland,
Lolium perenne + Trifolium repens (LT) grassland, and natural
grassland (NG)] employed in areas of karst desertification, with
the aim of providing a scientific basis for vegetation construction,
resource maximization, and sustainable development of degraded
karst ecosystems.
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Materials and methods
Study area

The study area is located in Salaxi Town and Yejiao Town,
Qixingguan District, Bijie City, Guizhou Province, China (105°02’
01""-105°08'09"'E, 27°11'36"'-27°16'51"'N). The area of the region is
86.27 km?, and the area of rocky desertification is 55.931 km?,
accounting for 64.93% of the total area. This area is a typical
karst plateau mountain area with light-to-moderate rocky
desertification. The study area has a subtropical humid monsoon
climate, which is warm and humid in the summer and autumn, and
cold and dry in the winter and spring. The average annual
temperature is 12°C, the average annual rainfall is 984.40 mm, and
rainfall is concentrated in the period from June to September. With a
maximum elevation of 2,200 m and a minimum elevation of 1,495m,
the terrain in the area varies greatly. The surface is fragmented and
there are many peaks and depressions. The soil is mainly zonal yellow
soil. The primary vegetation in the area has essentially been destroyed
and the secondary vegetation now dominates; this includes
Cyclobalanopsis glauca, Pyracantha fortuneana, Pinus massoniana,
Rhododendron simsii, Juglans regia, Rosa roxburghii, Artemisia
lavandulaefolia, Chenopodium glaucum, Clinopodium chinense,
Plantago asiatica, Stellaria media, Digitaria sanguinalis, and
Polygonum hydropiper. In order to restore the damaged karst
ecosystem, based on the previous practice of the research group,
artificial grassland was planted in the study area in 2012 by selecting
artificial forage that would be suitable for the climatic environment of
the region and would produce better ecological and economic
benefits. The established forage consists mainly of Lolium perenne,
Trifolium repens, Dactylis glomerata, etc. The variety of Trifolium
repens is “Haifa”, the variety of Dactylis glomerata is “Qiangrass No.
47, and the variety of Lolium perenne is “Yaqing”; the three kinds of
forage seeds were provided by Guizhou Shennong Seed Industry Co.,
Ltd. (Guiyang, China) and Lvyi Seed Industry Co., Ltd. (Guiyang,
China) (Song et al., 2022). The established artificial grassland has both
single and mixed seeding. The seeding rates for Trifolium repens,
Dactylis glomerata, and Lolium perenne have been found to be 2.0 g/
m?, 3.0 g/mz, and 3.Og/m2, respectively. A base fertiliser (N-P,Os-
K,0) was applied before planting at 0.225 g/m?. In addition, naturally
restored grassland was also present. Therefore, the overall grassland
ecosystem formed in the process of karst desertification control
includes the natural grassland ecosystem and the artificial
grassland ecosystem.

TABLE 1 Geographical characteristics of sample plots in the study area.

10.3389/fpls.2023.1239190

Sample plot design, measurement of plant
functional traits, and field sampling

Dactylis glomerata monoculture, Lolium perenne monoculture,
and a mixture of Dactylis glomerata + Trifolium repens are common
establishment practices in the study area, so three grassland types
with similar site conditions were selected as test plots: a Dactylis
glomerata grassland plot (DG), a Lolium perenne grassland plot
(LP), and a Dactylis glomerata + Trifolium repens mixed seeding
grassland plot (LT). A natural grassland plot (NG) was selected as a
control (Table 1). DG, LP, and LT were mowed four times a year
and fertilized with N-P,05-K,O at the time of the first noticeable
rainfall after the first and the third mowings, at a rate of 0.1125 g/
m?*. No agricultural activities or human disturbances were carried
out at NG. Six sampling plots measuring 10m x 10m were set up for
each experimental plot, resulting in a total of 24 sampling plots. Due
to the fragmented nature of the surface of the study area, sampling
plots were spaced more than 10 meters apart. Five Im x 1m
quadrats were set up in each sampling plot for acquisition of the
vegetation community and biomass. The quadrat locations within
the sampling plots were chosen randomly, but the locations of each
quadrat were 2 m away from each other to avoid edge effects.
Vegetation survey and sampling were conducted in mid-August
2021, at the peak of biomass and species diversity, and the names of
the species occurring within each quadrat and basic information on
them, such as height, coverage, and density, were recorded to assess
the richness and diversity of each plant community. The above-
ground parts of each species in each quadrat were mowed flush with
the ground in their entirety to form a mixed sample, and after
removal of any dead parts (litter) adhering to the soil, stones, and
other impurities, this sample was oven-dried at 75°C for 48 hours
to a constant weight, to be used for calculation of the
aboveground biomass.

Based on the basic characteristics of the sample plots and the
results of a previous study (Brown and Anand, 2022), we selected
five traits that are closely related to plant life strategies and
functional trade-offs: plant height (H, cm), specific leaf area (SLA,
cm®.g™), leaf dry matter content (LDMC, g-g™'), root length (RL,
cm), and root dry matter content (RDMC, g-g™'). In each quadrat,
3-5 dominant species were randomly selected for measurement of
plant height. Leaf samples from healthy and mature plants were
taken, in four directions (east, south, west, and north) from each
plant, using scissors; approximately 12 leaves were randomly
selected for measurement of leaf area; five small sample plots of

Coverage/%

Slope/°

Dominant species

Treatment Longitude Latitude Altitude/m
NG 105°6'6"E 27°14'49"N ‘ 1878
DG 105°6'5"E 27°14'26"N ‘ 1829
LP 105°6'6"E 27°14'35'N ‘ 1854
LT 105°5'59" 27°14'49'N ‘ 1828

24 ‘ 82 ‘ Artemisia lavandulaefolia

32 ‘ 84 ‘ Dactylis glomerata

21 ‘ 87 ‘ Lolium perenne

20 94 ‘ Lolium perenne, Trifolium repens

DG, Dactylis glomerata grassland ecosystem; LP, Lolium perenne grassland ecosystem; LT, Lolium perenne+Trifolium repens grassland ecosystem; NG, natural grassland ecosystem.
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leaves within each sampling plot were completely and uniformly
mixed to form a mixed sample, and young leaves, old leaves, and
leaves affected by diseases and insect pests were removed from the
sampling process. After removal of the litter layer from the soil
surface, soil and root samples were taken from the surface layer (0-
20cm) using a soil auger and a root auger, respectively, at the same
location. Five soil and root samples from each quadrat were mixed
to form a composite sample. If the soil depth was less than 20 cm,
samples were taken from the full depth. In total, 24 samples each of
leaves, soil, and roots were taken back to the laboratory. The root
samples were taken out of the root auger and the root was
thoroughly washed; 3-5 root systems were then randomly
selected for measurement of the root length with a tape measure.
The collected leaves and roots were placed in water and stored in a
dark environment at 5°C for 12 h. After the leaves and roots were
removed from the water, the water on the surface of the leaves and
roots was immediately absorbed with absorbent paper, and the
saturated fresh weight of the leaves and roots was obtained by
weighing them on an electronic balance at 1/10,000. The dry weight
of the fully mixed leaf and root samples was measured by drying at
75°C for 48 h to constant weight; this measurement was used to
calculate the dry matter content of the leaves and roots
(belowground biomass), respectively. The collected soil samples
were divided into two parts: one part was used for the
determination of soil field capacity and soil porosity, and the
other was used for the determination of soil nutrients. The
samples used for the determination of soil nutrients were
naturally air-dried indoors (Li et al, 2020). Oven-dried plant
samples (leaves and roots) and air-dried soil samples were sieved
through 2 mm sieves for the determination of plant and soil
nutrient properties, respectively.

Leaf area was measured using a leaf area meter (LI-COR, 3100C
Area Meter, USA). SLA is the ratio of leaf area to leaf dry weight;
LDMC is the ratio of leaf dry weight to leaf saturated fresh weight;
and RDMC is the ratio of root dry weight to root saturated fresh
weight. Soil field capacity and soil porosity were determined by the
oven-drying method. The potassium dichromate-external heating
method was used to determine the organic carbon content of plants
and soil; the sulfuric acid catalyst digestion-Kjeldahl method was
used to determine the total nitrogen (TN) content of soil; the
concentrated sulfuric acid digestion-Mo-Sb colorimetric method
was used to determine the total phosphorus (TP) content of soil;
and the flame photometric method was used to determine the total
potassium (TK) content of soil (Zhang, 2011). TN was determined
using a continuous flow analyzer (FLOWSYS, SYSTEA, Italy). TP
was determined with an ultraviolet-visible spectrophotometer
(Specord 200 PLUS, Analytik, Germany). Finally, TK was
determined using an atomic absorption spectrometer (ICE3500,
Thermo Fisher, USA).

Ecosystem function
In accordance with the MEA description of ecosystem function

(MEA, 2005) and the ecological restoration goal of control of karst
desertification, we selected indicators of grassland ecosystem
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function such as ecosystem productivity, carbon storage, water
conservation, and soil conservation for analysis in this study.
Ecosystem productivity was expressed as aboveground biomass
and belowground biomass (Wu et al., 2017). Carbon storage was
expressed as aboveground plant carbon content, soil carbon
content, and root carbon content (Wu et al., 2017). Water
conservation was expressed as soil field capacity and soil porosity
(Fan et al,, 2019). Finally, soil fertility conservation was expressed as
TN, TP, and TK (Wu et al., 2017).

Calculation of indices and data analysis

We used the Margalef index, the Shannon-Wiener index, the
Pielou index, and the Simpson index to assess species richness and
diversity in the grassland ecosystems. The Margalef index (R),
Shannon-Wiener index (H), Pielou index (E), and Simpson index
(C) were calculated for each ecosystem using the following

formulae:
R=(S-1)/InN (Eq. 1)
H=-3¢ PnP, (Eq. 2)
P; = N;/N (Eq. 3)
E = H/InS (Eq. 4)
Cc=1-37, % (Eq. 5),

where S is the total number of species in the community, P; is
the frequency of species i in the quadrat, N; is the number of
individuals of species i in the quadrat, and N is the total number of
individuals of all species in the quadrat.

Plant functional traits in the grassland ecosystems were
analyzed on the basis of CWM and functional trait diversity. The
CWM for each trait in each sample was calculated based on the trait
value for the species and the relative abundance of the species or
aboveground biomass as weights (Garnier et al., 2004). The

calculation formula was as follows:

CWM = S P; x X,, (Eq. 6)

where S is the total number of species in the community, P; is
the aboveground biomass or relative abundance of species i in the
quadrat, and X; is the trait value of the species 7 in the quadrat.

The functional richness index (FRic) indicates the degree of
species use of the ecological space; the functional dispersion index
(FDis) indicates the degree of spatial dispersion of plant traits; and
Rao’s quadratic entropy index (RaoQ) integrates information on
species richness and differences in functional characteristics between
species (Casanoves et al., 2011). These three indices were chosen to
characterize plant functional diversity in this study. They were all
calculated in R using the FD package (Mammola et al., 2021).

In order to better compare grassland ecosystem functions and
assess the impact of different restoration models, we use the
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comprehensive index of ecosystem function to evaluate this,
following the research method of Kearney et al. (2019). First, the
data for each ecosystem function index were standardized to fall
within a range between 0.1 and 1.

aps . !
Positive indexes: X;

_ons (L Kmmin®D) g (Eq. 7)
e max (X;) — min (X;) ’ a
Negative indexes: X;
ooy (L KimminD) g (Eq. 8)
o ’ max (X;) — min (X;) " a

where X/; is the change value of evaluation index i, X; is the
original observation value of evaluation index 7, and max (X;) and
min (X;) are the maximum observation value and minimum
observation value of evaluation index i, respectively.

The comprehensive index of grassland ecosystem function is
calculated as the weighted sum of all transformation variables in
each group. The weights are determined based on the relative
contribution of each variable to the variance within the ecosystem
function group using principal component analysis (PCA). The
formula used for this calculation was as follows:

Cl = 31X Yiper + XiYipca), (Eq. 9)

where CI is the comprehensive index of ecosystem function, X/;
is the value converted from Equations 7 or 8 for each evaluation
index i (containing n variables), and Y; represents the factor scores
on the first and second principal component axes. Finally, each
composite index of ecosystem function was again adjusted to a
range of 0.1-1 using Equation 7.

One-way analysis of variance (ANOVA) and Tukey pairwise
comparisons were performed using IBM SPSS Statistics (version
19.0 for Windows; SPSS, Chicago, IL, USA); these tests were used to
analyze the effects of different grassland restoration models on
species diversity, CWM, functional trait diversity, and ecosystem
function. Tukey pairwise comparisons were considered statistically
significant at P<0.05. Pearson correlation analysis was conducted to
assess the relationships among species diversity, CWM, and
functional trait diversity using Origin 2021(version 2021 for
Windows; OriginLab, MAS, Hampton, USA). Redundancy

10.3389/fpls.2023.1239190

analysis (RDA) based on forward selection was carried out to
evaluate the effects of species diversity and plant functional traits
on ecosystem function using Canoco (version 5.0 for Windows;
Ithaca, NY, USA), and the Monte Carlo permutation test was
performed to select explanatory factors that had significant effects
on changes in ecosystem function (P<0.05).

Results

Characteristics of species diversity and
plant functional traits in grassland
ecosystems under different
restoration models

We conducted ANOVA and Tukey pairwise comparisons to
analyze species diversity, CWM, and functional trait diversity in
grassland ecosystems under different restoration models. In terms
of species diversity (Table 2), the Margalef index and the Shannon-
Wiener index were significantly lower in DG and LP than in NG
(P<0.05), while the Simpson index was significantly higher in the
former two ecosystems than in NG (P<0.05), but there was no
significant difference between DG and LP (P>0.05). In addition,
there were no significant differences (P>0.05) between NG and LT
in terms of the Margalef index, Shannon-Wiener index, Pielou
index, or Simpson index. Furthermore, the differences in Pielou
index between treatments were also not significant (P>0.05).

The CWM of grassland ecosystems under different restoration
models varied significantly (Figure 1). CWMy; ranged from 28.02 to
101.30 cm. The distribution of CWMy; was more concentrated in
LT, while the variance of CWMy was greatest in DG. Compared to
NG, CWMy was significantly higher in DG, LP, and LT (P<0.05).
The median variation in CWM] pyic ranged from 21.49 to 66.28 g-g°
1 CWM; ppmc was highest in LT and lowest in NG. CWMg; 4 varied
from 0.61 to 1.85 cmz-g’l. The distribution of CWMg; o, was more
concentrated in LT, while the variance of CWMg; o was greatest in
NG. CWMg 4 was significantly higher in NG than in other
grassland ecosystems (P<0.05), but there were no significant
differences among DG, LP, and LT (P>0.05). The median
variation in CWMpgy, ranged from 10.37 to 12.71 cm. CWMg;,
was highest in LP (P<0.05), but there was no significant difference in
CWDMg,, between NG and DG, or between DG and LT (P>0.05).

TABLE 2 Species diversity of grassland ecosystems under different restoration models.

Treatment

Margalef index

Shannon-

Pielou index Simpson index

Wiener index

NG 1.08 £ 0.17a 1.10 £ 0.19a 0.63 + 0.12a 0.47 +0.12b

DG 0.68 + 0.21b 0.71 + 0.20b 0.51 + 0.07a 0.64 + 0.10a

LP 0.55 + 0.12bc 0.67 + 0.12bc 0.54 + 0.07a 0.64 + 0.05a

LT 1.19 £ 0.34a 1.16 £ 0.10a 0.63 + 0.07a 0.46 + 0.04bc
F value 11.143** 1511 3.075 9.451**

Data are presented in the form mean + standard error. Different letters in the same column indicate significant differences (p<0.05) between treatments based on Tukey pairwise comparisons.

** indicates significance at the 0.01 probability level. The F value is the F test statistic.

DG, Dactylis glomerata grassland ecosystem; LP, Lolium perenne grassland ecosystem; LT, Lolium perenne + Trifolium repens grassland ecosystem; NG, natural grassland ecosystem.
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FIGURE 1

CWM of grassland ecosystems under different restoration models. Different letters in the same panel indicate significant differences between
treatments based on Tukey pairwise comparisons (p<0.05). CWMy, CWM_ pmc, CWMga, CWMg(, and CWMgpmc represent the CWM for plant height,
leaf dry matter content, specific leaf area, root length, and root dry matter content, respectively.DG, Dactylis glomerata grassland ecosystem; LP,
Lolium perenne grassland ecosystem; LT, Lolium perenne + Trifolium repens grassland ecosystem; NG, natural grassland ecosystem.

CWMgpppmc ranged from 3.58 to 10.80 g-g-1. CWMgrpymc was
significantly higher in DG, LP, and LT than in NG (P<0.05), but
there was no significant difference between LT and LP (P>0.05).

It was not difficult to observe that functional trait diversity in
grassland ecosystems varied greatly among different restoration
models (Figure 2). FRic was significantly higher in DG and LP
than in NG and LT (P<0.05), but there was no significant difference
between DG and LP, and there was also no significant difference
between NG and LT (P>0.05). FDis and RaoQ were significantly
lower in DG and LP than in NG (P<0.05), but there was no
significant difference between DG and LP (P>0.05), and there was
also no significant difference between NG and LT (P>0.05).

We performed correlation analyses of species diversity, CWM,
and functional trait diversity in grassland ecosystems under
different restoration models (Figure 3). Margalef index was
positively correlated with Shannon-Wiener index, FDis, and
RaoQ, but negatively correlated with Simpson index and CWMp;,
(P<0.05). Shannon-Wiener index was positively correlated with
Pielou index, FDis, and RaoQ (P<0.05). Shannon-Wiener index
and Pielou index were negatively correlated with Simpson index
and CWMpy (P<0.05). Simpson index was positively correlated
with CWMpp (P<0.05), but negatively correlated with FDis
(P<0.05). CWMy was positively correlated with CWMjpumc,
CWMgr, CWMgpme and FRic, but negatively correlated with
CWDMgpa, FDis, and RaoQ (P<0.05). CWM;pymc was positively
correlated with CWMpgppmce, but negatively correlated with
CWDMgpa and FDis (P<0.05). CWMg o was positively correlated
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with FDis but negatively correlated with CWMgpyc and FRic
(P<0.05). CWMpg;, was positively correlated with FRic but
negatively correlated with FDis and RaoQ (P<0.05). FRic was
negatively correlated with FDis and RaoQ (P<0.05). Finally, FDis
was positively correlated with RaoQ (P<0.05).

Characteristics of grassland ecosystem
function under different restoration models

We used ANOVA and Tukey pairwise comparisons to analyze
indices of grassland ecosystem function under different restoration
models (Table 3). Aboveground biomass was greatest in LT, but
there was no significant difference between DG and LP (P>0.05),
and there was also no significant difference between DG and NG
(P>0.05). Compared to NG, the aboveground biomass in DG, LP,
and LT was greater by approximately 20%, 30%, and 44%,
respectively. Belowground biomass was greatest in LT and lowest
in NG, but there was no significant difference between DG and LP
(P>0.05). Compared to NG, the belowground biomass in DG, LP,
and LT was greater by approximately 32%, 35%, and 56%,
respectively. Plant carbon content was significantly higher in DG,
LP, and LT than in NG (P<0.05), but there were no significant
differences among DG, LP, and LT (P>0.05). Carbon content in the
roots was lowest in NG, but there was no significant difference
between DG and LP, and there was also no significant difference
between DG and LT (P>0.05). Soil organic carbon, soil field
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FIGURE 2

Functional trait diversity of grassland ecosystems under different restoration models. Different letters in the same panel indicate significant
differences between treatments based on Tukey pairwise comparisons (p<0.05). FRic, FDis, and RaoQ represent the functional richness index, the
functional dispersion index, and Rao’s quadratic entropy index, respectively. DG, Dactylis glomerata grassland ecosystem; LP, Lolium perenne
grassland ecosystem; LT, Lolium perenne + Trifolium repens grassland ecosystem; NG, natural grassland ecosystem.

capacity, soil porosity, TN, TP, and TK were significantly higher in
LT than under the other treatments (P<0.05). These indices were
lowest in NG, but there was no significant difference between DG
and LP (P>0.05), except in the case of TP.

The results of PCA showed that the first and second principal
components together explained 84.11% of the variance in each

ecosystem function group for each evaluation indicator (Figure 4).
Based on the explanatory power of the principal component and
using this as a weight to calculate the comprehensive index of
ecosystem function via Equation 9, we obtained values for the
comprehensive index of ecosystem function for grassland
ecosystems under different restoration models (Table 4). The
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FIGURE 3

Correlation analyses of species diversity, CWM, and functional trait diversity in grassland ecosystems under different restoration models. * indicates
significance at the 0.05 probability level. The labels Margalef, Shannon, Pielou, and Simpson represent the Margalef index, the Shannon—Wiener
index, the Pielou index, and the Simpson index, respectively. CWM.H, CWM.LDMC, CWM.SLA, CWM.RL, and CWM.RDMC represent the CWM of plant
height, leaf dry matter content, specific leaf area, root length, and root dry matter content, respectively. FRic, FDis, and RaoQ represent the
functional richness index, the functional dispersion index, and Rao’s quadratic entropy index, respectively.
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TABLE 3 Analysis results for each evaluation index for grassland ecosystem functions under different restoration models.

EF group NG DG LP LT =
Ecosystem productivity
Aboveground biomass (dry weight, kg~m2) 0.28 + 0.03dc 0.35 + 0.03bc 0.40 + 0.05b 0.50 + 0.04a 28.01%%¢
Belowground biomass (dry weight, kg:m?) 0.15 + 0.01d 0.22 + 0.01bc 0.23 +0.01b 0.34 + 0.02a 237.517%*
Carbon storage
Plant C content (g~kg'l) 406.61 + 9.37b 461.11 + 8.64a 456.15 + 24.69a 481.14 + 33.26a 12.81%*
Root C content (g~kg'l) 321.43 + 11.08¢ 368.63 + 17.93ab 350.44 + 19.45b 38091 + 11.65a 16730
Soil organic carbon (g~kg'1) 12.51 +2.19d 17.62 + 2.37bc 18.52 + 3.11b 2532 £ 3.11a 32.310¢
Water conservation
Soil field capacity (%) 27.97 +5.02d 36.31 + 2.82bc 36.55 + 1.66b 43.09 + 2.29a 22.3300¢
Soil porosity (%) 41.78 + 1.32d 47.88 + 2.42bc 48.59 + 0.67b 53.92 + 3.30a 31.320%
Soil fertility conservation
Total nitrogen (g»kg'l) 0.79 + 0.05d 1.53 + 0.24bc 1.66 + 0.46b 2.14 + 0.28a 21.63%%¢
Total phosphorus (g-kg") 0.81 + 0.05cd 0.95 + 0.03¢ 1.11 £ 0.13b 1.38 + 0.11a 44,60%%*
Total potassium (gAkg'l) 15.06 £ 0.91d 16.82 + 0.39bc 17.23 £ 0.71b 22.21 = 1.09a 84.730¢

Data are presented in the form mean + standard error. Different letters in the same column indicate significant differences (p<0.05) between treatments based on Tukey pairwise comparisons.

*** indicates significance at the 0.001 probability level. The F value is the F test statistic.

DG, Dactylis glomerata grassland ecosystem; LP, Lolium perenne grassland ecosystem; LT, Lolium perenne + Trifolium repens grassland ecosystem; NG, natural grassland ecosystem.

same trends in terms of differences between restoration models
were observed across multiple components of the comprehensive
index of grassland ecosystem function: that is, ecosystem
productivity, carbon storage, water conservation, and soil fertility
were highest in LT and lowest in NG, and there was no significant
difference between DG and LP (P>0.05).

Relationship between plant functional
traits and grassland ecosystem function
under different restoration models

Redundancy analysis of plant functional traits and ecosystem
function showed that the first and second axes explained 90.68%
and 2.74% of the variance in ecosystem function, respectively
(Figure 5). CWMpmc, CWMrpmc, CWMy, the Margalef index,
and the Shannon-Wiener index were positively correlated with
ecosystem productivity, carbon storage, water conservation, and
soil fertility conservation. CWMg; 4, and CWMyp; were negatively
correlated with ecosystem productivity, carbon storage, water
conservation, and soil fertility conservation. FRic, FDis, and RaoQ
were not correlated with ecosystem productivity, carbon storage,
water conservation, or soil fertility conservation. Further analysis
via the Monte Carlo permutation test showed that CWMipuc,
CWDMpgy, and CWMy; had larger effects on ecosystem function than
other plant functional traits, explaining 76.20% (F=56.7, P=0.024),
17.7% (F=28.7, P=0.024), and 2.2% (F=4.5, P=0.048) of the
variance, respectively, indicating that CWM;pyc, CWMg;, and
CWMy were the main factors affecting ecosystem function.
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Discussion

Effects of different restoration models on
species diversity and plant functional traits
in grassland ecosystems

Species diversity represents the expression of biodiversity at the
species level. As a fundamental characteristic of community
functional structure, this measure plays a crucial role in
indicating community composition, the dynamics of community
change, and strategies for vegetation restoration (Crawley and
Harral, 2001). Under various restoration models, variation has
been observed in species composition and structure among plant
communities, resulting in significant disparities in species diversity
(Wang et al., 2022a). In this study, plant species diversity under the
three artificial restoration models varied greatly. The Margalef
index and Shannon index were highest in LT, and the species
diversity of the LT ecosystem was closest to that of NG, which is
consistent with the findings of Wu et al. (2019) in the degraded
grassland of the Three Rivers source area and those of Zhang H.
et al. (2020) in the degraded grassland of the Yellow River
headwaters. This indicates that, for degraded ecosystems, planting
artificial grassland by mixed sowing can promote the vegetation
succession of plant communities and restore species diversity in the
degraded ecosystem, which is an important way to restore degraded
ecosystems. However, there was no significant difference in
Margalef index, Shannon-Wiener index, or Pielou index between
the DG and LP ecosystems; this finding was similar to the results of
Hou et al. (2015) in the Poa pratensis grassland of Qinghai, but
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Principal component analysis of each indicator for evaluation of grassland ecosystem function under different restoration models.

different from the results of Hao et al. (2023) in the sandy grassland
of Hulunbeir. This phenomenon could potentially be attributed to
the similarity in dominant species between DG and LP, as well as
the nature of the study conducted by Hou et al. (2015), in which
both areas featured perennial grasses. Perennial grasses share
commonalities in terms of morphology, physiology, and life
history, which may explain the observed similarities.

Plant functional traits determine plant survival, growth, and
reproduction; not only can these characteristics strongly influence
ecosystem processes, but they also reflect the response process of
ecosystems to environmental changes (Wright et al., 2004; Kraft
et al, 2015; Li et al, 2021). The adaptability of plants to the
environment and their own plasticity leads to major differences in
functional traits among plants, with species themselves often acting
as indicators and predictors of environmental change through their
adoption of morphological and physiological traits to adapt to
environmental changes and access to limited resources (Freschet
et al, 2018; Hu L. et al, 2021). We found that the five CWM

measures responded very differently to different restoration models
during the ecosystem restoration process for management of karst
desertification. CWMy, CWMipme, and CWMppumce were
significantly higher in artificial grassland ecosystems than in the
natural grassland ecosystem, which can be explained by the fact that
artificial planting promotes forage with rapid growth strategies as
dominant species, and that local dominance of relatively tall plants
can lead to higher plant biomass and higher resource storage
capacity (Conti and Diaz, 2013; Zuo et al., 2017). However, the
CWDMg 4 of plants in artificial grassland ecosystems was lower,
which may be due to the fact that the karst ecosystem in southwest
China has specific habitat conditions consisting of karst aridity and
high soil calcium, and the plants have acquired resilience to this by
altering their own structure and their physiological and biochemical
processes to adapt to the environment in the course of survival
(Xiong et al., 2002; Xi et al., 2011; Zhong et al., 2018). While SLA is
related to stress tolerance and growth rate, species with lower SLA
can compete for limited nutrients and have higher stress tolerance

TABLE 4 Comprehensive index of grassland ecosystem function under different restoration models.

Comprehensive index of EF \[e] DG LP LT F
Ecosystem productivity 0.21 + 0.05d 0.46 + 0.05bc 0.55 + 0.07b 0.94 + 0.06a 152.9470*
Carbon storage 0.25 + 0.09d 0.64 + 0.04b 0.58 + 0.08bc 0.87 £ 0.09a 63.356***
Water conservation 0.18 + 0.09d 0.53 + 0.13bc 0.56 + 0.04b 0.86 + 0.01a 48.161***
Soil fertility conservation 0.16 + 0.04d 0.42 + 0.06bc 0.53 + 0.12b 0.90 + 0.07a 102.52**%

Data are presented in the form mean + standard error. Different letters in the same column indicate significant differences (p<0.05) between treatments based on Tukey pairwise comparisons. The

F value is the F test statistic.

*** indicates significance at the 0.001 probability level.

DG, Dactylis glomerata grassland ecosystem; LP, Lolium perenne grassland ecosystem; LT, Lolium perenne + Trifolium repens grassland ecosystem; NG, natural grassland ecosystem.
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Redundancy analysis of plant functional traits and grassland ecosystem function. The labels Margalef, Shannon, Pielou, and Simpson represent the
Margalef index, the Shannon—Wiener index, the Pielou index, and the Simpson index, respectively. CWM.H, CWM.LDMC, CWM.SLA, CWM.RL, and
CWM.RDMC represent the CWM of plant height, leaf dry matter content, specific leaf area, root length, and root dry matter content, respectively.
FRic, FDis, and RaoQ represent the functional richness index, the functional dispersion index, and Rao’s quadratic entropy index, respectively. EP, CS,
WC, and SFC represent ecosystem productivity, carbon storage, water conservation, and soil fertility conservation, respectively

(Wright et al., 2004), which also proves that artificially planted grass
is better adapted to the particular nature of the karst environment.
This result was similar to those of Mason et al. (2016) in grazed
grassland in New Zealand. Plants obtain nutrients and water from
the soil, mainly through the root system, to support their growth
and development, and the root system is the area where the most
intense plant-soil interactions take place, largely controlling
nutrient activation, water use efficiency, and soil health (Kong
et al,, 2014; Plaza-Bonilla et al., 2014). In this study, CWMp,, was
significantly higher in DG and LP than in LT, which is consistent
with the results of Li et al. (2022) in grassland in Inner Mongolia.
This may be attributable to the fact that gramineous grasses have
well-developed fibrous roots with a strong ability to compete for
water, and water competition intensifies the growth of gramineous
grasses roots in monoculture (Bessler et al., 2012).

The concept of functional trait diversity is intricately linked to
the functions of species and ecosystems, as it involves the
complementary utilization of resources (Mason et al., 2005). This
approach provides a clear and intuitive means of characterizing the
magnitude, distribution range, and degree of niche differentiation of
functional traits within an ecosystem community (Villeger et al.,
2008). The FRic reflects the utilization rate of resources by
vegetation by quantifying the niche space occupied by existing
species in the community (Jaschke et al., 2020). This study showed
that FRic was significantly higher in DG and LP than in NG and LT,
indicating that the dominant species of perennial gramineous
grasses in the community occupied a larger niche space, the niche
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differentiation of each species was higher, and resource utilization
was more efficient (Petchey and Gaston, 2006; Garcia-Cervigon
et al,, 2021). This result is inconsistent with the findings of Perring
et al. (2018) in European temperate grassland and Freitag et al.
(2021) in the Eurasian steppe, which may be caused by the
particular nature of the habitat environment of karst (Huang
et al., 2022). FDis and RaoQ can be used to measure the degree
of niche differentiation and resource competition among plants
within a community (Carmona et al, 2016), with higher index
values indicating stronger ecological niche complementarity among
species, weaker competition, and more efficient resource use (Dong
etal, 2019). In this study, FDis and RaoQ were significantly higher
in NG and LT than in DG and LP, which is consistent with the
results of a related study by Huang et al. (2020) in Chongging City
in China. This may be due to the fact that natural and mixed-
seeding grassland ecosystems have a great variety and number of
species, producing differences in niches between species, and
leading to less niche overlap in resource utilization by individuals
in natural and mixed-seeding grassland ecosystems compared to
single-seeding grassland ecosystems (Yang et al., 2022).

In this study, the Margalef index and Shannon index were
higher in NG and LT than in DG and LP, but FRic did not show the
same trend. This may be due to the fact that, in degraded karst
ecosystems where species are under environmental stress, species
trait show convergence in their functional traits, species trait
composition is limited to traits adapted to the selective pressures
of that environment, and continued increases in species richness
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only lead to further spatial differentiation of ecological niches,
resulting in reduced interspecific trait variability and no further
increase in functional diversity (Sasaki et al., 2009; Khasanova et al.,
2019), as well as weakened competition between species. These
findings are consistent with the results of Dong et al. (2019) on the
adaptive strategies of plants in grassland ecosystems of the Tibetan
Plateau and with those of Zhang Z. et al. (2021) in nine forest
ecosystems from the tropical to boreal zones in China. The results of
this study confirmed the following findings: 1) FDis and RaoQ were
significantly higher in NG and LT compared to DG and LP; 2) the
Margalef index and Shannon index were significantly positively
correlated with FDis and RaoQ, but not significantly correlated with
FRic; 3) CWMy and CWMy,, were significantly negatively
correlated with FDis and RaoQ. In addition, the relationship
between the Margalef index and Shannon index, as well as
functional trait diversity, varied across different types of plant
communities. This was confirmed by Weng et al. (2017) through
their study of forest communities, suggesting that the relationship
between species diversity and functional diversity has originally
varied across environmental contexts, even when these are
unaffected by external disturbance.

In this study, CWMy was significantly and positively correlated
with CWMj pyme, CWMgr, CWMgepme, and FRic. This may be due
to the fact that plant height affects the ability of plants to acquire
light and to photosynthesize; specifically, the greater a plant’s
height, the greater its ability to so, which contributes to an
increase in leaf dry matter content, root length, and root dry
matter content. In turn, these also contribute to an increase in the
diversity of plant functional traits (Angassa, 2014). These results are
similar to those obtained by Maire et al. (2015) in their study of
global terrestrial ecosystems. SLA is an important indicator for
measurement of the growth status and light energy utilization
efficiency of species, and LDMC mainly reflects the ability to
retain plant nutrient elements (Hao et al., 2019). Related studies
have shown that SLA can reflect the ability of plants to obtain
resources, and SLA is usually negatively correlated with LDMC
(Shen et al.,, 2019), which may explain the findings of a significant
negative correlation between CWMipyvc and CWMgpa in this
study. This is consistent with the results of Niu et al. (2016) in
Tibetan alpine meadows, those of Zhang et al. (2018) in typical
grassland of Horqin sandy land, China, and those of Wang Q. et al.
(2022) in degraded woody plants of a karst area. This finding also
indicates that the artificial grass in our study area was better adapted
to the karst environment, and thus their LDMC was higher.
Furthermore, FRic was negatively correlated with FDis and RaoQ,
but FDis was positively correlated with RaoQ in our study. This is
inconsistent with the results of Jiang X. et al. (2022) in the Mu Us
sandy grassland of China and with those of Wang et al. (2022b) in
the Maolan National Karst Forest Nature Reserve, Guizhou, China;
however, it is consistent with the results of Petchey and Gaston
(2002) on five typical cases of simulated plant functional traits and
ecosystem relationships, and with those of Hao et al. (2019) on the
functional traits of communities at different stages of succession in
the temperate forests of the Changbai Mountains, Northeast China.
The reason for this difference may be inconsistencies in
species diversity.
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Effects of different restoration models on
grassland ecosystem function

The aim of ecological restoration is not only to increase
vegetation coverage but also to restore ecosystem quality and
function (Zhang M. et al., 2018; Zhang S. et al., 2023). Artificial
grassland is an effective way to mitigate the degradation of natural
grassland, improve grassland productivity, and ensure ecological
security (He et al., 2020; Xu et al., 2020). In this study, DG, LP, and
LT were found to have significantly increased aboveground biomass
and belowground biomass in the grassland ecosystem compared to
NG, with the highest levels being observed in LT. These results are
consistent with those of Fox et al. (2020) in mixed seeding grassland
in Zurich and those of Li C. et al. (2023) in artificial grassland in
Qinghai Lake Basin; this may be because artificial pasture planting
has some advantages in increasing forage yield compared to natural
grassland, but the advantages of mixed seeding are greater than
those of monoculture (Husse et al., 2016). The same trend was also
observed in plant, root, and soil total carbon, which indicates that
the process of accumulation of soil nutrients was slow during the
natural process of recovery of the karst ecosystem, while the mixed-
seeding grassland could significantly increase soil organic carbon;
the effect of mixed leguminous forage has been found to be
especially clear (Bai and Cotrufo, 2022). Furthermore, there is a
positive correlation between plant and root carbon and soil carbon,
with increases in soil carbon promoting higher plant and root
carbon (Su et al., 2019). The results of Peng et al. (2020), in a
comparative analysis of alpine meadow and alpine steppe, have
also confirmed this viewpoint; this may be due to the fact that the
soil environment of artificial grassland tends to be stable, with
an increase in surface litter and in the underground root system,
which is capable of sustainably recharging litter into the soil,
increasing the source of soil organic carbon and promoting
organic carbon accumulation (Li X. et al., 2023). Soil water is an
important source of plant water and a carrier for nutrient
cycling and material transformation (Yang et al, 2016). Soil
porosity is an important indicator for characterization of soil
aeration and water permeability, and soil with high porosity is
more likely to expel water (Zhang et al., 2019). Not only can soil
organic carbon enhance the soil’s ability to hold and release
fertilizer, but it can also promote the formation of granular
structure and improve soil’s water permeability, water-holding
capacity, and aeration (Zhang J. et al., 2021). This can explain the
findings of this study in which soil field capacity and soil porosity
were the highest in LT and the lowest in NG, which is consistent
with the results of Yang et al. (2017) study of ecological restoration
projects affecting hydrological function in the karst region of
southwest China.

Soil plays a crucial role in the formation of grassland ecosystem
function and the provision of ecosystem services, as it carries out
nutrient cycling (Eekeren et al., 2010; Bell et al.,, 2012). Relevant
studies have shown that restoration of vegetation can effectively
improve soil fertility within a relatively short period of time (15
years) (Hu et al., 2020). Soil nitrogen supply plays an important role
in determining ecosystem structure and function (Hu P. et al,
2021), and the availability of soil nitrogen is often a key limiting
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factor for productivity (Wang D. et al., 2020). In this study, DG, LP,
and LT significantly increased soil total nitrogen content compared
to NG, and this was at its highest in LT. This may be due to the
relative stability of the mixed-seeding grassland, which enhances
photosynthesis, root activity, and soil microbial activity, and
promotes nitrogen accumulation capacity; additionally, the
biological nitrogen fixation of legume forage in LT also increased
nitrogen content, meaning that the presence of mixed-seeding
grassland was more conducive to the accumulation of soil total
nitrogen (Nyfeler et al., 2011; Frankow-Lindberg and Dahlin, 2013).
This is consistent with results on the planting years of different
grasslands obtained in the Sanjiangyuan region of China by Xing
et al. (2020), but inconsistent with the results of Hu et al. (2021),
who studied the effects of vegetation restoration methods on soil N
supply in artificial and natural forests in the karst region of
southwest China; this might be related to the different vegetation
types studied (Song et al., 2022). Soil phosphorus and potassium are
the main nutrients affecting plant growth, and higher levels of
phosphorus and potassium imply good soil fertility status and
higher system productivity (Cheng et al., 2016; Wang et al., 2019;
Zhang Y. et al., 2021). In this study, DG, LP, and LT significantly
increased the total phosphorus content compared to NG, and this
was at its highest in LT. This may be because the biomass, soil
organic carbon, and total nitrogen content were significantly higher
in artificial grassland than in natural grassland, providing a
favorable soil environment for the accumulation of phosphorus
and potassium; because mixed-seeding grassland creates inter-root
space for the use of phosphorus and potassium nutrients; and
because the advantage of the difference in the utilization of
phosphorus and potassium sources contributes to a more
pronounced increase in soil phosphorus and potassium content
(Wagg et al, 2014; Creme et al,, 2016). Although the species
diversity in the natural grassland ecosystem was higher than that
observed in the single-seeding grassland ecosystem in this study, N
is a limiting factor affecting the productivity of natural grassland at
present (Song et al., 2022). In contrast, the local dominance of high-
productivity species in artificial grassland ecosystems promotes
the improvement of overall primary productivity (Duchini et al,
2016), and the ecosystem function of artificial grassland
is significantly enhanced under plant and soil interaction.
Therefore, the interaction of the above factors resulted in
the highest ecosystem productivity, carbon storage, water
conservation, and soil fertility conservation occurring in LT, with
the lowest occurring in NG.

Although the importance of species diversity and plant
functional traits in maintaining ecological functions is still
debated, numerous studies have shown that both factors have
positive effects on ecosystem function (Cadotte, 2017; Armstrong
et al., 2021; Chaves et al.,, 2021; Gao et al., 2022; Dendoncker et al.,
2023; Yan et al, 2023). In this study, CWMpmc, CWMgpmcs
CWMy, the Margalef index, and the Shannon index were positively
correlated with ecosystem productivity, carbon storage, water
conservation, and soil fertility conservation. This indicates that
the functioning of the grassland ecosystem in this region is
influenced by both species richness and plant functional traits.
CWM can be used to assess the effect of dominant traits on
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ecosystem function, while the functional trait diversity index can
quantify the effect of variation in the trait on ecosystem function
(Choudhury et al.,, 2022). The results of RDA in this study showed
that the CWM explained the effects of grassland ecosystem function
to a greater extent than the functional trait diversity index and the
species diversity index, indicating that the dominant species in the
community had a greater influence on ecosystem productivity,
carbon storage, water conservation, and soil fertility conservation.
This suggests that ecosystem function may depend on the
functional traits of the dominant species in the community.
Specifically, CWMy, CWM;pmc, and CWMg; were the main
factors affecting grassland ecosystem function. This result has also
been obtained in studies of degraded grassland ecosystems in
the Loess Plateau of China (Jing et al., 2019), Selside meadows in
the UK (Sweeney et al., 2020), and subtropical forest ecosystems in
the central Himalayas (Sigdel et al., 2022). Therefore, in this study,
the mass-ratio hypothesis was found to better explain the response
of grassland ecosystem function to plant functional traits under
different vegetation restoration models in this region in comparison
to the niche differentiation hypothesis.

Conclusions

This research focuses on the desertification control in the karst
ecosystem and examines the impact of plant functional traits on the
functioning of grassland ecosystems under various vegetation
restoration models in an area of karst desertification. In this
study, species diversity (assessed via the Margalef index and
Shannon index), FDis, and RaoQ were higher in the grassland
ecosystem under the natural restoration model than in ecosystems
under artificial restoration models, but the differences between the
NG and LT were not significant. Furthermore, grassland ecosystem
function, including ecosystem productivity, carbon storage, water
conservation, and soil fertility conservation, was found to be at its
lowest in NG and highest in LT. This is because the CWM explains
a larger proportion of the variance in grassland ecosystem function
than the functional trait diversity index, and changes in ecosystem
function depend largely on the functional traits of the dominant
species in the community. Therefore, we conclude that the mass-
ratio hypothesis can better explain the response of grassland
ecosystem function to plant functional traits under different
vegetation restoration models in this region in comparison to the
niche differentiation hypothesis. This may be due to the relatively
short monitoring period; in order to study changes in the
underlying mechanism, we will need to carry out long-term
monitoring. In addition, while plant functional traits have a
significant impact on grassland ecosystem function in the area of
karst desertification, it is important to consider the effects of
climate, soil, and anthropogenic interference on ecosystem
recovery in future research. This study proved that, among the
different vegetation restoration models employed in the area of
karst desertification, ecosystem function was the best in the case of
mixed-seeding grassland (perennial ryegrass + white clover), which
indicates that degraded karst ecosystem function can be restored by
the method of mixed-seeding grassland.
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The desert riparian forests are susceptible to meteorological changes and contribute
significantly to the net ecosystem productivity (NEP) variations of arid ecosystems.
However, the responsive patterns of their NEP variations to the meteorological
variabilities remain inadequately comprehended. To address this gap, we utilized
seven years of eddy covariance flux measurements in a representative desert riparian
forest to investigate the NEP variations and its response to changing meteorological
factors across diverse temporal scales. The results revealed significant periodic
variations in half-hourly NEP, with dominant cycles spanning from five hours to
one year, with a principal oscillation period of one day. Key meteorological factors
including global solar radiation (Rg), relative humidity (RH), air temperature (Ta), soil
temperature (Ts), and vapor pressure deficit (VPD) exhibited synchronization with
NEP on daily scales. This synchronization, coupled with the observed one-day
periodic NEP variations, provides robust evidence supporting the existence of a
circadian rhythm in the ecosystem carbon exchange of desert riparian forest
regulated by meteorological conditions. Seasonal patterns were significant in the
impact of Rg phase, Ta diurnal amplitude, and VPD diurnal amplitude on NEP diurnal
amplitude and phase. The NEP diurnal amplitude significantly, directly, and positively
affected daily NEP in both the dormant and growing seasons, whereas its phase
yielded significant negative effects (P< 0.05). The averages, amplitudes, and phases
of diurnal meteorological conditions controlled the daily NEP by regulating NEP
diurnal amplitude and phase. These findings provide evidence that the variability in
circadian rhythms, caused by the increase in diurnal Ta and VPD, significantly impact
the daily NEP at an ecosystem scale. This study enriches our comprehension of the
meteorological mechanisms governing diurnal and seasonal carbon uptake
dynamics within desert riparian forests, providing fresh insights into the direct and
indirect roles of climate change in shaping patterns of ecosystem carbon exchange.

KEYWORDS

arid ecosystem, eddy covariance, carbon flux, circadian regulation, structure
equation model
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1 Introduction

Net ecosystem productivity (NEP) measures the equilibrium
between carbon uptake through photosynthesis and carbon loss via
respiration, serving as a critical indicator of ecosystem carbon
sequestration and stability. Variations in NEP can reflect
ecosystem responses and adaptability to ongoing climate change.
Arid and semi-arid ecosystems constitute about 30% of the Earth’s
land area and play a substantial role in the interannual variability of
the global terrestrial NEP, accounting for 39% of this process
(Ahlstrom et al., 2015). The Earth’s land surface has experienced
significant warming and an increase in atmospheric vapor pressure
deficit (VPD) over the past century, particularly noting a greater rise
in daily minimum than maximum temperature in many regions
(Thorne et al., 2016; Yuan et al., 2019), and including the most of
arid and semi-arid lands. The pronounced trend underscores the
urgency for understanding the impact of climate change on NEP in
these vulnerable ecosystems. However, the mechanisms whereby
climate change impacts NEP in these ecosystems have not been
completely comprehended. Climate change alters meteorological
patterns at regional and global scales, which may significantly
impact the NEP (Reichstein et al., 2013; Franklin et al, 2016;
Tang et al.,, 2022). To comprehensively understand and accurately
predict the NEP’s response to climate change, an exigency exists to
investigate the impact of meteorological changes at varying time
scales on the NEP.

The elucidation of NEP from a meteorological perspective
begins with transformations in key driving factors governing the
carbon uptake process, including solar radiation, air temperature
(Ta), atmospheric humidity, VPD, and soil moisture (Law et al.,
2002; van Dijk et al., 2005; Yi et al., 2010). Previous investigations
have mainly focused on the direct impacts of meteorological factors
on NEP. For instance, excessive light during photosynthesis can
induce photoinhibition in plants (Chaves, 1991), and solar radiation
determined the NEP in deserts (Yu et al, 2023). Significant
depletion of humidity and soil moisture led to stomatal closure
and diminished photosynthetic activity (Reichstein et al., 2007;
Wolf et al., 2016). Half-hour photosynthesis and respiration
exhibited a nonlinear response to temperature changes (Baldocchi
etal., 2001; Way and Yamori, 2013). A synchronization mechanism
governed by light and temperature regulated the timing of
photosynthesis and stomatal aperture in plants (Masuda et al,
2021). Although these outstanding scientific works support the
direct impact of meteorological factors, only a few studies have
explored their indirect impact on NEP changes, most of which
disregarded the influences of amplitude and phase of the
meteorology fluctuations. In contrast, these variations in
meteorology (such as light, temperature, and humidity) have been
suggested to affect the circadian rhythms of tree physiology (Way
and Montgomery, 2015; Singh et al., 2021). The circadian rhythms
of tree physiological processes, such as leaf stomatal conductance
and photoperiodic responses with a period of ~24 h, were
important drivers of the photosynthesis and respiration in
ecosystems, although they required the passage of a few hours
(Resco de Dios and Gessler, 2018). Additionally, the amplitude of
diurnal NEP changes under constant environmental conditions was
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20% to 90% of that under variable environmental conditions (Dios
etal, 2012). The diel and seasonal dynamics of stem growth of trees
at the community level were significantly influenced by temperature
and VPD (Zhou et al., 2023). The diel patterns in carbon flux were
expected to be the key factors in understanding stem growth
(Steppe et al.,, 2015). On one hand, the control and manipulation
of meteorological conditions at the ecosystem level for direct tests of
circadian regulation response to short-term meteorological changes
pose a significant challenge. On the other hand, the variation in
NEP under variable conditions may be caused by several
endogenous and exogenous mechanisms. Up until now, however,
there has been a knowledge gap regarding how the amplitude and
phase of diurnal variations in meteorology affect the NEP of arid
and semi-arid ecosystems.

Desert riparian forests played a critical role in arid and semi-
arid ecosystems due to their remarkable ecosystem biodiversity and
carbon sequestration (DeCamps et al., 2004; Thevs et al., 2011).
Tugai forests (Populus euphratica forests) were widely distributed in
the natural oasis of the lower inland rivers and constitute the largest
types of natural desert riparian forests in arid regions (Feng and
Cheng, 1998). The area of these forests in China was approximately
6.49 x 10° hm? constituting 92.3% of the entire desert riparian
forest area in the country (Ding et al., 2017; Wang et al., 2017; Fan
et al,, 2018). Due to being subjected to the severe environmental
stress such as drought and salinity, Tugai forests were particularly
vulnerable to variations in the meteorological environment (Jiang
et al,, 2022). However, their above-ground carbon density ranged
from 2.24 t/hm” to 30.42 t/hm”, giving them a greater carbon sink
potential than other arid ecosystems such as grasslands and sparse
shrublands (Liu et al., 2016). Hence, Tugai forests are ideal for
studying the effects of changing meteorological conditions on the
NEP of desert riparian forest ecosystems.

Utilizing approximately seven years of eddy covariance flux
measurements in a representative Tugai forest, this study introduced
the amplitudes and phase of daily variations to examine the direct and
indirect response mechanisms of NEP to changing meteorological
conditions in both the growing and dormant seasons. The objectives of
this study are to explore the variation patterns of NEP and
meteorological conditions in the desert riparian forests at different
time scales, analyze the relationship between NEP and meteorological
conditions at various time scales, and investigate the direct and indirect
response mechanisms of NEP to the changes in meteorological
conditions at the daily scale. This study is expected offers insights
into understanding the processes of the forest ecosystems carbon cycle,
thereby enhancing predictions of carbon exchange within these
ecosystems under the ongoing context of climate change.

2 Materials and methods
2.1 Site description

The study was conducted at the Ebinur Lake Wetland National
Nature Reserve in northwestern Xinjiang, China, from January 1,

2012 to April 20, 2019. The study area (44°37'05"-45°10'35"N, 82°
30'47"-83°50'21"E) experiences a north temperate continental arid
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climate, characterized by hot summers, ample sunlight, low
precipitation, and cold winters. The distribution of annual
precipitation is uneven, with more in summer (~50 mm) and less
in winter (<10 mm). The long-term average precipitation is 105.17
mm, and the evaporation is 1315 mm (Li et al., 2022). The flux tower
was positioned approximately 100 m from the north bank of the
Aqikesu River (44°37'4.8"N, 83°33'59.4"E) within the nature reserve,
with a construction height of 33 m (Teng et al, 2021). There are over
30 species of plants in the study area (Zhang et al., 2015). Species such
as Populus euphratica, Haloxylon ammodendron and Phragmites
australis are dominant within investigated riparian vegetation and
represent over then 60% of total vegetation coverage in the studied
area. Additionally, there are a variety of halophytic shrubs, herbs, and
desert-specific short-growing plants, such as Halimodendron
halodendron, Halocnemum strobilaceum and Suaeda glauca, with
an average community canopy height of approximately 8.5 m (He
et al,, 2014). The soil has high salinity and alkalinity, with an average
electrical conductivity of 5.41 mS/cm in shallow soil layer (0-10 cm)
and a pH value of 8.77. The average soil density is about 1.38 g/cm’
(Li et al,, 2022). Throughout the observation period, the flux tower
was located in an area with an average annual temperature of 9°C,
with maximum temperatures reaching 43°C and minimum
temperatures dropping to —-26°C. Groundwater served as the
primary water source for the plants in the Tugai forest ecosystem,
with a groundwater depth of 1.50-2.30 m (Yang et al., 2014).

2.2 Eddy covariance and
meteorological measurements

The eddy covariance (EC) observation system was positioned 15 m
above the ground. It comprises a three-dimensional ultrasonic
anemometer (CSAT3, Campbell Scientific Ltd., Logan, UT, USA)
and an infrared CO,/H,0 analyzer (EC150, Campbell Scientific Ltd.,
Logan, UT, USA). Global radiation was monitored using a 4-
component net radiometer (NRO1, Campbell Scientific Ltd., Logan,
UT, USA) installed at a height of 9 m. Additionally, the meteorological
observation system includes air temperature and humidity sensors
(HMP155A-L, Campbell Scientific Ltd., Logan, UT, USA), wind speed
sensors (010C-1, Met One Instruments Inc., Grants Pass, OR, USA),
wind direction sensors (020C-1, Met One Instruments Inc., Grants
Pass, OR, USA), and an atmospheric pressure meter (CS100, Campbell
Scientific Ltd., Logan, UT, USA). These instruments are programmed
to automatically record routine meteorological data, such as average
wind speed, temperature, and air pressure every 30 minutes.

2.3 Flux calculations and data processing

2.3.1 Flux calculation
Assuming horizontal homogeneity, the net ecosystem CO,
exchange (NEE) in pmol m™ s™'

(Baldocchi, 2003; Wang et al., 2016):

can be estimated as follows

Av.-D; -
+ Xc " Pd h

NEE=F.+F,=p;-wx.' |4 A

(1)
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In Equation 1, F, represents the turbulent flux at the interface
between the atmosphere and the ecosystem. F; corresponds to the
CO, storage flux within the control volume. w stand for the vertical
wind speed. y, denotes the CO, molar mixing ratio (tmol mol ).
pa represents the dry air concentration (mol m™>). k is the flux
observation height (m); Ay, indicates the difference between the
pre- and post- CO, molar mixing ratio measured at two adjacent
moments. At is the time interval between the first and second
measurements (30 min).

The turbulent fluxes (F.) were calculated from high-frequency
measurements. Raw data files were processed using EddyPro
software (Version 6, LI-COR Inc., Lincoln, NE, USA) to calculate
the F. on a half-hourly basis. The flux processing included two-
dimensional coordinate rotation, spectral corrections, frequency
response correction, and Webb-Pearman-Leuning correction for
the effect of air density fluctuations (Webb et al., 1980). The quality
assessment for F. data were conducted a steady-state/developed
turbulence conditions test in 0-2 system (Mauder et al., 2006). The
CO, storage (F;) was estimated using the single-point method
(Hollinger et al., 1994).

2.3.2 Data processing

The NEP is analogous to net photosynthesis in leaves, and is
considered positive when the ecosystem exhibits net carbon uptake,
indicating a carbon sink. It is the opposite of NEE (Lovett et al.,
2006), that is NEP = —-NEE. As ecosystem carbon exchange
processes are highly dependent on diurnal rhythms and
phenological laws, we identified the beginning and end of the day
and the beginning and end of the growing season. The solar
elevation angle was used to define the diurnal period as from
sunrise to sunset. As presented in Table 1, the start and end of
the growing season were determined based on the growing degree
days (GDDs), and the formula was as follows (McMaster and
Wilhelm, 1997):

1
GDD = E (Tmax + Tmin) - Tbase) (2)

In Equation 2, Tp,ee was 6°C in this study.

The gaps in carbon flux measurements amounted to 59,906
half-hour data (approximately 46.52% of the total), and these gaps
were primarily concentrated during the dormant season, especially
during nighttime hours. Surprisingly, the number of data gaps
during nighttime in the dormant season was more than twice as
much as during nighttime in the growing season. Conversely, the
high-quality data (Qc=0) accounted for 35,852 half-hour data
(approximately 27.84% of the total), and were predominantly
record during the daytime in the growing season. Remarkably,
the amount of high-quality flux data during nighttime in the
growing season was comparable to that during nighttime in the
dormant season (Table 2).

In this study, distinct frictional velocity (u-) thresholds and their
corresponding confidence intervals were estimated separately for
the growing and dormant seasons, considering various wind
direction intervals (30°). The carbon flux data underwent rigorous
screening based on the criteria outlined in Table 3, leading to the
exclusion of any data that failed to meet these conditions. Finally,

frontiersin.org


https://doi.org/10.3389/fpls.2024.1332192
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Teng et al.

TABLE 1 The starting and ending date of growing season at
observation stations.

Year Start (DOY) End (DQY) Duration (Day)
2012 13 283 171

2013 99 290 192

2014 120 279 160

2015 110 286 177

2016 119 283 165

2017 120 275 156

2018 99 284 186

2019 104

the gap-filling procedure utilized the random forest model,
achieving an impressive R* value of 0.81.

2.3.3 Amplitude and phase of the variations in
NEP and meteorological conditions

To comprehensively describe the diurnal variations in NEP and
meteorological factors, two key parameters were computed:
amplitude and phase. Circadian regulation is known to result in
time changing maximal and minimal potential values, as depicted in
Figure 1. Assuming that circadian effects have an additive
interaction with the mean value of the parameter of interest
(Resco de Dios and Gessler, 2018), the models for circadian
variations can be expressed as follows:

®,).

. 2wt

y=ym+yAs1n(§+ (3)

In Equation 3: y represents NEP or meteorological factors; y,,
denotes the mean value of y; t stands for time; and y, and @,
represent the amplitude and phase of half-hourly NEP or
meteorological factors variations in a daily scale, respectively. The
variation in amplitude signifies the asymmetric changes in
meteorological factors and the differences in diurnal and
nocturnal variations in NEP (where daytime increases or
decreases differ in magnitude from nighttime). On the other
hand, the variation in phase denotes the changes in the timing of
daily maximum or minimum values. These two parameters offered
a clearer understanding of the daily patterns of carbon uptake and

meteorological changes in the ecosystem.

TABLE 2 Statistics on half-hour carbon flux data.

10.3389/fpls.2024.1332192

2.4 Statistical analysis

2.4.1 Magnitude squared coherence and
transfer function

The Fourier transform was applied to the time series of NEP
and meteorological factors, and subsequently, the power spectrum
of the time series is calculated and analyzed in terms of magnitude-
squared coherence (MSC) and transfer function variation periods.
MSC, a signal processing tool that yields a real value ranging from
zero to one, is employed to identify significant frequency-domain
correlations between two time series (Dobie and Wilson, 1989). It
quantifies the degree to which two time-domain signals, x(¢) and y
(t), exhibit similarity or match each other.

To estimate the synchronization of two time series, the linear
correlation in the spectral decomposition of x(¢) and y(f) is followed
by calculating the MSC,,(f) values at different frequencies using the
equation:

| Py(NI’

Pxx(f)Pyy(f) ’

In Equation 4, P, is the cross power spectral density of x() and

MSC,/(f) = (4)

y(t), and P, and P,, are the associated power spectral densities.

In this study, Welch’s mean-corrected periodogram method is
utilized to calculate the power and mutual power spectral densities
between x(t) and y(t). This method involves dividing the two signals
into time windows with the same number of samples, calculating
the power spectral density for each window, and then averaging
them to obtain the final MSC,,(f) values at different frequencies.

A transfer function is a complex quantity whose magnitude and
phase are a function of frequency. Referred to as the system
function, it describes the transfer behavior of a linear system in
the frequency domain, with the output being represented by H(t)
and the input represented by the z-transform of the impulse
response H(z).

The transfer function is given by the equation:

Y(2)

H(Z):m >

In Equation 5, Y(z) represents the output transformation and X

(5)

(2) represents the input transformation. The transfer function H(z)
captures the transfer characteristics of the system, as it multiplies
the input transformation X(z) to obtain the output transformation
Y(z). The transfer function can be derived from simple algebraic

Growing Growing
season daytime season nighttime
NA 13750 8817
Qc=0 14765 6833
Qe=1 4286 5416
Qc=2 1728 2554
Total 34529 23620

Dormant Dormant
season daytime season nighttime
15449 21890 59906
8221 6033 35852
4822 7807 22331
2225 4077 10584
30817 39807 128773
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TABLE 3 Quality control process of carbon flux data.

Volume of data

Detailed
Rrocedure Growing = Dormant description
season season
Based on the quality
Qualit assessment of flux data,
aSSESSIZlent 22567 37339 carbon flux data with null
values and Qc of 2
were rejected.
Carbon flux data from
Weathe}' 6 152 preaplta.tlon ov'er the
anomalies observation period
were excluded.
Mutation The @utation points in
flterin 121 157 continuous flux data were
8 detected and rejected.
_ Outliers in the flux data,
Statistical K i
. counted at different times
distribution 360 468
dleanin. of the day,
i were eliminated.
Us Nighttime observations
threshold 3349 3575 below the u. thresholds
filtering were excluded.

operations that describe the differential equations of the system, or
it can be determined experimentally to understand the transfer
behavior of the system.

2.4.2 Structural equation model

Structural equation model (SEM), including path analysis,
confirmatory factor analysis, and latent growth curve models, is
primarily employed to examine multivariate interactions (McIntosh
etal, 1996). As a relatively complex statistical model, SEM requires
a sample size of at least 200 to yield reliable results (Fan et al., 1999).
This is due to the fact that more intricate models necessitate larger
samples to achieve statistical power. Furthermore, due to certain
mathematical restrictions that limit the complexity of the
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The regulation of NEP and meteorological conditions by amplitude
(ya) and phase (@,) on a daily scale.
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multivariate model, a balance must be struck between model
complexity, precision, and interpretability when employing SEM.
We use path analysis to analyze the covariance between NEP and
observed variables, with the structure of the model being driven by
assumptions about causal relationships between multiple variables.
For all statistical analyses, we used R version 4.2.0 (R Core
Team, 2022).

3 Results

3.1 Environmental conditions and net
ecosystem production

During the study period, the dynamics of Ta,,, Tsy,, VPD,,,
and Rg,, above the forest canopy exhibited a symmetrical pattern
between the growing and dormant seasons (Figure 2). Notably,
Rgn, VPD,,, Ta,,, and Ts,, showed significant seasonal variations,
with higher values recorded in the growing season and lower
values in the dormant season. During the dormant season, the
RH,, was higher than compared to the growing season. The Ta,,
during the study period was 8.83°C, with a range of variation
from —28.04°C to 34.13°C; VPD,, ranged from 0.02 kPa to 4.17
kPa, with the maximum and minimum values observed in July
and January, respectively.

The results of the spectral analysis performed on the NEP and
meteorological factor time series of the Tugai forest were presented in
Figure 3. It is evident that both NEP and meteorological factors
exhibit multiple periodicities, ranging from five hours to one year.
Except for Rg, the amplitudes of fluctuations in both NEP and
meteorological factors also increased when the period length
exceeded one day but remained less than 40 days. When the
periods of variability in NEP and meteorological factors were equal
to or less than one day, the amplitude of fluctuations tended to
become more pronounced with increasing period length. The NEP
variations exhibited the strongest correlation with meteorological
conditions in the one-day cycle. This observation implied that NEP in
the Tugai forest followed a circadian rhythm.

3.2 Interactions between net ecosystem
production and environmental variation

After conducting cross-spectral analysis of Rg, RH, Ta, Ts, and
VPD with NEP, it was evident that these five meteorological factors
exhibited a strong coherence with NEP (Figure 4). This coherence
was particularly pronounced for long periods of 12 hours, 1 day,
and 1 year, while it was relatively weaker for short periods. The
cross-spectral analysis of meteorological factors with NEP partially
explained the multiple periodic variation patterns of NEP. The
transfer function amplitudes of these meteorological factors and
NEP all displayed variation periods of 6 hours, 8 hours, 12 hours,
and 1 day. Additionally, the greatest magnitude of the MSC was
observed at the 1 d period. This implies that there is a strong
synchronous variation of NEP with meteorological factors,
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especially at the daily scale. Therefore, the circadian rhythm of NEP
in the Tugai forest was regulated by meteorological conditions.

In order to investigate the response of CO, uptake capacity in
the desert Tugai forest ecosystem to changes in the meteorological
conditions, we conducted an analysis of the relationship between
daily NEP and meteorological factors. Our findings suggested the
@yep and Py, demonstrated negative correlations with daily NEP
both during the dormant and growing season (Figures 5A, 6B).

Frontiers in Plant Science

Conversely, the NEP, and Rg,, significantly positively correlated
with daily NEP (Figures 5B, 6A). This indicated that the higher the
asymmetry in the diurnal changes of NEP, the higher the daily NEP
value, as a result of a higher peak in diurnal NEP.

We observed a weak negative correlation between the RH,, and
daily NEP in the growing season (R* = 0.147), but no significant
correlation was found in the dormant season (Figure 7A). In
contrast to RH,,, Tay, Tsy, and VPD,, exhibited weak positive
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correlations with NEP in the growing season, while weak negative
correlations were observed in the dormant season (Figures 8A-
10A). The RH, showed no significant correlation with NEP in both
the growing and dormant seasons (Figure 7B). The significant effect
of the VPD, changes on NEP during the growing season suggested
that asymmetric variations in diurnal VPD significantly affect the
carbon uptake of Tugai forest ecosystems (Figure 10B).

In this study, the analysis of seasonal differences in the correlation
between NEP and driving factors unveiled significant seasonal
variations in NEP’s response to meteorological factors (likelihood
ratio > 26 and P< 0.001, see Supplementary Material). The seasonal
difference in magnitude and direction of response were observed. This
implied that there were seasonal differences in the synchronization
between NEP and meteorological factors at the daily scale.

3.3 The impact of meteorological
variations on net ecosystem production

The results of the SEM demonstrating the influence of
meteorological factors on NEP during the dormant and growing
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Relationship between (A) NEP and phase of NEP (®ygp), and (B) between NEP and NEP,. DS and GS indicate the dormant and growing seasons, respectively.

seasons were presented in Figure 11; Table 4. Through correlating
NEP with the influencing factors, the models were meticulously
fitted and tested to establish statistically significant direct and
indirect effects while gradually eliminating statistically
insignificant pathways. For the dormant season, the fitted R* was
0.551, the RMSEA was 0.029 (P = 0.160), and the CFI was 1.000. In
the growing season, the corresponding values were 0.780, 0.021 (P =
0.222), and 1.000, respectively. Overall, the results indicated that
both models were suitable, with the structural equation model for
the growing season slightly outperforming that for the
dormant season.

In the SEM, during the dormant season, Ta,,, Rg.,, RHp,
VPD,,, and Ta, had significant direct effects on @ygp. In
contrast, during the growing season, Dy, Rgpy, and RH,, had
significant direct effects on @ygp (P< 0.10, in descending order of
relative importance). For NEP, during the dormant season, Rg,,
Tsy, VPD,,, VPD,, and Ta,, had significant direct effects, while
during the growing season, Tan, Rgy, VPDy,, @neps Tay, and Pg,
had significant direct effects (P< 0.10, in descending order of relative

importance). The Ta, significantly influenced the @ygp in Tugai
forests during the growing season, with no notable impact on the
NEP,. However, this pattern may be inverted during the dormant
season, the Ta, could affect NEP, without influencing ®ypgp.
Notably, both during the dormant and growing seasons, Ts, had
no statistically significant direct effect on @ygp (P > 0.10), RH,, had
no statistically significant direct effect on NEP,, and @, had no
statistically significant direct effect on daily NEP. Rg,, had
significant indirect effects on daily NEP through the NEP, and
@ygp during both the dormant and growing seasons (P< 0.10). This
underscored the critical roles that the amplitude and phase of
diurnal NEP played in regulating the light response of NEP.

In addition to the direct effects of @ygp on daily NEP during
both the dormant and growing seasons, the @ygp impacted daily
NEP by reducing the NEP, during the growing seasons, resulting in
significant negative total effects on NEP (P< 0.05). This suggested
that regulating the phase of ecosystem circadian rhythms reduced
the daily NEP by lowering its peak of net carbon uptake. It’s worth
noting that the total effects of @g, on daily NEP were not
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statistically significant (P > 0.1). Seasonal differences were observed
in the effect directions of RH,, on daily NEP, with direct effects
being predominant during both the dormant and growing seasons.
The effects of VPD,,, on daily NEP were primarily indirect during
the growing seasons. Reductions in the VPD , may lead to increased
daily NEP in Tugai forests during the growing season. Conversely,
this relationship may be reversed during the dormant season. The
VPD, exerted a negative indirect effect on daily NEP through NEP
during both the dormant and growing seasons. This indirect effect
counterbalanced the positive direct effect of the changing amplitude
in water vapor on daily NEP during the dormant season but
intensified during the growing season. Daily NEP was more
sensitive to the changes in VPD, than to the variations in Ta,.
This finding suggests that the daily-scale variation in VPD has a
more pronounced impact on the daily NEP within the ecosystem
than the daily-scale fluctuations in air temperature.

The results of the SEM analysis comparing the dormant and
growing seasons revealed that an increase in NEP, led to an

increase in daily NEP during both seasons. Conversely, an
increase in the @ygp contributed to a decrease in NEP,, resulting
in decreased daily NEP. Reductions in the Ta, may lead to
decreased daily NEP in Tugai forests during both the growing
and dormant season. During the dormant season, an increase in
Ta, indirectly led to an increase in daily NEP by negatively affecting
Dngp, while during the growing season, the increase in VPD,
caused a decrease in NEP. This suggested that regulated the daily
NEP during the dormant season, while water availability limited the
daily NEP during the growing season. The variation in the indirect
and direct effects of daily changes in meteorological factors
highlighted the seasonal differences in the mechanisms by which
the NEP of Tugai forests influenced meteorological conditions, as
well as differences in the response to various meteorological factors.
The indirect effects of daily changes in meteorological factors
through NEP, and @ygp on daily NEP indicated that the diurnal
variability in meteorological conditions influenced the daily NEP of
Tugai forests by regulating the circadian rhythm of this ecosystem.
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4 Discussion

4.1 Response of NEP to variations in
meteorological conditions at different
time scales

Ecosystem carbon exchange has been reported to exhibit daily,
weekly, and monthly cycles of variability (Baldocchi et al., 2001;
Stoy et al,, 2005). Consistent with these established findings, our
own observations similarly revealed periodic variations in NEP
(Figure 3). The diurnal NEP fluctuations are likely attributable to
the photoperiod resultant from the Earth’s rotation. The discerned
11-day and 14-day NEP periodic variations might potentially find
explanation in the seiches of Ebinur Lake, as analogous courses of
variation were evident in the meteorological factors, particularly in
RH (Figure 3). The periodic variations in NEP and meteorological
factors highlight the complex interactions between lake dynamics
and meteorological conditions in shaping the carbon exchange
dynamics of the desert riparian forest ecosystems. Remarkably,

this phenomenon has been identified for the first time in our study.
Consequently, we advocate for an integrated approach in
investigations of ecosystem carbon exchange within regions
influenced by lakes, necessitating the incorporation of the lakes’
impact on local climate.

Within the Tugai forest, we have observed a striking and
significant synchronization between NEP and meteorological
conditions, underscoring the prominent influence of these
conditions on ecosystem carbon exchange. The MSC and TFA
between NEP and meteorological factors in the Tugai forest
suggested that NEP has the robust synchronization with
meteorological conditions on the daily scale. The findings
suggested a close alignment with the light response of ecosystem
carbon exchange at daily scale (Figure 4). It's worth noting that
prior studies have illuminated the presence of a desert-oasis effect in
the desert riparian forests (Li et al., 2016; Teng et al., 2021), which
significantly influences the daily variability of meteorological
conditions. This effect further bolsters the synchronization
observed between NEP and meteorological factors on a daily
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scale. Similarly, there was high synchronization between NEP
and temperature at daily scale. In addition, there was a significant
response of NEP in Tugai forest to mean daily temperature and
its daily variation during both growing and dormant seasons.
The reason is that temperature plays a crucial role in ecosystem
carbon exchange as it significantly influences metabolism
(Anderson-Teixeira et al., 2011). In arid and hot regions, high
temperatures intensify evaporation and reduce water availability for
plants, impairing carbon sequestration of trees by reducing
2009).
Additionally, sustained elevation in high temperatures accelerates

photosynthesis and increasing respiration (Adams et al,

respiration rate and causes enzyme denaturation, further hindering
the carbon sequestration capacity of plants (Banbury Morgan
et al., 2021).

The response of NEP to meteorological conditions is intricate
due to the differential sensitivities of plant leaves, roots, and soil
microorganisms. Leaves exhibit increased photosynthesis with
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rising temperature, while respiration is regulated by stomatal
conductance, resulting in a dynamic and adaptive response.
During the dormant season, we observed weak correlations
between NEP and daily average meteorological factors. However,
during the growing season, NEP in the Tugai forest exhibited high
sensitivity to daily variations in RH (Figure 7). This sensitivity arises
from short-term changes in canopy RH that often coincide with
thickening cloud cover or rainfall, leading to reduce solar radiation
availability and, subsequently, decreased net CO, uptake. These
findings suggest that there were significant differences in response
mechanisms of the Tugai forest ecosystem carbon exchange to
changing meteorological conditions at various time scales.

In this study, we observed significantly diurnal variations in
meteorological conditions and NEP of the desert riparian forest.
The diurnal variations in light, temperature, and humidity regulate
the circadian rhythms of plant physiological processes and
rhizosphere microbial communities, leading to synchronous
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changes in photosynthesis and respiration, which in turn strongly
correlate with NEP at the daily scale (Gil and Park, 2019). Thus, we
conclude that meteorological factors remained the primary drivers
of ecosystem carbon exchange of the desert riparian forest at short
time scales, both half-hourly and daily, which is consistent with
previous studies (Lopez-Blanco et al, 2017; Ma et al, 2017). It
should be noted that the synchronization of meteorological factors
with NEP does not follow a linear pattern across various time scales
(Figure 3). Overall, the findings contribute to understanding the
meteorological influences on NEP in the desert riparian forest
ecosystem, highlighting the significance of light, temperature, and
humidity dynamics at different time scales.

4.2 The effects of meteorological
conditions on NEP at daily scale

Ecosystem carbon exchange is composed of two fundamental
components: photosynthesis and ecosystem respiration. It’s
important to note that forest canopy photosynthesis does not
adhere to a linear relationship with absorbed effective solar
radiation. Moreover, its sensitivity to solar radiation is recognized
to be influenced by the proportion of diffuse radiation. As a result,
exercising caution becomes imperative when attempting to employ
uncomplicated linear light-response models to replicate
photosynthesis across both temporal and spatial scales (Running
et al, 1999; Heinsch et al, 2006). Daily integration of the
independent and dependent variables on a daily basis can
effectively linearize the complex relationship between half-hourly
photosynthesis and light (Leuning et al., 1995). This process of
linearization significantly bolsters the SEM model of NEP response
to meteorological factors that has been constructed within the
framework of this study.

As a temperate desert riparian forest, the ecosystem respiration
and photosynthesis exhibited significant variations in response to
temperature fluctuations. Moreover, the NEP in the Tugai forest
was dominated by gross primary productivity (GPP) during the
growing season and by ecosystem respiration (Re.,) during the
dormant season, leading to notable seasonal variations in NEP with
temperature. When the daily Ta rises and the Ta, decreases, the
increase in nighttime Ta was greater than the increase in daytime Ta
(Thorne et al,, 2016). This asymmetric warming leads to increasing
soil microbial activity, soil organic carbon decomposition, and
ecosystem carbon emissions, resulting in a decrease in NEP (Xia
et al, 2014). This is consistent with the response of NEP to
temperature in this study. The inverse relationships between
temperature (including atmospheric and soil temperature) and
NEP in different seasons (Figures 8, 9) further demonstrated the
seasonal variations in carbon exchange processes in the Tugai forest
ecosystem. The direct effect of atmospheric temperature on NEP
was seasonally distinct (dormant season was larger than growing
season), but both exhibited a significant negative effect; whereas the
indirect effect was not only seasonally disparate (dormant season
was larger than growing season), but also displayed an opposite
pattern (Table 4). The main reason for the differences in NEP
response to temperature under different seasons is the different
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ecosystem processes that dominate CO, exchange. During the
dormant season, CO, exchange in the Tugai forest ecosystem was
primarily driven by carbon emissions from ecosystem respiration.
During the growing season, when the temperature increases, soil
respiration in the Tugai forest ecosystem was augmented along with
ecosystem photosynthesis. Due to the Kok effect, the respiration
rate of plant leaves decreased during the daytime, resulting in an
increase in NEP (Kok, 1948, Kok, 1949; Yin et al., 2020).

Ecosystem-scale indirect meteorological forcings play a crucial
role in shaping the NEP over the long term. One of the key factors
contributing to this indirect effect is the sensitivity of the NEP to
diurnal fluctuations in temperature and humidity, especially when
plants are exposed to diverse temperature and humidity regimes. In
this study, we identified temperature as the main limiting factor for
NEP in the Tugai forest during the dormant season. Increasing
temperatures enhanced ecosystem respiration, resulting in a
decrease in ecosystem carbon uptake. Conversely, during the
growing season, VPD emerged as the primary limiting factor for
NEP. Although VPD had no direct significant effect on NEP in this
study, it exerted an indirect significant influence (Table 4). The Tugai
forest, located near riverbanks within an arid desert zone, experiences
a warm growing season, often exceeding the optimal temperature for
photosynthesis. Simultaneously, VPD levels typically surpass the
optimal threshold, thereby regulating leaf stomata and inhibiting
carbon uptake. On one hand, under favorable environmental
conditions characterized by stability and less variability in
meteorological factors, plants allocate more resources to growth
and carbon assimilation, leading to an increase in net carbon
uptake. On the other hand, unfavorable environmental conditions
with unstable and highly variable meteorological factors can pose
challenges to plants. In such conditions, plants may experience
temperature stress and limited water availability, resulting in a
higher rate of forward and reverse biochemical reactions
(McDowell et al., 2008). These conditions can even lead to the
denaturation of enzymes, ultimately reducing carbon uptake.

The intricate interplay between alterations in plant physiology
and fluctuations in diurnal Ta and VPD contributes to the observed
indirect effects on NEP. A comprehensive understanding of these
complex interactions involving Ta and VPD is pivotal for
comprehending the responses of ecosystem carbon exchange to
environmental drivers. This study emphasizes the importance of
accounting for the indirect effects of rising diurnal Ta and VPD
when analyzing the seasonal variation of NEP in the desert
riparian forest.

4.3 The uncertainty analysis and
future prospects

In this study, we measured the NEP using the open path eddy
covariance system. It is well known that the sensor-path heat
exchange (SPHE) and analyzer temperature sensitivity reduce the
ability of the open path eddy covariance system to characterize the
response of ecosystem carbon exchange to radiative forcing (Burba
et al,, 2008). The effect of SPHE cannot be completely eliminated
using current correction methods, such as the WPL correction,
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TABLE 4 Direct and indirect effects of meteorological factors on NEP during the dormant and growing season.

Dormant season
Factors

Growing season

Direct effect Indirect effect Total Direct effect Indirect effect Total
effect effect
Dygp —0.182%%* 0.003 —0.179%* -0.034 —0.081%%* —0.116%*
NEP, 0.408*** 0.408*** 0.785%+* 0.785+
Tspm 0.164** —0.315%* —0.151%%* 0.192%* 0.047 0.239%+
Tap, ~0.320%* —0.142%* —0.457%* —0.136** 0.610%* 0.474+
Tas 0.049 0.040* 0.090** 0.166*** —0.073* 0.093*
Rg 0.394* 0.401 0.795+ 0.208** 0.365+%* 0.573**+
Drg -0.027 0.025* ~0.002 0.020 0.021 0.041
RH,, 0.407°* 0.059** 0.466** —0.118%%* —0.061* —0.179%*
VPD,, —0.324%¢ 0.281* -0.043 ~0.178%%* —0.243%* —0.421%%*
VPD, 0.235%* —0.111%* 0.124 -0.086 -0.069 —0.155**

Dygp, phase of diurnal NEP; NEP,, amplitude of diurnal NEP; Tsy,, daily mean Ts; Ta,y, daily mean Ta; Ta,, amplitude of diurnal Ta; Rgy,, daily mean Rg; ®g,, phase of diurnal Rg; RH,y,, daily
mean RH; VPD,,, daily mean VPD; VPD,, amplitude of diurnal VPD. *P<0.10; **P<0.05; and ***P<0.01.

especially during the growing season (Deventer et al., 2021).
Therefore, despite the use of the WPL correction in this study,
the effect of SPHE may have a potential impact on the response of
forest NEP to the changing solar radiation, during both the growing
and dormant seasons. Notably, due to stable atmospheric
conditions or non-stationary high-frequency time series, gaps in
EC- flux measurements are unavoidable and require gap filling.
Current gap filling methods are all based on the changing
characteristics of the time series of flux measurements and its
response mechanism to meteorological factors. This study
employed a fully data-based machine learning method to gap
filling, preserving as much as possible the changing pattern of the
flux data and its response to meteorological factors. These aspects
are beyond the scope of this study and will be investigated in
future studies.

Forest NEP is subject to synergistic or antagonistic effects of
several factors, such as microclimate, stand age, understory species
composition, phenology, and disturbance patterns. The principal
factor determining the seasonal variation of all CO, exchange fluxes
(NEP, GPP, and R.,,) is the phenology of the understory vegetation,
and plant community structure also plays a major role in the
variation of CO, exchange fluxes. Vegetation phenology regulates
leaf development, and the larger the leaf area, the higher the light
absorption capacity. Consequently, the CO, uptake by
photosynthesis is also increased. Ecosystem respiration has a
strong correlation with GPP, and studies have confirmed the
strong influence of vegetation productivity on R, (Janssens
et al., 2001). As ecosystems alter structurally and functionally
over time, possibly in response to disturbances, predicting
changes in ecosystem function will become increasingly
important (Richardson et al., 2007). Forests are more productive
and susceptible to natural and anthropogenic disturbances (e.g.,
deforestation, fire, grazing, etc.), whereas the Ebinur Lake watershed
is relatively pristine and has existed for thousands of years in its
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present undisturbed oasis form. Tugai forests in the Ebinur Lake
basin may have evolved self-regulatory mechanisms that have
contributed to their endurance through various meteorological
regimes over time (including seasonal and interannual variability
in the area of Ebinur Lake waters) (Yang et al., 2014; Wang et al,,
2019). It also benefits from the protective policy implemented
within the national nature reserve, which ensures that the
groundwater depth of our site in the Ebinur Lake basin is
consistently maintained at less than 3 m (Yang et al, 2014).
Notably, if the groundwater depth surpasses 6 m, the Tugai
forests face a heightened risk of decline due to the impacts of
climate change (Zhou et al., 2020). If functional changes in
ecosystem responses result from adjustments to long-term
exposure to specific average meteorological conditions, then in
the short term such as 1-5 years, the direct effects of
meteorological changes can dominate changes in CO, fluxes
(Teklemariam et al., 2010). As the protection of the Ebinur Lake
watershed is enhanced and the lake area expands, the functional
type of plants across the Ebinur Lake watershed may alter in the
future, with an increased prevalence of shrubs and trees, which will
change the CO, fluxes in the area.

The potential for climate- or weather-induced changes in
ecosystem response functions underscores the need to interpret
measured NEP models through more than just parallel comparisons
with driving meteorological conditions. This is because such an
analysis would only capture transient dependencies between
variables (Teklemariam et al, 2010). This point is supported by
the correlation analysis between NEP and meteorological factors for
different seasons, which indicates that NEP measured during the
growing season exhibits the strongest correlation with the
meteorological conditions at the time of flux measurements
(Figure 11). Therefore, it is essential to also consider the
environmental and ecological history of the site, including the
adaptations that have taken place over time.
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5 Conclusions

This study aimed to investigate the variations in NEP of a
representative desert riparian forest ecosystem across multiple
temporal scales, elucidating its relationship with meteorological
conditions. Utilizing approximately seven years of eddy covariance
flux measurements, we conducted a comprehensive examination of
the cycles exhibited by the NEP and meteorological conditions.
These cycles spanned various lengths, ranging from five hours to
one year. The NEP variations exhibited a robust correlation and
synchronization with meteorological conditions across diverse
temporal scales, with the most significant fluctuations occurring
in one-day cycle. Over the seven-year duration of our research,
these findings also revealed significant seasonal differences in the
direct and indirect responses of the NEP to the averages,
amplitudes, and phases of diurnally changing meteorological
factors at a daily scale. These variations included the differences
in the magnitude of response and even a reversal of the response
directions. The amplitude of diurnal air temperature significantly
influenced the phase of diurnal NEP in Tugai forests during the
growing season, with no notable impact on the amplitude of diurnal
NEP. However, this pattern may be inverted during the dormant
season. These findings underscore the substantial impact of
circadian rhythms induced by meteorological conditions on the
NEP of desert riparian forests at an ecosystem scale. Given the
significance of both the direct and indirect effects, as well as the
amplitude of periodic meteorological factors variations, careful
consideration is essential when assessing the ecosystem carbon
exchange of desert riparian forests. The extended time frame
allows for a more comprehensive analysis of dynamics and
strengthens the robustness of our conclusions. These findings
provide valuable insights into the complex responses of desert
riparian forests to climate change, thereby contributing to the
advancement of our scientific understanding of carbon exchange
pattern within arid and semi-arid ecosystems.
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Glossary

EC eddy covariance

GDD growing degree day

IMF intrinsic mode function

NEE net ecosystem CO, exchange

NEP net ecosystem productivity

NEP, amplitude of diurnal net ecosystem productivity
MSC magnitude-squared coherence

Rg global solar radiation

Rgm daily average of global solar radiation

RH relative humidity

RH,, daily average of relative humidity

RHA amplitude of diurnal relative humidity
SEM structural equation model

Ta air temperature

Tapy, daily average of air temperature

Tay amplitude of diurnal air temperature

TFA transfer function amplitude

Ts soil temperature

Tsm daily average of soil temperature

Tsa amplitude of diurnal soil temperature
VPD vapor pressure deficit

VPD,, daily average of vapor pressure deficit
VPD, amplitude of diurnal vapor pressure deficit
Dypp phase of diurnal net ecosystem productivity
[ phase of diurnal Rg
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Root exudation under maize/
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mediates the arbuscular
mycorrhizal fungi diversity and
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of Geography and Tourism, Harbin University, Harbin, Heilongjiang, China

Introduction: Maize/soybean intercropping is a common cropping practice in
Chinese agriculture, known to boost crop yield and enhance soil fertility.
However, the role of below-ground interactions, particularly root exudates, in
maintaining intercropping advantages in soybean/maize intercropping systems
remains unclear.

Methods: This study aimed to investigate the differences in root exudates
between intercropping and monocropping systems through two pot
experiments using metabolomics methods. Multiple omics analyses were
conducted to explore correlations between differential metabolites and the
community of Arbuscular Mycorrhizal Fungi (AMF), shedding light on the
mechanisms underlying the dominance of intercropping from the perspective
of root exudates-soil microorganism interactions.

Results and discussion: The study revealed that intercropping significantly
increased the types and contents of root exudates, lowered soil pH, increased
the availability of nutrients like available nitrogen (AN) and available phosphorus
(AP), and enhanced AMF colonization, resulting in improving the community
composition of AMF. Besides, root exudates in intercropping systems differed
significantly from those in monocropping, with 41 and 39 differential metabolites
identified in the root exudates of soybean/maize, predominantly amino acids and
organic acids. The total amount of amino acids in the root exudates of soybean
intercropping was 3.61 times higher than in monocropping. Additionally, the
addition of root exudates significantly improved the growth of soybean/maize
and AMF colonization, with the mycorrhizal colonization rate in intercropping
increased by 105.99% and 111.18% compared to monocropping, respectively. The
identified metabolic pathways associated with root exudates were closely linked
to plant growth, soil fertility improvement, and the formation of AMF. Correlation
analysis revealed a significant relationship (P < 0.05) between certain metabolites
such as tartaric acid, oxalic acid, malic acid, aspartic acid, alanine, and the AMF
community. Notably, the photosynthetic carbon fixation pathway involving
aspartic acid showed a strong association with the function of
Glomus_f_Glomerace, the dominant genus of AMF. A combined analysis of
metabolomics and high throughput sequencing revealed that the root exudates
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of soybean/maize intercropping have direct or indirect connections with AMF and

soil nutrients.

Conclusion: This suggests that the increased root exudates of the soybean/maize
intercropping system mediate an improvement in AMF community composition,
thereby influencing soil fertility and maintaining the advantage of intercropping.

KEYWORDS

soybean/maize intercropping, interspecific interactions, root exudates, AMF,

soil nutrients

1 Introduction

Intercropping, a traditional agricultural technique, has gained
global traction for its efficient resource utilization, encompassing
sunlight, water, and nutrients (Brooker et al., 2015). This practice is
pivotal in sustaining biodiversity and stability within farmland
ecosystems while achieving high and consistent yields in
agroecosystems (Hauggaard-Nielsen et al., 2008; Zhang et al,
2012). Although significant studies have shed light on the
advantages concerning aboveground productivity and resource
sharing in intercropping settings, below-ground interspecific
interactions, present a more intricate picture that warrants further
investigation. In recent years, greater emphasis has been placed on
exploring the microecology of the soil, including soil nutrients, root
exudates, and soil microorganisms (Li et al., 2014). Understanding
plant-soil-microbe interactions is crucial in comprehending
intercropping systems (Duchene et al., 2017). However, the
specific role of these interactions in intercropping remains
poorly understood.

The rhizosphere, recognized for its crucial role in nutrient
cycling and supporting diverse microbial populations (Kuzyakov
and Blagodatskaya, 2015), is the key zone of interaction between
plants and the soil. It facilitates the transfer of materials between
crops and their soil environment (Kuzyakov and Razavi, 2019). In
this dynamic environment, root exudates serve as essential
channels for the exchange of substances and signals between
plants and soil (Coskun et al, 2017). Notably, plants allocate
approximately 10% of their photosynthetically fixed carbon to
generate root exudates, enriching the rhizosphere (Mohanram and
Kumar, 2019). These secretions are instrumental in enhancing soil
texture and chemistry while also attracting and nourishing specific
advantageous microbial colonies. This enhances the soil
conditions, promoting healthier plant growth (Peérez-Jaramillo
et al., 2016). Soil microbes have the capability to directly utilize
root exudates as carbon sources (Swenson et al., 2015), and this
communication between plants and microbes are vital in
maintaining the vitality of the rhizosphere microecosystem.
Root exudates facilitate below-ground interactions among plant
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species and significantly contribute to the link between
biodiversity and ecosystem function (Zhang et al., 2017).

Root exudates, are pivotal in augmenting the nutrient dynamics
within soil, thereby optimizing nutrient acquisition and
assimilation by vegetation (Nardi et al, 2002). The interaction
between root exudates and plant species manifests in several
ways: they can activate insoluble soil phosphorus (P) and trace
elements, and can also form chelates with various metallic elements,
such as calcium (Ca), thereby facilitating nutrient absorption and
utilization by crops such as alfalfa, legume, etc (Dakora and Phillips,
2002; Shen et al, 2002; Landi et al., 2006). Fe-deficient cereals
release iminocarboxylic acids to dissolve ferric compounds for
uptake by cereal roots (Dakora and Phillips, 2002). Beyond their
nutritional role, root exudates can also alleviate the adverse impacts
of heavy metals on crops, modulate the rhizospheric microbial
ecosystem, suppress plant diseases, and improve the physical and
chemical conditions of the soil (Okubo et al., 2016; Karlen et al,,
2019; Wang et al, 2020). Simultaneously, allelochemicals within
these exudates can influence the root development and nutrient
uptake of adjacent plants, thereby impacting their growth either
positively or negatively (Liu et al., 2013; Hu et al., 2018).

Research demonstrates that root exudates selectively shape the
microbial community of the rhizosphere, which varies across plant
species, resulting in distinctive microbial profiles (Paterson et al.,
2007). In turn, changes in this microbial community significantly
affect root exudate production, soil material cycling, energy flow,
and information transfer, ultimately impacting plant growth and
development (Eisenhauer et al., 2012). Furthermore, a significant
relationship exists between the variety and quantity of soil
metabolites and the stimulation of microbial genetic activity
(Chaparro et al., 2013).

AMEF are key soil microbes, integral to plant-soil interactions in
intercropping systems. The symbiosis between AMF and plants
significantly extends the nutrient absorption capacity through a
widespread mycelial network. This network enhances plant nutrient
uptake efficiency (Ferrol et al., 2019). Additionally, mycorrhizal
symbiosis assists in immobilizing approximately 5 billion tons of
photosynthetic products annually into the soil, thereby stabilizing
the carbon balance of the ecosystem (Bago et al., 2000). Moreover,
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mycorrhizal relationships are instrumental in enhancing the growth
and productivity of host plants. This leads to higher agricultural
yields and lessens the dependency on chemical fertilizers, thereby
supporting both food production and ecological health (Raklami
et al, 2019). AMF are also effective at reducing nutrient losses due
to leaching or denitrification by optimizing nutrient uptake
(Querejeta, 2017), which is vital for enhancing soil quality.
However, limited research has been conducted on the
interrelationship and regulation between AMF, root exudates, and
their underlying mechanisms within intercropping systems. Given
the crucial roles of AMF and root exudates in the soil ecosystems,
our research aims to delve into the alterations in exudates and the
interplay between root exudates and AMF in intercropping systems.
This investigation utilized pot experiments to assess the impacts
of interspecific interactions on root exudates and AMF
communities in a soybean/maize intercropping system.
Metabolomics and high-throughput sequencing were employed
for a comprehensive analysis. This study tried (1) to delineate the
metabolic variances in root exudates between of soybean and maize
in both intercropped and monocropped systems, (2) to assess the
impact of root exudates on plant growth and the soil’s microbial
environment, and (3) to examine the relationship between root
exudates and AMF communities. By uncovering the underlying
mechanisms behind the advantages of intercropping from the
perspectives of microorganisms and metabolites, this research
seeks to bolster the theoretical underpinnings for the ecologically
sustainable development of intercropping practices in agriculture.

2 Materials and methods
2.1 Experiment design

2.1.1 Experiment 1: impact of interspecific
interactions on root exudates, AMF and
plant growth

This study employed a one-way completely randomized
experiment consisting of three treatments: soybean
monocropping, maize monocropping, and soybean/maize
intercropping. Each treatment had six replications that were
randomly assigned. The pot experiment was implemented at the
Horticultural Experiment Station of Northeast Agricultural
University (45°03°N, 126°43’E), Harbin, China, utilizing soybean
(Glycine max L.) seeds of the Dongnong-252 variety and maize (Zea
mays L.) seeds of the Xianyu-335 variety. The experiment
commenced on August 15, 2020. The pot (Diameter 23 cm, depth
8 cm) was divided into two parts from the middle, one for maize
and the other for soybean, applying two distinct partition
methodologies: (i) a solid root barrier to simulate sole cropping
by obstructing root interactions, and (ii) a 30-um nylon mesh
allowing for mass flow and diffusion between species, mimicking
intercropping scenarios. (Supplementary Figure S1). The root
barriers experiment could ensure that two plant species occupied
the same soil space whether monocropping or intercropping
(plastic sheet barrier versus nylon mesh barrier) and were
simultaneous planted and harvested, and the aboveground growth
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conditions are the same, so as to avoid the difference of root
exudates caused by the influence of factors such as light on
plant growth.

Soil was procured from an undisturbed mollisoil (0-20 cm
layer) at the Acheng Experimental Site (44°04’N, 125°42’E) in
Harbin City, China. The soil contained 17.2 g total organic
carbon (TOC), 1.47 g total nitrogen (TN), 125 mg available
nitrogen (AN), 67.8 mg available phosphorus (AP) and 123 mg
available potassium (AK) per kg soil, and pH is 6.10. The soil was
prepared by air- drying and sieving through a 2-mm mesh sieve.
Each compartment of the pot was then loaded with 1.5 kg of this
prepped soil. Basal fertilizers were mixed in soil and thoroughly
mixed before sowing. The soil for maize was supplemented with 120
mg/kg N by applying 0.39 g urea (N 46%) in each compartment,
while the soybean soil received 60 mg/kg N by applying 0.20 g urea
(N 46%) in each compartment. Additionally, the soil was fertilized
with 50 mg/kg P,Os by applying 0.12 g Ca(H,PO.), (P,Os5 61%) in
each compartment and 100 mg/kg K,O by applying 0.28g K,SO,
(K,O 54%) in each compartment. Basal nutrients in solution were
added to soil at the following rates (mg/kg soil): MgSO4(317),
FeSO,-7H,O (31), MnSO,-H,O (20), CuSO,-5H,0 (25) and
ZnS0,-7H,0 (28).

Seeds of soybean and maize were sterilized with 15% hydrogen
peroxide(H,O,) for 20 minutes and rinsed with sterile water thrice.
Subsequently, the sterilized corn seeds were soaked in sterile water
for 24 hours to promote germination. After 24 hours of soaking, the
corn seeds were placed on rectangular filter paper with
approximately 1-2 cm spacing between the seeds, and arranged
with the navel facing downward. The seeds were then
pregerminated in the dark in a dish at a temperature of 18°C for
8 hours per day, taking approximately 1-2 days for the corns to
grow by about 1 cm, and then transplanted them to the
compartment of pot. Initially, four soybean seeds and two maize
seeds were sown in separate compartments; thinning was
conducted to maintain two soybeans and one maize plant per
compartment 10 days post-sowing. The plants received consistent
irrigation and were cultivated in a greenhouse regulated at 20°C to
ensure optimal growing conditions.

After a growth period of 60 days, the plants were harvested on
October 14, 2020. Samples from both the plant’s aboveground
tissues and the soil surrounding the roots were gathered to
evaluate aboveground and belowground biomass, root
morphological characteristics (such as length, surface area, and
volume), soil physicochemical traits, and variations in mycorrhizal
colonization and root exudation between the soybean and maize
under different treatment conditions.

2.1.2 Experiment 2: root exudate addition
experiment—effects of root exudates on AMF and
plant growth

To further verify the impact of root exudates in intercropping
systems on crops growth and AMF, the experiment 2 was designed
with exogenous addition of root exudates. The soil was the same as
experiment 1, and the study comprised eight distinct treatments,
each replicated four times. The treatments were arranged as follows:
1) Soybean grown alone with deionized water added (S_W); 2)
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Soybean grown alone with soybean intercropping root exudates
added(S_RIS); 3) Soybean grown alone with maize monocropping
root exudates added (S_RMM); 4) Soybean grown alone with maize
intercropping root exudates added (S_RIM); 5) Maize grown alone
with deionized water added (M_W); 6) Maize grown alone with
maize intercropping root exudates added (M_RIM); 7) Maize
grown alone with soybean monocropping root exudates added
(M_RMS); and 8) Maize grown alone with soybean intercropping
root exudates added (M_RIS) (Supplementary Figure S2).

The experiment commenced on August 15, 2021, with the
sterilization and germination of soybean and maize seeds,
following the method described in Experiment 1. The sprouted
seeds were then planted in the pots (Diameter 12 cm, depth 6 cm),
each containing 1.5 kg of the prepared soil, air-dried and sifted
through a 2 mm mesh. Fertilizer and potting management were
conducted according to the guidelines outlined in experimentl.
After the crops grow for 10 days, keep 2 soybeans or 1 maize in each
pot. The crops were cultivated in a greenhouse at 20°C.
Additionally, separate pots were utilized for the cultivation of
soybean and maize monocrops, as well as intercrops, while root
exudates were collected from soybean monocrop, soybean
intercrop, maize monocrops, and maize intercrops, respectively.
From the 14th day after sowing (DAS), root exudates were collected
(dynamic collection for 24 hours), and the collected root exudates
(RIM, RMM, RIS, RMS) were added to the rhizosphere soil of
soybean and maize respectively according to the experimental
settings. Add 40 ml exudates to the respective treatment every 5
days, while an equal measure of deionized water served as a control
in comparison treatments. On the 60th DAS, samples from plant
biomass and rhizosphere soil were collected for examination. The
assessments included analysis of both aboveground and
belowground biomass, and evaluation of root architectural traits,
such as root length, surface area, and volume. In addition, the study
extended to measure soil physicochemical traits, and the levels of
amino acids and organic acid, alongside appraising variations in
AMEF colonization under different treatment conditions.

2.2 Plant growth and soil
physicochemical properties

After harvesting, the aboveground and underground biomass of
soybean and maize, as well as their respective root morphological
parameters were measured. The plant’s aerial sections were initially
sterilized at 105°C for 30 minutes and then consistently dried at 65°
C until achieving a stable weight for subsequent analysis. Roots were
imaged using an Epson scanner set to professional mode, 16-bit
grayscale, at a resolution of 600 dpi, with the images being recorded
in.jpg format. The WinRhizo 2005 software was applied to analyze
these images, extracting data on total root length, diameter, volume,
and surface area for both crops. Post-scanning, root samples were
dried at 65°C to a constant weight for further assessments. In
parallel, soil samples were collected, and a subset was air-dried and
sieved through a 2 mm mesh to evaluate soil characteristics. Soil
analyses encompassed measurements of pH, TN, AN, AP, AK, and
TOC. Soil pH levels were gauged using a PHS-3C Meter (Toledo) in
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a 2.5:1 water-to-soil ratio. TN levels were determined following the
Kjeldahl distillation technique (Hou et al., 2007). AP levels were
gauged using the sodium bicarbonate (NaHCOj3) solution method
at pH 8.5, following Olsen’s protocol (Olsen and Sommers, 1982).
AN concentrations were obtained through the diffusion adsorption
method (Lu, 2000). AK extraction was performed with NH,OAc
(pH 7.0) and quantified using flame atomic absorption
spectrometry (Schollenberger and Simon, 1945). TOC was
determined utilizing the Multi N/C 2000 TOC analyzer
(Germany), following the method of Xiao et al (Xiao et al., 2019).
Finally, the mycorrhizal colonization rate was established utilizing
the trypan blue staining technique (Giovannetti and Mosse, 1980).

2.3 AMF mycorrhizal infection rate
and community

For determining the extent of AMF colonization in plant roots,
we adapted the procedure described by Phillips and Hayman
(1970). Fine roots (2 mm in diameter) were cut into segments of
1-2 cm length and subjected to clearing with 10% KOH at 90°C for
30 min, followed by triple rinsing with distilled water. The root
segments were then acidified using 2% HCI and stained with a
0.05% trypan blue solution for 15 min at 90°C, followed by another
series of washes with distilled water. Subsequently, the stained roots
were immersed in a lacto-glycerol mixture (equal parts of lactic
acid, glycerol, and water) and allowed to stand at ambient
temperature. For microscopic examination, 15 root fragments
were positioned on slides pre-marked for analysis (resulting in 60
fragments evaluated per treatment) (Brundrett and Kendrick 1990).
Observations were conducted under 40x and 100x magnification.
The degree of AMF infestation in root segments was categorized
into 0, 10%, 20%...100% infestation levels, and the mycorrhizal
infestation rate (%) of the samples was calculated by the weighting
method of root infection rate.

The rhizosphere soil AMF community composition at genus
level has been measured by high-throughput sequencing. Nested
PCR was utilized to amplify fragments of the arbuscular
mycorrhizal fungal 18S rRNA genes. The first PCR amplification
was performed utilizing the universal primers AMLIF (5’-
ATCAACTTTCGATGGTAGGATAGA-3") and AML2R (5’-
GAACCCAAACACTTTGGTTTCC-3’). For the second PCR
procedure, we used these amplicons from the first PCR as the
template, and the AMF-specific primers AMV4-5NF (5’-
AAGCTCGTAGTTGAATTTCG-3") and AMDGR (5’-
CCCAACTATCCCTATTAATCAT-3") were used to amplify the
partial AMF 18S rRNA gene fragment (Xu et al, 2017). The
resultant products from the second PCR, following verification
and purification, were sequenced employing the Illumina MiSeq
platform from Majorbio Bioinformatics Technology Co., Ltd.
(Shanghai, China). Subsequently, sequencing outputs were
consolidated and subjected to quality checks utilizing FLASH
software. Clustering of the sequences into operational taxonomic
units (OTUs) was implemented at a similarity threshold of 97%.
Taxonomic classification of all sequences into diverse groups was
executed utilizing the RDP Classifier algorithm against the
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MaarjAM database with a confidence threshold of 70% (Opik
et al., 2010).

2.4 Soil metabolite analysis

2.4.1 Collection and extraction of root exudates
After 60 days of plant growth, collect soil solution from the
rhizosphere of crops and use a soil solution sampler (Rhizon soil
moisture samplersTM, OD 2.5mm, nylon wire, Pore size of the
membrane 0.12, um PVC-PE tubing 30 cm; Rhizosphere Research
Products bv Wageningen, Netherlands) as an instrument. Before
use, the samplers were washed using de-ionized water and dried at
25°C. Gently insert the sampler into the rhizosphere soil 5-8 ¢cm
away, connect the outer end of the sampler to a syringe, and then
vacuum the inside of the syringe. Use pressure to suck the soil
solution into the syringe, Disposable syringes of 50ml were used at
selected sampling dates to collect 40 ml soil solution, collecting five
times in total. To collect the soil solution, soil moisture was kept at
70% capacity. During the collection process, promptly store the
collected solution in a -80°C refrigerator, and mix and store the
solutions in each basin after they are fully collected. Once collected,
the root secretions were concentrated to a volume of 50 mL. To
analyze the amino acids, 35 mL of the filtrate was vacuum freeze-
dried to obtain a dry powder, which was then dissolved in 0.5 mL of
deionized water. The dissolved powder was transferred to a 1.5 mL
centrifuge tube and stored in a -20°C refrigerator for further
analysis. Furthermore, for the analysis of low molecular weight
organic acids, 15 mL of the filtrate was vacuum freeze-dried to
obtain a dry powder, which was then dissolved in 1 mL of deionized
water. The solution was placed in an ice bath at -20°C for analysis.

2.4.2 Nontargeted measurement of root exudates
The method for extracting soil metabolites was modified from
Swenson and Northen’s technique (Swenson and Northen, 2019).
Briefly, one gram of soil was transferred into a 5 ml EP tube, to
which 1 ml of methanol (adjusted to a 3:1 volume/volume ratio with
water) and 1 ml of ethyl acetate were added, along with 10 ul of
adonitol (0.5 mg/ml) serving as an internal standard. This blend was
homogenized utilizing a ball mill at a frequency of 45 Hz for 4 min,
followed by an ultrasonic bath in chilled water for 5 min. The
mixture was then centrifuged at 12,000 rpm and 4°C for 15 min,
and the supernatants were collected into fresh EP tubes. This
extraction step was repeated once more with another 1 ml of
methanol and 1 ml of ethyl acetate. Post a second cycle of
homogenization and centrifugation, the collected supernatants
were merged and subsequently dehydrated using a vacuum
concentrator at ambient temperature. To finalize the sample
preparation, 30 ul of methoxyamine hydrochloride (dissolved in
pyridine to make a20 mg/ml solution) was introduced to the
desiccated extracts, followed by a 30-minute incubation at 80°C.
Non targeted analysis of metabolites was carried out using the
LC-MS system. Chromatographic resolution occurred through a
UPLC system by SCIEX (UK) (Seybold et al., 2020). For separation,
an ACQUITY UPLC T3 column (100 mm x 2.1 mm, 1.8 uM,
Waters, UK) was utilized under reversed-phase conditions. The

Frontiers in Plant Science

10.3389/fpls.2024.1375194

column temperature was set at 35°C with a consistent flow of 0.4
mL/min. Gradient elution was conducted utilizing a mixture of
solvent A (water enhanced with 0.1% formic acid) and solvent B
(acetonitrile enhanced with 0.1% formic acid), based on the
modified approach by Yu and colleagues (Yu et al, 2018). An
injection volume of 4 pL was used for the analysis. ESI-MS"
evaluations were performed with a Thermo Q Exactive mass
spectrometer, scanning both positive and negative ion modes.
Settings for the mass spectrometer were as follows: mass range
50-1200 Da; spray temperature 400°C; ion source temperature 120°
C; nebulizer gas flow 800 L/h; and capillary voltage 40 V.
Identification of soil metabolites was completed by Majorbio
BioPharm Technology (Shanghai, China), and the subsequent
data handling was performed employing the Majorbio Cloud

Platform (www.majorbio.com).

2.4.3 Targeting measurement of specific
root exudates
2.4.3.1 Amino acid analysis

Amino acids in the analyzed root exudates were quantified
using high-pressure liquid chromatography with pre-column
derivatization (Li et al., 2013). The amino acids were initially
converted into fluorescent compounds, followed by separation on
a Cyg column. Detection and quantification were achieved using
fluorescence detection methods, supported by comparative analyses
with standard amino acid mixtures. The chromatographic
conditions included the use of a Waters 470 fluorescence detector
and a Nova2pak C;g column (150 x 3.9 mm, 4 um) at ambient
temperature. The mobile phase comprised two solvents: solvent A
(20 mmol/L sodium acetate solution) and solvent B (a blend of 20
mmol/L sodium acetate solution, methanol, and acetonitrile in a
1:2:2 ratio, v/v/v). Fluorescence detection settings included an
excitation wavelength of 338 nm, and an emission wavelength of
262 nm. The application of a gradient elution method was utilized
with a flow rate set at 1.0 mL min™, and the injection volume was
fixed at 10 pL. Amino acid identification was based on matching the
mass-to-charge ratio (m/z), retention time, and ESI-MS/MS
dissociation patterns to those of authentic standards.

2.4.3.2 Organic acid analysis

The type and mass concentration of organic acids were analyzed
utilizing high-performance liquid chromatography (HPLC). The
HPLC method employed the LC-100 high-performance liquid
chromatograph, which consisted of an LC-P100 high-pressure
constant flow pump, an LC-UV100 ultraviolet detector, an
autosampler, and a temperature-controlled box.

The chromatographic setup utilized for analysis incorporated a
reversed-phase C;g column (150 mm x 4.6 mm, 5 um), employing
an 18 mmol/L KH,PO4 (pH 2.48), as the mobile phase. The
operational temperature of the column was maintained at 30°C,
and the mobile phase flow rate was established at 1.0 mL/min. For
each run, a 10 uL sample volume was introduced, and analyte
detection was conducted at 214 nm, with an overall run time of
15 min. The identification of LMWOA relied on comparing their
retention times with those of standard organic acids. Quantification
of the organic acids present in the samples was achieved through the
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external standard technique, with concentration calculations based
on the comparative peak areas.

2.5 Data and statistical analysis

Principal component analysis (PCA) was implemented utilizing
the SIMCA 14.1 software (Umetrics, Umed, Sweden). For bubble
diagram analysis, MetaboAnalyst was utilized (Chong et al,, 2019).
We analyzed the significance of differences in metabolites utilizing
analysis of variance (ANOVA) and applied the least significant
difference (LSD) tests for post hoc comparisons in SPSS V17.0,
setting the significance threshold at p < 0.05. Orthogonal partial
least squares discriminant analysis (OPLS-DA) was conducted with
variable importance (VIP) values of N1. The relationships and visual
representations of the differences between microbes and metabolites
were explored utilizing R software v.3.2.1 and Cytoscape 3.4.0.

3 Results

3.1 Analysis of differential metabolites
between monocropping and
intercropping systems

Untargeted metabolomic profiling of the root exudates revealed
a diverse array of compounds. A total of 13,885 mass spectrum

Hydrocarbons: 1 (0.17%)
Lignans, neolignans and related compounds: 2 (0.35%) =
Homogeneous non-metal compounds: 2 (0.35%)
Nucleosides, nucleotides, and analogues: 3 (0.52%)
Organic nitrogen compounds: 5 (0.87%)
Alkaloids and derivatives: 5 (0.87%)
Organosulfur compounds: 6 (1.05%)
Phenylpropanoids and polyketides: 51 (8.89%)

Organic oxygen compounds: 56 (9.76%)

Benzenoids: 70 (12.20%)

Organoheterocyclic compounds: 89 (15.51%)
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peaks were detected from the root exudates, with 749 metabolites
identified. Among these metabolites, 574 were found in public
databases such as HMDB and Lipidmaps. The secreted
compounds were further categorized, including 178 lipid
substances, 106 organic acids, 89 organic heterocyclic
compounds, 70 benzene-type compounds, 56 organic oxygen
compounds, 51 phenylpropane and polyketone compounds, as
well as other compounds. The proportions of these various
compound classes were 31.01%, 18.47%, 15.51%, 12.20%, 9.76%,
8.89%, and 4.18% respectively (Figure 1A).

The PLS-DA plot comparing MM vs IM and MS vs IS were
presented in Figures 1B, C. As observed from the figure, a clear
distinction can be made between MM and IM as well as MS and IS,
suggesting significant variations in the content of different
compounds in the root exudates of soybean and maize under
monocropping and intercropping conditions (Figures 1B, C).

Based on the ANOVA of known metabolites, significant
differences (P < 0.5) were witnessed in the mean concentrations
of 39 and 41 metabolites between IM and MM, as well as between IS
and MS soil types (Figure 2). Examining the species composition of
different metabolites, it was found that 38 root exudates exhibited
significant up-regulated changes (Figures 2A, B). Further
investigation into the root exudates with significant differences
between intercropping and monocropping in maize identified
eleven specific up-regulating substances, including Avocadiene,
Phytal, 3,6,7-Trihydroxy-4’-methoxyflavone 7-rhamnoside, Acetyl

Lipids and lipid-like molecules: 178 (31.01%)

Organic acids and derivatives: 106 (18.47%)
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Volcano map (A, B) and Heatmap map (Top30) (C, D) of metabolites expressed differently between “IM vs MM" and

tributyl citrate, Myristoleic acid, Shogaol, Gluten exorphin, 2-
amino-14,16-dimethyloctadecan-3-ol, PE, and PG. Similarly, the
analysis of common and unique root exudates in intercropping and
monocropping of soybean revealed 27 specific up-regulating
substances, primarily consisting of amino acids and their
derivatives (9), sugars and their derivatives (3), small molecular
acids (4), alcohols (2), amines (1), alkaloids and their derivatives (1),
and others (7). These findings indicate that intercropping
significantly alters root exudates.

To elucidate the primary metabolic pathways associated with
differential metabolites, all identified metabolites in the root
exudates of maize/soybean monocropping and intercropping were
imported into the online analysis platform, Metaboanalyst (http://
www.metaboanalyst.ca/). We identified significant pathways based
on an impact value threshold above 0.1 and an enrichment pathway
p-value below 0.05 (Figure 3). In the comparison between IM and
MM, five distinct pathways were characterized: Phenylalanine
metabolism, Tyrosine metabolism, beta-alanine metabolism,
Caprolactam degradation, and alpha-linolenic acid metabolism
(Figures 3A-C). Likewise, in the comparison between IS and MS,
five distinct pathways were identified: Glycine, serine, and
threonine metabolism, beta-alanine metabolism, Cyanoamino
acid metabolism, Histidine metabolism, and Carbon fixation in
photosynthetic organisms (Figures 3B-D).
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3.2 The effect of intercropping on the
content of amino acids and organic acids
in root exudates

Quantitative targeted analysis of amino acids in the root
exudates of monocropped and intercropped soybeans revealed
notable findings. Glu and Arg were solely detected in the root
exudates of soybean intercropping, whereas Asp, Thr, Ser, Gln, Gly,
Ala, Val, Ile, Tyr, Phe, Lys, and His displayed significantly higher
levels in intercropped soybeans compared to monocropped
soybeans (P < 0.05). The total amount of amino acids in the root
exudates of intercropped soybeans was 3.61 times greater than that
in monocropped soybeans (Table 1). In this study, it was found that
soybean/maize intercropping significantly improved the exudation
of amino acids by soybean roots. Furthermore, aspartic, glutamic,
alanine and other amino acids also participated in important
metabolic pathways, such as alanine metabolism and glutamate
metabolism, which promote plant growth.

Targeted quantitative assessments of amino acids in maize root
exudates from both monocropped and intercropped systems
yielded significant insights. Specifically, Arg was uniquely
identified in the exudates from intercropping, whereas Cys was
exclusively observed in those from monocropping. Additionally,
concentrations of Glu, Gln, Ala, Val, Tyr, Lys and His were found to
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TABLE 1 Content of amino acids and organic acids in root exudates under soybean/maize monocropped and intercropped system (unit: ug/L).

IS MS IM MM
Asp 47.70 £ 3.85a 14.10 + 3.63b 17.99 + 3.28a 15.73 £ 0.04a
Thr 46.87 £ 4.19a 14.52 + 2.60b 14.82 £ 5.19a 13.88 + 3.38a
Ser 214.17 + 51.92a 49.99 + 7.82b 54.61 + 22.12a 54.16 + 8.86a
Glu 24.60 + 6.21 — 8.20 + 1.44a 3.61 +0.01b
Gln 25.30 + 1.60a 7.16 = 1.30b 16.34 + 4.19a 11.52 + 3.65b
Gly 100.26 + 28.80a 25.08 + 6.50b 27.52 £ 3.19a 25.88 + 2.41a
Ala 68.10 + 2.36a 20.11 + 6.62b 22.00 £ 5.47a 19.64 + 2.43b
Val 3491 + 5.61a 17.40 + 3.11b 21.27 £ 5.45a 17.50 + 0.25b
Cys 1.53 £ 0.14a 1.74 £ 0.08a — 0.43 £ 0.01
Met 515+ 1.17a 3.49 + 0.42a — —
Tle 18.74 + 3.97a 7.28 + 1.74b 8.99 + 2.25a 7.37 £ 0.54a
Leu 22.98 + 2.86a 9.73 + 0.94b 7.53 + 1.77a 9.79 + 1.67a
Tyr 21.76 + 1.74a 13.13 + 4.06b 9.66 + 3.08a 6.07 + 4.60b
Phe 16.75 + 3.68a 591 + 1.57b 4.88 £ 0.71a 5.84 + 1.18a
Lys 24.73 £ 5.82a 6.13 + 0.90b 13.12 + 3.53a 10.47 + 1.70b
His 79.45 + 13.19a 13.87 + 2.17b 19.09 + 5.73a 9.12 £ 0.92b
Arg 3.29 + 1.90 — 12.48 + 5.90 —
Total amino acid 756.27 + 89.58a 209.64 + 40.70b 258.47 + 52.95a 211.00 + 20.62b

Different lower-case letters in the same row indicate significant differences in different treatments (P < 0.05).
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be elevated in the exudates of intercropped maize compared to
those of monocropped maize (P < 0.05). The aggregate level of
amino acids in the exudates from intercropped maize exceeded that
from monocropping by 1.22-fold. Importantly, glutamine, tyrosine,
and alanine are essential components participating in key metabolic
pathways such as B-alanine metabolism, caprolactam degradation,
and tyrosine metabolism.

Notable variations were identified in the organic acid content of
both crops under monocropping and intercropping conditions
(Table 2). The total amount of organic acids in soybeans from
intercropped settings markedly exceeded that of those grown in
isolation, reaching a magnitude 1.80 times greater. Notably, oxalic
acid (442.86%, P < 0.05), malic acid (185.71%, P < 0.05), and lactic
acid (31.61%, P < 0.05) exhibited significantly higher levels in
intercropping than corresponding monocropping, and citric acid
was not detected in soybean root exudates. Conversely, maize
displayed an augmented total organic acid concentration under
monocropping rather than under intercropping, with notable
increases in oxalic (172.22%, P < 0.05) and malic acids (200.00%,
P < 0.05) when grown alone. However, intercropped maize showed
higher quantities of tartaric, lactic (12.59%, P < 0.05), and citric
acids (300.00%, P < 0.05) than when grown singly.

3.3 Effects of root exudates on plant
growth and AMF colonization
in intercropping

Although not statistically significant, the biomass of soybean/
maize plants separated by nylon net was higher than those
separated by plastic. However, a significant difference was
witnessed in the biomass of the roots, with the roots separated by
nylon net displaying significantly higher biomass than those
separated by plastic (P < 0.05). This underground interaction
resulted in a remarkable elevation in the biomass of maize roots
by 30.30% and soybean roots by 52.63% (Figure 4B). Compared to
plastic separation, nylon net separation enhanced the exchange of
root exudates and nutrients in the underground environment,
facilitating biomass accumulation in both soybean and
maize plants.

Throughout the development phases of soybean and maize, the
incorporation of root exudates was observed to notably enhance

10.3389/fpls.2024.1375194

both aboveground and belowground biomass, surpassing the results
from the control group devoid of root exudate supplementation
(Supplementary Figures S3A, B). The dry weight of soybean added
deionized water and added root exudates of IS, MM and IM were
2.42 g,3.10 g, 2.67 g and 3.68 g, respectively. Adding root exudates
of IS, MM and IM increased the dry weight of soybean shoot by
35.22%, 23.99% and 47.29% respectively, and the dry weight of
soybean root increased by 42.74%, 51.28% and 66.67%, respectively.
It can be seen that the application of IS and IM root exudates has a
more significant increase in aboveground biomass, and the
application of IM root exudates has a more significant increase in
root biomass. This effect underscores the significance of specific
compounds within root exudates in fostering both vegetative and
root growth. Moreover, the infusion of root exudates, particularly
those derived from maize within an intercropping context, resulted
in a marked increase in the formation of soybean nodules,
underscoring the vital role these exudates play in augmenting
soybean nodulation (Supplementary Figure S3E).

The root length of maize under nylon net separation was
significantly higher than that of maize under plastic separation by
22.76% (P < 0.05, Figures 4D-G). When separated by plastic, crops
underground growth mode is equivalent to monoculture, while
under nylon mesh separation, Crops can interact through root
exudates between each other. This implies that root exudates have a
promoting effect on root growth under the same aboveground
condition. Additionally, the adding of root exudates brings about
the enhancement of root length and surface area in soybean and
maize roots, as depicted in Supplementary Figures S3F-M. For
example, the root length of soybean was increased by 61.60% with
added root exudates of IM, and the root length of maize was
increased by 34.11% with added root exudates of IS. This showed
that root exudates play an important role in soybean/maize
intercropping system and have a direct effect on plant root growth.

The results revealed a significantly higher AMF colonization
rate in soybean/maize intercropping compared to their respective
monocropping (P < 0.05). Specifically, the mycorrhizal colonization
rate in intercropping increased by 105.99% and 111.18% when
compared to monocropping conditions, as depicted in Figure 4C.
Moreover, in this experiment, intercropping significantly increased
the relative abundance of Glomus_f_Glomeraceae, the dominant
genus of AMF (Figure 4A). Glomus plays an important roli in soil
carbon fixation and nutrient cycling. So, it is suggested that

TABLE 2 Content of organic acids in root exudates under soybean/maize monocropped and intercropped system (unit: mg/L).

IM MM IS MS
tartaric acid 0.07 + 0.00a 0.06 + 0.00a 0.08 + 0.00a 0.06 + 0.00a
oxalate 0.18 + 0.06¢ 0.31 + 0.09b 1.14 + 0.50a 0.21 + 0.07¢
malic acid 0.20 + 0.10b 0.60 + 0.22a 0.60 + 0.27a 0.21 £ 0.11b
lactic acid 1.61 + 0.30c 143 +0.21d 2.54 £ 0.21a 1.93 + 0.68b
citric acid 0.04 + 0.01a 0.01 + 0.00b —_ —
Total organic acid 2.08 + 0.48¢c 2.40 = 0.07b 4.35 + 0.57a 2.41 + 0.84b

Different lower-case letters in the same row indicate significant differences in different treatments (P < 0.05).
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Effects of interspecific interaction on plant growth and AMF in intercropping system. Including: Relative abundances of main AMF genus in the
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intercropping not only enhances the colonization rate of arbuscular
mycorrhizal fungi, but also improves the community of AMF.
Moreover, the addition of root exudates from soybean or maize
during the growth process significantly increased the AMF
colonization rate compared to treatments without root exudates,
as shown in Supplementary Figures S3C, D. In the growth of
soybean, the mycorrhizal infection rate of the treatment group
added root exudates of maize intercropping was the highest, which
was 126.11% higher than that without root exudates. During the
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growth of maize, the mycorrhizal infection rate of the treatment
added root exudates from soybean intercropping was the highest,
which was 97.38% higher than that without root exudates. It is
worth noting that adding root exudates from soybean intercropping
significantly increased mycorrhizal infection in soybeans, while
adding root exudates from maize intercropping did not have a
significant effect on mycorrhizal infection in maize. This
observation suggests that intercropped system mediated an
increase in the type and quantity of root exudates, and certain
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substances in which may facilitate mycorrhizal colonization and

community improvement.

3.4 Correlation between root exudates and

AMF community

Utilizing the Mantel and Procrustes analyses, correlations were
assessed between the top 20 distinct metabolites identified in the
root exudates and the composition of the AMF community, as

10.3389/fpls.2024.1375194

depicted in Figures 5A, B. Notable associations emerged between
certain metabolites and the mycorrhizal fungal community within
both monocropped and intercropped systems. Specifically, Within
the differential metabolites between soybean monocropping and
intercropping, several metabolites, including amino acids like L-
Proline, L-Histidine, and L-Arginine, the saccharide Levan, certain
organic acids such as Taurine and (R)-3-hydroxyl-5-
phenylpropanoic acid, the biomolecule Choline, and the nucleic
base analog 5-Hydroxymethyl-4-methyluracil were significantly
correlated (P < 0.05) with Glomus, the predominant genus of the
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AMF community. Furthermore, compounds like Sucrose, L-
Aspartic Acid, Trimethylamine N-oxide, and Xanthine were
highly significant correlated (P < 0.01) with Glomus in soybean
soil. Trimethylamine N-oxide also showed a positive association (P
< 0.01) with Gigaspora. In contrast, within maize environments,
both Sucrose and L-Aspartic Acid demonstrated notable
correlations (P < 0.05) with Glomus, while Trimethylamine N-
oxide was closely linked (P < 0.05) with the Paraglomus genus, and
Choline was highly significant correlated (P < 0.01) with
unclassified_c_Glomeromycetes.

The differential metabolites obtained from the intercropping
and monocropping systems of soybean and maize were analyzed for
their interaction networks with important genera of AMF. The
results, illustrated in Figures 5C-F, demonstrated that the
intercropping of soybean and maize led to a more intricate
interplay between root exudates and AMF genera. In the
interaction network specific to soybean monocropping
(Figure 5E), there were 42 nodes, consisting of 39 differential
metabolites and interactions with three AMF genera. This
network comprised 83 pairs of interactions, with 47 pairs
showing positive correlations and 36 pairs exhibiting negative
correlations. The root exudates with the highest number of
interactions were 3S-amino decanoic acid (amino acids) and L-
Histidine (amino acids), while the genus with the most complex
interactions was Glomus. Similarly, the soybean intercropping
interaction network (Figure 5F) consisted of 43 nodes, 39
differential metabolites, and interactions involving four AMF
genera. It encompassed 122 pairs of interactions, of which 63
pairs exhibited positive correlations, and 59 pairs displayed
negative correlations. The root exudates that demonstrated the
most complex interactions with the AMF community in this
network included (R)-3-Hydroxy-5-phenylpentanoic (organic
acids), Geosmin (alcohols), Histidine (amino acids), and
Eriodictyol 7-(6-galloylglucoside) (sugar). Furthermore, the maize
monocropping interaction network (Figure 5C) consisted of 38
nodes, representing 36 differential metabolites and interactions with
two AMF genera. It comprised 94 pairs of interactions, with 59 pairs
showing positive correlations and 35 pairs displaying negative
correlations. The root exudate with the highest number of
interactions in this network was N-decanoyl-L-Homoserine
lactone (sugar). Finally, the maize intercropping interaction
network (Figure 5D) consisted of 40 nodes, 37 differential
metabolites, and interactions involving three AMF genera. It
encompassed 120 pairs of interactions, with 99 pairs
demonstrating positive correlations and 21 pairs exhibiting
negative correlations. The root exudates with the most
interactions in this network were N-methyl-Gabapentin (organic
acid), 3,7,8. 15-Scirpenetetrol (sugar), and D-Pantothenic acid
(organic acid). These findings indicated that intercropping
significantly enhanced the mutualistic relationship between root
exudates and the AMF community.

Phenylalanine and leucine in maize root exudates exhibited a
highly significant positive correlation with Glomus, the prominent
genus in AMF (P < 0.01). Additionally, serine was positively
correlated with Glomus (P < 0.05), as depicted in Figure 6B. In
the case of soybean root exudates, glycine, methionine, isoleucine,
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phenylalanine, and arginine demonstrated significant positive
correlations with Glomus (P < 0.01), as shown in Figure 6A.
Furthermore, aspartic acid, threonine, serine, glutamic acid, and
other metabolites displayed significant positive correlations with
Glomus as well (P < 0.05). Interestingly, significant or highly
significant correlations were observed between tartaric acid, oxalic
acid, malic acid, and Glomus in soybean root exudates (P < 0.05), as
displayed in Figures 6C, D.

4 Discussion

4.1 Different expression of root exudates
under different planting modes

Root systems release a diverse array of organic substances into
the rhizosphere, playing crucial roles in nutrient and water uptake,
and mediating interactions with surrounding plants (Bais et al,
2006). These exudates range from low-molecular-weight entities
like sugars and amino acids to high-molecular-weight compounds
including proteins and polysaccharides (Bertin et al., 2003; Cesco
etal., 2010). Notably, the nature of these exudates is often altered by
different agricultural practices such as intercropping. For example,
pairing maize with peanuts significantly modifies the latter’s root
exudates, notably increasing total isoflavones by 22.4% (Gao et al,
2022). In a tea-persimmon intercropping system, intercropping was
found to enhance the ability of roots to secrete amino acids (Zhu
et al., 2006). Similarly, in a perilla/corn intercropping pot
experiment, Qin et al. discovered that intercropping increased the
concentration of oxalic acid and citric acid in the root exudates of
perilla by 43.8% and 75.4%, respectively, while maize decreased
them by 18.5% and 18.7%, respectively. Furthermore, the changes in
root exudates were found to impact the bioavailability of soil Cd
(Qin et al, 2021). Our findings echo these observations,
demonstrating significant alterations in the composition and
content of root exudates under intercropping conditions for both
maize and soybean. Specifically, intercropped soybean and maize
exhibited variations in 41 and 39 metabolites, respectively,
compared to their monocropped counterparts, encompassing
esters, sugars, amino acids, and organic acids. Notably, amino
acid and organic acid levels in intercropped soybean were
observed to be 3.61 and 1.80 times higher, respectively, than in
their monocropped versions. The greater effect of intercropping on
soybean may be due to the distinctive nutrient absorption dynamics
between soybean and maize roots within intercropping systems (Li
et al,, 2007). For example, when intercropped leguminous crops
with Poaceae crops, leguminous crops can produce more organic
acids compared to monoculture, thereby activating insoluble
phosphorus compounds. However, Poaceae did not show this
reaction. This mainly because the competition of Gramineae roots
for phosphorus (P) in rhizosphere soil of leguminous crops is fierce,
which makes the concentration of available phosphorus in
rhizosphere of leguminous crops decrease. As a result,
leguminous crops produce more organic acids, activate soil
insoluble phosphorus compounds, and promote the absorption of
phosphorus (P) by leguminous crops (Li et al., 2007).
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This study revealed that intercropping soybean and maize
notably enhanced the rate of amino acid secretion by soybean
roots (Table 1). This increase in secretion could be attributed to the
promotion of nitrogen absorption and utilization capacity of
soybeans as a result of intercropping (Duchene et al, 2017; Lu
et al,, 2024). Consequently, the root’s ability to secrete amino acids
is enhanced. Amino acids present in root exudates serve as a vital
nitrogen source for the growth of rhizosphere microorganisms
(Broeckling et al., 2008). Intercropping, by enhancing amino acid
secretion, provides a material foundation for increasing the
abundance of rhizosphere microorganisms. Furthermore, the
reciprocal influence between these microorganisms and the
secretion of plant amino acids necessitates further investigation
(Phillips et al., 2004).

Intercropping soybean and maize can lead to nutrient
competition, potentially increasing the rate of organic acid
secretion. Such secretion patterns often alter in response to
nutrient deficiencies (Degryse et al, 2008). In this study, the
primary influencing factors are light and nutrient stress caused by
maize’s shading and competition for nutrients with soybean in the
intercropping system (Li et al., 2009). Consequently, the types and
secretion rates of organic acids may differ between monocropping
and intercropping systems. Maize-soybean intercropping not only
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impacts the types of root organic acid secretion but also significantly
enhances the rate of secretion. This can be attributed to the
promotion of crop nitrogen (N) and phosphorus (P) absorption
and utilization, improvement in crop carbon and nitrogen
assimilation capacities, enhancement of organic acid metabolism
in plants, and ultimately, alterations in the secretion characteristics
of low-molecular-weight organic acids in the roots of
intercropped crops.

4.2 Effects of root exudates on plant
growth in intercropping system

Root exudates serve as vital agents for material and information
exchange between plants and the soil, acting as the primary
regulators of root activity (Gao et al., 2022). In this experiment,
the soybean and maize under nylon netting separation, exhibited
increased above-ground and below-ground biomass (Figure 4B;
Supplementary Figure S4) as well as root growth (Figures 4D-G)
compared to plastic sheeting separation. When separated by plastic,
crops underground growth mode is equivalent to monoculture, and
there is no competition in water and nutrient absorption caused by
mass flow diffusion between crop roots, and there is also a lack of
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mechanisms and motivation to promote root growth (Peng et al,
2017). While under nylon mesh separation, Crops can interact
through root exudates between each other. This implies that root
exudates have a promoting effect on plant and root growth under
the same aboveground condition. Furthermore, the direct addition
of exogenous root secretions significantly boosted biomass and root
growth in both soybean and maize (Supplementary Figures S3A, B,
F-M), which was consistent with the results of the current study (Li
et al, 2016). And a study has shown that L-Tryptophan in root
exudates can promote the growth of roots (Lu et al., 2024). This
finding suggested the essential role of root exudates on plants
growth in soybean/maize intercropping systems. Additionally, the
addition of root exudates led to an elevation in the number of
soybean nodules during crop growth (Supplementary Figure S3E).
This aligns with findings from Li et al (Li et al, 2008), which
highlighted the improved nodulation and nitrogen-fixing
capabilities in legumes when intercropped with cereals.
Additionally, the legume/cereal intercropping model has been
noted for its ability to enhance phosphorus (P) utilization by
inducing the secretion of organic acids from leguminous roots
(Latati et al., 2014), and for boosting nitrogen uptake through
increased nodulation in leguminous plants (Fang et al., 2006; Zhao
et al,, 2020). Thus, root exudates in intercropping systems enhance
the absorption and utilization of mineral elements by plants and
enable their adaptation to the changes in the external environment.

This study found that intercropping significantly increased the
secretion of aspartic acid, glycine, alanine, tyrosine and glutamic
acid (Table 1), which may promote the growth of crops. It has been
found that soil amino acids were closely related to soil fertility and
plant productivity (Moreira and Moraes, 2016), and affect the
metabolism of carbon and nitrogen in the soil. A study found
that glutamic acid plays a crucial role as an important component in
chlorophyll synthesis, significantly promoting crop growth (El-
Metwally et al., 2022). When glutamic acid is present in the free
form in soil pore water, it forms a film on the surface of crop root
hair (Limami et al., 2008), effectively enhancing nutrient absorption
from the soil and regulating the acidity and alkalinity of the soil
microbial environment (Limami et al., 2008). In this research, we
found that root exudates from soybean and maize, when
intercropped, play pivotal roles in essential metabolic pathways
associated with amino acid metabolism, significantly influencing
carbon and nitrogen dynamics within the soil (Figure 3). Among
these, oi-linolenic acid metabolism was critical for enhancing crop
quality. Metabolism of compounds such as alanine, aspartate, and
glutamate is crucial in modulating nitrogen flow, augmenting
carbon availability, and altering cytosolic pH levels to support
plant development (Limami et al, 2008).In maize, nitrogen
metabolism stands as a critical pathway reflecting not only the
plant’s developmental stages but also affecting yield and quality
(Zhao et al, 2018; Lu et al, 2019). Compounds present in root
exudates are involved in significant pathways of amino acid and
carbon and nitrogen metabolism, potentially explaining the
improved mycorrhizal rate, enhanced nutrient absorption
efficiency, and increased crop biomass after intercropping (Moe,
2013). Additionally, in soybean and maize intercropping systems,
elements such as sugars, carboxylic acids, and amino acids act as
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primary carbon sources for rhizospheric microorganisms (Dong
et al,, 2013). Intercropping systems also increased the secretion of
organic acids from plant roots, especially legumes (Table 2).
Organic acids are instrumental in nutrient enrichment within the
root vicinity, easing nutrient acquisition by plants and thereby
enhancing their nutritional profile (Haichar et al., 2014). These
acids are crucial for activating essential nutrient elements, with
oxalic, citric, acetic, succinic, tartaric, malic, and malonic acids
being notably prevalent in root exudates. Their presence reduces
rhizospheric pH, boosting the solubility of compounds otherwise
insoluble (Shen et al., 2002), and forms chelates with various metal
ions (Dakora and Phillips, 2002), thus liberating nutrient in the
rhizosphere soil. The augmentation in organic acid exudation
within the intercropping arrangement is thought to play a crucial
role in mobilizing non-soluble soil nutrients, particularly enhancing
phosphorus (P) solubility (Jones, 1998), thereby boosting the
accessible phosphorus (P) levels in the rhizospheric soil and
fostering an improved nutritional state through natural self-
adjustment mechanisms. Furthermore, these organic acids can
react with toxic metal ions in the soil, forming compounds with
reduced toxicity and mitigating the harmful effects of toxic ions on
plant roots. Notably, this study identified two main types of root
exudates, namely amino acids and organic acids, each exerting
positive effects on crop growth and soil environment, aligning with
the experimental results obtained.

4.3 Effects of root exudates on soil
environment and microorganisms,
especially AMF, under
intercropping system

In the intercropping rhizosphere environment, plants primarily
utilize root exudates to regulate the physical and chemical
properties of the soil (Bertin et al., 2003; Okubo et al., 2016). Our
study demonstrates a significant correlation between the type and
content of root exudates and the levels of AN, AP, and AK in
intercropped soils (Supplementary Figure S6). Root exudates in
intercropping systems play a crucial role in activating otherwise
inaccessible nutrients in the soil, enhancing nutrient effectiveness,
and optimizing root distribution for resource utilization (Li et al.,
2006, 2014). Through the secretion of root exudates, plants can also
improve soil microbiological conditions, alleviate nutrient stress,
and regulate microbial communities to promote their growth
(Withers et al.,, 2020). Moreover, root exudates serve as
substrates, signaling molecules, and antimicrobial agents, which
influence the relative abundance of rhizosphere microorganisms
and indirectly enhance the soil environment by stimulating
microbial growth and activity, facilitating the production of
extracellular enzymes (Li et al, 1997; Nardi et al, 2002), and
promoting the degradation of soil organic matter (Razavi et al,
2016; Lopez-Sangil et al., 2017).

Root exudates not only regulate the nutrient availability of the
rhizosphere soil but also influence and modulate the soil microbial
community (Philippot et al., 2013; Zhalnina et al., 2018).
Intercropping significantly affects the structure and diversity of the
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soil microbial community through root exudates (Chen et al., 2019).
Our study found that intercropping increased AMF colonization and
improved AMF community structure (Figure 4C; Supplementary
Figure S5). These findings align with a previous field experiment that
demonstrated how intercropping substantially improves the diversity
of mycorrhizal fungi (Zhang et al, 2020). Moreover, our study
revealed significant differences in root exudates between soybean/
maize monocropping and intercropping, and correlation analysis
indicated a close relationship between root exudates and AMF
(Figure 5). Furthermore, the addition of soybean or maize root
exudates to crop growth substantially enhances mycorrhizal fungi
colonization (Supplementary Figures S3C, D). Root exudates are
crucial in modulating plant-AMF interactions and shaping the soil
microbial community (Haichar et al, 2008; Hugoni et al., 2018).
Studies demonstrate that the addition of root exudates significantly
stimulates the germination rates of AM fungal spores and promotes
hyphal growth (Biicking et al., 2008; Nagata et al., 2016). This
phenomenon can be attributed to the metabolic function of root
exudates and the reciprocal regulation between exudates and soil
microorganisms. Research shows that roots release various
compounds during plant growth, such as sugars, organic acids,
amino acids, phenolic acids, and other metabolites. These
compounds selectively attract bacteria and fungi, promoting their
aggregation and proliferation in the rhizosphere, thus forming a
rhizosphere interaction (Brencic and Winans, 2005). Root exudates
are key in initiating and modulating interactions between plant roots
and soil microbes, crucially influencing the communication between
these two entities (Bais et al., 2006; Houlden et al., 2008). Even minor
variations in the composition or quantity of these exudates can
significantly alter the microbial community and its structure in the
rhizosphere (Ling et al., 2011). Accumulating evidence have shown
that a range of compounds including vitamins, amides, terpenoids,
organic acids, amino acids, derivatives, lipids, and benzoxazinoids
play roles in regulating both the soil microbiota and plant growth
(Faure et al., 2009; Hu et al., 2018; Zhalnina et al., 2018). Moreover,
components like sugars, organic acids, amino acids and derivatives,
and lipids serve as carbon and energy sources for rhizosphere
microorganisms (Mavrodi et al, 2021). Our study revealed that
intercropping between soybean and maize increased the secretion
of sugar, amino acids, organic acids, and lipids in root exudates. This
enhanced secretion provides an abundant supply of carbon sources
for rhizosphere microorganisms, thereby promoting the
improvement of rhizosphere microbial diversity, particularly AMF
diversity in intercropping systems. Additionally, we identified
important metabolic pathways in soybean/maize intercropping,
which involved amino acid metabolism, carbon and nitrogen
metabolism, carbon fixation by photosynthetic organisms, and
other important pathways (Figure 3). The increase in soil carbon
and nitrogen metabolism may be a significant factor contributing to
the enhanced mycorrhizal colonization rate following intercropping.
Furthermore, the carbon fixation pathway of photosynthetic
organisms exhibits a functional connection with AMF (Jeewani
et al,, 2021; Agnihotri et al, 2022). Organic acids present in root
exudates, as vital energy sources for soil microbial growth, stimulate
microbial and enzyme activities in the root zone (Haichar et al,
2014). One previous study has demonstrated that organic acids, such
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as fumaric acid, promote the formation of biofilms in Bacteroides
polymyxa SQR9 (Liu et al,, 2014). In our investigation, we detected
oxalic acid, malic acid, citric acid, succinic acid, and tartaric acid in
the root exudates of maize/soybean intercropping, which may serve
as nutritional sources for the growth and reproduction of AMF.
Furthermore, organic acids can activate insoluble nutrients in the soil
and improve its physical and chemical properties, thereby enhancing
mycorrhizal colonization and AMF diversity. We also observed a
close relationship between the relative abundance of the significant
AMF genus Glomus_f_Glomerace and the concentration of
differential metabolites (Figures 5, 6). Studies show that Glomus,
can effectively obtain nitrogen (N) and phosphorus (P) (Jiang et al,,
2020), and Glomus is beneficial to carbon fixation and soil organic
carbon protection, therefore Glomus plays an important role in soil
nutrient cycle. Intercropping system can increase the abundance of
Glomus in AMF community, which is of positive significance to
improve soil fertility. Correlation analysis revealed significant
associations between several differential metabolites (tartaric acid,
oxalic acid, malic acid, aspartic acid, and alanine) and the AMF
community (Figure 6). Notably, the photosynthetic carbon fixation
pathway involving aspartic acid was identified as a pathway that may
be related to the formation of AMF (Agnihotri et al., 2021), and
aspartic acid showed a significant connection with
Glomus_f_Glomerace (P < 0.05, Figure 6). Therefore, it is
demonstrated that the root exudates of soybean/maize
intercropping mediate changes in AMF diversity and community
structure. Moreover, the mycorrhizal symbiotic relationships between
AMF and plants can enhance the nutrient absorption capacity and
help to improve the growth and productivity of host plants (Ferrol
et al,, 2019). Therefore, root exudates in intercropping can not only
directly promote crops growth, but also indirectly promote plant
growth by regulating the colonization and community of AMF.
Intercropping can bring higher crop productivity as well as
maintain soil nutrients, which is of positive significance to improve
the sustainability of soil and the diversity and stability of farmland
ecosystem. Therefore, it is summarized that in the intercropping
system of soybean/maize, intercropping influences AMF and soil
microecology by altering root exudate patterns, ultimately
establishing intercropping dominance.

5 Conclusion

In this study, the diversity of AMF communities in the maize/
soybean intercropping system was distinctly influenced due to
altered root exudate compositions and metabolic profiles.
Notably, analyses revealed 39 unique metabolites in the exudates
of intercropped versus monocropped maize, and 41 distinct
metabolites between intercropped and monocropped soybean (P
< 0.05, VIP > 1). There was a notable increase in the release of
amino acids, organic acids, and other substances in intercropped
system (P < 0.05). Such changes were associated with enhanced
growth in plants and roots, increased mycorrhizal colonization, and
improved soil nutrient status, which was attributed to the influence
of root exudates. And the addition of root exudates significantly
bolstered plant growth and AMF colonization in both soybeans and
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maize. Crucial metabolic pathways involved in differential
metabolites, such as amino acid metabolism and carbon fixation
pathways, were found to be significantly correlated to AMF
functionality. The variation in root exudates and metabolic
processes contributed to improved plant growth and soil
microecology. Metabolites like tartaric acid, oxalic acid, malic
acid, aspartic acid, and alanine showed significant correlations
with AMF communities (P < 0.05). Notably, the pathway of
photosynthetic carbon fixation involving aspartic acid
demonstrated a close functional relationship with AMF, and
aspartic acid was significantly associated with the dominant AMF
genus, Glomus_f_Glomerace. The findings suggested that maize/
soybean intercropping was more effective in increasing AMF
colonization and metabolite accumulation than monocropping.
Compounds such as aspartic acid in the root exudates of the
intercropping system significantly altered the diversity and
community structure of AMF, thus contributing to the
improvement of soil quality and microecology. This research
sheds light on the pivotal role of root exudates in facilitating
plant-soil interactions within intercropping systems and
underscores their importance in sustaining agricultural ecosystem
health and promoting soil vitality. Additionally, it provides a
scientific basis for diverse cropping aimed at conserving black soil
and ensuring sustainable field management.
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1 Introduction

Weeds are considered serious and troublesome pests for crops, and their management
had always been at the core of plant protection (Oerke, 2006; Travlos et al., 2021). Despite the
negative connotation of the term “weed,” referring to plants that are spatially and temporally
unwanted, weeds can sometimes have some positive impacts in agroecosystems due to their
utility as food, feed, and their multiple ecosystem services (Blaix et al., 2018; Gaba et al., 2020).
Numerous field studies have shown that biodiversity is a key factor in determining ecosystem
services (Cardinale et al, 2012; Tilman et al, 2014; Visconti et al,, 2018). Consequently,
balancing biodiversity and productivity in agroecosystems is a challenging goal that can
provide additional benefits due to multifunctionality (Mitchell et al., 2014). The aim of this
opinion article is to present the ecosystem services potentially provided by (or related to)
weeds in agroecosystems and discuss their quantification and further enhancement in an
agroecological context. The keystone question is whether and how weeds could be managed
and turned into “service weeds,” similar to service crops, to contribute valuable
ecosystem services.

2 "Service weeds” and how to invent and
promote them

2.1 Ecosystem services potentially provided by the weeds
and their assessment

Service crops, like cover crops, are cultivated in agroecosystems to provide non-marketed
ecosystem services, diverging from food, fiber, and fuel production (Garcia et al., 2018). In
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this context, we suggest the term “service weeds” to describe
spontaneous plants that can provide important ecosystem services
with minimal disservices, under specific pedoclimatic conditions, in
various agroecosystems, as parts of wider communities and with
proper management. The need for the introduction of this term
comes from the necessity to highlight that weeds are not always or
universally unwanted and aims to shift the paradigm to exploit weeds
by means of their management, and to understand biodiversity as
part of the field and the agroecosystem.

Under specific conditions, weeds are associated with several
disservices, like competition with crops for water, light, and
nutrients, a host of harmful pests and diseases, significant yield
reduction, an increase in frost risk and damage, fungal diseases, and
poisonous effects on livestock. On the contrary, weed communities can
contribute to agroecosystem services, among others, by providing food
for different organisms; as hosts for pollinators and natural enemies; for
soil stability, nutrient cycling, and improved water infiltration and
facilitation of water acquisition by hydraulic lift, runoff, and erosion
prevention (Dale and Polasky, 2007; Power, 2010; Petit et al., 2011). It
is notable how weeds can reduce the sensitivity of several crops to pests,
either by strengthening their defense mechanisms or by making them
less attractive to the pests (Capinera, 2005; Fagundez, 2014; Blaix et al,,
2018). The “push-pull” strategies, which involve the diversification of
tolerant and trap crops, respectively, could also be extended to natural
vegetation and thus mitigate the infestation of the crops (Shelton and
Badenes-Perez, 2006). Weeds also reduce N leaching due to erosion
mitigation and increased N uptake and fixation and enrich soil with
carbon, other nutrients, and organic matter (Moreau et al, 2020).
Rahman et al. (2009) found that floor vegetation consisting of naturally
occurring weed species increased beneficial nematodes and organic
matter near the soil surface, while the presence of various weeds is
related to increased nutrient use efficiency of the crops, increased
carbon storage, improved soil functionality, and conservation of
biodiversity and wildlife (Salomeé et al, 2016; Garcia et al, 2018).
Thus, this subset of ecosystem services that is defined for
agroecosystems will further support pollinators as an already defined
indicator (Balvanera et al., 2014). Furthermore, according to several
qualitative and quantitative modeling studies, climate change is likely
to lead to pollinator decline, soil erosion, and other negative impacts,
and therefore the importance of the contributions of nature to people
and quality of life, i.e., ecosystem services, gets bigger (Martin-Lopez
et al., 2018).

In general, species diversification in space and time is used to
provide and enhance ecological processes that support multiple
ecosystem services (Garcia et al., 2018; Nijmeijer et al, 2019).
However, biodiversity does not result in better ecosystem services
per se since pedoclimatic and socioeconomic conditions also play a
role, and the invaluable functional diversity is not always closely
correlated with genetic diversity (Isbell et al., 2011; Mace et al., 2012;
Balvanera et al., 2014; Gaba et al., 2015). In all cases, a scientific
consensus has been reached that biodiversity loss reduces the
efficiency of several provisioning ecosystem services and, hence,
the contributions of nature to human wellbeing (Cardinale et al,
2012; Balvanera et al., 2014; Visconti et al., 2018). Therefore,
the need for enhancement, assessment, and quantification of the
several ecosystem services is imperative. While there are several
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well-known ecosystem services provided by specific weed species
(e.g., nitrogen enrichment due to Fabaceae species), what is missing
is the systematic and standardized promotion of ecosystem services
in a validated and broadly accepted way for the agroecosystems and
the upscaling from the single species to the communities’ level.
Quantification of ecosystem services is the key to the development
of the most suitable agroecosystems and the enhancement of
ecosystem multifunctionality (Kremen and Ostfeld, 2005).
Robinson et al. (2022) suggested the use of a large precision yield
dataset to answer questions about how landscapes influence yield.
Brooker et al. (2023) suggested that a focus on functional traits like
height, rooting depth, and production of allelochemicals and
associated trait complementarity will improve understanding of
why combinations of cultivars, crop species, or crops and weeds
seem to be more productive or resilient to climate, pests, and
disease. According to them, a diversity of non-crop plants can
provide resources necessary for in-field functional processes, both
below and above ground (e.g., carbon input and resource continuity
for pollinators and natural enemies). Furthermore, there are
important interactions between ecosystem services, with these
relationships being either synergistic or antagonistic (Gaba et al.,
2015). This is valid for the ecosystem services potentially provided
by the weed communities, with their presence often associated with
increased organic matter, while at the same time, crop production
could be hindered in the short term.

Comprehensive systems, methods, and approaches are needed
to quantify the different ecosystem services with due consideration
of the difference in the distribution of the ecosystem services
provided (Johnson et al., 2010). For instance, the ecosystem
services functional spatial unit (ESSU) concept proposed by
Rafflegeau et al. (2023) could be a great tool and a sound base to
build a protocol for ecosystem services quantification, modeling,
and enhancement.

2.2 Enhancement of ecosystem services

The above-mentioned quantification of ecosystem services is
not merely theoretical but rather necessary for the enhancement of
these services through the identification, evaluation, and protection
of weed communities that can be exploited for multiple purposes.

We hereby propose a specific sequence of steps to be taken in
the identification, assessment, and promotion of service weeds and
natural vegetation in agroecosystems that can provide ecosystem
services (Figure 1).

In our opinion, the good knowledge of the biology and ecology of
weeds and the observation of the progressive differentiation of weed
flora, both within fields and along field margins and boundaries, are
very important for transforming them into “service weeds” (Step 1).
Field boundaries and spaces between tree rows covered by service
weeds, acting as “cover weeds,” that can contribute to important
ecosystem services without risking crop health and productivity
would be revolutionary. Field margins, fallow land, strips, and
grasslands can increase biodiversity, promote diversification, and
provide various ecosystem services to crops by creating better
abiotic conditions for crop growth and productivity (Concepcion
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Steps to be taken in the framework of identification, assessment, and promotion of service weeds and service natural vegetation in agroecosystems.

et al., 2012; Roschewitz et al., 2005; Gaba et al., 2015; Robinson et al.,
2022). However, monitoring the composition of weed flora and its
changes is the baseline, as these reflect specific conditions, agronomic
practices, and the entire field history.

The next step (Step 2) involves the prioritization of several
provisioning and regulating ecosystem services that add value to
the specific agroecosystem and, in the medium and long term, would
be beneficial for the farmers as well, exactly as proposed by Gaba et al.
(2015) for crops. For instance, in poor soil with low fertility, the
increase of soil nitrogen and soil organic matter would be of top
priority, while in a sloppy orchard, the prevention of soil erosion and
a good soil structure would be very important. Prioritization should
be done in collaboration with farmers and other stakeholders. In this
way, it will reveal their needs, raise their awareness and commitment,
and help demonstrate good examples and success stories.

Step 3 refers to the identification of specific weeds and weed
communities whose traits and complementarity can provide the most
desired ecosystem services and consider their interaction and impact
on the ecosystem. Indeed, each species is characterized by several
functional traits linked to agroecosystem services (Barberi et al., 2018;
Ciaccia et al,, 2020). For example, depending on the priorities and the
specific pedoclimatic conditions and weeds’ functional traits, we can
either promote Fabaceae species for nitrogen enrichment or Poaceae
species for structure improvement and erosion prevention. As
reviewed by Brooker et al. (2023), complementarity effects result
from processes such as niche differentiation or plant facilitation. The
weed trait database proposed by Barberi et al. (2018) could be further
enriched and translated in a tailor-made way at the community level
in order to take into account any interactions and limitations due to
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non-compatible, non-synchronized, or competitive species.
Approaches relying on combinations of functional traits by means
of multispecies ideotypes, as proposed by Gaba et al. (2015) and
Lavorel and Garnier (2002), could also be applied to weed
communities. Yvoz et al. (2021) identified that small weed species
with a short life cycle and low competitiveness present the optimum
proxy combination, i.e., high services and low harmfulness. It has to
be noted also that the coexisting ability of the different species based
on resource partitioning requires diverse traits and usually gives
resistance to invasion by other species (Dukes, 2001; Gaba
et al,, 2015).

The management (manipulation) of weed communities in favor
of weeds with desirable traits and the mitigation of any major
disservices (Step 4) is crucial for the exploitation of weeds as
ecosystem services’ providers. For instance, the conservation of
natural vegetation and the manipulation of weed flora by means of
mowing at different heights could be some good ideas for boosting
specific species instead of others and enhancing ecosystem services.
Additionally, the selection as cover crops or “service weeds” of some
self-seeding species that provide adequate ground cover without
being competitive with the main crops is also recommended
(Carpio et al,, 2020). In all cases and similar to service crops,
even for weeds, we have to select the combinations that increase
positive effects in the agroecosystems like pest deterrence and
improved water infiltration (Rafflegeau et al., 2023) and mitigate
crop competition and other disservices. Within this context,
protocols and decision support systems focused on weeds,
ecosystem services, and agroecological management could be
developed (Kanatas et al., 2020).
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Step 5, which refers to the evaluation of the performance of
several practices and weed communities in the growing season,
should not be underestimated since this will be the basis for any
required adaptation and optimization of the overall strategy.
Quantification of ecosystem services is necessary and can be
achieved by means of field trials in a wide range of pedoclimatic
conditions and multidisciplinary research combining diverse pros
and cons (Rapidel et al., 2009; Gaba et al., 2015). Any assessment
could shift from the single species to the community level.
Moreover, when we talk about agricultural land, the effects of any
practices and approaches on crop yields or exploitation of the
produced biomass as forage should not be ignored (Daryanto et al.,
2019; Robinson et al., 2022).

Regarding the obstacles, the major issue is to overcome the nudges
regarding weeds. Indeed, farmers and agronomists are not used or
trained to systematically recognize the ecosystem services provided by
plants, particularly by spontaneous vegetation, and consequently to
value and promote such benefits and communities. Thus,
demonstration and training go first with an eye always to the local
conditions, available labor and machinery, and top priorities. Training
and technical support are crucial, especially during the first steps for the
dispersal of the most beneficial species and the enhancement of the
ecosystem services provided by the weed flora. Moreover, ecosystem
services usually rely on a limited number of spontaneous or sown
species. Therefore, further research is needed to study more species and
their potential roles and interactions without risking the dominance of
a few noxious and competitive species in the agroecosystem and the
decrease in crop yields due to competition and allelopathy. The
potential need for the termination of these “service weeds” should
also be taken into account, exactly as it happens with cover crops.

3 Conclusions and perspectives

The strategic integration of non-crop plant diversity at field, farm,
and landscape scales is an invaluable tool for achieving sustainability
(Hawes et al., 2021). More diverse communities have a higher
likelihood of some species functioning well under various
conditions (“insurance hypothesis”), maintaining multiple
ecosystem processes across multiple places and times, and
contributing to more resilient agroecosystems (Isbell et al., 2011;
Visconti et al.,, 2018). As Gaba et al. (2015) highlighted, determining
plant diversity and designing and applying management practices
that could deliver a set of targeted services under given environmental
and socioeconomic conditions are crucial. The question of whether
weeds can play a role or should be kept only as opponents (Travlos
et al,, 2023) is answered here: weeds do have a role to play in the
agroecosystem. Due to their short life cycles, plasticity, and
adaptability, the good traits that selection pressure gave them, the
art of coexistence and complementarity that they have developed, and
many other advantages, they can remarkably turn into “service
weeds” and contribute to the already defined main ecosystem
services. The obstacles related to their disservices, inadequate
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training, the difficult quantification of ecosystem services, and the
nudges among farmers and other stakeholders can be overcome
through multidisciplinary research, training, and policy initiatives.
We propose the conservation, management, and optimization of a
native weed flora (diversified) in perennial crops, field margins, strips,
and between crop rows and its manipulation by means of mowing,
grazing, deep tillage, etc., in favor of small growth and short growing
cycle annual species towards a significant enhancement of ecosystem
services. It is time to “unbox” the potential value of weeds for the
agroecosystems, even if it is to redefine in our minds the term “weed”.
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Introduction: Understanding how human activities affect biodiversity is needed
to inform systemic policies and targets for achieving sustainable development
goals. Shallow tillage to remove Artemisia ordosica is commonly conducted in
the Mu Us Desert. However, the impacts of shallow tillage on plant community
species diversity, phylogenetic structure, and community assembly processes
remain poorly understood.

Methods: This study explores the effects of shallow tillage on species diversity
including three a-diversity and two b-diversity indicators, as well as phylogenetic
structure [phylogenetic diversity (PD), net relatedness index (NRI), and nearest
taxon index (NTI)]. Additionally, this research analyzes the effects of shallow
tillage on the community assembly process.

Results and discussion: The results showed that the a-diversity index, b-diversity
index, and PD of the shallow tillage (ST) communities were significantly higher than
those of the non-shallow tillage (NT) communities, and the phylogenetic structures
of both the ST and NT communities tended to be differentiated, with competitive
exclusion being the main mechanism of plant assembly. However, shallow tillage
increased the relative importance of the stochastic processes dominated by
dispersal limitation, mitigating plant competition in the communities. This
conclusion was supported by the Raup—Crick difference index-based analysis.

Conclusion: Therefore, for the ecological restoration of the Mu Us Desert,
species with adaptability and low niche overlap should be selected to increase
the utilization efficiency of the environmental resources. The results of this study
provide a foundation for policy development for ecosystem management and
restoration in the Mu Us Desert.

KEYWORDS

shallow tillage, species diversity, phylogenetic structure, community assembly, Mu
Us Desert
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1 Introduction

Biodiversity underpins ecosystem stability and social
development, yet it is declining globally due to human activities
(Zhang and Chen, 2022; Zhang et al., 2023). Desert ecosystems cover
12% of the Earth’s land surface (Durant et al., 2012; Chen et al., 2023)
and, compared to other ecosystems, are environmentally fragile and
sensitive to disturbance, which can have disproportionately severe
impacts on biodiversity. Previous studies have shown that even the
smallest soil disturbance can significantly alter plant community
structure and biodiversity in arid ecosystems (Valone, 2003;
Erfanian et al,, 2019). Shallow, a common disturbance measure in
agroecosystems, is also used for desert grassland improvement,
whereby local people remove vegetation that does not provide
economic benefits by plowing it to utilize desert grassland
resources. This practice, although tailored to local needs,
significantly risks community species composition biodiversity and
the natural processes supporting desert ecosystems (Randriamalala
et al, 2012; Cordeau et al., 2017). Consequently, understanding the
ecological consequences of anthropogenic interventions is essential
for developing more sustainable management practices
(Jaureguiberry et al., 2022).

Community assembly is an intrinsic mechanism of biodiversity
change and maintenance and can be used to assess the impacts of
external drivers, such as human activities, on biodiversity (Chase,
2010). Ecological niche theory (based on deterministic processes)
and neutral theory (based on stochastic processes) are the two
hypotheses for the community assembly process, and it is widely
accepted that deterministic and stochastic factors work together in
the community assembly process. However, assessing the relative
importance of these factors is challenging, especially in arid regions.
Traditionally, species o.-diversity and B-diversity are often used in
community assembly process analyses (Mori et al., 2018; Jin et al,
2023). However, species diversity reflects only one dimension of
biodiversity and does not consider evolutionary diversity
(Capmourteres and Anand, 2016; Heino and Tolonen, 2017).
Therefore, the use of phylogenetic structures to analyze
community assembly processes has gained prominence (Cadotte
etal., 2009; Mishler et al., 2014). This methodology not only assesses
the evolution of biodiversity and evolutionary distances among taxa
but also reflects functional diversity, as closely related species often
exhibit similar traits (Cadotte et al., 2008). Although species
diversity and phylogenetic structure are often highly correlated,
they may indicate different patterns of community assembly
(Tucker and Cadotte, 2013). Accordingly, it is vital to integrate
various measures of biodiversity to achieve a more comprehensive
understanding of community assembly. Uncovering these hidden
patterns can provide more targeted guidance for restoring damaged
ecosystems and deepen the understanding of diversity formation
and maintenance.

The studies on the effects of tillage on community diversity and
assembly processes have mainly focused on agroecosystems
(Travlos et al,, 2018). It has been shown that the removal of
native vegetation by tillage creates a large number of gap
ecological niches that favor plant species colonization (Czerwinski
et al,, 2018). Consequently, tillage alters the species composition of
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weed communities, in which perennial species shifted to annual
species, and increases the community evenness index (Booth and
Swanton, 2002) but does not change diversity indices such as
species richness and the Shannon-Weiner index (Légere et al,
2005; Randriamalala et al., 2012; Barroso et al,, 2015). Tillage
imposed environmental filtering, an artificial deterministic
process, on the weed community and therefore altered the drivers
of weed community assembly (Alarcon et al., 2018). However, the
relative importance of deterministic and stochastic processes is
largely influenced by community type (Cordeau et al, 2017).
Although phylogenetic structure is important for understanding
the mechanisms of community diversity change and formation,
little is known about the effects of tillage on plant
phylogenetic structure.

Artemisia ordosica plays a crucial role in wind and sand control
(Weietal., 2016). However, its strong odor leads to its unpopularity
among livestock. Consequently, local herders frequently remove it
through shallow tillage, which is defined as soil disturbance up to a
depth of 10-15 cm (Cooper et al., 2016; Laudicina et al., 2017) to
improve grasslands. This practice promotes the growth of more
palatable herbaceous plants to support production and livelihoods
in the Mu Us Desert but also heightens the risk of desertification
(Wang et al., 2017). However, less research has been conducted on
shallow tillage on plant diversity and community assembly
processes in desert grasslands. This study evaluates the short-term
impacts of shallow tillage on plant communities in the Mu Us
Desert, focusing on changes in species diversity and phylogenetic
structure, as well as community assembly processes, before and after
tillage. Specifically, we aim to answer the following: (1) “Does
shallow tillage affect the species diversity and phylogenetic
structure of the communities and how?” and (2) “Does shallow
tillage affect the ecological processes that drive community
assembly?” We propose the hypothesis that shallow tillage
increases community species and phylogenetic diversity but does
not alter its community assembly processes because studies have
shown that shallow tillage leads to a large number of blank
ecological niches, while multiple tillage alters weed community
assembly processes. The study of the effects of shallow tillage on
multilevel of biodiversity (species diversity and phylogenetic
diversity) of desert ecosystems is an important reference for
conservation strategies and land management practices.

2 Materials and methods

2.1 Study area

The study was conducted in a fixed monitoring site at the Ulan
Tolgoi Desertification Control Station located in Wushen Banner
(38°48'N, 109°19'E, at 1,390 m), Inner Mongolia, China (Figure 1).
This region in the hinterland of the Mu Us desert has a semi-arid
continental monsoon climate, which is dry and windy. The average
annual temperature ranges from 6.0°C to 9.0°C (Zheng et al,
2019a). The annual precipitation in the area varies greatly,
ranging from 250 to 400 mm, and the precipitation is mainly
concentrated in July-September, accounting for up to 75% of the
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annual precipitation. The precipitation in August can account for
up to 54% of the whole rainy season, and the average annual
evaporation ranges from 2,100 to 2,600 mm (She et al., 2017). The
predominant soil type is sandy (FAO soil classification), and the
geomorphological types include fixed, semi-fixed, wandering dune,
and inter-dune lowlands (Chen et al, 2022). Drought-tolerant
plants, such as A. ordosica, Salix cheilophila, Caragana
microphylla, and Corethrodendron fruticosum var. mongolicum,
are widely distributed in the area (Zhang et al.,, 2018).

2.2 Sample plots and data collection

In March 2022, shallow tillage was applied to the A. ordosica
community (there is no history of any tillage). In mid-August of the
same year, 10 shallow tillage (ST) strips and 10 non-shallow tillage
(NT) strips, each approximately 8 m wide and 200 m long, were
selected, in which the two were interleaved, and the distance
between adjacent strips under the same treatment was greater
than 200 m to include more heterogeneous habitats. Three 8 m X
20 m sample plots were randomly set up in each shallow-tillage and
non-shallow-tillage strip, and a detailed survey of plant species and
their abundance occurring in the plots was conducted
(Supplementary Table S1) to assess species diversity and
phylogenetic structure.

2.3 Species diversity and
phylogenetic structure

2.3.1 a-Diversity

Based on the species matrix data that were obtained from the
survey, we calculated the Shannon-Weiner index (H), Simpson’s
index (D), Pielou’s evenness index (J), and the cumulative number
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39°00"N
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of species as measures of species a-diversity, and the formulas are
as follows:
Shannon diversity index:

s
H = —Epi In Pi
i-1
Simpson’s index:
Sp2
D=1-3P,

Pielou’s evenness index:

H

J=Tus

where S is the number of species and P; is the relative abundance
of species i. P; = n;/N, where n; represents the number of individuals
of species i and N represents the total number of individuals of all
the plant species in a particular sample.

2.3.2 B-diversity

The Bray-Curtis dissimilarity index (Bpc) and the Jaccard
dissimilarity index (B;) were used to explore the B-diversity
characteristics of the plant communities in the shallow and non-
shallow tillage belts. The Bpc is based on the species multiplicity
matrix to measure the compositional dissimilarity between
the plots based on differences in species abundance, and it
ranges from 0 (when both plots have the same species with
equal abundances) to 1 (when the plots do not share any
species; Catalan et al., 2023). The Bpc was calculated using the
following equation:
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FIGURE 1
Geographic location of the study area.
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where S is the number of species in the sample-species matrix, and
x5 and xy are the abundance of species i in j and k plots, respectively.

The B; is based on the incidence to measure the compositional
dissimilarity between the plots based only on the differences in
species occurrence (presence/absence), and it ranges from 0 (when
both plots have the same species) to 1 (when the plots do not share
any species; Catalan et al, 2023). Podani and Schmera (2011)
proposed that the B; consists of two components: the first
component (Rrel = 2 min(b,c)/n) accounts for species
replacement, and the second (Drel = |[b — ¢|/n) accounts for
richness differences. 3; was calculated using the following equation:

10.3389/fpls.2024.1409493

2.3.3 Phylogenetic structure

Based on the list of species from the survey, the Chinese Flora
(http://www.iplant.cn/frps) and the Plant List website (http://
www.theplantlist.org/) were used to standardize the descriptions
(Kalwij, 2012). To construct the phylogenetic tree, the awk version
of the “phylomatic” software was used, and the phylogenetic tree
was visualized using the “ggtree” package in R (Zheng et al,
2019b; Figure 2).

To characterize the phylogenetic diversity (PD), the PD
index was used, which represents the sum of the lengths of
the evolutionary branches of all the species in the community,
and the phylogenetic structure was measured using the

b+c number of species not shared - ;
B = b = rotal f sp ber of - net relatedness index (NRI) and the net nearest taxon index
a+b+c otal number of species i .
P (NTI). The PD index and phylogenetic structure were
2min(b, c) b-c calculated using the “picante” package in R (Chai et al, 2016;
_ + 8 P p 8
a+b+c a+b+c Qian and Sandel, 2017).
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FIGURE 2
The phylogenetic tree of the plant species in the survey. The branch is the distance between the species.
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The NRI and NTI were calculated using the following equations:

MPD, - MPD,,,;
NRI = -1 x — 5~ —mds
SD(MPD,,;,)
MNTD, - MNTD,

NTI = -1 x
SD(MNTD,)

where MPD is the mean phylogenetic distance between all the
species pairs in the community, and MPD; and MNTD, denote the
average observed paired phylogenetic distance and the average
observed nearest neighbor phylogenetic distance, respectively.
MPD,,,4s and MNTD,,4s denote the average paired phylogenetic
distance and the average nearest neighbor phylogenetic distance,
respectively, under 999 null model simulations. SD is the
standard deviation.

2.4 Data analysis

The statistical analyses were performed in the R platform (version
3.5.3). The significant differences between the different communities
for the diversity indicators were evaluated using the Kruskal-Wallis
rank sum test and the “dplyr” library. The overall change in the
species composition was measured using a similarity percentage
analysis (SIMPER) and the “vegan” package to calculate the
contribution of the individual species to the overall community
dissimilarity. The B-diversity was separated into two components,
species replacement [or turnover (Repl)] and richness differences [or
nestedness (RichDiff)], to clarify their relative contribution using the
“adespatial” package. To examine whether the ST and NT
communities were spatially similar, non-metric multidimensional
scaling and hierarchical clustering were performed based on the
Raup-Crick distance using the “vegan” library. Then, a correlation
analysis was conducted between the phylogenetic and species
diversity indices using the “corrplot” package. The roles of the
deterministic and stochastic processes in community assembly were
assessed using the B-null model (Tucker et al., 2016).

3 Results
3.1 Species composition and diversity

The survey revealed that there were 20 species of seed plants
from 12 families and 20 genera identified in the ST communities,
with Asteraceae having the most species (20.0%), followed by
Amaranthaceae (15.0%). The proportion of the remaining
families was less than 10.0%. There were nine herbaceous
annuals, nine herbaceous perennials, and two semi-shrub species,
with Setaria arenaria and Corispermum candelabrum
(Supplementary Table SI). A total of 15 species of seed plants
from eight families and 14 genera were identified in the NT
communities, among which Asteraceae had the highest number
of species (33.3%), which was followed by Amaranthaceae (20.0%)
and Gramineae (13.3%), and the proportion of the remaining
families was less than 10.0%. There were nine herbaceous
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annuals, four herbaceous perennials, one semi-shrub species, and
one shrub species, with A. ordosica being the dominant species
(Supplementary Table S1).

3.1.1 a-diversity

The plant community in the shallow-tilled area had a high
species diversity and evenness, with an H, D, J, and richness (S) of
1.68 + 0.18, 0.72 + 0.07, 0.66 + 0.07, and 12.90 * 2.85, respectively.
In the control area, those measures were 0.98 + 0.44, 0.46 + 0.20,
0.54 +0.16, and 6.10 * 2.38, respectively, and they were significantly
higher (p < 0.05) in the shallow plowed area than in the control
area (Table 1).

3.1.2 B-diversity

The B-diversity analysis that was based on the Bray-Curtis
dissimilarity index showed that the mean values of the B-diversity of
the plant communities in the ST and NT communities were 0.48
and 0.42, respectively, and there was a highly significant difference
between them (p < 0.001, Figure 3). The B-diversity decomposition
analyses showed that the species replacement process contributed
more (60.82%) to the differences in the plant community
composition in the ST, and the richness differences contributed
less to the B-diversity (Figure 4A). The differences in the richness
and species turnover processes contributed similarly to the
differences in the plant community composition in the NT, being
54.68% and 45.32%, respectively (Figure 4B).

The Venn diagram (Supplementary Figure S1) shows the presence
of 13 common species between the two communities. Of the reported
species in this survey, eight were exclusively identified in the ST
(Ferula bungeana, Oxytropis racemose, Polygala tenuifolia, Allium
mongolicum, Dracocephalum moldavica, Tribulus terrestris, Panzeria
alaschanica, and Cynanchum thesioides), and three were only found in
the NT (Tragus mongolorum, Hypecoum erectum, and A. ordosica).

The results of SIMPER analysis showed that C. candelabrum, S.
arenaria, and Chenopodium acuminatum contributed the most to
the inter-community species differences and that the contribution
of the three plants to the inter-community dissimilarity between the
ST and the NT was more than 10% (C. candelabrum, 18.44%; S.
arenaria, 17.52%; C. acuminatum, 10.57%). The three plants’
cumulative contribution to the inter-community variation
amounted to 68.13%, while the contribution of the other four
plants to the inter-community differences amounted to 10.57%.

TABLE 1 Species diversity indices of the different communities.

Community type ST NT
N e
Shannon-Weiner 1.68 + 0.18a 0.98 + 0.44b
index (H)
Simpson index (D) 0.72 + 0.07a 0.46 + 0.20b
Pielou’
ielous evenness 0.66 + 0.07a 0.54 + 0.16b
index (J)
Richness (S) 12.90 + 2.85a 6.10 + 2.38b

Different lowercase letters in the same row indicate significant differences between the two
data groups (p < 0.05).
ST, shallow tillage area; NT, non-shallow tillage area.
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Differences in the Bray—Curtis dissimilarity index between the communities. The horizontal lines indicate the median values, the boxes indicate 25%—
75% confidence intervals, the vertical lines indicate 10%—-90% confidence intervals, the solid circles indicate outliers, and the different lowercase
letters indicate significant differences among the communities. ST, shallow tillage area; NT, non-shallow tillage area.

The cumulative contribution of the seven plants to the inter-
community variation amounted to 86.87% (Table 2).

3.2 Phylogenetic structure

The mean values of the PD, NRI, and NTI were 1,251.06 +
70.94, —0.74 + 0.03, and —0.06 + 0.18 in the ST, respectively; the

02 0.511 1
Similarity

FIGURE 4

mean values of the PD, NRI, and NTI were 683.26 + 62.37, —0.89 +
0.13, and -0.84 + 0.51 in the NT, respectively. The PD was
significantly higher in the ST than in the NT, and the NRI was
significantly lower in the ST than in the NT (p < 0.001,
Supplementary Table S2). No significant correlation was found
between the PD values and species diversity indices in the ST and
NT communities. In the ST communities, the NTT was significantly
and positively correlated with the H, D, and J (p < 0.001; Figure 5A).

B
/N
RichDiff / .
0.327 :
0.271
09 g 0
0.1 0.402 1

Similarity

Triangular plots of the B-diversity comparisons (using the Jaccard index) for the plant communities among the (A) shallow tillage area (ST) and (B)
non-shallow tillage area (NT). Each point represents a pair of sites. Its position is determined by a triplet of values, namely, the similarity (S),
replacement (Repl), and richness difference (RichDiff) matrices, with each triplet summing to 1. The mean values of S, Repl, and RichDiff are shown.
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TABLE 2 Contribution of the main species to community dissimilarity.

: Average Cumulative
Species o o
contribution contribution
Corispermum
0.1844 0.3348
candelabrum
Setaria arenaria 0.1752 0.5253
Chenopodium
X 0.1057 0.6813
acuminatum
Grubovia dasyphylla 0.0749 0.7384
Aster altaicus 0.0355 0.7911
Ixeris chinensis
X 0.0235 0.8363
subsp. versicolor
Euphorbia esula 0.0147 0.8687

The NTI and NRI were significantly and positively correlated with
the SR in the NT communities (p < 0.05, Figure 5B).

3.3 Community assembly process

The results revealed that the NT communities were more similar,
indicating that they deviated from the null hypothesis (Figure 6).
However, the ST communities were farther apart and spread over half
of the space, suggesting that the null hypothesis may be supported.
These results suggest that stochastic processes play a greater role in
the ST communities. A similar result was observed for the
phylogenetic structure. In the ST and NT communities, the NRI
and NTT were both less than 0 (Supplementary Table S2), indicating
that the phylogenetic structure of the plant community diverged,
there were more distantly related species in the community, the
construction of the ST and NT communities was dominated by

rD

NRI
NTI
0.63 0.71
0.59 0.73
0.69
-08
0.52 -0.46 SR

FIGURE 5

10.3389/fpls.2024.1409493

stochastic processes, and competitive exclusion was the primary
mechanism of plant construction. However, when compared with
the NT communities, the NRI and NTI were closer to 0 in the ST
communities, indicating that the ST communities were subject to
stronger stochastic processes.

4 Discussion

4.1 Species diversity and
species composition

The plant community structure and function are determined by a
variety of biotic and abiotic drivers, but anthropogenic environmental
changes may alter these drivers and their effects on the plant
communities (Brooker, 2006). The Mu Us Desert, as a typical
agricultural and pastoral area, is ecologically fragile and frequently
disturbed by human activities, and a full understanding of the
biodiversity changes before and after disturbance is needed for
effective conservation. Studies have confirmed that the SR of woody
and herbaceous plants is strongly affected by environmental changes
and anthropogenic disturbances (Zhou et al., 2018). Shallow tillage
removes almost all the existing above-ground vegetation, increases the
ecological niche space for communities (Tortorelli et al., 2022), and
alters the physical properties, such as soil compactness, creating open
and variable soil conditions and promoting soil seed germination and
organic matter decomposition (Lu et al., 2018). Herbaceous plants,
whose seeds are generally small and easy to disseminate, can quickly
and effectively utilize temporary habitats for reproduction and
respond to external disturbances than woody plants, which resulted
in a significantly higher species diversity index in the ST communities
than in the NT communities. Additionally, the allelopathic effect of A.
ordosica significantly inhibits seed germination and seedling growth of
herbaceous plants (Lopes et al.,, 2022). When a layer of up to 80%

PD

Correlation analysis between the species diversity and phylogenetic indices. (A) Shallow tillage area (ST). (B) Non-shallow tillage area (NT). Blue
indicates a positive correlation, and orange indicates a negative correlation; the darker the color, the stronger the correlation. PD, phylogenetic
diversity; NRI, net relatedness index; NTI, net nearest taxon index; H, Shannon—Weiner index; D, Simpson's index; J, Pielou’s evenness index; SR,

species richness. *p < 0.05; **p < 0.01; ***p < 0.001.
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Non-metric multidimensional scaling (NMDS) analysis of the species composition in the sample plots. ST, shallow tillage area (yellow circle); NT,

non-shallow tillage area (blue circle)

shrubs is formed, annual and biennial herbaceous plants are
disadvantaged in resource competition and are mostly distributed in
the unshaded edges of A. ordosica scrub. Thus, competition for
available resources, such as light and soil nutrients, influences the
maintenance of species diversity (Adler et al,, 2018). At the same time,
the stochastic nature of seed dispersal produced a preferential effect
(Weidlich et al, 2021), with large differences in the species
composition among the ST communities, which were clearly
differentiated from the NT communities. Analyses of the -diversity
also revealed differences in the species composition between the ST
and NT communities, with the Psy being dominated by species
replacement processes, indicating that the different communities
tended to have more endemic species, and differences in abundance
played a larger role than species replacement processes in the Byr-
This showed that a few communities contained the vast majority of
the species in that state.

Several studies have demonstrated a negative correlation
between the community restoration time and the SR; with the
extension of the restoration time, early colonizing herbaceous plants
will largely disappear (Daws et al., 2021; Standish et al.,, 2021).
Ecological communities are always dynamic and vary in space and
time, and they often develop along relatively predictable
successional trajectories (Mori et al., 2018). We speculate that
without re-imposed anthropogenic disturbance, the ST
community will become more similar to the NT and form a zonal
sub-top-level community with A. ordosica as a single dominant
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species (Webb et al., 1987; Li et al., 2015), i.e., a convergent process
of community succession.

4.2 Phylogenetic structure

The low PD values shown for the NT communities suggested that
fewer clades successfully colonized the NT and that the NT has a high
frequency of closely related species. This could reflect the fact that
phylogenetic diversity is lower in environments with greater competitive
pressures for resources, as these environments may represent
ecophysiological barriers that are difficult to surmount evolutionarily
(Honorio Coronado et al., 2015); however, due to the small sample size
and the limited extent of plots, further research is needed.

The increase in the SR may imply more complex interspecific
affinities, which in turn leads to increased PD values, but no
significant positive correlation between the PD values and the
species diversity index was found in both the ST and NT in this
study. Most studies have demonstrated a correlation between the
two, but the correlation decreases with unbalanced evolutionary
trees or narrow species distributions (Gascuel et al., 2015). When
the ST and NT communities were viewed as a whole, the PD, NTI,
and NRI were significantly positively correlated with the H, D, and S
(Supplementary Figure S2). This significant relationship indicates
that the species composition and distribution have some influence
on the phylogenetic structure.
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4.3 Community assembly

The phylogenetic structure of both the ST and NT communities
tended to diverge (NTI < 0 and NRI < 0), suggesting that competitive
exclusion is a dominant mechanism influencing community
assembly. This pattern may be attributed to the limited availability
of soil water and nutrients in the Mu Us Desert, which likely prevents
closely related species with similar ecological niches from coexisting
due to competition for these scarce resources, ultimately leading to
the strengthening of interspecific ecological niche differentiation and
the dispersion of phylogenetic structure (Webb et al., 2002;
Silvertown, 2004). It is important to note that shallow tillage did
not alter the major ecological processes driving community assembly,
but the relative importance of deterministic and stochastic processes
differed between the two treatments. The NRI and NTT of the ST
communities differed significantly from those of the NT communities
(p < 0.05, Supplementary Table 52), and analysis based on the Raup-
Crick dissimilarity index also showed that the Brc within the ST
communities was closer to the zero expectation than in the NT
communities (Supplementary Figure 54), suggesting that in addition
to being dominated by competitive exclusion, the ST was also largely
influenced by stochastic processes dominated by dispersal limitation,
which resulted in lower species similarity within the communities.
Studies have confirmed that disturbance may promote stochastic
processes (Didham et al., 2005; Didham and Norton, 2006).

The desert maintains environmental consistency at large scales
(Teramoto et al., 2022), and it can be assumed that the effective seed
bank is the result of deterministic abiotic factors, such as
temperature or precipitation, and stochastic factors, such as
dispersal constraints. In contrast, habitat sieving at small scales
mainly consists of biotic factors, such as interspecific interactions
(Royo and Ristau, 2013; Zou et al., 2021). As A. ordosica requires a
large amount of resources as a community-building species,
including light, it results in a limited number of ecological niches
being available in the community, which prevents certain species
from persisting (Deng et al., 2022). In contrast, under shallow tillage
conditions, where the community species are essentially removed
and available ecological niches proliferate, herbaceous seeds can
germinate rapidly and complete their life history cycles when the
climatic conditions are favorable (Grime, 1977). Under these
conditions, rapid reproductive processes may reduce the role of
severe constraints on the hydrothermal conditions and inter- and
intraspecific competition in shaping community membership. In
future investigations, more attention should be paid to the role of
annual and biennial herbaceous plants in the process of community
assembly under human interference.

5 Conclusions

Shallow tillage increases species alpha, beta, and phylogenetic
diversity and reduces the importance of competitive exclusion in
community assembly. Therefore, we suggest that plant species with
low ecological niche overlap should be selected for artificial
vegetation restoration in the Mu Us Desert to reduce competition
for the same resources.

Frontiers in Plant Science

10.3389/fpls.2024.1409493

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

ZL: Conceptualization, Investigation, Data curation, Writing —
original draft, Writing - review & editing. JQ: Writing - original
draft, Writing - review & editing. ZL: Investigation, Writing —
review & editing. XG: Investigation, Writing — review & editing.
GH: Investigation, Writing - review & editing. HY: Investigation,
Writing - review & editing. EH: Investigation, Writing - review &
editing. CL: Investigation, Writing - review & editing. XW: Writing
- review & editing. GL: Writing - review & editing, Funding
acquisition. RG: Writing - review & editing, Supervision.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work is
supported by the Key Special Project for the Action of “Revitalizing
Inner Mongolia through Science and Technology” (Grant No.
2022EEDSKJXMO003-1), Natural Science Foundation of Inner
Mongolia Autonomous Region (Grant No. 2024QN03025), Inner
Mongolia Autonomous Region Key R&D and Achievement
Transformation Program Project (Grant No. 2022YFHHO0106),
National “14th Five-Year Plan” Key R&D Program (No.
2022YFF1302503-3), Scientific Research Capacity Enhancement
Project of Inner Mongolia Academy of Forestry Sciences (Grant
No. 2024NLTS01 and 2024NLTS03), and National Natural Science
Foundation of China (Grant No. 32360422).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1409493/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1409493/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1409493/full#supplementary-material
https://doi.org/10.3389/fpls.2024.1409493
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

References

Adler, P. B., Smull, D., Beard, K. H., Choi, R. T., Furniss, T., Kulmatiski, A., et al.
(2018). Competition and coexistence in plant communities: intraspecific competition is
stronger than interspecific competition. Ecol. Lett. 21, 1319-1329. doi: 10.1111/
ele.13098

Alarcon, R., Hernandez-Plaza, E., Navarrete, L., Sanchez, M. J., Escudero, A.,
Hernanz, J. L, et al. (2018). Effects of no-tillage and non-inversion tillage on weed
community diversity and crop yield over nine years in a mediterranean cereal-legume
cropland. Soil Tillage Res. 179, 54-62. doi: 10.1016/j.still.2018.01.014

Barroso, J., Miller, Z. ]., Lehnhoff, E. A., Hatfield, P. G., and Menalled, F. D. (2015).
Impacts of cropping system and management practices on the assembly of weed
communities. Weed Research 55, 426-435. doi: 10.1111/wre.12155

Booth, B. D., and Swanton, C. J. (2002). Assembly theory applied to weed
communities. Weed Science 50, 2-13. doi: 10.1614/0043-1745(2002)050[0002:
ATATAT]2.0.CO;2

Brooker, R. W. (2006). Plant-plant interactions and environmental change. New
Phytol. 171, 271-284. doi: 10.1111/j.1469-8137.2006.01752.x

Cadotte, M. W., Cardinale, B. J., and Oakley, T. H. (2008). Evolutionary history and
the effect of biodiversity on plant productivity. Proc. Natl. Acad. Sci. U.S.A. 105, 17012
17017. doi: 10.1073/pnas.0805962105

Cadotte, M. W., Cavender-Bares, J., Tilman, D., and Oakley, T. H. (2009). Using
phylogenetic, functional and trait diversity to understand patterns of plant community
productivity. PloS One 4, €5695. doi: 10.1371/journal.pone.0005695

Capmourteres, V., and Anand, M. (2016). Conservation value™: a review of the
concept and its quantification. Ecosphere 7, €01476. doi: 10.1002/ecs2.1476

Catalan, A. M., Lopez, D. N, Fica-Rojas, E., Broitman, B. R, Valdivia, N., and
Scrosati, R. A. (2023). Foundation species canopies affect understory beta diversity
differently depending on species mobility. Ecology 104, €3999. doi: 10.1002/ecy.3999

Chai, Y., Yue, M., Liu, X., Guo, Y., Wang, M., Xu, J,, et al. (2016). Patterns of
taxonomic, phylogenetic diversity during a long-term succession of forest on the Loess
Plateau, China: insights into assembly process. Sci. Rep. 6, 27087. doi: 10.1038/
srep27087

Chase, J. M. (2010). Stochastic community assembly causes higher biodiversity in
more productive environments. Science 328, 1388-1391. doi: 10.1126/science.1187820

Chen, Y., Lu, H.,, Wu, H,, Wang, J., and Lyu, N. (2023). Global desert variation under
climatic impact during 1982-2020. Sci. China Earth Sci. 66, 1062-1071. doi: 10.1007/
s11430-022-1052-1

Chen, Z., Huang, M., Xiao, C., Qi, S., Du, W., Zhu, D,, et al. (2022). Integrating
remote sensing and spatiotemporal analysis to characterize artificial vegetation
restoration suitability in desert areas: A Case Study of Mu Us Sandy Land. Remote
Sens. 14, 4736. doi: 10.3390/rs14194736

Cooper, J., Baranski, M., Stewart, G., Nobel-de Lange, M., Barberi, P., FlieSbach, A.,
et al. (2016). Shallow non-inversion tillage in organic farming maintains crop yields
and increases soil C stocks: a meta-analysis. Agron. Sustain. Dev. 36, 22. doi: 10.1007/
513593-016-0354-1

Cordeau, S., Smith, R. G., Gallandt, E. R., Brown, B., Salon, P., DiTommaso, A., et al.
(2017). Disentangling the effects of tillage timing and weather on weed community
assembly. Agriculture 7, 66. doi: 10.3390/agriculture7080066

Czerwinski, M., Woodcock, B. A., Golinska, B., and Kotowski, W. (2018). The effect
of tillage management and its interaction with site conditions and plant functional
traits on plant species establishment during meadow restoration. Ecol. Eng. 117, 28-37.
doi: 10.1016/j.ecoleng.2018.03.017

Daws, M. L, Walters, S. J., Harris, R. J., Tibbett, M., Grigg, A. H., Morald, T. K, et al.
(2021). Nutrient enrichment diminishes plant diversity and density, and alters long-
term ecological trajectories, in a biodiverse forest restoration. Ecol. Eng. 165, 106222.
doi: 10.1016/j.ecoleng.2021.106222

Deng, Z., Zhao, J., Wang, Z., Li, R,, Guo, Y., Luo, T, et al. (2022). Stochastic processes
drive plant community assembly in alpine grassland during the restoration period.
Diversity 14, 832. doi: 10.3390/d14100832

Didham, R. K., and Norton, D. A. (2006). When are alternative stable states more
likely to occur?: A reply to T. Fukami and W. G. Lee. Oikos 113, 357-362. doi: 10.1111/
j.0030-1299.2006.13508.x

Didham, R. K., Watts, C. H., and Norton, D. A. (2005). Are systems with strong

underlying abiotic regimes more likely to exhibit alternative stable states? Oikos 110,
409-416. doi: 10.1111/j.0030-1299.2005.13883.x

Durant, S. M., Pettorelli, N., Bashir, S., Woodroffe, R., Wacher, T., De Ornellas, P.,
et al. (2012). Forgotten biodiversity in desert ecosystems. Science 336, 1379-1380.
doi: 10.1126/science.336.6087.1379

Erfanian, M. B., Ejtehadi, H., Vaezi, J., and Moazzeni, H. (2019). Plant community
responses to multiple disturbances in an arid region of northeast Iran. Land Degrad
Dev. 30, 1554-1563. doi: 10.1002/1dr.3341

Gascuel, F., Ferriére, R., Aguilée, R., and Lambert, A. (2015). How ecology and
landscape dynamics shape phylogenetic trees. Systematic Biol. 64, 590-607.
doi: 10.1093/sysbio/syv014

Frontiers in Plant Science

10.3389/fpls.2024.1409493

Grime, J. P. (1977). Evidence for the existence of three primary strategies in plants
and its relevance to ecological and evolutionary theory. Am. Nat. 111, 1169-1194.
doi: 10.1086/283244

Heino, J., and Tolonen, K. T. (2017). Untangling the assembly of littoral
macroinvertebrate communities through measures of functional and phylogenetic
alpha diversity. Freshw. Biol. 62, 1168-1179. doi: 10.1111/fwb.12934

Honorio Coronado, E. N., Dexter, K. G., Pennington, R. T., Chave, J., Lewis, S. L.,
Alexiades, M. N,, et al. (2015). Phylogenetic diversity of Amazonian tree communities.
Diversity Distributions 21, 1295-1307. doi: 10.1111/ddi.12357

Jaureguiberry, P., Titeux, N., Wiemers, M., Bowler, D. E., Coscieme, L., Golden, A. S.,
et al. (2022). The direct drivers of recent global anthropogenic biodiversity loss. Sci.
Adv. 8, eabm9982. doi: 10.1126/sciadv.abm9982

Jin, H,, Xu, J., Peng, Y., Xin, J., Peng, N, Li, Y., et al. (2023). Impacts of landscape
patterns on plant species diversity at a global scale. Sci. Total Environ. 896, 165193.
doi: 10.1016/j.scitotenv.2023.165193

Kalwij, J. M. (2012). Review of ‘The Plant List, a working list of all plant species.’. J.
Vegetation Sci. 23, 998-1002. doi: 10.1111/j.1654-1103.2012.01407.x

Laudicina, V. A., Palazzolo, E., Catania, P., Vallone, M., Garcia, A. D., and Badalucco,
L. (2017). Soil quality indicators as affected by shallow tillage in a vineyard grown in a
semiarid mediterranean environment. Land Degradation Dev. 28, 1038-1046.
doi: 10.1002/1dr.2581

Légere, A., Stevenson, F. C., and Benoit, D. L. (2005). Diversity and assembly of weed
communities: contrasting responses across cropping systems. Weed Research 45, 303—
315. doi: 10.1111/j.1365-3180.2005.00459.x

Li, S.-L., Yu, F.-H., Werger, M. J., Dong, M., During, H. J., and Zuidema, P. A. (2015).
Mobile dune fixation by a fast-growing clonal plant: a full life-cycle analysis. Sci. Rep. 5,
8935. doi: 10.1038/srep08935

Lopes, A. D., Nunes, M. G. I. F., Francisco, J. P., and dos Santos, E. H.
(2022).“Potential allelopathic effect of species of the Asteraceae family and its use in
agriculture,”. In: Vegetation dynamics, changing ecosystems and human responsibility
(IntechOpen). Available online at: https://www.intechopen.com/chapters/84835
(Accessed May 29, 2024).

Lu, D,, Wang, G. G,, Yu, L,, Zhang, T., and Zhu, J. (2018). Seedling survival within
forest gaps: the effects of gap size, within-gap position and forest type on species of
contrasting shade-tolerance in Northeast China. Forestry: Int. ]. For. Res. 91, 470-479.
doi: 10.1093/forestry/cpy007

Mishler, B. D., Knerr, N., Gonzalez-Orozco, C. E., Thornhill, A. H., Laffan, S. W., and
Miller, J. T. (2014). Phylogenetic measures of biodiversity and neo-and paleo-
endemism in Australian Acacia. Nat. Commun. 5, 4473. doi: 10.1038/ncomms5473

Mori, A. S., Isbell, F., and Seidl, R. (2018). B-diversity, community assembly, and
ecosystem functioning. Trends Ecol. Evol. 33, 549-564. doi: 10.1016/j.tree.2018.04.012

Podani, J., and Schmera, D. (2011). A new conceptual and methodological
framework for exploring and explaining pattern in presence-absence data. Oikos
120, 1625-1638. doi: 10.1111/j.1600-0706.2011.19451 x

Qian, H,, and Sandel, B. (2017). Phylogenetic relatedness of native and exotic plants
along climate gradients in California, USA. Diversity Distributions 23, 1323-1333.
doi: 10.1111/ddi.12620

Randriamalala, J. R., Herve, D., Randriamboavonjy, J.-C., and Carriére, S. M. (2012).
Effects of tillage regime, cropping duration and fallow age on diversity and structure of
secondary vegetation in Madagascar. Agriculture Ecosyst. Environ. 155, 182-193.

Royo, A. A., and Ristau, T. E. (2013). Stochastic and deterministic processes regulate
spatio-temporal variation in seed bank diversity. J. Vegetation Sci. 24, 724-734.
doi: 10.1111/jvs.12011

She, W., Bai, Y., Zhang, Y., Qin, S., Liu, Z., and Wu, B. (2017). Plasticity in meristem
allocation as an adaptive strategy of a desert shrub under contrasting environments.
Front. Plant Sci. 8, 1933.

Silvertown, J. (2004). Plant coexistence and the niche. Trends Ecol. Evol. 19, 605-611.
doi: 10.1016/j.tree.2004.09.003

Standish, R. J., Gove, A. D., Grigg, A. H., and Daws, M. L. (2021). Beyond species richness
and community composition: Using plant functional diversity to measure restoration
success in jarrah forest. Appl. Vegetation Sci. 24, €12607. doi: 10.1111/avsc.12607

Teramoto, M., Hamamoto, T., Liang, N, Taniguchi, T., Ito, T. Y., Hu, R,, et al. (2022).
Abiotic and biotic factors controlling the dynamics of soil respiration in a coastal dune
ecosystem in western Japan. Sci. Rep. 12, 14320. doi: 10.1038/541598-022-17787-8

Tortorelli, C. M., Kerns, B. K., and Krawchuk, M. A. (2022). Community invasion
resistance is influenced by interactions between plant traits and site productivity.
Ecology 103, €3697. doi: 10.1002/ecy.3697

Travlos, L. S., Cheimona, N., Roussis, I, and Bilalis, D. J. (2018). Weed-species
abundance and diversity indices in relation to tillage systems and fertilization. Front.
Environ. Sci. 6. doi: 10.3389/fenvs.2018.00011

Tucker, C. M., and Cadotte, M. W. (2013). Unifying measures of biodiversity:
understanding when richness and phylogenetic diversity should be congruent. Diversity
Distributions 19, 845-854. doi: 10.1111/ddi.12087

frontiersin.org


https://doi.org/10.1111/ele.13098
https://doi.org/10.1111/ele.13098
https://doi.org/10.1016/j.still.2018.01.014
https://doi.org/10.1111/wre.12155
https://doi.org/10.1614/0043-1745(2002)050[0002:AIATAT]2.0.CO;2
https://doi.org/10.1614/0043-1745(2002)050[0002:AIATAT]2.0.CO;2
https://doi.org/10.1111/j.1469-8137.2006.01752.x
https://doi.org/10.1073/pnas.0805962105
https://doi.org/10.1371/journal.pone.0005695
https://doi.org/10.1002/ecs2.1476
https://doi.org/10.1002/ecy.3999
https://doi.org/10.1038/srep27087
https://doi.org/10.1038/srep27087
https://doi.org/10.1126/science.1187820
https://doi.org/10.1007/s11430-022-1052-1
https://doi.org/10.1007/s11430-022-1052-1
https://doi.org/10.3390/rs14194736
https://doi.org/10.1007/s13593-016-0354-1
https://doi.org/10.1007/s13593-016-0354-1
https://doi.org/10.3390/agriculture7080066
https://doi.org/10.1016/j.ecoleng.2018.03.017
https://doi.org/10.1016/j.ecoleng.2021.106222
https://doi.org/10.3390/d14100832
https://doi.org/10.1111/j.0030-1299.2006.13508.x
https://doi.org/10.1111/j.0030-1299.2006.13508.x
https://doi.org/10.1111/j.0030-1299.2005.13883.x
https://doi.org/10.1126/science.336.6087.1379
https://doi.org/10.1002/ldr.3341
https://doi.org/10.1093/sysbio/syv014
https://doi.org/10.1086/283244
https://doi.org/10.1111/fwb.12934
https://doi.org/10.1111/ddi.12357
https://doi.org/10.1126/sciadv.abm9982
https://doi.org/10.1016/j.scitotenv.2023.165193
https://doi.org/10.1111/j.1654-1103.2012.01407.x
https://doi.org/10.1002/ldr.2581
https://doi.org/10.1111/j.1365-3180.2005.00459.x
https://doi.org/10.1038/srep08935
https://www.intechopen.com/chapters/84835
https://doi.org/10.1093/forestry/cpy007
https://doi.org/10.1038/ncomms5473
https://doi.org/10.1016/j.tree.2018.04.012
https://doi.org/10.1111/j.1600-0706.2011.19451.x
https://doi.org/10.1111/ddi.12620
https://doi.org/10.1111/jvs.12011
https://doi.org/10.1016/j.tree.2004.09.003
https://doi.org/10.1111/avsc.12607
https://doi.org/10.1038/s41598-022-17787-8
https://doi.org/10.1002/ecy.3697
https://doi.org/10.3389/fenvs.2018.00011
https://doi.org/10.1111/ddi.12087
https://doi.org/10.3389/fpls.2024.1409493
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

Tucker, C. M., Shoemaker, L. G., Davies, K. F., Nemergut, D. R., and Melbourne, B.
A. (2016). Differentiating between niche and neutral assembly in metacommunities
using null models of B-diversity. Oikos 125, 778-789. doi: 10.1111/0ik.02803

Valone, T. J. (2003). Examination of interaction effects of multiple disturbances on
an arid plant community. Southwestern Nat. 48, 481-490. doi: 10.1894/0038-4909
(2003)048<0481:e0ieom>2.0.co;2

Wang, X, Lou, J., Ma, W,, Jiao, L, Li, H., and Hua, T. (2017). The impact of
reclamation on aeolian desertification of four species in the otindag desert, china.
CATENA 157, 189-194. doi: 10.1016/j.catena.2017.05.024

Webb, C. O., Ackerly, D. D., McPeek, M. A., and Donoghue, M. J. (2002).
Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 475-505.
doi: 10.1146/annurev.ecolsys.33.010802.150448

Webb, R. H., Steiger, J. W., and Turner, R. M. (1987). Dynamics of Mojave Desert
shrub assemblages in the panamint mountains, California: ecological archives E068-
001. Ecology 68, 478-490. doi: 10.2307/1938453

Wei, H., Luo, T., and W, B. (2016). Optimal balance of water use efficiency and leaf
construction cost with a link to the drought threshold of the desert steppe ecotone in
northern China. Ann. Bot. 118, 541-553. doi: 10.1093/aob/mcw127

Weidlich, E. W. A, Nelson, C. R., Maron, J. L., Callaway, R. M., Delory, B. M., and
Temperton, V. M. (2021). Priority effects and ecological restoration. Restor. Ecol. 29,
el3317. doi: 10.1111/rec.13317

Frontiers in Plant Science

101

10.3389/fpls.2024.1409493

Zhang, L., Hong, G., Li, Z., Gao, X., Wu, Y., Wang, X,, et al. (2018). Assessment of the
ecosystem service function of sandy lands at different times following aerial seeding of
an endemic species. Sustainability 10, 902. doi: 10.3390/su10040902

Zhang, T., and Chen, Y. (2022). The effects of landscape change on habitat quality in
arid desert areas based on future scenarios: Tarim River Basin as a case study. Front.
Plant Sci. 13. doi: 10.3389/fpls.2022.1031859

Zhang, T., Chen, Y., and Alj, S. (2023). Abiotic stress and human activities reduce
plant diversity in desert riparian forests. Ecol. Indic. 152, 110340. doi: 10.1016/
j.ecolind.2023.110340

Zheng, Y., Dong, L., Li, Z., Zhang, J., Li, Z., Miao, B., et al. (2019b). Phylogenetic
structure and formation mechanism of shrub communities in arid and semiarid areas
of the Mongolian Plateau. Ecol. Evol. 9, 13320-13331. doi: 10.1002/ece3.5787

Zheng, D., Wang, Y., Shao, Y., and Wang, L. (2019a). The vegetation dynamics and
climate change responses by leaf area index in the Mu Us Desert. Sustainability 11,
3151. doi: 10.3390/sul1113151

Zhou, Y., Chen, S., Hu, G., Mwachala, G., Yan, X., and Wang, Q. (2018). Species
richness and phylogenetic diversity of seed plants across vegetation zones of Mount
Kenya, East Africa. Ecol. Evol. 8, 8930-8939. doi: 10.1002/ece3.4428

Zou, C., Martini, F., Xia, S.-W., Castillo-Diaz, D., and Goodale, U. M. (2021). Elevation
and micro environmental conditions directly and indirectly influence forests’ soil seed
bank communities. Global Ecol. Conserv. 26, €01443. doi: 10.1016/j.gecc0.2020.e01443

frontiersin.org


https://doi.org/10.1111/oik.02803
https://doi.org/10.1894/0038-4909(2003)048%3C0481:eoieom%3E2.0.co;2
https://doi.org/10.1894/0038-4909(2003)048%3C0481:eoieom%3E2.0.co;2
https://doi.org/10.1016/j.catena.2017.05.024
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.2307/1938453
https://doi.org/10.1093/aob/mcw127
https://doi.org/10.1111/rec.13317
https://doi.org/10.3390/su10040902
https://doi.org/10.3389/fpls.2022.1031859
https://doi.org/10.1016/j.ecolind.2023.110340
https://doi.org/10.1016/j.ecolind.2023.110340
https://doi.org/10.1002/ece3.5787
https://doi.org/10.3390/su11113151
https://doi.org/10.1002/ece3.4428
https://doi.org/10.1016/j.gecco.2020.e01443
https://doi.org/10.3389/fpls.2024.1409493
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

& frontiers | Frontiers in

‘l @ Check for updates

OPEN ACCESS

EDITED BY
Praveen Dhyani,
University of Koblenz, Germany

REVIEWED BY
Arun K. Jugran,

Govind Ballabh Pant National Institute of
Himalayan Environment and Sustainable
Development, India

Michele Wyler,

MWSchmid GmbH, Switzerland

César Marin,

Santo Tomas University, Chile

*CORRESPONDENCE
Seongjun Kim
daol229@nie.re.kr

RECEIVED 22 July 2024
accepTeD 30 September 2024
PUBLISHED 24 October 2024

CITATION
Kim S, Lee B-D, Lee CW, Park H-J, Hwang JE,
Park HB, Kim Y-J, Jeon D and Yoon Y-J
(2024) Strict biennial lifecycle and
anthropogenic interventions affect temporal
genetic differentiation in the endangered
endemic plant, Pedicularis hallaisanensis.
Front. Plant Sci. 15:1468395.

doi: 10.3389/fpls.2024.1468395

COPYRIGHT

© 2024 Kim, Lee, Lee, Park, Hwang, Park, Kim,
Jeon and Yoon. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science

TYPE Brief Research Report
PUBLISHED 24 October 2024
D01 10.3389/fpls.2024.1468395

Strict biennial lifecycle and
anthropogenic interventions
affect temporal genetic
differentiation in the
endangered endemic plant,
Pedicularis hallaisanensis

Seongjun Kim*, Byoung-Doo Lee, Chang Woo Lee,
Hwan-Joon Park, Jung Eun Hwang, Hyeong Bin Park,
Young-Joong Kim, Daeyoung Jeon and Young-Jun Yoon

Research Center for Endangered Species, National Institute of Ecology, Yeongyang,
Gyeongbuk, Republic of Korea

Strict biennials are among the least known lifecycles in plant ecology due to their
rarity in nature, and their population genetics still remain unknown. The present
study addressed the strict biennial lifecycle and associated population genetics of
Pedicularis hallaisanensis, an endangered endemic plant in Korea. All P.
hallaisanensis individuals were counted in August from 2021 to 2023 in the
wild population of Gayasan National Park, and lifecycle and morphological
changes were monitored monthly. A de novo draft genome and single
nucleotide polymorphism (SNP) analysis were used to study the population’s
genetic structure. P. hallaisanensis strictly requires a 2-year lifecycle per
generation, including 8 and 10 months of growing periods as a first-year
seedling and second-year adult, respectively. Facultative annual and perennial
lifecycles were undetected, resulting in odd-year and even-year flowering
cohorts. Permutational multivariate analysis of variance on the detected 3,716
SNPs demonstrated that the flowering group (p < 0.005), microhabitat (p <
0.001), and their interaction (p < 0.01) had a significant effect on genetic
structure, which was differentiated between odd-year and even-year flowering
cohorts. Other cluster analyses also showed that a microhabitat under historical
anthropogenic interventions contained lowered genetic diversity due to a
decreased genetic distance between odd-year and even-year flowering
cohorts (p < 0.05). Overall, the findings suggest that excessive anthropogenic
interventions should be avoided to preserve genetic diversity in the wild P.
hallaisanensis population. Moreover, conservation programs for similar biennial
plants should collect wild breeds from both odd-year and even-year flowering
cohorts to improve the genetic diversity of artificially propagated individuals.

KEYWORDS

anthropogenic intervention, biennial plant, genetic diversity, genotyping-by-
sequencing, hemiparasitic herb, lousewort, single nucleotide polymorphism

102 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1468395/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1468395/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1468395/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1468395/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1468395/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1468395/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2024.1468395&domain=pdf&date_stamp=2024-10-24
mailto:dao1229@nie.re.kr
https://doi.org/10.3389/fpls.2024.1468395
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2024.1468395
https://www.frontiersin.org/journals/plant-science

Kim et al.

1 Introduction

The lifecycle of endangered plants is important for conservation
programs, as it reflects the legacy of adaptations to the surrounding
environment (Niklas and Kutschera, 2010). The lifecycle of any
plant species results from the optimization of resource allocation
and utilization to enhance its fitness to the given habitat conditions
(Kenrick, 2017). Since lifecycle strategy determines population
dynamics and associated genetic diversity, understanding the
lifecycle of endangered plants is critical for identifying potential
bottlenecks in population growth and setting conservation priorities
to sustain wild populations and habitats (Aronne, 2017; Tsuzuki
et al,, 2022). Although classifying lifecycles is primarily based on
expected lifespan (annual, biennial, and perennial) and the total
number of reproductive bouts throughout the lifespan (monocarpic
and polycarpic), the diversity found in nature has caused many
intermediate, idiosyncratic lifecycle patterns (e.g., facultative
annual) of endangered plant species (Friedman, 2020).

Strict biennials are one of the least understood lifecycles in plant
ecology because of their rarity under natural conditions (Friedman,
2020; Viswanathan and Aarssen, 2000). Several studies have
described the lifecycle of biennial plants, such as Pedicularis
sylvatica (Petrt, 2005) and Gentianella campestris (Glav Lundin
and Eriksson, 2021). Such species strictly require a 2-year growing
period prior to reproduction and death, in contrast to other
facultative biennials, like winter annuals and monocarpic
perennials, whose lifespan and reproduction depend on climatic
event or growth rate (Bradshaw, 1978; Ter Bort et al., 1980; Kelly,
1985). This age dependence for reproduction also leads to the
coexistence of two age classes (first-year seedling and second-year
adult) within a single habitat (Kisdi, 2012), as well as the potential
differentiation of cohorts flowering in either odd or even years
(Petrti, 2005).

Recent advancements in genotyping-by-sequencing (GBS) have
expanded knowledge regarding the population structure and
genetic diversity of endangered plant species through fast, reliable
processes at a low cost. This technique has helped identify genotype
cohorts within a given endangered species according to single
nucleotide polymorphism (SNP) loci (Cai et al, 2021; Wang
et al., 2024). Nonetheless, GBS approaches for endangered strict
biennial plants have principally focused on genetic variations across
multiple habitats and population sizes, without considering their
unique lifecycle patterns (Cho and Choi, 2011; Reisch and Hoif3,
2019). Since the differentiation in reproduction time may decelerate
gene flow between cohorts flowering in odd and even years (Petri,
2005; Rusterholz et al., 2023), genetic comparisons between odd-
and even-year flowering cohorts are necessary for totally
understanding the genetic diversity and population dynamics of
biennial plants.

The present study addressed the strict biennial lifecycle and
associated population genetics of Pedicularis hallaisanensis
(Orobanchaceae), an endangered endemic plant species in Korea.
It was hypothesized that P. hallaisanensis cohorts flowering in odd-
year would differ in genetic structure from those flowering in even-
year because the isolated reproduction times may limit gene flow
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between the two cohorts. To test this hypothesis, a wild P.
hallaisanensis population was periodically monitored to confirm
that it followed a strict biennial lifecycle. Given the unavailability of
a reference nuclear genome for the target species, we assembled a de
novo draft genome of P. hallaisanensis to detect SNPs and compare
the genetic structure between the different flowering years.

2 Methods
2.1 Target species

The target species is the root-hemiparasitic herb species, P.
hallaisanensis (Figures 1C, D). This species is endemic to Korea and
is legally protected as an endangered species (grade II) of the
Ministry of Environment (Chung et al, 2023). It originally
inhabited Korean mountaintop grasslands (altitude: 1,400-1,500
m) such as Hallasan and Gayasan (Kim et al., 2018), with voucher
specimens stored at the herbariums of Inha University (Cho. 98454)
and the Korea National Park Research Institute (Gaya_20160439),
respectively (Cho and Choi, 2011; Han et al., 2022). However, the
most wild populations have disappeared due to habitat loss and
climate change (Kim et al, 2018). This species is known to be
phylogenetically close to other hemiparasitic Orobanchaceae
species, such as Pedicularis spicata, Pedicularis verticillata,
Pedicularis alaschanica, and Pedicularis longiflora, according to
previous ribosomal and chloroplast DNA studies (Cho and Choi,
2011; Cho et al, 2018; Zhang et al, 2020). Morphologically, P.
hallaisanensis is distinguishable by its dense glandular hairs
covering the entire body, a shorter galea compared to the lower
lip, and three unequal calyx lobes when compared to other allied
Orobanchaceae species (Cho and Choi, 2011; Kim et al, 2018).
Although P. hallaisanensis has traditionally been speculated to be
either an annual, biennial, or perennial species (Cho et al., 2018;
Kim et al., 2018), our monitoring was the first to confirm that this
species features a strict biennial lifecycle (see our Results section).

2.2 Study area and lifecycle monitoring

The study area was located in a mountaintop grassland within
Gayasan National Park in South Korea (35°49'25"N, 128°7'10"E)
(Figures 1A, B). The altitude of the study area ranges from 1,410 to
1,430 m above sea level (asl), with slopes varying between 0° and
20°. The average annual precipitation is 1,296 mm, with a relative
humidity of 74.8% and an average air temperature of 7.6°C. The soil
is less than 20 cm, lacking distinct evidence of horizon development
(entisols), and is underlain by an impermeable bedrock layer. This
was the only study area available for studying the target species,
although we have investigated all known natural habitats around
Hallasan, Gayasan, Seoraksan, and Bangtaesan from 2019 to 2023 in
search of additional wild P. hallaisanensis populations. National
inventory data from the National Institute of Ecology have also
recorded no wild P. hallaisanensis population remaining in any
natural habitats since 2020, except for this study area.
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Location of the study area (A), microhabitats (MH-1 and MH-2) for sampling of Pedicularis hallaisanensis SNP analysis in the study area (B), and
examples of first-year seedling (C) and a second-year adult (D) of P. hallaisanensis. (Source of (A): https://map.ngii.go.kr/ms/map/NlipMap.do,

accessed on 8 April 2024).

All P. hallaisanensis individuals were counted in August from
2021 to 2023 to quantify the population size in the study area. Of
these, one individual was used for the draft genome analysis, and 20
were used for SNP analyses. All P. hallaisanensis individuals in the
study area were sorted into age classes according to the elapsed time
after germination (first-year seedling and second-year adult). Each
P. hallaisanensis was labeled and monthly monitored to track any
morphological changes throughout the biennial lifecycle during the
growing season (April-November).

2.3 DNA extraction and draft
genome assembly

Fresh leaves of a P. hallaisanensis individual were sampled in
June 2023, stored in an icebox (4°C), and brought to the laboratory
for draft genome assembly. Genomic DNA was extracted from the
leaf samples using the Aprep Total DNA KIT (APBIO, Namyangju,
South Korea) based on the manufacturer’s instructions. The
extracted DNA was then quantified with a Thermo Scientific
Nanodrop 8000 spectrophotometer (Fisher Scientific, Waltham,
MA, USA), digested using the ApeKI enzyme (GCWGC), and
reorganized into short reads of 151 bp length, following the
protocols of Elshire et al. (2011) and Oh et al. (2023). Sequencing
was conducted using the Illumina Hiseq X Ten Platform (Illumina
Inc., San Diego, CA, USA). llumina raw reads were filtered using

Frontiers in Plant Science

Trimmomatic v.0.39 to exclude poor-quality reads (window size: 4,
mean quality: 2 15, leading and trailing: 2 3, read length: 2 36 bp)
(Bolger et al.,, 2014), and de novo assembly was done using
SOAPdenovo2 v.2.04 (K-mer = 69) (Luo et al., 2012).

2.4 SNP detection and filtration

Two 5 x 5 m plots were established for SNP analyses in two
different microhabitats (MH-1 and MH-2). Although the distance
between these two microhabitats was only 20 m, they differed in
terms of historical anthropogenic interventions (Figure 1B). MH-1
had been artificially flattened and managed as a heliport until the
early 2010s (Supplementary Figure S1), but it has recently become
revegetated after such management was stopped. Conversely, MH-2
was located outside the old heliport sites and was relatively sheltered
from heavy anthropogenic interventions. Both MH-1 and MH-2
contained both odd-year-flowering (OYF) and even-year-flowering
(EYF) P. hallaisanensis cohorts, in contrast to several other
microhabitats, which included either OYF or EYF cohorts only.

Fresh cauline leaves from five OYF and five EYF were randomly
sampled from each plot for SNP detection in June 2023 and 2022,
respectively (n = 20). Short DNA reads (151 bp) were obtained
using the protocols of Elshire et al. (2011) and Oh et al. (2023) and
sequenced with the Illumina Hiseq X Ten platform (Illumina Inc.,
CA, USA). Low-quality raw reads were then removed using
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cutadapt v.1.8.3 (Li, 2013) and Trimmomatic v.0.39 (Bolger et al.,
2014). Filtered clean reads were mapped to the assembled draft
genome of P. hallaisanensis using BWA v.0.7.17-r1188 (Li, 2013),
and raw SNPs were detected using SAMtools v.0.1.16 (Li et al,
2009). To ensure SNP quality, only biallelic SNP loci without any
missing values throughout all 20 samples were selected for further
statistical analyses (3716 SNPs in total).

2.5 Statistical analyses

To describe the genetic diversity, Nei’s genetic diversity (GD),
polymorphism informative content (PIC), minor allele frequency
(MAF), and observed heterozygosity (Ho) were calculated using the
snpReady package in R v.4.3.2 software (Granto et al.,, 2018).

Permutational multivariate analysis of variance (PERMANOVA)
and permutational analysis of multivariate dispersion (PERMDISP)
were conducted using Bray-Curtis dissimilarity based on 9,999
permutations to test the effects of flowering group (OYF or EYF)
and microhabitat (MH-1 or MH-2) on the multivariate genetic
centroids and dispersions of the SNP data from 20 P. hallaisanensis
samples (o = 0.05). Nonmetric multidimensional ordination scaling
(NMDS) was further conducted using Bray-Curtis dissimilarity to
visualize the multivariate genetic variability, and a general linear
model (GLM) was applied to test the relationship between NMDS
axes, flowering group, and microhabitat (n = 20, v = 0.05). These
analyses were performed using the vegan (Oksanen et al., 2024) and

April-May June-July

(A)

First-year
seedling

10.3389/fpls.2024.1468395

agricolae (De Mendiburu and Simon, 2015) packages in R v.4.3.2
software (R Core Team, 2023).

Neighbor-joining method and k-means clustering of the
silhouette width approach were implemented using the factoextra
(Kassambara and Mundt, 2016) and ape (Paradis et al, 2004)
packages in R v.4.3.2 software to show genetic differences among
the sampled P. hallaisanensis (n = 20) (Batool and Henning, 2021).
STRUCTURE 2.3.4 software was also used with 10,000 burn-in
periods, 100,000 Markov chain Monte Carlo (MCMC) replications,
and 10 iterations to estimate the membership probability of each P.
hallaisanensis sample according to hypothetical ancestral genotypes
(Pritchard et al., 2000).

3 Results

3.1 Lifecycle and population size of
P. hallaisanensis

Our monitoring demonstrated that P. hallaisanensis strictly
required 2 years of lifecycle per generation, with approximately 8
and 10 months of growing periods as first-year seedling and second-
year adult, respectively. From April to May, first-year seedlings of P.
hallaisanensis germinated and developed leaves and roots,
eventually forming overwintering buds in November (Figure 2A).
There were only rosette leaves without distinguishable shoots and
cauline leaves in the aboveground of the first-year seedlings
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adult
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FIGURE 2
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(A) Summary of the strict biennial lifecycle of Pedicularis hallaisanensis and (B) number of first-year seedling and second-year adult of P.
hallaisanensis individuals in the study area. Arrows above the bars in (B) indicate odd-year-flowering (OYF) and even-year-flowering (EYF)

P. hallaisanensis.
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(Figure 2A). However, second-year adults of P. hallaisanensis
rapidly established shoots and cauline leaves from the
overwintering buds starting in April. Flowering and seed
production of occurred from August to November in the second
year, and all second-year adults died after producing seeds
(Figure 2A). Facultative annual and perennial lifecycle patterns
were undetected for P. hallaisanensis in the study area. Accordingly,
a flowering event of P. hallaisanensis occurred biennially at several
microhabitats (other than MH-1 and MH-2), when they contained
only first-year seedlings or second-year adults.

The total number of P. hallaisanensis individuals in the study
area was 170, 187, and 276 in 2021, 2022, and 2023, respectively
(Figure 2B). First-year seedlings and second-year adults accounted
for 44.4%-87.3% and 12.7%-55.6% of the P. hallaisanensis
population, respectively. EYF consistently showed a larger
number of P. hallaisanensis individuals than OYF regardless of
age throughout the monitoring period (Figure 2B).

3.2 Draft genome and filtered SNPs

Sequencing of P. hallaisanensis provided 100.9 Gb of Illumina
short reads, which were used to assemble the reference draft
genome, involving 2.6 million contigs with a total length of 1.23
Gb and an N50 length of 0.54 Mb, for further SNP identification
(Supplementary Table SI). Subsequently, a total of 123.7 Tb of

10.3389/fpls.2024.1468395

Mlumina short reads was obtained from 10 OYF and 10 EYF
samples (20 genotypes), from which 3,716 filtered SNPs were
identified to analyze the genetic structure across flowering groups
and microhabitats. Genetic diversity indices for 3,716 SNPs are
described in Supplementary Table S2.

3.3 Effects of flowering group
and microhabitat

PERMANOVA on the 3,716 SNPs demonstrated that the
flowering group (p < 0.005), microhabitat (p < 0.001), and their
interaction (p < 0.01) had a significant effect on the multivariate
centroid of 3,716 SNPs from P. hallaisanensis (Figure 3A). These
three factors explained 44.8% of the multivariate variances in SNPs,
while the remaining 55.2% of the variance were attributed to
within-group variabilities. On the other hand, PERMDISP
indicated that only microhabitat (p < 0.05) had a significant effect
on the multivariate dispersion of 3,716 SNPs from P.
hallaisanensis (Figure 3A).

NMDS ordination showed a similar pattern with
PERMANOVA and PERMDISP (stress value: 0.12, Figure 3B).
Additional GLM on NMDS axes found that axes 1 and 2
represented the variabilities resulting from microhabitat (p <
0.001) and flowering group (p < 0.005), respectively (Figure 3B).
Since the multivariate centroids of OYF and EYF were closer in

(A) PERMANOVA
Factor Mean square ~ Variance explained Pseudo-F  p value
error (%)
Flowering group 0.1619 103 2.99 <0.005
Microhabitat 0.4006 255 7.41 <0.001
Flowering group x microhabitat ~ 0.1417 9.0 2.62 <0.01
PERMDISP
Factor Mean square Pseudo-F pvalue
error
Flowering group 0.0015 1.18 0.29
Microhabitat 0.0096 5.32 <0.05

(B) 0.5 4

Stress: 0.12

NMDS axis 2

0.4

O OYFin MH-1
@ EYFin MH-1
/\ OYFin MH-2
A EYFin MH-2

GLM on NMDS axes

NMDS axis 1

- Flowering group: F=0.31, p=0.58

- Microhabitat: F = 114.31, p < 0.001
NMDS axis 2

- Flowering group: F =10.74, p < 0.005
- Microhabitat: F = 0.20, p = 0.66

0.5 . . . . ; : :
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FIGURE 3
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03 04 05

(A) Results of permutational multivariate analysis of variance (PERMANOVA) and permutational analysis of multivariate dispersion (PERMDISP). (B)
Nonmetric multidimensional ordination scaling (NMDS; n = 20) and general linear model (GLM; n = 20) on each NMDS axis using 3,716 SNP data
from odd-year-flowering (OYF) and even-year-flowering (EYF) Pedicularis hallaisanensis in the two studied microhabitats (MH-1 and MH-2).
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MH-1 than in MH-2 (Figure 3B), the multivariate dispersion
conversely became larger in MH-2 regardless of the similar
genetic diversity indices among the four combinations of OYF
and EYF in MH-1 and MH-2 (Supplementary Table S2).

3.4 Genetic clustering

The silhouette width approach suggested that the optimum K
number was four, followed by three and two (Figure 4A). Neighbor-
joining phylogenetic tree and k-means clustering revealed that the
20 genotypes of P. hallaisanensis were divided by microhabitat
(MH-1 and MH-2) at K = 2. At K = 3, the genotypes in MH-2 were
subdivided by flowering group (OYF and EYF) (Figure 4B). Only

10.3389/fpls.2024.1468395

one of the genotypes of OYF in MH-2 was separated as an
additional cluster at K = 4, while the subdivisions between OYF
and EYF in MH-1 remained relatively unclear (Figure 4B). The
STRUCTURE analysis exhibited a similar pattern with the
neighbor-joining phylogenetic tree, including the differentiation
between MH-1 and MH-2 at K = 2 (Figure 4C), and a clearer
subdivision by the flowering group in MH-2 than in MH-1 at K=3
and 4 (Figure 4C).

4 Discussion

Strict biennial plant species have a distinctive lifecycle
compared to annual and facultative biennial plants, characterized
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results on 3,716 SNP data from odd-year-flowering (OYF; MH-1: 1-5, MH-2: 6-10) and even-year-flowering (EYF; MH-1: 11-15, MH-2: 16-20)

Pedicularis hallaisanensis (B) in the two studied microhabitats (MH-1 an
estimated by STRUCTURE analysis.
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by an extended time period for each generation (2 years from seed
germination to flowering and death) (Kelly, 1985). All the studied P.
hallaisanensis required a 2-year period from seed germination to
blooming, seed production, and death (Figure 2A), which fits into
the biennial lifecycle patterns of other Pedicularis species in alpine
meadows (Petrii, 2005; Zhang et al., 2011). Our results support
several expectations on biennial lifecycle in nature. For example,
flowers of P. hallaisanensis were detected every year within the
study area (Figure 2B), confirming that strict biennial plants can
establish two distinct cohorts with different flowering periods (odd
or even years), sharing the same microhabitat (Kelly, 1985; Petra,
2005). Our results are in line with the mathematical studies
(Davydova et al., 2003; Kisdi, 2012), which anticipate the
coexistence of first-year seedlings and second-year adults of
biennial plants within a given time frame and microhabitat. The
detected annual oscillations in the number of flowering second-year
adults are also consistent with previous findings on other
strict biennial plants by Anderson et al. (2021) and Petrt
(2005) (Figure 2B).

Temporal genetic differentiation in plant ecology is traditionally
considered to be the evolutionary changes in population genetics
over long periods or the short-term genetic constitutions caused by
natural and anthropogenic disturbances along several generations
(Linhart and Grant, 1996; Stadler et al., 2010; Gomez et al., 2018). It
may also reflect the genetic variability within a perennial plant
population due to the complexity of its age structure and
intraseasonal variations in flowering phenology (Reed et al., 2022;
Tsuzuki et al,, 2022). In the present study, multivariate comparisons
using the detected SNPs showed that the flowering group had a
significant effect on the genetic structure of P. hallaisanensis
(Figure 3). Due to the absence of comparable studies on the
population genetics of strict biennial plants, it is uncertain
whether the observed genetic differentiation is consistent across
plant species with similar lifecycle characteristics (Petra, 2005;
Zhang et al., 2011; Anderson et al., 2021; Glav Lundin and
Eriksson, 2021). Therefore, further studies should address this
uncertainty in other biennial Pedicularis species to totally confirm
if the detected temporal genetic differentiation can be generalized.
Nonetheless, the findings enable us to expect that the strict biennial
lifecycle may contribute to temporal genetic differentiation by
creating two different cohorts that flower in either odd or even
years within a single habitat, in contrast to the interannual
maintenance of genetic structure observed in facultative biennial
plant species (Valverde et al., 2016).

There was a significant effect of microhabitat, which was even
greater than that of the flowering group (Figure 3A). The magnitude
of temporal genetic differentiation due to the strict biennial lifecycle
also depended on the spatial location of the individuals, as
evidenced by the closer genetic distance between OYF and EYF
individuals within the same microhabitat, compared to that
between OYFs (or EYFs) in different microhabitats (Figures 3B,
4B). These patterns indicate that gene flow between the flowering
groups is likely to occur, at least within a single microhabitat
(Rusterholz et al., 2023). The detailed mechanisms behind these
patterns are currently unknown. However, eventual seed dispersal
and dormancy may allow the gene flow between OYF and EYF,
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potentially confounding the observed temporal genetic
differentiation (Valverde et al., 2016; Glav Lundin and Eriksson,
2021). This is despite the fact that most seeds of biennial Pedicularis
plants are known to germinate in the first spring after they are
produced (Kelly, 1985; Petrti, 2005; Kim et al., 2019). The significant
difference between microhabitats suggests that gene flow between
MH-1 and MH-2 may have been limited, despite the small habitat
area, allowing small-scale spatiotemporal changes in genetic
structure to become detectable (Chan et al., 2018; Zhang
et al., 2021).

It is also notable that flowering group Xx microhabitat
interaction played a marked role in the genetic diversity across
the studied P. hallaisanensis cohorts (Figure 3A). The genetic
variability between OYF and EYF was remarkable in MH-2, in
contrast to the relatively unclear genetic differences in MH-1
(Figures 3B, 4). These patterns further induced the lowered
multivariate dispersions in MH-1 (Figure 3), reflecting the
reduction of genetic diversity in MH-1 (Anderson et al., 2006).
These patterns might be related to the previous anthropogenic
interventions around the heliport near MH-1 (Supplementary
Figure S1), given that extreme disturbance events can reduce the
genetic diversity of short-lived herb populations by increasing the
self-compatible reproduction rate and confounding the species’
lifecycle pattern (Quintana-Asencio et al., 2011; Gonzalez et al,
2019; Almeida-Rocha et al., 2020; Anderson et al., 2021). Given the
hemiparasitic characteristics of P. hallaisanensis, historical
disturbances to the surrounding host plants may have also
impacted the health and genetic diversity of P. hallaisanensis,
particularly in MH-1 (Kim et al, 2019). Therefore, the findings
allow us to suspect that excessive anthropogenic interventions could
reduce the genetic diversity of strict biennial plant populations by
hindering genetic differentiation between OYF and EYF cohorts.
However, moderate disturbances, such as grazing and mowing, may
promote seedling recruitment in biennial Pedicularis species by
helping to maintain grassland habitats (Petrii, 2005).

In summary, this study is the first to record the strict biennial
lifecycle and associated genetic variabilities of the endangered
endemic plant species, P. hallaisanensis, using GBS and SNPs.
Our results showed temporal genetic differentiation between OYF
and EYF, which may contribute to the genetic diversity of the
remaining P. hallaisanensis population. Such genetic differentiation,
driven by the biennial lifecycle, varied across microhabitats and may
be related to differing levels of historical anthropogenic
interventions. In this context, excessively strong anthropogenic
interventions in the P. hallaisanensis habitat should be avoided to
preserve the genetic diversity of the wild population. Instead,
moderate management practices like mowing and grazing can
help protect mountain grassland habitats from the invasion of
competitive shrubs and trees (Petr(, 2005; Kim et al, 2018).
Moreover, future conservation programs should collect original
wild breeds from both OYF and EYF to ensure that genetic
diversity in the wild population is passed on to artificially
propagated P. hallaisanensis. The detected biennial lifecycle is also
remarkable for ex situ conservation, highlighting the necessity of 2-
year cultivation cycles to successfully propagate collected P.
hallaisanensis (Kim et al., 2019).
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The rapid loss of global biodiversity affects the creation and maintenance of
community biodiversity and ecosystem structure and function. Thus, it is
insufficient to focus solely on the effects of biodiversity loss on community
biodiversity without also considering other impacts such as community
assembly, niches, interspecific relationships, community stability, and
biodiversity—ecosystem function. In this study, a 3- and 10-year biodiversity
manipulation experiment was conducted in an alpine meadow to examine the
effects of the individual plant functional group (PFG) removal on the niches of
community dominant species by removal of Gramineae, Cyperaceae, legumes,
and other forbs. The results indicated that PFG removal led to variation in
community niches. The long-term PFG removal led to a gradual decline in the
number of Gramineae and Cyperaceae species in the community. Over time, the
niche widths of dominant Gramineae and Cyperaceae species gradually
narrowed, and the degree of niche overlapping decreased. The number of
positively and negatively associated species tended to decrease and increase,
respectively. Reduced species diversity led to significant differences in the niches
of the remaining species within the community. Thus, species niche differences,
resulting from variation in resource allocation, commonly determined the
dynamic construction of species composition within the community.

KEYWORDS

biodiversity loss, niche, plant functional group removal, interspecific association,
community stability
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1 Introduction

Species extinction and community simplification threaten
ecosystem productivity and services, making it crucial to
understand species diversity patterns and processes for effective
ecosystem management and conservation (Liang et al., 2015). Plant
diversity loss can alter community vegetation characteristics, with
responses generally varying based on plant species or functional
groups (PFGs) (Chen et al., 2016; Zhang et al., 2017; Fanin et al,,
2019). Following disturbances, secondary forbs often replace
primary dominant species as new constructive elements (Wang
etal, 2009; Lietal.,, 2013; Zhou et al., 2021). Experiments removing
certain PFGs indicated that the target species loss differentially
affects aboveground and belowground components in grassland
ecosystems, including plant biomass, species richness, soil
microorganisms, and soil animals. Studies have shown that the
diversity of structural composition within plant communities is
vital, as grasslands with lower diversity exhibited reduced soil
nutrient retention, making them more vulnerable to changes from
species loss (Chen et al.,, 2016, 2022). The impact of species loss on
soil ecosystem functioning varies geographically, although similar
contexts can differ significantly (Fanin et al, 2013, 2019). These
findings indicated that belowground functions may be more
sensitive to environmental changes than plant productivity
(Fanin et al., 2019). Species interrelationships and ecosystem
function differences are influenced by species selectivity and
complementarity (Holt, 2009; Godoy et al., 2020).

A niche represents the minimal needs met by a species and its
average impact on environmental conditions. This core theory
explains population positions within a community’s ecological space
(i.e., resource use) and the dynamics of interspecific coexistence and
competition (Loke and Chisholm, 2023). The prevailing hypothesis
suggested that niche distinctions foster complementary effects that
promote species coexistence when intraspecific competition outstrips
interspecific competition (Tilman et al., 1997; Loreau and Hector,
2001; Fox, 2003). Generally, species competition or adaptation drives
selection (Chesson, 2000). Community complementarity and niche
divergence may arise from interspecific differences in resource use
(Barry et al,, 2019). Key factors facilitating these differences include
selection and complementary effects, influenced by the relative
abundance and density of populations, with density effects also
shaped by niche differences (Maherali and Klironomos, 2007; Levine
and HilleRisLambers, 2009; Godoy et al., 2014). Complementary
effects occur when interspecific competition is diminished compared
to intraspecific competition, illustrating niche differences (Carroll
et al, 2011; Turnbull et al, 2013). When low-productivity species
enhance ecosystem functions, negative selection may arise because of
reduced interspecific competition, resulting in niche variances (Godoy
et al, 2020). Prior studies suggested that greater niche distinctions can
foster complementary effects, lessen competition, and increase
community homogeneity and stability (Loke and Chisholm, 2023).
Community stabilization, which promotes niche differentiation, has
been a focal point of coexistence research (Tan et al,, 2013). Godoy
et al. (2020) found that species exhibit similar sensitivity to
competition when balancing intraspecific and interspecific
responses. Thus, niche differentiation may further contribute to
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community equilibrium, with related research indicating that niche
divergence enhances resource utilization, leading to increased
productivity (Cardinale et al., 2007; Weih et al,, 2021).

During short-term species loss, reduced energy in the
community may primarily drive changes in plant community
structure, particularly leading to decreased productivity (Ward
et al, 2009). A decline in community biomass over a short period
can result in litter decomposition, impacting soil and species
biodiversity (Chen et al, 2016). In contrast, during long-term
species loss, niche complementarity likely drives changes in
community structure, indicating that species-rich communities
more effectively access and utilize limited resources due to their
diverse ecological traits. Such ecosystems are considered
functionally complete because species complement one another,
optimizing resource use (Godoy et al., 2020). It is generally assumed
that this complementarity arises from niche differences, which
facilitate species coexistence (Buche et al., 2022).

Niche width and niche overlap are key characteristics of species
niches (Pielou, 1972). Niche width quantitatively represents the
resources available to species, whereas niche overlap refers to
competition among different populations for the same resources
(Pielou, 1972). Interspecific association denotes the spatial
distribution correlations among species, with positive and
negative associations indicating their interdependence (Shao and
Zhang, 2021). Understanding niche changes is crucial for clarifying
the spatiotemporal dynamics of species in communities and
competitive exclusion (Lambers et al., 2022; Loke and Chisholm,
2023). Additionally, studying interspecific associations helps to
determine the principles governing plant community niches and
development, providing a theoretical foundation for species
restoration and reconstruction (Huan et al., 2019).

Alpine grasslands are fragile and sensitive to climate change and
human activities, making it crucial to understand how species
diversity loss affects community stability. We examined the short-
term and long-term impacts of specific PFG removal on the niches
of remaining species and how species interrelationships change
after removal. We separately analyzed data for treatment periods of
3 years (2012-2015) and 10 years (2012-2022) to compare short-
and long-term effects of PFG removal. Our objectives were
to determine (1) how PFG removal influenced the niches
of dominant species and (2) how it affected the trends of
community constructive species. Our study aims to deepen
understanding of the impact of biodiversity loss on the stability of
terrestrial ecosystems.

2 Materials and methods

2.1 Study area

The research site was located at the Haibei Alpine Meadow
Ecosystem Research Station (37°29'-37°45'N, 101°12'-101°23'E;
3,200-3,600 m a.s.l.), Menyuan County, Qinghai Province, China
(Figure 1). The station is characterized by a typical continental
plateau climate, with cool, short summers and long, cold winters, a
mean temperature of —1.7°C, and a mean annual precipitation of
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FIGURE 1

Study area location and site characteristics (satellite layer data source: http://www.locaspace.cn/).

580 mm (Chen et al., 2022). The local soil is gelic cambisol, which
has relatively homogeneous physiochemical properties. The main
soil body type is alpine meadow soil, which is a shallow layer of
young, weakly alkaline soil formed through simple soil formation
processes that is rich in stored nutrients but poor in fast-acting
nutrients (Zhang et al., 2017).

2.2 PFG removal experiment

The experiment was established on a flat and undisturbed site in
2012. For conservation purposes and to enable regular
experimentation, the site was fenced. The targeted species were
divided into four PFGs based on ecophysiological characteristics
potentially associated with response variables, such as biomass
production, resource use patterns, and nitrogen (N) fixation
ability (Reich et al., 2001; Gross et al., 2007; McLaren and
Turkington, 2010). Cyperaceae are the dominant species in the
alpine meadow. Gramineae species exhibit a resource conservation
strategy due to their high C:N ratio and leaf dry matter content
(Chen et al.,, 2022). Legumes and other forbs promote species and
functional diversity, offering different plant resource utilization
pathways that enhance nutrient use and release, leading to higher
N and P content in alpine plant communities (Chen et al., 2022). By
contrast, species and functional diversity can be fostered by the
growth of forbs and legumes, which provide access strategies to
improve species resource use and release, leading to higher foliar N
and P contents (Chen et al., 2022). In the study area, the species are
typical of subalpine meadows, dominated by Cyperaceae, with a
diverse forb community. Other PFGs such as Gramineae and
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legume species are rare, with about 10% Gramineae and 8% of
the total coverage. The most abundant plant species are Carex
alatauensis and Carex parva (Cyperaceae), accounting for 40% of
the total coverage. All the rest are forbs.

The establishment of the Meadow Removal Experiment
(IMGRE) at the Haibei Station was described by Chen et al.
(2022). The experiment followed a completely randomized design.
Five treatments were established, which include the control (CK),
Gramineae removal (RG), Cyperaceae removal (RC), legumes
removal (RL), and other forbs removal (RF). Each of the five
treatment plots (1 m x 0.75 m) was replicated five times with a
total of 25 plots spaced 1 m apart. To minimize physical disturbance
to soil, plants were removed by cutting aboveground sections and
tiller nodes to 3 cm soil depth, twice per month from May to August
(Naeem, 2002; Chen et al., 2016, 2022). At the peak of vegetative
biomass (August), we recorded the species composition, frequency,
cover, height, and soil nutrients within each plot in 2015 and 2022
to examine short- and long-term effects, respectively. Plant species
are identified and classified with reference to “Flora Reipublieae
Popularis Sinicae” (http://www.iplant.cn/frps).

2.3 Statistical analysis

The importance value is a useful measure for species location
in a community and is used to indicate the population
dominance. The dominant species in the community with
importance values more than 0.5% were selected for niche
analysis (Camargo et al.,, 2021). The importance value is
calculated as follows (Tables 1, 2):
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TABLE 1 The dominant species Levins niche width for PFGs treatments in 2015 and 2022.

Dominant species

Treatments

Gramineae Stipa aliena 4.99 / 2.99 4.98 3.99 / / / / /
Deschampsia cespitosa 4.98 / 3.02 4.99 3.98 / / / / /
Elymus nutans 4.99 / 2.99 4.93 3.98 / / / / /
Poa araratica 5.02 / 2.99 4.89 3.99 1.00 / 1.56 1.00 1.93
Helictotrichon tibeticum 5.00 / 2.98 5.00 4.00 1.99 / 2.90 1.99 2.25
Cyperaceae Trichophorum distigmaticum 3.99 2.99 / 4.95 3.94 / / / / /
Carex parva 4.99 491 / 4.98 3.96 4.02 3.55 / 2.90 2.82
Carex alatauensis 3.98 4.99 / 4.90 3.98 2.85 1.76 / 2.65 3.61
Legumes Oxytropis arctica 2.99 4.62 2.99 / 3.97 2.43 2.54 4.29 / 4.68
Medicago ruthenica 2.97 3.98 2.00 / 3.94 4.79 3.81 3.73 / 3.78
Gueldenstaedtia verna 4.89 4.77 3.00 / 2.00 / / / / /
Tibetia himalaica / / / / / 2.93 1.00 1.38 / 1.91
Forbs Saussurea pulchra 3.00 3.45 2.99 3.99 / 3.57 2.88 4.41 3.24 /
Gentiana aristata 4.97 2.75 3.00 3.98 / 4.69 1.99 1.41 1.84 /
Gentiana straminea 4.97 4.89 1.99 3.96 / 3.94 2.35 3.69 3.37 /
Thalictrum alpinum 3.96 3.82 3.00 4.99 / 4.71 3.95 3.96 3.56 /
Ranunculus pulchellus 2.99 4.96 1.99 3.93 / 2.71 2.83 4.55 4.57 /
Potentilla nivea 4.00 4.07 1.98 3.90 / 3.33 3.42 4.84 3.07 /
Argentina anserina 1.98 339 1.00 4.00 / / / / / /
Lancea tibetica 4.00 3.99 1.00 3.99 / 4.37 3.13 3.85 293 /
Sibbaldianthe bifurca 1.99 2.73 1.99 1.00 / 4.72 297 2.80 2.00 /
Taraxacum mongolicum / / / / / 2.87 2.46 1.35 422 /
Anemone obtusiloba / / / / / 3.46 2.38 1.00 1.00 /
Potentilla multifida / / / / / 3.43 3.35 3.53 3.61 /
Importance value The variance ratio (VR) test was used to determine the overall

= (relative density + relative cover + relative frequency)/3

The Levins index (B;) was used to determine niche width (Lu
et al., 2020), and the Pianka index (O;) was used to calculate niche
overlap (Schoener, 1974). These indices were calculated as follows:

,
B =1 / SP;
j=1

> -1PiPi
2Py Zapy’

where Pj and Py; are the importance values of species i and

species k within the j* plot, respectively; and Oy is the niche overlap
index between species i and k, ranging from 0 to 1.
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interspecific association at the community level. VR indicates
whether there is a significant relationship among multiple species
in the selected area, and its significance was tested using the W
statistic (Schluter, 1984). VR was calculated as follows:

VR = y 2= 0

E,js=1(1 - Pi)
n.
__J
I)j __N

where N is the total number of plots in the community, T; is the
total number of target species in plot 4, ¢ is the mean number of species
observed in all plots, S represents the total number of species in the
community, P; represents the frequency of species j, and n; represents
the total number of plots occupied by species j (Schluter, 1984).
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TABLE 2 Interspecific association of dominant species for PFGs treatments in 2015 and 2022.

2 2
[x“0.95 X 0.05] P-values

Treatments

2015 2022 2015 2022 2015 2022 2015 2022
CK 0.717 0.419 3.584 2.096 [9.39, 28.87] [8.67, 27.59] P <0.05 P <0.05
RG 1.723 0.432 8.618 2.162 [5.89, 22.36] [7.26, 25.00] P> 0.05 P <0.05
RC 0.923 0.462 4617 2311 [7.96, 26.30] [7.26, 25.00] P<0.05 P<0.05
RL 0.389 0.503 1.948 2514 [7.96, 26.30] [6.57, 23.68] P<0.05 P <005
RF 0.014 1.437 0.071 7.186 [3.33, 16.92] [1.64, 12.59] P<0.05 P>005

Under the null hypothesis of independence, the expected value of
VR is 1; that is, when VR = 1, it means that there is no connection
between the species. If VR > 1, then it means that there is a positive
connection between the species. If VR < 1, then it means that there is
a negative connection between the species. The statistic W was used
to verify the significant degree of VR deviation from 1, W = VR x N.
If W > %2005 (N) or W < x%.05 (N), then it means that the overall
connection between the species is significant. On the contrary, the
overall connection between the species is not significant (Wang
et al., 2018).

Interspecific association has been widely used in interspecific
ecological studies to determine the significance of interspecific
association by using the > test, to determine interspecific
associations with the Association coefficient (AC), and to analyze
the interspecific associations strength based on the Ochiai index
(OI), and this methodology has also been applied to the study of
interspecific relationships in grassland plants (Zhang et al., 2018;
Liu et al., 2019). Pairwise interspecific association is one of the
important quantitative and structural characteristics of plant
communities, which is the basis for the formation and evolution
of plant community structure (Zhong et al., 2010). OI analysis of the
strength of connectivity between species pairs (Zhang et al., 2018).
The 3 value, AC, and OI were calculated as follows:

> N(ab-bc|-0.5N)
(a+b)c+d)(a+c)b+d)

ad — bc

AC= (@a+b)(b+d)

(ad > bc)

ad — bc
—m(bc>ad,d2a)
ad — bc

Aczg+mm+q

(bc > ad, d > a)

a

Ol = ——
(a+b)a+c)

where N represents the total number of quadrats, o represents the
number of quadrats with two species, b and ¢ represent the number of
quadrats with only one species, whereas d represents the number of
quadrats with neither of the two species. The interspecific association
is not significant when > < 3.814 (P > 0.05), at which point it is
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considered largely independent; when > > 3.814, at which point it is
considered significant (P < 0.05); when ad > bc, the interspecific
association is considered positive, and vice versa.

All analyses were conducted in the R v4.2.1 statistical platform.
The niche width, niche overlap, community-level interspecific
association, AC, OI, and statistical analyses were performed using
the “spaa” package, and semi-matrix plots were performed using
the “ggplot” package.

3 Results

3.1 Response of dominant species niche
width to PFG removal

Differences in the dominant species niche widths within the same
experimental treatments at different time scales (Figures 2, 3;
Table 1). In the short term (2015), there were 20 dominant species
in the study area, including 5 Gramineae, 3 Cyperaceae, 3 legumes,
and 9 other forbs. In the long term (2022), there were 18 dominant
species in the study area, including 2 Gramineae, 2 Cyperaceae, 3
legumes, and 11 other forbs. The species with the niche width range
in the short-term removal period was Poa araratica (5.02) in the
control, Carex alatauensis (4.99) in the RG treatment, and
Deschampsia cespitosa (3.02) in the RC treatment. The species with
the greatest niche width in the RL treatment was Helictotrichon
tibeticum (5.00), and, in the RF treatment, it was Helictotrichon
tibeticum (4.00). In the long-term removal period, the species with
the niche width range was Sibbaldianthe bifurca (4.72) in the control,
Thalictrum alpinum (3.95) in the RG treatment, Potentilla nivea
(4.84) in the RC treatment, Ranunculus pulchellus (4.57) in the RL
treatment, and Oxytropis arctica (4.68) in the RF treatment. The
maximum niche wide of the species in each treatment was lower in
the short term compared to that in the control, whereas there was no
regular change in the long term.

3.2 Response of dominant species niche
overlap to PFG removal

Differences in the dominant species niche overlaps after PFG

removal (Figure 4A; Supplementary Figure S1). The species pairs
with maximum niche overlap during the short-term removal were
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85 for the control, 43 species pairs for the RG treatment, 57 species
pairs for the RC treatment, 93 species pairs for the RL treatment,
and 36 species pairs for the RF treatment. For the long-term
removal, the species pairs with maximum niche overlap were 30
for the control, 27 species pairs for the RG treatment, 26 species
pairs for the RC treatment, 26 species pairs for the RL treatment,
and 3 species pairs for the RF treatment. Overall, the number of
species pairs with maximum niche overlap decreased as removal

time proceeded.

3.3 Response of dominant species
interspecific association to PFG removal

We evaluated overall interspecific associations between species
within the community (Table 2). Positive correlations (VR > 1) were
observed among 14 species pairs in the RG treatment during the
short-term time. Similarly, positive correlations (VR > 1) were
present among seven species pairs in the RF treatment during the
long-term time. Conversely, negative correlations were identified
among all remaining species pairs in the other treatments (VR < 1).
The W Statistics showed that the overall associations among
dominant species in the treatment with negative correlations
among species pairs were all significant.

The number of species pairs showing a positive correlation in
the short-term removal time varied among treatments (Table 3;
Supplementary Figure 52). There were 89 species pairs (46.84%) in
the control, 64 species pairs (60.95%) in the RG treatment, 101
species pairs (74.26%) in the RC treatment, 72 species pairs
(52.94%) in the RL treatment, and 25 species pairs (45.45%) in
the RF treatment. In the long-term removal time, the number of
positively correlated species pairs were 72 (47.06%) in the control,
55 (45.83%) in the RG treatment, 61 (50.83%) in the RC treatment,
57 (54.28%) in the RL treatment, and 12 (57.14%) in the RF

10.3389/fpls.2024.1474272

treatment. All other species pairs exhibited a negative correlation
(Table 3; Supplementary Figure S2). The number of species pairs
that were positively correlated across treatments decreased with
time of removal compared to the control.

3.4 Response of dominant species
association coefficient to PFG removal

In the short-term removal time, the number of species pairs
within the maximum AC range among the dominant species in the
treatments followed the order of CK (21) > RL (5) > RF (4) =RC (4) >
RG (2) (Supplementary Figure S3). In the long-term removal time,
the number of species pairs within the maximum AC range of the
dominant species in the treatments followed the order of RL (13) =
RG (13) > RC (6) > CK (4) > RF (1) (Supplementary Figure S3).
Under the highest interspecific association coefficients, the CK and
RL treatment had the highest number of species pairs within the
community, and the niches between species were more complex.

3.5 Response of dominant species Ochiai
index to PFG removal

The number of species pairs present in the conditions with the
highest values of interspecific linkage strength varied among
treatments (Figure 4B; Supplementary Figure S4). There were 63
species pairs in the control, 4 species pairs in the RG treatment, 18
species pairs in the RC treatment, 47 species pairs in the RL
treatment, and 14 species pairs in the RF treatment during the
short-term removal time. In the long-term removal time, there are
57 species pairs in the control, 28 species pairs in the RG treatment,
35 species pairs in the RC treatment, 38 species pairs in the RL
treatment, and 5 species pairs in the RF treatment.

Sibbaldianthe bifurca
Lancea tibetica
Argentina anserina
Potentilla nivea
Ranunculus pulchellus
Thalictrum alpinum
Gentiana straminea
Gentiana aristata
Saussurea pulchra
Gueldenstaedtia verna
Medicago ruthenica
Oxytropis arctica

Carex alatauensis
Carex parva
Trichophorum distigmaticum
Helictotrichon tibeticum
Poa araratica

Elymus nutans
Deschampsia cespitosa
Stipa aliena

FIGURE 2
Importance values for dominant species for PFGs treatments in 2015.
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Potentilla multifida
Anemone obtusiloba
Taraxacum mongolicum
Sibbaldianthe bifurca
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FIGURE 3
Importance values for dominant species for PFGs treatments in 2022.
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4 Discussion

4.1 Effects of PFG removal on niche width
and niche overlap

Niche width reflects the position and role of a population within
a community (Carscadden et al., 2020). In this study, the number of
dominant species differed across the experimental treatments, with
a decrease in the number of Gramineae and Cyperaceae and an
increase in the number of forbs other than legumes. Thus, long-
term species diversity loss led to gradual reductions in the niche
widths of Gramineae and Cyperaceae, slowly disadvantaging them
in terms of resource competition. By contrast, the niche width of
other forbs gradually increased, enhancing their competitiveness for
resources. Our results also provided strong evidence of alpine
meadow degradation. The present findings are consistent with a
previous report that the combined dominance ratios of Gramineae,
Cyperaceae, and forbs other than legumes are negatively correlated
(Jiang et al, 2021). In this study, only when other forbs were
removed did the remaining Gramineae and Cyperaceae attain larger
niche widths. The niche widths of the remaining functional group
treatments gradually shifted toward dominance by other
forbs, indicating that these forbs were the most powerful
competitors for environmental resources in the alpine meadow
plant communities. Kong et al. (2011) indicated that PFG removal
resulted in less aboveground biomass to provide the photosynthetic
products needed to maintain root biomass, thereby affecting root
nutrients; thus, the aboveground traits of forbs generally favor the
uptake of more environmental resources, which in turn, can affect
the survival of other PFGs to a greater extent. In this manner, the
presence of forbs may be among the most important factors
affecting the survival of other species. The niche width of the
remaining PFGs after species loss varied by time scale; generally,
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longer intervals resulted in more realistic niche widths, as reflected
by compensatory effects in the remaining species. Short-term
species culling might have caused our results to be influenced by
the compensatory effects of the remaining PFGs; because most of
the biomass in alpine meadow is allocated to belowground
plant parts, the species remaining after culling may not show
significant compensation in the short term (Diaz et al., 2003; Bai
et al., 2004), such that long-term monitoring would lead to more
accurate results.

Niche overlap is a measure of the degree of species similarity in
terms of environmental adaptation or resource use (Pastore et al.,
2021). In this study, the niche overlap of the remaining dominant
species in the community shifted from high to low, and the number
of species pairs with the highest niche overlap shifted from high to
low as the monitoring period was extended. Thus, our results
indicated that species loss caused the remaining species to be less
similar in terms of resource use. Previous studies have shown that
species coexistence presupposes niche differentiation and that
species with identical niches cannot coexist in the long term
(Song, 2017); however, niche overlap does not necessarily lead to
competition between species and may be necessary for exploitative
competition, as competition is also related to resource amounts and
population sizes (Letten et al, 2017). The high degree of niche
overlap detected in this study cannot directly confirm intense
competition between species but rather indicates high potential
for competition.

4.2 Effects of PFG removal on
interspecific association

The overall connectivity between community species is closely
related to stability (Wittebolle et al., 2009). Based on previous studies,
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The dominant species pairs for niche overlaps (A) and Ochiai index (B) for PFGs treatments in 2015 and 2022.

during positive community succession, species maximize resource use
through competition and cooperation, species composition is gradually
fixed, community structure becomes more stable and eventually
reaches an apex, and coexisting species tend to be positively
associated; however, the association between individual species pairs
decreases over the course of succession (Guo et al., 2008; Haugaasen
and Peres, 2009). In this study, overall species connectivity remained
negative during the 10-year monitoring trial; however, overall species
connectivity was positive in the treatment in which forbs other than
legumes were completely removed, probably because Gramineae and
Cyperaceae are dominant species in alpine meadows and thus
determine the development direction of the community to some
extent. As such, the community examined in this study may have
reached a relatively stable late successional stage.

Interspecific associativity reflects interrelationships between the
species comprising a community over a period of time (Ru et al,
2022). Tt is often assumed that positively associated species pairs have
mutually beneficial and complementary relationships, whereas
negatively associated species pairs are more likely to experience
competition and exclusion (Levine et al., 2017). As time passes, most
of the treatment trials showed negative associations, suggesting that
species interactions tend to be mainly competitive and exclusionary;
however, the treatment in which other forbs were completely removed
showed the opposite trend, toward mutualism and complementarity,
indicating that species interactions under this treatment were dominant

TABLE 3 Correlated species pairs of dominant species for PFGs
treatments in 2015 and 2022.

2015 2022
Treatments
Positive Negative  Positive  Negative
RG 64 41 55 65
RC 101 35 61 59
RL 72 64 57 48
RF 25 30 12 9
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in terms of resource use (Akesson et al., 2021). Interspecific correlations
are based on multidegree data between species pairs and can provide a
basis for analyzing species extinction patterns within a community
(Norberg et al., 2012). These species interrelationships are consistent
with interspecific associations but differ somewhat in terms of
sensitivity. Generally, when two species appear or disappear
simultaneously in a sample, the association between these species is
positive; however, the association could be negative if the number of
individuals of one species increases while that of the other species
decreases (Liu et al., 2019). In our study, this difference was reflected by
the higher proportion of negatively correlated species pairs detected by
the Pearson correlation test than by the > test and AC values in
this study.

4.3 Effects of PFG removal on
niche construction

It is increasingly recognized that all organisms modify their
environments (i.e., niche construction or ecosystem engineering) in
response to various environmental disturbances (Odling-Smee et al,
2013). Such changes include effects on the distribution and abundance
of organisms, dominant species, control of energy, material flows,
ecosystem resilience, and specific nutrient relationships (Chapin et al.,
1997). There is evolutionary evidence that, even when key resources are
independently renewed or depleted, the effects of niche construction
can override selection from external sources, thereby creating new
evolutionary trajectories and equilibria, generating and eliminating
polymorphisms, and producing time-lagged selection as well as other
unusual dynamic responses (Laland et al., 1999). The present study
revealed that long-term species loss resulted in larger niche widths for
forbs other than legumes and smaller niche widths for dominant
species in the community. Furthermore, niche overlapping pairs
among dominant species in the community tended to decrease with
removal treatment time, and the number of related species pairs
decreased, indicating that competition intensity between species
within the community tended to weaken. Interestingly, competitive
intensity between species became stronger or weaker more rapidly
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when forbs other than legumes were removed from the community.
The removal of different PFGs in this study was considered to reflect
the process of reconstructing the niche of each species within the
community under temporal turnover, including resource acquisition,
resource use within changing communities, and interactions between
species. Further investigation is required to explore how niche
reconstruction among species in communities occurs over time, the
key channels through which such reconstruction occurs, and changing
patterns in the construction of linkages among species.

The niche overlap pairs of dominant species in each treatment
were fewer compared to the control, and the niche overlap value in the
control changed with the delay. The community’s species relationships
exhibited a decline in positively correlated species pairs over time, with
both the number of these pairs and the strength of associations in each
treatment being lower than those in the control. Species interactions
can both mitigate and exacerbate the effects of climate change on
species and interact with other eco-evolutionary processes (Post, 2013).
For example, species interactions can affect the evolutionary response
to altered environmental conditions; dispersal can release species from
negative interactions or increase them through migration or through
invasions (Mazancourt et al., 2008; Walther et al,, 2009; Van Eldijk
et al, 2020). However, this phenomenon is not certainly caused by
changes in the environment but is closely related to the number of
potential interspecific competitors in the community or the so-called
“diffuse competition,” and it has been argued that the maximum
tolerable overlap should be inversely proportional to the intensity of
the competition, which is really the main content of the niche overlap
hypothesis (Pianka, 1974). More importantly, most of the studies have
been conducted under fenced conditions, and the results of the
experiments have limitations. However, an increasing number of
studies pointed out that the species niches are affected by space and
time and that quantifying species niches is needed to explore the
relationship between species distributions and environment, as well as
to predict the potential risk of species invasions and future species
extinction rates (Jackson et al., 2009; Liu et al., 2020). In the future, we
need to further explore the effects of plant diversity loss on species
niches and ecosystem functioning at broader spatial scales and longer
time scales.

5 Conclusions

Our results indicated that removal of different PFGs affected plant
community composition and niche dynamics. After 3 and 10 years of
experiments, the species composition of the community gradually
shifted from being dominated by Gramineae and Cyperaceae to other
forbs. Compared to the short term, long-term PFG removal led to
narrower niche widths for Gramineae and Cyperaceae, reduced
community niche overlap, and a trend toward fewer positively related
species. In the case of environmental resource use, the decreased niche
overlap indicates interspecific competition within the community, albeit
decreasing. In summary, reduced species diversity resulted in significant
niche differences among the remaining species in the community,
shifting resource allocation from advantaged to disadvantaged species.
Therefore, we emphasize the importance of ongoing long-term PFG
removal experiments and studies that investigate a wider range of
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domains across broader spatial and temporal scales to achieve a more
accurate and refined response mechanism.
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