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plants in western Amazonian
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Elucidating how environmental factors drive plant species distributions and
how they affect latitudinal diversity gradients, remain essential questions in
ecology and biogeography. In this study we aimed: 1) to investigate the
relationships between all three diversity attributes, i.e., taxonomic diversity
(TD), functional diversity (FD), and phylogenetic diversity (PD); 2) to quantify the
latitudinal variation in these diversity attributes in western Amazonian terra
firme forests; and 3) to understand how climatic and edaphic drivers contribute
to explaining diversity patterns. We inventoried ca. 15,000 individuals from ca.
1,250 species, and obtained functional trait records for ca. 5,000 woody plant
individuals in 50 plots of 0.1 ha located in five terra firme forest sites spread over
a latitudinal gradient of 1200 km covering ca. 10°C in latitude in western
Amazonia. We calculated all three diversity attributes using Hill numbers: g = 0
(richness), g = 1 (richness weighted by relative abundance), and g = 2 (richness
weighted by dominance). Generalized linear mixed models were constructed
for each diversity attribute to test the effects of different uncorrelated
environmental predictors comprising the temperature seasonality, annual
precipitation, soil pH and soil bulk density, as well as accounting for the
effect of spatial autocorrelation, i.e., plots aggregated within sites. We
confirmed that TD (@ =0,g=1andg=2),FD(@=0,9g =1 and g = 2), and
PD (g = 0) increased monotonically towards the Equator following the
latitudinal diversity gradient. The importance of rare species could explain
the lack of a pattern for PD (g = 1 and g = 2). Temperature seasonality, which
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was highly correlated with latitude, and annual precipitation were the main
environmental drivers of variations in TD, FD, and PD. All three diversity
attributes increased with lower temperature seasonality, higher annual
precipitation, and lower soil pH. We confirmed the existence of latitudinal
diversity gradients for TD, FD, and PD in hyperdiverse Amazonian terra firme
forests. Our results agree well with the predictions of the environmental
filtering principle and the favourability hypothesis, even acting in a 10°C
latitudinal range within tropical climates.

KEYWORDS
latitudinal diversity gradient, taxonomic diversity (TD), functional diversity (FD),
phylogenetic diversity (PD), environmental filtering, favourability hypothesis,
tropical terra firme forest, woody plant

Introduction

Environmental drivers are key factors that determine plant
diversity patterns at different spatial scales (McGill et al., 20065
HilleRisLambers et al., 2012; Arellano et al., 2016), but we still
lack a comprehensive understanding of how environmental
drivers act in hyperdiverse tropical forests (Wieczynski et al,
2019; Mori et al., 2021; Bafares de Dios et al., 2022). Diversity
patterns have been traditionally explored in terms of taxonomic
diversity (TD), i.e., species identity (Swenson, 2011; Swenson
et al, 2012c). TD provides insights into the distribution of
diversity and its underlying mechanisms (Gentry, 1982) but it
does not consider two important diversity attributes: functional
adaptations and evolutionary history (Swenson, 2011; Dawson
et al, 2013; Chao et al., 2014; Lopez et al., 2016). Functional
diversity (FD) provides information about phenotypic
adaptation to the environment and it is measured through
functional traits (Cornelissen et al., 2003; Pérez-Harguindeguy
et al., 2013; Cordova-Tapia & Zambrano, 2015). Due to the
adaptive information provided, the functional perspective has
increased in importance compared with the classic taxonomic
approach for answering questions about the interactions
between communities and their surrounding environment
(Cornelissen et al., 2003; Violle et al., 2007; Swenson, 2012a;
Poorter et al.,, 2017; Poorter et al., 2018). In addition,
phylogenetic diversity (PD) is defined as the degree of
phylogenetic relatedness among co-occurring species (Lopez
et al., 2016; Pellens & Grandcolas, 2016; Massante et al., 2019).
The use of PD has grown in popularity in recent decades because
the evolutionary history of communities provide insights into
species relationships and functional trait evolution (Lean &
Maclaurin, 2016; Pellens & Grandcolas, 2016).

Environmental drivers such as climate and edaphic properties
contribute to explaining diversity patterns in tropical terra firme
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forests, i.e., non-flooding. Water availability and soil fertility are
abiotic factors with key effects on favouring plant growth, and thus
are the main drivers of variations in spatial diversity in lowland
tropical forests (Gentry, 1988; Fortunel et al., 2014; Honorio
Coronado et al., 2015; Poorter et al,, 2017). The available water
depends mainly on temperature, precipitation, and soil texture
(Sollins, 1998; Clarholm & Skyllberg, 2013; Moles et al,, 2014).
Crucially, tropical rainforests experience important changes in
water availability throughout the year due to precipitation and
temperature seasonality (Malhi & Wright, 2004; Moles et al., 2014;
Malizia et al., 2020). Therefore, the main climatic constraint on
plant growth and survival is usually the severity and duration of the
dry season (Malhi & Wright, 2004; Aubry-Kientz et al,, 2015;
Honorio Coronado et al, 2015), even under tropical climates.
This seasonality follows a latitudinal pattern where it intensifies
towards higher latitudes. Accordingly, climatic seasonality is the
main driver of the global latitudinal diversity gradient, which is one
of the most widely accepted diversity patterns on Earth, where TD
increases from the poles towards the Equator as a result of climatic
favourability (Fischer, 1960; Gentry, 1982; Willig et al., 2003; Weiser
et al., 2007; Swenson et al., 2012¢; Malizia et al., 2020). FD has also
been shown to increase with decreasing latitude (Swenson et al,
2012b; Wieczynski et al,, 2019), where the number of functional
strategies increases as the climatic conditions become more benign
(Fischer, 1960; Swenson et al., 2012b; Moles et al., 2014; Wieczynski
et al,, 2019). In woody angiosperms, PD also increases towards the
Equator (Qian et al,, 2013; Kerkhoff et al., 2014; Qian et al., 2017;
Massante et al, 2019), partly due to the favourable climatic
conditions found at lower latitudes.

Another important aspect of water availability is the soil
water content, which depends greatly on the soil texture because
it controls aeration, drainage and humidity retention capacity
(Sollins, 1998; Rodrigues et al., 2019; Hothansl et al., 2020). In
addition, variability in soil fertility directly affects plant diversity
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(Sanford & Cuevas, 1996; Garibaldi et al., 2014; Bafiares de Dios
et al., 2022). Most terra firme tropical soils are oligotrophic but
they are rich in nitrogen (Sollins, 1998) with quite acidic pH
values (Herrera et al., 1978; Medina & Cuevas, 1989; Sollins,
1998). The fertility of tropical soils depends on pH because it
determines the availability of base-metal cations and toxicity of
aluminum (Herrera et al., 1978; Sollins, 1998; Nelson & Su, 2010;
Banares de Dios et al, 2022). Nevertheless, species seem to
tolerate these low nutrient, acidic, and high aluminum
conditions (Herrera et al., 1978; Medina & Cuevas, 1989; Mori
et al,, 2021). Hence, both the soil nutrient availability and water
content play critical roles in environmental filtering (Katabuchi
et al., 2012; Rodrigues et al., 2019; Hothansl et al., 2020), which is
mainly dependent on the soil pH and texture (Sollins, 1998;
Nelson & Su, 2010). In addition, the soil organic matter content
favours moisture retention, cation exchange and nutrient
turnover, thereby affecting the soil texture and fertility and
thus improving soil quality (Craswell & Lefroy, 2001; Athira
et al,, 2019; Banares de Dios et al,, 2022). The bulk density is
determined by the soil texture and it has an inverse relationship
with the soil organic matter content, so it can be used as a proxy
for the soil quality (Bauer, 1974; Athira et al., 2019; de la Cruz-
Amo et al,, 2020).

The main goal of the present study was to investigate the
patterns of woody plant diversity in western Amazonian ferra
firme forests along a 1,200 km latitudinal gradient. Amazonian
rainforests, specifically western Amazonian forests, harbour
among the most hyperdiverse floras worldwide (Gentry, 1988;
Wright, 2002; Honorio Coronado et al.,, 2015; Brooks, 2018).
Amazonian rainforests are characterized by high abundance and
diversity of woody angiosperms, where a limited number of
species dominate the community (Pitman et al., 2013; Draper
et al,, 2021). The relatively low number of dominant taxa means
that tropical communities usually harbour extremely large
numbers of rare species (Ter Steege et al., 2013; Leitdo et al.,
2016; Draper et al, 2021; Cazzolla Gatti et al., 2022). Many
studies have been conducted in Amazonian rainforests over the
last century, but none analysed the latitudinal gradients of
woody plants within tropical regions by considering all three
diversity attributes comprising TD, FD, and PD. In this study we
specifically aimed: 1) to investigate the relationship between all
three diversity attributes; 2) to quantify the latitudinal variations
in TD, FD and PD; and 3) to understand how climatic and
edaphic drivers contribute to explaining diversity patterns. We
hypothesized that all three diversity attributes would increase
towards equatorial latitudes, mainly due to a reduction in
seasonality harshness, with differential contributions of
climatic drivers and soil properties, in agreement with
environmental filtering.
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Materials and methods

Study area and taxonomic characterization
of plant communities

This study was conducted in western Amazonian forests
which comprise several forest types, but the most extended are
terra firme forests (Herrera et al., 1978). Terra firme forests are
highly diverse and can contain up to 300 tree species per hectare
(Gentry, 1988; Valencia et al., 1994). Western Amazonian forests
formed on Pliocene and Pleistocene sediments from the Andes,
which are fairly young and fertile soils compared with those in
central and eastern Amazonia (Pitman et al., 2001; Hoorn et al.,
2010; Lamarre et al., 2012; Honorio Coronado et al., 2015; Nobre
et al,, 2019). These forests have low annual thermal variability,
high precipitation, and relatively well-drained fertile soils
(Gentry, 1988; Burnham & Johnson, 2004; Brooks, 2018).

The study area encompassed 50 plots sampled throughout
five western Amazonian regions in Peru spanning a 1,200 km
latitudinal gradient from -2.9496°C to -12.8270°C and covering
ca. 10°C in latitude (Figure 1, Table S1). The study regions
corresponded to the protected areas of Tambopata National
Reserve (Madre de Dios), Buffer Zone of Yanesha Communal
Reserve (Pasco), Buffer Zone of Cordillera Azul National Park
(Ucayali), Rio Abiseo National Park (San Martin), and Maijuna-
Kichwa Regional Conservation Area (Loreto). In each region 10
plots of 0.1 ha (50 x 20 m) were established according to
Arellano et al. (2016). Plots were located in areas of well
conserved ferra firme lowland and submontane forests
according to the biome classification of Britto (2017), and they
were established at least 300 m apart from each other to
minimize spatial autocorrelation. All woody plant individuals,
including trees, lianas, and hemiepiphytes, rooting inside the
plot limits with a diameter at breast height (DBH) > 2.5 cm were
included. Plot based studies usually apply an inclusion criterion
of DBH = 10 c¢m, so our study included a high number of
juvenile and understory individuals that are rarely considered
(Gentry, 1982; Arellano et al., 2016; Draper et al., 2021), which
could increase the TD and PD by including typically smaller
species, as well as FD by considering more understory
individuals that grow in shadier conditions (Niinemets, 2010;
Weerasinghe et al,, 2014). Up to three individuals from each
taxon were sampled in each region to obtain herbarium sheet
duplicates and replicates to measure functional traits. Collected
vouchers specimens were identified and stored primarily in the
USM herbarium, with some duplicates at MOL herbarium. The
herbarium acronyms followed Thiers (2021). Taxonomic names
were standardized using the “Taxostand’ package in R (Cayuela
et al., 2012).
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Climatic and edaphic characterisation of
study sites

Climatic data for each plot were retrieved from the CHELSA
database (Karger et al., 2019). All 19 CHELSA temperature and
precipitation related bioclimatic variables were considered
(Table S2).

Five soil subsamples were collected in a zigzag pattern within
the plot limits and mixed to obtain one representative sample for
each plot. A metallic cylinder was used to extract subsamples of
the first 15 cm of the soil layer below plant debris. After mixing
and air drying, the soil samples were sieved through a 2 mm
mesh to separate the organic fraction comprising organic matter
debris, such as leaves and roots, and the coarse fraction. The
remaining soil corresponded to the fine fraction which was used
for chemical and textural analyses (Table S3). The pH was
measured in distilled water as the real acidity and in KCl as
the potential acidity. The organic carbon content and total N, §,
and C contents were measured using the LECO/Dumas direct
combustion method. The available Al contents and those of
macronutrients (P, Ca, Mg, Na, and K) and micronutrients (Fe,
Co, Cu, Mn, Ni, and Zn) were measured by extraction with the
Melich IIT method followed by an inductively coupled plasma
mass spectrometry. Textural analyses were performed using the
hydrometer method after adding dispersal solution. Soil
mineralogy and clay contents were measured by X-ray
diffraction. The soil sampling and characterization analyses
were based on the protocols described by Arellano et al. (2016).

Frontiers in Plant Science

To avoid collinearity, we calculated Pearson’s correlation
coefficients () between all environmental variables (Figure S1),
i.e., climate, soil, and latitude. Most of the environmental
variables were highly correlated, so we selected two climatic
and two edaphic uncorrelated variables based on previous
studies. The selected climatic factors comprised the
temperature seasonality (°C) and annual precipitation (mm/
year) because they reflect climatic limitations on plant growth
(Malhi & Wright, 2004; Aubry-Kientz et al., 2015). The selected
edaphic factors comprised the pH as an approximation of soil
fertility (Sollins, 1998; Nelson & Su, 2010) and the soil bulk
density (g/cm’) to consider the soil texture and organic matter
content (Bauer, 1974; Motavalli et al., 1995; Athira et al., 2019).

Functional characterization of
plant communities

Three functional traits comprising the specific leaf area
(SLA), leaf thickness (LT) and wood density (WD) were
measured for each individual collected. These traits are used
extensively because they are robust indicators of the functional
strategies of woody plants in the leaf (Wright et al., 2004) and
wood economy spectrum (Chave et al., 2009). Five mature leaves
were used to measure the foliar traits. SLA (mm?*/mg) was
calculated as the ratio between the leaf surface area measured
with a CI-202 Portable Laser Leaf Area Meter (CID Bio-Science,
WA, USA) and dry mass after drying for 48 h at 80°CC. SLA
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measurements included all of the leaf structures. LT (mm) was
measured with a digital calliper. The branch wood density was
used as an approximation for WD (Swenson & Enquist, 2008).
For each individual collected, a 10 cm branch section was peeled
to remove the bark and its dimensions were measured with a
digital calliper to calculate the fresh volume. WD (g/cm’) was
calculated as the ratio between the dry mass after drying for 48 h
at 80°CC and the fresh volume. All measurements and
calculations followed standardized protocols (Cornelissen
et al., 2003). Only individuals with records for all three
functional traits were included for functional characterization.
Mean trait values were calculated for each taxon.

Phylogenetic characterization of plant
communities

We obtained a phylogenetic tree using the V.PhyloMaker
package in R (Jin & Qian, 2019). This package allowed us to
prune a pre-existing mega-tree of vascular plants based on the
phylogenies of Smith and Brown (2018) and Zanne et al. (2014)
for seed plants and pteridophytes, respectively, with a given list
of species. The ‘phylo.maker’ function was used with the
arguments nodes=nodes.info.1 and scenarios=S3.

Diversity measurements

We calculated Hill numbers for TD, FD and PD. Hill numbers
only differ in terms of the parameter g, which determines the
sensitivity to relative abundances (Hill, 1973). For TD (Chao et al,,
2014): g =0 denotes the species richness (i.e., number of species), g = 1
represents the richness considering relative abundance (i.e.,
Shannon’s diversity), and g = 2 is the richness considering
dominance (i.e., inverse of Simpson’s index). Hence, the
contribution of rare species to diversity decreases as the value of the
parameter ¢ increases. Hill numbers were typically only used for TD
but Chao etal. (2010) extended them to PD based on the phylogenetic
distances between species, and Chiu and Chao (2014) extended them
to FD based on the functional distances between species traits.

By considering the Hill numbers for all three diversity attributes
we can obtain a unified framework of attribute diversity, where each
component is measured in different units or entities (Chao et al,
2014). TD is measured as the effective number of taxonomic entities,
so the attribute value is unity for each taxon. For FD, the attribute
value is the functional distance between each pair of taxa based on
functional traits, and thus it is measured as the effective number of
functional entities. PD is measured as the effective number of
phylogenetic entities, where the attribute value is the length of
each branch segment. All entities are treated as taxonomically,
functionally and phylogenetically equally distinct. Hill numbers for
q=0,q =1, and g = 2 were obtained for the three diversity attributes
using the ‘renyi’ function in the vegan package for TD, with the code
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provided by Chiu and Chao (2014) for FD, and with the ‘ChaoPD’
function in the entropart package (Chao et al., 2010) for PD. Using
different Hill numbers to explore diversity allowed us to examine
how rare, abundant, and dominant species responded to the
environmental factors and latitude.

Data analyses

First, we explored the relationships between different Hill
numbers as well as between Hill numbers and latitude using
negative binomial generalized linear models (GLMs). To fit these
models, we used the ‘glm.nb’ function in the MASS package
(Venables & Ripley, 2002). To account for the variance explained
by the models, we calculated Cragg and Uhler’s pseudo-R-squared
(pR?) using the pR2’ function in the pscl package (Jackman, 2020).
We then constructed negative binomial generalized linear mixed
models (GLMMs) to assess the effects of climatic and edaphic
variables on the Hill numbers for each diversity attribute by using
the ‘glmer.nb’ function in the Ime4 package (Bates et al, 2015).
Environmental variables comprising the temperature seasonality,
annual precipitation, soil pH and soil bulk density were included as
fixed effects, whereas region (n = 5) was treated as a random factor to
account for potential spatial autocorrelation among plots sampled
within the same region. The latitude was not a factor itself but
instead it was a surrogate for climatic gradients (Willig et al., 2003),
so it was not included in the models. Nevertheless, it was indirectly
considered because it was significantly negatively correlated with
temperature seasonality. Temperature and seasonality have been
shown to reflect the effects of latitudinal variation (Willig et al., 2003;
Swenson et al, 2012b), thereby justifying our approach of using
temperature seasonality as an accurate proxy for latitude in the
models. Interaction terms between predictors were not included.
Model selection was conducted based on Akaike’s Information
Criterion corrected for small sample size (AICc). When models
had a difference in AICc > 2, the model with the highest AICc was
considered less than optimal and rejected. When two or more
models had a difference in AICc< 2, we selected the most complex
to generate model predictions. We calculated two components of
the pseudo-R-squared for GLMMs: marginal (R2,) and conditional
(R?) coefficients, which represent the variance explained by fixed
effects and by both random and fixed effects, respectively
(Nakagawa & Schielzeth, 2013). We used the ‘r.squaredGLMM’
function in the MuMIn R package (Barton, 2013). All analyses were
conducted in R v4.2.1 (R Core Team, 2021).

Results
Environmental and taxonomic overview

The temperature seasonality ranged from 4.16°C in Maijuna to
9.30°C in Tambopata (Table S1) and it had a strong significant
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correlation with latitude (r = -0.97; Table S4). The maximum
annual precipitation was recorded at Cordillera Azul with 3948 mm
and the minimum at Rio Abiseo with 1756 mm (Table S1), and it
had no significant correlation with latitude (r = -0.09; Table S4).
Among the edaphic properties, the soil bulk density and pH were
not correlated with each other (r = -0.26; Table S4). Both variables
were weakly correlated with the annual precipitation (bulk density:
r = 040; pH: r = -0.29; Table 54), but not with the temperature
seasonality (bulk density: r = 0.25; pH: r = -0.18; Table S4) or
latitude (bulk density: r = —=0.20; pH: r = 0.11; Table 54). The bulk
density ranged from 0.61 to 1.00 g/cm’ and it varied fairly
heterogeneously among the sites. The pH ranged from 3.78 to
546 (Table S1), although all of the pH values above 5.0 were
determined in white sand soils in seven plots in Rio Abiseo.

Overall, 14,681 individuals were inventoried in five regions
belonging to 2,211 species (See Table S5 for the list of species). A
total of 302 taxa were identified in Tambopata, 467 taxa in
Yanesha, 511 taxa in Cordillera Azul, 154 taxa in Rio Abiseo and
542 taxa in Maijuna (Table S6). Among the functional data, 274
taxa had records for all functional traits in Tambopata, 442 taxa
in Yanesha, 466 taxa in Cordillera Azul, 269 taxa in Rio Abiseo
and 450 taxa in Maijuna (Table S6). The generated phylogenetic
tree included 302 taxa present in Tambopata, 467 taxa in
Yanesha, 511 taxa in Cordillera Azul, 292 taxa in Rio Abiseo
and 542 taxa in Maijuna (Table S6).

Correlation between diversity attributes

When all sites were considered together in the analysis, TD
and FD were positively and significantly correlated with each
other for all three Hill numbers g = 0 (pR” = 0.71), g = 1 (pR* =
0.66), and g = 2 (pR2 = 0.50) (Figure 2A; Table 1). However,
when PD was considered with either TD or FD, the only Hill
numbers with positive and significant correlations were g = 0
(with TD: pR® = 0.90; with FD: pR® = 0.81) and q = 1 (with TD:
pRZ = 0.51; with FD: pR2 = 0.53) (Figures 2B, C; Table 1).

Latitudinal patterns

When the TD patterns were explored across latitude,
significant positive relationships were found for all three Hill
numbers: g = 0 (pR” = 0.27), g =1 (pR* = 0.34), and q = 2 (pR® =
0.28) (Figure 3A; Table 2), thereby indicating that diversity
increases towards the Equator. For FD, all of the Hill numbers
exhibited significant positive trends, but latitude explained a
lower proportion of the variability in FD: g = 0 (pR® = 0.10), g = 1
(pR? = 0.12), and g = 2 (pR? = 0.10) (Figure 3B; Table 2). The
only Hill number for PD that had a significant positive
latitudinal trend was g = 0 (pRZ = 0.27) (Figure 3C; Table 2).
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Effects of environmental variables on TD,
FD and PD

Our results indicated monotonic increases in all diversity
attributes towards lower latitudes, except when we considered
relative abundances (¢ = 1) and dominance (q = 2) for PD
(Figure 3B). Analysis of the contributions of environmental
variables to diversity indicated that climatic factors seemed to
be responsible for the latitudinal diversity pattern, whereas the
edaphic properties appeared to have different effects on common
and rare species (Figure 4). The effect of temperature seasonality
was significant for all diversity attributes irrespective of whether
relative abundances and dominance were considered (Figure 4).

The best-fit model was selected for each diversity attribute
and each Hill number based on the AICc values. All of the best-
fit models for TD, FD, and PD included temperature seasonality,
which was highly correlated with latitude (r = -0.97; Table S4),
and annual precipitation as fixed terms (Figure 4; Table 3). Both
the soil pH and density appeared in the best-fit models for TD
with g = 0, and PD with g = 0 and g = 1 (Figure 4; Table 3). In
addition, pH was also present in TD with g = 1 and all three best-
fit models for FD (Figure 4; Table 3). The best-fit model for PD
with g = 2 (Table 3) had no explanatory variables except for the
random factor, i.e., null model.

Discussion
Correlations between diversity attributes

The relationship between TD and FD is clear because, a
larger potential range of functional strategies can be found when
more species are present (Kooyman et al., 2012). We found that
TD and FD were positively and significantly correlated
(Figure 2A) even when more weight was given to abundant
and dominant taxa (g = 1 and especially q¢ = 2), thereby
suggesting that although dominant species exhibited a
narrower spectrum of functional strategies compared with rare
species, they were not limited to the same suite of functional
strategies, and thus FD increased as the number of dominant
species increased (Figure 2A, g = 2). The relationship between
TD and FD was in agreement with previous studies conducted at
a global scale (Li et al., 2018), in the New World (Swenson et al.,
2012b; Lamanna et al., 2014), and North America (Swenson &
Weiser, 2014).

In addition, TD is closely related to PD, and thus they should
be strongly positively correlated (Honorio Coronado et al,
2015). However, local speciation or extinction events could
lead to the adaptive radiation of a few lineages and the
opposite trend, i.e.,, high TD and low PD (Losos, 2008;
Massante et al,, 2019). Our results showed that TD and PD
increased together (Figure 2B, g = 0 and g = 1), so there seemed
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FIGURE 2

Phylogenetic entities

Phylogenetic entities

Relationship between diversity attributes in all five regions studied in Western Amazonia represented by negative binomial generalized linear
models (GLMs) with 95% confidence intervals. (A) Taxonomic vs. functional entities, (B) taxonomic vs. phylogenetic entities, and (C) functional
vs. phylogenetic entities. Hill numbers were considered as diversity indexes: q = 0 (left column), q = 1 (central column), and g = 2 (right
column). Regions are represented by different colours (see the legend). Significant pseudo R-squared (pR?) values are marked with asterisks.

to be no indication of high diversification by a few lineages as
shown in a previous study (Gichl & Jarenkow, 2012). However,
this was not the case when we considered dominance (Figure 2B,
q = 2) because a few clades appeared to account for many of the
dominant species (Draper et al., 2021).

Finally, phylogenetic relatedness involves some degree of
evolutionary preservation of the adaptive strategies reflected in
functional traits (Swenson et al., 2012¢; Lopez et al., 2016; Coelho
de Souza et al,, 2019). Thus, if FD is strongly influenced by a shared
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evolutionary history, there should be a positive correlation between
phylogenetic proximity and ecological similarity (Webb, 2000;
Webb et al, 2008; Kooyman et al., 2012). However, not all
functional traits are necessarily phylogenetically conserved
(Cavender-Bares et al, 2004; Swenson & Enquist, 2009; Lopez
et al, 2016), and strong adaptation of related lineages to a
heterogeneous environment leads to high FD and low PD,
thereby inverting the trend (Losos, 2008; Lopez et al., 2016). The
positive relationship between FD and PD (Figure 2C,g=0and g =
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TABLE 1 Pseudo R-squared (pR?) values for negative binomial generalized linear models (GLMs) between diversity attributes for different Hill
numbers: taxonomic diversity (TD), functional diversity (FD), and phylogenetic diversity (PD).

Study areas Hill numbers TD vs. FD TD vs. PD FD vs. PD
All sites qg=0 0.710* 0.90* 0.81%*
q=1 0.66*** 0.51%%* 0.53*%*
q=2 0.50* 0.02 0.00
Tambopata q=0 0.81%* 0.80%* 0.787%*
q=1 0.75%0%* 0.700* 0.85*
q=2 0.76*** 0.47** 0.62*%*
Cordillera Azul q=0 0.840¢ 0.840¢ 0.930*
q=1 0.87*** 0.64*** 0.77+%*
q=2 0.78*** 0.03 0.13
Yanesha q=0 0.71%%* 0.67%* 0.76*
q=1 0.21 0.26 0.07
q=2 0.01 0.00 0.07
Maijuna q=0 0.79*** 0.824* 0.86***
q=1 0.86*** 0.76%** 0.75%%*
q=2 0.90%** 0.13 0.10
Rio Abiseo q=0 0.89* 0.830* 0.780*
q=1 0.88*** 0.85%** 0.88***
q=2 0.830* 0.33* 0.29*

Significance levels represented by: (*) when p<0.05, (**) when p<0.01 and (***) when p<0.001.

1) suggested that the functional traits in our study were
phylogenetically conserved. However, when dominance was
considered (g = 2), the dominant clades probably had a limited
set of functional adaptations and/or these traits were not
phylogenetically conserved. The absence of significant
relationships between TD-PD and FD-PD when considering
dominance (Figures 2B, C, g = 2) were probably due to seven
plots in Yanesha with surprisingly high PD but relatively low TD,
i.e., a few species from distant lineages dominated the community,
and FD, ie., a few functional strategies that appeared in distant
lineages dominated the community.

Regardless of the causes, the positive relationships between
the three diversity attributes showed that if we take action to
preserve and conserve communities with high TD, we are also
indirectly preserving FD and PD, at least in western Amazonian
terra firme forests.

Latitudinal patterns

Overall, our results indicated that the three diversity
attributes increased monotonically towards the Equator in
western Amazonian terra firme forests (Figure 3), where they
consistently followed the latitudinal diversity gradient. These
findings agree well with the predictions of the environmental
filtering principle, which states that communities are shaped by
abiotic deterministic factors (Gotzenberger et al., 2012; Lopez

Frontiers in Plant Science

1

et al., 2016; Poorter et al., 2017), and the favourability
hypothesis, which maintains that the effect of environmental
filtering becomes more restrictive when the environmental
conditions are less favourable (Swenson et al., 2012b; Lamanna
et al,, 2014; Wieczynski et al., 2019), and thus they forecast that
TD, FD, and PD will increase towards lower latitudes due to
climatic favourability (Fischer, 1960; Weiser et al., 2007;
Swenson et al., 2012¢; Qian et al., 2013; Qian et al., 2017;
Kubota et al., 2018; Massante et al., 2019; Wieczynski et al.,
2019). In addition, our results showed that the latitudinal
decrease in all three diversity attributes was noticeable within
tropical areas, even in a 10°C latitudinal gradient. Thus, although
tropical environments have benign climatic conditions in global
terms, environmental filtering and climatic favourability are still
important for these species-rich communities (Fortunel et al.,
2014). In fact, several studies found that environmental filtering
had a stronger effect in species-rich communities, such as
tropical forests, compared with species-poor communities
(Lamanna et al., 2014; Swenson & Weiser, 2014; Li et al., 2018)

We found a monotonic increase in TD with decreasing
latitude, which was consistent for all Hill numbers
(Figure 3A), thereby indicating that this pattern remained
regardless of whether the relative abundances (g = 1) and
dominance (q = 2) of taxa were considered. Our results
showed that TD increased towards the Equator, which is a
widely accepted trend (Fischer, 1960; Gentry, 1982; Willig
et al., 2003; Weiser et al., 2007). Some recent studies of
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FIGURE 3

Diversity latitudinal trends for all five regions studied in Western Amazonia represented by negative binomial generalized linear models (GLMs)
with 95% confidence intervals. (A) Taxonomic, (B) functional, and (C) phylogenetic entities found against latitude in decimal degrees. Hill
numbers were considered as diversity indexes: g = 0 (left column), g = 1 (central column), and g = 2 (right column). Regions are represented by
different colours (see the legend). Significant pseudo R-squared (pR?) values are marked with asterisks.

latitudinal gradients obtained similar results in terms of the
species richness in North America (Qian et al., 2013) and South
America (Cazzolla Gatti et al., 2022).

Our results indicated a monotonic increase in FD with
decreasing latitude (Figure 3B), which is in agreement with
previous studies of woody plants in the New World (Swenson
et al,, 2012b; Lamanna et al., 2014). This finding was consistent
for all Hill numbers, thereby indicating that this pattern
1)

and dominance (q = 2) were considered. The reduction in

remained regardless of whether relative abundances (g
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functional entities when abundance and dominance were
considered could be explained by the absence of rare species
with rare ecological strategies, i.e., uncommon combinations of
functional traits, which were greatly responsible for the FD of the
community (Mouillot et al., 2013; Leitao et al.,, 2016).

Finally, we found a monotonic increase in PD of woody
plants with decreasing latitude only for the Hill number of g =0
(Figure 3C). This pattern is consistent with recent studies of
woody angiosperms in the New World (Kerkhoff et al., 2014),
North America (Qian et al., 2013), and even at a global scale
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TABLE 2 Pseudo R-squared (pR?) values for negative binomial
generalized linear models (GLMs) between latitude and diversity
attributes for different Hill numbers: taxonomic diversity (TD),
functional diversity (FD) and phylogenetic diversity (PD).

Diversity atributes Hill numbers pR?
D q=0 0.27%%
q=1 0.34%%
q=2 0.28%%
FD q=0 0.10%
q=1 0.12%
q=2 0.10%
PD q=0 0.27%%
q=1 0.05
q=2 0.01

Significance levels represented by: (*) when p<0.05, (**) when p<0.01 and (***) when
p<0.001.

(Qian et al,, 2017). The results obtained by Massante et al. (2019)
appear to contradict ours because they found a worldwide
increase in PD of woody plants towards higher latitudes.
However, they also considered gymnosperms in their analyses,
which usually have greater tolerance of harsher conditions at
high latitudes, and the trend inverted when they were excluded.
In addition, no significant trend was found between PD and

10.3389/fpls.2022.978299

latitude when relative abundances and dominance were
considered (Figure 3C, ¢ = 1 and g = 2, respectively), which
remained fairly constant along the latitudinal gradient. The
decrease in phylogenetic entities and loss of the latitudinal
pattern can be explained by the high contribution of rare
species to diversity in species-rich tropical communities
(Leitdao et al., 2016; Lamanna et al.,, 2017; Cazzolla Gatti
et al., 2022).

The presence and persistence of rare species is inversely
correlated with latitude in tropical forests worldwide (Lamanna
et al, 2017). In addition, the diversity of all species increases
towards lower latitudes, but the diversity of rare species appears
to increase more steeply than those of common or dominant
species when approaching the Equator (Stevens & Willig, 2002;
Lamanna et al., 2017). Thus, the loss of a significant latitudinal
pattern for PD (g = 1 and q = 2) in the present study suggests
important contributions of rare species to the maintenance of
PD in western Amazonian ferra firme forests (Leitao et al., 2016).

Effects of environmental variables on TD,
FD, and PD

The overall diversity tended to increase as the temperature
seasonality decreased, annual precipitation increased, soil pH
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Predictions of the best-fit generalized linear mixed models (GLMMs) with 95% confidence intervals for each diversity attribute: (A) taxonomic
entities, (B) functional entities, and (C) phylogenetic entities. Hill numbers are shown in different colours: g = 0 in green, g = 1in blue, and g = 2 in
yellow. Each column corresponds to one of the terms included in the models: temperature seasonality (left column), annual precipitation (central
left column), soil pH (central right column), and soil bulk density (right column). Terms included in the best-fit model are marked with asterisks.
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TABLE 3 Comparison of the best alternative models for Hill numbers of taxonomic diversity (TD), functional diversity (FD), and phylogenetic
diversity (PD) as functions of temperature seasonality, annual precipitation, soil pH, and soil bulk density.

Diversity Hill Formulae for the best models df AICc R? R?
attribute numbers
D q=0 TD.q0 ~ (1|Region) + Temperature seasonality + Soil pH + Soil density 8 44690 0.540 0.540
TD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH + Soil density 9  448.11  0.555 0.555
q=1 TD.ql ~ (1|Region) + Temperature seasonality + Soil pH 7 43366 0.507 0.512
TD.q1 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH 8 43317 0.556 0.556
q=2 TD.q2 ~ (1|Region) + Temperature seasonality + Annual precipitation 7 42632 0.482 0.482
FD q=0 FD.q0 ~ (1|Region) + Soil pH 6 114076 0.066 0.596
FD.q0 ~ (1|Region) + Temperature seasonality + Soil pH 7 113981 0.329 0.583
FD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH 8 1141.35 0.415 0.584
q=1 FD.ql ~ (1|Region) + Soil pH 6 109898 0.045 0.623
FD.ql ~ (1|Region) + Temperature seasonality + Soil pH 7 109758 0.362 0.612
FD.ql ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH 8 1099.14 0.438 0.616
q=2 FD.q2 ~ (1|Region) + Soil pH 6 105547 0035 0533
FD.q2 ~ (1|Region) + Temperature seasonality + Annual precipitation 7 105437 0.378 0.538
FD.q2 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH 8 1055.04 0.407 0.535
PD q=0 PD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH 8 81256 0.533 0.533
PD.q0 ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH + Soil density 9 812.27 0.560 0.560
q=1 PD.ql ~ (1|Region) + Soil pH 6 563.00 0.141 0.319
PD.ql ~ (1|Region) + Temperature seasonality + Soil pH 7 56285 0276 0.323
PD.ql ~ (1|Region) + Temperature seasonality + Soil pH + Soil density 8 561.65 0377 0.377
PD.ql ~ (1|Region) + Temperature seasonality + Annual precipitation + Soil pH + Soil density 9  563.48 0.388 0.388
q=2 PD.q2 ~ (1|Region) 5 440.80 0.000 0.290
PD.q2 ~ (1|Region) + Soil pH 6 442.12  0.033  0.250
PD.q2 ~ (1|Region) + Soil density 6 44244 0.023  0.260
PD.q2 ~ (1|Region) + Soil pH + Soil density 7 442.12 0200 0.229

Region is included as a random factor. df, degrees of freedom; AICc, Akaike’s Information Criterion corrected for small sample sizes;R2, , pseudo-R-squared accounting for fixed effects; RZ,
pseudo-R-squared accounting for both random and fixed effects. The best-fit models are highlighted in bold. Significant terms for the best-fit models are underlined.

decreased, and soil bulk density decreased, although to a lesser
extent for the latter (Figure 4). Temperature seasonality seemed
to be the most important environmental driver for shaping
diversity trends because it was included as a significant factor
in all of the best-fit models for all three diversity attributes,
where the only exception was PD with g = 2 (Table 3). Annual
precipitation was also included in all of the models but it was a
significant factor only for TD with g =1 and g = 2, and PD with q
= 0 (Table 3), thereby suggesting that seasonal temperature
variation was more important for shaping diversity than total
water discharge. Similarly, previous studies consistently found
that temperature variables had greater power for explaining
diversity patterns than precipitation variables (Giehl &
Jarenkow, 2012; Moles et al., 2014; Chen et al., 2015). Our
findings are also consistent with environmental filtering and the
favourability hypothesis for all diversity attributes because
diversity increases with lower temperature seasonality and
higher precipitations (Fischer, 1960; Swenson et al., 2012b;
Qian et al., 2013; Asefa et al., 2017; Wieczynski et al., 2019).
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Among the edaphic factors, the soil pH was present in all of
the best-fit models, except for TD with g = 2, and it was a
significant fixed factor in the best-fit models for TD with g = 0
and g = 1, FD with g = 0, and PD with g =0 and g = 1 (Table 3).
Our results showed that the diversity was greater when the soil
was more acidic, which suggests that these communities are
adapted to high soil acidity conditions (pH 3.5-4.5), although
soils with a pH under 5.3 are characterized by low availability of
base metal cation and toxic aluminium concentrations (Sollins,
1998; Banares de Dios et al., 2022). In addition, the soil bulk
density only appeared in the best-fit models for TD with g = 0,
and PD with g = 0 and g = 1 (Table 3). Diversity increased as the
bulk density decreased and the soils had lower bulk density
values of 0.47 to 1.11 g/cm’ than average ones for fully mineral
soils, i.e., clay = 1.0 to 1.6 g/cm® and sand = 1.2 to 1.8 g/cm’
(Athira et al, 2019), which suggests that the organic matter
content increased as the bulk density decreased (Bauer, 1974;
Athira et al., 2019; de la Cruz-Amo et al., 2020). Therefore, the
soil organic matter content may have facilitated the adaptation
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of tropical plants to soils with low nutrient contents, high
aluminium concentrations and low pH. Tropical soils are
regarded as depleted of organic matter but large amounts of
organic material are continuously supplied by decaying
vegetation and its breakdown usually occurs very fast in the
tropics, with rapid mineralization and availability for uptake
(Herrera et al., 1978; Craswell & Lefroy, 2001; de la Cruz-Amo
et al., 2020).

Overall, we found that TD increased as the temperature
seasonality decreased, precipitation increased, and soil acidity
increased (Figure 4A). Previous studies have demonstrated that
the species richness of woody plants is negatively correlated with
temperature seasonality, and positively correlated with the mean
annual temperature and soil water content (Hofhansl et al,
2020). When we considered dominance (q = 2), only climatic
factors were included in the best-fit model. This suggests that
dominant species with wider tolerances and more widespread
distributions were more dependent on the climate than the soils
compared with rarer or less abundant species, which seemed
more related to the local edaphic conditions (Pitman et al., 2013;
Arellano et al., 2014).

According to our results, FD was affected by the
temperature seasonality, annual precipitation and soil pH
(Figure 4B), even when relative abundances and dominance
were considered (g = 1 and g = 2, respectively). These results
confirm that functional strategies are a consequence of
environmental filtering because abiotic factors affect FD of
both rare and common species in a similar manner. Therefore,
although tropical climatic conditions are benign, they still
strongly condition the successful functional strategies
(Fortunel et al., 2014; Lamanna et al., 2014), thereby agreeing
with the predictions of the favourability hypothesis in tropical
environments. Recent studies obtained similar results for
climatic and edaphic drivers (Swenson, 2012a; Molina-Venegas
et al., 2018; Hofhansl et al., 2020).

We found that PD increased as the temperature seasonality
decreased, precipitation increased, soil acidity increased, and
bulk density decreased (Figure 4C). When traits are
phylogenetically conserved, PD increases with decreasing
environmental harshness, i.e., increasing temperature or
precipitation (Qian et al.,, 2013; Satdichanh et al., 2015; Qian
et al., 2017). Therefore, environmental filtering and the
favourability hypothesis are consistent with our results for PD
with ¢ = 0 and g = 1. Recent studies also showed that climatic
filtering and soil fertility shaped PD of woody angiosperms
(Honorio Coronado et al., 2015; Kubota et al., 2018). The lack
of a best-fit model other than the null model for PD with g =2
could be explained by the fact that dominant clades probably
appeared and expanded under conditioning by their dispersion
abilities and historical factors which are not reflected in the
actual environmental conditions (Pitman et al., 20015 Arellano
et al,, 2016).
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Conclusions

The latitudinal diversity gradient is explained by the
environmental filtering principle and favourability hypothesis
through climatic factors. Increases in temperature and
precipitation seasonality are found in tropical regions towards
higher latitudes (Fortunel et al., 2014), thereby leading to a
noticeable latitudinal diversity gradient on a global scale but also
within narrower latitudinal ranges such as the tropics. We found
that temperature seasonality was still a relevant driver of all
diversity attributes comprising TD, FD, and PD within a 10°C
latitudinal gradient in the Neotropics. Therefore, our results
support environmental filtering and the favourability hypothesis
within hyperdiverse tropical regions.

In addition, the positive relationships found between the
three diversity attributes indicate that if we take measures to
protect and conserve TD, we also indirectly protect FD and PD,
at least in western Amazonian terra firme forests. Furthermore,
several studies found effects of TD, FD, and PD on productivity,
and thus preserving forests with multiple functional strategies
and a great evolutionary legacy will also protect their vital
ecosystem functions (Balvanera et al., 2006; Gamfeldt et al,
2008; Cadotte, 2013; Coelho de Souza et al., 2019). Future
studies should aim to understand diversity from this
holistic perspective.
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Weed management involving tillage and/or herbicides has generally led to a
decline of plant diversity in agroecosystems, with negative impacts on
ecosystem services provision. The use of plant covers has become the
predominant alternative in vineyard management, with numerous studies
focusing on analyzing the advantages and disadvantages of plant covers
compared to the aforementioned management. Although the impacts of
weed management on taxonomic diversity have been widely studied, many
gaps remain on their effects on plant functional diversity. As plant functional
diversity is linked to the delivery of key ecosystem services in agroecosystems,
understanding these effects could enable the development of more sustainable
practices. From 2008 to 2018, a long-term trial was carried out in a
Mediterranean vineyard to assess different agricultural practices. In this
article, we examined how weed management, as well as irrigation use, could
affect plant functional diversity. Based on 10 functional traits, such as plant
height, specific leaf area or seed mass, we measured different indices of
functional diversity and used null models to detect processes of trait
convergence and divergence. Our results revealed that weed management
and irrigation use had a significant effect on plant functional diversity. Mown
plots showed the highest functional richness but were functionally convergent,
since mowing was a strong functional filter on most of the traits. Tillage also
behaved as a functional filter on some vegetative traits, but favored the
divergence of certain reproductive traits. Herbicide-treated and irrigated
plots showed the highest values of functional divergence by promoting more
competitive species with more divergent trait values. The effect of weed
management on these community assembly processes was shaped by the
use of irrigation in vineyard rows, leading to functional divergence in those
vegetative traits related to resource acquisition and seed mass. These results
suggest that greater functional diversity may be associated with the bias caused
by higher occurrence of competitive species (e.g. Convolvulus arvensis,
Sonchus asper) with contrasting values for certain traits. Therefore, since
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these species are considered harmful to crops, higher plant functional diversity
might not be a desirable indicator in agroecosystems.

KEYWORDS

biodiversity, agricultural management, spontaneous plant cover, mowing, tillage,
herbicide, Mediterranean vineyards

1 Introduction

Agricultural intensification is the main process driving the
widespread biodiversity loss observed in European farmland in
recent decades (Emmerson et al., 2016). This intensification
process has caused a marked decline in European arable weeds
(Storkey et al., 2012), decreasing both taxonomic and functional
diversity (Jose-Maria et al., 2010; Carmona et al.,, 2020), which
could have negative impacts on the provision of key ecosystem
services in agroecosystems such as crop pollination (Bretagnolle
and Gaba, 2015) or pest control (Martinez-Una et al., 2013;
Crowder and Jabbour, 2014). In this context of agricultural
intensification, since crop losses due to weeds can be substantial
(Oerke, 2006), weed management has targeted weed eradication
using recurrent tillage and/or herbicides (MacLaren et al., 2020).
These weed management practices have led to environmental
impacts such as soil erosion and soil fertility decline, which pose a
serious threat to Mediterranean agroecosystems (Novara et al,
2011; Prosdocimi et al, 2016). To deal with these problems,
greener weed management practices have been promoted over
the past few years. In vineyards, plant cover (usually mown) has
become widespread as a viable option to conventional
management based on soil tillage, with positive effects such as
the improvement of soil properties or the enhancement of
biodiversity (Winter et al, 2018; Novara et al, 2019; Guerra
et al., 2022), although exhibiting in some cases a reduction on
vineyard vigor and yield (Monteiro and Lopes, 2007; Celette and
Gary, 2013). The impact of weed management on weed
communities has been extensively documented, revealing that
management practices such as tillage, herbicide or mowing can
exert selective pressure on these communities, altering their
composition and/or taxonomic diversity (Doradoand Lopez-
Fando, 2006; José-Maria et al., 2010; Grundy et al., 2011; Larson
et al, 2021; Guerra et al, 2022). However, gaps remain on
how these management practices might affect plant
functional diversity.

Plant functional diversity can be defined as the value, range,
distribution and relative abundance of plant functional traits
present in a given ecosystem (Diaz et al., 2007), being closely
related to ecosystem properties and provision of key ecosystem
services such as carbon sequestration or maintenance of soil
fertility (Dilaz and Cabido, 2001; Diaz et al., 2007; Conti and
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Diaz, 2013). Thus, plant functional diversity can explain
variations in ecosystem functions even when species richness
does not (Cadotte et al, 2011). These links to ecosystem
processes has made plant functional diversity a central issue
for ecology in the last two decades, leading to the proposal of
numerous indices for its estimation in different ecosystems
(Petchey and Gaston, 2002; Botta-Dukat, 2005; Mason et al.,
2005; Villeger et al., 2008).

In agroecosystems, previous works have shown how
agricultural intensification reduces functional diversity of weed
communities in arable systems (Carmona et al., 2020) and olive
groves (Tarifa et al., 2021), although only Carmona et al. (2020)
explored in depth the effect on several indicators of functional
diversity. However, these studies did not analyze potential
differences due to different weed managements. In vineyards,
recent short-term studies have partially analyzed the effects of
weed management on some aspects of plant functional diversity.
Thus, Kazakou et al. (2016) estimated functional richness, one of
the three indices proposed by Villeger et al. (2008) to measure
functional diversity, finding that spontaneous cover showed
higher functional richness than tillage. Hall et al. (2020)
estimated functional diversity using Rao’s quadratic entropy
(Rao, 1982), observing higher functional diversity in vineyards
managed with permanent vegetation cover compared to those
observed in bare soil management (herbicide or tillage).
Mainardis et al. (2020) found that functional diversity,
estimated by functional dispersion and functional divergence,
was higher under mowing than under tillage.

Plant functional diversity indices combined with null models
have also been used to identify community assembly processes
driven by functional traits (Gotzenberger et al., 2012; Botta-
Dukat and Czucz, 2016), testing the existence of the two main
mechanisms underlying the assemblage of plant communities:
habitat filtering and limiting similarity. Trait convergence is
usually related to habitat filtering mechanisms (Keddy, 1992), in
which environmental or management factors act as abiotic filters
restricting the range of species trait values (e.g. Lhotsky et al,
2016). In recent years, it has been described that weed
management can affect the functional structure of weed
communities favoring one set of functional traits over others
(Fried et al., 2012; Guerra et al., 2021) which could be indicative,
although not proven, of trait convergence caused by habitat
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filtering. In contrast, trait divergence could occur according to
the principle of limiting similarity (Macarthur and Levins, 1967)
which suggests that species can coexist more easily if they
diverge in their traits, thereby decreasing competition between
them (e.g. Thompson et al,, 2010). Nevertheless, convergent and
divergent patterns can occur simultaneously within the same
community (Bernard-Verdier et al.,, 2012; Spasojevic and
Suding, 2012) and may differ between traits, with convergence
being more common for vegetative traits while divergence is
more likely for reproductive traits (Grime, 2006). In
agroecosystems, the study of these processes that condition
plant functional diversity has been limited to grasslands (e.g.
Mason et al., 2011; Bernard-Verdier et al.,, 2012), lacking studies
that test the existence of such processes according to
weed management.

The aim of this study was to examine how weed
management, as well as irrigation use, might affect functional
diversity of weed communities. In particular, we have focused on
analyzing the relationship between weed management and trait
convergence or divergence patterns. Based on previous studies
(Guerra et al., 2021; Guerra et al., 2022), we further hypothesize
that functional diversity could also vary depending on the
management adjacent to each plot studied. For example,
Guerra et al. (2022) reported that species richness was higher
in herbicide-treated plots close to mowing than in plots close to
tillage. In addition, we have recently observed that at herbicide-
treated and irrigated rows, with intermediate values of bare soil,
the most competitive species were favored (Guerra et al., 2021;
2022). Given that competition is a factor that can shape plant
functional diversity (Navas and Violle, 2009), this work also
studied the relationship between functional diversity and
competitiveness (CSR strategy; Grime, 1974). Therefore, the
purpose of this article is to contribute to increase the
knowledge on the influence of agronomic management on
plant functional diversity, so that implications for
agroecological weed management can be analyzed.

2 Materials and methods
2.1 Study site and experimental design

Research was carried out in an experimental vineyard at the
IMIDRA farm El Socorro (Colmenar de Oreja, Madrid), located
at 755 m in the central plateau of the Iberian Peninsula,
developed on a clay-loam soil of type Calcic Haploxeralf.
Climate is Mediterranean, with mean annual temperature of
13.7°C and annual precipitation of 421.4 mm (data from the
farm weather station for the period 2001-2021). Grapevines (c.v.
Tempranillo) were grown on trellises, with deficit drip irrigation
applied from June to September in vineyard rows.

In 2008, a randomized block trial with four replications was
set up to assess different vineyard management systems. Based on
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this trial, a study was designed in 2015 to examine how different
weed management (herbicide, tillage, mowing), as a function of
irrigation within the vineyard (non-irrigated inter-rows, irrigated
rows) could affect the functional diversity of plant communities
(Figure 1). Irrigation was considered since the deficit irrigation
applied during the dry period generates clearly contrasting
conditions between inter-rows (non-irrigated) and rows
(irrigated) that could have a significant effect on plant
functional diversity. Accordingly, five types of plots were
identified: a) herbicide-treated rows (irrigated); b) mown inter-
rows (non-irrigated); ¢) mown rows (irrigated); d) tilled inter-
rows (non-irrigated); e) tilled rows (irrigated). Herbicide-treated
inter-rows (non-irrigated) were not included in the original
design as this is a very unusual praxis in Mediterranean
vineyards, where herbicide application is restricted to rows.
Herbicide treatment consisted of two applications of glyphosate
(1440 g ai ha™') throughout the grapevine growth cycle (Figure 1).
Mowing of the spontaneous plant cover (two passes) was
performed with a flail mower in vineyard inter-rows and with
an inter-vine mower in rows. Tillage (two-three passes) was
carried out with a cultivator in vineyard inter-rows and with an
inter-vine tiller in vineyard rows.

According to our initial hypothesis that the functional
diversity of a plot could vary as a function of adjacent
management, we distinguished eight different environmental
sites in the experimental design (Figure 1). For example, it was
considered that the functional diversity in herbicide-treated
rows next to mowing (site 6) might be different from that
found in herbicide-treated rows next to tillage (site 2). For
further details on study site and experimental design, see
Guerra et al. (2022).

2.2 Vegetation sampling

In each of the 32 plots (4 blocks x 8 sites), six sampling
points separated by a distance of 5.5 m were fixed (Figure 1).
Sampling points were placed in pairs (inter-row and row,
respectively) spaced 1 m apart. In each of them, a 33 x 66 cm
frame was placed, identifying all plant species and assessing the
coverage percent of each species (Andujar et al., 2010), as well as
the percentage of bare soil. For each species, mean percentage
cover was calculated by pooling the data obtained in the six
sampling points of each plot. Castroviejo (1986-2012) was used
for species identification, updating the species name according
to the International Plant Names Index (IPNI, 2022).

2.3 Plant traits

In order to measure functional diversity, 10 functional traits
previously associated with plant response to weed management
(Guerra et al., 2021), were selected: five vegetative traits related
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FIGURE 1

Diagram of the experimental design and location of the sampling points (upper part), 3D image depicting sites 2-1-2 (lower left) and schematic
chronogram of the weeding operations carried out in the study field (lower right). Irrigation treatment: I: irrigated row; NI, non-irrigated inter-
row. Site: 1, tilled inter-rows adjacent to herbicide-treated plots; 2, herbicide-treated rows adjacent to tilled plots; 3, tilled inter-rows adjacent to
tilled plots; 4, tilled rows; 5, mown inter-rows adjacent to herbicide-treated plots; 6, herbicide-treated rows adjacent to mown plots; 7, mown
inter-rows adjacent to mown plots; 8, mown rows.

to resource-acquiring capacity (Raunkiaer life form [RLF], plant flowering period [DFP], dispersal syndrome [DS]). An overview
height vegetative [PHV], specific leaf area [SLA], leaf dry matter of the traits used can be found in Table 1.

content [LDMC], leaf area [LA]), and five reproductive traits This study included only species with a significant presence,
related to regenerative ability (seed mass [SM], seed bank excluding in the analyses those with less than 0.25% relative
longevity index [SLI], onset of flowering [OFL], duration of cover based on the overall value of all plots. Then, plant trait data

TABLE 1 Brief description of the functional traits used tocompute the functional diversity indexes.

Code Name Units Explanation

RLF Raunkiaer life form - The life form of a plant defined by the position and degree of protection of its perennating bud (Raunkiaer, 1934).
Qualitative trait with four levels: therophyte, therophyte/hemicryptophyte, hemicryptophyte, geophyte.

PHV  Plant height (vegetative) cm The shortest distance between the upper-boundary of the main photosynthetic tissues (excluding inflorescences) on
a plant and the ground level (Cornelissen et al., 2003).

SLA Specific leaf area mm?® mg”'  The one-sided area of a fresh leaf divided by its oven-dry mass (Cornelissen et al., 2003).

LDMC  Leaf dry matter content mgg' The oven-dry mass (mg) of a leaf divided by its water-saturated fresh mass (g) (Cornelissen et al., 2003).

LA Leaf area mm® Area of a leaf.

SM Seed mass mg The oven-dry mass of an average seed of a species (Cornelissen et al,, 2003).

SLI Seed bank longevity index - The ratio of the number of records that classify the species as persistent to the number of all records for the species
(Thompson et al., 1998). SLI can take any value from 0, when all records are transient, to 1, when all records are
persistent.

OFL  Onset of flowering - Species classification according to month of beginning of flowering period: earlier (January, February), medium
(March, April), late (May, June).

DFP  Duration of flowering period months Months during which the flowering occurs.

DS Dispersal syndrome - Species grouped according to their dispersal mechanisms into three categories: unspecialized, refers to autochorous
species or species without any specific dispersal mechanism; anemochorous, dispersed by wind; zoochorous,
dispersed by animals.
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were compiled from plant trait databases such as TRY Database
(Kattge et al., 2020) and stored in a new database (Guerra et al.,
2021). Further details on the traits and database used can be
found in Guerra et al. (2021).

2.4 Functional diversity analysis

2.4.1 Functional diversity estimation

Functional diversity based on three components, i.e.
functional richness, functional evenness and functional
divergence (Mason et al., 2005), were analyzed in this work.
Functional richness and functional evenness were computed
according to two indices proposed by Villeger et al. (2008): FRic,
which quantifies the functional space volume filled by the
community based on the calculation of the convex hull
volume (see Cornwell et al., 2006); and FEve, which measures
the uniformity of abundance distribution in this volume to
quantify the regularity with which the different species,
weighted by their abundance, fill this functional space.

Functional divergence was measured from Rao’s quadratic
entropy (RaoQ), which is often used as an index of functional
divergence (Schleuter et al, 2010) although encompasses both
richness and functional divergence (Mouchet et al., 2010). Hence,
RaoQ is the mean distance between species weighted by species
abundance (Botta-Dukat, 2005). This index is strongly related to
functional dispersion index (FDis) proposed by Laliberte and
Legendre (2010) and to the community weighted variance
(CWYV) defined by Sonnier et al. (2010). It should be noted that
FDis and CWV were initially calculated, yielding very similar
results to RaoQ (Supplementary Figure 1). ConsequentlRaoQ was
used because it is a more common index than the previous ones in
plant functional diversity studies.

For computing functional diversity indices, a functional
distance matrix based on trait values for each species was
initially generated using the Gower distance (Gower, 1971).
On this functional matrix, a principal coordinate analysis
(PCoA) was performed and the resulting PCoA axes were used
as new “traits” to compute in each plot the indices mentioned
above, using the function dbFD from the R package FD
(Laliberté and Legendre, 2010).

2.4.2 Null models: Estimating effect size FRic
and effect size RaoQ

Thereafter, a null model approach was applied for functional
diversity indices (except for FEve, which was excluded according
to Mason et al,, 2013), testing whether observed FRic and RaoQ
values, the latter calculated for the set of traits and also for each
trait individually, differed from random expected values. This
approach was implemented for two purposes: Firstly, to remove
any trivial effect of species richness on functional diversity
indices (in line with Mason et al., 2013; Pakeman et al., 2017;
Carmona et al,, 2020). This is particularly relevant for FRic,
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given its strong positive correlation with species richness
(Villeger et al., 2008; Mouchet et al, 2010) such as was
revealed in a preliminary analysis (Supplementary Figure 2).
After removing this effect, RaoQ becomes a “pure measure” of
functional divergence (Mason et al., 2013). Secondly, null
models were developed to test changes in community
assembly processes (similarly to Bernard-Verdier et al, 2012;
Mason et al., 2012; Mason et al., 2013). Although both RaoQ and
FRic have proven to be reliable measures for this purpose, RaoQ
seems to be the most suitable for detecting trait convergence and
divergence (Botta-Dukat and Czlcz, 2016).

Implemented null models were selected based on previous
work (Mason et al.,, 2013; Botta-Dukat and Czucz, 2016;
Gotzenberger et al, 2016). For FRic, randomized matrix was
obtained with the independent swap algorithm (function
“independentswap” in picante) while maintaining the
occurrence frequency of the species and the species richness of
each plot. For RaoQ, species abundance within each plot was
shuffling maintaining sample species richness (function
“richness” in picante). Null models were generated from
randomized matrices using the R package picante (Kembel
et al,, 2010), performing 1000 randomizations for each model
to ensure an accurate estimate (Gotelli, 2000).

Subsequently, functional diversity indices were calculated
from randomized matrices, measuring the degree to which the
observed values of a variable were different from its expected
values and later calculating the effect size. The standard method
for measuring effect size in a null model is to compute
standardized effect size (SES; Gotelli and McCabe, 2002), but
Botta-Dukat (2018) has recently pointed out that this method is
not suitable when, as in our case, the symmetry assumption is not
satisfied. For this reason, it was decided to measure the effect size
(ES) according to Chase et al. (2011) as has been performed
previously for other cases with not-symmetric distribution of the
null model (e.g. Bernard-Verdier et al., 2012; Lhotsky et al., 2016):

ES=(p - 0.5) x2

where

number (NULL < obs) + "mber ( NULL=obs)

2
1000

being number (NULL< obs) the number of occasions in which
the value obtained from the null model (NULL, expected value)
was less than the observed value (obs) and number (NULL = obs)
the number of occasions in which the value obtained from the null
model was equal to the observed value. This procedure was
performed separately for both FRic and RaoQ. Thus, two new
indices were obtained from the effect sizes of FRic (ES FRic) and
RaoQ (ES RaoQ) with values ranging from +1 to -1, where
positive values indicate a higher observed value than expected,
and vice versa. Trait convergence or divergence were assumed if
the observed RaoQ values were, respectively, lower or higher than
the estimated RaoQ values by the null model (similarly to
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Bernard-Verdier et al., 2012; Boonman et al., 2021). Since
sometimes community assemblage patterns cannot be described
by a single multivariate trait index (Spasojevic and Suding, 2012;
Carmona et al., 2015), ES RaoQ has been calculated for the set of
all traits (multi-trait) and for each single trait. Besides, although
RaoQ (and by extension, ES RaoQ) is less affected by trait outliers
than FRic (Cornwell and Ackerly, 2009), functional divergence
will be higher the closer the abundant species are located to the
boundary of the functional trait space (Botta-Dukat and Czlicz,
2016). Taking this into account, it was assumed that the
occurrence of abundant species with extreme values for certain
traits could be associated with trait divergence. Abundant species
were considered to be those dominant and subordinate species
(Grime, 1998) with a relative cover of more than 3% (arbitrary
value), which could fundamentally govern the community
assemblage processes under the mass ratio hypothesis (Grime,
1998; Ditaz and Cabido, 2001). Therefore, the relationship
between the most abundant species and ES RaoQ was
also analyzed.

2.5 Competitiveness index

The CSR theory (Grime, 1974), which has been extensively
applied to the study of plant communities (e.g. Cerabolini et al.,
2010; Guerra et al,, 2021), categorizes plant species within a
triangular scheme consisting of three dimensions: a
competitiveness dimension (C-dimension), a stress-tolerance
dimension (S-dimension) and a ruderality dimension (R-
dimension). The competitive dimension is related to the ability
of plant species to compete with their neighbors, with
competitor plants typically being large herbaceous species with
rapid resource acquisition (Grime, 1974; Hodgson et al., 1999).
Building on this theoretical framework, Hodgson et al. (1999)
developed a method for CSR classification based on functional
traits of herbaceous plants.

Recently, a correlation between the functional structure of
weed communities and the CSR strategy has been observed
(Guerra et al, 2021). In order to analyze the relationship
between competitiveness and functional diversity, we applied a
procedure similar to that used by Ricotta et al. (2016) to calculate
here a competitiveness index (Cingex). For this purpose, the
competitiveness dimension (C-dimension) of each of the
selected species was firstly estimated according to Hodgson et al.
(1999). Then, community-weighted mean (CWM; Garnier et al.,
2004) of C-dimension values were computed with the R package
FD for each of the plots (i.e. plot-level C-dimension values
weighted by species abundance). Thus, Ci,gex Was calculated as:

n . .
Cindex = 21:1 pi % C-dimension;

where p; is the relative abundance of species i, and C-dimension;
is the C-dimension value of species i.
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2.6 Statistical analyses

The effect of weed management (WM) and irrigation (I) on
functional diversity indices was analyzed by means of linear
mixed models with the R package Ime4 (Bates et al, 2015),
except for RaoQ models which were fitted via beta regressions
models, with “loglog” as link function, using the R package
betareg (Cribari-Neto and Zeileis, 2010). Due to the inherent
constraints of the experimental design, WM and I were always
considered as nested fixed factors (WM:I), although the
individual effects of WM and I were also explored. In addition,
the influence that adjacent management might have on each plot
was examined by fitting alternative models with “site” as a fixed
effect. In all fitted models, year and block were considered as
random effects.

To screen the best models for each variable, the corrected
Akaike’s information criterion (AICc) was used, choosing the
model with the lowest AICc value (Burnham and Anderson,
2002). Model fit was estimated by mean of pseudo R? (only for
beta regression models), marginal R* (variance explained by
fixed effects) and conditional R® (variance explained by the
whole model) using the R package performance (Liidecke
et al., 2021). To test whether fixed effects of the selected
models were statistically significant, type-IIl. ANOVA tests
were performed using the R package car (Fox and Weisberg,
2019). When a significant effect was observed, a post-hoc analysis
was performed using the pairwise t-test adjusted for Bonferroni
correction for pairwise comparison.

In order to detect trait convergence or divergence patterns,
values of ES RaoQ were tested as to whether they were
significantly different from zero using a one-sample t-test (for
normally distributed data) and a Wilcoxon signed-ranks test (for
non-normally distributed data). In addition, to analyse the
impact of the most abundant species on trait divergence, the
relationships between ES RaoQ (both multi-trait and single-trait
estimations) and relative cover of these species were assessed
using Pearson’s correlation test (when data were fitted to a
normal distribution) and Spearman’s correlation test (for non-
normally distributed data).

Finally, the relationship between Cj,4ex and ES RaoQ was
explored through linear regression models using ES RaoQ as the
response variable. All analyses were carried out in R 4.1.0 (R
Core Team, 2022).

3 Results

A total of 59 plant species were detected, of which 29 showed
a significant occurrence (Supplementary Table 1). Complete trait
information for these 29 species, reported elsewhere (Guerra
et al., 2021), was employed to compute functional diversity
indices. Nonetheless, trait data for the most abundant species
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are provided (see Supplementary Tables 2, 3). All models except
the one constructed for ES FRic showed lower AICc values when
WM:I was used as predictor variable (Table 2).

3.1 Effects of weed management and
irrigation on functional diversity

A moderate influence of WM:I on functional richness (R%, =
0.16) was observed (Table 2). Thus, functional richness was
significantly higher in mown irrigated plots compared to tilled
irrigated plots, while intermediate values were reached in
herbicide-treated irrigated plots (Table 3). However, when the
influence of species richness was removed (i.e. ES FRic), opposite
values were obtained. Model for ES FRic was best fitted when
“site” was used as predictor variable (R2,= 0.44). Thus, herbicide-
treated sites (site 2 and 6) showed significantly different ES FRic
values between them (Figure 2A). Indeed, herbicide-treated rows
next to tillage (i.e. site 2), showed similar values to tilled plots but
significantly greater than herbicide-treated rows next to mowing
(i.e. site 6). A slightly lower effect of WM:I on functional
evenness was found (R% = 0.10), with no significant
differences observed among managements. In contrast, a
marked influence of WM:I on functional divergence (RaoQ)
was observed (pseudo R* = 0.43), reaching significantly greater
values in herbicide-treated irrigated plots than in mown irrigated
plots (Table 3). This effect is even more marked for ES RaoQ (R?,
= 0.55). Besides, irrigation also had a significant effect on
functional divergence (Table 2). Thus, higher RaoQ and ES
RaoQ values were observed in irrigated plots, although for RaoQ,
these differences were only significant when comparing among
mown plots (Table 3).

3.2 Trait convergence and divergence
as a function of weed management
and irrigation

Results related to ES RaoQ for the whole set of traits showed
a process of trait convergence in tilled non-irrigated plots and in
mown plots, being especially marked in mown non-irrigated
plots, while trait divergence was observed in herbicide-treated
irrigated plots (Figure 2B). Therefore, mowing significantly
promoted trait convergence while trait divergence was
enhanced in irrigated plots, supporting what was observed in
the exploratory analysis (Supplementary Tables 4, 5). The results
of ES RaoQ values for each single trait provided more detailed
information (Figure 3; Table 4). Trait convergence observed in
tilled non-irrigated plots was mainly due to the negative ES
RaoQ values detected for RLF, PHV and LA. In mown plots,
convergence was found for all traits except for RLF and, in the
case of mown irrigated plots, also for LA and SM. In contrast, a
trend towards trait divergence was observed in most traits in
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TABLE 2 Summary of models built to analyze the effect of weed management (WM) and irrigation (I) on functional diversity indices.

ES RaoQ

ES FRic

RaoQ

FEve

FRic

Site

M:I

W

Site WM

M:1

W

Site WM

WM:I

Site WM

M:I

Site WM W

WM:I

WM

k% 4% k% ok ns 4k ok ok ok k% ok

ok

ns

* *
* ns ok *

P-value

0.60 0.62

0.33

0.49

0.09 0.20 0.26 0.10 0.03 0.11 0.18

0.17

2

0.03 0.29 0.42 0.45 0.30 0.55 0.56

0.26

0.00 0.16 0.16 0.08 0.03 0.10 0.16

0.12

2
m

0.43
-487.97

0.43
-525.72

0.26

0.33

pseudo R?
AICc

127.35

119.83

162.07

169.89

-61.07

-70.98

-14.81

-31.91

FRic, functional richness; Feve, functional evenness; RaoQ, Rao’s quadratic entropy; ES FRic, effect size functional richness; ES RaoQ, effect size Rao’s quadratic entropy.

The significance levels of the fixed terms were assessed from a type-IIIl ANOVA (s, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001). For mixed models, Rf and an provide the proportion of variance explained by the whole model and by the fixed effects,

10.3389/fpls.2022.993051

respectively. Pseudo R* was estimated for beta regression models.
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TABLE 3 Mean values (+ SE) by plots of functional diversity indices based on the interaction of weed management and irrigation (WM:l).

FRic FEve
HI 0.41 + 0.03 ab 0.58 +0.03 a
MNI 0.45 + 0.03 ab 0.49 +0.02 a
MI 0.54 + 0.04 a 0.52 +0.04 a
TNI 0.36 + 0.05 b 0.56 + 0.03 a
TI 0.29 + 0.04 b 0.61 +0.04 a

RaoQ ES FRic ES RaoQ
0.06 + 0.00 a -0.05+0.15a 031+0.13a
0.03 + 0.00 ¢ -0.71 + 0.08 b -0.94 + 0.01 ¢
0.04 +0.00 b -0.41 + 0.17 ab -0.50 + 0.15 b
0.04 + 0.00 b 0.12+0.12a -0.38 + 0.09 b
0.06 + 0.00 ab 0.17 £+ 0.14 a 0.10 +0.13 a

HI, herbicide - irrigation; MNI, mowing - non-irrigation; MI, mowing - irrigation; TNI, tillage — non-irrigation; TI, tillage - irrigation.

FRic, functional richness; Feve, functional evenness; RaoQ, Rao’s quadratic entropy; ES FRic, effect size of functional richness; ES RaoQ, effect size of Rao’s quadratic entropy.

Means within the same column with the same letters are not significantly different.

herbicide-treated irrigated plots, but this divergence was only
significant for LA and SM. It should be noted that a strong
functional convergence was observed for PHV in all plots except
in herbicide-treated irrigated plots, where the median value was
above zero. In tilled irrigated plots, high functional divergence
was also observed for SM and, to a lesser extent, for SLI and OFL.
However, the ES RaoQ value for the whole set of traits was not
significantly higher than zero, since trait convergence was
detected for leaf traits and PHV. In addition, when the effect
of irrigation on the divergence of single traits was explored, it
was revealed that irrigation only had a significant effect on
divergence for RLF, PHV, LA and SM (Supplementary
Table 5). Thus, for these traits, irrigated plots were more
functionally divergent than non-irrigated plots.

The highest ES RaoQ values found for PHV, LA and SM
were strongly associated with two species having more extreme
values for these traits: Sonchus asper (for PHV and LA) and
Convolvulus arvensis (for SM) (Supplementary Figure 4). An
increased occurrence of S. asper caused a substantial increase in

ES RaoQ for PHV and especially for LA, with ES RaoQ values
above 0.5 for plots with a relative cover above 20% for this
species (Figure 4A); while a small increase in the percentage of
C. arvensis caused an exponential increase in ES RaoQ for SM
(Figure 4B), with ES RaoQ higher than 0.5 from a percentage of
C. arvensis of 4%. For further details, see Supplementary
Figures 5, 6.

3.3 Links between competitiveness and
functional diversity

A strong correlation was found between Cj, g, and ES RaoQ
(R* = 0.80, P< 0.001), which was best fitted using a cubic
regression model (Figure 5). Hence, functional divergence was
greater the higher the competitiveness, but with a slight drop for
Cindex above 0.45. An analysis of the ES RaoQ values for each
single trait showed how there was a significant positive
correlation between ES RaoQ and competitiveness for all traits
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Effect size of FRic (ES FRic) depending on site (A) and effect size of RaoQ (ES RaoQ) depending on the interaction of weed management and
irrigation (WM:1) (B). Marginal R? (R*m) provides the variance explained by the fixed effects. Same letters on the boxes indicate no significant
differences. H, herbicide; M, mowing; T, tillage; NI, non-irrigation; |, irrigation. Sites: 1, tilled inter-rows adjacent to herbicide-treated plots; 2,
herbicide-treated rows adjacent to tilled plots; 3, tilled inter-rows adjacent to tilled plots; 4, tilled rows; 5, mown inter-rows adjacent to
herbicide-treated plots; 6, herbicide-treated rows adjacent to mown plots; 7, mown inter-rows adjacent to mown plots; 8, mown rows. Outliers

are indicated with an asterisk (*).
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except for LDMC and SLA (Supplementary Table 6). This
correlation was particularly strong for PHV, LA and SM.

4 Discussion

To our knowledge, this is the first long-term study addressing
how plant functional diversity is shaped by weed management and
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the first work to evidence trait convergence and divergence
processes linked to weed management. Our results revealed that
weed management affected different dimensions of functional
diversity, with significant major impact on functional divergence.
Indeed, trait divergence was observed in herbicide-treated irrigated
plots, while trait convergence patterns were detected in tilled plots
and especially in mown plots. Irrigation use, which implies
different ecological conditions within the vineyard, also affected
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functional diversity with higher functional divergence in irrigated
plots with respect to non-irrigated plots.

4.1 Effects of weed management and
irrigation on plant functional diversity

The findings obtained for functional richness were within
expectations since, as the literature states, a signiﬁcant positive
correlation exists between functional and species richness
(Villeger et al., 2008). In our study, mown plots with higher
species richness (Guerra et al., 2022) were also those that filled a
larger functional space, which is in consonance with the findings
of Kazakou et al. (2016). However, when the effect of species
richness on functional richness was removed (i.e. ES FRic), the
results were reversed. For instance, in mown inter-rows the
observed functional richness values were much lower than
expected from the null model (ES FRic = -0.71), evidencing
high functional redundancy, thus revealing the occurrence in
these plots of a large number of species with similar traits.
Herbicide effect on ES FRic differed according to adjacent
management (Figure 2A), similar to that observed for species
richness in Guerra et al. (2022). In this previous work it was
noted that herbicide-treated plots next to mowing (site 6)
showed higher number of species than herbicide-treated plots
next to tillage (site 2). Taking this into account, the low ES FRic
values observed at site 6 highlight that higher species richness
did not lead in this case to a significant increase in functional
richness (Supplementary Figure 3), suggesting that added species
are functionally redundant.

Likewise, functional evenness was also lower in mown plots.
These findings are in line with Carmona et al. (2020), who
observed the lowest values of functional evenness and SES FRic
(very similar to ES FRic) in less intensively managed plots. In
addition, the lower values observed for ES FRic and FEve in
mown plots suggest the existence of habitat filtering mechanisms
(Mouchet et al., 2010; Pakeman, 2011), which is in line with the
lower values of ES RaoQ found in these plots. Hence, mowing
seems to be acting as an abiotic filter that promotes a process of
functional convergence in the vast majority of traits, in line with
previous work in meadows (Mudrak et al., 2016; Halassy et al.,
2019). These results are in agreement with those discussed by
Guerra et al. (2021), who observed a distinct suite of plant traits
in response to mowing (species with higher stress tolerance,
lower vegetative height, lower SLA and higher LDMC).
Nonetheless, our findings are not consistent with previous
studies reporting the highest values of RaoQ (or similar index
FDis) in spontaneous plant covers (Hall et al., 2020) or mown
rows (Mainardis et al., 2020). This could be explained by the fact
that mowing effects on plant communities depend on the time
scale considered, as we will discuss below. Hence, plant
communities tend to become more homogeneous and
functionally convergent after years of adopting conservation
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agriculture practices (Derrouch et al, 2021). In particular,
mowing can lead over time to a homogeneous species
composition (Leps, 2014) and to functional convergence in
some traits such as plant height (Halassy et al., 2019).

In tilled inter-rows, although in a more attenuated form, it
was also possible to detect a process of functional convergence in
some vegetative traits (RLF, PHV, LA), due to the abundant
occurrence of short ruderal therophytes with small leaves such as
Lamium amplexicaule, which are favored by tillage (Hall et al.,
20205 Guerra et al.,, 2021). However, contrary to expectations, no
trait convergence was observed in tilled non-irrigated plots for

leaf economics traits (LDMC, SLA), which had been previously
associated with tillage and agricultural intensification (Carmona
etal, 2020; Hall et al., 2020; Guerra et al,, 2021). Although tillage
may be acting as a functional filter enhancing traits related to
fast-growing ruderal species (Guerra et al., 2021), this habitat
filtering process may have been hidden in tilled non-irrigated
plots by two independent processes. Firstly, the high abundance
of Stellaria media in these plots, with an extreme value for SLA,
led to an increase in functional divergence (Supplementary
Figures 5D and 6D). High SLA values are associated with high
growth rates (Hunt and Cornelissen, 1997), enabling species to

R*=0.80
P<0.001

05

ES RaoQ

-05

FIGURE 5

0.35
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Relationship between competitiveness index (Cingex) and the effect size of RaoQ (ES RaoQ). Dots, corresponding to plots, have been filled in by
the interaction of weed management and irrigation (WM:l): HI, herbicide - irrigation; MNI, mowing — non-irrigation; MI, mowing - irrigation;
TNI, tillage — non-irrigation; T, tillage — irrigation. R-squared (R?) provides the proportion of variance explained by Cingex. Confidence intervals

(95%) are shaded in light gray.
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complete their life cycle in a short time (Grime and Hunt, 1975).
This would give S. media an adaptive advantage to proliferate in
environments subject to recurrent disturbances, such as tilled
fields (Jernigan et al., 2017). Therefore, tillage could be exerting
habitat filtering at the lower margin of the functional range by
limiting the occurrence of species with low SLA, while not
necessarily limiting the occurrence of species with more
extreme values at the upper margin of the functional range,
since high SLA values provide an adaptive advantage over tillage.
Secondly, the habitat filtering could be hidden here by the
abundance of species that are not typical of tillage (e.g.
Medicago minima, Bromus madritensis) but which colonize
these tilled spaces due to their massive occurrence in nearby
mown plots, compatible with a spatial mass effect (Shmida and
Wilson, 1985). Thus, the abundance in tilled non-irrigated plots
of M. minima and B. madritensis, with LDMC values
substantially higher than those of typical tillage species (e.g. L.
amplexicaule), caused a marked increase in functional
divergence (Supplementary Figure 6D).

The observed convergence in vegetative traits (PHV, LDMC,
SLA) in tilled irrigated plots, would suggest a process of habitat
filtering due to tillage. However, trait convergence was
counterbalanced here by divergence patterns observed for
certain reproductive traits (SM, SLI, OFL), which were
markedly high for SM. Trait divergence for SLI and OFL was a
consequence of the coexistence in these plots of tillage specialist
species with a persistent seed bank and early flowering (e.g. L.
amplexicaule, Veronica hederifolia) together with species with a
transient seed bank (e.g. Diplotaxis erucoides, M. minima) and
later flowering (e.g. C. arvensis, B. madritensis). This suggests the
existence of a partitioning of phenological and regeneration
niches (Grubb, 1977), with different reproductive strategies,
similar to what has been documented in previous studies
(Cornwell and Ackerly, 2009; Bernard-Verdier et al., 2012).
Likewise, the greatest functional divergence observed for SM
was mainly due to the occurrence of a single species, C. arvensis,
with a vastly higher SM than the others (Figure 4B). This higher
SM may provide C. arvensis a greater ability to compete for
establishment sites (Turnbull et al., 2004), increase success in
colonization and survival after tillage or herbicide application
(Kazakou et al., 2021) and establish a persistent soil seed bank
with physically dormant seeds (Xiong et al., 2018), enabling its
permanence on arable land.

Similarly, the higher abundance of C. arvensis in irrigated
plots also led to a significantly higher functional divergence for
SM compared to non-irrigated plots. This was also the cause of
the higher divergence observed in irrigated plots for RLF, as the
geophyte life form of C. arvensis contrasts with the vast majority
of therophytes in these communities.

Overall, our results revealed that functional divergence was
greater in irrigated than in non-irrigated plots, since beyond RLF
and SM, trait divergence was detected in irrigated plots for PHV
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and LA. This is consistent with the literature, which states that
functional divergence may increase with increasing water
availability, particularly in vegetative traits related to resource
acquisition (Spasojevic and Suding, 2012; Carmona et al., 2015;
Nogueira et al., 2018). Divergence for PHV and LA was mainly
driven by the increased abundance in irrigated plots of more
competitive species such as S. asper or D. erucoides (Guerra et al.,
2021), which had a significantly greater vegetative height and
leaf size than the rest. The PHV and LA are closely associated
with competitive ability (Grime, 1974; Keddy et al., 2002). On
this basis, a tall and large-leaved species such as S. asper could
compete more effectively for resources, especially for light
capture and water. These trait divergence patterns observed
for these vegetative traits would indicate a partitioning of light
interception strategies, in line with previous work in herbaceous
communities (Spasojevic and Suding, 2012).

From the above, irrigation favored more competitive species
that showed markedly divergent values for certain traits. This led
to an overdispersion of these traits and thus to an increase in
functional divergence indices, as clearly reflected by the strong
positive correlation found between ES RaoQ and Cj,gex
(Figure 5), albeit with a slight downward trend in functional
divergence was observed at higher Ci,qex values. This is
consistent with former studies indicating that functional
divergence may be maximal at intermediate levels of
competition, whereas when competitive processes are
maximized, as in undisturbed productive habitats, trait
convergence may occur as weaker competitors are excluded
and traits that confer plant species greater competitive ability
are enhanced (Grime, 2006; Navas and Violle, 2009; Mayfield
and Levine, 2010).

In our study, competitiveness was significantly greater in
herbicide-treated irrigated plots, where a significant trait
divergence was detected for the whole set of traits. The higher
abundance of S. asper in these plots, where it is the dominant
species together with B. madritensis, would explain the higher
functional divergence observed. But to understand why, it is first
necessary to describe the particular dynamics that occur in these
herbicide-treated irrigated plots. Except for cases of herbicide
resistance (Heap and Duke, 2018), which are not reported in our
study field, the application of non-residual herbicide glyphosate
removes almost the totality of weeds, thus resulting in a
completely bare soil. But in our case, after the last summer
application there was a time window between applications of 8-9
months (see Figure 1) during which different species were able to
colonize, germinate and grow in gaps caused by the herbicide
treatment. Under these particular conditions, the two dominant
species were S. asper and B. madritensis, in our opinion due to
two reasons: (a) the most abundant species in nearby plots might
have colonized the herbicide-generated gaps more profusely. In
fact, the two most abundant species in mown plots, M. minima
and B. madritensis, were respectively the third and the first most
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abundant species in herbicide-treated irrigated plots
(Supplementary Figure 5); (b) both tillage and mowing seem
to be more successful in limiting the occurrence of S. asper
(Guerra et al,, 2022). During the months between the last
herbicide application and the following year sampling, these
dominant species initiate an annual process of resource
competition which, as mentioned above, would be enhanced
in irrigated plots. In this competition for resources, in line with
the “limiting similarity” theory (Macarthur and Levins, 1967),
two species are more likely to coexist if they have differentiated
niches, as in the case of S. asper and B. madritensis, with
markedly different functional traits (see Supplementary
Table 3). Thus, with respect to vegetative traits, S. asper is a
noticeably taller species, with much larger leaves, lower LDMC
and lower SLA than B. madritensis. These species also differ in all
reproductive traits, with S. asper having much lighter seeds, a
markedly higher SLI, different phenological traits and a different
dispersal syndrome than B. madritensis. Considering the
evidence of two clearly divergent species within the multi-trait
functional space, which was also reflected in significant trait
divergence detected through null models, would confirm the
existence of niche differentiation processes in herbicide-treated
irrigated plots.

4.2 Synthesis and implications for
agroecological weed management

Our study has evidenced how plant functional diversity can
be affected by weed management through processes of trait
convergence and divergence, also revealing that these
processes can occur simultaneously, affecting both vegetative
and reproductive plant traits. Trait divergence was significant in
herbicide-treated irrigated plots, where marked differences
between the two dominant species provided clear evidence of a
process of niche differentiation. The effect of weed management
on these processes was shaped by the application of irrigation in
vineyard rows, leading primarily to functional divergence for
vegetative traits linked to the ability to acquire resources.

On the whole, these community assembly processes were
reflected in the estimated functional diversity indices. Hence,
mown plots exhibited the highest functional richness. However,
when species abundance was considered (i.e. RaoQ), herbicide-
treated irrigated plots showed the highest functional diversity.
Since ecosystem functions may be further conditioned by
dominant plant species (mass-ratio hypothesis), RaoQ may be
a more appropriate index to measure plant functional diversity.
Indeed, higher functional diversity might not be a desirable
indicator in agroecosystems, since higher RaoQ values were
associated in this study with the occurrence of dominant
species such as S. asper and C. arvensis, which are considered
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as noxious grapevine weeds (Guerra et al., 2022) and cause yield
losses in a wide variety of crops (Boldt et al., 1998). Based on
these assumptions, it would be advisable to propose
agroecological weed management aimed not at maximizing
functional diversity, but at favoring a certain range of plant
trait values, reducing disservices (e.g. crop competition, pest
hosting) and enhancing ecosystem services (e.g. pollination,
carbon sequestration). For this purpose, CWM of plant traits
could be a more useful tool than functional diversity indices
(Lavorel, 2013; Weil et al., 2021). Therefore, further studies are
required to clarify the relationship between weed management,
plant functional traits and the provision of ecosystem services.
This relationship should be the central core of agroecological
weed management.
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Alpine plants’ distribution is being pushed higher towards mountaintops due to
global warming, finally diminishing their range and thereby increasing the risk
of extinction. Plants with specialized ‘glasshouse’ structures have adapted well
to harsh alpine environments, notably to the extremely low temperatures,
which makes them vulnerable to global warming. However, their response to
global warming is quite unexplored. Therefore, by compiling occurrences and
several environmental strata, we utilized multiple ensemble species distribution
modeling (eSDM) to estimate the historical, present-day, and future distribution
of two alpine ‘glasshouse’ species Rheum nobile Hook. f. & Thomson and R.
alexandrae Batalin. Rheum nobile was predicted to extend its distribution from
the Eastern Himalaya (EH) to the Hengduan Mountains (HM), whereas R.
alexandrae was restricted exclusively in the HM. Both species witnessed a
northward expansion of suitable habitats followed by a southerly retreat in the
HM region. Our findings reveal that both species have a considerable range
shift under different climate change scenarios, mainly triggered by precipitation
rather than temperature. The model predicted northward and upward
migration for both species since the last glacial period which is mainly due to
expected future climate change scenarios. Further, the observed niche overlap
between the two species presented that they are more divergent depending on
their habitat, except for certain regions in the HM. However, relocating
appropriate habitats to the north and high elevation may not ensure the
species’ survival, as it needs to adapt to the extreme climatic circumstances
in alpine habitats. Therefore, we advocate for more conservation efforts in
these biodiversity hotspots.
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Introduction

“Unless we move quickly to protect global biodiversity, we will
soon lose most of the species composing life on Earth.” —Edward
0. Wilson (1929-2021).

Global biodiversity hotspots (Myers et al., 2000) harbor high
levels of species richness and endemism (Sun et al., 2017; Rahbek
etal,, 2019), yet they are vulnerable to large-scale climatic change
(Baker and Moseley, 2007). Two biodiversity hotspots, i.e., the
Himalayas and the Mountains of Southwest China (also known
as the Hengduan Mountains) (Myers et al., 2000; Mittermeier
et al, 2011) known to be the biodiversity reservoir of ‘the Third
Pole’, can’t remain intangible by present-day global warming
(Qiu, 2008). The alpine areas of this region are characterized by
low temperatures, intense solar radiation, strong winds, dense
cloudiness, frequent precipitation, and a short growing season
(He et al., 2006). Several plant species in this area have evolved

» o«

specific phenotypes, such as “downy plant”, “cushion plant”, and
“glasshouse plant” (Tsukaya and Tsuge, 2001; Korner, 2003) .
But those plants, which are well adapted to extreme
environments through specialized structures, might be
susceptible to climate warming (Doiron et al., 2014).
Nevertheless, plant species are known to respond to changes
in climate by altering their phenology (Cleland et al., 2007) or
shifting their distribution range (Parmesan and Yohe, 2003;
Chen et al, 2011). Meanwhile, in the past plant species in the
Himalaya-Hengduan Mountains (HHM) have been transformed
by quaternary climatic oscillations (Sandel et al., 2011; Muellner-
Riehl et al., 2019).

Global warming pushes the plant populations to upslope
along elevation and poleward along latitude to track isotherms
(Lenoir and Svenning, 2013; Zu et al, 2021). As mountain
species migrate upslope to cooler climatic conditions to avoid
rising temperatures, it results in a smaller inhabited area and
population reduction (Morueta-Holme et al., 2015; Freeman
et al, 2018). As they ascend higher in elevation towards
mountaintops, the elevational range becomes progressively
constrained, perhaps increasing the risk of extinction (Manne
et al,, 1999; Freeman et al., 2018). Warming temperature drives
lowlands species to move upwards, and there may be no record
for species adapted to higher temperatures to compensate for the
loss (Colwell et al., 2008). Indeed, lowland species from warmer
microhabitats may relocate to cooler refuges at the same
elevation due to global warming (Bush et al., 2004). However,
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alpine plants might face summit trap phenomena (Rana et al,
2017; Salick et al,, 2019). Due to climate change, plant
distribution patterns are changing, with species expanding in
more suitable areas and declining in increasingly hostile ones
(Kelly and Goulden, 2008). Notably, past temperature rise
presented an unusual and persistent upward movement of tree
lines for about 1000 m in the Himalayan alpine meadows
(Schickhoff et al,, 2014) or the HM coniferous forest (Lenoir
etal., 2008; Wang et al., 2018; Yao et al., 2020). In line with these
predictions, several alpine plants (for instance, Anemone
rivularis, Abies delavayi) have shifted their ranges upward,
north-westward (Liang et al, 2018), or upslope (Kelly and
Goulden, 2008; Lenoir et al., 2008; Rumpf et al., 2018).
However, on the other hand, the alpine glasshouse species are
rarely explored for their range shifts.

The genus Rheum (Polygonaceae) has around 60 species
widely distributed across the QTP’s high latitudes. Only a few
species make it to Central and Western Asia and Europe
(Losina-Losinskaya, 1936; Kao and Cheng, 1975). Owing to
the therapeutic and pharmacological properties of Rheum, the
increased market demand has impaired the survival and
existence of wild species (Chen et al., 2018). The majority of
Rheum species have evolved specific morphologies to cope with
the harsh climate (Tsukaya and Tsuge, 2001). The ‘glasshouse’
plants, with their large upper translucent bracts covering the
inflorescences, are examples of such adaptations (Ohba, 1988).
Despite the fact ‘glasshouse’ morphology may be found in
more than ten plant families, including Ranunculaceae,
Caryophyllaceae, Lamiaceae, Asteraceae, and Polygonaceae
(Yoshida, 2002), the most known alpine ‘glasshouse’ plant
species that have piqued the interest of evolutionary and
conservation biologists are R. nobile Hook. f. & Thomson and
R. alexandrae Batalin. The multifunctional translucent bracts of
such plants are likely to have evolved independently in the
Himalayas as a response to low temperatures and high
irradiance, facilitating an upward range shift in response to
climate change (Tsukaya and Tsuge, 2001; Tsukaya, 2002; Sun
et al.,, 2012; Song et al.,, 2013¢; Song et al.,, 2015; Song et al.,
2020a). On the other hand, cold-adapted alpine plants may
experience range contractions and/or local extinctions
(Gimeénez-Benavides et al., 2011; Wiens, 2016) due to a slower
rate of adaptation than that of climate change (Quintero and
Wiens, 2013). Therefore, to fill the unprecedented research gap
in Rheum species and to develop a scientific strategy to protect
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alpine glasshouse species (i.e., R. nobile and R. alexandrae) from
the negative consequences of global warming, we used species
distribution models and assessed the geographical distribution
range shift.

The species distribution models (SDM) combined with
geographic information systems have ushered in a new era of
research into the consequences of climate change on species
ecology, biogeography, and conservation (Guisan and Thuiller,
2005; Warren et al., 2008). Ensemble SDM (eSDM) can discover
geographic places with a high possibility of having a focal species
present by focusing on biological niche demands (Guisan and
Thuiller, 2005). With the recent advancement in SDM
approaches (Miller, 2010), multi-model projections have been
widely utilized to identify the climatic envelope and range shift
for endemic and endangered species (Pearson et al., 2007;
Robinson et al., 2018).

This research looks at how global warming affects the
distribution ranges of the geographically co-occurring alpine
‘glasshouse’ species R. nobile and R. alexandrae (Polygonaceae).
With the following precise goals in mind, we adopted multiple
eSDM approaches to 1) characterize the realized niche
underpinning the distribution of the two focal species, 2)
predict range shifts of the two focal species under various
climatic scenarios, and 3) discuss potential adaptive responses
to changes in the distributional range of the two focal species in
response to global warming for biodiversity conservation.

Materials and methods
Focal species

Rheum nobile and R. alexandrae are two species that have
evolved specific adaptations to cope with the cold-foggy and damp
conditions prevalent at high elevations in the HHM, respectively.
Both species (Figure 1A) are giant perennial herbs endemic to the
Eastern Himalayas (EH) and the Hengduan Mountains (HM)
(Figure 1D), growing at elevations between 3,400 and 6,000 m
a.sl. (Li and Gao, 1998; Chowdhery and Agrawala, 2009). Rheum
nobile is a monocarpic herb with individuals dying after a single
reproductive event after ca. 33 years of vegetative growth (Song
et al., 2020b), whereas R. alexandrae is a multi-stemmed
polycarpic perennial (Song et al. unpublished). Despite their
relatedness and morphological similarity (Sun et al., 2012), they
have distinct habitat and range distributions. Rheum nobile is
found chiefly on alpine open scree and occasionally in open
patches of alpine meadows, i.e., in well-drained habitats
(Chowdhery and Agrawala, 2009; Song et al., 2013c), whereas
the partly sympatric R. alexandrae is found mainly on alpine
wetlands, including marshes, swampy meadows, and lakeshores
(Chen, 1993).
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Rarefaction of species occurrence

We focused on the entire geographic distribution ranges of
the two species (Figure 1D). For this, the past field (1937-2020)
(Supplementary Table S1) datasets were compiled and cross-
checked with the herbarium records from the National
Herbarium and Plant Laboratories (KATH, Nepal) and
Kunming Institute of Botany, CAS (KUN, China) to construct
the geographic distribution of both species. In addition to past
field and herbarium collections, we also ground-validated
occurrence points (from 2015 to 2022) through GPS in the
field and cross-checked with the online databases of the Chinese
National Herbarium (PE; http://pe.ibcas.ac.cn/en/), Chinese
Virtual Herbarium (CVH; http://www.cvh.ac.cn/), the Global
Biodiversity Information Facility (GBIF.org, 2021), the Royal
Botanical Garden at Edinburgh (RBGE, United Kingdom; http://
data.rbge.org.uk/search/herbarium/) and the Herbarium at the
University of Tokyo (TI, Japan; http://umdb.um.u-tokyo.ac.jp/
DShokubu/). While compiling the occurrence datasets, we
mainly focused on geographic coordinates recorded by the
different resource persons during the field. So, the occurrence
points from the other herbarium specimens and online
databases were discarded in the datasets. Following Barbet-
Massin et al. (2012), the background points were randomly
chosen within a 25-50 km radius of the occurrence points.

Overfitting or biases in eSDM may result from geo-coding
errors in the herbarium label and spatially clustered localities
(Hijmans, 2012; Boria et al., 2014; Rana et al., 2021), making it
challenging to forecast range distribution and climatic suitability
accurately. Therefore, we spatially rarefied the gathered
geographic occurrences to avoid model bias (Boria et al., 2014;
Rana et al., 2017; Rana et al., 2020b). Due to the filter distances’
effectiveness in spatially high heterogeneous regions, like
mountains, the occurrences were rarefied using a 10-km
spatial grid (Veloz, 2009; Boria et al., 2014; Rana et al., 2021).
Finally, the models were developed using 56 out of 79 R. nobile
occurrences and 54 out of 77 R. alexandrae occurrences
after rarefaction.

Explanatory environmental variables

The potential distribution of the two focal species was
modeled for the present-day (ca. 1990-2000) and projected to
the paleo (LIG: last inter-glacial ca. 120,000-140,000 years BP;
the LGM: last glacial maximum ca. 22,000 years BP) and future
(2070, Representative Concentration Pathways, RCPs4.5)
climatic scenarios. The climatic projection was created using a
multi-model median (MMM) ensemble of General Circulation
Models (GCMs) (Rana et al.,, 2021) (see Supplementary Table 52
for GCMs).
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FIGURE 1

(A) Images of Rheum nobile (above) and Rheum alexandrae (below) in their respective habitats. (B) The relative contribution of the predictive
environmental variables (colored arrows) to the two axes of biplots from principal components analysis (PCA). The distribution area of both
species as a function of (C) raster overlay and (D) fuzzy overlay depicts their present-day bio-climatically suitable niche in the Eastern Himalaya
(EH) and the Hengduan Mountains (HM). The two dots in (B, D) represent the occurrence points for R. nobile (white dot) and R. alexandrae

(black dot).

We used three different eSDM in different environmental
strata, each with its unique set of predictive variables. Firstly,
bioclimatic variables (http://www.worldclim.org/version2) were
used to forecast under paleo climatic (LIG, LGM), present-day,
and future scenarios. Secondly, all environmental variables were
pooled and forecasted. Finally, ensemble forecasting was
performed by combining bioclimatic variables with other
environmental variable categories such as geo-climatic (http://
www.worldclim.org/version2; http://nelson.wisc.edu/sage;
http://www.cgiar-csi.org), habitat heterogeneity (Tuanmu and
Jetz, 2015; http://www.earthenv.org/texture), growing days
(https://chelsa-climate.org/), ultra-violet radiation (Beckmann
et al, 2014; https://www.ufz.de/gluv/) and consensus land-
cover (Tuanmu and Jetz, 2014; http://www.earthenv.org/
landcover). All these climatic variables (Hijmans et al., 2005)
and other environmental variables were used with a spatial
resolution of 2.5 arc-min (Table 1).

The elimination of highly correlated and/or redundant
variables reduces the high collinearity, uncertainties, and
predictive errors associated with clustered variables
(Ranjitkar et al., 2014). Therefore, we used successive steps of
variable selection. Firstly, variables were selected category-
wise; secondly, all variables from each category were pooled
together (for combined ensemble forecasting); and finally,
bioclimatic variables were combined with environmental
variables from other categories. Initially screened global
consensus landcover variables were analyzed with species
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occurrences larger than a 30% threshold out of all
occurrences (Supplementary Table S3). We used the variance
inflation factor (VIF; Fox and Weisberg, 2011) (calculated
using the R-package ‘car’ fixing elevation as a response
variable) in conjunction with a Pearson correlation matrix as
the significant core of variable selection. In VIF, the linear
function of the model employs numeric response variables and
is expressed as VIFj=1/(1-R’j), where R’ is the R*-value
obtained by regressing the j™ predictor on the remaining
predictors (Jackson et al., 2009). Variables with VIFj >10
indicate strong multi-collinearity (Quinn and Keough, 2002),
and variables with a high VIFj have a negative impact on the
modeling output. Several tests were run with extracted values
of occurrences for bioclimatic and other environmental
variables until a set of predictors with VIFj values less than
10 was retained. The selection of explanatory variables includes
Pearson correlation values of < |0.8| (see Supplementary Tables
54, S5 for correlation analysis results) and VIFj values of < 10
(see Supplementary Tables S6-S10 for VIFj analysis results).
Initially, variables were selected based on the Pearson
correlation (Supplementary Tables S4, S5) and VIFj analysis
(Supplementary Tables S6, S7). In contrast, the remaining steps
used VIF (Supplementary Tables S8-510) as the primary
function of the variable selection for both focal species.
Several species-specific and environmental variables were
used as a subset of predictive variables for forecasting the
suitable range (Table 1).

frontiersin.org


http://www.worldclim.org/version2
http://www.worldclim.org/version2
http://www.worldclim.org/version2
http://nelson.wisc.edu/sage
http://www.cgiar-csi.org
http://www.earthenv.org/texture
https://chelsa-climate.org/
https://www.ufz.de/gluv
http://www.earthenv.org/landcover
http://www.earthenv.org/landcover
https://doi.org/10.3389/fpls.2022.925296
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Rana et al.

10.3389/fpls.2022.925296

TABLE 1 Multi-step selection of predictive environmental variables for ensemble species distribution modeling (eSDM) of two alpine ‘glasshouse’

herbs, Rheum nobile and Rheum alexandrae.

Environmental variables

Rheum nobile

Rheum alexandrae

1 st 2nd 3rd 1 st 2nd 3rd
Bioclimatic variables (V1)
Mean diurnal range (°C) - - bio2 bio2
Isothermality [(bio2/bio7) x 100] bio3 bio3 bio3 bio3
Temperature Annual Range (bio5-bio6) (°C) bio7 bio7 - -
Mean Temperature of Wettest Quarter (°C) - - bio8 -
Mean Temperature of Warmest Quarter (°C) biol0 - - -
Precipitation of Wettest Month (mm) biol3 biol3 biol3 biol3
Precipitation Seasonality (Coefficient of Variation) biol5 - biol5 biol5
Precipitation of Wettest Quarter (mm) biol6 biol6 biol6 biol6
Precipitation of Driest Quarter (mm) biol7 biol7 biol7 -
Precipitation of Coldest Quarter (mm) biol9 - - -
Geo-climatic (V2)
Elevation (m) ele ele ele bio3, bio7 biol0, biol3 biol6, ele ele ele bio2, bio3 bio8, biol3
Aspect (degree) asp asp asp biol7 biol9 asp asp asp biol5, biol6
Net primary productivity (kg-carbon/m?/year) npp npp npp npp npp npp
Annual aridity (ratio) ai - - ai - -
Soil moisture (mm based on 150 mm water soilM soilM soilM soilM soilM soilM
holding capacity)
Potential evapotranspiration (mm) pet pet pet pet - pet
Annual Relative Humidity (%) annRH annRH annRH annRH annRH annRH
Annual solar radiation (kJ/m?*/day) annSR annSR  annSR annSR annSR  annSR
Soil pH (acidity-alkaline level) soil_pH soil_pH soil_pH soil_pH soil_pH soil_pH
Soil carbon (Kg-Carbon/m” to 1 m depth) s0ilC - s0ilC s0ilC - -
Annual water vapour (kPa) - - - annWV - -
Habitat heterogeneity (V3)
Correlation (linear dependency of EVI on corr corr corr bio3, bio7 bio10, biol3 biol5, corr corr corr bio2, bio3 bio8, biol3
adjacent pixels, 1> x >-1) biol6 biol7, biol9 biol5, biol6 biol7
Coefficient of variation (normalized dispersion of  cv - v v - v
EVI, x 20)
Evenness (evenness of EVI, 1> x >0) even even even even even even
Homogeneity (similarity of EVI between adjacent homo - homo homo - homo
pixels, 1> x 20)
Maximum (dominance of EVI combinations max max max max max max
between adjacent pixels, 1> x >0)
Range (Range of EVI, x >0) range  range  range - - -
Contrast (exponentially weighted difference in - - - cont cont cont
EVI between adjacent pixels, x >0)
Growing days (V4)
Growing degree days (°C based on 5-degree base ~ gdd gdd gdd bio3, bio7 biol3, biol5 biol6, gdd gdd gdd bio2, bio3 bio8, biol3
temperature) biol7 biol9 biol5, biol6 biol7
Growing season length (number of days) gsl gsl gsl gsl gsl gsl
Growing season temperature (°C/10) gst gst gst gst - -
Last day of growing season (Julian day) - - - lgd lgd lgd
Ultra-violet radiations (V5)
UV-B seasonality (J/m?*/day) uvb2 uvb2 uvb2 bio3, bio7 bio10, biol3 biol5, uvb2 uvb2 uvb2 bio2, bio3 bio8, biol3
Mean UV-B of lowest month (J/m?*/day) uvb4 - uvb4 biol6 biol7, bio19 - - - biol5, biol6 biol7
Sum of monthly mean UV-B during lowest uvb6 - - uvb6 - -

quarter
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TABLE 1 Continued

Environmental variables

lst znd

Consensus landcover (V6)

Evergreen/deciduous Needleleaf trees (%) lulcl lulcl lulcl
Mixed/other trees (%) lulc4 lulc4 lulc4
Shrubs (%) lulc5 lulc5 lulc5
Herbaceous vegetation (%) lulc6 lulc6 lulc6
Cultivated and managed vegetation (%) lulc7 lulc7 lulc7
Snow/ice (%) lulc10  lulc10  lulcl0

1%, categories-wise selection; 2

Furthermore, principal component analysis (PCA) was
performed to group the occurrences according to the
predictive bioclimatic and environmental variables of R. nobile
and R. alexandrae using the R-package ‘factoextra’ (Kassambara
and Mundt, 2020).

Ensemble model development
and validation

For a given species distribution model, we used the
standardized approach in ODMAP (Overview, Data, Model,
Assessment and Prediction) (Zurell et al., 2020) protocol
structure (Supplementary Methods). The ensemble of SDMs
was implemented using the R-package ‘Biomod2’ (Thuiller et al.,
2020). Biomod2 outperforms single algorithms by incorporating
simulations across multi-model classes, parameters, and climatic
conditions (Araujo and New, 2007). Moreover, the consistent
modeling approach was applied throughout the different
strategies implemented for R. nobile and R. alexandrae. The
assessment of SDM using niche-based modeling techniques
allows for different modeling approaches such as bioclimatic
envelopes, regression, classification methods, and machine
learning methods (Thuiller et al., 2020) (Table 2). Except for
MaxEnt with a maximum iteration of 5000 (Maximum Entropy
Models; Phillips et al., 2006), all other models in Biomod2 were
run with the default settings.

Apart from analyzing significant variables, the essential steps
in modeling are ensemble model development and validation for
consensus mapping, which is generally done using a four-step
modeling procedure in Biomod?2. The initial step was calibrating
ten sub-models with the ‘BIOMOD_Modelling function, which
defined 4-fold cross-validation using 75% of the data to train the
models. The remaining 25% were used to assess the predictive
power using True Skill Statistics (TSS), Cohen’s Kappa, and Area
Under Curve-Receiver Operating characteristics (AUC)
statistics (Araujo et al,, 2005; Allouche et al., 2006). The
threshold-dependent model accuracy matrices, ie., TSS and
Cohen’s kappa, are independent of prevalence-the ratio of
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Rheum alexandrae

3rd lst 2nd 3rd
bio3, bio7 biol0, biol3 biol5, lulcl lulcl lulcl bio2, bio3 bio8, biol3
biol6 biol7, biol9 luled  luled  lulea  biol3, biol6 biol7
lulc6 lulc6 lulc6
lulc7 lulc7 lulc7
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, all categories combinedly (for combined eSDM); 3", Bioclimatic variables with other environmental variables categories.

presence to pseudo-absence data in presence-absence
predictions (Allouche et al., 2006). It considers both sensitivity
and specificity, with the values ranging from -1 to +1, with +1
denoting perfect agreement. Scores between 0.6 to 0.9 suggest
medium to good model performance (Allouche et al.,, 2006). The
threshold-independent model evaluation indicator AUC, on the
other hand, is likewise independent of prevalence (Phillips et al.,
2006) and examines the models’ discriminating abilities. AUC
values of less than 0.6 were regarded as poor, 0.6-0.9 were rated
moderate, and >0.9 were considered excellent (Phillips et al,
2006). We applied the ‘BIOMOD_EnsembleModeling’ function
in the second step, with sub-model weights > 0.9 assessed by TSS
for ensemble modeling. The sampling procedure was replicated
five times. We then used ‘BIOMOD_Projection’ for projecting
the calibrated sub-models into a new space or time. Finally, the
‘BIOMOD_EnsembleForecasting function was used to forecast
and generate the consensus mapping of species over time and
space. The consensus model was then projected onto the past
(LIG, LGM) and future (2070) climatic scenarios. Each model’s
contribution to the final ensemble model was proportional to its
goodness-of-fit statistics.

Mapping the ensemble species
distribution model

The spatial conversion of the consensus ensemble model to a
binary model (presence/absence) was based on the thresholds
(50% of suitable habitats) that suit the present-day distribution
of the focal species (Forester et al., 2013; Rana et al., 2020a; Rana
et al,, 2021). The spatial analyses were carried out in ArcMap
10.4.1 (Environmental Systems Resource Institute (ESRI), 2016)
using the extension Spatial Analysis to reclassify changes in LIG,
LGM, and future conditions compared to present-day suitability
into reduction, stable, and expanded areas of the focal species.
The predicted suitable habitat maps of the two focal species were
then overlapped to locate overlapping regions under present-day
climatic scenarios.
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TABLE 2 Model evaluation indices for the ensemble species distribution modeling (eSDM) of Rheum nobile and Rheum alexandrae using Biomod2 in R-programming language.

R. nobile/R. alexandrae

Algorithms

Generalized additive model (GAM)
Generalized boosting model (GBM)
Generalized linear model (GLM)
Classification tree analysis (CTA)

Artificial neural network (ANN)

Flexible discriminant analysis
(FDA)

Multiple adaptive regression splines
(MARS)

Random forest (RF)
Surface range envelops (SRE)

Maximum Entrophy (MaxEnt)

Kappa

0.92/1

0.96/
0.97

0.84/
0.75

0.91/
0.93

0.84/
0.99

0.87/
0.89

0.9/
0.95

1/0.99

0.7/
0.82

0.93/
0.96

V1

TSS

0.98/1
1/1

0.94/
0.91

0.93/
0.94

0.8/
0.98

0.93/
0.98

0.97/
0.98

11

0.62/
0.72

0.98/
0.97

AUC

1/1
171

1/0.99

0.97/
0.99

0.96/
0.99

0.98/1

1/1

1/1

0.81/
0.86

1/0.99

Kappa

11

0.99/
0.97

0.89/
0.94

0.91/
0.93

0.98/
0.95

0.84/
0.87

1/0.91

171

0.65/
0.69

0.99/
0.95

V1 + V2

TSS

1/1
1/1

0.97/
0.99

0.91/
0.99

0.98/
0.98

0.89/
0.99

1/0.89

11

0.52/
0.56

1/0.98

AUC

11
11

171

0.97/1

1/1

0.95/1

1/0.94

1/1

0.76/
0.78

1/1

Kappa

1/1

0.97/
0.99

0.85/
0.83

0.88/
0.91

0.91/
0.85

0.87/
0.86

0.9/
0.96

0.99/1

0.6/
0.67

0.95/
0.99

V1+ V3

TSS

1/1
171

0.93/
0.94

0.85/
0.94

0.93/
0.97

0.89/
0.98

0.97/
0.98

1/1

0.48/
0.52

0.99/1

AUC

11
1/1

1/0.99

0.96/
0.97

0.99/
0.98

0.96/1

1/0.99

171

0.74/
0.76

11

Kappa

1/1

0.97/
0.96

0.89/
0.92

0.9/
0.88

0.85/
0.97

0.9/
0.87

0.94/
0.94

1/0.99

0.7/
0.81

0.95/
0.95

V1+V4

TSS

11
11

0.95/
0.95

0.89/
0.85

0.97/
0.98

0.97/
0.94

0.97/
0.99

1/1
0.6/0.7

0.97/
0.98

AUC

1/1

1/1

11

0.96/
0.93

0.99/1

1/0.99

11

11

0.8/
0.85

11

Kappa

0.95/1

0.97/
0.98

0.86/
0.82

0.9/
0.92

0.89/
0.97

0.85/
0.88

0.9/
0.95

1/0.99

0.67/
0.81

0.92/
0.95

V1+ V5

TSS

0.99/1
1/1

0.93/
0.94

0.91/
0.92

0.89/
0.96

0.94/
0.97

0.94/
0.98

11

0.55/
0.7

0.97/
0.98

AUC

1/1
171

1/1

0.97/
0.99

0.96/
0.99

0.98/1

0.99/1

1/1

0.78/
0.85

1/1

Kappa

1/1

0.96/
0.98

0.88/
0.83

0.91/
0.91

0.92/1

0.86/
0.9

0.92/
0.98

0.99/1

0.61/
0.77

0.97/
0.97

V1+ Vé

TSS

11
1/1

0.94/
0.92

0.93/
0.94

0.93/1

0.91/
0.98

0.95/1

171

0.48/
0.65

0.97/
0.98

AUC

1/1

171

1/0.99

0.97/
0.97

0.99/1

0.96/1

11

11

0.74/
0.82

1/0.99

Environmental
Kappa TSS — AUC
1/1 1/1 1/1
0.98/ 1/1 1/1
0.99
091/1 099/1  1/1
09/ 085 094/
088 085 093
079/  0.82/  0.93/
086 085 098
092/ 097/ 099/
094 098 099
1/1 1/1 1/1
1/1 1/1 1/1
046/ 032/  0.66/
062 046 073
1/1 0.9/1 1/1

Kappa, Cohen’s kappa; TSS, True Skill Statistics; AUC, Area Under the Curve; V1, Bioclimatic variables; V2, Geo-climatic; V3, Habitat-heterogeneity; V4, Growing days; V5, Ultra-violet radiations; V6, Consensus landcover
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Niche equivalency test

Under the current bioclimatic scenario, we used the ecospat
test in R-package ‘ENMTools’ (Warren and Dinnage, 2021) for
the two focal species, R. nobile, and R. alexandrae, to test the
hypothesis that the environmental niche model formed by
population occurrences is identical. The R version of
ENMTools has a more straightforward user interface of ecospat
hypothesis testing with enmtools.species objects. It further
conducts principal component analysis for multiple predictor
variables to reduce them to a two-dimensional environment
space (Warren et al, 2021). The bioclimatic niches were
measured and validated using Schoener’s ‘D’ and Hellinger’s-
based ‘T through enmtools.ecospat.id function of identity test
and enmtools.ecospat.bg function of background test (symmetric
and asymmetric) (Warren et al., 2010; Warren et al., 2021).
Schoener’s D is a formula that calculates the appropriate range
depending on the probability of occupied grid cells. Hellinger’s-
based I works in a similar way as Schoener’s D, but without the
assumption (Warren and Seifert, 2011). The pairwise similarity
values of D and I indices ranged from 0 (complete divergence/no
overlap) to 1 (high similarity/complete overlap), indicating that
as the score increases, so does the niche overlap.

Results

Explanatory variables analysis and model
performance

The series of variable selection resulted in a robust set of
bioclimatic and other environmental variables to predict the
environmental niche of the two species. Initially screened
variable selection through Pearson correlations (r <[0.8]) and
VIF (VIFj <10) yielded 36 and 34 least correlated and non-
redundant variables for R. nobile and R. alexandrae, respectively.
These variables are species-specific to determine the distribution
of R. nobile and R. alexandrae (refer to Table 1 for details on
predictive variables). Landcover, being an influential factor in
determining species range for SDM (Bucklin et al., 2015), we
chose the number of occurrences found within each landcover
variable (Supplementary Table S3). The first model employs
bioclimatic variables, including eight for R. nobile (three
temperature-dependent, five precipitations dependent) and
seven for R. alexandrae (three temperature-dependent, four
precipitations-dependent). Highly contributing algorithm with
TSS >0.9 (Table 2) were selected to estimate the response curves
of the variables, notably for bioclimatic variables from eSDM
(Figure 2) and ENMTools (see Supplementary Figure S1).

The suitability of R. nobile is more favored by temperature
annual range (bio7: ca. 28 °C), mean temperature of warmest
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quarter (biol0: ca. 10 °C), precipitation of coldest quarter
(biol9: ca. 12 mm) than that of R. alexandrae by mean
diurnal range (bio2: ca. 14 °C), mean temperature of the
wettest quarter (bio8: 8 °C) (Figure 23 Supplementary Figure
S1). Furthermore, the co-existing niches for both focal species
are characterized by isothermality (bio3; ca. 45), precipitation
of wettest month (biol3, ca. 200 mm), precipitation seasonality
(biol5; ca. 100 mm), precipitation of wettest quarter (biol6;
300-500 mm), and precipitation of driest quarter (biol7; ca.
12 mm) (Figure 25 Supplementary Figure S1). However, other
environmental variables contributed to forecasting suitable
habitats for the two focal species. When all predictive
environmental variables were combined as in the second
modeling, robust comparable model algorithms were
produced (Table 2). Also, in the third modeling when all
these environmental variables were independently modeled
with bioclimatic variables only, suitability was found to
be predictive.

Meanwhile, the first two components of a PCA with all
predictive variables explained 51.6% (PCl: 35.3% and PC2:
16.3%) of the observed variance for the two focal species, and
their environmental niches were demarcated from each other in
biplots (Figure 1B; Supplementary Figure S2). Bioclimatically
(V1), bio2, bio3, and biol5 are the most important for R.
alexandrae, whereas bio7 and biol7 are the most important
for R. nobile. Although the contributions of the different
variables in the biplots are species-specific, R. nobile’s niche is
characterized by an assembly of most variables. When compared
to R. alexandrae, the niche of R. nobile is characterized largely by
environmental variables (refer to Figure 1B and Table 1 for more
details on variables contribution). The model evaluation indices
AUC and Cohen’s kappa value varied from 0.66 to 1 and 0.46 to
1. The SRE algorithm scored the lowest, and the RF, GAM, and
GBM algorithms scored the highest (Table 2). Finally, the
consensus model was evaluated and calibrated for all three
modelings, with TSS >0.9 (details in Table 2). The result
indicates that the consensus models were highly predictive and
accurate regarding AUC, Cohen’s kappa, and TSS (Table 2).

Ecological niche analysis

Quantitatively, the average weight of the identity test (D, I <
0.82; Figure 3A) and the low weight of the background test (D,
1<0.6; Figures 3B, C) show that the two focal species R. nobile
and R. alexandrae, have quite different environmental niches.
The ENM similarity score for the present-day occurrence of two
species is average compared to what would be expected based on
the null hypothesis of niche equivalency, indicating that the two
species’ environmental niches may not be similar (Figure 3A).
However, the observed overlap between the two species in
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FIGURE 2

Response curves of the highly predictive top three algorithms showing the probability of presence (y-axis) under the (A—-C, I-K) temperature-
dependent and (D—H, L-0) precipitation-dependent variables (x-axis) for (A—=H) Rheum nobile and (I-O) Rheum alexandrae. The predictive
algorithms are the Generalised Additive Model (GAM; red line), Generalised Boosting Models (GBM; blue line), and Random Forest (RF; green
line), with high model accuracy TSS > 0.9. Temperatures are expressed in °C (degree Celsius) and precipitation in mm (millimeter). Refer

to Table 1 for the bioclimatic variables.

background tests is lower than expected under the null
hypothesis, showing that the two species are more divergent
depending on their habitat (Figures 3B, C). However, the
predictive power of the niche assemblage differs significantly
as a consequence of multiple algorithms. The lowest to average
score on the identity test and background test through GAM
indicates that the two species are ecologically apart
(Supplementary Figures S3A, C, E). In contrast, RF algorithms
with the highest identity and background tests imply that the
two species’ ecological niches are comparable and co-occur at
the same locality (Supplementary Figures S3B, D, F).
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Climate-induced range shifts of the two
alpine ‘glasshouse’ Rheum species

The predicted suitable habitat under the initial bioclimatic
modeling inferred the better suitability of R. nobile across the EH
than the HM (Figure 4A). On the other hand, R. alexandrae has
a robust distribution range in the eastern HM and is scattered
across the EH (Figure 4B). The projected suitability using all
environmental variables coupled with bioclimatic variables
(second modeling) (Supplementary Figures S4A, G) or
bioclimatic + each environmental variable (third modeling)
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FIGURE 3

Pairwise niche (A) identity test and background test (B), symmetric; (C), asymmetric calculated between the two alpine ‘glasshouse’ herbs
Rheum nobile and Rheum alexandrae as a function of niche.overlap ecospat test implemented in ENMtools. The niche equivalency test as
species-wise pair comparisons was measured by Schoener's D (in black color) and Hellinger's-based / (in green color) indices.

(Supplementary Figures S4B-F, H-L) resulted in similar
patterns for the distribution ranges. The continuous pattern of
the distribution range of R. nobile runs from the EH to the HM
(Supplementary Figures S4A-F). In contrast, all three modeling
approaches revealed a narrower distribution range of R.
alexandrae restricted in the HM (Supplementary Figures S4G-
L). The conservative prediction of high suitability in the HM for
both species represents the present-day distribution range of the
species (Figures 1C, D and 4A, B; Supplementary Figure S4).
Although they appear in distinct locations, their range comprises
the same geographic region in the HM, namely Huluhai and
Hongshan (field observation) (Figures 1B-D).

The prediction under four different climate scenarios
(LIG, LGM, present-day, and future) are mainly observed
across the Eastern Himalayas and the Hengduan Mountains
(Figures 1C, D and 4; Supplementary Figure S4). From LIG to
the present-day, Rheum nobile has a varied suitable
distribution range, whereas a future range is comparable
with the present-day (Figures 4A, C, E, G). Throughout
LIG, the paleo-distribution model predicted refugial
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habitats in the southern HM (Figure 4C), which relocated
east and west in distinct regions during the LGM (Figure 4E).
Similarly, R. alexandrae’s suitable distribution expands from
the LIG to the present-day and then to the future (Figures 4B,
D, F, H). R. alexandrae was more common in the central HM
during the LIG than R. nobile. Then, the distribution range
shifts towards the eastern HM, with some patches towards the
EH during the LGM. When projected to the future scenario,
the suitable range in the northern HM moves even higher
(Figure 4H). Both species were predicted to have suitable
distribution ranges and a strong expansion towards the north
(Figure 5). However, their distribution ranges were only
slightly reduced from the paleo climatic scenario [LIG
(Figures 5A, B) and LGM (Figures 5C, D)] to the present-
day, and from the present-day to the future (Figures 5E, F).
However, in comparison to the present-day situation, the
expansion towards the north is accompanied by a habitat
contraction in the south, notably in the HM. Conclusively, the
ensemble forecasting for the two species shows different range
shifts under different climatic scenarios.
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Discussion

Predictiveness of the multi-model
median for eSDM

Climate change in mountainous regions is projected to shift
plant distribution upwards, consequently, declining their
populations in those areas where it is no longer suited for
them. The capacity to model such alterations in plant
distribution ranges is heavily reliant on the availability of
sufficient environmental data and algorithms to analyze the
temporal changes. Ensemble modeling has proven to be robust
and predictive, overcoming the uncertainty and variability of
single models across multiple GCMs (Murphy et al., 2004; Pierce
et al,, 2009; Rana et al., 2021). The use of ensemble modeling in
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conjunction with consensus projections not only reduces the
predictive uncertainty of single models (Araujo and New, 2007;
Ranjitkar et al., 2014) but also improves accuracy (Marmion
et al, 2009) and addresses uncertainties inherent in SDM
techniques (Barry and Elith, 2006). However, it is equally
important to consider the selective nature of variables selected
through a series of variable filtration used in the different
modeling. Our study is the first to use an ensemble forecasting
procedure in an assemblage of variables related to bioclimatic,
geo-climatic, habitat heterogeneity, the number of growing days,
landcover, and ultraviolet radiation to predict the range shift of
plant species. It is anticipated to have a comparable predictive
value when forecasting the range shift of montane plants based
on only bioclimatic variables (Rana et al., 2021). Nonetheless,
alpine plants must use bioclimatic variables with macro/micro-
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climatic environmental variables, habitat heterogeneity,
landcover, canopy cover, and UV radiation (Austin and van
Niel, 2011; Robinson et al., 2018). As a result, model uncertainty
is minimized, and the algorithm’s accuracy is improved. We
analyzed and evaluated the algorithms using threshold-
independent (i.e., AUC) and threshold-dependent (i.e., TSS
and Cohen’s kappa) model performance measures and
outlined the accuracy and predictiveness (matrices values >0.9)
of algorithms in different eSDM for both species.

Ecological niche characterization of the
two alpine ‘glasshouse’ Rheum species

Global warming will significantly impact the distribution
and resilience of the earth’s ecological communities (Mclaughlin
and Zavaleta, 2012). These impacts will most likely be felt in
mountainous regions, as many alpine plants’ ranges are
projected to migrate upwards/polewards (IPCC, 2014).
Meanwhile, we found that the distribution of alpine plants,
such as the two ‘glasshouse’ Rheum species, are characterized
by precipitation-dependent variables more than temperature-
dependent variables, thereby confirming Fu et al. (2018) and Sun
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et al. (2016). Along with that, the climatic niche for R. nobile is
also characterized by a ‘temperature annual range’ with peak
suitability at ca. 28°C, higher than Wang (2006) estimation (i.e.,
15 °C). Rheum alexandrae, on the other hand, has a ‘mean
temperature of warmest quarter’ of ca. 8 °C. Therefore, the
temperature-induced shift in bioclimatic zones is the decisive
factor responsible for the decline in the suitability range of the
two alpine species. However, their local occurrence and
ecological microhabitat are frequently associated with soil
water conditions. Rheum alexandrae is found chiefly in alpine
wetlands, including marsh, swampy meadows, and lakeshores
(Chen, 1993); while R. nobile, usually occurs on alpine scree and
rarely in open patches of alpine meadow, i.e., in well-drained
habitats (Song et al., 2013a; Song et al., 2013b).

Specifically, climate regulates the distribution limitations of
the two Rheum species. The species’ cool range limits are
governed directly by climatic factors, while the warm range
limits are more impacted by biotic interactions, such as
predation, mutualism, and resource competition (Paquette and
Hargreaves, 2021). Furthermore, our model exemplifies the
hypothesis of a combined latitudinal/upward range shift of
species with cool range limitations. Despite their close
relationship and similar morphology (Sun et al, 2012; Song
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et al., 2020b), R. alexandrae and R. nobile exhibit distinct life
histories, distribution limits, and ecological niches related to soil
water conditions. Consequently, their specific local niches might
underpin the biogeographic patterns of alpine ‘glasshouse’
species. Their specific areas of occurrence were barely apart
from each other. They are in comparable geographical places.
However, they had never existed together in the same
microhabitat. Consequently, niche identity and background
analyses for the two ‘glasshouse’ species revealed minimal
evidence of comparable niche composition.

Global warming affects the distribution
range of the two alpine ‘glasshouse’
Rheum species

Will species be able to adapt in the face of distribution range
shift as a result of climate warming? Such topics have been hotly
debated, but it is still poorly understood in science. Many
researchers argue that species that have previously adapted to
worsening climate conditions may be threatened more seriously.
In contrast, others fear that the shift in species ranges caused by
global warming may result in species extinction (Williams et al.,
2007). For mountainous plant species, global warming is
expected to act as an ‘escalator to extinction’ (Freeman et al,
2018). This is especially true for species living near
mountaintops that cannot move higher. Our model illustrates
the range shifts due to global warming for the two alpine
‘glasshouse’ Rheum species. The model identified their distinct
niches, influencing their responses to predicted climate change
and their shift across the Himalayas and the Hengduan
Mountains (You et al, 2018). Further, our model suggested
that the appropriate range for Rheum species has risen since the
past LIG, as a result of climate change. The existence of suitable
habitats in the HM for both the species during glacial-
interglacial periods, especially for R. alexandrae, reflects that
the HM was not completely glaciated and likely served as a
refugium for many plants during glacial periods (Qiu et al., 2011;
Zhang et al., 2018; Muellner-Riehl, 2019). The specific nature of
the habitat niches for the two Rheum species led to an increased
suitable range from LIG to LGM.

The southern HM provided a refugium for R. nobile and the
southeast HM for R. alexandrae. As a result of global cooling, the
eSDM suggested that both species were able to expand their
geographic range from LIG to LGM in different magnitudes
(Retallack, 2001; Meng et al., 2017). Possibly, glaciations during
the LGM might have pushed the suitable range of R. nobile
towards the EH and east of the HM. At the same time, R.
alexandrae, during the LIG, slightly retreated its area of
occurrence towards the southern HM. However, an occasional
long-distance dispersal of the seed by wind (Song et al., 2013b)
may have shaped the current HHM distribution for R. nobile.
The present-day model of the suitable distribution range
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represents the actual distribution for both species, except for
that of R. alexandrae in the EH. Rheum nobile is predicted to
have a wide suitable range in the EH and the HM, but for R.
alexandrae only in the HM. The HHM endemic R. nobile
conjunctly occurs in the HM (especially in the Huluhai and
Hongshan regions) but in the distinct areas from R. alexandrae.

The present-day similar distribution ranges of the two
species in the EH and the HM will no longer exist under
climate warming (Figures 4, 5). We speculate that super-
competitor species that increase their range northward may
benefit from identical niche requirements due to climate
change (Liang et al., 2018; Rumpf et al., 2018). Species’ ability
to adapt genetically or modify their physiological tolerance will
determine their local survival. The dramatic temperature
fluctuation during the quaternary glacial cycles has led plant
species to move downslope during the LGM and then return
upslope with the Holocene warming (Flenley, 1998; Bush et al.,
2004). Similarly, since glacial-interglacial periods, our model of
warming scenarios predicted north- and upwards expansion of
suitable habitats in the HHM and retreat of suitable habitats in
the south. The complex topography in the high HM provides
enough land surface, allowing upward relocation of suitable
habitats and a northward expansion into adjacent areas with
suitable habitats (Liang et al., 2018). Similar results were found
in SDM studies for other Himalayan species (Song et al., 2004;
Xiaodan et al., 2011; Zhao et al., 2011; Manish et al., 2016;
Lamsal et al., 2017), which predicted a northward vegetation
shift and re-shuffling of plant assemblages in the future due to
global warming. Apart from that, comparable findings were
observed for Australian plants (Auld et al., 2022), along with
other mountain species in the European Alps (Thuiller et al,
2005; Benito et al., 2011; Dullinger et al., 2012), the Andes (Ruiz
etal., 2008; Feeley and Silman, 2010), and in arctic regions of the
northern hemisphere (Kaplan and New, 2006). However, such
range shifts may not be sufficient to ensure population and
species survival (Rana et al., 2017). Alpine species may need to
change physiologically to cope with the specific climatic
circumstances found at the higher elevations (Korner, 2003);
seeds, in particular, must be viable for germination and resistant
to the ‘summit trap phenomena’ (Pertoldi and Bach, 2007). A
failure to adapt might cause mountaintop species to face the risk
of ‘mountaintop extinction’ unless they have disjunct
populations elsewhere on higher mountains or in colder
latitudes (Williams et al., 2007; Lenoir et al., 2008).

Conservation implication in response to
the rise in global temperature

Local extinction of mountain species is a significant driver
altering ecosystem structure and misbalancing biodiversity in
hotspots. The Himalayas and the Mountains of Southwest China
(also known as the HM) are two crucial biodiversity hotspots

frontiersin.org


https://doi.org/10.3389/fpls.2022.925296
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Rana et al.

(Myers et al., 2000; Mittermeier et al., 2011) with a high
proportion of endemic mountaintop species. Endemic high
mountain species like R. nobile and R. alexandrae are more
vulnerable to local extinction due to global warming as their
distribution range is pushed higher and higher. The species’
ability to survive in extreme conditions may be jeopardized if its
distribution range expands towards mountaintops. Instead,
despite having the adaptive capacity to endure challenging
conditions at the mountaintops, the species must suffer local
extinction due to increased elevational range contraction
(Freeman et al., 2018). Therefore, a centerpiece of biodiversity
conservation always warrants the conservation of remaining
habitats from further loss.

Moreover, the quantification and mapping of the suitable
range of the alpine ‘glasshouse’ Rheum in response to climate
change have implications for conservation policies aimed at
protecting their natural habitats. Our future-predicted map of
suitable habitats can be used to identify critical habitat areas and
prioritize conservation requirements, reducing biodiversity loss
due to habitat degradation and loss. As a result, given the current
period of biodiversity loss, there is a desperate need to understand
the mechanisms driving the biodiversity dynamics in hotspots, as
these findings will aid in the development of conservation policies
to safeguard species threatened by environmental changes and
human influences. We know that conservation efforts will be
challenged by the severity of climate change and the different
range shifts of certain species due to climate change (Williams
et al, 2007). Furthermore, rising anthropogenic pressure from
increased root harvesting for Tibetan medicinal purposes (Song
et al., 2020b) has enhanced the need for conservation.
Additionally, grazing pressure by yaks has dramatically
increased in grassland during summer and autumn (Yang and
Du, 1990). It is likely to pose a threat to the rare R. nobile even by
moderate grazing and thus this flagship species could be
endangered by intensified traditional pastoralism (Song et al,
2020b). The information presented here about future climate
refugia should be utilized to drive the establishment of
conservation areas and conservation initiatives.

Conclusions

Our research investigates the range shift pattern of two
alpine ‘glasshouse’ species, R. nobile and R. alexandrae, under
different climate change scenarios using different eSDM. We
explored climatic variables in conjunction with environmental
variables to forecast the species’ geographical distribution range.
This research demonstrated the importance of applying eSDM
and multi-matrices model evaluation methodologies for robust
alpine plant range shift projections. Our model predicted the two
Rheum species’ northward and upward migration from the last
glacial period to a future climate change scenario. We not only
predicted a shift in the two focus species’ distribution ranges but
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also exemplified the sympatric coexistence of two Rheum
species, albeit in distinct ecological niches. Despite having
evolved to deal with extreme alpine climatic conditions, the
predicted distribution range north- and upwards of the two
Rheum species may not ensure their survival in the future. Our
findings highlight the necessity of combining mechanistic
research with knowledge of the physiological and molecular
mechanisms that underpin distribution range and current
biodiversity patterns. In this era of accelerating biodiversity
loss, it is critical to understand the mechanism that drives
biodiversity dynamics in hotspots. Through eSDM, we argue
for a better understanding of alpine plants’ species range shifts
and better biogeographer insight into adaptations and
biodiversity conservation objectives.
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Flow characteristics of open
channels based on patch
distribution of partially
discontinuous rigid
combined vegetation

Jingzhou Zhang, Shengtang Zhang*, Chuantao Wang,
Wenjun Wang and Lijun Ma

College of Earth Science and Engineering, Shandong University of Science and Technology,
Qingdao, China

To clarify the flow characteristics of open channels under the combined
distribution of vegetation in a patch, this study used the computational fluid
dynamics tool FLUENT and the Reynolds stress model to design four combined
and four discrete distribution modes under two different inundation states
(submerged and non-submerged). The flow characteristics of longitudinally
discontinuous rigid vegetation patches occupying half the width of the channel
were numerically simulated. The numerical model is verified by indoor open
channel flume experiments, and the obtained model data is in good agreement
with the measured data. The results showed that: 1) The diameter of vegetation
is an important factor affecting the wake structure. Under the submerged
condition. 2)The submerged state, distribution pattern and combination form
of vegetation are important factors that affect the distribution of flow velocity
and change the structure of water flow. That is, the influence of vegetation
distribution pattern on flow velocity and turbulence intensity under submerged
condition is significantly weaker than that under non-submerged condition,
and the flow velocity in non-vegetation area is significantly higher than that in
vegetation area. The increase in the combined vegetation comprehensive stem
thickness and the discrete degree resulted in an increase in the difference in
flow velocity and turbulence intensity. 3) As the water flowed downstream, the
flow velocity along the vegetated area continuously decreased, while it
increased continuously along the non-vegetated area, and the difference in
flow velocity between the two areas became more apparent. 4) The inundation
state and combination characteristics of vegetation were important factors
affecting the Reynolds stress of the channel location in the patch area.

KEYWORDS

open channel flow, combined distribution, discrete distribution, patch vegetation,
numerical simulation
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1 Introduction

In recent years, the construction of ecological river courses
has been vigorously promoted around the world and the
coverage of vegetation in floodplains, and even the main
channel, has been greatly improved. Vegetation is not only an
important part of the river ecosystem, but also an important
factor to consider during ecological river construction (Schulz
et al,, 2003; Cotton et al., 2006; Fathi-Moghadam et al., 2011;
Curran and Hession, 2013; Zdankus et al., 2016). Vegetation can
inhibit sediment suspension, purify the water environment,
prevent water flow from eroding riverbanks, and have great
practical value in maintaining the ecological function stability of
river systems (Kemp et al., 2000; Wu et al., 2007; Nept, 2012;
Aberle and Jarveld, 2013; Boothroyd et al., 2017). However, the
existence of vegetation changes the flow characteristics of the
channel, affects the flow velocity and turbulence characteristics,
and changes the relationship between the storage and discharge
of the channel, thereby changing the process of river confluence
(Zhang and Su, 2008; Rominger and Nepf, 2011; Veliskova et al.,
2017), which has a non-negligible impact on the advancement of
river flow, especially flood runoft in flood season (Mulahasan
and Stoesser, 2017; Nosrati et al., 2022).

To date, there have been many achievements and
advancements in research on the hydrodynamics of river
vegetation. The distribution forms of vegetation in river
channels are varied. In previous studies on river flow covered
by vegetation, vegetation was mainly distributed uniformly or
regularly throughout the whole test area. Nadaoka and Yagi
(1998) used a Large Eddy Simulation (LES) model to study the
turbulent flow characteristics of open channels with vegetation.
Liu et al. (2021) studied the potential mechanism of
morphological resistance of emergent vegetation under
different vegetation densities and patterns by combining
experimental and numerical simulation and concluded that the
morphological resistance of vegetation is closely related to eddy
current structure near vegetation. Tang et al. (2020) studied the
velocity and turbulence characteristics of two kinds of flexible
vegetation with different densities using an open channel test
and concluded that the maximum velocity gradient and shear
stress gradient appeared near the top of canopy. Using uniform
grass cover, Yang et al. (2017) found that the resistance
coefficient increased significantly with the increase of
vegetation diameter, which effectively extended the retention
time of concentrated flow on the slope, thus reducing soil
erosion. This kind of model setup is relatively simple and is
mainly used to study the influence of overall vegetation
distribution on the hydraulic characteristics of open channels
(Tanino and Nepf, 2008; Cheng et al., 2019), however, the flow
characteristics caused by local vegetation distribution in river
channels cannot be simply obtained from the overall vegetation
flow characteristics.

Frontiers in Plant Science

54

10.3389/fpls.2022.976646

In recent years, the water flow with partial vegetation
distribution in open channels has received increasing attention
because wetlands and floodplains have partial vegetation
distribution, and the distribution of vegetation along
riverbanks is a common feature of natural rivers and artificial
ecological channels (Tooth and Nanson, 2000; Jang and
Shimizu, 2007; White and Nepf, 2008; Truong and Uijttewaal,
2019). White and Nepf (2007) studied the flow structure and
energy exchange in open channels distributed along riverbanks
by some vegetation, and found that the shear layer at the
junction between vegetated and non-vegetated domains has a
double-layered structure. Tang et al. (2021) arranged two kinds
of rigid vegetation with different heights on the side of the open
channel to conduct an experimental study on the turbulent
characteristics of river flow. The experimental results showed
that the flow velocity and Reynolds stress increased sharply at
the top of the vegetation, and that there was a strong mixed layer
near the top of the vegetation. In addition, there was a strong
shear layer between the non-vegetated area and the vegetated
area, indicating that vegetation reduces flow velocity. Huai et al.
(2019) laid continuous artificial vegetation on one side of an
open channel to study the energy exchange and water turbulence
characteristics between the vegetated and non-vegetated areas to
determine whether artificial vegetation could be used to increase
the water depth of natural rivers and improve navigation.
Caroppi et al. (2022) focused on the effects of the flexible-
induced reconfiguration of vegetation leaves on the wake and
flow around the vegetation zone, on one side of a river channel,
through experiments. They found that leaves increased
vegetation resistance by 3.0-4.4 times, and the streamlined and
reconstructed leaves reduced vegetation resistance by 60%.

However, for natural river channels, vegetation tends to be
distributed in longitudinal discontinuous along riverbanks due
to seasonal and temporal changes (Tanaka et al., 2008; Tanaka
and Ohmoto, 2015; Yang et al,, 2015). In addition, under the
resource limitation of oxygen and other nutrients, aquatic
vegetation can spontaneously develop spatial inhomogeneity
and self-organize to form vegetation patches (Bordeu et al,
2016; Ruiz-Reynés et al,, 2017), so that riparian vegetation
presents the spatial configuration of vegetation landscape with
longitudinal discontinuous patches distribution. Previous
studies have mostly focused on the overall and continuous
vegetation distribution, and even experimental and numerical
simulation studies of patch vegetation have primarily focused on
a single vegetation patch (Takemura and Tanaka, 2007; Nicolle
and Eames, 2011; Chang et al., 2017; Li et al., 2018; Tny et al,,
2019) or the interaction between two patches (Vandenbruwaene
et al,, 2011; Meire et al., 2014; Ghani et al., 2019a). For example,
Kazem et al. (2021a); Kazem et al. (2021b) studied the
vortex structure in the channel of vegetation patch and
the characteristics of turbulence gradually subsiding in the
undeveloped area downstream of the patch by changing the
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patch size, and its research results showed that the presence of
patches has a great influence on the flow structure inside and
around the patches, and there are three different flow layers
downstream of vegetation patches: wake layer, mixed layer and
shear layer. However, studies on the patch distribution of
partially discontinuous vegetation on open channel flow is not
systematic enough, although this vegetation distribution pattern
is more common in natural channels (Anjum and Tanaka, 2020;
Lietal, 2020). In addition, most current studies use the uniform
size of vegetation for generalized simulation processing, which
does not conform to the natural situation of river vegetation
(Sand Jensen and Madsen, 1992). Owing to the different
vegetation species, growth cycles, and planting methods, the
stem thickness and morphology of vegetation in river channels
differ, resulting in a variety of river flow characteristics with
different effects to that of uniform vegetation. At present, there
are few studies on the influence of combined vegetation on open
channel flow. Jarveld (2002) studied the flow-resistance
coefficient using a combination of willow and sedge and
concluded that the main vegetation biological characteristics
that affect flow resistance include vegetation density, water-
facing area of individual plants, vegetation stem thickness, and
vegetation flexibility. However, the two types of vegetation
belong to completely different species, and the research is
mainly focused on qualitative research, and it is difficult to
carry out quantitative research. Zhang et al. (2020) conducted
overland flow scour experiments on vegetation with
combinations of two different stem diameters, and found that
the diameter of a plant has a power function relationship with
the Darcy-Weisbach resistance coefficient. Under the same
water depth, when the stem diameter of one plant remained
constant, the flow resistance coefficient increased with the
increase in the stem diameter of the other plant. Because the
distribution characteristics of vegetation and the structure of
overland flow are quite different from those of open channels,
the research results cannot be completely applied to open
channel flow. Therefore, the research on combined vegetation
patches in open channels is very limited. Therefore, it is
necessary to comprehensively consider the influence of partial
discontinuous patch combination vegetation on river flow
characteristics in order to properly replicate the riparian
environment and provide an effective scientific basis for
ecological river management and river restoration engineering design.

The purpose of this study is to simulate the three-dimensional
flow structure of longitudinal discontinuous patch combination
vegetation in a rectangular open channel. the aims are to: (1)
determine the longitudinal distribution of streamwise velocity
before and after the introduction of a single vegetation type
with different stem thicknesses in the combined vegetation
patches under different submerged states, (2) measure the effects
of the combination forms and partial discontinuous distribution
patterns of vegetation patches on the changes of streamwise and
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lateral flow velocity under different submergence conditions using
a specific cross-section, (3) use the spatial distribution of
transverse, longitudinal, and vertical velocity contours to analyze
the distribution characteristics of flow velocity and energy
exchange of open channels with partial discontinuous combined
vegetation patches, (4) identify the influence of vegetation
combination and discrete distribution characteristics on the
vertical distribution of Reynolds stress under different
submerged states using the specific position of the channel in
the patch area, and to elucidate the spatial distribution
inhomogeneity of the flow field under different vegetation
distribution conditions, and (5) clarify the influence of
vegetation combination and discrete distribution on water flow
turbulence characteristics using the variation law of turbulent
kinetic energy (TKE) in vegetated and non-vegetated areas under
different submerged states in relation to the longitudinal
distribution of TKE in a specific longitudinal section.

2 Materials and methods

2.1 Modelling setup and boundary
conditions

The fluid mechanics simulation of the open channel was
carried out using the software FLUENT, and the Reynolds Stress
Turbulence Model (RSM) was used to model the computational
domain with a length of 1.72 m and a width of 0.4 m. The area
was composed of rigid combined vegetation patches with a
longitudinal discontinuous distribution. For the simulated
vegetation, since the object of this study is the combined
vegetation patches of different stem thicknesses, and the
vegetation stems are usually cylindrical, so this study uses
cylinders with different diameters to simulate vegetation. In
addition, in order to enhance the simulation and experimental
effects and improve the efficiency, most of the current studies
also generalize the whole plant to an effective water blocking
cylinder (Zhao and Huai, 2016; Anjum and Tanaka, 2020; Wang
etal, 2021). In this study, a cylinder with a height of /1, 0f 0.08 m
was used to simulate open channel vegetation. It should be noted
that this study focuses on the influence of the combined and
discrete distribution of stem of patch vegetation on the channel
flow structure, and the factors related to vegetation flexibility are
not included in the numerical model of this study. Instead, the
simulated vegetation is set as rigid and non-deformable.
However, since vegetation is usually distributed vertically at
the bottom of the channel, its unique morphological distribution
has a different impact on the water flow than the stone particles
at the bottom of the channel. The influence on the water flow
structure of the open channel partly comes from the distribution
characteristics of stone particles at the bottom of the channel,
and the other part comes from the morphological characteristics
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of the vegetation. The unique vertical morphological
characteristics of vegetation is the main factor causing the
significant change of vertical flow structure of open channel,
that is, the presence of vegetation changes the mixing and energy
dissipation effect of open channel flow. This study considered
the vegetation layout of two different combinations of stem
thickness under different states, non-submerged and submerged
(Figure 1). The x, y, and z axes represent the longitudinal,
transverse, and vertical directions, respectively. The vegetation
layout in the numerical calculation area is shown in Figure 2.

The calculation model adopts the boundary conditions of
the velocity inlet (0.3 m-s™") and the pressure outlet, the upper
surface uses the slip edge to replace the water-air interface, and
the vegetation surface and the wall both use the standard wall
function, which was a non-slip boundary. Simulation and post-
processing were performed in FLUENT. The pressure-velocity
coupling was determined using the SIMPLE algorithm, whereby
the relaxation factors of kinetic energy and pressure were 0.7 and
0.3 respectively, the flow velocity was 0.7, the Reynolds stress was
0.5, and the turbulent kinetic energy and turbulent dissipation
rate were both 0.8. The minimum residual value of each equation
was set to 1x107°, that is, the iteration ended when the calculated
residual value was less than the minimum residual value.
Therefore, using the above criteria, it was assumed that the
solution had reached a steady state.

In order to further study the effect of the combined
vegetation comprehensive stem thickness change on the flow
characteristics of the open channel, the model was setup with
four vegetation combination distributions with different
comprehensive stem thicknesses (d & D) which were 0.012 m
& 0.012m, 0.012 m & 0.015 m, 0.012 m & 0.018 m, and 0.012 m
& 0.021 m. Under the premise that the comprehensive stem
thickness of vegetation remains unchanged, the discrete degree
of stem thickness of adjacent plants will inevitably become an
inducing factor for the change of water flow characteristics. To
study the influence of vegetation stem dispersion degree on the
flow characteristics of an open channel, the model was set up

10.3389/fpls.2022.976646

with four different discrete stem diameter distributions, 0.012 m
& 0.012 m, 0.009 m & 0.015 m, 0.006 m & 0.018 m, and 0.003 m
& 0.021 m. In this study, both vegetation combination and
discrete distribution belong to two types of combined
distribution of different stem diameter vegetation, but there
are essential differences between them from the perspective of
research emphasis. The combined distribution study is based on
the premise that the comprehensive stem thickness is constantly
changing to explore the effect of the vegetation comprehensive
stem thickness on the flow characteristics of the open channel,
the so-called comprehensive stem thickness is the average
diameter of two kinds of combined vegetation (Figure 3A).
The discrete distribution study is based on the premise that
the comprehensive stalk thickness of the vegetation is constant,
to explore the influence of the degree of stem thickness
differentiation between the two types of vegetation on the
water flow characteristics of the open channel (Figure 3B).

2.2 Validation of numerical
simulation methods

Based on the open channel flume experiment, a hydraulic
model was established indoors. The length (x-axis), width (y-
axis), and height (z-axis) of the open channel flume were 5m,
0.4m, and 0.3m, respectively, and the experimental slope was
0.0%.The flow discharges under vegetation non-submerged and
submerged conditions were 0.0072 m’s™" and 0.012 m’s™,
respectively. By adjusting the tailgate at the downstream end of
the flume, the water depth in the flume was adjusted so that the
water depth at 1.64 m of the flume length was consistent with that at
the corresponding inlet of the model, so that the inlet velocity of the
model should be 0.3 ms™. In order to homogenize the flow
discharge, measurements were made every ten minutes in the
experiment. Cover the entire bottom of the flume with a PVC
baseboard. Rigid cylinders (diameter d & D is 0.012 m & 0.012 m,
0.012 m & 0.015m, 0.012m & 0.018m, 0.012m & 0.021 m, 0.009 m

FIGURE 1
Three-dimensional view of numerical calculation area.
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& 0.015 m, 0.006 m & 0.018 m, 0.003 m & 0.021 m) were used to
simulate rigid vegetation and were intermittently fixed on the
experimental floor in the form of patches. Additionally, 3D
acoustic doppler velocimeter (3D ADV) is used to measure the
velocity at specific positions P; and P, in Figure 2.

Under the conditions of different combinations and discrete
distribution of vegetation, the average velocity calculation results
obtained at the specified location were compared with the
experimental results (Figure 4). The results showed that the
experimental and simulated data were similar, which verifies
the accuracy of the numerical simulation method, and further
revealed that the numerical model could simulate the flow of
open channels with discontinuous vegetation patches.
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3 Results and discussion

3.1 Longitudinal distribution of streamwise
velocity before and after a single vegetation

-

Figure 5 shows the longitudinal distribution of the
streamwise velocity before and after a single vegetation in
patches with & of 0.06m (non-submerged condition) and
0.10m (submerged condition), that is, at the L; and L,
positions, the lengths of L; and L, were 0.12 m. For this study,
the central position of L, represented the smaller diameter plant

d (the combined vegetation was 0.012 m, and the discrete
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vegetation sizes were 0.012 m, 0.009 m, 0.006 m, and 0.003 m),
and the central position of L, represented the larger diameter
plant D (the combined vegetation corresponds to 0.012 m,
0.015 m, 0.018 m, and 0.021 m, and the discrete vegetation
corresponds to 0.012 m, 0.015 m, 0.018 m, 0.021 m). This setup
was used to study the influence of combination and discrete
characteristics of longitudinal discontinuous patches on
streamwise velocity.

It can be seen from Figure 5 that under non-submerged
conditions (h<h,), upstream streamwise velocity decreased
when approaching the front edge of vegetation, and the
streamwise velocity rapidly decreased to a minimum value
behind (trailing edge) the vegetation, and then gradually
increased until the water reached the next plant for velocity
circulation. The flow velocity shows the typical characteristics
of the wake downstream of the cylindrical obstacle, and the
distance from the trailing edge of the vegetation to the
longitudinal position where the streamwise velocity decreased
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to a minimum value represents the length of the stable wake
zone. The formation of the stable wake zone is primarily due to
the shear layer originating from the shoulders on both sides of
the cylinder, which isolates the high-speed water flowing
around from both sides of the cylinder outside the wake
zone, therefore the momentum in the stable wake zone was
relatively low. When the shear layers on both sides are wide
enough to intersect, the wake flow velocity begins to recover
and the stable wake zone ends, that is, the end point of the
stable wake zone corresponds to the position where the shear
layers intersect. It can be concluded from Figure 5 that the
length of the stable wake zone is closely related to the stem
thickness of vegetation. For the combined vegetation patches,
when the stem diameter of vegetation remained unchanged at
0.012 m, the length of the stable wake zone was unchanged at
approximately 0.0015 m (Figure 5A). When the stem diameter
of vegetation increased from 0.012 m to 0.021 m, the length of
the stable wake zone also increased from 0.0015 m to 0.0030 m
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(Figures 5B, D). When the stem diameter of vegetation was <
0.012 m, the length of the wake zone at the trailing edge of
vegetation was very small (Figure 5C). Therefore, we concluded
that the diameter of vegetation is an important factor affecting
the wake structure.The research results are of great significance
for understanding the flow structure around the flow field in
the vegetation unit area.

Under the non-submerged condition, for the distribution of
four different combinations of vegetation in the patch, the
difference in streamwise velocity behind the vegetation was
low when the stem thickness of vegetation was constant.
Further, the streamwise velocity behind the vegetation
decreased as the stem thickness of vegetation increased.
Regarding the distribution of the four different discrete
vegetation types in the patch, the streamwise velocity behind
the vegetation was negatively correlated with the thickness of the
vegetation stem, that is, the larger the stem thickness, the smaller
the streamwise velocity. Additionally, as the vegetation
dispersion increased so did the difference in streamwise
velocity front and behind the vegetation, indicating that the
discrete distribution of vegetation somewhat interferes with the
longitudinal continuity of the velocity, and destroys the
uniformity of velocity in the longitudinal flow field.

Frontiers in Plant Science

59

Under the complete submersion (h>h,) condition, the higher
the comprehensive stem thickness of the combined vegetation,
the higher the streamwise velocity corresponding to the free
layer, that is, u0.012&0.012<%0.012&0.015<%40.012&0.018<%40.012&0.021-
For the discrete distribution of vegetation, the greater
the degree of vegetation dispersion, the greater the
streamwise velocity corresponding to the free layer, that is,
140.012&0.012<H0.009%0.015<40.006&0.018<U0.003&0.021- L his occurred
because as the comprehensive stem thickness and degree of
vegetation dispersion increases, the density of vegetation
coverage also increases, which hinders the water flow in the
vegetation layer and produces a strong lateral divergent flow
in the free layer leading to an elevated streamwise velocity in
the free layer. Of note, in the submerged state, because the
free layer is less affected by the water blocking effect of
vegetation, the difference in streamwise velocity under
different combinations and discrete forms is not clear,
which further indicates that in the submerged state, the
influence of vegetation distribution patterns on the flow
characteristics of the free layer is weakened. It also shows
that the influence of vegetation heterogeneity on the
difference of water flow characteristics is closely related to
the submerged state.
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3.2 Velocity distribution in specific
cross-sections

3.2.1 Streamwise velocity distribution in
specific cross-sections

The cross-sections C, and C; at the middle of the third patch
area and the middle of the spaced area behind the patch,
respectively, were selected to measure the change of flow
velocity distribution. The streamwise velocity of a specific
water depth on the cross-section under different submerged
conditions is shown in Figures 6, 7. Under the non-submerged
vegetation condition, the streamwise velocity in the non-
vegetated area was significantly higher than that in the
vegetated area (Figure 6). Table 1 also shows that the average
streamwise velocity in the non-vegetated area was significantly
higher than that in the vegetated area, indicating a strong energy
exchange between vegetated and non-vegetated areas in an open
channel with patchy distributions of partially discontinuous
combined vegetation, similar to the findings of Huai et al.
(2019) and Tang et al. (2021). In addition, when the water
flow encountered cylindrical obstacles, there was strong lateral
divergence with high streamwise velocity at narrow channels
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between the vegetation (Figures 6A, C). When water flow was
not blocked by cylindrical obstacles, the amplitude of streamwise
velocity in the C; spaced area decreased more than when
compared with that in the C, patch area, but it was still
uneven (Figures 6B, D), indicating that the patch influence
still existed in a certain distance beyond the downstream edge.

In the non-submerged state, the combination and discrete
distribution of patch vegetation were the important factors
affecting the change of streamwise velocity in the cross-section.
The streamwise velocity at C, and C; in the vegetated area
showed the same change rule, that is, the streamwise velocity at
the vegetated channel in the patch area decreased continuously
as the comprehensive stem thickness of the combined vegetation
and the degree of vegetation dispersion increased. It can also be
concluded from Figures 6A, C that the flow velocity behind the
large-diameter vegetation in the non-submerged state was lower
than that behind the small-diameter vegetation (at C,). This
demonstrates that the trailing edge of thicker vegetation is more
conducive to the accumulation of sediment and provides a good
environment for vegetation growth (Shi et al., 2016). In addition,
the streamwise velocity in the non-vegetated area was also
somewhat affected by the vegetation distribution form in the
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TABLE 1 The average streamwise velocity « value and its rate of change between C; and C; cross-sections under different distribution patterns

when the non-submerged condition h is 0.06 m.

Vegetation non-submerged state (h=0.06m)

C,  Combined distribution (d&D) Uyegetation area
0.012&0.012 0.2415
0.012&0.015 0.2243
0.012&0.018 0.2050
0.012&0.021 0.1854
Cs Combined distribution (d&D) Uyegetation area
0.012&0.012 0.2368
0.012&0.015 0.2254
0.012&0.018 0.2132
0.012&0.021 0.2010
C, Discrete distribution (d&D) Uyegetation area
0.012&0.012 0.2491
0.009&0.015 0.2362
0.006&0.018 0.2295
0.003&0.021 0.2136
C; Discrete distribution (d&D) Uyegetation area
0.012&0.012 0.2419
0.009&0.015 0.2296
0.006&0.018 0.2219
0.003&0.021 0.2096
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Growth rate of #yegeation area Telative 0.012&0.012 (%)
-7.12%
-15.08%
-23.20%

Growth rate of #yegeation area Telative 0.012&0.012 (%)
-4.84%
-9.97%
-15.13%

Growth rate of #yegeation arca relative 0.012&0.012 (%)
-5.15%
-7.85%
-14.25%

Growth rate of Uyegeation area Telative 0.012&0.012 (%)
-5.10%
-8.27%
-13.35%

61

Hnon-vegetated area
0.4371
0.4468
0.4623
0.4792

Unon-vegetated area
0.4525
0.4627
0.4791
0.4969

Unon-vegetated area
0.4336
0.4376
0.4492
0.4682

Unon-vegetated area
0.4487
0.4520
0.4646
0.4872

Unon-vegetated area/ Uvegetated arca

1.8102

1.9924

2.2544

2.5843
Unon-vegetated area! Uvegetated area

1.9104

2.0530

2.2468

2.4723
Unon-vegetated arca/ Uvegetated arca

1.7409

1.8524

1.9574

2.1924
Unon-vegetated arca/ Uvegetated arca

1.8550

1.9693

2.0939

2.3243
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vegetated area, that is, with the increase of the comprehensive
stem thickness and discrete degree of the combined vegetation,
the streamwise velocity in the non-vegetated area showed an
increasing trend. Table 1 shows that as the comprehensive stem
thickness of the combined vegetation and the degree of
dispersion increase, the average streamwise velocity of the
cross-sections C, and Cs in the vegetated area decreased, while
the average streamwise velocity in the non-vegetated area
showed an increasing trend.

When compared with the non-submerged state, the
difference in flow velocity between the non-vegetated and
vegetated areas was reduced in the submerged state (Figure 7
and Table 2), indicating that the energy exchange between the
two areas was reduced in the submerged state. In addition, the
combination and discrete vegetation distributions showed no
clear effect on the streamwise velocity differences in the
vegetated area, while in the non-vegetated area the streamwise
velocity retained the variation law that it would increase as the
comprehensive stem thickness and discrete degree of the
combined vegetation increased.

This study can understand the overall change of the flow
field velocity in the vegetated area and the non-vegetation area
under different combinations of vegetation, and provide a
certain scientific basis for the research on the mechanism of
riverbank sediment erosion and deposition and the growth and

10.3389/fpls.2022.976646

evolution trend of vegetation communities, which can be applied
to the restoration and management of actual river channels.

3.2.2 Lateral velocity distribution in specific
cross-sections

For open channels with partial discontinuous combined
vegetation patches, the unique distribution was expected to have
a different impact on the lateral velocity of water flow. Figure 8
shows the variation in lateral velocity of cross-sections C, and C;
in specific water depths under different submerged conditions.
The lateral velocity at C, under the vegetated non-submerged state
is shown in Figure 8A. When the vegetation stem thickness was
uniform, the lateral velocity variation in the patch area was low. As
the comprehensive vegetation stem thickness and the discrete
degree of the vegetation stem increased, the lateral velocity
variation in the patch area also increased, while the vegetation
combination and discrete distribution form at C; of the spaced
area had minimal effect on the transverse velocity of the y-section
(Figure 8C). In addition, in the non-submerged state, the lateral
flow velocity of the y-section was primarily negative (Figures 8A,
C), indicating that the direction of the overall lateral velocity was
towards the non-vegetated area. In the submerged state, the lateral
velocity of the free layer was minimally affected by the vegetation
combination and discrete distribution form of the vegetation
layer, and the lateral velocity was predominantly positive

TABLE 2 The average streamwise velocity « value and its rate of change between C; and C, cross-sections under different distribution patterns
when the submerged condition h is 0.10 m.

Vegetation submerged state (h=0.10m)

C, Combined distribution (d&D)  Uyegetation area ~ Growth rate of #yegetation area relative 0.012&0.012 (%) Unon-vegetated area  Unon-vegetated area/ Uvegetated area
0.012&0.012 0.3356 - 0.3978 1.1852
0.012&0.015 0.3407 1.52% 0.4138 1.2145
0.012&0.018 0.3349 -2.24% 0.4278 1.2775
0.012&0.021 0.3396 11.93% 0.4381 1.2899

Cs Combined distribution (d&D) Uyegetation arca  GTOWth rate of Uyegeation area Telative 0.012&0.012 (%) Unon-vegetated area Unon-vegetated area’ Uvegetated area
0.012&0.012 0.3201 - 0.4073 1.2723
0.012&0.015 0.3221 0.62% 0.4255 1.3210
0.012&0.018 0.3084 -3.67% 0.4404 1.4283
0.012&0.021 0.3162 -1.22% 0.4526 1.4314

C, Discrete distribution (d&D) Uyegetation area  GTOWth rate of Uyegeation area Telative 0.012&0.012 (%) Unon-vegetated area  Unon-vegetated area’ Hvegetated area
0.012&0.012 0.3482 - 0.3978 1.1425
0.009&0.015 0.3408 -2.11% 0.4053 1.1892
0.006&0.018 0.3450 -0.90% 0.4145 1.2012
0.003&0.021 0.3607 3.59% 0.4208 1.1667

C; Discrete distribution (d&D) Uyegetation arca  GTOWth rate of Uyegeration area Telative 0.012&0.012 (%) Unon-vegetated area  Unon-vegetated area’ Uvegetated area
0.012&0.012 0.3272 - 0.4073 1.2450
0.009&0.015 0.3239 -14.62% 0.4162 1.2847
0.006&0.018 0.3239 -21.04% 0.4267 1.3172
0.003&0.021 0.3410 6.84% 0.4330 1.2697
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submerged vegetation.

(Figures 8B, D), indicating that the direction of the overall lateral
velocity was towards the side of the vegetated area. The
distribution of vegetation along the riverbank is a common
feature of natural rivers and artificial ecological rivers. The
study of lateral flow velocity in the flow field is helpful to
understand the lateral transport of sediment and to improve the
navigation of the river.

3.3 Spatial distribution of velocity
contours in different sections

The spatial distribution of the velocity contours of the xy and
yz profiles (C,; and C,) under two different submerged states are
shown in Figures 9, 10. From the figures, it can be deduced that
the submerged state and distribution pattern of vegetation are
important factors that affect the velocity change and energy
exchange of the two water passages in the vegetated and the non-
vegetated areas. In the non-submerged state, the velocity in the
vegetated area was significantly lower than that in the non-
vegetated area and the velocity difference was high. In the
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submerged state, the velocity difference was significantly
reduced, indicating that there was a strong energy exchange at
the interface between the vegetated and the non-vegetated areas,
while in the submerged state, the energy exchange was
weakened. In addition, the increases in the comprehensive
stem thickness of the combined vegetation and the dispersion
degree were also important factors causing the increased velocity
difference between the vegetated and the non-vegetated areas.
Figure 9 also reflects the difference in flow velocity along the xy
profile. In the non-submerged state, the overall flow velocity in
the vegetated area gradually decreased as the downstream
distance increased, while the overall flow velocity in the non-
vegetated area showed the opposite trend. Under the submerged
state, the overall flow velocity in the non-vegetated area was
similar to that of the non-submerged state, while the overall flow
velocity in the vegetated area had no clear regularity.

The spatial distribution of the velocity contours of the xz
profile under two different submerged states is shown in
Figure 11, which shows the velocity distribution changes
along the longitudinal profile of the vegetation array (Ls),
and the longitudinal profile of the vegetation passage (L,)
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Spatial distribution of velocity contours of xy sections under different submerged states. (A) h = 0.06 m, d & D = 0.012 m & 0.012 m, non-
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submerged vegetation, (F) h =0.10m, d & D = 0.012 m & 0.021 m, submerged vegetation.
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under different vegetation distribution modes. In the non-
submerged state, when water flowed through the vegetation
array (L), the influence of the wake area behind the cylinder
caused the velocity to decline to a minimum value. This
resulted in a significantly lower flow velocity in the
vegetation patch than in the spaced area between adjacent
patches (Figures 11A-C), which led to sediment deposition
and increased availability of soil nutrients and ultimately a
suitable environment for the growth and reproduction
of vegetation.
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Spatial distribution of velocity contours of xz sections under different submerged states. (A) C;, h = 0.06 m, d & D = 0.012 m & 0.012 m, non-
submerged vegetation, (B) C;, h = 0.06 m, d & D = 0.003 m & 0.021 m, non-submerged vegetation, (C) C;, h = 0.06 m,d & D =0.012 m &
0.021 m, non-submerged vegetation, (D) C,, h =0.06 m,d & D = 0.012 m & 0.012 m, non-submerged vegetation, (E) C,, h = 0.06 m,d & D =
0.003 m & 0.021 m, non-submerged vegetation, (F) C,, h = 0.06 m, d & D = 0.012 m & 0.021 m, non-submerged vegetation, (G) C4, h = 0.10
m,d & D =0.012 m & 0.012 m, submerged vegetation, (H) C;, h =0.10 m, d & D = 0.003 m & 0.021 m, submerged vegetation, (I) C;, h = 0.10
m, d & D =0.012m & 0.021 m, submerged vegetation, (J) C,, h =010 m,d & D = 0.012 m & 0.012 m, submerged vegetation, (K) C,, h = 0.10
m,d & D = 0.003m & 0.021 m, submerged vegetation, (L) C, h = 0.10 m, d & D = 0.012 m & 0.021 m, submerged vegetation.
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When the water flow passed through the vegetation
passage (L,), the influence of vegetation shear force caused a
narrowing of the passage which resulted in a higher flow
velocity in the vegetation patch than that in the spaced area
(Figures 11D=F). From an ecological perspective, the low flow
velocity area was more suitable for the survival of aquatic
organisms (Widdows & Navarro, 2007; Folkard & Gascoigne,
2009), concluded from the Figures 11A-F, in the process of
water flow downstream, the velocity of the vegetation array
(Ls) and the vegetation passage (L,) in the patch area and the
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spaced area showed a trend of decreasing gradually with the
increase of the downstream distance, and the flow velocity was
more moderate in the downstream parts of the river. In terms
of the vegetation distribution of partial discontinuous patches
in the river, the velocity distribution areas of specific patches
and the rear spaced area from high to low were as follows: L,
patch area > L, spaced area > L; spaced area > L; patch area. In
addition, the increased comprehensive stalk thickness and
discrete degree of the combined vegetation resulted in a
greater obstruction to water flow by the vegetation. This led
to a stronger sedimentation effect and increased the water
carrying capacity of the river channel. The velocity
distribution of the xz longitudinal profile under the
submerged condition (Figures 11G-L) was consistent with
that under the non-submerged condition. As shown in
Figures 11G-L and Figures 10G-L, there was a significant
difference in flow velocity between the upper and lower layers
(vegetation layer and free layer), bounded by the top of the
vegetation in the submerged state, indicating a strong mixed
layer near the top of the vegetation and a strong energy
exchange occurs.
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3.4 Turbulence characteristics

3.4.1 Vertical distribution of Reynolds stress at
specific locations of vegetation patch channels

Reynolds stress is the additional shear stress caused by the
mixing of turbulent liquid particles, which is closely related to
the flow structure and distribution of vegetation in the river
channel (Liu et al., 2010; Li et al., 2020; Caroppi et al., 2022).
Reynolds stress can also be caused by the uneven distribution of
the flow field in space and is the statistical average value of the
momentum per unit time and unit area caused by turbulent flow
pulsation (Afzalimehr et al., 2010). Therefore, Reynolds stress is
an indispensable factor in the study of the characteristics of
channel flow.

Figure 12 shows the vertical distribution of Reynolds stress
at the vegetation patch channel P, under different submerged
states. For the unsubmerged vegetation (Figures 12A, B), the
Reynolds stress is higher near the bottom of the channel and the
bottom of the vegetation where k is approximately 0.015 m (1/4
of the overall water depth), and further decreases at the bottom
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Vertical distribution of Reynolds stress at the location of vegetation patch channel P, under different submerged states. (A) h = 0.06 m,
vegetation combination distribution, non-submerged vegetation, (B) h = 0.06 m, vegetation discrete distribution, non-submerged vegetation,
(C) h = 0.10 m, vegetation combination distribution, submerged vegetation, (D) h = 0.10 m, vegetation discrete distribution, submerged

vegetation.
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TABLE 3 The Reynolds stress uw value and its rate of change in specific water depths at P, position under different submerging states and

distribution modes.

Vegetation non-submerged state (h=0.06m)

Combined distribution uw Growth rate of uw relative Discrete distribution uw Growth rate of uw
d&D (m) (h=0.015m) 0.012&0.012 (%) d&D (m) (h=0.015m) relative 0.012&0.012
(%)
0.012&0.012 0.2057 - 0.012&0.012 0.2057 -
0.012&0.015 0.2364 14.90% 0.009&0.015 0.2173 5.60%
0.012&0.018 0.2770 34.61% 0.006&0.018 0.2499 21.45%
0.012&0.021 0.2982 44.92% 0.003&0.021 0.2680 30.28%
Vegetation submerged state (h=0.10m)
Combined distribution uw Growth rate of uw relative Discrete distribution uw Growth rate of uw
d&D (m) (h=0.015m) 0.012&0.012 (%) d&D (m) (h=0.015m) relative 0.012&0.012
(%)
0.012&0.012 0.1759 - 0.012&0.012 0.1758 -
0.012&0.015 0.3169 80.13% 0.009&0.015 0.2280 29.67%
0.012&0.018 0.4705 167.41% 0.006&0.018 03161 79.79%
0.012&0.021 0.6537 271.56% 0.003&0.021 0.3795 115.87%

of the channel (4 is from 0 to 0.005 m) due to the large resistive
shear force caused by the riverbed (Dey, 2014). When h >
0.005 m, the Reynolds stress first increases then decreases,
reaching the lowest point when h is approximately 0.015 m.
For the vegetation combination distribution (Figure 12A), when
h was 0.015 m, d&D were 0.012 m & 0.015 m, 0.012 m &
0.018 m, and 0.012 m & 0.021 m, and the Reynolds stress growth
rate was 14.90%, 34.61%, and 44.92%, respectively, compared to
0.012 m & 0.012 m (Table 3). When the water depth is
approximately 0.05 m to the water surface, the vegetation
combination distribution has almost no effect on the change of
Reynolds stress, which is effectively 0. For the discrete
distribution of vegetation (Figure 12B), h is at 0.015 m, d&D is
0.009 m & 0.015 m, 0.006 m & 0.018 m, and 0.003 m & 0.021 m,
and the Reynolds stress growth rate is 5.60%, 21.45%, and
30.28%, respectively, compared to 0.012 m & 0.012 m
(Table 3), when the water depth is approximately 0.03 m to
the water surface, the discrete vegetation distribution has almost
no effect on the change of Reynolds stress, which is effectively 0.

The submerged state of vegetation is also an important factor
affecting Reynolds stress distribution. For submerged vegetation
(Figures 12C, D), the Reynolds stress reaches a maximum value
near the top of the vegetation canopy, indicating that the shear
stress inside the water flow near the top of the vegetation reaches
a maximum value, and there is a strong shear between the top of
the vegetation and the water body. This is consistent with the
findings of Anjum et al. (2018) and Ghani et al. (2019b) on
discontinuous bilayer patch vegetation. The Reynolds stress
decreases rapidly from the top of vegetation to the water
surface and is almost zero near the water surface. It also
decreases rapidly from the top of the vegetation down to the
inner area of the vegetation, indicating that the shear velocity of
the water flow from the top to the bottom is decreasing,
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conducive with the deposition of sediment particles, thereby
achieving the evolution of water quality, improving the water
ecological environment, and weakening the sediment in the
riverbed. This law is the theoretical basis explaining the
dynamics of vegetation sediment deposition, and a critical
factor for vegetation bank protection. Additionally,
Figure 12C, D show that the maximum value of Reynolds
stress in the submerged state increases continuously with the
increase of the comprehensive stalk thickness and discrete
degree of the combined vegetation. For the vegetation
combination distribution (Figure 12C), h is at 0.070 m, d&D
are 0.012 m & 0.015 m, 0.012 m & 0.018 m, 0.012 m & 0.021 m,
and the Reynolds stress growth rates at 0.012 m & 0.012 m are
80.13%, 167.41%, and 271.56%, respectively (Table 3).

For the vegetation discrete distribution (Figure 12D), h is at
0.070 m, d&D are 0.009 m & 0.015 m, 0.006 m & 0.018 m,
0.003 m & 0.021 m, and the Reynolds stress growth rates at
0.012 m & 0.012 m are 80.13%, 167.41%, and 271.56%,
respectively (Table 3). A common feature of increasing
combined vegetation comprehensive stem thickness and
dispersion degree is an increase of vegetation coverage.
Therefore, with an increase of vegetation coverage, the
maximum value of Reynolds stress also increases. This result is
similar to that of Zeng and Li (2014) , who found that vegetation
coverage is the key factor affecting the increase of
Reynolds stress.

3.4.2 Longitudinal distribution of turbulent
kinetic energy in a specific longitudinal section
Turbulent kinetic energy (TKE) is a basic parameter used to
characterize the turbulent flow in natural river channels, which
can directly reflect the overall turbulent flow condition. It is the
average kinetic energy per unit mass related to eddy currents,
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submerged vegetation.

and TKE is characterized by the fluctuation of root mean square
velocity, which plays an important role in energy conversion and
transfer. In order to clarify the influence of vegetation
combination and discrete characteristics on the flow
turbulence structure, the longitudinal distribution of TKE in
specific longitudinal sections (L; and Ls) under different

submerged conditions (h =0.06 m, h =0.10 m) is shown
in Figure 13.

In the non-submerged state (Figures 13A, B), owing to the
discontinuity in patch vegetation distribution, when the water
flows through the patch area, the morphological resistance of the
vegetation exerts a certain degree of interference, which causes the

TABLE 4 The average turbulent kinetic energy 7K £ value and its rate of change at longitudinal section L3 under different submerged states and

different distribution modes.

Vegetation non-submerged state (h=0.06m)

Combined distribution TKE

Growth rate of TKE relative Discrete distribution TKE Growth rate of TKE
d&D (m) 0.012&0.012 (%) d&D (m) relative 0.012&0.012
(%)
0.012&0.012 0.00239 - 0.012&0.012 0.00239 -
0.012&0.015 0.00258 7.97% 0.009&0.015 0.00245 2.50%
0.012&0.018 0.00273 13.93% 0.006&0.018 0.00252 5.47%
0.012&0.021 0.00294 22.73% 0.003&0.021 0.00264 10.31%
Vegetation submerged state (h=0.10m)
Combined distributiond&D TKE Growth rate of TKE relative Discrete distribution TKE Growth rate of TKE
(m) 0.012&0.012 (%) d&D (m) relative 0.012&0.012
(%)
0.012&0.012 0.00052 - 0.012&0.012 0.00052 -
0.012&0.015 0.00047 -10.25% 0.009&0.015 0.00045 -14.62%
0.012&0.018 0.00064 22.84% 0.006&0.018 0.00041 -21.04%
0.012&0.021 0.00086 64.90% 0.003&0.021 0.00056 6.84%
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TKE in the patch area (L;) to be non-uniform and significantly
higher than that in the non-vegetated area (Ls). This is because the
TKE value in the non-vegetated area is low and shows good
uniformity due to the absence of vegetation interference. For the
vegetated area (L), when the water flow passes through the patch
area, the TKE increases significantly and shows a zigzag
distribution, and when the water flow enters the interval area,
the TKE decreases significantly. This kind of patch interval
distribution causes the vertical section of the vegetated area to
form a turbulent region with alternating high and low. In addition,
the combination form and discrete degree of vegetation are also
important factors affecting the degree of water turbulence under
non-submerged conditions. For the combined vegetation, the
TKE increases with the increase of the comprehensive stem
thickness and discrete degree of the vegetation, that is,
TKE¢.012&0.012<TKE0.01280.015<TKE0.01280.018 < TKE0.02180.021>
TKE0.01280.012<TKE,00980.015< TKE0.00680.018<TKEg.00380.021- This
can be explained by the increase in the comprehensive stem
thickness and the discrete degree of the combined vegetation
leading to an increased vegetation coverage density. Dense
vegetation provides greater resistance than sparse vegetation,
causing the flow through vegetation to produce a greater
turbulence intensity. The average turbulent intensity growth rate
relative to a d&D of 0.012&0.012 under different combined and
discrete distribution conditions is shown in Table 4.

In the submerged state (Figures 13C, D), the variation law of
the TKE value in the non-vegetated area (Ls) was similar to that
in the non-submerged state, while the TKE in the vegetated area
(Ls) no longer followed the trend of continuous increases and
decreases. Instead, it gradually increased as the length of the
ordinate increased, and compared with the non-submerged
vegetation state, the overall TKE value in the submerged state
decreased. In addition, the TKE in the vegetated area (L;) no
longer followed the change rule that increased with the increases
in comprehensive stem thickness and vegetation dispersion
degree (Table 4), indicating that the influence of vegetation
distribution pattern on flow turbulence in the free layer is
weakened in the submerged state.

4 Conclusion

In this study, the influence of patch distribution of partial
discontinuous combination vegetation on the flow
characteristics of open channels was investigated using a three-
dimensional Reynolds stress model. The results show that the
combination and discrete distribution have significant influences
on flow structure. The main conclusions are as follows:

1) For the streamwise velocity before and after introduction
of a single vegetation, the diameter of the vegetation
under non-submerged conditions is an important factor
affecting wake structure, that is, the length of the stable
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wake area increases as the stem thickness increases.
With the increase in stem thickness, the streamwise
velocity at the trailing edge of vegetation decreased, and
the difference in streamwise velocity before and after the
introduction of vegetation increased with the increase in
vegetation discrete degree. Under the submerged
condition, the influence of vegetation distribution
pattern on the streamwise velocity in the free layer is
weakened.

For the cross-section velocity distribution, in the non-
submerged state, the streamwise velocity in the non-
vegetated area is significantly greater than that in the
vegetated area, resulting in a strong energy exchange at
the interface between the two areas. With the increase in
the comprehensive stem thickness and dispersion degree
of the combined vegetation, the average streamwise
velocity in the vegetated area showed a decreasing
trend, while that in the non-vegetated area showed an
increasing trend. In the submerged state, the difference
in streamwise velocity between the non-vegetated and
vegetated areas decreased, and the vegetation
combination and discrete distribution had no apparent
effect on the difference in the streamwise velocity. In
addition, the submerged state of vegetation is an
important factor affecting the change in lateral
velocity. In the non-submerged state, the direction of
the overall lateral velocity is towards the side of the non-
vegetated area, while in the submerged state, it is
towards the vegetated area.

3) For the change in overall velocity along the route, as the

water flows downstream, the velocity along the route in
the vegetated area decreases continuously, while in the
non-vegetated area it increases continuously, and the
difference in velocity between the two areas becomes
increasingly apparent. In addition, with the increase in
comprehensive stem thickness and dispersion degree of
the combined vegetation, the obstructing effect of
vegetation on water flow and sediment deposition is
stronger, and the water carrying capacity of the channel
is also increased.

4) For the variation in Reynolds stress at the channel location

ofthe patch area, in the non-submerged state, the Reynolds
stress is highest at 1/4 of the overall water depth. In the
submerged state, the Reynolds stress is highest near the top
of the vegetation and there is a strong shearing effect
between the top of the vegetation and the water body.
With the increase in comprehensive stem thickness and the
degree of dispersion of the combined vegetation, the
Reynolds stress shows an increasing trend.

For the longitudinal turbulent kinetic energy, in the
vegetated area TKE is significantly higher than that in
the non-vegetated area. In the non-submerged state, the
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turbulence intensity in the patch area is significantly
greater than that in the spaced area, forming a jagged
distribution and indicating that the presence of
vegetation in the patch area leads to a significant
increase in the turbulent intensity of water flow. When
the water flow passes through the spaced area, the
turbulent kinetic energy decreases, indicating that the
spaced area is a low-turbulence area, which is more
suitable for the survival of aquatic organisms. The
turbulent intensity of the water flow in the vegetated
area increased as the comprehensive stem thickness and
the discrete degree of the combined vegetation increase.
In the submerged state, the turbulent kinetic energy in
the vegetated area increases as the longitudinal length
increases, and the influence of vegetation combination
and discrete distribution on the flow turbulence in the
free layer is weakened.

This study verifies that the effect of combined vegetation on
the flow characteristics of open channels is different to that of
uniform vegetation distribution. Therefore, it is necessary to
comprehensively consider the influence of patch distribution of
partial discontinuous combined vegetation on the flow
characteristics of open channels, which is of great significance
to the ecological application of aquatic vegetation in river
channels and provides guidance for the restoration and
management of eco-river systems. It should be noted that in
this paper, a numerical simulation study was carried out on the
flow characteristics of the longitudinally discontinuous rigid
combined vegetation patches occupying one side of the river
bank, and the rigid simulated vegetation was selected to focus on
the study of the combined distribution and discrete distribution
of the patch vegetation on the water flow structure of the river,
vegetation flexibility does not take into account the effects on the
flow structure,that is, it is assumed that the vegetation under the
action of water flow does not deform and oscillate. However,
vegetation with greater flexibility in real river courses will have a
certain degree of deformation and swing under the action of
water flow, which makes the water flow structure more complex.
At present, the numerical model of this study does not include
factors related to vegetation flexibility, so this is also the focus of
our future research and the direction of our efforts.
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Slope position- mediated soill
environmental filtering drives
plant community assembly
processes in hilly shrublands of
Guilin, China
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Haili Lin!, Wenhua Zhuo®, Yan He', Yaocheng Fang*
and Yong Jiang™

*Key Laboratory of Ecology of Rare and Endangered Species and Environmental Protection
(Guangxi Normal University), Ministry of Education, Guili, China, 2Guangxi Mangrove Research
Center, Guangxi Academy of Sciences, Beihai, Guangxi, China

Background and aims: A major goal of community ecology focuses on trying
to understand how environmental filter on plant functional traits drive plant
community assembly. However, slopes positions- mediated soil environmental
factors on community-weighted mean (CWM) plant traits in shrub community
has not been extensively explored to analyze and distinguish assembly
processes.

Methods: Here, we surveyed woody shrub plant communities from three slope
positions (foot, middle, and upper) in a low hilly area of Guilin, China to assess
differences in functional trait CWMs and environmental factors across these
positions. We also measured the CWMs of four plant functional traits including
specific leaf area, leaf dry matter content, leaf chlorophyll content, and leaf
thickness and nine abiotic environmental factors, including soil water content,
soil organic content, soil pH, soil total nitrogen, soil total phosphorus, soil total
potassium, soil available nitrogen, soil available phosphorus, and soil available
potassium. We used ANOVA and Tukey HSD multiple comparisons to assess
differences in functional trait CWMs and environmental factors across the three
slope positions. We used redundancy analysis (RDA) to compare the
relationships between CWMs trait and environmental factors along three
slope positions, and also quantified slope position-mediated soil
environmental filtering on these traits with a three-step trait-based null
model approach.

Results: The CWMs of three leaf functional traits and all soil environmental
factors except soil pH showed significant differences across the three slope
positions. Soil total nitrogen, available nitrogen, available potassium, and soil
organic matter were positively correlated with the CWM specific leaf area and
leaf chlorophyll content along the first RDA axis and soil total potassium, total
phosphorous, and soil water content were positively correlated with the CWM
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leaf dry matter content along the second RDA axis. Environmental filtering was
detected for the CWM specific leaf area, leaf dry matter content, and leaf
chlorophyll content but not leaf thickness at all three slope positions.

Conclusions: Ultimately, we found that soil environmental factors vary along
slope positions and can cause variability in plant functional traits in shrub
communities. Deciduous shrub species with high specific leaf area, low leaf dry
matter content, and moderate leaf chlorophyll content dominated at the
middle slope position, whereas evergreen species with low specific leaf area
and high leaf dry matter content dominated in slope positions with infertile
soils, steeper slopes, and more extreme soil water contents. Altogether, our
null model approach allowed us to detect patterns of environmental filtering,
which differed between traits and can be applied in the future to understand
community assembly changes in Chinese hilly forest ecosystems.

KEYWORDS

community assembly, plant functional traits, soil poperties, slope positions,
environmental filtering

Introduction

Plant functional traits are defined as the morpho-physio-
phenological plant features that indirectly affect fitness within a
given environmental context that also provide insights into how
environmental factors shape species distributions at regional and
local scales (Violle et al., 2007; de Bello et al., 2013). Functional
traits can improve biodiversity predictions with environmental
change because they represent a species’ strategy use under
different resources (de Bello et al., 2013; Bruelheide et al,
2018; Maes et al.,, 2020). For example, specific leaf area and
leaf dry matter content are core traits in leaf economic spectrum
and nutrient resources (Hodgson et al., 2011; Gao et al., 2022;
Ren et al., 2022). Specially, nutrient-poor soils are often
associated with leaf economic spectrum of “slow-growing”
plants with older, smaller specific leaf area with high leaf dry
matter content (Ordonez et al., 2009). In contrast, “fast-
growing” plants that are often associated with nutrient-rich
soils possess the opposite sets of traits (i.e. younger leaves,
larger specific leaf area, higher leaf nitrogen; Wright et al,
2001; Wright et al., 2004). With these traits, specific leaf area
and leaf dry matter content are mainly affected by soil nutrient
factors, such as pH and soil nitrogen and phosphorus content
(Wang et al., 2022). Generally, soil total nitrogen content and the
ratio of carbon to nitrogen are positively correlated with specific
leaf area and negatively correlated with leaf dry matter content
(Hodgson et al,, 2011). Additionally, leaf chlorophyll content
provides information about the physiological state of the plant
(Lu et al,, 2018), where any shortage of soil water or nitrogen
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significantly reduces its chlorophyll and photosynthetic rate
(Qiu et al, 2018). Leaf thickness also demonstrateds the
physical resistance of the leaf blade to adverse environmental
condititons (Afzal et al., 2017; Pinho et al., 2018), and has been
shown to be positively correlated with soil fertility and soil water
availability (Schmitt et al.,, 2022).

Understanding the deterministic processes that underly the
functional structure of ecological communities is one of the
central goals of community ecology (Cornwell and Ackerly,
2009; de Bello et al,, 2013). In theory, the environmental
filtering hypothesis proposed that abiotic environment factors
act as “filters” to select species from the regional pool with
similar trait values into communities to adapt to the local
environment conditions (Kraft et al., 2015; Le Bagousse-
Pinguet et al., 2017). A substantial number of studies have
shown that community composition is often influenced by
environment-driven factors that results in trait convergence—
particularly at local scales (Alice et al., 2018; Baez et al., 2022; Da
et al,, 2022). Habitats in the slope foot tend to be more moist
than at higher, steeper positions, which are often more dry and
exposed, where furthermore, these temperature and moisture
differences may alter nutrient mineralization along the slope
position. Altogether, these environmental differences can cause
flexible responses in plant functional traits, with the most
researched being tree height, specific leaf area, and leaf dry
matter content (Niinemets et al., 2006; Mitchell et al., 2016; Guo
et al., 2018). For instance, Lim et al. (2017) demonstrated that
the community-weighted mean (CWM) height decreased down
a slope into frost hollows while the CWM the leaf area was
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greater toward the top of the slope position. Additionally,
Mendez-Toribio et al. (2017) found that wood density and leaf
dry matter content were greater at lower slope positions.
Although several previous studies have shown links between
topography and soil resource availability, soil environmental
factors along different slope positions have not been extensively
investigated to understand how differences in plant functional
traits affect shrub communities (Punchi-Manage et al., 2012; Liu
et al. (2014).

Shrubs act as an essential component of global and regional
vegetation and have rich characteristic such as wide
distributions, high germination rates, and high morphological
and physiological plasticity, which is an ideal natural
experimental model to facilitate adaptation for diverse
environments (Xu et al, 2020; Venn et al, 2021). Generally,
shrubs are an important component of forest ecosystems and
play a vital role in natural forest dynamics, especially during the
first stages of tree development. Moreover, shrubs have gained
importance since they are more tolerant to drought and aridity
than tree species, which has become significant under the
current context of global warming (Bateman et al., 2018).
Despite the importance of shrubs on the global scale, they are
often understudied studied compared to other plants, like trees.
Because of these issues, it is necessary to identify the response of
shrubs to environmental conditions based on the perspective of
functional traits at the local community level. Currently, there
are many studies that have focused on trying to understand
changes in communities level plant features over natural
gradients to assess community assembly processes, such as
trait convergence, trait divergence, and stochastic process.
Pinho et al., 2018 found soil fertility operates as a key filter
causing functional convergence towards more conservative
resource-use strategies in tropical forest regeneration. Da et al.
(2022) demonstrated that soil and topography factors were the
main environment driver of trait convergence in temperate
forest communities at local scale. However, very few have
focused on trait convergence by habitat filtering for shrub
plants in different environments, or how these traits could be
affected by harsh conditions due to complex abiotic filters (e.g.,
soil and slope positions factors; Asefa et al, 2017; Molina-
Venegas et al., 2018).

In this study, we measured functional traits of shrubs along a
slope gradient in the Jiangjiaba hilly area of Guilin, China to
assess relationships between community-level trait values and
environmental factors. Initially, we expected slope position to
interact with environmental factors to filter trait values and
ultimately affect community assembly. Specifically, our goals
were to: (1) the major plant functional traits at the community
level to understand if they are significantly different with slope
position, and if soil nutrients act as important dominant factors,
and (2) to quantify the impact of slope position-mediated soil
environmental filtering on the functional composition of shrub
communities across three slope positions at hilly area. We
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anticipated that soil environmental factors vary along slope
positions and can cause variability in plant functional traits in
shrub communities. And environmental filtering became the
major mechanism that maintained in this typical subtropical
shrub community and would be helpful in the future to
understand community assembly changes in Chinese hilly
forest ecosystems.

Materials and methods
Study area

The study area was located on Jiangjiaba Hill, Guilin City,
Southwest China (25°05'23”N, 110°17'32"E). The region
belongs to the non-karst hill in Guilin, possesses laterite soil
and ranges in altitudes from 100 to 500 m above sea level.
Topography and altitude strongly influence microclimate and
soil environmental factors, and therefore affect the distribution
of plant species (Mantilla-Contreras et al., 2012). To measure
such effects, we surveyed three slope positions (foot, middle, and
upper) along an altitudinal transect. Based on our research, the
upper slope had strong wind and shallow soils with little capacity
for moisture retention that causes poor soil nutrients, while the
slope foot had thick soil with a high soil water storage that was
cooler, more humid, and had lower solar radiation. By
comparison, the middle slope position had a relatively flat
terrain with rich soil nutrients and moderate temperature,
moisture, and light conditions (Liu et al., 2020). This region
has a typical humid subtropical monsoon climate with
noticeably dry and less rainy autumns and winters. Its annual
temperature ranges from 17.8-19.1 °C with a frost-free period of
309 d and a mean annual sunshine duration of 1670 h (Data
from the China Meteorogical Data Service Center; http://data.
cma.cn). The coldest month (January) averages 8 °C and the
hottest (August) averages 28 °C. The mean annual precipitation
varies from 1814 to 1941 mm, with a distinct wet season from
May to October (more than 80% of precipitation occurs during
the wet season) and a dry season from November to April. The
annual average evaporative capacity ranges from 1490 to
1905 mm, and the natural vegetation of this hilly region is
dominated by shrub communities.

Sampling design and field investigation

Data his study were collected in a typical hilly shrub
community at the study site. Based on an initial field survey of
woody shrubs, we established 108 10 m x 10 m plots with 36
plots each at the foot slope, middle slope, and upper slope from
July to September 2016. The three positions are located at
different points on a single slope (see Figure 1 for details), and
the plots in each slope are distributed continuously. In each
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FIGURE 1
The geographical location of the study area and sampling sites in the hilly region, Guilin, Southwest China.

sampling plot, all the woody individuals with basal diameter
(BD) = 1 cm were mapped, marked, and identified as species. We
also reported topography (slope degree and position), dominant
species, and abundance of evergreen and deciduous species at
each slope position (Table 1). The nomenclature of each species
were identified using the Flora of China (English edition; http://
foc.iplant.cn).

Our initial investigation documented 2966 live individuals of
75 tree species from 57 genera and 34 families. With each slope
position, Rhodomyrtus tomentosa (Ait.) Hassk, Quercus fabri
Hance, Ficus hirta Vahl, and Mallotus apelta (Lour.) Muell. Arg
were the dominant species at the slope foot; Quercus fabri
Hance, Rhodomyrtus tomentosa (Ait.) Hassk, Rhododendron
molle (Blum) G. Don, and Melastoma malabathricum
Linnaeus were dominant at the middle slope. The upper slope

TABLE 1 Topographic and ecological features of the three slope positions.

Deciduous
species

Number
of Plots

Slope

Evergreen

Position species

Foot 36 35 27

660

Evergreen
individuals

was mainly composed of Schima superba Gardn. et Champ,
Quercus fabri Hance, Melastoma malabathricum Linnaeus, and
Rhodomyrtus tomentosa (Ait.) Hassk. Rhodomyrtus tomentosa,
Ficus hirta, Mallotus apelta and Schima superba are evergreen
species, while Quercus fabric, Rhododendron molle, and
Melastoma malabathricum are deciduous species that are
among the most dominant species in each position.

Measurement of functional traits

Four major functional traits were selected to characterize the
ecological strategies of the plants at each different slope gradient:
specific leaf area, leaf dry matter content, leaf chlorophyll
content, and leaf thickness (Pérez-Harguindeguy et al., 2013;

Deciduous
individuals

Slope Degree

Range () Dominant Species

Rhodomyrtus tomentosa
Quercus fabri

Ficus hirta

Mallotus apelta

485 13-18

Middle 36 26 23

Upper 36 21 17
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463

387

76

Quercus fabri
Rhodomyrtus tomentosa
Rhododendron molle
Melastoma malabathricum

561

Schima superba

Quercus fabri

Melastoma malabathricum
Rhodomyrtus tomentosa

410 17-21
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Jiang et al., 2015). For each individual, we collected three newly
mature leaves from canopy branches that were completely
exposed to sunlight, and avoided senescent or damaged leaves.
The collected leaves were stored in sealed plastic bags with
moistened paper towels and transported to the Key Laboratory
of Ecology of Rare and Endangered Species and Environmental
Protection at the Guangxi Normal University, Guilin, China, for
further experiments. The leaf area was first measured by
scanning fresh leaves using a Yaxin-1241 (Yaxin, Beijing,
China). The mass of dried (72 h at 70 °C) leaf samples was
then estimated with a precision of 0.1 mg and specific leaf area
was calculated as leaf area divided by leaf dry mass. Leaf dry
matter content was calculated from the oven-dry mass divided
by fresh mass (Cornelissen et al., 2003; Pérez-Harguindeguy
etal, 2013). Leaf thickness was measured by an electronic digital
display caliper (SF2000, Guanglu, Guilin, China) with an
accuracy of 0.01 mm and calculated as the mean thickness of
three equally distanced points in the direction of the main veins.
Leaf chlorophyll content was estimated using three values per
lamina from a SPAD 502Plus meter (KONICA Minolta,
Osaka, Japan).

Measurement of soil
environmental factors

Soil samples were collected between July and September
2016. According to the “S” type, we removed the leaf litter and
humus layer, and five topsoil (0-15 cm depth) samples were
collected from each 10 m x 10 m plot that were mixed to one
1000g sample for further analysis. We used the agricultural and
chemical methods described by Bao (2000) to determine soil
properties. Soil water content (SWC) was calculated as: SWC =
(Massf - Massd)/Massd; where, Massf is the soil fresh mass and
Massd is the soil dry mass. A digital pH meter (FE20K, Mettler-
Toledo, Zurich, Switzerland) was used to measure soil pH using
with a soil: to water ratio of 1:2.5. The soil organic content was
measured using potassium dichromate oxidation method.
Additionally, the total nitrogen was also determined by using
automatic Kjeldahl analysis (KJELTEC™ 8400, FOSS Quality
Assurance Co., Ltd., Hillerggd, Denmark). The total phosphorus
content of the soil was analyzed by acid digestion with an H,SO,
+ HCIO, solution, and the total potassium was digested with an
HF-HCIO4-HNO; acid mixture and determined by flame
photometry. Additionally, the soil available nitrogen was
quantified using the alkaline hydrolysis diffusion method, and
the available phosphorus was measured using a molybdenum
blue colorimeter after the sample had been extracted with 0.5 M
Na,CO;. To measure soil available potassium, samples were
shaken for 30 min with a 1 M ammonium acetate solution (1:10
w/v) and then analyzed by flame photometry. For each soil
sample, the measurements were repeated three times and the
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average values were used for all subsequent soil physical and
chemical analyses.

Statistical analysis

The three slope positions (foot, middle, and upper) were used
as groups for a One-way ANOVA comparison of the
environmental factors, and Tukey’s HSD post-hoc comparisons
were made to test for significant differences (family-wise error
rate< 0.05) between groups. We coupled the individual traits to
each individuals’ plot and then calculated CWM trait values.
CWM values are proportional to species abundance and are more
appropriate than unweighted means to characterize trait variation
at the community level (Garnier et al,, 2004; Lavorel et al., 2008).
Here, we calculated CWMs with the “dbFD” function in the “FD”
package of R software (Laliberté and Legendre, 2010; R Core
Team, 2021), which is based on the Fdvar index:

CWM = ép,vxtmit,-
i=1

where § is the total number of species, p; is the relative
abundance of the ith species and trait; is the trait value of the
ith species.

To improve data normality and homoscedasticity, we rank-
transformed the CWM values of the functional traits and
environmental factors. We then used the One-way ANOVA and
Tukey’s HSD post-hoc comparisons again to test how the CWM
trait values varied among the three slope positions. We then
performed redundancy analysis (RDA) to assess the correlations
between plant functional traits and environmental variables across
the three slope positions. From the trait and abundance data, we
built a plot by trait matrix by averaging the trait values of each
species weighted by their abundance in each plot. We then applied a
forward selection that included the environmental variables and a
Monte Carlo test with 999 unrestricted permutations to detect
environmental factors that have a significant effect on trait variation.

To test the effects of modification of non-random assembly
processes across the three slope positions, we adopted a trait-
based null model approach. Here, the plant species found in each
plot were treated as the local species pool, while all species
observed across the 108 plots along the different slope positions
were defined as the regional species pool. Following, the null
distributions were built from a three-step procedure: 1) each
species was randomly drawn without replacement from the
species pool and repeated 999 times, 2) one species mean trait
value derived from the regional functional species pool was
randomly allocated to each previously selected species, and 3)
the range of trait values in each plot (max-min) was calculated to
generally predict the trait value distributions. By comparing the
observed values of each plot with the expectation of the
respective null model (Cornwell and Ackerly, 2009), we
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inferred random dispersion among local species trait values if
the observed trait values were close to the expected distribution,
while trait convergence was inferred if the range of the observed
trait values was lower than expected, which would result from
stronger environmental filtering. Trait divergence was also
inferred if the range of the observed trait values was higher
than expected, which would result from greater niche
complementarity (greater niche complementarity; Lhotsky
et al., 2016). We calculated the standardized effect size (SES;
Gotelli and McCabe, 2002), implemented in the R package
“picante” (Kembel et al., 2010) as:

SES = (Iobs — Inull) /SD,,

Where I, is the observed value, I,,,; is the mean of the null
distributionand SD,,,; is the standard deviation of null
distribution in the plot. Positive and negative SES values
indicate that the observed values are above and below the
average expected value, respectively. The Wilcoxon signed
rank test was then used to assess whether there were
significant differences in random variation of functional trait
values between plots at different slope positions.

10.3389/fpls.2022.1074191

Results

Changes in environmental factors across
slope positions

All soil environmental factors except soil pH differed
significantly between at least two slope positions (Figure 2).
Soil water content significantly decreased from slope foot to
middle slope and from middle slope to upper slope (Figure 2A).
The middle slope had significantly higher soil organic content,
total nitrogen, available nitrogen, available phosphorus, and
available potassium of than the slope foot and upper slope
(Figures 2B, F-I, respectively). The slope foot had significantly
higher total phosphorus and total potassium of soil than the
middle and upper slopes (Figures 2D, E, respectively). The soil
pH was slightly acidic to strongly acidic, and its soil organic
matter, total nitrogen and available nitrogen were relatively rich,
while soil total phosphorus, available phosphorus, total
potassium and available potassium were relatively deficient,
according to China’s second national soil census nutrient
classification standard.
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Changes of soil environmental factors (A-I) at three slope positions. AK, soil available potassium; AN, soil available nitrogen; AP, soil available
phosphorus; pH, soil pH; SOM, soil organic content; SWC, soil water content; TK, soil total potassium; TN, soil total nitrogen; TP, soil total
phosphorus. In each panel, boxes with different letters on top of the bars represent a significant difference at P< 0.05.

Frontiers in Plant Science

78

frontiersin.org


https://doi.org/10.3389/fpls.2022.1074191
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

Changes in community-level plant
functional traits across slope positions

All CWMs of leaf functional traits except leaf thickness
differed significantly between at least two slope positions
(Figure 3). The CWM specific leaf area at the middle slope
was significantly higher than both the slope foot and upper slope
positions, and the slope foot CWM specific leaf area was
significantly higher than the upper slope (Figure 3A). The
CWM leaf dry matter content showed an inverted pattern; the
middle slope was significantly lower than the slope foot, which
was significantly lower than the upper slope (Figure 3B). The
CWM leaf chlorophyll content significantly decreased from
slope foot to middle slope and again from middle to upper
slope (Figure 3C). There were no significant differences in CWM
leaf thickness (Figure 3D).

Relationships between community level
plant functional traits and environmental
factors across slope positions

Redundancy analysis found significant relationships
between community level plant functional traits and the
environmental factors across the three slope positions
(Figure 4). Soil environmental factors (available nitrogen, total
nitrogen, available potassium, and organic content) significantly
influenced the CWM specific leaf area and CWM leaf
chlorophyll content, whereas soil total potassium, total
phosphorus, and water content had significant effects on the
CWM leaf dry matter content.

Environmental filtering of traits across
slope positions

By comparing to our null model expectations, we detected
significant reductions in the community ranges of specific leaf area,
leaf dry matter content, and leaf chlorophyll content (Figure 5)—

10.3389/fpls.2022.1074191

indicating that environmental filtering had significant effects on
plant functional trait values. We found no significant difference
between the expected and observed distributions of leaf thickness,
which suggested no environmental filtering of this trait (Figure 5).

Discussion

Relationships between community level
plant functional traits and environment
factors variation across slope positions

Slope position is an important topographic factor that
encompasses substantial variation in micro-habitat conditions
and which affects community-level plant functional traits
(Meéndez-Toribio et al., 2017). Consistent with a growing body
of studies (e.g., Wang et al., 2016; Chelli et al., 2022), we found
that SLA was negatively correlated with LDMC and observed the
highest CWM specific leaf area with the lowest CWM leaf dry
matter content. This fit our expectations for resource-rich
environments, as the middle slope had high soil SOM, TN,
AN, and AK, intermediate SWC, and a flatter terrain. In
contrast, we found communities adapted to slope foot and
upper slope conditions—generally resource poor environments
—with low CWM specific leaf area and high CWM leaf dry
matter content. Several studies have demonstrated that specific
leaf area and leaf dry matter content can be useful proxies for
resource capture and utilization (Fernanda et al., 2002; Shipley,
2006; Grotkopp and Rejmének, 2007; Hodgson et al., 2011). The
CWM leaf chlorophyll content significantly decreased from
slope foot to middle slope to upper slope (Figure 3C), which
may result, in part, from differences in species composition
across slope positions. Most species found at the slope foot were
evergreen and highly abundant (Table 1), indicating that
evergreen species allocated greater resources to photosynthesis
in this habitat with lower soil nutrients and weaker light (Liu
et al,, 2020). The middle slope position had intermediate CWM
leaf chlorophyll content and more evergreen than deciduous
species, but these evergreen species were less abundant. We had
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predicted the CWM leaf chlorophyll content of the middle slope
to be highest because of its high nutrient richness. The
unexpected result that it was intermediate may be due to two
reasons: first, a decrease in soil water content could inhibit
chlorophyll biosynthesis leading to relatively low of leaf
chlorophyll content (He et al, 2022); second, high available
potassium, total nitrogen, and available nitrogen of soil may
increase net photosynthetic rate (Hu et al., 2017).

Environmental filtering for plants with
different functional traits

The observed ranges of specific leaf area, leaf dry matter
content, and leaf chlorophyll content (but not leaf thickness)
were significantly smaller than expected based on our null
models, suggesting that environmental factors significantly filter
the CWM specific leaf area, leaf dry matter content, and leaf
chlorophyll content (Figure 5). We showed that soil nutrients
and water availability strongly restricted these CWM trait values
across the three slope positions, as evidenced by the collinearity of
these features with CWMs in the RDA ordination (Figure 4). Local
topography (i.e., slope position) can therefore drive functional trait
values, mostly through indirect effects of soil nutrients and soil
water content. At our study site, the upper slopes were steep and the
soils infertile; the upper slope had less developed soil, less soil water,
and fewer soil nutrients, while the slope foot had relatively thick soil
with higher soil water storage, lower solar radiation, and was cooler
and more humid. The middle slope position was relatively flat with
fertile soil and mild temperature, moisture, and light conditions.
The species composition changed from mostly evergreen, shade-
intolerant species with relatively low nutrient demand at the slope
foot and upper slope positions to deciduous species with high
nutrient demands at the middle slope position. Fertile soils and
mild climatic conditions had strong filtering effects; deciduous
shrub species with high specific leaf area, low leaf dry matter
content, and moderate leaf chlorophyll content dominated at the
middle slope position, whereas evergreen species with low specific
leaf area and high leaf dry matter content dominated in slope
positions with infertile soils, steeper slopes, and more extreme soil
water contents. Our null model approach allowed us to detect
patterns of habitat filtering, which differed between traits.

Conclusion

Our results showed that multiple environmental factors and the
CWMs of specific leaf area, leaf dry matter content, and leaf
chlorophyll content were significantly different between slope
positions and that most environmental factors examined had
significant effects on plant functional traits. Together, these
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findings indicate that slope position gradients—with varying soil
nutrient and climatic conditions—have significant effects on plant
functional trait variation. In summary, the detection of habitat
filtering depends critically on the type of trait considered: different
traits, which reflects different aspects of plant physiology, may be
differentially filtered by the environment.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary materials, further
inquiries can be directed to the corresponding author/s.

Author contributions

Y] designed and oversaw the study. KC, YP, Y.L, YH, WZ,
HL, JC, and YF collected the field and laboratory data. KC, YP
and YJ conducted the statistical analyses and wrote the first draft
of the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This research was funded by the Key Laboratory of Ecology
of Rare and Endangered Species and Environmental Protection
(Guangxi Normal University), Ministry of Education, China
(ERESEP2021Z07), National Natural Science Foundation of
China (31860124 and 32260283), Guangxi Natural Science
Foundation (2022GXNSFAA035600), 2021 Guangxi
Postgraduate Innovation Project (YCSW2021104), and College
Students’ Innovation and Entrepreneurship Training Program
(202110602067 and S202210602027).

Acknowledgments

We are grateful to numerous students from the Chinese
Guangxi Normal University for their support with field sampling
and providing assistance in processing soil samples. We are also
indebted to the editor and reviewers for insightful and
constructive suggestions for improving the manuscript.

Conflict of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1074191
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Afzal, A., Duiker, S. W., and Watson, J. E. (2017). Leaf thickness to predict plant
water status. Biosyst. Engin. 156, 148-156. doi: 10.1016/j.biosystemseng.2017.01.011

Alice, N., Melanie, K., Pedro, P., Paula, M., Edoardo, A. C. C,, Cristina, S., et al.
(2018). Local topographic and edaphic factors largely predict shrub encroachment
in Mediterranean drylands. Sci. Total Environ. 657, 310-318. doi: 10.1016/
j.scitotenv.2018.11.475

Asefa, M., Cao, M., Zhang, G. C, Ci, X. Q,, Li, ], and Yang, J. (2017).
Environmental filtering structures tree functional traits combination and lineages
across space in tropical tree assemblages. Sci. Rep. 7, 132. doi: 10.1038/s41598-017-
00166-z

Baez, S., Fadrique, B., Feeley, K., and Homeier, J. (2022). Changes in tree
functional composition across topographic gradients and through time in a tropical
montane forest. PloS One 17, €0263508. doi: 10.1371/journal.pone.0263508

Bao, S. D. (2000). Soil agrochemical analysis (China. Beijing: China agriculture
press).

Bateman, A., Lewandrowski, W., Stevens, J. C., and Munoz-Rojas, M. (2018).
Ecophysiological indicators to assess drought responses of arid zone native
seedlings in reconstructed soils. Land Degrad. Dev. 29, 984-993. doi: 10.1002/
1dr.2660

Bruelheide, H., Dengler, J., Purschke, O., Lenoir, J., Jiménez-Alfaro, B.,
Hennekens, S. M., et al. (2018). Global trait-environment relationships of plant
communities. Nat. Ecol. Evol. 2, 1906-1917. doi: 10.1016/j.foreco.2021.119977

Chelli, S., Ottaviani, G., Tsakalos, J. L., Campetella, G., Simonetti, E., Wellstein,
C., et al (2022). Intra- and inter-specific leaf trait responses of understorey species
to changes in forest maturity. FOREST ECOL. MANAG. 506, 119977. doi: 10.1016/
jforeco.2021.119977

Cornelissen, J. H. C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, D.
E., et al. (2003). A handbook of protocols for standardized and easy measurement
of plant functional traits worldwide. Aust. J. Bot. 51, 335-380. doi: 10.1071/
BT02124

Cornwell, W. K., and Ackerly, D. D. (2009). Community assembly and shifts in
plant trait distributions across an environmental gradient in coastal California.
Ecol. Monog. 79, 109-126. doi: 10.1890/07-1134.1

Da, R, Hao, M. H,, Qiao, X. T., Zhang, C. Y., and Zhao, X. H. (2022).
Unravelling trait-environment relationships at local and regional scales in
temperate forests. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.907839

de Bello, F., Lavorel, S., Lavergne, S., Albert, C. H., Boulangeat, I., Mazel, F,, et al.
(2013). Hierarchical effects of environmental filters on the functional structure of
plant communities: a case study in the French Alps. Ecography 36, 393-402.
doi: 10.1111/j.1600-0587.2012.07438.x

Fernanda, V., Sandra, D., Diego, E. G., Peter, ]. W., Ken, T., and John, G. H.
(2002). Leaf traits as indicators of resource-use strategy in floras with succulent
species. New Phytol. 154, 147-157. doi: 10.2307/1513940

Gao, J., Wang, K. Q,, and Zhang, X. (2022). Patterns and drivers of community
specific leaf area in China. Glob. Ecol. Conser. 33, e01971. doi: 10.1016/
j.gecco.2021.e01971

Garnier, E., Cortez, J., Billes, G., Navas, M.-L., Roumet, C., Debussche, M., et al.
(2004). Plant functional markers capture ecosystem properties during secondary
succession. Ecology 85, 2630-2637. doi: 10.1890/03-0799

Gotelli, N.J., and McCabe, D. (2002). Species co-occurrence: a meta-analysis of j.
m. diamond’s assembly rules model. Ecology 83, 2091-2096. doi: 10.2307/3072040

Grotkopp, E., and Rejmanek, M. (2007). High seedling relative growth rate and
specific leaf area are traits of invasive species: phylogenetically independent
contrasts of woody angiosperms. Ameri. J. Bot. 94, 526-532. doi: 10.3732/
2jb.94.4.526

Guo, Z. W, Lin, H,, Chen, S. L,, and Yang, Q. P. (2018). Altitudinal patterns of
leaf traits and leaf allometry in bamboo pleioblastus amarus. Front. Plant Sci. 9.
doi: 10.3389/fpls.2018.01110

He, Y. C,, Li, T. T., Zhang, R. Y., Wang, J. S., Zhu, J. T., Li, Y., et al. (2022). Plant
evolution history overwhelms current environment gradients in affecting leaf

Frontiers in Plant Science

82

10.3389/fpls.2022.1074191

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.

chlorophyll across the Tibetan plateau. Fronti. Plant Sci. 13. doi: 10.3389/
FPLS.2022.941983

Hodgson, J. G., Montserrat-Marti, G., Charles, M., Jones, G., Wilson, P., Shipley,
B., et al. (2011). Is leaf dry matter content a better predictor of soil fertility than
specific leaf area? Ann. Bot. 108, 1337-1345. doi: 10.1093/aob/mcr225

Hu, W., Coomer, T. D., Loka, D. A., Oosterhuis, D. M., and Zhou, Z. (2017).
Potassium deficiency affects the carbon-nitrogen balance in cotton leave. Plant
Physiol. Bioche. 115, 408-417. doi: 10.1016/j.plaphy.2017.04.005

Jiang, Y., Zang, R. G., Lu, X. H., Huang, Y. F,, Ding, Y., Liu, W. D,, et al. (2015).
Effects of soil and microclimatic conditions on the community-level plant
functional traits across different tropical forest types. Plant Soil 390, 351-367.
doi: 10.1007/s11104-015-2411-y

Kembel, S. W., Cowan, P. D., Helmus, M. R, Cornwell, W. K., Morlon, H.,
Ackerly, D. D., et al. (2010). Picante: R tools for integrating phylogenies and
ecology. Bioinformatics. 26, 1463-1464. doi: 10.1093/bioinformatics/btq166

Kraft, N. J. B., Adler, P. B., Godoy, O., James, E. C,, Fuller, S., and Levine, J. M.
(2015). Community assembly, coexistence and the environmental filtering
metaphor. Funct. Ecol. 29, 592-599. doi: 10.1111/1365-2435.12345

Laliberté, E., and Legendre, P. (2010). A distance-based framework for
measuring functional diversity from multiple traits. Ecology 91, 299-305.
doi: 10.1890/08-2244.1

Lavorel, S., Grigulis, K., McIntyre, S., Williams, N. S., Garden, D., Dorrough, J.,
et al. (2008). Assessing functional diversity in the field-methodology matters!
Funct. Ecol. 22, 134-147. doi: 10.1111/j.1365-2435.2007.01339.x

Le Bagousse-Pinguet, Y., Gross, N., Maestre, F. T., Maire, V., de Bello, F,,
Fonseca, C. R, et al. (2017). Testing the environmental filtering concept in global
drylands. J. Ecol. 105, 1058-1069. doi: 10.1111/1365-2745.12735

Lhotsky, B., Kovacs, B., Onodi, G., Csecserits, A., Rédei, T., Lengyel, A, et al.
(2016). Changes in assembly rules along a stress gradient from open dry grasslands
to wetlands. J. Ecol. 104, 507-517. doi: 10.1111/1365-2745.12532

Lim, F. K. S., Pollock, L. J., and Vesk, P. A. (2017). The role of plant functional
traits in shrub distribution around alpine frost hollows. J. Veg. Sci. 28, 585-594.
doi: 10.1111/jvs.12517

Liu, R. H, Pan, Y. F,, Bao, H,, Liang, S. C,, Jiang, Y., Tu, H. R,, et al. (2020).
Variations in soil physico-chemical properties along slope position gradient in
secondary vegetation of the hilly region, guilin, southwest China. Sustainability. 12,
1303. doi: 10.3390/su12041303

Liu, J., Tan, Y. H,, and Slik, J. W. F. (2014). Topography related habitat
associations of tree species traits, composition and diversity in a Chinese tropical
forest. For. Ecol. Manage. 330, 75-81. doi: 10.1016/j.foreco.2014.06.045

Lu, S, Lu, F, You, W. Q., Wang, Z. Y, Liu, Y., and Omasa, K. (2018). A robust
vegetation index for remotely assessing chlorophyll content of dorsiventral leaves
across several species in different seasons. Plant Methods 14, 15. doi: 10.1186/
s13007-018-0281-z

Maes, S. L., Perring, M. P., Depauw, L., Bernhardt-Rémermann, M., Blondeel,
H., Bramelis, G., et al. (2020). Plant functional trait response to environmental
drivers across European temperate forest understorey communities. Plant Biol. 22,
410-424. doi: 10.1111/plb.13082

Mantilla-Contreras, J., Schirmel, J., and Zerbe, S. (2012). Influence of soil and
microclimate on species composition and grass encroachment in heath succession.
J. Plant Ecol. 5, 249-259. doi: 10.1093/jpe/rtr031

Meéndez-Toribio, M., Ibarra-Manriquez, G., Navarrete-Segueda, A., and Paz, H.
(2017). Topographic position, but not slope aspect, drives the dominance of
functional strategies of tropical dry forest trees. Environ. Res. Lett. 12, 085002.
doi: 10.1088/1748-9326/aa717b

Mitchell, R. M., Wright, J. P., and Ames, G. M. (2016). Intraspecific variability
improves environmental matching, but does not increase ecological breadth along a
wet-to-dry ecotone. Oikos 126, 988-995. doi: 10.1111/0ik.04001

Molina-Venegas, R., Aparicio, A., Lavergne, S., and Arroyo, J. (2018). Soil
conditions drive changes in a key leaf functional trait through environmental

frontiersin.org


https://doi.org/10.1016/j.biosystemseng.2017.01.011
https://doi.org/10.1016/j.scitotenv.2018.11.475
https://doi.org/10.1016/j.scitotenv.2018.11.475
https://doi.org/10.1038/s41598-017-00166-z
https://doi.org/10.1038/s41598-017-00166-z
https://doi.org/10.1371/journal.pone.0263508
https://doi.org/10.1002/ldr.2660
https://doi.org/10.1002/ldr.2660
https://doi.org/10.1016/j.foreco.2021.119977
https://doi.org/10.1016/j.foreco.2021.119977
https://doi.org/10.1016/j.foreco.2021.119977
https://doi.org/10.1071/BT02124
https://doi.org/10.1071/BT02124
https://doi.org/10.1890/07-1134.1
https://doi.org/10.3389/fpls.2022.907839
https://doi.org/10.1111/j.1600-0587.2012.07438.x
https://doi.org/10.2307/1513940
https://doi.org/10.1016/j.gecco.2021.e01971
https://doi.org/10.1016/j.gecco.2021.e01971
https://doi.org/10.1890/03-0799
https://doi.org/10.2307/3072040
https://doi.org/10.3732/ajb.94.4.526
https://doi.org/10.3732/ajb.94.4.526
https://doi.org/10.3389/fpls.2018.01110
https://doi.org/10.3389/FPLS.2022.941983
https://doi.org/10.3389/FPLS.2022.941983
https://doi.org/10.1093/aob/mcr225
https://doi.org/10.1016/j.plaphy.2017.04.005
https://doi.org/10.1007/s11104-015-2411-y
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1111/j.1365-2435.2007.01339.x
https://doi.org/10.1111/1365-2745.12735
https://doi.org/10.1111/1365-2745.12532
https://doi.org/10.1111/jvs.12517
https://doi.org/10.3390/su12041303
https://doi.org/10.1016/j.foreco.2014.06.045
https://doi.org/10.1186/s13007-018-0281-z
https://doi.org/10.1186/s13007-018-0281-z
https://doi.org/10.1111/plb.13082
https://doi.org/10.1093/jpe/rtr031
https://doi.org/10.1088/1748-9326/aa717b
https://doi.org/10.1111/oik.04001
https://doi.org/10.3389/fpls.2022.1074191
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

filtering and facilitative interactions. Acta Oecol. 86, 1-8. doi: 10.1016/
j-actao.2017.11.008

Niinemets, U., Portsmuth, A., and Tobias, M. (2006). Leaf size modifies support
biomass distribution among stems, petioles and mid-ribs in temperate plants. New
Phytol. 171, 91-104. doi: 10.1111/j.1469-8137.2006.01741.x

Ordonez, J. C., van Bodegom, P. M., Witte, J.-P. M., Wright, 1. J., Reich, P. B,,
and Aerts, R. (2009). A global study of relationships between leaf traits, climate and
soil measures of nutrient fertility. Global Ecol. Biogeogr. 18, 137-149. doi: 10.1111/
j.1466-8238.2008.00441.x

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H.,
Jaureguiberry, P., et al. (2013). New handbook for standardised measurement of
plant functional traits worldwide. Aust. J. Bot. 61, 167-234. doi: 10.1071/BT12225

Pinho, B. X, de Melo, F. P. L., Arroyo-Rodriguez, V., Pierce, S., Lohbeck, M., and
Tabarelli, M. (2018). Soil-mediated filtering organizes tree assemblages in
regenerating tropical forests. Plant Biol. 106, 458-463. doi: 10.1111/1365-
2745.12843

Punchi-Manage, R., Getzin, S., Wiegand, T., Kanagaraj, R, Gunatilleke, C. V. S,,
Nimal Gunatilleke, I. A. U., et al. (2012). Effects of topography on structuring local
species assemblages in a Sri Lankan mixed dipterocarp forest. J. Ecol. 101, 149-160.
doi: 10.1111/1365-2745.12017

Qiu, K. Y, Xie, Y. Z,, Xu, D. M,, Qi, T. Y., and Pott, R. (2018). Photosynthesis-
related properties are affected by desertification reversal and associated with soil n
and p availability. Braz. J.Bot. 41, 329-336. doi: 10.1007/s40415-018-0461-0

R Core Team (2021). R: A language and environment for statistical computing
(Vienna: R Foundation for Statistical Computing). Available at: https://www.R-
project.org/.

Ren, L., Huang, Y. M,, Pan, Y. P,, Xiang, X., Huo, J. X,, Meng, D. H,, et al. (2022).

Differential investment strategies in leaf economic traits across climate regions
worldwide. Front. Plant Sci. 13. doi: 10.3389/FPLS.2022.798035

83

Schmitt, S., Trueba, S., Coste, S., Ducouret, E., Tysklind, N., and Heuertz, M.
(2022). Seasonal variation of leaf thickness: An overlooked component of
functional trait variability. Plant Biol. 24, 458-463. doi: 10.1111/PLB.13395

Shipley, B. (2006). Net assimilation rate specific leaf area and leaf mass ratio:
Which is most closely correlated with relative growth rate? a meta-analysis. Funct.
Ecol. 20, 565-574. doi: 10.2307/3806604

Venn, S. E., Gallagher, R. V., and Nicotra, A. B. (2021). Germination at extreme
temperatures: Implications for alpine shrub encroachment. Plants-Basel. 10, 327-
327. doi: 10.3390/plants10020327

Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, 1., et al.
(2007). Let the concept of trait be functional! Oikos 116, 882-892. doi: 10.1111/
j.0030-1299.2007.15559.x

Wang, J., Wang, X,, Ji, Y., and Gao, J. (2022). Climate factors determine the
utilization strategy of forest plant resources at large scales. Front. Plant Sci. 2022
(13). doi: 10.3389/fpls.2022.990441

Wang, R. L, Yu, G. R,, He, N. P, Wang, Q. F., Zhao, N., and Xu, Z. ,. W. (2016).
Latitudinal variation of leaf morphological traits from species to communities
along a forest transect in eastern China. J. Geog. Sci. 26, 15-26. doi: 10.1007/
s11442-016-1251-x

Wright, 1. J., Reich, P. B., and Westoby, M. (2001). Strategy shifts in leaf
physiology, structure and nutrient content between species of high- and low-
rainfall and high- and low-nutrient habitats. Funct. Ecol. 15, 423-434. doi: 10.1046/
j.0269-8463.2001.00542.x

Wright, 1. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F.,
et al. (2004). The worldwide leaf economics spectrum. Nature 428, 821-827.
doi: 10.1038/nature02403

Xu, G. Q,, Arndt, S. K., and Farrell, C. (2020). Leaf traits of drought tolerance for

37 shrub species originating from a moisture gradient. Water 12, 1626.
doi: 10.3390/w12061626


https://doi.org/10.1016/j.actao.2017.11.008
https://doi.org/10.1016/j.actao.2017.11.008
https://doi.org/10.1111/j.1469-8137.2006.01741.x
https://doi.org/10.1111/j.1466-8238.2008.00441.x
https://doi.org/10.1111/j.1466-8238.2008.00441.x
https://doi.org/10.1071/BT12225
https://doi.org/10.1111/1365-2745.12843
https://doi.org/10.1111/1365-2745.12843
https://doi.org/10.1111/1365-2745.12017
https://doi.org/10.1007/s40415-018-0461-0
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.3389/FPLS.2022.798035
https://doi.org/10.1111/PLB.13395
https://doi.org/10.2307/3806604
https://doi.org/10.3390/plants10020327
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.3389/fpls.2022.990441
https://doi.org/10.1007/s11442-016-1251-x
https://doi.org/10.1007/s11442-016-1251-x
https://doi.org/10.1046/j.0269-8463.2001.00542.x
https://doi.org/10.1046/j.0269-8463.2001.00542.x
https://doi.org/10.1038/nature02403
https://doi.org/10.3390/w12061626

& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Antonio (Antonello) Montagnoli,
University of Insubria, Italy

REVIEWED BY

Lorenzo Rossi,

University of Florida, United States
Fabio Gomes,

Universidade Estadual de Santa Cruz,
Brazil

*CORRESPONDENCE
Youjun Chen
chenyoujun2005@163.com

SPECIALTY SECTION

This article was submitted to
Functional Plant Ecology,

a section of the journal
Frontiers in Plant Science

RECEIVED 24 September 2022
AccepTED 05 December 2022
PUBLISHED 06 January 2023

CITATION

Chen X, Chen Y, Zhang W, Zhang W,
Wang H and Zhou Q (2023) Response
characteristics of root to moisture
change at seedling stage of Kengyilia
hirsuta.

Front. Plant Sci. 13:1052791.

doi: 10.3389/fpls.2022.1052791

COPYRIGHT

© 2023 Chen, Chen, Zhang, Zhang,
Wang and Zhou. 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 Original Research
PUBLISHED 06 January 2023
D01 10.3389/fpls.2022.1052791

Response characteristics of root
to moisture change at seedling
stage of Kengyilia hirsuta

Xueyao Chen?, Youjun Chen**, Wei Zhang"?, Wenlu Zhang™?,
Hui Wang™? and Qingping Zhou*?

Sichuan Zoige Alpine Wetland Ecosystem National Observation and Research Station, Southwest
Minzu University, Chengdu, China, 2Institute of the Qinghai-Tibetan Plateau, Southwest Minzu
University, Chengdu, China

Kengyilia hirsuta is an important pioneer plant distributed on the desertified
grassland of the Qinghai-Tibet Plateau. It has strong adaptability to alpine
desert habitats, so it can be used as a sand-fixing plant on sandy alpine land. To
study the response mechanisms of root morphological and physiological
characteristics of K. hirsuta to sandy soil moisture, 10%, 25% and 40%
moisture levels were set up through potted weighing water control method.
The biomass, root-shoot ratio, root architecture parameters, and biochemical
parameters malondialdehyde, free proline, soluble protein, indole-3-acetic
acid, abscisic acid, cytokinin, gibberellin, relative conductivity and antioxidant
enzyme activities were measured in the trefoil stage, and the response
mechanisms of roots at different moisture levels were analyzed. The results
showed that with the increase of soil moisture, root morphological indexes
such as root biomass, total root length, total root volume and total root surface
increased, while the root topological index decreased continuously. The
malondialdehyde content, relative conductivity, superoxide dismutase
activity, peroxidase activity, catalase activity, free proline content, soluble
protein content, abscisic acid content and cytokinin content at the 25% and
40% moisture levels were significantly decreased compared with the 10% level
(P< 0.05). Thus, the root growth of K. hirsuta was restricted by the 10% moisture
level, but supported by the 25% and 40% moisture levels. An artificial neural
network revealed that total root length, total root surface area, root link
average length, relative conductivity, soluble protein, free proline and
moisture level were the key factors affecting root development. These
research results could contribute to future agricultural sustainability.
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1 Introduction

The alpine grassland of northwest Sichuan located in the
southeastern margin of the Qinghai-Tibet Plateau has an
important ecological function and is a major water source,
which is of great significance to the ecological security of the
lower reaches of the Yangtze and Yellow Rivers (Lu et al., 2004;
Yu et al,, 2011). In recent years, with the increasing population
and the demands of social development, which have exerted
great pressure on desertified areas, the ecological system has
been disturbed and natural resources have been depleted in
Northwest China. Since the 1960s, the average annual growth
rate of the dune area in the northwest of Sichuan has reached
3.44% (Wei et al, 2010), affecting the development of animal
husbandry and leading to the deterioration of the ecological
environment (Gou et al,, 2019). Against the background of the
severe expansion of grassland desertification, choosing suitable
herbage species as sand-fixing materials is the main way to
achieve good results in artificial restoration of desertified
grassland (Chen et al, 2019). Therefore, the selection of
pioneer plants with poor-soil and drought tolerance is
important to maintain a stable ecosystem.

Kengyilia hirsuta is one of the main pioneer grass species
distributed on the desertified grassland of the Qinghai-Tibet
Plateau, and has strong adaptability to alpine desert habitats,
with drought and wind erosion resistance characteristics (Ren,
2016), so it can be used as a forage resource and sand-fixing
plant on sandy alpine land. The adaptability of K. hirsuta to
sandy land mainly depends on the growth and development of
its root system, and this trait is co-regulated by internal genetic
factors and external environmental factors (Chen et al., 2020).

Soil moisture is the key factor restricting plant growth and
development, and the most important factor affecting vegetation
restoration in desertified grassland (Knapp et al.,, 2015). When
the soil moisture changes, the root system is the first part affected
in desert species (Schiefelbein and Benfey, 1991). Morphological
and physical characteristics are the main factors that respond to
the complicated environment of desertified grassland, and the
biomass, root-shoot ratio, root architecture and root physiology
of a plant change under different soil moisture levels (Merchan
et al., 2010).

Previous studies have shown that the biomass of plants is the
cumulative product of photosynthesis and determined by their
photosynthetic capacity (Hester et al., 2001). Under drought stress
conditions, aboveground biomass accumulation moves to
underground parts, which adapt to the variable environment by
changing the root-shoot ratio, enhancing the plant’s ability to
resist drought stress (Wang et al, 2016). Root architecture
determines the distribution of the root system in the soil space,
including root morphology, fractal characteristics and topological
structure (Su et al,, 2018), and the root system can respond to
changes in the external environment through changes of root
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architecture; for example, total root length, root surface area and
root volume are basic indexes closely related to soil moisture
(Zeng et al,, 2013). Besides, average root diameter, root link
average length, number of root tips and number of forks are
also closely related to the development of roots in different
moisture environments. Where, root link average length is the
average length between all two branches of the root system (Tang
et al., 2020). Fractal abundance and the fractal dimension are
important characteristics of root fractal structure, and the root
fractal dimension can be used to study the degree of branching
and development, while the fractal abundance is closely related to
the extension range and resource competitiveness of roots (Yang
and Luo, 1994; Yang et al., 2009). As part of the root system
architecture, the topological structure determines the spatial
distribution of roots in the soil and affects the nutrient
absorption and fixation capacity of roots (Berntson, 1997). The
closer the topology index (TI) is to 0.5, the closer the root
branching habit is to dichotomous branching, while the closer
TI is to 1, the more the root branching habit is similar to
herringbone branching (Shan et al., 2012). Under drought stress
conditions, root development will be affected to some extent, the
fractal dimension and fractal abundance of roots will change, and
the root branching mode will tend toward herringbone branching,
which is an adaptive strategy for plant roots to expand their space
and effectively utilize water and nutrients (Yang et al., 2018).
Root physiology changes with the change of soil moisture,
which ultimately affects the root morphological structure (Li et al,,
2001). Under conditions of soil moisture deficit, the number of
free radicals in plant cells rises, which aggravates membrane lipid
peroxidation and affects membrane permeability, resulting in the
accumulation of malondialdehyde (MDA) (Lorenz et al., 2011;
Zhao et al., 2011), which is a harmful peroxidation product that
increases of relative conductivity (RC) (Harfouche et al,, 2014).
When subjected to drought stress, to protect cell membranes from
oxidative damage, the enzyme defense system, namely antioxidant
enzymes including catalase (CAT), superoxide dismutase (SOD)
and peroxidase (POD), removes excess reactive oxygen species,
protects cells from free radical damage and reduces the degree of
membrane lipid peroxidation (Pauls and Thompson, 1980; Gao
and Zhang, 1998; Kholova et al., 2011). At the same time, under
conditions of insufficient or excessive soil moisture, some osmotic
regulatory substances including proline (Pro), soluble protein
(SP), and soluble sugar (SS), are accumulated to maintain
osmotic potential so that plants can obtain the water needed,
ensure normal growth and improve their resilience to adversity
(Manivannan et al., 2008). Plant endogenous hormones, chemical
signaling substances produced in some cells or tissues (Tiwari
etal,, 2017), can regulate the physiological processes of other cells
by interacting with specific protein receptors. Among these
hormones, abscisic acid (ABA), indole-3-acetic acid (IAA),
gibberellin (GA) and cytokinin (CTK) play important roles in
regulating plant root development under water stress (Tiwari
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et al., 2017).

In this experiment, we selected K. hirsuta as the
experimental material and measured the biomass, root-shoot
ratio, root architecture parameters and physiological indexes to
reveal changes of root architecture and root physiology at 10%,
25% and 40% moisture levels. To quantify root morphological
and physiological indicators of root system development under
different moisture levels, artificial neural network (ANN) model
analysis was used to evaluate the importance of root architecture,
physiological indexes and field water capacity in determining
root biomass. This analysis revealed the regulatory mechanism
of root adaptation to soil moisture changes at the seedling stage
and explored the sand-growing characteristics of K. hirsuta to
lay a foundation for resource development and variety breeding
of pioneer grass species.

2 Materials and methods

2.1 Materials

Kengyilia hirsuta which grows in high altitude and alpine
desert areas has developed a ‘rhizosheath-root system’ as a xero-
phytic adaptive-trait. It is a plant species of genus Kengyilia Yen
et]. L. Yang, and no other varieties have been found or cultivated
at present. The seeds and sandy soil for the test were collected by
the forage grass team of Qinghai-Tibet Plateau Research
Institute of Southwest Minzu University in the sandy grassland
in Waqie Town, Hongyuan County, Tibetan Qiang
Autonomous Prefecture of Ngawa, Sichuan Province. The
temperature difference between day and night in the sandy
land in this area is large in summer. The sand surface is
directly exposed to the sun during the day, and its
temperature can reach more than 50°C, while can be as low as
about 5°C at night and it has been enclosed in the past five years.

2.2 Experimental design

Three soil moisture gradients were set up by potted water
control method, which were 10%, 25% and 40% field capacity,
respectively. These soil moisture gradients are set for research,
because the soil moisture of sandy grassland in Hongyuan
county is about 3% ~ 8% and through pre-test screening, the
phenotypes of K. hirsuta under these three water gradients are
quite different.

Based on our experiment design, the completely randomized
block design method has been chosen. The seedlings with
identical growth were randomly divided into three groups.
There were 48 replicates in each group and one seedling in
each replicate. Meanwhile, each group was treated with 10%,
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25% and 40% field capacity respectively, and other conditions
were kept consistent. The specific steps were as follows:

The seeds were sterilized with 75% ethanol for 1min, washed
for 3 times with distilled water, soaked in distilled water for 8h,
and then washed for 3 times. Then, seeds of the same size and
full size were spread in the Petri dish and were cultivated in an
artificial climate box at a day/night temperature of 24/20°C with
a photoperiod of 14/10 h light/dark, illumination of 30000 Ix,
and relative humidity ranging from 50 to 60%. After growing for
3 cm, seedings with the same growth were selected and
transplanted into the PS nutrient bowl filled with the tested
sandy soil. Each pot with one plant is poured with soil moisture
(100% FC) and placed in the artificial climate box with the same
culture condition as above. The seedling pot position was
randomly changed every two days during the seedling culture
period. Irrigate thoroughly on the 5th day after transplanting,
and stop watering afterwards. When the soil moisture in all
nutrient pots has dropped to 10% field capacity, seedlings were
randomly divided into three groups, then weighed and watered
according to the three designed moisture levels. The balance was
used to weigh and then water was added to the set value at the
same time every morning (10:00). Samples were taken when the
plants grew to the three leaf stage.

2.3 Determination and measurement

After being loaded into the centrifugal tube, the roots were
quickly put into the liquid nitrogen barrel, and then stored at
-80°C to measure activity of antioxidant enzymes, MDA content,
free Pro content, SP content and hormones content.

2.3.1 Measurement of biomass

The whole plants were taken out from the nutrition bowl,
then the roots were washed with distilled water and packed in
envelopes. Afterward, samples were put into the oven at 110°C
for 10 min and dried at 75°C until constant weight to measure
abovground and root dry weight. Root-root shoot ratio was
calculated as the ratio of underground dry weight to overground
dry weight (Agathokleous et al.,, 2019).

2.3.2 Measurement of root morphology

Root morphology was determined according to Liu et al.
(2019). The roots in the transparent tray were scanned using a
root scanner (EPSON Expression 12000XL) at a pixel of 600 dpi.
Then the root analysis software (Win RHIZO Pro 2017A) was
used to calculate and analyze the morphological indexes of the
scanned original image, and the morphological indexes such as
total root length, total root surface area, total root volume,
average root diameter, root link average length, number of
root tips and number of forks were obtained.
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2.3.3 Calculation of root fractal dimension and
fractal abundance

Root analysis software (Win RHIZO Pro 2017A) was used to
analyze the original image scanned by the digital scanner
(EPSON Expression 12000XL), and the small square with side
length r on the root distribution map and the number of small
squares cut by the root, Nr, were obtained. The graph was drawn
with logr and logNr as horizontal and vertical coordinates
respectively. The equation of the regression line was as follows
(Ketipearachchi and Tatsumi, 2000):

logNr = — FDlogr + logK

In this formula, K is the constant value. The negative
number of the slope of the regression line is the fractal
dimension FD and logK is the fractal abundance.

2.3.4 Calculation of root topological index
The root topological index (TI) was calculated as follows
(Ma and Wang, 2020):

TI = 1gA/IgM

In the above formula, A is the total number of internal
connections of the longest root channel; M is the total number of
all external connections of the root system. Both A and M values
could be calculated in the root analysis software (Win RHIZO
Pro 2017A).

2.3.5 Determination of malondialdehyde
(MDA) content and relative conductivity (RC)

MDA content was assayed using Thiobarbituric acid
reaction according to Draper and Hadley (1990). The 0.2 g
sample and 1.6 ml 10% trichloroacetic acid solution were mixed
and ground into pulp, centrifuged at 8000 g at 4°C for 10 min,
and placed on ice for testing. After mixing 1.5 ml supernatant
and 1.5 ml thiobarbituric acid solution, the mixture was placed
in a 95°C water bath for 30 min, cooled in an ice bath, and
centrifuged at 10000g for 10 min. The absorption (OD) values at
532 nm and 600 nm were measured. MDA content was
determined according to fresh weight.

RC was measured by electrolyte extravasation volume
method according to Luo et al. (2014). 0.2 g of fresh root was
taken from each treatment and 4 ml of deionized water was
added. After 24 h at room temperature, the conductivity of the
solution R1 was measured. Then, the solution was boiled in a
constant temperature water bath at 100°C for 20 min, and the
solution conductivity R2 was measured after cooling to room
temperature with cold water. The RC was calculated as follows:

RC (%) = R1/R2 x 100%
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2.3.6 Determination of free proline (Pro)
content and soluble protein content (SP)

Free Pro contwas determined by sulfosalicylic acid method
reported by Zhang and Nie (2008). The 0.2g sample was mixed
with 5mL 3% sulfosalicylic acid solution, extracted in a boiling
water bath for 10 min, and then filtered after cooling. After being
added 2 ml of filtrate, 2 ml of glacial acetic acid, and 2 ml of
ninhydrin acid, the mixture was heated in a boiling water bath.
After cooling, 4 ml toluene was added to the sample, shaken for
30 s, left for a while, 10 ml of the upper solution was taken and
centrifuged at 3000g for 5 min. After that, the upper Pro red
toluene solution was absorbed into the colorimetric cup, toluene
was used as the blank control, OD value was measured at 520nm
wavelength on the spectrophotometer, and Pro standard curve
was made. SP content was estimated following the method of
Coomassie Brilliant Blue according to Bradford (1976). 0.1 g
sample was added with 1 ml PBS buffer solution, ground and
homogenized, centrifuged at 8000g for 10 min. 1 ml supernatant
was placed in a centrifuge tube, then 5ml Coomash bright blue
solution was add. After mixing, the OD value at 620 nm was
determined. The SP content was determined by the
standard curve.

2.3.7 Determination of antioxidant enzymes

Before the enzyme activity was measured, 0.2 g sample was
added with 1.6 ml phosphate buffered saline (PBS), ground and
homogenized, centrifuged at 8000g for 10 min, and the
supernatant was taken and placed on ice for testing.

Referring to the study of Giannopolitis and Ries (1977), the
activity of superoxide dismutase (SOD) was measured by
nitroblue tetrazolium (NBT) photochemical reduction. One
unit of SOD was defined as the amount of enzyme that
inhibited the photochemical reduction of nitroblue tetrazole by
50%, and the OD value was measured at 560 nm. The activity of
peroxidase (POD) was assessed using guaiacol method, and the
OD value was measured at 470 nm (Nahid and Abdollah, 2018).
Catalase (CAT) activity was determined by the method of UV
absorption method, and the initial OD values and 1 min later
OD values were determined at 240 nm (Zhang et al.,, 2018).
When CAT was added into the reaction system, the absorbance
of the reaction solution would decrease with the reaction time.
Therefore, the activity of CAT could be calculated according to
the change rate of the absorbance of the reaction solution.

2.3.8 Determination of hormones contents

0.1 g sample was added to 0.9 mL PBS with pH=7.2~7.4, and
then ground into homogenate. The supernatant was collected
from homogenate separated by centrifugation at 4°C at 3000g for
20 min. The contents of abscisic acid (ABA), indole-3-acetic
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acid(IAA), gibberellin (GA) and cytokinin (CTK) in roots of
K. hirsuta were determined using the Enzyme-Linked
ImmunoSorbent Assay (ELISA) kit following the instructions
from the manufacturer (Jiangsu Meimian industrial Co., Ltd.
Jiangsu, China). The OD value of each hormone were detected
via enzyme-labeled instrument (Varioskan LUX, Thermo Fisher
Scientific). Linear regression equations of ABA, TAA, GA and
CTK standard curves were calculated by using the concentration
and OD value of the standard material.

2.4 Data analysis

2.4.1 Artificial neural network analysis

Artificial neural network, an algorithm-based mathematical
model that repeatedly adjusts the network connected between a
large number of internal nodes by imitating the information
processing capacity of biological neurons (Bagheri et al., 2017),
can identify the complex nonlinear relationship between input
and output variables (Rahimikhoob, 2010; Rossi et al., 2019).
Multilayer perceptron ANN (MLPANN) normally has three
layers, including an input layer, a hidden layer with multiple
neurons, and an output layer, and is capable of Clarifying the
most cluttered information (Mateo et al., 2011; Biglarijoo et al.,
2017). Therefore, this paper chose MLPANN to build a neural
network model, and used three-layer network to describe the
mapping between the input and the output. After training and
comparative analysis, the effects of root structure, physiology
and field capacity on root biomass were explored.

P; was the input layer, which was the root architecture and
physiological indexes of K. hirsuta at seedling stage.

The output of the hidden layer is:

Yi = Fj(z?i szxi)

Where Y; is the hidden layer, w;; is the connection weight
between input layer i and hidden layer j, and x; is the input value.
Fj, the nonlinear activation function which is developed to
calculate the output value of the hidden layer, is the hyperbolic
tangent function (tanh). The formula is as follows:

sinhu e*—e™

E (w)

coshu e +e™

The value of the output layer is the root biomass. Then the
output of the output layer unit is:

Ty = B wien)

Where Ty is the output layer, wj; is the connection weight
between hidden layer j and output layer k, and x; is the input
value. Fy, the linear activation function which is developed to
calculate the output value of the output layer, is the identity
function. The output value is calculated as follow:

Frontiers in Plant Science

88

10.3389/fpls.2022.1052791

Fk (u) =u

In order to eliminate the influence caused by the large
difference in the order of magnitude of index values, the
measured data are normalized. After normalization, the values
of each factor are distributed between [-1, 1]. In this paper, the
data normalization and the inverse normalization of the simulated
values output by the neural network are completed by using SPSS
26.0 software. The formula for data standardization is:

L = Xi—u

i
X,

max ~ Xmin

In this formula, I; is the standardized value; x; is the
measured value of index i; X, and X, are the minimum
and maximum values of index i samples. u is the average of all

samples of this indicator.

2.4.2 Result processing

Results were analyzed by one-way ANOVA and tested for
significance of difference by Duncan multiple-range method, the
statistical significance level was below 0.05. Bivariate Pearson
correlation analysis was used to analyze the relationship between
physiological and morphological indexes. The neural network
model of the influence of root architecture indexes, physiological
indexes and field capacity on biomass was established by
Multilayer perceptron. The data in the figures and tables
represented as the mean + standard error of 4 repetitions in
the test. Excel 2016 was employed for summarizing all statistics,
SPSS 26.0 was used for data analysis and Origin 2018 was
assigned to plotting.

3 Results

3.1 Biomass and root-shoot ratio

characteristics of K. hirsuta at the
seedling stage under different soil
moisture conditions

With the increasing soil moisture gradient, the biomass of
K. hirsuta at the seedling stage showed an upward trend
(Figure 1). The total biomass and aboveground biomass of
plants grown in soil under 25% and 40% field capacity were
greater than those under 10% field capacity (P< 0.05)
(Figures 1A, C), but no significant difference between 25% and
40% field capacity was observed in these data (P > 0.05). There
were significant differences in root biomass among the 10%, 25%
and 40% field capacity treatments (P< 0.05). Moreover, as field
capacity increased, root biomass increased. The root biomasses
in the 25% and 40% field capacity treatments were 1.3 and 1.6
times higher than that of the 10% field capacity treatment,
respectively (Figure 1B). However, the root-shoot ratio showed
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Effects of different soil moisture on total biomass (A), root biomass (B), aboveground biomass (C) and root-shoot ratio (D) of K hirsuta. Results were
analyzed by one-way ANOVA and tested for significance of difference by Duncan multiple-range method. Each value represents the mean +
standard error. Each experiment was repeated four times. Different letters indicate that the differences between treatments were significant (P< 0.05).

no significant changes under different field capacities (P >
0.05) (Figure 1D).

3.2 Root morphology characteristics of
K. hirsuta at the seedling stage under
different soil moisture conditions

Most root morphological indexes were sensitive to the
different soil moisture conditions. The total root length, total
root volume and total root surface area of plants grown in soil
under the three field capacity treatments showed remarkable
differences (P< 0.05). The total root length, total root volume
and total root surface area increased with increasing soil
moisture. Total root length in the 25% and 40% field capacity
treatments was 1.3 and 1.7 times than that in the 10% field
capacity treatment, respectively (Figure 2A), total root surface
area was 1.5 and 1.9 times greater, respectively (Figure 2B), and
total root volume was 1.3 and 1.9 times greater, respectively
(Figure 2C). However, no notable differences were observed for
average root diameter (P > 0.05) (Figure 2D).
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As the soil moisture rose, the number of root tips and forks
first increased and then decreased. The numbers of root tips and
forks under 10% field capacity were significantly lower than
those under 25% and 40% field capacity (P< 0.05). The numbers
of root tips and forks under 25% field capacity were 2.4 and 2.3
times those under 10% field capacity, and 1.3 and 1.2 times those
under 40% field capacity, respectively (Figures 3A, B). The root
link average length under 40% field capacity was significantly
longer than those under 25% and 10% (P< 0.05) (Figure 3C).

3.3 Root fractal dimension, fractal
abundance and root topological index
characteristics of K. hirsuta at the
seedling stage under different soil
moisture conditions

There were no marked differences in the root fractal

dimension (P >0.05) (Table 1). As can be seen from the table,
the root fractal abundances of the 25% and 40% field capacity
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treatments were significant (P< 0.05).

treatments were greater than that of the 10% field capacity
treatment (P<0.05), but there were no significant differences
between the 25% and 40% field capacity treatments (P >0.05).

As the soil moisture rose, the root topological index of
K. hirsuta decreased continuously (Table 1). The topological
index under 10% field capacity was significantly higher than
those under 25% and 40%, which were closer to 1 (P<0.05). This
result indicated that the root branching pattern changed from
dichotomous branching to herringbone branching with the
decrease of soil moisture.

3.4 Membrane permeability and osmotic
regulatory substances characteristics in
K. hirsuta roots at the seedling stage
under different soil moisture conditions

The investigation showed that the MDA content and RC of
roots varied with different soil moisture treatments (Figure 4). The
MDA content of roots under 10% field capacity was significantly
higher than those under 25% and 40% (P< 0.05), at 1.7 and 1.5
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times, respectively. Additionally, there were significant differences
in RC among the three field capacity treatments (P< 0.05). The RC
displayed a declining trend with the increase of soil moisture,
being lowest in the 40% field capacity treatment (Figure 4B).
With the increase of soil moisture, the free Pro and SP contents
decreased (Figure 4). The free Pro and SP contents of roots under
10% field capacity were notably higher than those under 25% and
40% field capacity (P< 0.05), but no significant differences were
found between the 25% and 40% field capacity treatments (P >0.05).

3.5 Antioxidant enzyme activities
characteristics in K. hirsuta roots at the
seedling stage under different soil
moisture conditions

With the increasing soil moisture, the activities of
root antioxidant enzymes first decreased and then increased
slightly (Figure 5). The SOD and POD activities at 10% field
capacity were significantly higher than those at 25% and 40%
field capacity (P< 0.05). Compared with 25% and 40% field
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capacity, SOD activity was increased by 165.0% and 126.6%
(Figure 5A), and POD activity was increased by 186.0% and
145.1% (Figure 5B), respectively, under 10% field capacity.
Notable differences were observed for CAT activity among
the three field capacity treatments (P< 0.05) and CAT
activity under 10% field capacity was increased by 218.8%
and 92.1% compared with 25% and 40% field capacity,
respectively (Figure 5C).
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3.6 Hormones contents in K. hirsuta
roots at the seedling stage under
different soil moisture conditions

Root hormone contents varied under the different soil
moisture treatments (Figure 6). With the increase of soil
moisture, the ABA content showed a significant trend of an
initial decrease followed by an increase (P< 0.05), and was lowest
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Effects of different soil moisture on malondialdehyde (MDA) content (A), relative conductivity (RC) (B), proline (Pro) content (C) and soluble
protein (SP) content (D) of K hirsuta. Results were analyzed by one-way ANOVA and tested for significance of difference by Duncan multiple-
range method. Each value represents the mean + standard error. Each experiment was repeated four times. Different letters indicate that the

differences between treatments were significant (P< 0.05).
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TABLE 1 Effects of different soil moisture on root fractal dimension, root fractal abundance and root topological index of K. hirsuta.

Field capacity (%) Root fractal dimension Root fractal abundance Root topological index
10% 1.263 + 0.045a 3323 +0.110b 0.819 + 0.053a
25% 1.229 + 0.019a 3.557 + 0.050a 0.762 + 0.019b
40% 1.2495 + 0.015a 3.638 + 0.051a 0.755 + 0.013b

Results were analyzed by one-way ANOVA and tested for significance of difference by Duncan multiple-range method. Each value represents the mean + standard error. Each
experiment was repeated four times. Different letters indicate that the differences between treatments were significant (P< 0.05).

under 25% field capacity (Figure 6A). The IAA content in roots (P< 0.05), and very significant negative correlation with total
was not obviously affected by the different soil moisture root surface area and total root volume (P< 0.01). MDA had a
treatments (Figure 6B), and the differences between treatments significant positive correlation with topological index (P< 0.05),
did not reach a significant level (P > 0.05). With the increase of significant negative correlation with total root length, total root
soil moisture, the GA content showed a trend of a significant surface area and root forks (P< 0.05), and extremely significant
increase at first and then a slight decline (Figure 6C). The GA negative correlation with fractal abundance and root tips (P<
content was highest under 25% field capacity and was 0.01). RC was positively correlated with topological index (P<
significantly higher than under 10% (P< 0.05). The CTK 0.05), negatively correlated with root forks (P< 0.05), and
content was at its maximum under 10% field capacity and was extremely significant negatively correlated with fractal
significantly higher than under 25% and 40% (P< abundance, total root length, total root surface area, total root
0.05) (Figure 6D). volume and root tips (P< 0.01). There were only weak

correlations between root morphological indexes and GA or
IAA (P > 0.05).
3.7 Correlation analysis of root
physiology and root architecture in
K. hirsuta at the seedling stage under 3.8 Artificial neural network analysis
different soil moisture conditions
The artificial neural network model we established included

Correlation analysis was performed on root physiology and an input layer, hidden layer and output layer, in which root
root architecture (Figure 7). The results showed that ABA and architecture indexes (including root fractal dimension, root
CTK had significant positive correlation with fractal dimension fractal abundance, root topological index, total root length,
(P< 0.05), and significant negative correlation with root tips and total root surface area, total root volume, root average
forks (P< 0.05). Pro showed a significant positive correlation diameter, root tips, root forks, and root link average length),
with topological index (P< 0.05), and very significant negative root physiology indexes (including MDA, RC, SOD, POD, CAT,
correlation with root biomass, root fractal abundance, total root Pro, SP, ABA, IAA, GA and CTK) and the three field capacity
length, total root volume, root tips and root forks (P< 0.05). treatments (10%, 25% and 40%) were used as input variables (a
There was a very significant positive correlation between SP and total of 24 values), and the hidden layer was set as 1 layer. After
topological index (P< 0.01), significant negative correlation with several network tests and adjustments, seven nodes in the hidden
root biomass, fractal abundance, total root length and forks layer were determined to give the best estimation. Subsequently,
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FIGURE 5

Effects of different soil moisture on superoxide dismutase (SOD) (A), peroxidase (POD) (B) and catalase (CAT) (C) activities of K hirsuta. Results were
analyzed by one-way ANOVA and tested for significance of difference by Duncan multiple-range method. Each value represents the mean + standard
error. Each experiment was repeated four times. Different letters indicate that the differences between treatments were significant (P< 0.05).
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FIGURE 6
Effects of different soil moisture on abscisic acid (ABA) (A), indole-3-acetic acid (IAA) (B), gibberellin (GA) (C) and cytokinin (CTK) (D) contents of

K hirsuta. Results were analyzed by one-way ANOVA and tested for significance of difference by Duncan multiple-range method. Each value
represents the mean + standard error. Each experiment was repeated four times. Different letters indicate that the differences between

treatments were significant (P< 0.05).
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FIGURE 7
Correlation between root physiology and architecture. Each experiment was repeated four times. Significant correlation between root physiology

and architecture are indicated by one asterisk (* P<0.05) or two asterisk (** P<0.01), as determined by Bivariate Pearson correlation analysis.
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root biomass was used as the output layer. Finally, the predictive
value, relative error and importance of independent variables of
the neural network were determined.

The predicted data versus the observed data were plotted for
the testing data set, and the coefficients of determination (R
were determined (Figure 8). The validation analysis showed that
the ANN models gave a high R* and low relative error, which
were 0.9435 and 0.4%, respectively, indicating that the network
model fitted the original data well and had high simulation
accuracy, and could be used to analyze the factor importance of
other indexes on root biomass.

19
O Data -

= R?=10.9435

)

2 16 A

<

=]

.2

< £

g 13 -

)

3

Q

2

8 10 -

=9}

7 T T T
7 10 13 16 19
Root biomass (mg)

FIGURE 8

Relationship between values of root biomass as measured and
predicted by the ANN model.
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The factor importance of root architecture indexes, physiological

indexes and Field capacity to root biomass at seedling stage of
K. hirsuta
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In the results, the indices with higher normalized
importance values could explain the variation of the overall
development components of K. hirsuta. As can be seen from
Figure 9, total root length was identified as the most important
factor affecting overall root development and showed the
greatest normalized importance (100%). Other important
factors included RC, root link average length, SP, total root
surface area, field capacity and Pro, with normalized importance
values in ranked order of 75.4%, 48%, 45.3%, 40.6%, 40.4%,
36.3%, respectively.

4 Discussion

4.1 Effects of different soil moisture
conditions on biomass and
root-shoot ratio

The biomass of plants is the product of photosynthesis and
thus reflects the ability of plants to utilize external nutrients, so it is
an important indicator of plant adaptation to water change Hester
et al. (2001); Guo et al. (2016) found a significant correlation
between biomass and soil moisture in various plants, among
which Tamarix ramosissima showed a significant positive
correlation and Haloxylon ammodendron displayed a significant
negative correlation with soil moisture. Dalal et al. (2018) reported
that the root biomass of wheat increased in response to drought
stress, while Sofi et al. (2018) reported that root biomass showed a
downward trend when Phaseolus vulgaris L. was subjected to
drought stress. Consistent with the results of Sofi, our research
revealed that total biomass, root biomass and aboveground
biomass were significantly lower under 10% field capacity than
under 25% and 40%. These results suggested that the growth and
development of K. hirsuta was restricted under the 10% field
capacity condition, which represents an arid environment, and the
photosynthetic capacity of seedlings was weakened, resulting in a
decrease of photosynthetic product, while field capacities of 25%
and 40% were beneficial to the survival of K. hirsuta, and thus
increased biomass accumulation (Rahman et al., 2020).

The root-shoot ratio directly reflects the distribution of
aboveground and root biomass (Enquist and Niklas, 2002).
According to many studies, when a plant encounters drought
stress, the substance distribution changes and the amount of
assimilates transported from aboveground parts to the roots
increases, which makes the root-shoot ratio rise as the plant
seeks more water (Smucker and Aiken, 1992). It was reported
that the root-shoot ratio of maize at different growth stages
increased with increasing degrees of drought (Benjamin et al,
2014). Nevertheless, there were no obvious changes in our study
when K. hirsuta was exposed to different soil moisture contents.
This might have been because K. hirsuta is a drought-tolerant
species, and the root-shoot ratio is controlled by its own genetic
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mechanism to adapt to a wider range of soil moisture levels, such
that changes of field capacity in the range of 10%-40% had no
significant effect on the root-shoot ratio (Tang et al., 2020).

4.2 Changes of root architecture under
different soil moisture conditions

Root morphology plays an important role in root absorption
and utilization of water and nutrients (Lynch, 1995), and can
respond to changes of soil moisture to a certain extent (Comas
et al., 2013). Some previous studies suggested that when soil
moisture was insufficient, the total root length, total root surface
area and root diameter of plants increased, which was conducive
to the large-scale absorption of soil water and nutrients (Mu
et al,, 2005), while others had found that drought stress inhibits
root growth and development (David, 1991). This discrepancy
may be related to plant growth stages and tolerance to water
stress. In this study, the total root length, total root volume, total
root surface area and root link average length increased as the
field capacity rose from 10% to 40%. This is consistent with the
finding of Liu et al. (2019), who showed that when soil moisture
reduced, root length, root surface area, root volume and other
indicators of switchgrass decreased significantly. Our
experimental results also showed that root tips and root forks
were increased under 25% and 40% field capacity compared with
10%. Scholars have shown that root length and root link average
length reflect root elongation and water absorption efficiency
(Mu et al., 2005; Tang et al., 2020), as the root tips is one of the
main channels for water and nutrients to enter the plant (Ma
etal, 2011), root forks reflect the complexity of root architecture
(Tang et al, 2020). Therefore, considering the observations
reported above, when field capacity was too low, at 10%,
which was beyond the adaptive range of K. hirsuta, root
growth was inhibited, while an increase of soil moisture could
promote the root development of K. hirsuta at the seedling stage.

Root fractal characteristics and the topological index respond to
changes of soil moisture. A higher fractal dimension represents a
higher degree of root development (Oppelt et al, 2001), larger
fractal abundance indicates a wider distribution range of roots in the
soil and better resource absorption efficiency (Shan et al., 2012), and
the topological index determines the root spatial distribution state
and affects the acquisition of resources in the soil environment
(Berntson, 1997). Chen et al. (2006) found that the fractal
dimension of Tilia tomentosa decreased under waterlogging or
drought conditions and increased under suitable moisture
conditions, but there was no significant change in the fractal
dimension of K. hirsuta under the three soil moisture conditions
in our research, which may be because the fractal dimension of
different plants responds differently to soil moisture. Shan et al.
(2012) reported that with an increase in the degree of drought, the
fractal abundance of Reaumuria soongorica became smaller.
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Similarly, the root fractal abundance of K. hirsuta under 10%
field capacity conditions was remarkably lower than under the
25% and 40% field capacity treatments and suggested that K. hirsuta
at the seedling stage adapted to drought stress by reducing the root
expansion range. In previous research, wheat roots were deeply
rooted under limited water conditions with a herringbone
branching pattern, but were shallow rooted under waterlogging
conditions with a dichotomous branching mode (Miao et al., 2019).
Our results were similar to those of the above research that the root
topological index of K. hirsuta under 10% field capacity conditions
was significantly larger than those under 25% and 40%, which were
closer to herringbone branching. This indicated that the root
branching habit becomes closer to herringbone branching by
reducing overlapping roots and increasing link length, so as to
reduce the competition for nutrients within the root system and
ensure effective nutrient distribution for K. hirsuta to adapt to an
arid environment (Shan et al., 2012).

4.3 Responses of physiological
parameters to different soil
moisture conditions

Differences of soil moisture lead to a series of physiological
metabolism changes in roots, including changes of membrane
structure and function, the activation of the protective enzyme
system, osmotic regulation, and hormone contents (Farooq
et al., 2009).

The MDA content and RC can indicate the degree of stress
injury to plants under water stress (Zhao et al., 2011). We found
that the MDA content and RC in K. hirsuta roots were highest
under 10% field capacity conditions, and were significantly
higher than under 25% and 40%, consistent with the results of
previous studies. Additionally, MDA and RC were negatively
correlated with fractal abundance, total root length, total root
surface area, root tips and forks. This suggested that root cell
membranes were damaged and their permeability increased
when K. hirsuta was grown in soil with 10% field capacity,
which inhibited the growth and development of the root system
and was not conducive to its establishment.

Pro and SP are key osmotic regulatory substances in plants that
can maintain osmotic pressure and alleviate the threat of oxidative
stress during drought stress (Babita et al., 2010; Ben et al,, 2014). It
was demonstrated that Pro and SP contents in P. cornutum roots at
the seedling stage increased with the severity of drought under mild
and moderate water stress Zhang et al. (2016). Thus, it was shown
that under mild and moderate water stress, plants could maintain
low intracellular osmotic potential by increasing their Pro and SP
contents, improve the ability of cells to retain water, and reduce the
damage caused by drought in P. cornutum, but severe stress
damages root cells and makes plants unable to effectively
maintain osmotic pressure. In our study, the Pro and SP

frontiersin.org


https://doi.org/10.3389/fpls.2022.1052791
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

contents increased as soil moisture declined at the seedling stage in
K. hirsuta and reached their highest values at 25% field capacity.
The Pro and SP contents were positively correlated with the root
topological index, and negatively correlated with root biomass,
fractal abundance, total root length, total root surface area, total
root volume, root tips and root forks. In general, this was because
the root Pro and SP contents of K. hirsuta at the seedling stage were
sensitive to water deficit and under drought conditions the root
system maintained cell turgor by increasing the contents of free Pro
and SP, which restricted the development of root morphology, so
as to maintain the original physiological activities and adapt to
water change.

Lack of soil moisture can lead to the accumulation of reactive
oxygen species in plants, but plants can remove excess reactive
oxygen species by increasing the activities of SOD, POD and
CAT in the enzyme antioxidant defense system (Mittler, 2002).
In a study by Zhang et al. (2016), the root antioxidant enzyme
activity of Pugionium cornutum at the seedling stage increased
with an increasing degree of drought, and the activities of SOD,
POD and CAT in roots showed an upward trend. Differing from
the above study, the SOD, POD and CAT activities here showed
a trend of first decreasing and then increasing with an increasing
moisture gradient, and were significantly higher at 10% field
capacity than at 25% and 40%, with the lowest activities at 25%
field capacity. Therefore, under the stress of 10% field capacity,
the degree of membrane peroxidation in K. hirsuta roots was
more serious, which triggered the antioxidant system in roots
and improved the activity of antioxidant enzymes, while under
the 25% field capacity condition, the antioxidant enzyme activity
in K. hirsuta roots was lowest, and the metabolism of reactive
oxygen species was in equilibrium (Kholova et al,, 2011).

The root development of plants is closely related to their
resistance to environmental drought stress, and root growth
depends on hormone regulation (Guo et al., 2018; Ye et al,
2018). Among the many plant hormones, growth regulators
such as ABA, IAA, GA and CTK play important regulatory roles
in plant root responses to soil water changes (Tiwari et al., 2017).

ABA is produced in roots and an increase of ABA content
can promote the expression and activity of aquaporins, and
enhance the elongation of the root cell wall to promote root
water absorption under water deficit (Lutz and Wolfgang, 2005;
Guo et al, 2018). Ye et al. (2018) found that in an arid
environment, the ABA content of maize increased by large
quantities to enhance the drought resistance of plants, which
was similar to the results of Ding et al. (2016) who reported that
PEG treatment for 24 h induced ABA accumulation in the roots
of rice seedlings. In our experiment, the ABA content first
decreased and then increased with the rise of soil moisture,
and was the highest under 10% field capacity conditions. We also
found ABA in K. hirsuta roots was significantly positively
correlated with the fractal dimension and notably negatively
correlated with root tips and forks. The above results showed
that the root system of K. hirsuta synthesized a large amount of
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ABA to promote water absorption and reduce root tip and fork
numbers to adjust the root architecture to adapt to water
shortage conditions, while under suitable soil moisture
conditions, ABA was present at a normal level.

TAA regulates the processes of principal growth, lateral root
formation and elongation, and adventitious root and root hair
development (Guo et al., 2018). In the absence of soil moisture,
the TAA concentration and mode of transport change the root
morphology and improve the adaptability of plants to adversity
(Krome et al., 2010; Guo et al., 2018). Wang et al. (2019) reported
that the synthesis of endogenous IAA in sweet potato roots was
significantly inhibited by 10 days of drought stress, resulting in a
decrease of IAA content. Unlike the above research results,
Mahouachi et al. (2007) found that the IAA content in roots of
papaya seedlings did not change under drought stress. Consistent
with the results of Mahouachi, the IAA content in K. hirsuta roots
was not sensitive to different water conditions, indicating that TAA
in the roots of different plants has different responses to water.

GA is related to the growth of the plant root structure and
the formation of lateral roots, and its content changes under
water deficit stress (Fonouni-Farde et al., 2019). Studies have
found that gene expression related to GA biosynthesis was
upregulated in soybean (Bashir et al., 2019), but the
endogenous GA content in pea roots decreased (Yan et al,
2009) under drought stress. The two different results above
may be due to changes of GA content related to plant species.
In this study, as the soil moisture rose, the GA content of K.
hirsuta first increased and then declined, reaching its highest
value under 25% field capacity conditions, which was
significantly higher than that under 10% field capacity
conditions. These results suggested that K. hirsuta roots
coped with water deficiency conditions by reducing GA
metabolism but maintained a high GA content under
moderate and moist soil moisture conditions to promote
root development.

CTK, mainly synthesized in roots, regulates root
microtubule tissue development, root cell extension, root
geotropism, adventitious root differentiation and lateral root
development (Aloni et al., 2004; Wei et al., 2012; Guo et al,
2018). It was reported that the CTK content in sorghum roots
and leaves decreased significantly under drought stress (Zhou
et al., 2014). However, Gong et al. (2018) found that the CTK
content in seedling roots of two wheat varieties increased
significantly under water-limited conditions, and was
significantly negatively correlated with total root length and
total root surface area, which was consistent with the results of
our experiment. The CTK contents in K. hirsuta roots growing
in soil under 25% and 40% field capacity conditions were
remarkably lower than in those growing at 10% field capacity,
and were significantly negatively correlated with root tips and
root forks. This may be because under conditions of moderate
and sufficient water, the CTK content in K. hirsuta roots
decreased, which promotes better root development.
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4.4 Based on the actual demand for soil
moisture of K. hirsuta, the optimal
growth conditions of K. hirsuta were
explored from the perspective of

water economy

Water, the source and the foundation of life, is important part
of life on the earth. With the global climate change and the
interference of human activities, water resources are being affected
and gradually scarce, which will bring many adverse effects,
threatening human health and living environment (Falkenmark,
2013). At the same time, water is the most important natural
resource in agricultural production, and irrigation is a common
way of water demand for crop cultivation. Improper use of water
and fertilizer will cause water waste and land salinization, which
will harm agricultural production (Wege, 2022). Therefore,
exploring the minimum optimum water demand of plants is
beneficial to plant growth and water use. It was reported that plant
varieties with strong stress resistance can help save water resources
and cope with climate change (Hanjra and Qureshi, 2010). In our
study, K. hirsuta, the wind proof and sand fixing plant, could be
grown and cultured normally under 25% and 40% field capacity,
and some indicators were developed better under 25% field
capacity. Thus, in the actual cultivation, 25% field capacity
conditions can be selected to K. hirsuta, which not only ensure
the normal growth of plants, but also reduce the consumption of
water resources, providing reference for the cultivation of other
desertification plants.

4.5 Analysis of the importance of root
architecture indexes, physiological
indexes and field capacity for root
biomass of K. hirsuta at the

seedling stage

In previous studies, root biomass has been considered an
important index to evaluate plant development, reflect the
distribution of the root system and measure the overall growth
and development of plant roots (Lv et al.,, 2019; Wu and Sheng,
20205 Su et al,, 2021). The root architecture and physiological
indexes of K. hirsuta we measured were numerous and complex,
and it was difficult to show a linear relationship with root
biomass. Therefore, we used artificial neural network analysis
to explore and quantify the influence of various root system
architecture indexes, physiological indexes and the field capacity
gradient on root biomass variation under different soil moisture
conditions. The neural network model we constructed showed
high R* and low relative error, indicating that it had high
simulation accuracy and was suitable to analyze the
importance of factors affecting root biomass.
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Among all the root architecture indexes of K. hirsuta, total
root length was the most obvious factor causing variation of root
biomass, and its normalized importance was 100%. However, root
link average length and total root surface area also had an
important impact on root biomass. Lv et al. (2019) established a
root biomass model with high simulation accuracy using the least
squares method and found that root length played the most
important role in influencing maize root architecture and root
biomass. In a study by Rong et al. (2020), the root biomass of
Fokienia hodginsii seedlings was significantly positively correlated
with total root length, total root surface area and root average
diameter. The above results were consistent with our experiment.
Among all root physiological indexes, RC, SP and Pro had
significant effects on root biomass and combined with
correlation analysis, our results suggested that these
physiological indexes negatively regulated root development.
The results of Du et al. (2017) showing that physiological
indexes such as Pro and SP in barley negative regulated root
development were similar to ours. Furthermore, the results of
factor importance analysis and one-way ANOVA showed that
different field capacities had a significant effect on root biomass. In
the results discussed above, although the plant species, root types
and habitats (water, climate, soil conditions) varied, the main
factors affecting root development were similar, but whether there
are differences in other plants remains to be determined.

5 Conclusion

We found that 25% and 40% field capacity conditions were
beneficial to the growth and acquisition of nutrients and water
of K. hirsuta roots at the seedling stage, with better development
of root morphology and a smaller variation range of
physiological indexes.

However, the root growth and development of K. hirsuta was
inhibited under the 10% field capacity condition, which was
reflected in the reduction of biomass accumulation and the
obstruction of root morphological development. This suggested
K. hirsuta adapts to an arid environment by simplifying its root
configuration and reducing its root branches to make the root
topology closer to herringbone branching. Additionally, the
activity of antioxidant enzymes in roots was high to slow down
the degree of membrane lipid peroxidation and membrane
permeability, free Pro and SP contents were high, and more
ABA and CTK were synthesized to resist drought stress.

We found that three root architecture indexes including total
root length, root link average length and total root surface, three
root physiological indexes including RC, SP and Pro, and the
field capacity were key factors affecting root biomass and had an
important impact on the growth and development of K. hirsuta
roots at the seedling stage.
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C:N:P stoichiometry in plant,
soil and microbe in Sophora
moorcroftiana shrubs across
three sandy dune types in the
middle reaches of the Yarlung
Zangbo River

Ruizhen Dong*, Shihai Yang?, Xiaoli Wang?, Lele Xie,
Yushou Ma™, Yanlong Wang™, Litian Zhang?,
Min Zhang* and Jinping Qin*

tQinghai Provincial Key Laboratory of Adaptive Management on Alpine Grassland, Qinghai Academy
of Animal and Veterinary Science, Qinghai University, Qinghai Province, Xining, Qinghai, China,
2Tibet Yunwang Industrial Co., Ltd, R & D Department, Shigatse, Tibet, China

The alpine sandy dune ecosystem is highly vulnerable to global climate change.
Ecological stoichiometry in plants and soils plays a crucial role in
biogeochemical cycles, energy flow and functioning in ecosystems. The
alpine sandy dune ecosystem is highly vulnerable to global climate change.
However, the stoichiometric changes and correlations of plants and soils
among different types of sandy dunes have not been fully explored. Three
sandy dune types (moving dune, MD; semifixed dune, SFD; and fixed dune, FD)
of the Sophora moorcroftiana shrub in the middle reaches of the Yarlung
Zangbo River were used as the subjects in the current study. Plant community
characteristics, soil physicochemical properties, carbon (C), nitrogen (N), and
phosphorus (P) contents of leaves, understorey herbs, litter, and soil microbes
were evaluated to explore the C:N:P stoichiometry and its driving factors.
Sandy dune type significant affected on the C:N:P stoichiometry in plants and
soils. High soil N:P ratio was observed in FD and high plant C:P and N:P ratios in
SFD and MD. The C:N ratio decreased with sand dune stabilization compared
with other stoichiometric ratios of soil resources. Leaf C:P and N:P ratios in S.
moorcroftiana were higher than those in the understorey herb biomass,
because of the low P concentrations in leaves. C, N and P contents and
stoichiometry of leaves, understorey herbs, litter and microbe were
significantly correlated with the soil C, N and P contents and stoichiometry,
with a higher correlation for soil N:P ratio. P was the mainly limiting factor for
the growth of S. moorcroftiana population in the study area and its demand
became increasingly critical with the increase in shrub age. The variation in the
C:N:P stoichiometry in plants and soils was mainly modulated by the soil
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physicochemical properties, mainly for soil moisture, pH, available P and
dissolved organic C. These findings provide key information on the nutrient
stoichiometry patterns, element distribution and utilization strategies of C, N
and P and as well as scrubland restoration and management in alpine valley
sand ecosystems.

KEYWORDS

Sophora moorcroftiana population, sandy dune type, C:N:P ecological stoichiometry,
nutrient limitation, plant-soil-microbe interaction

1 Introduction

Carbon (C), nitrogen (N), and phosphorus (P) are key
elements in living organisms (Chen and Chen, 2021). Carbon
provides the structural basis of plants and accounts for relatively
50% of dry plant biomass (Schade et al., 2003; Yang et al., 2018).
Nitrogen is an essential component of proteins and plays an
important role in plant production, photosynthesis and litter
decomposition (Daufresne, 2004; Chen et al., 2016b; Yang et al.,
2018). Phosphorus is the limiting element responsible for the
structure of cells and the composition of DNA and RNA, and P
promotes C/N transpiration and assimilation (Tilman, 1996;
Xiao et al., 2009; Pii et al, 2015). Nutrient sources have
differences in the elemental composition; however, living
organisms maintain these elements around specific ratios for
their growth and reproduction in a process known as
homeostasis (Sterner and Elser, 2002).

C:N:P ecological stoichiometry comprises on the interaction
and balance of chemical elements in ecological processes and is
used to study feedback and relationships between above- and
belowground components of ecosystems (Mooshammer et al.,
2014; Ren et al., 2016; Zhang et al., 2019). Two major methods
are used for analysis of C:N:P stoichiometry (Cross et al., 2005).
The first method relies on the principle that release of major
nutrients (C, N, and P) occurs in a predictable manner,
depending on the limitation of the C:N:P ratio (Sterner and
Elser, 2002; Yang et al., 2018). Leaf N:P ratio (mass ratio) is
utilized as a key indicator for assessing N or P limitation
(Gusewell, 2004; Cleveland and Liptzin, 2007). The second
method is based on the theory that natural resources are in
stoichiometric homeostasis (Sterner and Elser, 2002; Yang et al.,
2018). At the organismal level, life stages characterized by high
growth rates are associated with high RNA contents (C:N:P
ratios ranging from 18:6:1 to 21:7:1), and thus organisms can
alter their overall stoichiometry (McGroddy et al., 2004). Several
studies have demonstrated that the C:N:P ratios in plants, soils
and soil microorganisms affect primary production and nutrient
cycling as well as indicate the nutrient limits in plants in
terrestrial ecosystems (Sterner and Elser, 2002; Manzoni et al.,
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2008; Huang et al.,, 2013). The relative supplies of nutrients (soil
N and P) are key modulators of C:N:P ratios in plants (Plum
etal, 2015). Plant C:N:P ratios can be transformed through litter
decomposition into soil inputs and microbes (Zechmeister-
Boltenstern et al., 2015). Researchers have demonstrated that
more diverse plant assemblages can increase the C:nutrient (N or
P) ratios of plants and associated litter (Mooshammer et al,
2014). The high plant C:nutrient (N or P) ratios in turn increase
the C:N and C:P ratios in soil microbial biomass because
microorganisms adjust their biomass C:N:P ratios to match
the litter substrate (Zechmeister-Boltenstern et al., 2015).
Stoichiometric imbalances in the plant-soil-microbe system
have not been fully elucidated (Mooshammer et al., 2014;
Zhang et al, 2019). Studies should be conducted to explore
how plant diversity, successional stage, and environmental
factors affect redistribution of nutrients (C, N, and P) between
plants and soils (Zhang et al., 2019), and how relationships
between above- and belowground elemental stoichiometry
modulate terrestrial ecosystem processes (Li et al., 2016; Liu
et al., 2020). Evaluation of the C:N:P stoichiometry of plants,
soils, and soil microbial biomass will provide insights into
element cycling and promote ecosystem sustainability (Chen
and Chen, 2021).

In semiarid ecosystems, nurse shrubs facilitate the
establishment of other plant species under their canopies and
induce changes in the understory plant communities as they
grow (Hortal et al., 2013). Studies should be conducted to predict
the feedback effects of shrub/understorey species interactions
(Bai et al., 2018). Understorey herbaceous plants overall
negative, neutral, and positive effects on shrub growth and
reproductive output, exhibiting antagonistic, commensalistic,
and facultative mutualistic relationships (Bai et al., 2019).
Moreover, understorey herbaceous plants are crucial in
increasing soil nutrient contents and promoting nutrient
cycling among plants and soil systems (Zhang et al, 2019).
Nurse shrubs mitigate the responses of understorey herbaceous
species to N enrichment and increased precipitation (Bai et al,
2019). Therefore, it is imperative to explore the biochemical
cycle of ecosystems using stoichiometry theory to evaluate the

frontiersin.org


https://doi.org/10.3389/fpls.2022.1060686
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Dong et al.

internal relationship between understorey species and shrubs
and their relationship with soil elements.

The Tibetan Plateau is characterized by excessive land
desertification and is one of the most ecologically vulnerable
regions (Shen et al., 2012). Degradation of alpine grasslands
causes a reduction in ecosystem services, such as the loss of
biodiversity, water erosion and reduced productivity (Du and
Gao, 2021). Shrub species in dune habitats are the key elements
in rehabilitating a degraded ecosystem (Liao et al., 2021). This is
because shrubs have specific and significant “morphological,
physiological or behaviour” effects in these extreme and harsh
environmental conditions (Yu and Steinberger, 2012). These
adaptations markedly affect the substrate stability and sand
movement as well as the basal soil organic matter (SOM),
nutrient contents, salinity and other conditions, and affect the
activity, quantity and diversity of soil microorganisms (Wang
et al,, 2019). Sophora moorcroftiana (Benth.) Baker, a perennial
leguminous shrub, is an endemic species in Tibet region. The
species is limited to the hillsides, sandy gravel floodplains, sandy
areas and alluvial fans of the wide valley in the middle reaches of
the Yarlung Zangbo River (Cheng et al., 2017). It is one of the
most important sand-fixing plant species characterized by high
tolerances to drought, cold, barren land and sand burial, as well
as acts as a key species for vegetation restoration and
reconstruction in this region (Zhao et al, 2007; Guo et al,
2014). The species plays an essential role in water and soil
conservation, fixation of sand dunes and prevention of shifting
sands in the middle reaches of the Yarlung Zangbo River (Guo
et al., 2009). However, the ecological effects of the
interrelationships among this shrub, understorey species, litter,
soil and microbes in the different sandy dune types have
not been fully evaluated from the perspective of C:N:
P stoichiometry.

In this study, we evaluated the dynamics of C, N, and P
contents and stoichiometry in plants (including green leaves,
understorey species, and litter), soils and microbial biomass
from three different sandy dune types (mobile, semifixed, and
fixed dunes) in an S. moorcroftiana population. We
hypothesized that the C:N:P stoichiometry in the shrub,
understorey species, litter, soils and microbes are affected by
the sandy dune type, and the C, N, and P concentrations and
their ratios in the soils, plants and microbes are highly coupled
because they coevolved. In addition, we also presumed that soil
properties are a key driver of C:N:P stoichiometry in plant-soil-
microbe systems. Therefore, the objectives of the present study
were to (1) evaluate the effect of sandy dune type on C:N:P
stoichiometry in plants, soils, and microbes and determine the
element limiting the growth of S. moorcroftiana shrubs and
understorey plants; (2) explore the relationships of C:N:P
stoichiometry between plants, soils, and microbes; and (3)
determine the driving factors of the C:N:P stoichiometry.
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2 Materials and methods

2.1 Study area

This study was conducted at the southern Tibetan Plateau in
the middle reaches of the Yarlung Zangbo River (28°59'-29°26" N,
88°04'-93°18" E) (Table 1). The terrain of the catchment area is
higher in the northwest and lower in the southeast, with an altitude
ranging from 2,900-4,550 m. This terrain provides significant
negative topographic conditions for the accumulation of eolian
sediments, and eolian deposits (such as eolian sand and sandy
loess), which are widely distributed in the basin. The river basin is
characterized by strong winds during winter and spring. The
average wind velocity is extremely high at 32.5 m/s, the monthly
maximum wind velocity is 4.7 m/s, and the number of windy days is
about 172 days per year (Shen et al, 2012). The region has a
temperate semihumid and semiarid plateau monsoon climate. The
average annual temperature is approximately 6-8°C, with summer
temperatures above 15°C and winter temperatures below -2°C. The
average annual precipitation is 300-600 mm, and the precipitation
around the basin is unevenly distributed throughout the year,
mainly occurring from June to September, which accounts for
86.6% of the annual precipitation. The soil type in this area is
primarily mountainous shrub steppe soil and alpine meadow soil,
and some areas have alpine cold desert soil, subalpine meadow soil,
and subalpine steppe soil. The area has low and sparse vegetation,
with grassland as the main vegetation type. The main vegetation in
the middle reaches of the Yarlung Zangbo River are shrubs
dominated by S. moorcroftiana (Table 1). Pennisetum
centrasiaticum, an important companion species, is distributed in
all three sandy dune types, but Agriophyllum squarrosum is only
distributed in the semifixed dune type and moving dune types. P.
centrasiaticum and Artemisia wellbyi were the main companion
species in the semifixed dune type and moving dune types. Several
new species, such as Thermopsis fabacea, Setaria viridis, Erodium
stephanianum, and Achnatherum splendens, were observed in the
fixed dune type, with P. centrasiaticum, Arisaema flavum, A.
wellbyi, Orinus thoroldii, and Artemisia stechmanniana as the
main companion species.

2.2 Experimental design

Field plant collection and soil sampling were conducted in
August 2020. We selected three sandy dune types, including fixed
dune (FD), semifixed dune (SFD), and moving dune (MD), in
which S. moorcroftiana was the dominant species, according to the
vegetation coverage and degree of soil surface fixation in the
Yarlung Zangbo River basin (Shen et al,, 2012; Table SI). Three
independent replicate plots of 10 m x 10 m were randomly set up at
each site, with five subplots (1 m x 1 m) at the centre and opposite
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TABLE 1 Main geographic characteristics and floristic compositions of the S.moorcroftiana shrubs sampling sites among the middle reaches of
the Yarlung Zangbo River basin.

Sites = Longitude Latitude Elevation Main companion Minor species
(3] (N) (m) species
FD1 88°31°54.74” 29° 3957 Pennisetum centrasiaticum Poaannua, Astragalus membranaceus
11°00.39”
FD2 88°38°04.54” 29° 3964 - =
09°11.07”
FD3 89°20730.35” 29° 3886 Pennisetum centrasiaticum | Astragalus membranaceus
05'17.94”
FD4 87°27°38.31” 29° 3998 Pennisetum centrasiaticum Thermopsis fabacea
06'09.21”
FD5 88°09'27.16” 29° 3886 Pennisetum centrasiaticum  Astragalus membranaceus, Artemisia scoparia
21'14.977
FD6 89°23’52.30” 29° 3806 Arisaema flavum Pennisetum centrasiaticum, Dysphania schraderiana, Artemisia scoparia,
22°09.29” Orinus thoroldii
FD7 89°35’44.24” 28° 4019 Pennisetum centrasiaticum Artemisia stechmanniana, Artemisia wellbyi,
55'46.39” Astragalus membranaceus
FD8 89°45724.52” 29° 3745 - Pennisetum centrasiaticum, Arisaema flavum,
18'15.28” Artemisia scoparia, Setaria viridis
FD9 90°10°39.67” 29° 3785 Pennisetum centrasiaticum  Artemisia wellbyi
26'16.117
FD10 90°50°54.31” 29° 3543 Pennisetum centrasiaticum Astragalus membranaceus, Tribulus terrestris, Erodium stephanianum
16’51.66”
FDI11 90°54’15.75” 29° 3539 Pennisetum centrasiaticum | Artemisia wellbyi, Heteropappus gouldii, Oxytropis sericopetala
20°00.87”
FDI12 91°21’19.16” 29° 3534 Artemisia wellbyi Pennisetum centrasiaticum, Ceratostigma minus, Achnatherum splendens
18'24.35”
FD13 | 91°53’45.30” 29° 3535 Pennisetum centrasiaticum,  Artemisia stechmanniana, Artemisia wellbyi, Artemisia demissa,
16'57.26” Orinus thoroldii Achnatherum splendens
FD14 | 92°4302.36” 29° 3126 Artemisia stechmanniana Artemisia wellbyi, Arisaema flavum
06'11.877
FD15 93°18’21.68” 28° 3032 Artemisia wellbyi, Pennisetum centrasiaticum, Poaannua,
59'37.45” Artemisia stechmanniana Astragalus membranaceus
SFD1 91°05’06.60” 29° 3543 - Oxytropis sericopetala, Artemisia wellbyi
20°15.46”
SFD2 | 91°09°09.82” 29° 3543 Orinus thoroldii Pennisetum centrasiaticum, Astragalus membranaceus, Oxytropis
19’35.75” sericopetala, Agriophyllum squarrosum, Trikeraia hookeri
SFD3 91°30°03.92” 29° 3530 Pennisetum centrasiaticum,  Oxytropis sericopetala, Astragalus membranaceus
19°58.66” Artemisia wellbyi
SFD4 | 91°31'42.817 29° 3523 Pennisetum centrasiaticum Dysphania schraderiana, Artemisia wellbyi, Poaannua
15'19.90”
MD1 88°04720.50” 29° 3884 - Oxytropis sericopetala, Astragalus membranaceus, Artemisia scoparia,
21’53.67” Pennisetum centrasiaticum
MD2 89°30°27.56” 29° 3750 Pennisetum centrasiaticum  Oxytropis sericopetala
21°40.85”
MD3 91°21°05.25” 29° 3553 Pennisetum centrasiaticum | Agriophyllum squarrosum, Artemisia wellbyi, Oxytropis sericopetala
18'45.76”
(Continued)
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TABLE 1 Continued
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Minor species

Sites = Longitude Latitude  Elevation Main companion
(E) (N) (m) species
MD4 91°31'42.817 29° 3523 Artemisia wellbyi
15'19.90”
MD5 91°35'20.60” 29° 3548 Agriophyllum squarrosum
15'14.44”

Oxytropis sericopetala, Tribulus terrestris, Pennisetum centrasiaticum,
Dysphania schraderiana

Pennisetum centrasiaticum, Saussurea arenaria, Dysphania schraderiana

FD, fixed dune; SFD, semifixed dune; MD, moving dune.

corners of each plot for the subsequent plant sample collection and
soil sampling. All the selected sites had similar topographies (flat
sandy land) to ensure comparability of the plant and soil samples.
Basic information for each sandy dune type of S. moorcroftiana
shrub is presented in Table 1.

2.3 Soil and plant sampling

Nine soil cores (5 cm diameter) were obtained from each plot
(10 m x 10 m) at a depth of 20 cm along an “S” shape under the
canopy of the shrub and then thoroughly mixed and pooled to
form one soil sample. A total of 72 soil samples (twenty-four
replicate sites x three replicate plots) were collected in this study.
In addition, three cutting ring soil samples were collected from a
0-20 cm depths in each plot to determine the soil bulk density
(BD). Each soil sample was sieved through a 2 mm mesh, and
visible gravel and plant materials were removed and then divided
into two parts: One portion of the fresh soil from the field was
stored at 4°C for microbial biomass (carbon, nitrogen, and
phosphorus), inorganic N ( NH; "-N and NO; ~-N ) and
available phosphorus (AP) analyses, and the other portion was
air-dried and stored at room temperature for subsequent
analysis of soil physicochemical properties.

For in situ analysis of plants, five subplots (1 m x 1 m) were
used to determine the name, height, coverage, and number of each
species and to collect litter from the plants. We randomly chose 8-
10 well-grown S. moorcroftiana shrubs in each plot after the basic
vegetation survey. Samples of fully expanded leaves were collected,
and the diameter at breast height (DBH), height (SH), and shrub
crown size (SCS) were determined to characterize the shrub age
class as reported previously (Pugnaire et al., 1996; Hortal et al,
2013). All the plant samples were oven-dried at 65°C to a constant
mass. The plant samples were analyzed as previously described
(Higgins et al., 2012).

2.4 Analysis of plant and soil
physicochemical properties

Soil samples were collected in a steel ring (Volume 100 cm?)
for soil BD determination. The soil samples were then oven dried
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at 105°C (+ 2°C) for 24 h, and the dry mass was weighed. Soil pH
was determined in a 1:5 (soil:water) ratio after shaking the
samples for 30 min at room temperature. The soil moisture
(SM) content was determined by oven drying the soil samples at
105°C to constant mass. Organic carbon concentrations of soils
and plant samples were assayed using K,Cr,O; oxidation and
FeSO, titration methods (Huang et al., 2014). Total nitrogen
(TN) was determined using Cleverchem 200+ (Chilehaus A,
Fischertw iete2-20095 Hamburg, Germany) after digestion with
H,SO4-H,0,. Total phosphorus (TP) concentration was
determined using the molybdenum antimony colorimetric
method following digestion with H,SO4-HClO,. Soil dissolved
organic carbon (DOC) was extracted with 0.5 M K,SO, and
analysed using vario TOC cube (Elementar, Germany). The soil
inorganic N (IN) concentration was extracted with 1 M KCl for
30 min on a shaker at room temperature, and the filtrates were
analysed using Cleverchem 200+ (Chilehaus A, Fischertw iete2-
20095 Hamburg, Germany). Available P (AP) concentration was
determined using the molybdenum blue method (Yang and
Liu, 2019).

2.5 Determination of soil
microbial biomass

Soil microbial biomass carbon (MBC), nitrogen (MBN) and
phosphorus (MBP) were determined by the chloroform
fumigation extraction method (Brookes et al., 1985; Vance et al,,
1987; Wu et al,, 2000). Three 30 g soil subsamples for each soil
sample were fumigated with chloroform for 24 h at 25°C under
dark conditions. Three replicates of the same amount of soil
without fumigation were used to extract MBC and MBN using 0.5
M K,SO, (of 1:2 soil to acid ratio) for 30 min on a shaker. The
extracts were analysed for total organic C and total N usinga TOC
analyser (vario TOC, Elementar, Germany). MBP was extracted
with 0.5 M NaHCO; (pH = 8.5, at a soil solution ratio of 1:20) for
30 min on a shaker. The NaHCOs; filtrates (25 ml) were digested
with 1 ml 33% H,SO,4 and 4 ml 5% potassium persulfate at 120°C
for 30 min (high temperature, high pressure, humid-heat
treatment) then the extractions were analysed colorimetrically
using a spectrophotometer (Analytikjena, SPECORD 210,
Germany) at 880 mm. MBC, MBN and MBP were presented as
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the difference between levels of fumigated and unfumigated soil
samples and expressed as extraction efficiency (conversion
coefficient k) (kc = 0.45 for MBC, kgx = 0.45 for MBN, kp =
0.40 for MBP) (Brookes et al., 1985; Vance et al., 1987; Joergensen
and Mueller, 1996).

2.6 Statistical analysis

Statistical analyses were performed using SPSS 20.0 (SPSS
Inc., Chicago, IL, USA) software. A linear mixed model (LMM)
in R was sued to evaluate the effect of sandy dune types on plant
characteristics (including leaf, understorey herb biomass and
litter C:N:P stoichiometry, DBH, SCS, H, SH, understorey grass
coverage, and S. moorcroftiana coverage) and soil properties
(BD, SM, DOC, AP, IN, and C:N:P stoichiometry) among
different sampling sites, with “sandy dune type “ as the fixed
factor and “sampling site” as the random factor, and the result
+

was expressed as the mean + standard error (SE). Pearson’s
correlation analysis was performed to explore the stoichiometric
relationships among plants, soils, and microbial biomass.
Structural equation modeling (SEM) was used to determine
the direct and indirect effects of soil physicochemical
properties on the plant-soil-microbe C-N-P stoichiometry.
Some variables (such as soil C:N and C:P ratios, leaf C:P ratio,
understorey herb biomass C:P ratio, litter C:P and N:P ratios and
microbial biomass C:N and C:P ratios) were excluded from SEM
analysis due to insignificant effects or collinearity. The
distributions of all data were evaluated and normality of data
was determined using the Kolmogorov-Smirnov test, and the

non-normal variables were log-transformed to improve
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normality, before conducting SEM analysis. We selected the
best model based on overall goodness of fit parameters, including
the ledf< 3, chi-square test statistic (P > 0.05), whole-model P
value greater than 0.05, goodness of fit index (GFI> 0.90),
comparative fit index (CFI > 0.90), and root mean square
error of approximation (RMSEA< 0.05) (Schermelleh-Engel
et al,, 2003; Eisenhauer et al., 2016). SEM analyses were
performed using AMOS version 24.0 software (IBM SPSS Inc.)
and redundancy analysis (RDA) was conducted using CANOCO
5.0 tool to evaluate the relationships between C, N, and P
concentrations and soil and leaf, understorey herb biomass,
litter, and soil microbes. Origin 2021 software (Origin Lab
Inc., Northampton, USA) was used to generate. P< 0.05 was
considered statistically significant.

3 Results
3.1 Plant and soil properties

The results showed that plant and soil properties were
significantly affected by sandy dune type, but exhibited
differential responses (Table 2). Analysis of plant characteristics
indicated that SBC and SH were high in the FD type, whereas
DBH and SCS were higher in the MD type than in the other types
(P< 0.05). Analysis of soil characteristics showed that the content
of DOC, IN and AP increased from the MD to FD type; however,
no significant changes were observed among sites in several cases.
Soil pH, BD and SM did not significantly differ among the
different sandy dune types. These findings indicate that sand
dune stabilization and revegetation improve the soil fertility level.

TABLE 2 Characteristics of the plant and soil under three sandy dune types.

Types FD SFD MD F P
Shrub coverage (%) 52.11 + 2.62a 17.21 + 1.43b 5.72 £ 0.36b 18.615 <0.001
Shrub crown size (m?) 1.19 + 0.75¢ 1.78 + 0.42b 1.96 + 0.28a 33.236 <0.001
Diameter at breast height (cm) 9.88 + 0.25¢ 9.93 + 0.80b 12.55 + 0.92a 13.843 <0.001
Shrub height (cm) 56.38 + 2.50a 43.52 + 5.32c¢ 51.76 + 3.13b 8.459 0.001
Soil moisture (%) 4.99 + 0.54a 4.08 + 0.29a 3.47 +£0.29a 1.663 0.197
pH 9.93 + 0.08a 9.60 + 0.12a 9.58 + 0.14a 1918 0.154
BD (g cm™) 1.52 + 0.01a 1.55 + 0.02a 1.56 + 0.01a 1.074 0.347
DOC (mg kg'l) 93.34 + 7.53a 37.79 + 4.83a 30.84 + 4.69a 1.275 0.286
Inorganic N (mg kg™") 5.90 + 0.39a 4.68 + 0.76a 4.63 + 0.49a 0.754 0.474
Available P (mg kg™) 2.23 +0.16a 2.08 + 0.15b 1.57 + 0.11b 4.100 0.021

FD, fixed dune; SFD, semifixed dune; MD, moving dune; BD, soil bulk density; DOC, dissolved organic carbon. Different lowercase letters indicate significant difference among the

sandy dune types at p< 0.05. P-values < 0.05 were marked in bold.
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3.2 C:N:P stoichiometry in plants
and soils

Carbon concentrations in leaves, understorey herb biomass
and litter were not significantly different among the three sandy
dune types (P > 0.05; Figure 1). Nitrogen concentration was
higher in leaves than in understorey herb biomass, and was
significantly higher in understorey herb biomass and litter of the
FD type than that in the MD (P< 0.05). The P concentration in
leaves was significantly higher in the FD than that in leaves in the
SFD and MD types, whereas the P concentrations in the
understorey herb biomass and litter were highest in FD type
compared with the other sandy dune types; however, no
significant changes were observed among sites in several cases.
The C:N in leaves, understorey herb biomass and litter were not
significantly different among the three sandy dune types (P >
0.05) (Figure 1). The C:P ratio in leaves, understorey herb
biomass and litter were lowest in FD type in the order MD >
SED > FD (P< 0.05) (Figure 1). The N:P ratio in leaves and litter
in MD type was significantly higher than that in FD type (P<
0.05). The N:P ratio in understorey herb biomass was not
significantly different among the three sandy dune
types (Figure 1).

The sandy dune type significantly affected C, N and P
concentrations and their ratios in soil and microbial biomass.
however, sandy dune type did not affect soil C:P and N:P ratios.
The C, N and P concentrations in the soil and microbial biomass
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increase with the increase in sand dune stabilization, and were
significantly higher in the FD type than in MD type (Figure 2B).
The soil C:N ratios in SFD and MD types were significantly
relative to those in FD type (P< 0.05). The soil N:P ratio was
higher in FD type than in SFD and MD types (P > 0.05).
Microbial biomass C:P and N:P ratios were significantly higher
in FD type than in SFD and MD types (P< 0.05).

3.3 Relationships between plant and soil
C:N:P ecological stoichiometry and the
potential regulators

The C, N, and P concentrations of plant components and
microbial biomass and their stoichiometries exhibited different
responses to soil C, N, and P concentrations and their ratios
(Figure S1). Soil C concentrations were positively correlated with
the C, N, and P concentrations in understorey herb biomass,
litter, and microbial biomass and C concentration in litter (P<
0.05). Soil TN concentrations were positively correlated with N
and P concentrations in understorey herb biomass, litter, and
microbial biomass and C concentrations in understorey herb
biomass and microbial biomass and negatively correlated with C
concentration in leaves (P< 0.05). Soil P concentrations were
positively correlated with C concentrations in leaves and
microbial biomass and N and P concentrations in understorey
herb biomass (P< 0.05). MBC, MBN and MBP were positively
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FIGURE 1

C, N, and P concentrations (A—C) and stoichiometry (D—F) in different components. Sophora moorcroftiana shrub under different sandy dune
types. Different lowercase letters indicate significant difference under different sandy dune types based on analysis of variance and least
significant difference tests (P< 0.05). FD, fixed dune; SFD, semifixed dune; MD, moving dune; Herb, understorey herb biomass.
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C, N, and P concentrations and stoichiometry in soils and microbes of Sophora moorcroftiana population in 0-20 cm soil layer under different
sandy dune types. C, N, and P concentrations in soils (A—C) and microbes (D—F). C, N, and P stoichiometry (G-I) in soils and microbes. Different
lowercase letters indicate a significant difference under different sandy dune types (P < 0.05). FD, fixed dune; SGL, sandy gravel land; SFD,

semifixed dune; MD, moving dune.

correlated with the C, N, and P concentrations in understorey
herb biomass and litter. The findings showed no significant
correlation between C, N, and P concentrations in leaves and C,
N, and P concentrations in soil (Figure S1). Leaves C:N ratio was
significantly correlated with soil C:N and N:P ratios.
Understorey herb biomass C:P and N:P ratios were
significantly correlated with soil C:P and N:P ratios. Litter C:
N, C:P and N:P ratios were significantly correlated with soil C:N
and N:P ratios. Microbial biomass C:N and C:P ratios were
significantly correlated with soil C:N and N:P ratios (Table 3).
RDA showed that the soil physicochemical properties (SM,
BD, pH, DOC, AP, and IN) explained 30.7% of the total
variation in the data, with axes 1 and 2 explaining 18.8% and
7.6% of the total variation, respectively (Table 4). DOC, AP and
pH variables accounted for a greater proportion of the variance
of the C:N:P ecological stoichiometry in plants, soils and
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microbes than SM, IN and BD variables (Figure 3). DOC and
AP significantly affected C:N:P ecological stoichiometry in
plants, soils and microbes.

SEM exhibited a good fit according to the y test, GFI, AGFI,
CFI and RMSEA metrics (Figure 4). SEM analysis showed that soil
physicochemical properties directly affected microbe stoichiometry
or indirectly through plant and soil stoichiometry. SM had the
greatest negative direct effect on microbial biomass N:P ratio (path
coefficient = —0.824) compared with the other five variables and was
significantly positively correlated with understorey herb biomass N:
P ratio (0.399). SM indirectly impacted on leaves C:N and N:P
ratios. pH indirectly impacted on N:P ratios in leaves, soil and
microbial biomass. The results showed that AP directly affected N:P
ratios in understorey herb biomass and soil. DOC directly affected
N:P ratios in understorey herb biomass and soil and C:N ratios in
leaves and litter. The findings showed that IN indirectly affected
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plant and soil stoichiometry through DOC. Notably, BD was
mainly modulated plant and soil stoichiometry through DOC.
Soil N:P ratio directly affected microbial biomass C:N and N:P
ratios. Leaf N:P ratio directly affected microbial biomass N:P ratio
through C:N ratios in understorey herb biomass and litter as well as
soil N:P ratio.

3.4 Effect of shrub age on plant and soil
C:N:P ecological stoichiometry

Shrub age characteristics (including diameter at breast height,
height and shrub crown size) exhibited varying responses to soil and
leaf C:N:P stoichiometry (Figure 5). The height of S. moorcroftiana
was significantly negatively correlated with C:N and C:P ratios of
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understorey herb biomass (Figure 5). On the contrary, height of S.
moorcroftiana was significantly positively correlated with the C:N
ratio of leaves (Figure 5) and exhibited a downward “unimodal”
trend with litter N:P ratio (Figure 5). Soil N:P ratio decreased from
17 to 50 cm height and then increased, exhibiting an upward
“unimodal” trend (Figure 5). Diameter at breast height and shrub
crown size were positively correlated with C:N and C:P ratios of
litter and N:P ratio of litter (Figures 5B, C, E). Conversely, diameter
at breast height and shrub crown size were significantly negatively
correlated with soil N:P (Figure 5), but significantly positively
correlated with soil C:N ratio (Figures 5). Shrub crown size was
significantly negatively correlated with microbial biomass C:N and
C:P ratios (Figures 5). These findings indicate that the C:N:P ratio in
soil was significantly correlated with the shrub crown size and
diameter at breast height.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1060686
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Dong et al.

TABLE 3 Correlation coefficients between soil ecological
stoichiometry and plant, soil microbial biomass ecological
stoichiometry.

Soil C:N Soil C:P Soil N:P

Leaf C:N 0.335* 0.190 -0.381%*
Leaf C:P 0.178 -0.209 -0.268*
Leaf N:P 0.004 -0.170 -0.116

Herb C:N 0.273* 0.118 -0.082

Herb C:P 0.062 -0.258* -0.315%*
Herb N:P -0.118 -0.393** -0.294*
Litter C:N 0.456** 0.000 -0.413
Litter C:P 0.464** -0.009 -0.418*
Litter N:P 0.294* -0.005 -0.354**
SMB C:N -0.438* 0.137 0.534"
SMB C:P -0.285* 0.149 0.318*
SMB N:P -0.012 0.168 0.101

Herb, understorey herb biomass; SMB, soil microbial biomass. *P < 0.05, **P < 0.01.

4 Discussion

4.1 C:N:P stoichiometry in plants among
the different sandy dune types

N and P are the main mineral elements that limit plant growth.
The two mineral elements play important roles in modulating plant
growth, reproduction and metabolism in most terrestrial
ecosystems (Chapin, 1980; Reich et al, 1997; Han et al, 2005).
Previous studies reported that leaf N:P ratio in plant biomass
indicates the relative N or P limitation at the community level.
Shifts in limitation cause changes in plant functional traits,
vegetation composition and botanical diversity (Koerselman and
Meuleman, 1996; Roem and Berendse, 2000; Giisewell, 2004). The
“law of the minimum” states that there is a “critical N:P ratio” below
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which plant growth is limited only by N, and conversely above
which growing plants are only limited by P (Giisewell, 2004).
Previous findings indicate that N:P ratios > 16 indicate P
limitation, whereas N:P ratios< 14 represent N limitation, and
plant growth is co-limited by N and P under intermediate values
(Aerts and Chapin, 2000; Reich, 2005; Fan et al.,, 2015). Guisewell
(2004) observed that plant growth was relatively limited by nitrogen
when the N:P ratio in leaves was< 10, whereas plant growth was
relatively limited by phosphorus when the N:P ratio was > 20.
Moreover, plant growth was limited by N or P when the N:P ratio
was between 10 and 20, depending on plant-specific conditions.

In the current study, the leaf N:P ratio ranged from 18.5 to 28.3,
and the mean foliar N:P ratio was 25.7, higher than the value
reported by Han et al. (2005). The average N:P ratio of China’s flora
is 16.3 and the global averages are 12.7 and 13.8 (Elser et al.,, 2000;
Reich and Oleksyn, 2004). Leaf N concentrations ranged between
225 to 23.0 gkg™', and the P concentrations were > 1.0 mg g,
ranging from 1.0 to 1.3 gkg ™! (Figure 1). This finding indicates that
P was the main limiting element for the S. moorcroftiana population
in the study area. This finding is consistent with a report that
Chinese vegetation exhibits a higher degree of P limitation, as
indicated by analysis of 753 species (Han et al.,, 2005). The high leaf
N:P ratios (low P content) can be attributed to the low P content of
soils in China (Han et al, 2005). Plant and soil phosphorus are
generally coupled at the ecosystem scale (Aerts and Chapin, 2000;
Han et al., 2005). In addition, the P limitation may be caused by the
ability of leguminous plants to fix N from the air resulting in a
higher N:P ratio (Yang et al., 2018), whereas P is a ‘rock-derived’
element and cannot be obtained in high amounts from the soil
(Walker and Syers, 1976). Recent studies report that understorey
species have higher ability to obtain P from the soil than dominant
tree species (Huang et al, 2013), resulting in P limitation in
overstorey trees (Zhang et al,, 2019). Roots of overstory trees are
distributed deeper into the soil as they age (Jiao et al., 2016). Deep-
rooted systems cannot preferentially access P and other resources
supplied by plants (Chen et al, 2016a), resulting in lower P
concentrations and higher N:P ratio in leaves (Figure 1), and
which limits the growth of S. moorcroftiana (Table 2).

TABLE 4 Redundancy analysis (RDA) of the plant-soil-microbe ecological stoichiometry and soil physicochemical properties using forward
selection with a Monte Carlo permutation test.

Variables Explains (%) Contribution (%) F-ratio

DOC 16.8 54.6 14.2 0.001 Eigenvalues 18.8 7.6
AP 5.9 19.2 53 0.001 Explained variation 18.8 26.37
pH 2.9 9.5 2.7 0.031 Pseudo-canonical correlation 0.756 0.527
SM 2.8 9.0 2.6 0.028 Explained fitted variation 60.97 85.53
IN 1.6 52 1.5 0.187

BD 0.7 2.4 0.7 0.627

SM, soil moisture content; IN, inorganic N (NH4"-N and NO3 -N); AP, available phosphorus; BD, soil bulk density; DOC, dissolved organic carbon.
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Structural equation modeling (SEM) analysis of the effects of soil physicochemical properties on the plant-soil-microbe C~N-P stoichiometry.
Results of model fitting: x2 = 0.004, df = 1, P = 0.953, GFI = 1.000, AGFI = 0.999, CFI = 1.000, RMSEA = 0.000. Numbers on arrows are
standardized path coefficients. Red and blue arrows indicate positive and negative effects, respectively, with the thickness representing the extent
of influence. R2 values represent the proportion of the variance explained for each endogenous variable. SM, soil moisture content; IN, inorganic
N (NH4+-N and NO3 ™ -N); AP, available phosphorus; BD, soil bulk density; DOC, dissolved organic carbon; Le, Sophora moorcroftiana leaf; He,

understorey herb biomass; Li, litter; s, soil; m, microbial biomass. Significance levels are as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

Litter is a nutrient pool (Xiao et al,, 2015; Liu and Wang,
2021), and its C:N:P stoichiometry ratio modulates soil nutrient
availability and quality in terrestrial ecosystems (Villalobos-
Vega et al., 2011; Zhang et al., 2017). Previous studies reported
that a litter C:N ratio< 40, promotes decomposition of the litter
and net release of nitrogen, and lower ratios of C:N and C:P are
associated with faster decomposition rate (Parton et al., 2007). In
this study, the C:N ratio in litter was lower than 40, indicating a
high rate of decomposition and faster release of nitrogen from
litter. N:P ratio is a vital indicator for characterizing the
decomposition rate of litter, and a lower ratio is associated
with higher rate of litter decomposition (Sun et al., 2019). The
present results showed that the N:P ratio in litter ranged from
29.9 to 46.1 and higher than the level of 25 reported previously
(Gusewell and Verhoeven, 2006). This N:P ratio in litter
indirectly indicated the nutrient limitations of S. moorcroftiana
shrub community growth in the study area.

4.2 C:N:P stoichiometry in soils and
microbes across the different sandy
dune types

Vegetation restoration can affect plant diversity and
composition (Zhao et al, 2019), increasing quantity and
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quality of litter and rhizodeposition (Zhang et al., 2019). These
effects ultimately improve the soil pool and soil nutrients (Deng
et al,, 2013; Yang et al., 2018; Deng et al., 2018). Variations in
environmental conditions of soil structure, pH, temperature and
moisture can be modulated by vegetation restoration
(Fernandez-Calvifio et al., 2011; Ahmed et al., 2019), which in
turn increases soil microbial biomass and enzyme activities
associated with nutrient decomposition and circulation (Zhang
etal,, 2019; Figure 2). Ultimately, these effects increase soil C, N,
and P contents (Figure 2). An increase in C, N and P imbalance
causes changes in soil C:N:P stoichiometry (Zhang et al., 2019).
In the present study, the soil C:N ratios of the SFD and MD types
were significantly higher than the rations in FD type. The N:P
ratios varied in an opposite pattern among the three sandy dune
types (Figure 2), because the increasing ratios of N was higher
than that of C and P (Figure 2). Soil C:N ratio is an important
indicator of microbial activity. Soil C:N ratio determines the
mineralization rate of SOM and release of available N, and can
directly modulate the competition between microorganisms and
plants for N and indirectly affect plant photosynthesis (Brust,
2019; Qi et al,, 2022). The average soil C:P ratio in this study was
77.3, which is higher than the average ratio reported in China
(61.0), and the N:P ratio (3.8) was lower than the global average
ratio (5.9) (Han et al, 2005; Yang et al., 2018). This finding
indicates that the soil N (C:N = 36.8) and P (C:P = 62.5) (Han
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et al., 2005) contents in the study sites were relatively low. This
observation can be attributed to insufficient supply of P caused
by the N fixation process (Bell et al., 2014).

Soil microbes act as the main nutrient reservoir, and their
stoichiometry is highly correlated with the above-ground plant
communities (Qi et al., 2022). Soil microbes can maintain
stoichiometric homeostasis through compensatory regulation
(Chen and Chen, 2021). The soil microbial biomass C:N:P
stoichiometry in this study was 15:1.2:1, which was narrower
than that of shrub-land (43:6:1), desert (31:4:1) and the global
average (42:6:1) (Xu et al,
mainly attributed to the lower SOC content in deserts (Wang

2013). This large discrepancy is

et al., 2022b); The stoichiometric variability decreases with soil
2014). In this study,
significantly positive correlations were observed between the
microbial biomass C, N, and P and SOC (Figure S1). Soil
microbial biomass C is mainly positively correlated with

OM processing (Mooshammer et al.,

microbial biomass N (Figure 6), as higher microbial biomass
leads to higher microbial N requirements (Deng et al., 2016). A
meta-analysis by Xu et al. (2013) reported that the average
microbial biomass C:N ratios was 7.6 and ranged from 4.5 to
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12.5, and the average of microbial N:P ratios was 5.6, with a rang
from 3.5 to 10.6. The soil samples at the present study site
exhibited significantly higher microbial biomass C:N (13.4) and
lower N:P (2.9) ratio (Figure 2), which can be attributed to
relatively lower N availability to soil microbes. A greater
microbial biomass C:N ratio indicates a lower level of N in the
soil and poor mineralization rate due to a lack of enough detrital
material and the desired type of microbial population
(Arunachalam and Pandey, 2002).

4.3 Correlations with the
C:N:P stoichiometry

In this study, plant C and N concentrations were
significantly correlated with soil C and N concentrations but
weakly correlated with soil P concentrations (Figure S1). This
finding indicates that the C and N contents in understorey herb
plants and litter have a significant relationship with soil
nutrients. This type of interaction is observed mainly because
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the soil C content is determined by the coefficient of humus and
organic matter in the soil, whereas the N in decomposed litter is
mainly absorbed to the soil, whereas P is mainly retained in the
litter (Robbins et al., 2019). The soil C:N ratio was significantly
correlated with the C:N ratios in leaves, litter and microbial
biomass (Table 3). The litter in the surface layer can act as the
main supply to the soil, leading to accumulation of C and N
(Yang and Liu, 2019). Nitrogen-fixing plants effectively absorb N
and SOC (Li et al., 2014). The effects of diversity on plant C:N:P
ratios may modulate soil nutrient input levels and
microorganisms through litter (Zechmeister-Boltenstern et al.,
2015; Chen and Chen, 2021). RDA indicated that soil
physicochemical properties explained the largest variance in
the plant and soil C:N:P stoichiometry (Figure 3), with DOC,
AP, pH and SM as the most important factors (Table 4). Water
loss can lead to nutrient loss (Peng et al, 2020), which is
consistent with the observed significant positive correlations
between the SM and DOC, AP and IN in this study. Plant
diversity positively affects soil microbial community through the
regulation of water absorption (Wang et al., 2022a). The present
results showed a positive correlation between SM and N:P ratios
in the understorey herb biomass and soil, and a negative
correlation between SM and MBN : MBP (Figure 4). Soil pH
is a key indicator of soil nutrient availability and is correlated
with soil microbial activity. Soil pH and litter elements ratios are
the main factors that modulate surface soil N:P ratio (Yang et al,,
2018; Qiao et al., 2020), which is consistent with the present
findings. Soil C:N:P ratios represent stoichiometric ratios of their
sources, including plant and microbial residues (Chen and Chen,
2021). Higher litter inputs increase soil nutrient retention,
resulting in reduction of soil microbial C: nutrient ratio (Chen
and Chen, 2021). A previous study reported that slow-growing
shrubs in P-poor systems transfer P from deeper soil layers to
shallow soils, which helps meet the high leaf P requirements of
fast-growing understorey herbs (He et al., 2014; Luo et al., 2021).
This explains why leaf P content was closely correlated with the
understorey herb biomass P content and the C:P and N:P ratios
in the present study. This finding indicates that a correlation
between the P levels of plants and soil P levels. AP can indicate
the degree of P limitation (Zhang et al., 2019). These results
validated our second hypothesis that soil properties is a key
driver of C:N:P stoichiometry in plant-soil-microbe systems.

5 Conclusion

The aim of this study was to explore the effects of sandy dune
type on the C:N:P stoichiometry in “plant-soil-microbe” and
evaluate the factors that modulate S. moorcroftiana shrub
community. The findings showed that sandy dune type had
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significant effects on C, N, and P contents and stoichiometry in
plants, soils and microbes, implying that the C:N:P
stoichiometric ratios can form a complex network in this
region. The results indicated that a significant correlation was
observed between plants and soils C:N:P stoichiometry. This
observation implies that the changes in C:N:P stoichiometry may
be induced by shifts in soil physicochemical properties,
especially DOC, AP, SM and pH. Furthermore, significant
increases in plant and soil C:P ratios and decreases in soil N:P
ratios were observed with an increase in shrub age, indicating
that the demand for P increased with shrub age. In this study, C:
N:P stoichiometry interactions among plants, soils, and soil
microbes and their responses to the sandy dune type were
evaluated. The findings highlight the importance of soil
physicochemical properties in shaping the C:N:P stoichiometry
and improve our understanding of the nutrient stoichiometry
patterns and management strategies of plants and soils in alpine
desert ecosystems on the Tibetan Plateau.
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Carbon isotope composition (5°C) has been widely used to estimate the
intrinsic water-use efficiency (iWUE) of plants in ecosystems around the
world, providing an ultimate record of the functional response of plants to
climate change. This approach relies on established relationships between leaf
gas exchange and isotopic discrimination, which are reflected in different
formulations of ¥*C-based iWUE models. In the current literature, most
studies have utilized the simple, linear equation of photosynthetic
discrimination to estimate iIWUE. However, recent studies demonstrated that
using this linear model for quantitative studies of iIWUE could be problematic.
Despite these advances, there is a scarcity of review papers that have
comprehensively reviewed the theoretical basis, assumptions, and
uncertainty of *C-based iWUE models. Here, we 1) present the theoretical
basis of *C-based iWUE models: the classical model (iWUE.,), the
comprehensive model ((WUE..n), and the model incorporating mesophyll
conductance (IWUEs); 2) discuss the limitations of the widely used iWUEg;,
model; 3) and make suggestions on the application of the iWUE,.s model.
Finally, we suggest that a mechanistic understanding of mesophyll
conductance associated effects and post-photosynthetic fractionation are
the bottlenecks for improving the *C-based estimation of iWUE.

KEYWORDS

water-use efficiency, carbon isotope discrimination, mesophyll conductance, post-
photosynthetic fractionation, climate change, photosynthesis
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Introduction

During photosynthesis, plant stomata act as a control valve for
the diffusion of CO, and water vapor, regulating the rates of water
and carbon exchange between the biosphere and the atmosphere
(de Boer et al., 2011; Adams et al., 2020; Walker et al., 2021).
Intrinsic water-use efficiency (iWUE), defined as the ratio of net
photosynthetic rate (A,) to stomatal conductance for water vapor
(gsw)> plays a key role in quantifying carbon uptake and water loss
at leaf to continental scales (Seibt et al., 2008; Keenan et al., 2013).
The response of iWUE is fundamental to climate change research
since small changes in iWUE can have profound impacts on
global carbon and water cycles. Furthermore, iWUE can provide
insights into the mechanisms of plant physiological responses to
climate change and support the screening and breeding of
climate-resilient crops (Farquhar and Richards, 1984; von
Caemmerer et al, 2014; Gresset et al., 2014). Central to these
research domains is the quantification of iWUE.

Stable carbon isotope discrimination (A) can be used as an
integrated measure of iWUE in C; plants (Farquhar et al., 1989).
Plants discriminate against '>C in favour of '*C during
photosynthetic CO, assimilation in C; leaves, and the
variation in carbon isotope composition (§'>C) from source
CO, to photosynthetic products (e.g., bulk leaf organic carbon or
sugars) is termed as A, following Farquhar et al. (1982b);
Farquhar et al. (1989):

_ 613Ca _ 613CP

Equation 1
1+6°C, dquatt

where atmospheric 8'°C, is approximately -7~-8%o during
the 20th century. A can also be estimated from &'°C of CO,
entering (8;, and C;,) and leaving (8, and C,,) the cuvette
during gas exchange, termed as online '>C/">C discrimination
(Evans et al., 1986):

5(6out B 6m)
1+ 6out - 5(50ut - 8111)

Aonline = Equation 2

where &= C,/(Ci-Coup). In this way, A can be measured
nondestructively to probe real-time responses of photosynthesis at
high temporal resolution. Changes in photosynthetic parameters
(A, and g) are captured in A,pine and the isotopic signatures are
further imprinted on plant tissues during biosynthesis. As such,
biomass-based A reflects physiological status of plants throughout
the growth period of plant tissues (Cernusak et al., 2013; Soh et al.,
2019). Different from classical approaches such as gas exchange or
growth analysis, biomass-based A can be applied retrospectively,
providing a useful record of iWUE at large spatial and temporal
scales (Frank et al., 2015; Adams et al., 2020; Gong et al., 2022).

Inferring iWUE from isotopic records relies on theoretical
models. In the current literature, most studies have utilized the
simple, linear equation of photosynthetic discrimination to
estimate iWUE. However, it can be problematic to interpret
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iWUE using this linear model which ignores effects other than
diffusion through stomata and carboxylation. For instance, Seibt
et al. (2008) suggested that the uncertainty in iWUE-">C models
was related to the simplification of mesophyll conductance (g,). gm
represents the conductance to CO, diffusion from the intercellular
space to the carboxylation site in chloroplasts, a key limiting factor
of photosynthesis in addition to stomatal conductance and
biochemical capacity (Tholen et al., 2012; Stangl et al, 2019).
However, recent advances in 8">C-based iWUE estimation have
not been systematically reviewed. The main objective of this mini
review is to concisely summarize the theoretical basis and
uncertainties of 8'°C-based iWUE models. We (i) present
different formulations of A and the associated assumptions, (i)
present A-based iWUE models derived from those formulations:
the classical model (iWUE;,), the comprehensive model
(iWUE(om), the model incorporating g,, (WUE,,), (iii) discuss
the limitations of the widely used iWUEg,, model; and make
suggestions on the application of the iWUE,,.; model.

Comprehensive model of
photosynthetic **C discrimination
and simplifications

A comprehensive description of 13C discrimination (Acom)
during C; photosynthesis was given by Farquhar et al. (1982b)
and extended to include ternary effects of transpiration on CO,
assimilation by Farquhar and Cernusak (2012):

1 C, -G
A - a i
com 1—¢ (auc Ca )

1+t C;, - C, C. o, R;C. oy rr

+—|ap——+b-—e——-—f—

1-t C, G o V.C o C
Equation 3

and
1+a,)E
tzﬂ Equation 4
28ac
C,-GC)+ay(C-C

aaczab( = C)+a(C-G) Equation 5

Cu _Ci

where ayp (2.9%0) and a, (4.4%0) are fractionations
associated with the diffusion of CO, through leaf boundary
layer and in the air, respectively. a,, (1.8%o) is the fractionation
associated with the dissolution and diffusion of CO, in
mesophyll (see Table S1 for the list of parameters). C,, Cs, C;
and C, represent the mole fraction of CO, in air, at leaf surface,
in the intercellular spaces and chloroplast, respectively
(Figure 1). Acom can be separated into a series of
fractionation components of leaf boundary layer conductance
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CO: concentration in the chloroplast (C)
mesophyll conductance (g )

CO: concentration in the substomatal cavity (C)
stomatal conductance (g_)
CO: concentration at leaf surface (C)
boundary layer conductance (g, )
CO: concentration in the atmosphere (C))
@ C—C. 1p Ce
. - C. C.
IWUES . , At (e CoC :
(1+t)(b— e+d ]—llm R 1-1 C. 1=t oy RiC. o T
[, +R, _ A e = f—
N (el [“’" b%w] a. v.C. a; C.
k2 1w
With: € =eaa, f'=foja, and &= > with: ¢ =1 %)E = a,(c,—¢,)+a,(¢,—¢c)
1. ¥ 28, ¢, —¢
(1) Meaurements under low to moderate VPD, and g, is assumed to be infinite (#=0and C=C;g =g ):
b_A_flr—elﬂ'[l—rj s
c + c - -
WUE .= e [ s T W L N
b-—as+g”'(b—am+e' d j_ev d a a Ca Ole VcCa af Ca
En 4,+R, 4, R,
(2) Low respiratory fractionation (e~0 or R /(A +R )=0):
F*
b-A-f"— .
. c ¢ - -
IWUEmes:;a- ‘ meszasca Ci"'amc" CC+bQ_%fL
b-dﬁ&'(b—am) C. C. C. a; C.
8n
(3) Infinite g and low photorespiratory fractionation (C=C,, f~0 or I"/C ~0):
C b -A A ’ C
i T =q.+0 -qg,)=
WUE,,= [b, _aj w=a+'-a) ..
FIGURE 1

Diagram of the CO, diffusion pathway in Cs leaves and different formulations of IWUE (iIWUEom, IWUEmes r, IWUE e, and iWUEg;,) derived from

the Farquhar et al. model for photosynthetic **C discrimination.

(Aghc), stomatal conductance (Ag), mesophyll conductance
(Agm)> Rubisco (ribulose-1,5-bisphosphate carboxylase/
oxygenase) carboxylation (A,), day respiration (A,.), and
photorespiration (Ay). Note that ¢ is included to account for
the ternary effects of transpiration rate (E) on photosynthetic
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discrimination (Farquhar and Cernusak, 2012). Usually, the
effect of t is small and can be omitted under low or moderate
vapor pressure deficit (VPD) (Farquhar and Cernusak, 2012;
Evans and Caemmerer, 2013). If Ag, is also omitted (C,=C;
and g,.=gs.), the Ao model is simplified as:
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—%e&&—%fr—* Equation 6
o V.C o C

where the subscript “mes R” indicates that the expression
takes mesophyll conductance, day respiration and
photorespiration into account.

A, the respiratory contribution to discrimination is mainly
determined by respiratory fractionation (e), and R4/(An+ Ry). A,
has rarely been accurately quantified largely due to the difficulty
of estimating Ry (Tcherkez et al., 2017; Gong et al., 2018).
Moreover, fractionation of day respiration has rarely been
reported, and e estimated from respiration in the dark varies
between 0 and -6%o (Ghashghaie et al.,, 2003; Tcherkez et al.,
2010). Under natural conditions, A, is usually small and
negligible (Seibt et al, 2008; Ubierna and Farquhar, 2014).
Notably, a significant apparent respiratory fractionation may
occur when the CO, source used for combined gas exchange and
isotopic measurements has a 8'°C differed from that of the
ambient air (Gillon and Griffiths, 1997; Gong et al., 2015). Under
such conditions, e should be corrected to account for the isotopic
disequilibria between photosynthetic and respiratory fluxes
(Wingate et al, 2007; Gong et al, 2015). Assuming A.=0,
Equation 6 can be simplified as:

C. o T*

+b—-
Ca Ca

— Equation 7
%" Ca

C. is usually unknown since its calculation requires g, which
cannot be directly measured. g, is assumed to be infinite in early
studies (for a review see Flexas et al., 2012); that is, CO, mole
fraction in the chloroplast is equal to that in the intercellular
space. Assuming C;=C. and A=0, Equation 7 is simplified as:

G

— ! _
Agm = as+ (b -ay) C.

Equation 8

Comprehensive model of iWUE
and simplifications

The comprehensive model of iWUE which includes all
fractionation components of Equation 3 was first derived by
Ma et al. (2021):

e'Ry

a1 =€)+ (4 [ (2 ) we(b-£20)] - (-4

iWUE,

‘com = CIZ

' Ra ) _
w_(l+t)k&(a b+ E/Rd)
&m m

:
pray AR,

Equation 9

where €'=eay/a., f=fay/arand e=(1/k-W/2)/(1/k+W/2). This
formulation is particularly useful for assessing the contribution
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of each fractionation component to iWUE estimates. Ma et al.
(2021) performed sensitivity tests using theoretical data of the
standard photosynthetic scenarios. Their results indicated that
ternary correction and A, had little influence on iWUEyy,
estimates (error< 2 wmol mol™), which is in agreement with
Seibt et al. (2008). Neglecting the contribution of t and Ag.,
Equation 9 can be simplified as:

iWUE s v

Ry
A, +Ry

b—A—f' T ¢’

r*
Cy (1 - C, )

_?. _ & _ 1 Ry _ 1 _Ry
b as+ 4 b-a,+e i)~ T

Equation 10

A, in the iWUE,,,.s r model could be ignored as it caused an
error of less than 2 pmol mol™ in typical photosynthetic
scenarios (Ma et al,, 2021). Excluding the contribution of day
respiratory, Equation 10 can be simplified as:
o b-Af'T
&k h—as+%(b—um)

iWUE, s =

mes

Equation 11

The iWUE,,,s model provided iWUE estimates that are
numerically very similar with iWUE_,,, (error< 3 pmol mol™)
(Ma et al.,, 2021). Neglecting the contribution of g, and
photorespiration, the simplified equation for iWUE is given as:

& b'—A
k \b'-a

This linear relationship between iWUE and photosynthetic

iWUE,, = Equation 12

3C discrimination is the most used to estimate iWUE, however,
the limitations of this formulation have been raised (Seibt et al.,
2008; Ubierna and Farquhar, 2014; Ma et al., 2021).

Uncertainty in iWUEg;,,
estimation associated with
mesophyll conductance

Experimental evidence shows that g, exerts a significant
limitation on CO, diffusion and leads to a significant drawdown
from C; to C, (Loreto et al., 1992; Flexas et al., 2008; Cano et al.,
2014). It is apparent from Equation 11 that, assuming an infinite
gm Will lead to overestimation of iWUE, this is supported by
experimental observations (Barbour et al., 2010; Stangl et al,
2019; Adams et al., 2020). Experimental results showed that the
relationship between A and water-use efficiency is at least partly
a function of g,, (Warren and Adams, 2006). Therefore, it is
important to incorporate g, in the parameterization of the
iWUE model. Ma et al. (2021) showed that iWUE;,,
overestimated iWUE by c. 65%. Importantly, the magnitude of
overestimation is dependent on A, making correction using
empirical relations difficult. These results raise concerns
regarding the accuracy of iWUE,, estimations.
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The overestimation of the iWUE,,, model has also been
observed in recent studies using '>C series of environmental
archives (Baca Cabrera et al, 2021; Bing et al., 2022). More
importantly, iWUEg,,, model could provide biased estimations
of historical iWUE trend. Gong et al. (2022) analyzed tree ring
3C series across the globe using the iWUEp model, and
reported that iWUEg;,,, model significantly overestimated
iWUE (by c. 100%) and the rate of iWUE gain with time or
C, (by c. 70%) during the 20th century. This finding has been
confirmed by studies carried out in distinct ecosystems (Bing
etal., 2022; Mathias and Hudiburg, 2022). Failure to consider g,
must lead to an overestimated historical trend as implied by the
partial derivative of iWUE,,,. (Equation 11) (Gong et al., 2022):

diWUE _ b-A
dC, (& (p_ _
k(gm (b—a,)+b a5>

Equation 13

Given that >C series of environmental archives (e.g. tree
rings) provide a unique proxy for benchmarking the output of
land surface models (Frank et al., 2015; Wang et al., 2017;
Lavergne et al., 2022), cautions should be paid when iWUEg;,,
model is used to predict historical trend of iWUE.

Uncertainty in iWUEg;,,, estimation
associated with b’

The value and physiological meaning of b’ in the equation of
Agim or iWUEg;,,, remain subjects of debate. Initially, Farquhar
etal. (1982a) proposed that b’ (27%o) could be derived from early
in vitro estimations of Rubisco carboxylation. As it agreed well
with the relationship between measured biomass-based A and
Gi/C,, it was interpreted as a fitted value. However, when
measured A from online instantaneous measurements was
used to fit Equation 8, the fitted b’ appears to be lower than
27%o (Caemmerer and Evans, 1991; Ma et al., 2021).

b’ was also explained as the net fractionation caused by
Rubisco and PEPC (phosphoenolpyruvate carboxylase).
Farquhar and Richards (1984) described b’ as a function of
relative contribution of Rubisco and PEPC carboxylation:

b'=(1-PB)b+ pb,

where b (29-30%o) and b, (usually taken as -5.7%o at 25°C)
are fractionation factors of Rubisco and PEPC carboxylation,

Equation 14

respectively. 3 is the proportion of carbon fixation through
PEPC carboxylation. PEPC uses HCO; produced by CO,
hydration as the substrate for the synthesis of aspartate or
malate, which is important for the control of cellular pH
(Davies, 1979). Generally, carboxylation by Rubisco
contributes a greater fraction of carbon in plants and
respiratory substrates. But it is also suggested that the PEPC
carboxylation could be important under the conditions of low
stomatal conductance or carboxylation in darkness (Ikeda and
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Yamada, 1981; Gupta et al., 1994; Hibberd and Quick, 2002).
Furthermore, several studies have revealed that N source and
concentration were potential factors affecting carbon fixation by
PEPC, which indicates that b’ could vary with nitrogen
metabolism (Raven and Farquhar, 1990; Douthe et al., 2012;
Lian et al., 2021). That is, Equation 14 is not particularly useful
for iWUE estimation because f is variable and difficult
to quantify.

b’ has also been described by Ubierna and Farquhar (2014)
as a parameter that included carboxylation, mesophyll
conductance, and photorespiration:

C. C. r
=< 1-=C) —fF—
G ”‘“( ci) U

According to Equation 15, b’ is largely dependent on C./C;

b=b Equation 15

which is modulated by g,,. It should be noted that the most used
b’=27%o is consistent with the C./C; value of 0.9, higher than the
common values of 0.7-0.8 (Caemmerer and Evans, 1991; Warren
et al,, 2003). So far, Equations 14 and 15 have only been used to
discuss the potential origin of variation in &’, but have not been
incorporated in the model of iWUE estimation. In short, there is
still no consensus concerning the interpretation of ¥’, and
current discussion on b’ (Equations 14, 15) illustrated that it
should not be treated as a constant value of 27%o.

Uncertainty in iWUE associated with
post-photosynthetic fractionation

Post-photosynthetic fractionation (Apes) includes the
discrimination processes that follow photosynthetic carbon
fixation, altering 8"°C signals in plant organs and leaves at
different development stages (Badeck et al., 2005; Vogado
et al., 2020). In general, heterotrophic organs (branches, stems
and roots) are "*C-enriched compared with autotrophic organs
(leaves) (Badeck et al., 2005; Bowling et al., 2008; Cernusak et al.,
2009; Lamade et al., 2016), and the immature leaves
(heterotrophic phase) are *C-enriched (by c. 2%o) compared
to mature leaves (autotrophic phase) in both deciduous and
evergreen species (Lamade et al, 2009; Vogado et al., 2020).
However, the contribution of Apqg to 8"°C of plant tissues and its
influence on iWUE estimation are poorly understood.

Several studies has accounted for Ao to estimate iWUE
(Table S2). Gimeno et al. (2021) found an improvement in
correlation between iWUE estimated from gas exchange and
that from A when g, and Ao were accounted for. In that study,
Apost was taken as -2.5%o estimated from the 3'3C difference
between phloem contents and whole-tree photosynthesis.
Similarly, §"°C of wood and cellulose have been corrected by
-3.2%0 and -1.3%o, respectively, to account for the offset from
leaf 8>C (Thomas et al., 2013; Brownlee et al., 2016). In other
studies, iWUE was calculated from tree-ring with a §'"°C offset of
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-2%o to account for Aye (Michelot et al., 20115 Frank et al,
2015). Without correcting a Ao of about 2.5%o, iWUE
estimated from the 8"°C of tree-ring could be overestimated
by 20% (Gessler et al., 2009).

The likely mechanisms underlying A, include
fractionation associated with respiration, transport and mixing
of assimilates (Tcherkez et al., 2003; Briiggemann et al., 2011;
Bogelein et al., 2019). Respiratory fractionation ranges from -6 to
0%o in various species (Duranceau et al., 1999; Ghashghaie et al.,
2001; Tcherkez et al., 2003). Also, there are some variations in
the apparent fractionation during transport processes (e.g., day-
night differences in 8'°C of leaf-export organic matter and
different leaf-to-phloem &'°C signatures along vertical canopy
gradients) and very few direct measurements of isotopic
differences between components at molecule/atom scale
(Gessler et al., 2008; Mauve et al., 2009; Gilbert et al., 2011;
Gilbert et al., 2012; Bogelein et al., 2019). In addition, post-
photosynthetic fractionation is complicated by ontogenic effects
(e.g., size, height, and age of individuals) that can confound the
relationship between iWUE and environmental factors
(Vadeboncoeur et al, 2020). That is, the influence of A,y
could accumulate over time and lead to age-dependent
patterns (Cernusak et al., 2009). Therefore, using a constant,
empirical value of A, could be unreliable. A mechanistic
description of Ao should be very useful to improve the
iWUE estimates, which requires further study on the
fractionations associated with respiration, transport and
allocation of assimilates.

IWUE hes, @ useful, simplified model
for estimating iIWUE

iWUE,,,¢s takes the influence of mesophyll conductance and
photorespiratory fractionation into account. We propose to use
the iWUE,,.s model (Equation 11) since it considers the
components that have a significant influence on the iWUE
estimation. In particular, it includes g, effect which is known
to affect iWUE prediction.

Parameterizing the iWUE,,.s model requires gs./gm, rather
than g, (Ma et al,, 2021). Some studies use a constant g, in the
equation to estimate iWUE (Keeling et al., 2017), which makes
more sense than disregarding g,. However, the assumption of
constant g,, is not supported by experimental evidence. The
positive relationships between g and g, have been reported in
many studies (Flexas et al., 2013; Gong et al,, 2018), and this
relationship is rather conserved across levels of CO,, irradiance,
and drought stress and functionally distinct species (Flexas et al.,
2008; Ma et al,, 20215 Gong et al., 2022). Incorporating the g../gm
ratio improves the predictive accuracy of the iWUE model, as
demonstrated in gas exchange experiments (Ma et al.,, 2021).
Without knowing g, it is preferable to use the average g../g;,, of
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0.79 (+ 0.07) derived from a global synthesis to parameterize the
iWUE,;,es model rather than using the iWUEg;,,, model.

We acknowledge that using a constant g../g,, is not always
adequate. As more g, data become available, interspecific
differences in g./gm can be identified and should be accounted
for in the estimated iWUE. Theoretically, species-specific gs./gm
is more appropriate to be used in the iWUE, s estimation. It is
also noteworthy that short-term responses of g, are still not well
defined, implying that neglecting short-term variation in g./gm
might lead to errors in estimating iWUE at nonsteady-states,
thus should be addressed in further work. Moreover, the
iWUE,;,es model does not account for the post-photosynthetic
fractionation, due to a lack of knowledge on post-photosynthetic
fractionation. Therefore, we recommend for biomass-based
analyses to distinguish the age of organs to minimize the
influence of post-photosynthetic fractionation.

Conclusion remarks

The comprehensive model of photosynthetic '*C
discrimination of Farquhar and Cernusak (2012) is a synthesis
of current understanding, and provides the theoretical basis for
estimating iWUE from the >C composition of plant materials.
The classical iWUEg;,, model has been shown to strongly
overestimate iWUE and its historical trends due to the neglect
of g, associated effect, limiting its use in quantitative studies.
iWUE,,es is suggested as a useful, simplified model for
quantitative estimation of iWUE, which has been included in a
standardized, open-source tool (R package) for calculation of
iWUE from stable isotope signatures (Mathias and Hudiburg,
2022). Nonetheless, the formulation of iWUE,,. could still be
further improved. For example, a fixed, empirical gi./¢m
value could be replaced by species-specific values or
mechanistic relationships derived from experimental results.
3C discrimination of plant material, combining with
appropriate iWUE models, is also an ultimate tool for
screening genetic resources to enhance the iWUE of crops
under climate change scenarios. One of the primary
questions is how g, and g, of plants will respond
to changes in temperature, water availability, and carbon
dioxide concentration. Furthermore, the response of post-
photosynthetic fractionation to climate change factors remains
unknown. We conclude that mechanistic descriptions of g,
associated effect and post-photosynthetic fractionation are the
bottlenecks for improving the '>C-based estimation of iWUE.
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University of Science and Technology, Baotou, China

Afforestation as an effective measure for wind and sand control has achieved
remarkable results in northern China, and has also greatly changed the land use
and vegetation characteristics of the region. It is important to study the spatial and
temporal dynamics of soil water content (SWC) in different afforestation years and
its temporal stability to understand the dynamic characteristics of SWC during
afforestation. In order to reveal the spatiotemporal dynamic characteristics of SWC
in desert area Haloxylon ammodendron (HA)plantations, in this study, five
restorative-aged HA plantations in desert areas were selected and their SWC was
measured in stratified layers for the 0-400 cm soil profile; we also analyzed the
spatiotemporal dynamics and temporal stability of the SWC. The results showed
that the SWC of HA plantations decreased with the increase in planting age in the
measurement period, and the SWC of deep layers increased by more than that of
shallow layers with planting age. Spearman’s rank correlation coefficients for SWC
of 0-400 cm in both 5- and 11-year-old HA plantations reached above 0.8 and
were highly significantly correlated; the temporal stability of SWC tends to increase
as the depth of the soil layer deepens. In contrast, the temporal stability of SWC in
deeper layers (200-400 cm) of 22-, 34- and 46-year-old stands showed a
decreasing trend with depth. Based on the relative difference analysis,
representative sampling points can be selected to monitor the regional average
SWC, but for older HA plantations, the uncertainty factor of stand age should be
considered in the regional moisture simulation. This study verified that it is feasible
to simulate large-scale SWC in fewer observations for HA plantations younger than
11 years old, while large errors exist for older stands, especially for deeper soils. This
will help soil moisture management in HA plantations in arid desert areas.

KEYWORDS

soil water content, Haloxylon ammodendron plantations, temporal stability,
spatiotemporal variability, stand age

Abbreviations: SWC, soil water content; HA, Haloxylon ammodendron; CV, coefficient of variation; MRD,
mean relative difference; SDRD, standard deviation of relative difference; RSL, Representative

sampling locations.
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1 Introduction

This study area is located in northwestern China, at the southern
edge of the Badain Jaran Desert, which has long suffered from wind and
sand. In order to effectively curb wind and sand hazards and prevent
the further expansion of sandy land, China has launched a number of
major ecological construction projects in wind and sand hazards, such
as the “3-North Shelter Forest Program” and the “Grain for Green”
program with artificial vegetation construction as the main ecological
restoration measure. The vegetation represented by Haloxylon
ammodendron (HA) plantations is increasingly restricted by soil
water content (SWC), especially as the large area of HA plantations
has a more obvious soil drying phenomenon, which seriously affects the
water cycle process in the study area (Kang et al., 2021; Zhou et al,
2022). Therefore, it is important to understand the hydrological effect of
SWC after afforestation for the water cycle and eco-hydrological
process of terrestrial ecosystems. SWC is at the core of functioning
sandy ecosystems in arid and semi-arid regions, driving the material
cycle and energy flow in the soil-vegetation-atmosphere continuum,
and its dynamic changes affect hydrological and ecological processes
such as precipitation infiltration, vegetation transpiration and solute
transport (Vereecken et al,, 2015; Zhang et al., 2016). SWC has strong
spatial and temporal variability due to topography, elevation, soil
texture and climate (Hu et al., 2010; Heathman et al., 2012). Related
studies also indicate that vegetation affects the spatial distribution of
SWC, enhancing or reducing the spatial heterogeneity of SWC to some
extent (Li et al., 2008; Cho and Choi, 2014), and the variability of SWC
also responds to vegetation growth succession and spatial patterns to
varying degrees (Van Pelt and Wierenga, 2001). Therefore, a
quantitative study of the spatial variability of SWC is essential to
grasp the regional ecohydrological dynamics.

Although soil water has strong spatial and temporal variability,
previous studies have shown that SWC is characterized by temporal
stability (Brocca et al., 2009; Brocca et al., 2010). Vachaud et al. (1985)
found that the spatial structure of SWC is continuous in time when
external factors such as soil structure and topography remain stable,
and that certain sampling points can represent regional average SWC
conditions; this phenomenon was subsequently defined as the
temporal stability of SWC. Since then, the temporal stability of
SWC has been widely used to identify the average SWC condition
in the field (Huang et al., 2020; Zhou et al., 2020; Quan et al., 2021) to
simulate hydrological variables (Nasta et al., 2018). The temporal
stability of SWC is influenced by numerous elements, such as the
length of the observation period (Zhang et al., 2018) and the type of
land use (Liu and Shao, 2014; Zhang et al., 2016). Liu and Shao (Liu
and Shao, 2014) reported a significant effect of different land use types
on SWC in the 0-4 m profile and further validated the feasibility of
representative sampling points for estimating the average SWC.
Zhang et al. (Zhang et al,, 2016) reported that in the spring wheat-
shelterbelt-maize agroforestry ecosystem, SWC relationships between
adjacent land use types were explored by determining the most time-
stable locations of each soil profile for different land use types. Jia and
Shao (Jia and Shao, 2013) reported that vegetation cover and above-
ground biomass are the main factors affecting the temporal stability of
SWC, and further concluded that sampling in slopes may produce
better results when the temporal stability theory is applied to slopes.
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The above findings indicate that the study of temporal stability of
SWC is more meaningful in the context of non-homogeneous soils,
and that vegetation factors profoundly affect temporal stability and
differ for different soil depths. As a key area for revegetation in the
Alxa desert region, artificial revegetation has greatly changed the land
use and vegetation characteristics of the region, and the effect of this
huge disturbance on the temporal variability and temporal stability of
SWC is yet to be studied. Specifically, this study aimed to: (1) explore
the response of SWC to stand age in HA plantations;(2) reveal the
spatiotemporal dynamic characteristics of SWC in desert area. This
study provide a theoretical basis for water resource management and
vegetation construction in the region.

2 Materials and methods
2.1 Description of study site

The Alxa desert area is located in northwestern China (97°10'E-
106°52'E,37°21'N-42°47'N). The region has an arid climate. The
sunshine is sufficient and the annual sunshine hours are 2993 to
3345h. The annual average temperature is 6.8-8.8°, with extreme
minimum and maximum temperatures of -36.4° and 41.7°
respectively. The temperature has a large diurnal temperature
difference and significant seasonal changes. The frost-free period is
130-165 d. The average annual precipitation is 39.3-85.6 mm, with
precipitation from July to September accounting for about 90% of the
year. The water table is 80-120 m, and there are no river confluences.
Due to the drought tolerance and high survival rate of HA, the
Chinese government planted HA in large quantities in the study area
around the 1970s for wind and sand control, and it has played a vital
role in the improvement of the ecological environment in the area.

2.2 Experimental design and measurements

Since 1975, afforestation projects have been carried out every year
in Alxa desert. In this study, the HA planted in 1975,1987,1999,2010
and 2016 were selected according to the principle of consistency of
soil texture. Then, five representative sample plots of 5-, 11-, 22-, 34-
and 46-year-olds were selected in the study area with a 10-year age
gradient, 50m*50m sample plots were delineated in each plantation
and 3 replicate samples were collected at the center of the sample plots
in May-September 2021 in 20 cm stratification. The 0-400 cm soil
profile was sampled in 20 cm layers, and three duplicate samples were
collected from each sample site. And put the soil sample into the
aluminum box back to the laboratory for drying method to measure
the SWC. Three undisturbed soil samples were collected with a ring
knife near the sampling point for the determination of soil hydraulic
characteristics such as soil bulk density and field water capacity, and
sample plots were investigated at the same time (Table 1). The
selected plots were all planted in a standardized “two rows and one
strip “planting mode. There was no other vegetation around, so the
study was not interfered with by the planting density and other
vegetation on the experimental results.
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TABLE 1 Characteristics of Haloxylon ammodendron (HA) plantation lands at different plots.

Parameters of sites Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6
Planting Age (a) 5 11 22 34 46 Wasteland
Year of planting 2016 2010 1999 1987 1975 /
Altitude (m) 1204.86 1204.95 1203.69 1203.66 1204.37 1203.97
Clay Volume Fraction (%) 11.07 11.61 11.73 11.16 10.97 10.31
Silt Volume Fraction (%) 13.57 15.95 14.26 13.19 12.80 15.18
Sand Volume Fraction (%) 75.36 72.44 74.01 75.65 76.23 74.51
Diameter at breast height(cm) 35+1.2 89 +38 124 £55 16.5 £ 6.2 221+75 /
Mean tree height/(cm) 55+ 12 140 + 28 220 + 46 370 + 63 420 + 81 /
Tree density/ (Tree/hm?) 230 230 230 230 230 /
Bulk Density/(g/cm®) 1.53 1.53 1.52 1.53 1.54 1.53

2.3 Statistical analysis

Soil water storage is the amount of soil water stored in a certain
unit volume. In this study, based on the observed depth of 0-400 cm
soil depth, the soil water storage per unit volume of 0-400 cm soil
depth is given by:

20
i=1
1 20
SVWC; = —>SVWC; 2
= 50 2SVWC, )

where SWS,; is a soil water storage of 0-400 cm from point i (i=1,...,
n) (mm), SVWGC,; is the soil volumetric water content (cm3cm-3), d; is
the soil depth (mm), and SVWGC; is the average soil volumetric water
content at time j (j=1,....m) (cm3cm-3), The number of soil layers
observed in this study is 20. According to Vachaud et al. (1985), the
relative difference (RD) and standard deviation (SD) of each observation
can characterize the temporal stability of SWC. The RD;;and SD of SWS;
at any observation at point i (i=1,...,m) at time j (j=1,...,m) are given by:

SVWC; - SVWC;
RDj=—t 7 3)
i

n  [SVWC; - SVWC;
PN T @
i=1

where SVWC;; is SVWC at point i (i=1,...,m) at time j (j=1,...,m)
(cm3cm-3), SV—W'CJ is the average SVWC at time j (j=1,...,m)
(cm3cm-3), and m is the number of measurements. The mean
relative difference MRD; and its corresponding standard deviation
SDRD; are given by:

m

1
MRD,' = —ERD,] (5)
mi3
1 m 2
SDRD; = \/ mziﬂ (RD; - MRD;) (6)
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According to Zhao et al. (Zhao et al,, 2010), we compared the
temporal stability of SWC at different soil depths in different
restoration years of HA plantations by comparing the index of
temporal stability at depth i (ITSD; ) to find the highest temporal
stability point. The observation point with the highest temporal
stability, which is representative of the average SWC condition and
ITSD; , is given by:

ITSD; = y/MRD? + SDRD? )

Spearman’s rank correlation coefficient 7, was used to analyze the
stability of the rank change over time for different observations during
the growing season:

2
U (Ri' - Ril)
re=1-63-1 (8)
R TRy
where R;; is the rank of the SWC at point i at time j,R;; is the rank
of the SWC at point i at time 1, and n is the total number of
observation points. Dummy Figure 1

3 Results and discussion

3.1 Distribution characteristics of
SWC variability

Stand age influenced the spatial and temporal distribution of soil
water to some extent, and that the age factor gradually overshadowed
the soil depth factor as the stand age increased. Table 2 shows the
spatial statistical characteristics of the mean SWC, standard deviation
and coefficient of variation (CV) of the 0-400 cm soil layer profile in
each HA plantation. The standard deviation and CV of SWC in each
soil layer showed a general trend of increasing with the deepening of
the soil layer. From Figure 2, it can be seen that the CV of SWC
changed irregularly for 5-,11-, and 22- year-old of HA plantations,
but the CV of SWC of 34- and 46-year-old HA plantations tends to
increase with the deepening of the soil layer, It is indicated that the
spatial variability of SWC increases with the deepening of the soil
layer for 34- and 46-year-old of HA plantations. Li et al. (2015)
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FIGURE 1
Location of the study area.

reached similar conclusions on the Loess Plateau, the spatial of SWC (Zhao et al, 2018). The sampling area is located at the
distribution of SWC depends largely on structural factors such as  southern edge of the Badain Jaran Desert, and is less disturbed by
climate, topography and soil texture, while stochastic factors such as  human and animal activities, the spatial variability of SWC was
vegetation recovery and human activity increase the spatial variability =~ increase as the soil layer deepened for 34- and 46-year-old HA

TABLE 2 Spatial statistical characteristics of temporal average, standard deviation and coefficient of variation (CV) of SWC in different soil layers.

Soil depth (cm)

Planting Age (a) Variable
100-200 cm 200-300 cm 300-400 cm
Mean SWC 7.56 6.34 7.29 8.41
5 Standard deviation 0.59 0.45 0.85 0.71
CcvV 7.56 7.04 11.68 8.47
Mean SWC 7.65 6.20 6.04 7.40
11 Standard deviation 0.48 0.37 0.50 0.58
CcvV 6.43 5.94 8.49 7.99
Mean SWC 7.48 5.95 5.36 6.40
22 Standard deviation 0.57 0.45 0.49 0.54
CcvV 7.65 7.54 9.24 8.60
Mean SWC 6.71 5.36 413 4.65
34 Standard deviation 0.55 0.44 0.45 0.52
CcvV 8.21 8.16 10.80 11.35
Mean SWC 6.33 2.87 242 236
46 Standard deviation 0.42 0.39 0.39 0.36
CcvV 6.71 14.11 16.10 15.34
130
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FIGURE 2

A scatterplot of SWC coefficient of variability for each soil layer in HA plantation forested land at different ages: (A) wasteland, (B) 5, (C) 11, (D) 22, (E) 34
and (F) 46 years. Different colors represent different soil depths: blue (0-100 cm), green (100-200 cm), red (200-300 cm), yellow (300-400 cm)

plantations. Nan et al. (2019) quantified the soil water depletion of
artificial Robinia pseudoacacia forest of different ages (5, 20, and 40
years) on the Loess Plateau. His research showed that soil water
consumption was divided into two stages, the first stage was that the
artificial Robinia pseudoacacia forest gradually transited from shallow
soil layer to deep soil layer with the increase of age, the second stage is
the transition from the deep soil to the shallow soil when the deep soil
water consumption reaches a certain threshold. However, this study
found that the soil water consumption was similar to the first stage of
the above research with the increase of the age of the HA plantation,
but the rule of the second stage did not appear. The reason for this
difference may be that the sampling depth of this study is relatively
shallow (400 cm), and the sampling depth has not yet reached the
conversion threshold of soil water consumption. According to Zeng
et al. (2011), it was found that the root system of aged HA can grow
vertically down to 800 cm, which also verified the above hypothesis.
Future studies should carry out deeper soil layer research for aging
HA. It also helps to reveal the relationship between artificial
vegetation growth and soil water consumption.

3.2 The spatiotemporal behavior of SWC

The SWC showed a trend of decreasing with increasing years of
HA plantations, and the variation of SWC with plant years was
greater in the deep layer than in the shallow layer. Figure 3 shows the
variation trend of SWC with depth in the HA plantation profile at
each stand age; it can be seen that the SWC in the surface layer (0-100
cm) did not vary much with stand age during the study period and
was at a high level relative to the deeper layers, fluctuating in the range
of 0.06-0.09 cm’>cm™. The SWC in the 100-400 cm soil layer varied
greatly with the age of the forest, fluctuating between 0.02-0.09
cm’cm, with the SWC in the 100-400 cm soil layer decreasing
with depth in the 46-year-old HA plantations. The SWC in 11-, 22-
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and 34-year-old HA plantations showed a decreasing trend with a
depth from 0 to 300 cm, but there was an “inflection point” from 300
to 400 cm, where the SWC increased with depth and the “inflection
point” in 5-year-old HA plantations occurred at a more shallow level
(100-200 cm). Hu et al. (2010) used soil water storage data in the
Loess Plateau to identify temporal stability points, and found that
artificial vegetation significantly affected deep soil water. Gao and
Shao (2012) conducted research on 0-300 cm soil layer SWC in the
Loess Plateau and found that the change rate of SWC in deep soil was
lower than that in shallow soil, which was contrary to the conclusion
of this study. These differences are due to the different types of trees,
shrubs and herbs that were focused on in the study of Gao and Shao
(2012). The present study is consistent with Hu et al. (2010), which
was conducted on a mono-vegetated hillside. Compared to trees and
shrubs, herbs consume less water at shallow depths, and the effect of
vegetation factors on SWC varies with soil depth. The vegetation
factors interfered with the regularity of SWC variation with depth,
resulting in large differences in vertical soil profile variations under
different vegetation types. In addition, this study area is located in an
arid desert area with little human activity, which reduces the influence
of human activity and other factors on the soil surface moisture
changes. HA plantations are planted for a long period of time (46
years) and HA is a deep-rooted plant (Gong et al., 2019); the SWC in
the 200-400 cm soil layer is more influenced by root water
consumption, which also leads to the deep SWC changing with
planting. The SWC in the 200-400 cm soil layer is more influenced
by root water consumption, which leads to a greater variation of SWC
in the deep layer than in the shallow layer with planting age.

Figure 3 shows that there is no significant decrease in SWC in the
0-100 cm soil profile for all stand ages, while the SWC in 200-400 cm
decreases significantly after more than 11 years of HA plantations.
Moradi et al. (2017) assessed the impact of afforestation on soil
physical and chemical properties and SWC in south-west Iran, and
found that afforestation improved soil conditions but significantly
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FIGURE 3

A boxplot of the vertical distribution of soil water content (SWC) in HA plantations: (A) wasteland, (B) 5-year-old, (C) 11-year-old, (D) 22-year-old, (E)

34-year-old and (F) 46-year-old.

depleted SWC. Haque et al. (1999) studied differences in SWC in
three different plantations in the North-East of Scotland. The results
showed that, compared with the control group, the early growth stage
had little effect on SWC, while the late growth stage made the soil dry.
Wang et al. (2021) reached similar conclusion in HA plantations of
different planting years in the desert oasis transition zone of the Hexi
Corridor. Guo et al. (2016), however, found that the SWC in HA
plantations significantly increased in the 260 cm soil layer. The main
reason for the difference is that Guo et al. (2016) selected HA
plantations which were 3 years old; compared with the short
planting period in this study, the root depth of HA plantations in
3-year-old stands is shallow. In comparison, Wang et al. (2021)
selected HA planting years similar to the present study. The reason
for this phenomenon is that precipitation is low and evaporation is
high in the study area. The less precipitation mainly occurs in short
precipitation periods, and the infiltration process of precipitation is
mainly concentrated in the soil layer within 60 cm. Therefore, shallow
soils can be recharged by precipitation, while deep soil water recharge
is not significant. (Yang and Zhao, 2014). Furthermore, the
transpiration water consumption of HA is much higher than the
precipitation (Chang et al, 2007); after 22 years of planting in
particular, the excessive consumption of deep soil water by HA
roots further leads to SWC deterioration.

3.3 Temporal stability of SWC

3.3.1 Spearman’s rank correlation coefficient

For different stand ages, the correlation coefficients tended to
decrease with increasing stand age, but in general the correlation
coefficients were greater than 0.5 and highly significant (P<0.01).
Spearman’s rank correlation coefficient of SWC at each sampling
point can characterize the temporal stability of the study area as a
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whole. Figure 4 shows Spearman’s rank correlation coefficient matrix
of SWC at 0-400 cm depth for different observation dates in the study
area. As depicted in Table 2, the correlation coefficient between
August 12 and the other measurement dates is small, between 0.631
and 0.828, and the correlation coefficient between the remaining dates
is large. The reason for this discrepancy may be due to the large
variation in SWC due to the larger rainfall in the week before the July
12 sampling, resulting in a smaller correlation coefficient. The study
of Xin et al. (Xin et al., 2008) on the temporal stability of soil water
uptake also found that the temporal stability of soil water was worst
when the soil was alternately dry and wet. This indicates that the
spatial distribution of SWC at 0-400 cm depth in HA plantations in
the study area is characterized by temporal stability within the study
time; Grant et al. (2004), However, it should be noted that the
temporal stability showed a trend of time-dependent variation, The
closer the sampling time, the greater the correlation coefficient. This
result indicates that the duration of temporal stability of SWC is
limited, which is a similar conclusion in other studies with
interannual observation scales (Penna et al., 2013; Zhang and Shao,
2013a). This study was conducted based on one growing season of HA
plantations, and for future studies, a longer time series can be
considered to explore the effective period of temporal stability.

3.3.2 Relative difference analysis

Deep SWC in favor of maintaining a higher temporal stability.
However, with the introduction of artificial vegetation, the growth of
stand age gradually overshadows the soil depth factor, making the
temporal stability of deep SWC lower. Figure 5 shows the mean
relative difference (MRD) values of SWC at each sampling point in
different soil layers in descending order, and the corresponding time
index of temporal stability at depth curves; the vertical error line is the
standard deviation of relative difference (SDRD) at each sampling
point. The MRD of SWC of 5- and 11-year-old HA plantations
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Spearman'’s rank correlation coefficient heat map of 0-400 cm SWC in HA plantations: (A) 5-year-old, (B) 11-year-old, (C) 22-year-old, (D) 34-year-old

and (E) 46-year-old.

showed a trend of increasing and then decreasing; for the shallow
layer, the MRD increased gradually probably because the spatial
variability of SWC increased as the soil layer deepened (Jia and
Shao, 2013). The MRD of SWC in the deeper soil layers decreases,
probably due to the young age of the HA plantations and the failure of
the root system to grow into the deeper soil layers. For the 22-, 34-
and 46-year-old HA plantations, the MRD in SWC increased with the
increasing depth of the soil layer, and the same conclusion was
reached in the CV analysis above. The stronger the spatial
variability, the more dispersed the distribution of water content at
each sampling point, and the greater the deviation from the average
value will be; Zhang and Shao (2013) selected two plots with different
soil textures in northwest China, and evaluated the spatial
distribution of SWC. The results showed that the deeper the soil
depth, the greater the MRD of SWC, which was similar to the
conclusion of this study. In a gravel-mulch field in northwestern
China, in relation to the spatial and temporal stability of SWC, Zhao
etal. (Zhao et al., 2017) found that the MRD decreases with increasing
soil depth; the reason for this difference lies in its small research scope
(32*32 m), and the gravel-mulch field soil has a homogeneous texture
and uniform sand and gravel cover, resulting in its weak spatial
variability of SWC. Li et al. (Li et al., 2015) found that the fluctuation
range of the MRD may be related to the study scale, test placement,
sampling method, etc. With the expansion of the study area, the more
complex the corresponding soil properties, topography and
vegetation cover, the stronger the spatial variability of SWC, and
the range of the MRD also increases (Martinez-Fernandez et al,
2003). Spatial variability is the result of the interaction of different
dominant factors at different spatial scales, and in the process of scale
transformation, the influencing factors also change, so the results of
studies at different scales vary (Sun et al., 2022). Therefore, for specific
research objects, the sampling scale range and sampling granularity
need to be considered in order to have a better explanation of the
spatial heterogeneity of SWC (Fagan et al., 2003). Figure 4 also shows
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that the MRD is asymmetric, with negative absolute values greater
than positive values, due to the fact that the SWC at more sampling
points is less than the mean value, probably because the soil at the
measurement site has a gravel content, which is not conducive to
water retention.

The magnitude of the SDRD can characterize the degree of
temporal stability of SWC at the sampling point; the smaller the
SDRD, the higher the temporal stability. Figure 4 shows that 5-,11-
and 22-year-old HA plantations is in line with the trend of decreasing
SDRD with soil depth deepening, but not at ages 34 and 46, indicating
that deep soil water of HA plantations at the age of 5,11, and 22 is not
disturbed by vegetation and has higher temporal stability. However,
SWC in the deep layer of HA at 34-,46-year-old was greatly disturbed
by vegetation, so the temporal stability of SWC did not show a
decreasing trend with soil depth., which was consistent with the
MRD analysis above. Temporal stability of SWC is the result of the
interaction of many factors such as vegetation, topography, climate and
soil (He et al,, 2021). The study area is on the edge of the desert. The
climate environment of low rainfall and high evaporation has its own
special effects on the temporal stability of soil water; long time soil
freezing makes the mid-soil flow a predominantly vertical movement;
meanwhile, the soil dry layer induced by vegetation water depletion
hinders the vertical movement of soil water and limits the recharge of
deep soil water. Ding et al. (Ding et al., 2020) concluded that artificially
restored vegetation has a certain impact on SWC in the rhizosphere,
but it has less impact below the rhizosphere, mainly because the
vegetation growth period is short and the vegetation characteristics of
slow growth make its ecological water consumption low, and the
precipitation basically meets the vegetation growth demand.
However, this study found that as the growth years of HA
plantations increased, it had a non-negligible effect on the changes of
SWC dynamics; precipitation and evaporation are the most direct
influencing factors of SWC, but there are large differences in response
to different soil depths. Surface runoff caused by strong rainfall on the

frontiersin.org


https://doi.org/10.3389/fpls.2023.1099217
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhou et al. 10.3389/fpls.2023.1099217
Fo
E 1] 5-year (0—100 em) Seyear (100—200cm) 5-year (200300 cm) 5-year (300—400 cm)
:“:“ 2. \_ A3-3- " Ad1
H \N._.~=
-
: o — A y..... A32. Loopr AR
e
¢
g A35
Yo
z
% [i1year 0-100 cm) 11-year (200—300 cm)
S
= -~ B1-4
= .
Ix
v
-
v
a
F
4
e
oY
=
Fa
Ew 22-year (100200 c¢m)
3w —_—C22.
> ¢ SeEe—— : c2-5-
>
F
[
3 :: C24
=
Z o
'é " 34-year (0—100 cm) 34-year (100—200 ¢cm) 34-year (300—400 cm)
= D11
S0 N\ r
s = D14
; 04 D1-3 ol PR miems
Za
g
F -0
240
Fw
S
Zn
v
T o
>
Zm
£
e -0
-~

FIGURE 5

Ranked mean relative difference (MRD) of SWC in the diverse soil layers in HA plantations, the letters in the figure represent different stand ages: (A) 5-
year-old, (B) 11-year-old, (C) 22-year-old, (D) 34-year-old and (E) 46-year-old. The numbers in the figure are the sample point numbers. The solid gray
line indicates MRD, the red line is the baseline with an average relative deviation of 0. Error bars represent the standard deviation of relative difference
(SDRD). The most time-stable locations are indicated by the red dots. The blue dotted line indicates index of temporal stability at depth.

slope surface replenishes surface SWC significantly; while it is not
conducive to deep SWC infiltration and evaporative dissipation of
surface SWC is large, the rough soil texture is weak in lifting deep SWC,
and the combined factors lead to deep SWC in favor of maintaining a
higher temporal stability. However, with the introduction of artificial
vegetation, the growth of stand age gradually overshadows the soil
depth factor, making the temporal stability of deep SWC lower.

The results of the above-mentioned study showed that the
temporal stability of deep soil layers was higher than that of
shallow layers, and the temporal stability characteristics of SWC
were depth-dependent for HA plantations before 22 years of age.
This is consistent with the results of related studies (Gao and Shao,
2012a). However, for older HA plantations there is an opposite
performance in deeper soils (200-400 cm). It is worth to note that,
limited by the experimental conditions, this study only studied SWC
in HA plantation with a stand age of 5,11,22,34, and 46 years, and
could not find a continuous stand that met the experimental
conditions. Therefore, appropriate models should be selected for
future research in order to evaluate SWC more accurately.

Frontiers in Plant Science

3.3.3 Representative sampling locations

The correlation with the mean value of SWC in the corresponding
soil layer is high, and the average SWC of each soil layer in the study
area can be estimated more accurately. Zhang et al. (Zhang et al,
2016) show that representative sampling locations (RSL) can be
selected to estimate the regional average SWC according to the
principle that the MRD is close to 0 and the SDRD is relatively
small. To verify the reasonableness of the RSL, the SWC of each RSL
was compared with the average SWC of each soil layer, and it was
found that the SWC of each measurement point fluctuated slightly
around the average SWC (Figure 6). Meanwhile, the regression
analysis between the mean SWC values of different soil layers and
the RSL during the observation period showed that the coefficient of
determination R* of each soil layer from 0 to 400 cm varied in the
ranges of 0.88-0.95, 0.60-0.95, 0.49-0.95 and 0.53-0.95, indicating
that the correlation between the mean SWC values of each RSL and
the corresponding soil layer was high. The correlation with the mean
value of SWC in the corresponding soil layer is high, and the average
SWC of each soil layer in the study area can be estimated more
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FIGURE 6

Comparisons of measured SWC at the most time-stable location with the estimated values in the four soil layers under five different stand ages: (A) 0—

100 cm, (B) 100—200 cm, (C) 200—300 cm, (D) 300—400 cm.

accurately, but the temporal stability of the deep SWC gradually
decreases with increasing growth years of HA plantations.

3.4 Implications for future
afforestation activities

In order to prevent further desert expansion, China introduced
many plant species in the 1970s (Ahrends et al., 2017). The excessive
water consumption of artificial vegetation has broken the dynamic
balance between precipitation and native vegetation, and many new
environmental problems have emerged (Gao and Shao, 2012b; He
et al, 2019). In recent years, there have been numerous studies
showing that the massive consumption of soil water by artificial
vegetation leads to a decrease in SWC and has a negative impact on
vegetation growth, which in turn threatens the health of the
ecosystem (Chang et al., 2007; Xin et al., 2008; Zhang and Shao, 2013).

In our field survey, we found that when the SWC dropped to 0.02-
0.03 cm’cm™ after 30a of HA planting, the leaves fell off in large
numbers and the individual biomass decreased significantly.
Moreover, when the SWC was at 0.01-0.02 cm®>cm™, the sand-
fixing plants appeared to decline; at about 1% the sand-fixing plants
died in large numbers. Although HA can reduce the water
consumption of aging photosynthetic organs by withering leaves
and branches, the water scarcity of old leaves, branches and stems
is extremely serious and has basically reached its limit. The further
shedding of a large number of leaves and branches reduces its
individual biomass and deteriorates its survival ability. Finally, the

Frontiers in Plant Science

135

10.3389/fpls.2023.1099217

—
(=]

5-year R*=0.95 B
11-year R*=0.75
O 22-year R’=0.65
34-year R*=0.64
O  46-year R?=0.60

@
1

Mean soil water content (cm3cm-3)
L)

2 4 6 8
Mean soil water content of RSL (cm3cm3)

O 5-year R*=0.96 D

11-year R=0.97
O 22-year R=0.95
840 34-year R%=0.62

O  46-year RW
6-

o K
P

2% : v
2 4 6 8 10

Mean soil water content of RSL (cm3cm3)

104

£
M

Mean soil water content (cm3cm3)

stems also dry up and break due to too little water in the plant.
Therefore, based on the above findings, we suggest that moderate
manual interventions, such as pruning of dead branches, proper
irrigation and some level of crop flattening or intercropping after
30-40a of HA planting, may have positive implications for the revival
and rejuvenation of HA plantations. It is worth noting that this study
based on the same planting density on the SWC of different age HA
plantations, to avoid the planting density to interfere with the results
of the study. In the actual afforestation project, usually through
adjusting the planting density to reduce the deep soil water
consumption. Therefore, future research should further establish
mechanism models through vegetation growth and soil water
consumption to provide theoretical basis for rational
afforestation engineering.

4 Conclusions

1. The SWC of 0-400 cm of Haloxylon ammodendron plantations
t in the study area showed a decreasing trend with the increase of HA
planting age, and the HA plantations consumed mainly shallow soil
water in 5- and 11-year-old stands, while 22-,34-and 46- year-old
consumed mainly deep soil water.

2. The distribution of SWC at 0-400 cm depth in the HA
plantations in the study area was characterized by temporal stability
during the study time period, but it should be noted that the temporal
stability showed a time-dependent trend, with the correlation
coefficient increasing the closer the sampling time and tending to
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decrease as the time interval increased. This result indicates that the
duration of temporal stability of SWC is limited.

3. Afforestation (e.g., Haloxylon ammodendron) is an important
measure to prevent wind and sand fixation in desert areas, which is of
great significance to the sustainable development of the ecosystem.
Our study found that the age of vegetation has an important influence
on the deep SWC dynamics, and with the increase of forest age, the
water depletion of vegetation roots leads to the degradation of SWC in
the study area, and the temporal stability also decreases with the
increase of forest age and soil depth, therefore, in the future
afforestation work in the Alxa desert area, appropriate moisture
control measures should be taken for HA plantations of advanced
forest age.
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Tree seedling growth
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Plants allocate growth to different organs as a strategy to obtain limiting
resources in different environments. Tree seeds that fall from a mother tree
settle on, within, or below the forest floor and litter layer, and their relative
positions can determine seedling biomass and nutrient allocation and ultimately
affect survival to the sapling stage. However, how emerged seedling biomass and
nutrients of each organ are affected by seeds in different positions is not yet
completely understood in subtropical forests. Therefore, an experiment was
conducted with seeds positioned above the litter layers of different thicknesses,
on the forest floor, and beneath the litter layer, and the influences of seed
position on biomass allocation and nutrient use efficiency of emerged seedlings
of Castanopsis kawakamii was examined. The aim of the study was to determine
the optimal seed position to promote regeneration. Allocation strategies were
well coordinated in the emerged seedlings from different seed positions.
Seedlings from seeds positioned above litter layers of different thicknesses
(~40 and 80 g of litter) allocated growth to leaf tissue at the expense of root
tissue (lower root mass fraction) and increased nitrogen (N) and phosphorus (P)
accumulation and nutrient use efficiency. Seedlings from seeds positioned
beneath a deep litter layer allocated most growth to roots (high root: shoot
ratio, root mass fraction) to capture available resources at the expense of leaf
growth. Seedlings from seeds positioned on the forest floor allocated most
growth to roots to obtain limiting resources. Further, we also found that these
traits were clustered into three groups based on trait similarity, and the
cumulative interpretation rate was 74.2%. Thus, seed relative positions
significantly affected seedling growth by altering the allocation of resources to
different organs. The different strategies indicated that root N:P ratios (entropy
weight vector was 0.078) and P nutrient use efficiency were essential factors
affecting seedling growth in the subtropical forest. Of the seed positions
analyzed, beneath a moderate litter layer (~40 g of litter) was the most suitable
position for the growth and survival of Castanopsis seedlings. In future studies,
field and lab experiments will be combined to reveal the mechanisms underlying
forest regeneration.

KEYWORDS

biomass allocation, Castanopsis plant, nutrient use efficiency, plant traits, seedling
adaptability, trade-off strategy
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1 Introduction

Plants achieve rapid growth by altering allocation strategies to
capture the most available resources (i.e., water, light, and
nutrients). For example, plants allocate growth to shoots or roots
to, respectively, capture light or soil water and nutrients, which
indirectly affects plant regeneration (Umana et al., 2020). In forest
ecosystems, seedlings are the most vulnerable stage in plant life
histories (Yang et al., 2015), and the early developmental stages of
seedlings are more sensitive to environmental alterations than adult
stages (Wellstein, 2015). Further, forest community dynamics are
unpredictable in subtropical forests due to the complex interaction
among tree seedling growth, traits allocation of each organ, and
environmental conditions (Bhadouria et al.,, 2017). Thus,
understanding how seedling allocation responds to variations in
the environment is a major goal in forest regeneration.

Litter or soil is the initial physical environment that seeds contact
after falling from a tree (Ruprecht and Szabo, 2012; Werden et al,
2020), and seeds can settle on, within, or beneath the forest floor and
litter layer (Wellstein, 2015). Seeds settle on the forest floor by animal
dispersal or gravity (Huang et al., 2021; Perea et al., 2021), and then
experience strong but effective photosynthetic radiation (high-
intensity light). In this case, emerged seedlings prioritize the
investment of resources into roots to expand root area to absorb
and store water (water limitation theory) (Ma et al., 2021), thereby
altering above- and belowground allocation patterns of seedlings
(Umana et al., 2021). Seeds also settle on top of the litter layer because
the physical barrier of litter prevents seeds from reaching the soil
(Rotundo and Aguiar, 2005; Nufiez et al., 2021). In this case, the roots
of emerged seedlings cannot contact the soil, which affects seedling
establishment (Rotundo and Aguiar, 2005). When litter input occurs
after seed rain, seeds settle beneath the litter layer. The physical
barrier caused by litter must be penetrated for seedling emergence,
which alters resource allocation (Donath and Eckstein, 2011). A
forest litter layer can reduce light intensity and quality, and regulate
the physical and chemical environmental factors, e.g., soil moisture
and nutrients, leading to less active heat exchange between the forest
floor and canopy (Ruprecht et al,, 2010). In this case, litter facilitates
seedling growth by providing rich nutrient resources [e.g., nitrogen
(N) and phosphorus (P)] (Quested and Eriksson, 2006), and provides
important protection and buffering effects for early plant regeneration
(Zhang et al,, 2022). However, litter also restricts seedling
establishment (Zhang et al, 2022), and deep litter can act as a
mechanical barrier that causes the extinction of light, which affects
seedling emergence (Loydi et al., 2015). Ellsworth et al. (2004) also
observed that photosynthetically active radiation reaching the forest
floor decreases under deep litter layer. Therefore, under the deep
litter, the litter layer negatively affects seedling settlement (Zhu et al,
2022b). Thus, understanding how seed relative positions in relation to
the litter layer and forest floor affect the trade-offs between above-
and belowground allocation of emerged seedlings will help to clarify
plant resource acquisition strategies.

Castanopsis is a common tree genus in subtropical evergreen
broad-leaved forests and is widely used in forest restoration (Du
et al, 2007; Yang et al, 2015). The regeneration dynamics of
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Castanopsis plants directly affect future species composition and
community structure of subtropical forest ecosystems (Huang et al.,
2020). In this study, we focus on seedlings since it represents an
important demographic bottleneck for forest communities, and
whether seedlings survive determines the success of natural
regeneration (Walck et al,, 2011; Yang et al., 2015; Umana et al,
2016). The Castanopsis kawakamii Nature Reserve in Sanming City
includes the typical evergreen broad-leaved tree species in
subtropical forests throughout southeastern China (He et al,
2019). The canopy is closed because of the high forest
biodiversity. There is a deep litter layer in the understory, and
seed relative positions are the most common factor affecting
seedling recruitment and turnover rate from seedlings to saplings
(He et al,, 2020). However, the effects of seed relative positions in
the litter layer on emerged seedling growth remain unclear. Because
of the effects of seed relative positions, regeneration dynamics and
recovery strategies of seedlings in the understory are typically
uncertain (He et al, 2019; He et al, 2020; Zhu et al.,, 2022b),
presenting a challenge to forest management.

Thus, Castanopsis kawakamii, one of the most widely distributed
dominant tree species in natural evergreen broad-leaved subtropical
forest communities, was selected as the research object in this study.
This study examined whether differences in allocation to seedling
shoots and roots resulting from seed relative positions affected natural
regeneration in subtropical forests (Figure 1). To understand the
relationship between seedling allocation and regeneration, it is
essential to determine how seed position in relation to the forest
floor and litter layer alters allocation to seedling shoots and roots.
Determining how seed position affects seedling resource allocation
can help to identify the most suitable seed position for seedling
regeneration in a subtropical forest. Therefore, seedling above- and
belowground biomass and nutrient content traits were measured to
reveal how seed positions affect seedling resource allocation.

2 Materials and methods
2.1 Site description

The study site was located in the Castanopsis kawakamii Nature
Reserve in Sanming City, Fujian Province, China (26°07'-26°12'N,
117°24'-117°29'E). The region has a subtropical monsoon climate
(He et al., 2019; He et al., 2020). The average annual temperature is
19.5°C, and the average annual precipitation is 1,500 mm. Canopy
closure is approximately 80% across the region (He et al, 2019).
Vegetation is typical subtropical evergreen broad-leaved forests,
with the tree layer co-dominated by C. kawakamii (average age >
100 years), Litsea subcoriacea, and Schima superba (He et al., 2020;
Zhu et al., 2022a).

2.2 Collection of materials

In March 2018, 10 sampling plots dominated by C. kawakamii
were established in the Castanopsis kawakamii Nature Reserve. Five
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Conceptual model of the physical effects of litter, which cause seed positions to facilitate or inhibit plant regeneration. Yellow, gray, and dashed
arrows represent the physical effects of litter, light extinction effects, and possible chemical effects/feedbacks of litter, respectively. Gray points
represent seeds fallen from mother trees. (A—D) describe different positions of seeds that fall from mother trees. After germinating, seedlings from
different seed positions have different growth patterns because of litter thickness and associated physical effects. Experimental design: (A) seeds
positioned on the forest floor (without litter), (B) seeds positioned on top of litter, (C) seeds positioned beneath moderate litter cover (2 and 4 cm),

and (D) seeds positioned beneath the deep litter cover (6 and 8 cm).

1 m x 1 m litter traps were placed 1 m above the forest floor in each
plot (Zhu et al., 2022b). To reduce the experimental error caused by
differences in litter types, litter from the traps was collected once a
month, mixed in the laboratory, and then oven-dried to a constant
weight at 65°C for 72 h.

From October to December 2018 (depending on the peak seed
fall period), full and intact seeds were collected and then stored in
sand. Before conducting a germination experiment, we placed seeds
in distilled water for 3 h, removed the floating and inferior seeds,
and selected the intact and pest-free seeds for disinfection using
0.5% KMnO,. For specific details, see Zhu et al. (2022a).

The relatively thick humus layer (0-10 cm) and intricate plant
roots systems on the forest floor of the C. kawakamii natural forest
prevented seeds from always contacting the forest floor. Thus, soil
was collected from a depth of 10-40 cm in each sample plot. The soil
from each plot was a mixture of soil from the east, south, west, north,
and center positions of each plot. The soil was passed through a 5-
mm sieve to remove roots and stones. The soil was then sterilized in
an autoclave for 30 min at 120°C to reduce the probability of seeds in
the soil being infected by pathogens (Liang et al., 2019).

2.3 Experimental design

A germination experiment was conducted in a large indoor
laboratory in January 2019. Germination pots measured 38.5 cm X
27.5 cm X 14 cm, and litter weight was calculated according to pot
volume. A completely randomized experimental design included
seven seed-position treatments. Seeds positioned above the litter
layers included one positioned in a 2 cm thick litter layer (~40 g of
litter) and one positioned in a 4 cm thick litter layer (~80 g of litter).
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That is, seeds were in direct contact with the litter layer. Seeds’
relative positions on the forest floor or beneath the litter layer meant
direct contact between the seeds and forest soil. Seeds positioned on
the forest floor without litter cover layer. Seeds positioned beneath
the litter layer meant that they are covered by 2 cm (~40 g of litter),
4 cm (~80 g of litter), 6 cm (~120 g of litter), and 8 cm (~160 g of
litter) of litter (Zhu et al., 2022b). Each position included three
experimental pots, and each pot was sown with 50 seeds of uniform
size (2.062 + 0.06 g). Thus, the experiment included a total of 21
experimental pots. Litter thickness was determined by weight, and
the thickness of litter at each position was kept as consistent as
possible during the study. Seeds began to germinate in mid-
February, and germination was complete in mid-April 2019.
Emerged seedlings, i.e., those that successfully penetrated through
the litter cover, were counted every three days until the number of
emerged seedlings did not increase on three consecutive days
(Wellstein, 2015). Seedlings were cultivated for 6 months after
emergence to measure above- and belowground traits. Pots
received the same amount of water (200 mL/pot) every two days
and were moved regularly to ensure similar environmental
conditions for all pots during seedling growth (Zhu et al., 2022b).
Soil moisture was determined based on the average annual
humidity of the C. kawakamii natural forest (18%-27%) (Wang
et al., 2021b), and litter thickness reached the mean annual value of
litter in the natural forest of C. kawakamii (432.5-922.5 g/m?).

2.4 Seedling biomass

In December 2019, functional traits were measured on
individual seedlings. Three surviving individual seedlings in each
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experimental pot were harvested to measure biomass and nutrients.
Fully expanded leaves of seedlings without obvious pests and
diseases were selected, and roots were separated from the main
stems and leaves. Each organ was carefully cleaned of soil with
deionized water, ensuring the integrity of roots as much as possible.
Plants’ tissues were placed in marked envelopes and returned to the
laboratory for further analysis. Roots, stems, and leaves were oven-
dried to constant weight at 65°C for 72 h, and dry matter mass
(0.0001 g) was determined to calculate traits related to biomass
allocation. Root: shoot ratio was calculated as root biomass divided
by the sum of stem and leaf biomass. Mass partitioning into
photosynthetic and non-photosynthetic tissues was calculated as
photosynthetic tissue (leaf biomass) divided by non-photosynthetic
tissue (sum of stem and root biomass) (Umaiia et al., 2020). Total
plant biomass was the sum of root, stem, and leaf biomass. Root
mass fraction, stem mass fraction, and leaf mass fraction were
calculated as root, stem, and leaf biomass divided by the total plant
biomass, respectively (Shen et al, 2019b). The mean value was
determined from the three surviving individual seedlings in each
experimental pot (n = 3) and was regarded as one available value.

2.5 Nutrient contents

Dried seedling roots, stems, and leaves were crushed by mortar
and sieved through a 0.15-mm mesh. Total N contents of roots,
stems, and leaves were determined by an elemental analyzer
(VARIO MAX CUBE, Elementar Analysensysteme GmbH,
Germany), and total P contents were determined by inductively
coupled plasma emission spectrometer (ICP-OES, PE OPTIMA
8000, PerkinElmer Inc., USA). The N:P ratios in root, stem, and leaf
were calculated as N contents divided by P contents of the different
tissues. The total N and P contents of plants were determined by
biomass-weighted mean values of N and P contents of leaves, stems,
and roots. Total N and P accumulation were determined by
multiplying total plant biomass and total nutrient contents. Plant
nutrient use efficiency was calculated as total plant biomass divided
by total plant nutrient content (Bridgham and Pastor, 1995).

2.6 Statistical analyses

To analyze differences in biomass and nutrient allocation of
emerged seedlings from different seed positions, the normality of all
variables was first tested using the “shapiro.test” function. Then, “aov”
and “duncan.test” functions in the “agricolae” package were used to
identify significant differences among means of seedling traits from
different seed positions (de Mendiburu, 2009). To assess relationships
within data, effect size and 95% confidence interval (CI) were also
tested for significant differences, and ‘effect size’ was replaced with
‘mean difference’ to estimate the magnitude of an effect (Nakagawa
and Cuthill, 2007). Pearson correlation analysis was performed using
the “corrplot” package (Friendly, 2002) to examine correlations
between biomass and nutrient contents of different organs.

To consider the similarity between individuals and reduce the
dimension of a primary matrix containing mixed types of variables
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in each organ of C. kawakamii seedlings, biomass and nutrient
contents were incorporated into a principal component analysis
(PCA) using the “prcomp” function from the “factoextra” package,
and the first two dimensions were extracted (Kassambara and
Mundt, 2017). The analysis was also used to identify the adaptive
strategies of seedlings from seeds in different positions.
Furthermore, k-means cluster analysis was used to group similar
traits in the “cluster” package based on the nearest neighbor
method, and the “factoextra” package was used to determine the
optimal number of clusters (Kassambara and Mundt, 2017). The
number of points of categorical variables was also extracted, and
figures were prepared using the “prcomp” function to classify
differences among seed positions. The primary matrix included 19
quantitative variables (including mass partitioning into
photosynthetic and non-photosynthetic tissues, root: shoot ratio,
total biomass, root mass fraction, stem mass fraction, leaf mass
fraction, N and P contents of each organ, N:P ratios of root, stem,
and leaf, N accumulation, P accumulation, N nutrient use efficiency,
and P nutrient use efficiency) for the seven seed positions. The
software R 3.5.3 was used for statistical analyses and the preparation
of figures (R Development Core Team, 2020).

To determine the most suitable seed position for C. kawakamii
seedling growth, the maximum difference normalization method was
used to eliminate the effects of different trait dimensions (Zou et al.,
2006). The entropy method was used to determine the objective
weight of the abovementioned traits in fuzzy synthetic evaluation
(Zou et al., 2006). Positive indices were those with high trait values
indicating low-stress levels. However, the allocation of biomass and
nutrient contents of roots, stems, and leaves represented plant
adaptation strategies and explained the degree of environmental
stress. Increases in values of different traits indicate plant priorities
in obtaining resources. Thus, in this study, all traits were considered
positive indicators, and in a synthesis of all the influencing factors,
trait entropy weights were calculated. With this approach,
comprehensive evaluation scores of different seed positions were
obtained (Zou et al., 2006; Zhong et al., 2021), and the most suitable
seed position for seedling growth was determined.

3 Results

3.1 Biomass allocation to roots, stems,
and leaves

Plant biomass allocation in C. kawakamii seedlings from
different seed positions was significantly different (Figures 2, S1;
Table S1). Total biomass (Figure 2A), root mass fraction
(Figure 2B), stem mass fraction (Figure 2C), and root: shoot ratio
(Figure S1) of seedlings from seed positions above the litter layer
were lower than those of seedlings from seed positions beneath litter
layer, with leaf mass fraction being the exception (Figure 2D).
Biomass values varied significantly with increasing thickness of the
litter layer, and root mass fraction (Figure 2B), stem mass fraction
(Figure 2C), and root: shoot ratio (Figure S1) of seedlings from
seeds positioned beneath the deep litter cover were higher than
those of seedlings from other seed positions.
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roots, stems, and leaves

In different seed positions, leaf N contents and N:P ratios were
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and root tissues of seedlings from seeds positioned above the litter
layer were higher than those of seedlings from seeds positioned
beneath the litter layer.

3.3 Nutrient accumulation and nutrient
use efficiency

Seed positions altered whole-plant N and P accumulation and
nutrient use efficiency (Figure 5; Table S1). N accumulation, N and
P nutrient use efficiencies of seedlings from seeds positioned under
moderate litter layers (~40 and 80 g of litter) were overall higher
than those of seedlings from other seed positions, whereas seedling
P accumulation was lower than that from seeds positioned above
the litter layer. Nutrient accumulation and use efficiency of emerged
seedlings from seeds positioned beneath the deep litter layer and on
the forest floor were lower than those of seedlings from seeds in

other positions.

3.4 Correlations between biomass and
nutrient contents

Biomass allocation to each organ was highly significantly
correlated with nutrient contents (Figure S2). In a PCA, the first
two dimensions explained 74.2% of the variability (Figure 6A). The
first dimension (Dim 1) of the PCA accounted for 44.6% of the
variance and indicated relatively high P nutrient use efficiency, root N:
P ratios, N nutrient use efficiency, total biomass, and N accumulation,
and relatively low root P contents were positively correlated (Figure
S3A). The second dimension (Dim 2) captured 29.6% of the variance
and indicated relatively low leaf N:P ratios, stem N:P ratios, and leaf N
contents were negatively correlated (Figure S3B).

The nearest neighbor method was used to cluster seedlings from
different seed positions according to close and distant relations of
trait similarity, and seedlings from seed positions with the greatest
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trait similarity were clustered together (Figure 6B). Principal
components were extracted from biomass and nutrient indices,
which were then clustered into three groups. One group included
emerged seedlings from seeds positioned at different depths beneath
the moderate litter layer (~40 and 80 g of litter), which had higher
total biomass, nutrient accumulation, and nutrient use efficiency
than seedlings in the other groups. A second group included
seedlings from seeds positioned on the forest floor and beneath
the deep litter layer, which had relatively high root biomass and
nutrient contents. The third group included seedlings from seeds
positioned on top of the litter layer, which all had high
trait similarity.

3.5 A comprehensive evaluation of
different seed positions

The entropy weight vectors of biomass and nutrient contents of
emerged seedlings indicated that root N:P ratios had the highest
entropy weight vector, whereas root mass fraction had the lowest
entropy weight vector (Table S2). The comprehensive score of the
seed position beneath moderate litter cover (~40 g of litter) was
significantly higher than that for the other positions, indicating the
position had the most significant positive effect on seedling growth
(Figure 7; Table S1). However, the lowest comprehensive score was
for the seed position above the litter layer (~80 g of litter), indicating
that the position might inhibit seedling growth.

4 Discussion

4.1 Effects of seed position on trade-off
strategies in seedling biomass allocation

In this study, the trade-offs involved in the above- and
belowground biomass allocation strategies of seedlings were
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examined in response to seeds positioned on, within, and beneath
the litter layer. Seedlings allocate growth to different tissues to
increase the capture of the most limiting resource (Hodanova,
1981), which ultimately affects the performance of individuals
from different seed positions (Weemstra et al., 2021). Biomass
allocation patterns indicated that seedlings from seeds positioned
beneath the litter layer (~40 and 80 g of litter) had relatively high
photosynthetic tissues at the expense of root tissues, whereas
seedlings from seeds beneath the deep litter layer (~120 and 160
g of litter) decreased aboveground tissues by facilitating biomass
allocation to belowground tissue. Therefore, when one organ
receives additional resources, a decrease in investment in another
organ is inevitable (Luo et al, 2020), indicating that plants take
advantage of trait plasticity to maintain total growth. Litter acts as a

physical barrier to seedling establishment (Wellstein, 2015), and the
deep litter layer might cause respiration in biological mechanisms
that cannot meet the needs for seedling photosynthesis (Zhang and
Xi, 2021). To occupy a favorable position in the vertical direction,
emerged seedlings from seeds positioned beneath the deep litter
layer allocate additional carbohydrates to belowground tissue, and
transfer excess nutrients to aboveground tissues to improve the
acquisition of resources (Shen et al., 2019a; Ottaviani et al., 2020).
Litter directly affects the light intensity reaching the forest floor, and
indirectly leads to wilting or plant death (Sayer et al., 2006; Xia et al.,
2019). Thus, when seedlings emerge from a seed position beneath a
deep litter layer, the resulting variability in light intensity causes
shifts in the ecological strategies that increase growth (Umana et al.,
2021). Under a deep litter layer, emerged seedlings increase
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Relationship between biomass and nutrient contents in each organ of seedlings from seeds in different positions. (A) First two dimensions of
principal component analysis. (B) Cluster analysis groups of individual categorical variables (seven seed positions). Cos2 value indicates the
contribution of principal components, and cluster indicates the optimal number of clusters. The endpoint of cluster analysis was a set of clusters,
with each cluster distinct from the others and objects within each cluster broadly similar to one another. Mass partitioning into photosynthetic and
non-photosynthetic tissues (PNP), root/shoot ratio (RS), total plant biomass (TB), root mass fraction (RMF), stem mass fraction (SMF), leaf mass
fraction (LMF). Root nitrogen contents (RN), stem N contents (SN), leaf N contents (LN), root phosphorus contents (RP), stem P contents (SP), and
leaf P contents (LP). N:P ratios of roots (RN:P), N:P ratios of stems (SN:P), N:P ratios of leaves (LN:P); N accumulation (N.A), P accumulation (P.A), N

nutrient use efficiency (N.NUE), and P nutrient use efficiency (P.NUE).
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investments in root biomass at the expense of aboveground tissues
to acquire the most available resources and optimize total growth
(Hodanova, 1981). In addition, the presence of a grass layer also
plays a major role in tree seedlings” growth and establishment and
competes with the roots of emerged seedlings for available soil
resources, thus limiting the rapid seedling growth in this position
(Bhadouria et al., 2020). However, litter can also block heat
exchange between the soil and the external environment, prevent
seedlings from being burned by high light intensities (Donath and
Eckstein, 2011), release nutrients by decomposing, as well as reduce
the possibility of seed predation (Wellstein, 2015). These interactive
effects of light, nutrient availability caused by the litter layer, and the
variations of relative positions contribute to seedling survival and
recruitment (Bhadouria et al., 2020). When seedlings emerge from
seeds positioned beneath or above a moderate litter layer (~40 g of
litter), suitable environmental conditions can promote leaf carbon
uptake and assimilation and thus facilitate leaf biomass
accumulation to increase photosynthesis (de Groot et al., 2003).
Simultaneously, plants can convert products of photosynthesis into
resources that can be absorbed and used in natural regeneration (de
Groot et al., 2003). Thus, in the case of seeds positioned beneath or
above a moderate litter layer, the emerged seedlings altered the
investment of each organ to receive the most available resources.
The biomass allocation strategy (i.e., relatively high root
biomass) of seedlings from seeds positioned on the forest floor
(i.e., bare soil) is consistent with the water limitation theory (Ma
et al,, 2021). When suffering from water limitation, plants always
allocate more energy to belowground tissue to absorb and store
water resources, and reduce leaf biomass to decrease water loss
caused by transpiration (Ledo et al., 2018; Ma et al., 2021). In this
study, emerged seedlings from seeds positioned on the forest floor
invested in root biomass at the expense of leaf and stem tissues. The
response was likely because rapid water evaporation easily
transforms the forest floor into an arid environment, resulting in
the lethal desiccation of seedlings (Wellstein, 2015). Furthermore,
compared with seedlings germinating in the litter layer, emerged
seedlings on the forest floor may be exposed to strong light intensity
and experience burnt leaves (Ellsworth et al., 2004). In this position,
emerged seedlings might increase allocation to roots to increase
access to available resources and continue growth (Boonman et al.,
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2020). Thus, water balance and light intensity are critical factors in
modulating the response of each organ to resource variation to
maximize performance. In summary, to capture available resources,
biomass allocation to each organ of seedling was well coordinated in
different positions, which could lead to successful
seedling recruitment.

4.2 Effects of seed position on trade-off
strategies of seedling nutrient contents

Plant N and P contents and N:P ratios reflect the dynamic
balance of nutrients and adaptation strategies of plants as affected
by resource supply and demand (Koerselman and Meuleman, 1996;
Jing et al,, 2017), and are also closely associated with plant
photosynthesis ability (de Groot et al, 2003). Generally, plants
avoid damage in harsh environmental conditions and increase
survival by maximizing organ strength (Shen et al, 2019b). In
this study, emerged seedlings from seeds positioned beneath the
deep litter layer generally had higher N and P contents than
seedlings from other seed positions. This general pattern is
consistent with the observations made by Donath and Eckstein
(2011) and might be attributed to the strong positive correlation
between litter thickness and light extinction (Sayer et al., 2006).
With increasing litter thickness, light extinction directly offsets the
photosynthetically active radiation received by plants (Xia et al,
2019). Emerged seedlings from seeds positioned beneath the deep
litter layer increased investment in N and P contents to intercept
light resources, and increase photosynthetic rates (Poorter et al,
2019). Nutrient contents are also transferred to roots to break
through the litter mechanical barrier (Zhu et al., 2022b).
Furthermore, the N and P contents of seedlings from seeds
positioned on the forest floor were higher overall than that of
seedlings from other seed positions. The likely cause of this result
was that seedlings allocate more growth to root tissue to capture the
most available resources (e.g., water or organic matter), thus
achieving growth (Loydi et al., 2015; Yang et al., 2018). On the
forest floor, water limitation decreases the adsorption and
dissolution of inorganic P and blocks the upward transport of N
and P because xylem embolisms form (He and Dijkstra, 2015; Yang,
2018). In this study, seedlings from seeds positioned on the forest
floor had higher N and P contents in roots than in stems and leaves,
which further confirmed the increased investment in root tissue.
However, a moderate litter layer (~40 g of litter) overall decreased N
and P contents of the shoot and root tissues compared with those of
emerged seedlings from seeds positioned on the forest floor. Litter
was assumed to alter the forest microenvironment (Donath and
Eckstein, 2011) and minimize strong light radiation. In a moderate
litter layer, litter reduces the evaporation rate of soil moisture and
provides a shaded environment (Poorter et al., 2019), which further
promotes seedling recruitment. In this case, seedlings accelerate the
absorption and use of nutrient resources rather than balance
supplies and demand to achieve rapid growth, which resulted in
nutrient contents that were lower than those of other positions.

The N:P ratio is used to evaluate nutrient-limiting conditions in
plants, and N:P ratio < 14, 14 < N:P ratios < 16, and N:P ratios >16
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generally indicate limitations of N, both N and P, and P, respectively
(Koerselman and Meuleman, 1996; Reich and Oleksyn, 2004; Han
et al., 2005). In this study, N:P ratios (<14) were highest in leaves,
intermediate in stems, and lowest in roots, which indicated that the
growth of emerged seedlings was mainly limited by N (Figure 4).
Leaf tissue synthesizes proteins via photosynthesis, and N-restricted
seedlings obtain the most limited resource by increasing investment
in leaves at the expense of non-photosynthetic tissues (Umarna et al.,
2020). This trade-off directly leads to higher N:P ratios of leaves
than of roots and stems. In this study, N:P ratios in each organ
under a moderate litter layer were higher than those of other
positions. The result indicated that the environment of the
position was suitable for seedling growth because N and P
contents were regulated, which can ultimately improve seedling
survival (Han et al., 2005; Yang, 2018). The difference in position
was likely because nutrients released by litter stimulated soil
microbial activities through plant-soil feedback (Zhang et al,
2019; Wang et al,, 2021a; Yang et al., 2021). When litter thickness
exceeds the ability of a plant to adapt, physical effects caused by a
deep litter layer may be a key factor inhibiting plant growth
(Wellstein, 2015). Therefore, in a moderate litter layer, emerged
seedlings alleviated nutrient limitations by altering N:P ratios (<14),
which could directly influence seedling recruitment in
subtropical forests.

4.3 Effects of seed position on seedling
nutrient accumulation and use efficiency

Nutrient accumulation and use efficiency are important factors
affecting plant regeneration and adaptation strategies (Han et al,
2005). A moderate litter layer (~40 g of litter) promoted N and P
accumulation and nutrient use efficiencies in emerged seedlings
(Figure 5). Such effects are likely associated with litter nutrient
turnover rates and release (Berg, 2000). Rapidly decomposing litter
increases soil nutrient availability for plant growth (Berg, 2000; Xu
et al, 2013), thereby easing nutrient limitations for emerged
seedlings. When decomposed slowly, litter maintains soil
moisture and regulates soil temperature and relative humidity
(Xu et al, 2013). This study concludes that the litter layer
increased the diffusion of N and P in soil and thereby increased
nutrient absorption and utilization by seedlings (Ellsworth et al.,
2004). Thus, a moderate litter layer can provide an optimal growth
environment for emerged seedlings in which roots assimilate and
then shift N and P to other tissues (Boonman et al., 2020). In a
moderate litter layer, seedlings can allocate growth to other tissues
to compensate for the adverse effects of nutrient limitations by
increasing nutrient accumulation and use efficiency and
maintaining a nutrient balance (Yang et al, 2018). However,
nutrient accumulation and use efficiency of emerged seedlings
from seeds positioned beneath the deep litter layer were lower
than those of seedlings in other positions. This result was likely
caused by low amounts of nutrients released from litter (chemical
effects) combined with mechanical barriers (physical effects).
Physical effects are important factors affecting seedling emergence
(Xu et al,, 2013; Wellstein, 2015). When soil nutrients released by
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decomposing litter counteract the inhibition of physical barriers,
seedlings from seeds positioned beneath a deep litter layer allocate
additional growth to roots to expand the root area to absorb soil
nutrients. Beneath a deep litter layer, plants can penetrate through
litter cover to emerge and improve competitiveness (de Groot et al.,
2003; Quested and Eriksson, 2006). Overall, seed relative positions
influence the adaptability of emerged seedlings by altering nutrient
accumulation and nutrient use efficiency of each organ.

4.4 Implications of trade-off strategies for
regeneration in subtropical forests

In this study, relationships were explored between different
positions of seeds and biomass and nutrient contents of seedlings of
a dominant tree species to better understand how seed position
affects regeneration in subtropical natural forests (Figures 6, S2).
According to cluster analysis, biomass and nutrient allocation of
emerged seedlings from seeds positioned above litter layers of
different thicknesses, and those from seeds positioned beneath the
deep litter layer and on the forest floor were clustered in one group.
These results indicated that the variations of traits (biomass and
nutrient) allocation were highly similar (Zhu et al., 2022b). Thus,
emerged seedlings from these positions may increase the allocation
to roots to obtain soil organic matter and water resources to adapt
to an unfavorable environment, thus achieving rapid growth (Shen
etal., 2019b). With continuous input, litter can regulate the physical
and chemical environment of seed positions, and the amount of
litter may be a critical factor in seedling regeneration (Wellstein,
2015). Similarly, to eliminate the negative effects caused by litter,
emerged seedlings from seeds positioned beneath the deep litter
layer expanded root area or increased leaf N contents to access
limited resources and promote seedling growth. Comprehensive
scores indicated that moderate litter cover (~40 g of litter)
promoted the most seedling growth (Figure 7), and thus,
positioning seeds in a moderately thick litter layer might be the
best approach to regulate biomass and nutrient allocation of
emerged seedlings in subtropical forests.

Root, stem, and leaf N:P ratios <14, as well as relatively high leaf
N:P ratios and relatively low coefficients of variation (Figure S4),
further confirmed the hypothesis that nutrient limitations for plant
growth are best evaluated by leaf N:P ratios, compared with those of
other tissues (Guisewell, 2004; He et al., 2008). A comprehensive
evaluation of biomass and nutrient traits in seedlings from different
seed positions demonstrated that the entropy weight vectors of root
N:P ratios and P use efficiency were higher than those of other traits.
The results further verified that P is the main factor affecting the
rapid growth of plants during regeneration in subtropical evergreen
broad-leaved forests (Han et al., 2005). It was also hypothesized that
litter regulates the physical and chemical environment of seedlings
during recruitment and that interactions between such effects may
produce conflicting responses between above- and belowground
biomass allocation (Figure 8). Thus, studying the biomass and
nutrient allocation of seedlings from seeds positioned above,
within, or beneath the forest floor and litter layer is a powerful
approach to understanding forest regeneration. However, other
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Addition (+) and subtraction (-) signs represent positive and negative effects, respectively, on seedling growth from seeds in different positions,
whereas -/+ indicates first promotion and then inhibition of seedling growth in a position. (2) Main results: when mature seeds fall from mother
trees, they may be positioned (A) on the forest floor (bare soil) or (B) above the litter layer. Seedlings from seeds positioned on the forest floor
allocated growth to roots to achieve growth. With litter input, seedlings from seeds positioned in deep litter (D)/top of litter had relatively high leaf
mass fraction at the expense of root investment. Moderate litter layer cover (C) (~40 g of litter) increased allocation to photosynthetic tissue at the
expense of root tissue to promote the natural regeneration of seedlings in forests

variables that affect the allocation strategies of seedlings, such as the
soil environment and differences between lab and field experiments
(He et al,, 2020), were not tested in this study, although such
variables may also be important in regulating seedling regeneration
and thus deserve further study. Likewise, allocation strategies of
seedlings in different age classes or habitats should be considered in
future research. Finally, long-term responses in subtropical forests
also need to be monitored.

5 Conclusion

To investigate factors affecting seedling regeneration in
subtropical forests, this study explored the effects of different seed
positions on above- and belowground biomass and nutrient
contents of emerged seedlings of a dominant tree species. One
critical finding was that biomass allocation in different organs was
well coordinated. Emerged seedlings from seeds positioned above
litter and beneath a moderate litter layer (~40 and 80 g of litter) had
higher leaf allocation at the expense of root and stem tissues than
seedlings from other positions. Emerged seedlings from seeds
positioned beneath a deep litter layer (~120 and 160 g of litter)
had higher root allocation at the expense of leaf tissue than seedlings
from other positions, which was necessary to break through the
physical barrier of litter. Biomass and nutrient allocation of
emerged seedlings from seeds positioned on the forest floor
indicated a decrease in investment in shoot tissue to achieve
growth. Traits of biomass and nutrient were also comprehensively
analyzed, and the analysis indicated that seedlings from seeds
positioned beneath a moderate litter layer (~40 g of litter)
facilitated the regeneration of a dominant tree species in the
natural community, because those seedlings had relatively high N
and P accumulation and nutrient use efficiency (N:P ratios < 14).

Frontiers in Plant Science

Thus, protective mechanisms that occur in seeds positioned beneath
a litter layer are particularly important for the natural regeneration
of seedlings. In the future, seedling regeneration in subtropical
natural forests could be promoted by adjusting litter thickness or
adding N elements.
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