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Effects of AMF on plant nutrition
and growth depend on
substrate gravel content and
patchiness in the karst species
Bidens pilosa L

Kaiping Shen?, Yuejun He", Xinyang Xu*, Muhammad Umer*,
Xiao Liu?, Tingting Xia®, Yun Guo™*, Bangli Wu', Han Xu*,
Lipeng Zang*, Lu Gao*, Min Jiao*, Xionggui Yang*

and Jiawei Yan'

‘Forestry College, Research Center of Forest Ecology, Guizhou University, Guiyang, China, ZForestry

Survey and Planning Institute of Guizhou Province, Guiyang, China, *College of Eco-Environmental
Engineering, Guizhou Minzu University, Guiyang, China

Karst ecosystems represent a typical heterogeneous habitat, and it is ubiquitous
with varying interactive patches of rock and soil associated with differential
weathering patterns of carbonate rocks. Arbuscular mycorrhizae fungi (AMF)
play an important role in regulating plant growth and nutrition in
heterogeneous karst habitats. However, it remains unclear how AMF affects
the growth and nutrition of plants in heterogeneous karst soil with varying
patches and weathering gravel. A heterogeneous experiment with Bidens
pilosa L. was conducted in a grid microcosm through patching karst soil with
different gravel contents. The experimental treatments included the AMF
treatments inoculated with (M*) or without (M") fungus Glomus etunicatum;
the substrate patchiness treatments involved different sizes of the
homogeneous patch (Homo), the heterogeneous large patch (Hetl), and the
heterogeneous small patch (Hets); the substrate gravel treatments in the inner
patch involved the free gravel (FG), the low gravel (LG) 20% in 80% soil, and the
high gravel (HG) 40% in 60% soil. Plant traits related to growth and nutrients
were analyzed by comparing substrate gravel content and patch size. The
results showed that AMF was more beneficial in increasing the aboveground
biomass of B. pilosa under the LG and HG substrates with a higher root
mycorrhizal colonization rate than under the FG substrate with a lower root
mycorrhizal colonization rate. AMF enhanced higher growth and nutrients for
B. pilosa under the LG and HG substrates than under the FG substrate and
under the Hets than under the Hetl. Moreover, AMF alleviated the limited supply
of N for B. pilosa under all heterogeneous treatments. Furthermore, the
response ratio LnRR of B. pilosa presented that the substrate gravel
promoted the highest growth, N and P absorption than the substrate
patchiness with M* treatment, and the gravel content had a more effect on
plant growth and nutrition as compared to the patch size. Overall, this study
suggests that plant growth and nutrition requlated by AMF mainly depend on
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the substrate gravel content rather than the spatial patchiness in the
heterogeneous karst habitat.
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Introduction

Karst landscapes developed from carbonate rock present a
high spatial heterogeneity in habitats (Zhang et al., 2018), and
due to weathering of carbonate rock, these rocks constantly
dissolve, forming many gravel particles and micro-landscapes
such as rock surfaces, gullies, pits, and crevices on a small scale.
It leads to a discontinuous distribution of soil surface cover and
has a huge difference in soil thickness, resulting in both high soil
substrate and spatial heterogeneity in karst habitats (Liu et al.,
20105 Zhou et al., 2010). Therefore, the habitat heterogeneity of
the karst ecosystem is induced by the variable spatial and
substrate composed of different gravel content as the essential
features of the karst habitat (Cao et al., 2003; Zhang et al., 2007),
which exacerbates the imbalance of crucial resources required to
plants (Kotliar and Wiens, 1990; Wijesinghe and Hutchings,
1997). It is a critical component of spatial heterogeneity, and the
spatial scale may significantly affect the growth of individual
plant species (Kotliar and Wiens, 1990). Meanwhile, differences
in substrate composition can affect plant growth by altering the
belowground activity of plants (Hutchings et al., 2003).
Therefore, the patchiness and gravel of karst soil substrate
might differentially influence plant growth and nutrient
acquisition (Facelli and Facelli, 2002; Maestre et al., 2005). In
addition, karst ecosystems with high spatial heterogeneity hold
affluent microbial diversity (Peng et al., 2019), especially some
functional microorganisms such as arbuscular mycorrhizae
fungi (AMF) (Wei et al, 2011; Lin et al., 2019), which
involved in enhancement of plant growth and nutrient
utilization (He et al., 2019; Shen et al., 2020; Guo et al., 2021)
in karst habitats. Therefore, mycorrhizal symbiosis may play an
essential role in heterogeneous karst habitats.

AMF is a class of soil microbes that can form symbiotic
relationships with more than two-thirds of terrestrial plants,
benefiting plants by deploying dense mycelium in the soil to
access mineral nutrients (Smith and Read, 2008). In response,
the host plant provides a carbon source for the AMF to support
mycelium growth (Selosse et al., 2006). Spatial heterogeneity
affects plant growth and nutrient availability, and AMF may
strongly modify the effects of heterogeneity on the growth and
nutrient acquisition of plants (Facelli and Facelli, 2002).
Previous research shows that plants growing in heterogeneous
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soil environments depend more on AMF to obtain nutrients
(Liang et al., 2022). Additionally, nitrogen (N) and phosphorus
(P) are essential nutrients during plant growth and development
(Wright et al., 2011). The AMF colonized on the host plant’s
root system can effectively enhance N and P nutrient uptake
(Govindarajulu et al., 2005; Adesemoye et al., 2008), especially in
limited N and P availability in the degraded karst ecosystem.
Plant biomass generally characterizes the adaptive ability of
a plant to the external environment, which is influenced by the
habitat (Qi et al., 2019). The root and shoot biomass allocation
ratio (R/S ratio) is an important trait to describe plant adaptation
to drought stress or other environmental stresses (Hutchings
and John, 2004; Bonifas and Lindquist, 2006). Notably, the
optimal partitioning theory (OPT) states that plants
preferentially increase the biomass of organs that have access
to more limited resources for growth (Gedroc and Coleman,
1996; McCarthy and Enquist, 2007). Therefore, according to the
OPT theory, high soil nutrient availability enables plants to
enhance the aboveground part’s biomass; conversely, low soil
nutrient availability enhances the belowground part’s biomass.
Meanwhile, plants often benefit more from a symbiotic
relationship with AMF in soil nutrient-scarce environments
than in soil nutrient-rich environments (Hoeksema et al.,
2010; Zaller et al., 2011). However, it has not clarified whether
the biomass partition of plants still follows the OPT when plants
are combined with AMF in heterogeneous karst areas.
Plant-fungi symbioses work in heterogeneous spaces in natural
environments (Ayesu and Gyabaah, 2014). Generally, soils are
heterogeneous in natural habitats (Xue et al, 2016; Cao et al,
2022), and soil substrate composition tends to have large variations
within a small distance (Wijesinghe et al, 2005), which likely
influences plant growth and plant-fungal interactions.
Additionally, plant growth responses to heterogeneous resources
may also change with heterogeneous patches (van der Waal et al,
2011). However, how AMF regulates plant growth and nutrient
utilization under patchy habitats with varying soil compositions in
the karst ecosystem remains unclear. Given that AMF can enhance
host plants’ growth and nutrition (He et al,, 2019), especially under
low nutrient conditions (Adesemoye et al., 2008). Meanwhile, a
large amount of gravel might reduce nutrient availability (Fu et al,
2022). In addition, Wijesinghe and Hutchings (1997) and Wang
et al. (2016) concluded that the plant under large heterogeneous
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patches produced larger biomass than under small heterogeneous
patches. Therefore, we hypothesized that AMF enhances karst plant
growth and nutrition more in the soil substrate mixed with gravel
than in the free gravel substrate in the patchy habitat (H1), and
AMEF enhances karst plant growth and nutrition more in the large
patch than in the small patch (H2). Further, according to
Wijesinghe and Hutchings (1997), the resource acquisition
capacity of plants depends on the patch size of heterogeneity.
Therefore, we hypothesized that karst plant growth and nutrient
acquisition depend on spatial patchiness rather than gravel
substrate (H3). Thus, a heterogenous experiment was conducted
regarding AMF inoculating with karst plants in mosaic substrate
patches of different gravel contents to explore the plant-maintaining
mechanisms in heterogeneous karst habitats.

Materials and methods
Experimental design

An experiment was performed with a square microcosm (26
cm % 26 cm x 15 cm, caliber x bottom diameter x height) made
up of polypropylene plastic. The microcosm was divided into 16
small grid cells through a movable grid plate for spatially
forming a heterogeneous patch by filling with growth
substrates quantitatively in each grid (Figure 1), which
involved full factor experiments of AMF, substrate patchiness,
and substrate gravel. The AMF treatments were inoculated with
(M") or without (M") fungus. The substrate patchiness
treatments involved the homogeneous patch (Homo), the
heterogeneous large patch (Hetl), and the heterogeneous small
patch (Hets). The substrate gravel was treated by three different
gravel contents in the inner patches, including the free gravel
substrate with 100% soil (FG), the low gravel substrate with a
mixture of 80% soil and 20% gravel (LG), and the high gravel

Homogeneous patch

(Homo)

Heterogeneous large patch

(Hetl)

FIGURE 1

10.3389/fpls.2022.968719

substrate with a mixture of 60% soil and 40% gravel (HG)
(Figure 1). Especially, the growth substrate remained uniform in
mass and volume in any treatment except for patch size. For the
M" treatment, we added 50 g of inoculum to each device; for the
M’ treatment, an equal amount of sterilized inoculum was added
to each device.

Additionally, 10 ml of filtrate taken from inoculum was
added to M treatments to make the M* and M treatments have
the same microbiota except for the target fungus. Finally, five
seeds were sown into each grid. One plant was kept in each cell
after seed germination, and 16 seedlings remained per
microcosm ultimately. There were eight replicates involving 48
microcosms, including 768 plants through two AMF levels (M*
vs. M), three substrate patchiness levels (Homo vs. Hetl vs.
Hets), along with the substrate gravel in the inner patch through
three gravel content levels (FG vs. LG vs. HG). After 12 weeks of
culture in a greenhouse on the western campus of Guizhou
University (106°220 E, 29°490 N, 1120 m above sea level), all
plant and soil materials were harvested for measurement.

Plant material

Bidens pilosa L. is an annual herb of the Asteraceae and is
widely distributed in the karst areas of southwest China (Li et al.,
2021). B. pilosa is the typical pioneer succession species of karst
vegetation documented by our field surveys, and our previous
found that it has a high rate of mycorrhizal colonization (He
et al., 2019; Han et al,, 2020; Li et al., 2022; Sun et al., 2022).
Therefore, B. pilosa was selected as the plant material in this
study. Plant seeds were collected from a typical karst habitat in
Huaxi District, Guiyang City, Guizhou province, China. The
seeds were stored in a freezer at 4°C before use. In addition, all
seeds were surface-sterilized using KMnO, of 0.1% for 10
minutes, subsequently rinsed three times in sterile deionized

Low gravel substrate (LG)
D Free gravel substrate (FG)

. High gravel substrate (HG)

Heterogeneous small patch

(Hets)

Schematic diagram of the experimental design. The experiment comprises three factors. The first factor involved the AMF treatments, including
inoculation with (M*) or without (M") fungus. The second factor involved the substrate patchiness treatments, including the homogeneous patch
(Homo) (A), the heterogeneous large patch (Hetl) (B) and the heterogeneous small patch (Hets) (C). The third factor involved the substrate
gravel treatments, including the free gravel (FG) substrate, the low gravel (LG) substrate of 20% gravel, and the high gravel (HG) substrate of 40%
gravel. In particular, the growth substrate remained uniform in mass and volume in any treatment except for patch size.
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water to avoid contamination, and then soaked in the water for
12 hours to promote germination.

Plant growing substrate

The growing substrates were composed of a different
proportion of soil and gravel collected from a typical karst
habitat in Huaxi District, Guiyang City, Guizhou province,
China. The soil was air-dried naturally after removing
remnants of litter and roots. In addition, all gravel was sieved
through a 4 mm mesh to ensure uniform gravel size. The soil and
gravel were sterilized at 0.14 Mpa at 126°C for 1 hour separately.
The soil had total nitrogen (TN) of 622 mgkg", available
nitrogen (AN) of 0.315 mg~kg'1, total phosphorus (TP) of 127
mgkg ', available phosphorus (AP) of 0.163 mgkg™, total
potassium (TK) of 378 mgkg™, available potassium (AK) of
532.183 mgkg', and the measurement method refers to
Bao (2000).

AM fungus propagation

The AM fungus Glomus etunicatum was purchased from the
Institute of Nutrition Resources, Beijing Academy of Agricultural and
Forestry Sciences, BGA0046 and propagated for treatments. It was
propagated with Trifolium repens growth in sterilized limestone soil
substrate for 4 months and then harvested naturally air-dried soil
after removing the T. repens, stored at 4°C until use. Additionally, the
AM fungus inoculum included approximately 150 spores per 10 g of
soil, hyphal piece, and colonized root segments.

Measurements and calculations

The grid line-intersect method determined the root
mycorrhizal colonization rate (Giovannetti and Mosse, 1980).
We used a 100 cm ruler to measure the seedling height and a
standard vernier caliper to measure the ground diameter. The
biomass was determined by weighing individual materials after
drying at 75°C for 48 h. The R/S ratio was the root-to-shoot
biomass ratio. The diffusion method with the semi-micro open
method and the molybdenum antimony anti-colorimetric method
were adopted for N and P concentrations, respectively (Bao, 2000).
The N and P accumulations were the nutrient concentrations of
each plant multiplied by the biomass of each plant. The N/P ratio
was the ratio of the N to P accumulation ratio.

Calculation of effect size

In order to measure the effect size of substrate patchiness
and substrate gravel, the response ratio (LnRR) was calculated by
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log-transforming trait values of seedling height, ground
diameter, biomass, R/S ratio, N and P accumulation (Hedges
et al,, 1999). The effect size of substrate patchiness was obtained
by comparing trait values of the homogeneous patch to
heterogeneous large or small patches. The effect size of
substrate gravel was obtained by comparing trait values of the
free gravel to the low or high gravel content. Thus, the modified
approach was applied based on Hedges et al. (1999) and Wang
et al. (2016) as follows:

LnRR = In(X,./X;)

The X, is the mean of the trait values under the
homogeneous patch or the free gravel substrate across the 16
replicates, and the X, is the trait values under the large patch and
small patch or the low and high gravel content in each replicate.
The positive value (LnRR > 0) indicates negative effects, and the
negative value (LnRR< 0) indicates positive effects (Hedges
et al., 1999).

Statistical analysis

All statistical analyses were performed with SPSS (26, USA,
64 Bit) software. All data were tested for normality and
homogeneity of variance before analysis. Three-way ANOVA
were used to test the effects of AMF (M vs. M’), substrate
patchiness (Homo vs. Hetl vs. Hets) and substrate gravel (LG vs.
FG vs. HG) and their interactions on the seedling height, ground
diameter, biomass, R/S ratio, N accumulation, P accumulation
and N/P ratio. Significant differences between M™ and M,
among Homo, Hetl and Hets, and among LG, FG and HG on
root mycorrhizal colonization rate, seedling height, ground
diameter, biomass, R/S ratio, N accumulation, P accumulation,
N/P ratio and the response ratio LnRR at 0.05 level were
determined with the least significant difference (LSD) test.
Additionally, two-way ANOVA were used to test the effects of
AMF (M" vs. M) and patch size (Hetl vs. Hets), or AMF (M " vs.
M) and gravel content (LG vs. HG) and the interactions on the
LnRR of seedling height, ground diameter, biomass, R/S ratio, N
accumulation, P accumulation. All graphics were generated with
Origin 2018 (95C, USA, 64 Bit) software.

Results

The root mycorrhizal colonization rate of
B. pilosa

The root mycorrhizal colonization rate under Hets with GH
substrate was significantly higher than under other treatments
(Table 1). The root mycorrhizal colonization rate under the
heterogeneous small patch was significantly higher than under
the heterogeneous large patch, and under the high gravel and
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low gravel substrates was significantly higher than under the free
gravel substrate.

The seedling height, ground diameter,
biomass and R/S ratio of B. pilosa

The AMF treatments significantly affected the seedling
height, ground diameter, biomass and R/S ratio (Table 2).
AMF significantly enhanced seedling height, ground diameter
and biomass of B. pilosa under all treatments (Figures 2A-C)
and significantly improved the R/S ratio under the Homo
treatment with LG substrate and Hets treatment with FG
substrate (Figure 2D). The substrate patchiness treatments
significantly affected the seedling height and ground diameter,
and had non-significant effect on the biomass or the R/S ratio
(Table 2). With M" treatment, the seedling height, ground
diameter and biomass under Hetl were higher than under
Hets in HG substrate, and under Hets were higher than under
Hetl in FG substrate; under M~ treatment, there was no
significant difference among various treatments (Figures 2A-
C). In addition, the R/S ratio in Homo was significantly higher
than in Hetl and Hets with M" treatment, and the R/S ratio in
Homo was lower than in Hetl and Hets with M~ treatment
(Figure 2D). The substrate gravel treatments significantly
affected the seedling height, ground diameter and biomass,
and had no significant effect on the R/S ratio (Table 2). Under
M treatment, the seedling height, ground diameter and biomass
in HG substrate were higher than in LG and FG substrates;
under M’ treatment, there was no significant difference among
various treatments for seedling height and ground diameter
(Figures 2A-C). In addition, under M* treatment, the R/S
ratio in LG substrate was significantly higher than in FG and
HG substrates, and in LG substrate was lower than in FG and
HG substrates under M™ treatment (Figure 2D). The interaction
of AM x SG significantly influenced the seedling height, ground
diameter, biomass. and R/S ratio (Table 2). Overall, AMF
significantly enhanced the seedling height, ground diameter

10.3389/fpls.2022.968719

TABLE 1 The root mycorrhizal colonization rate of B. pilosa under
the inoculated treatments.

Treatments Mycorrhizal colonization rate(%)
Homo LG 58.75 + 0.66 bc
Hetl FG 4813+ 097 d
HG 60.67 + 0.59 b
Hets FG 58.21 + 0.67 ¢
HG 63.79 + 0.49 a

The different lowercase letters (a, b, ¢, d) indicate significant differences among various
heterogeneous treatments (P < 0.05).

and biomass of B. pilosa. It also promoted higher growth
under the substrate mixed with gravel than under free gravel
substrate as well as under heterogeneous small and
heterogeneous large patches with high gravel substrate than
under homogeneous patch.

The N accumulation, P accumulation and
N/P ratio of B. pilosa

The AMF treatments significantly affected the N
accumulation, P accumulation and N/P ratio of B. pilosa
(Table 3). AMF significantly improved the N accumulation, P
accumulation and N/P ratio under all treatments (Figures 3A-C).
The substrate patchiness treatments significantly affected the N
accumulation, P accumulation and N/P ratio of B. pilosa (Table 3).
With the M" treatment, the N and P accumulation under Homo
was significantly higher than under Hets and Hetl with FG
substrates, and under Hets were higher than under Hetl with
HG and FG substrates (Figures 3A, B). With the M treatment, the
N accumulation under Hets with HG substrate was significantly
higher than other patches, and the P accumulation exhibited that
Homo > Hetl > Hets (Figures 3A, B). In addition, the N/P ratio
exhibited that Homo< Hetl< Hets under M and M~ treatments
(Figure 3C). The substrate gravel treatments significantly affected
the N and P accumulation and had a non-significant effect on the

TABLE 2 The three-way ANOVA for the effects of AMF (M* vs. M"), substrate patchiness (Homo vs. Hetl vs. Hets) and substrate gravel (LG vs. FG
vs. HG) treatments on the seedling height, ground diameter, and R/S ratio of B. pilosa.

Factors df Seedling height Ground diameter Biomass R/S ratio
F P F P F P F P

AMF (AM) 1 2117.254 <0.001 1783.397 <0.001 1306.526 <0.001 44245 <0.001
Substrate patchiness (SP) 2 0.785 0378 4.970 <0.05 0.823 0367 3284 0.073
Substrate gravel (SG) 2 12.863 <0.01 33.969 <0.001 111.113 <0.001 0.921 0340
AM x SP 2 0.574 0.451 5.030 <0.05 0.970 0327 0.485 0.488
AM x SG 2 12.186 <0.01 24.369 <0.001 110.126 <0.001 10.187 <0.01
SP x SG 4 4502 <0.05 8.856 <0.01 3.175 0.078 1.702 0.195
AM x SP x SG 4 4515 <0.05 9.983 <0.01 3.185 0.078 0.906 0344

The “< 0.05” indicates a significant effect, the “< 0.01” and “< 0.001” indicate an extremely significant effect.
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FIGURE 2

The seedling height, ground diameter, biomass and R/S ratio of B pilosa. For the seedling height (A), ground diameter (B), biomass (C), and R/S
ratio (D) of B. pilosa, M* = with AMF; M~ = without AMF; Homo = homogeneous patch; Hetl = heterogeneous large patch; Hets =
heterogeneous small patch. LG = low gravel substrate; FG = free gravel substrate; HG = high gravel substrate. Different capital letters (X, Y)
above the bars indicate significant differences between M* and M~ treatments; different lowercase letters (a—d) above the bars indicate
significant differences among various heterogeneous treatments (P < 0.05).

N/P ratio (Table 3). Specifically, the N and P accumulation with
M treatment exhibited HG > LG > FG; under M treatment, the P
accumulation exhibited LG > HG > GF (Figures 3A, B); the N/P
ratio in LG substrate was significantly lower than in FG and HG
substrates under M" and M’ treatments (Figure 3C). The
interaction of AM x PH and AM x SG significantly influenced
the N and P accumulation, the interaction of AM x SP x SG
significantly influenced the N/P ratio (Table 3). Overall, AMF
significantly increased the N accumulation, P accumulation and
N/P ratio of B. pilosa, and AMF stimulated greater nutrition under
the substrate mixed with gravel than under the free gravel
substrate as well as under heterogeneous small and
heterogeneous large patches with high gravel substrate than
under homogeneous patch.

The LnRR of plant growth and nutrition
across patch size and gravel content

For patch size, with M™ treatment, the Hets showed
negative effects on seedling height, ground diameter,
biomass, R/S ratio and P accumulation of B. pilosa; with M™
treatment, the Hets showed positive effects on seedling
height, ground diameter, biomass, R/S ratio, N
accumulation and P accumulation of B. pilosa (Figures 4A-
F). For gravel content, AMF significantly improved the
positive effects on seedling height, ground diameter,
biomass, N accumulation and P accumulation of B. pilosa
under HG conditions (Figures 4A-C, E, F). Further, the gravel
content significantly influenced the LnRR of the seedling

TABLE 3 The three-way ANOVA for the effects of AMF (M* vs. M), substrate patchiness (Homo vs. Hetl vs. Hets) and substrate gravel (LG vs. FG
vs. HG) treatments on the N accumulation, P accumulation, and N/P ratio of B. pilosa.

Factors df N accumulation
F P

AMF (AM) 1 1134.669 < 0.001
Substrate patchiness (SP) 2 22.717 < 0.001
Substrate gravel (SG) 2 104.364 < 0.001
AM x SP 2 22.264 < 0.001
AM x SG 2 103.744 < 0.001
SP x SG 4 0.651 0.422
AM x SP x SG 4 0.568 0.453

P accumulation N/P ratio
F P F P

1173.590 <0.001 814.480 < 0.001

5.158 <0.05 88.120 < 0.001
126.237 <0.001 0.848 0.360

5.594 <0.05 2.240 0.138
124.500 <0.001 0.003 0.960

0.013 0.911 2210 0.141

0.009 0.925 5.553 <0.05

The “< 0.05” indicates a significant effect, the “< 0.01” and “< 0.001” indicate an extremely significant effect.
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height, ground diameter, biomass, N accumulation and P

accumulation (Figures 4A-C, E, F), and the patch size non-
significantly influenced the LnRR of the seedling height,

ground diameter, biomass and P accumulation (Figures 4A-

C, F). Overall, plant growth and N and P accumulation

regulated by AMF depends mainly on the gravel content

rather than the patch size.
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ground diameter, biomass, N accumulation and P accumulation
under substrate gravel (Figures 5B, C, E, I). Comparing substrate
patchiness and substrate gravel, with M" treatment, the LnRR of
ground diameter, biomass, N accumulation and P accumulation
in substrate gravel was significantly higher than in substrate
patchiness (Figures 5B, C, E, F), and the LnRR of R/S ratio in
substrate gravel was significantly lower than in substrate
patchiness (Figure 5D).

Discussion

Mycorrhizal efficiencies on growth and
nutrient uptake

Plants combined with AMF can facilitate growth and
nutrient accumulation (Wicaksono et al., 2018; Real-Santillan
et al, 2019). The AMF significantly increased the seedling
height, ground diameter, biomass, N accumulation and P
accumulation (Figures 2A-C; Figures 3A, B). Generally, AMF
colonizing the host plant’s root system can improve plant
growth and nutrient accumulation by extending the root
absorption area (Marschner and Dell, 1994; Bourles et al,
2020). In particular, the biomass and nutrient accumulation
increased with increasing gravel content when AMF colonized B.
pilosa (Figure 2C; Figures 3A, B). A previous study showed that
higher gravel content could increase soil porosity and allow a

10.3389/fpls.2022.968719

higher oxygen supply, thus supporting higher mycorrhizal
colonization (Fu et al., 2022), which was consistent with the
root mycorrhizal colonization rate showed that HG > LG > FG
(Table 1). Thus, the substrate may affect plant growth and
nutrient uptake by influencing root mycorrhizal colonization,
which explains the interaction of AM x SG significantly
influenced the growth and nutrition of B. pilosa (Table 2, 3).
Additionally, the extraradical mycelium is thinner than the plant
root system, enabling it to obtain nutrients across narrow soil
porosity easily, thus improving plant biomass and nutrient
accumulation (Hawkes et al., 2011; Martin et al., 2012; Jones
and French, 2021). Therefore, these results showed that AMF
increased the growth and nutrition of plants more in the
substrate mixed with gravel than in the free gravel substrate in
heterogeneous karst habitats, which is consistent with H1.

In this study, AMF induced higher growth and nutrition in
small patches than in large patches (Figures 2A-C; Figures 3A,
B), which is inconsistent with H2. On the one hand, when
resources are spatially patchy, plants develop a foraging response
in which plants selectively place resource acquisition organs in
favorable patches of heterogeneous environments (Hutchings
and de Kroon, 1994; Roiloa and Retuerto, 2006; Dong et al.,
2015). Therefore, the plant foraging is unrestricted and coarse-
grained under the large patch with the free gravel substrate in
heterogeneous conditions (Wijesinghe and Hutchings, 1997).
However, under the heterogeneous small patch with the free
gravel substrate, the restriction of gravel in the adjacent
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The LnRR of plant growth and nutrition across substrate patchiness and substrate gravel. For LnRR of the seedling height (A), ground diameter

(B), biomass (C), R/S ratio (D), N accumulation (E), and P accumulation (F), M* and M~ are the same as in Figure 2. The different capital letters (X,
Y) indicate significant differences between M* and M treatments; the * indicate significant differences between substrate patchiness treatments
and substrate gravel treatments (* indicate P < 0.05; ** indicate P < 0.01; *** indicate P < 0.001) and the ns indicates non-significant differences
between substrate patchiness treatments and substrate gravel treatments.
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heterogeneous small patch (Figure 1C) hinders plant roots from
obtaining nutrients from adjacent and even more distant free
gravel patches, thus inhibiting plant growth and nutrient
accumulation (Kume et al., 2006). These results explain that
plant growth and nutrition were higher in Hetl than in Hets with
M’ treatment, which may be due to the plant root system being
more restricted in heterogeneous small patches than in
heterogeneous large patches. On the other hand, with M*
treatment, the root system of B. pilosa under the
heterogeneous small patch with free gravel substrate expanded
the nutritional area in soil touched by the root system due to the
joining of mycelium. The mycelium could acquire nutrients in
adjacent patches and more distant patches without being
hindered by gravel (Adeyemi et al, 2021; Yan et al, 2021),
thus allowing the B. pilosa to grow better under the
heterogeneous small patch than under the heterogeneous large
patch with the free gravel substrate. These results can be
demonstrated in Table 1, which shows that the root
mycorrhizal colonization rate under Hets with FG substrate
was significantly higher than under Hetl with FG substrate.
Therefore, the plant growth and nutrition were higher in Hets
than in Hetl through AM mycelium, which explains that the
interaction of AM x SP significantly influenced the growth and
nutrition of B. pilosa (Tables 2, 3). In addition, the plant growth
and nutrient uptake under heterogeneous patches with high
gravel content were higher than under homogeneous patches
(Figures 2A-C; Figures 3A, B). Previous studies suggested that
mycorrhizal symbiosis could promote plant preemption for
limited resources when soil nutrients are heterogeneous
(Facelli and Facelli, 2002). Therefore, plants under
heterogeneous patch conditions with high gravel content may
preempt heterogeneous nutrient resources through mycorrhizal
symbiosis, resulting in higher plant growth and nutrient
accumulation than under homogeneous patch conditions
(Hutchings and John, 2004; Croft et al., 2012).

Many plants adjust the R/S ratio to respond to resource
imbalances (Reynolds and D'antonio, 1996; Aphalo et al., 1999;
Song et al., 2016). In this study, the R/S ratio in HG substrate was
higher than in FG substrate under M~ treatment (Figure 2D).
The gravel content in soil significantly affects plant growth by
increasing the difficulty of plant roots in obtaining nutrients and
decreasing the soil nutrient availability (Ercoli et al., 2006; Mi
et al, 2016). Fu et al. (2022) also demonstrated that large
amounts of gravel could reduce the availability of nutrients,
and the root system tends to exhibit a slow turnover of fine roots.
Therefore, in high gravel content soils, B. pilosa allocated more
resources to the belowground to establish a root system to
acquire nutrients, which led to a larger R/S ratio than in the
soil with the free gravel substrate. These results were consistent
with the OPT (Bloom et al.,, 1985), i.e,, plants prefer to allocate
resources to the root system in the limited resources when soil
nutrient availability is low. AMF can regulate the resource
allocation of host plants between aboveground and
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belowground (Nouri et al., 2015; He et al,, 2019). In this study,
contrary to M~ treatment, the R/S ratio in FG substrate was
higher than in HG substrate under M* treatment (Figure 2D). It
is more carbon-expensive for plants to build fine roots than to
invest in thin fungal mycelial extensions (Hodge, 2004).
Therefore, when inoculated with AMF under the high gravel
content substrate, B. pilosa might allocate more resources to the
aboveground part for obtaining more photosynthetic products
and exchanging the required nutrients with AMF (Stock et al.,
2021). It leads to the mycelium partially replacing the function of
the root system (Lanfranco et al., 2018), as evidenced by the root
mycorrhizal colonization rate in the high gravel substrate being
higher than in the free gravel substrate (Table 1). Therefore,
these results potentially demonstrate that the cooperative
relationship between plants and AMF in heterogeneous
habitats may result in a deviation of biomass allocation from
the OPT spectrum.

Plant growth and nutrition associated
with mycorrhizae depend mainly on the
gravel content rather than the patch size

Previous studies have concluded that plant growth and
nutrient uptake depend on the heterogenous scale, although
under the same amount of substrate conditions (Wijesinghe and
Hutchings, 1997; van der Waal et al,, 2011; Wang et al,, 2016).
However, in our study, the effect of gravel content, rather than
patch size, on the LnRR for plant growth and nutrient
accumulation of B. pilosa was significant (Figure 4), which is
inconsistent with H3. One possible reason is that plants adopt
effective measures to cope with the heterogeneous resource
environment (Wang et al., 2017), particularly in karst habitats.
This explanation is supported by the fact that the spatial
heterogeneity of the karst habitat is mainly influenced by
gravel content (Zhang et al, 2018). Additionally, a strong
negative correlation was found between gravel content and
resource availability in soil (Fu et al., 2022). Thus, the
substrate gravel may significantly influence the plant growth
and nutrient accumulation of B. pilosa by affecting soil nutrient
availability in this study. Further, in soils where resources are
scarcer, plants depend more on mycelium, which allows them to
access resources from farther away patches (Wang et al., 2016;
Gomes et al,, 2019). It reduces the sensitivity of plant growth and
nutrient uptake to patch size. Therefore, in this study, the LnRR
in growth and nutrients of the substrate gravel was significantly
higher than the substrate patchiness when inoculated with AMF.
It indicated that plant growth and nutrient accumulation
associated with AMF mainly depend on the gravel content
rather than the patch size in the heterogeneous karst habitat.
These findings may provide a theoretical reference for vegetation
restoration in highly heterogeneous karst ecosystems.
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Conclusions

In this study, AMF significantly increased the growth and
nutrition of karst plant B. pilosa under substrate patchiness and
substrate gravel treatments. The substrate mixed with gravel
promoted higher growth and nutrients of B. pilosa than the free
gravel substrate when inoculated with AMF. The heterogeneous
small patch enhanced the growth and nutrients of B. pilosa more
than the heterogeneous large patch when inoculated with AMF.
By analyzing the response ratio LnRR, AMF was involved in
higher growth and nutrition of B. pilosa under the substrate
gravel than under the substrate patchiness. We concluded that
the plant growth and nutrition regulated by AMF depend mainly
on the substrate gravel content rather than the spatial patchiness
in the heterogeneous karst habitat.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

YH designed the experiments. XX and HX conducted the
experiments, and KS wrote the first draft of the manuscript. KS,
TX, LG, MJ, XY, and JY analyzed the data. KS, YH, XL, YG, BW,
and LZ revised and proofread the manuscript, and MU edited

References

Adesemoye, A. O., Torbert, H. A., and Kloepper, J. W. (2008). Enhanced plant
nutrient use efficiency with PGPR and AMF in an integrated nutrient management
system. Can. J. Microbiol. 54, 876-886. doi: 10.1139/w08-081

Adeyemi, N. O., Atayese, M. O., Sakariyawo, O. S., Azeez, . O., and Ridwan, M.
(2021). Arbuscular mycorrhizal fungi species differentially regulate plant growth,
phosphorus uptake and stress tolerance of soybean in lead contaminated soil. J.
Plant Nutr. 44, 1633-1648. doi: 10.1080/01904167.2021.1871748

Aphalo, P. ], Ballare, C. L., and Scopel, A. L. (1999). Plant-plant signalling, the
shade-avoidance response and competition. J. Exp. Bot. 50, 1629-1634.
doi: 10.1093/jexbot/50.340.1629

Ayesu, S., and Gyabaah, G. (2014). Testing the effect of soil heterogeneity on
arbuscular mycorrhiza fungi (AMF) contribution to plant productivity. Open J.
Ecol. 4, 299-310. doi: 10.4236/0je.2014.46028

Bao, S. (2000). Soil and agricultural chemistry analysis (Beijing: China
agriculture press).

Bloom, A. J., Chapin, F. S.III, and Mooney, H. A. (1985). Resource limitation in
plants-an economic analogy. Annu. Rev. Ecol. Syst. 16, 363-392. doi: 10.2307/
2097053

Bonifas, K. D., and Lindquist, J. L. (2006). Predicting biomass partitioning to
root versus shoot in corn and velvetleaf (Abutilon theophrasti). Weed. Sci. 54, 133—
137. doi: 10.1614/WS-05-079R1.1

Bourles, A., Guentas, L., Charvis, C., Gensous, S., Majorel, C., Crossay, T., et al.
(2020). Co-Inoculation with a bacterium and arbuscular mycorrhizal fungi
improves root colonization, plant mineral nutrition, and plant growth of a
cyperaceae plant in an ultramafic soil. Mycorrhiza. 30, 121-131. doi: 10.1007/
s00572-019-00929-8

Frontiers in Plant Science

10

10.3389/fpls.2022.968719

the language. All authors contributed to the article and approved
the submitted version.

Funding

This study was supported by the National Natural Science
Foundation of China (NSFC: 32260268), the Science and
Technology Project of Guizhou Province [(2021) General-455],
the Guizhou Hundred-level Innovative Talents Project [Qian-
ke-he platform talents (2020) 6004].

Conflict of interest

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

Publisher’s note

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

Cao, X. X,, Xue, W., Lei, N. F,, and Yu, F. H. (2022). Effects of clonal integration
on foraging behavior of three clonal plants in heterogeneous soil environments.
Forests. 13, 1-13. doi: 10.3390/f13050696

Cao, J.,, Yuan, D., and Pan, G. (2003). Some soil features in karst ecosystem. Adv.
Earth Sci. 18, 37-44. doi: 10.3321/j.issn:1001-8166.2003.01.006

Croft, S. A., Hodge, A., and Pitchford, J. W. (2012). Optimal root proliferation
strategies: the roles of nutrient heterogeneity, competition and mycorrhizal
networks. Plant Soil. 351, 191-206. doi: 10.1007/s11104-011-0943-3

Dong, B. C,, Wang, J. Z,, Liu, R. H,, Zhang, M. X,, Luo, F. L,, and Yu, F. H.
(2015). Soil heterogeneity affects ramet placement of Hydrocotyle vulgaris. J. Plant
Ecol. 8, 91-100. doi: 10.1093/jpe/rtu003

Ercoli, L., Masoni, A., Mariotti, M., and Arduini, I. (2006). Dry matter
accumulation and remobilization of durum wheat as affected by soil gravel
content. Cereal Res. Commun. 34, 1299-1306. doi: 10.1556/crc.34.2006.4.272

Facelli, E., and Facelli, J. M. (2002). Soil phosphorus heterogeneity and
mycorrhizal symbiosis regulate plant intra-specific competition and size
distribution. Oecologia. 133, 54-61. doi: 10.1007/s00442-002-1022-5

Fu, X, Meng, S., Kou, L., Dai, X., and Wang, H. (2022). Multiple responses of
fine root resource uptake strategies to gravel content in a subtropical plantation.
Can. J. For. Res. 52, 293-300. doi: 10.1139/cjfr-2020-0450

Gedroc, J.J., and Coleman, M. C. S. (1996). Plasticity in Root/Shoot partitioning:
Optimal, ontogenetic, or both? Funct. Ecol. 10, 44-50. doi: 10.2307/2390260

Giovannetti, M., and Mosse, B. (1980). An evaluation of techniques for
measuring vesicular-arbuscular infection in roots. New Phytol. 84, 489-500.
doi: 10.1111/j.1469-8137.1980.tb04556.x

frontiersin.org


https://doi.org/10.1139/w08-081
https://doi.org/10.1080/01904167.2021.1871748
https://doi.org/10.1093/jexbot/50.340.1629
https://doi.org/10.4236/oje.2014.46028
https://doi.org/10.2307/2097053
https://doi.org/10.2307/2097053
https://doi.org/10.1614/WS-05-079R1.1
https://doi.org/10.1007/s00572-019-00929-8
https://doi.org/10.1007/s00572-019-00929-8
https://doi.org/10.3390/f13050696
https://doi.org/10.3321/j.issn:1001-8166.2003.01.006
https://doi.org/10.1007/s11104-011-0943-3
https://doi.org/10.1093/jpe/rtu003
https://doi.org/10.1556/crc.34.2006.4.272
https://doi.org/10.1007/s00442-002-1022-5
https://doi.org/10.1139/cjfr-2020-0450
https://doi.org/10.2307/2390260
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.3389/fpls.2022.968719
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shen et al.

Gomes, S. L, van Bodegom, P. M., Merckx, V. S., and Soudzilovskaia, N. (2019).
Environmental drivers for cheaters of arbuscular mycorrhizal symbiosis in tropical
rainforests. New Phytol. 223, 1575-1583. doi: 10.1111/nph.15876

Govindarajulu, M., Pfeffer, P. E., Jin, H., Abubaker, J., Douds, D. D., Allen, J. W.,
et al. (2005). Nitrogen transfer in the arbuscular mycorrhizal symbiosis. Nature.
435, 819-823. doi: 10.1038/nature03610

Guo, Y., He, Y., Wu, B, Lin, Y., He, M., Han, X,, et al. (2021). The interspecific
competition presents greater nutrient facilitation compared to intraspecific
competition through AM fungi interacting with litter for two host plants in karst
soil. . Plant Ecol. 15, 399-412. doi: 10.1093/jpe/rtab110

Han, X, Jiang, C. H., He, Y. J,, Xu, X. Y,, Fang, Z. Y., Tan, Q. Y, et al. (2020).
Effect of AM fungi in karst natural soil on root of pioneer plants. J. Chongging
Normal Uni. (Nat. Sci) (Chinese). 37, 132-139. doi: 10.11721/cqnuj20200402

Hawkes, C. V., Kivlin, S. N,, Rocca, J. D., Huguet, V., Thomsen, M. A,, and
Suttle, K. B. (2011). Fungal community responses to precipitation. Global Change
Biol. 17, 1637-1645. doi: 10.1111/j.1365-2486.2010.02327.x

He, Y. J., Cornelissen, J. H., Wang, P. P., Dong, M., and Ou, J. (2019). Nitrogen
transfer from one plant to another depends on plant biomass production between
conspecific and heterospecific species via a common arbuscular mycorrhizal
network. Environ. Sci. pollut. R. 26, 8828-8837. doi: 10.1007/s11356-019-04385-x

Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of
response ratios in experimental ecology. Ecology. 80, 1150-1156. doi: 10.1890/
00129658(1999)080[1150: TMAORR]2.0.CO;2

Hodge, A. (2004). The plastic plant: root responses to heterogeneous supplies of
nutrients. New Phytol. 162, 9-24. doi: 10.1111/j.1469-8137.2004.01015.x

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C,, Karst, J.,
Koide, R. T., et al. (2010). A meta-analysis of context-dependency in plant response
to inoculation with mycorrhizal fungi. Ecol. Lett. 13, 394-407. doi: 10.1111/j.1461-
0248.2009.01430.x

Hutchings, M. J., and de Kroon, H. (1994). Foraging in plants: the role of
morphological plasticity in resource acquisition. Adv. Ecol. Res. 25, 159-238.
doi: 10.1016/S0065-2504(08)60215-9

Hutchings, M. J., and John, E. A. (2004). The effects of environmental
heterogeneity on root growth and root/shoot partitioning. Ann. Bot. 94, 1-8.
doi: 10.1093/aob/mch111

Hutchings, M. J., John, E. A., and Wijesinghe, D. K. (2003). Toward
understanding the consequences of soil heterogeneity for plant populations and
communities. Ecology. 84, 2322-2334. doi: 10.1890/02-0290

Jones, S. L., and French, K. (2021). Soil nutrients differentially influence root
colonisation patterns of AMF and DSE in Australian plant species. Symbiosis. 83,
209-223. doi: 10.1007/s13199-021-00748-6

Kotliar, N. B., and Wiens, J. A. (1990). Multiple scales of patchiness and patch
structure: A hierarchical framework for the study of heterogeneity. Oikos. 59, 253
260. doi: 10.2307/3545542

Kume, T., Sekiya, N., and Yano, K. (2006). Heterogeneity in spatial p-
distribution and foraging capability by zea mays: effects of patch size and
barriers to restrict root proliferation within a patch. Ann. Bot. 98, 1271-1277.
doi: 10.1093/aob/mcl216

Lanfranco, L., Fiorilli, V., and Gutjahr, C. (2018). Partner communication and
role of nutrients in the arbuscular mycorrhizal symbiosis. New Phytol. 220, 1031-
1046. doi: 10.1111/nph.15230

Liang, Y., Pan, F, Jiang, Z., Li, Q. Pu, J., and Liu, K. (2022). Accumulation in
nutrient acquisition strategies of arbuscular mycorrhizal fungi and plant roots in
poor and heterogeneous soils of karst shrub ecosystems. BMC Plant Biol. 22, 188.
doi: 10.1186/s12870-022-03514-y

Li, S., Liu, J., Li, J., Deng, Y., Chen, J., Wang, J., et al. (2021). Reproductive
strategies involving biomass allocation, reproductive phenology and seed
production in two asteraceae herbs growing in karst soil varying in depth
and water availability. Plant Ecol. 222, 737-747. doi: 10.1007/s11258-021-
01141-5

Lin, Y., He, Y., He, M., Wy, C,, Fang, Z., Han, X,, et al. (2019). Species diversity
of soil arbuscular mycorrhizal fungi in karst vegetation succession process. Acta
Ecologica Sinica. 39, 4127-4137. doi: 10.5846/stxb201807061475

Li, Q., Umer, M., Guo, Y., Shen, K. P., Xia, T. T., Xu, X. Y., et al. (2022). Karst soil
patch heterogeneity with gravels promotes plant root development and nutrient
utilization associated with arbuscular mycorrhizal fungi. Agronomy. 12. 1063.
doi: 10.3390/agronomy12051063

Liu, L., Zeng, F., Song, T., Peng, W., Wang, K., Qin, W,, et al. (2010). Spatial
heterogeneity of soil nutrients in karst area's mulun national nature reserve. Chin. J.
Appl. Eco. 21, 1667-1673. doi: 10.13287/j.1001-9332.2010.0250

Maestre, F. T., Bradford, M. A., and Reynolds, J. F. (2005). Soil nutrient
heterogeneity interacts with elevated CO, and nutrient availability to determine
species and assemblage responses in a model grassland community. New Phytol.
168, 637-650. doi: 10.1111/j.1469-8137.2005.01547.x

Frontiers in Plant Science

11

10.3389/fpls.2022.968719

Marschner, H., and Dell, B. (1994). Nutrient uptake in mycorrhizal symbiosis.
Plant Soil. 159, 89-102. doi: 10.1007/BF00000098

Martin, S., Mooney, S., Dickinson, M., and West, H. (2012). The effects of
simultaneous root colonisation by three Glomus species on soil pore characteristics.
Soil Biol. Biochem. 49, 167-173. doi: 10.1016/j.s0ilbio.2012.02.036

McCarthy, M., and Enquist, B. (2007). Consistency between an allometric
approach and optimal partitioning theory in global patterns of plant biomass
allocation. Funct. Ecol. 21, 713-720. doi: 10.1111/j.1365-2435.2007.01276.x

Mi, M,, Shao, M., and Liu, B. (2016). Effect of rock fragments content on water
consumption, biomass and water-use efficiency of plants under different water
conditions. Ecol. Eng. 94, 574-582. doi: 10.1016/j.ecoleng.2016.06.044

Nouri, E., Breuillin-Sessoms, F., Feller, U., and Reinhardt, D. (2015). Correction:
Phosphorus and nitrogen regulate arbuscular mycorrhizal symbiosis in Petunia
hybrida. PLoS One 10, e0127472. doi: 10.1371/journal.pone.0127472

Peng, W., Zhu, Y., Song, M., Du, H,, Song, T., Zeng, F., et al. (2019). The spatial
distribution and drivers of soil microbial richness and diversity in a karst broadleaf
forest. For. Ecol. Manage. 449, 117241. doi: 10.1016/j.foreco.2019.03.033

Qi, Y., Wei, W., Chen, C., and Chen, L. (2019). Plant root-shoot biomass
allocation over diverse biomes: A global synthesis. Glob. Ecol. Conserv. 18, €00606.
doi: 10.1016/j.gecc0.2019.00606

Real-Santillan, R. O., Del-Val, E., Cruz-Ortega, R., Contreras-Cornejo, HA.,
Gonzalez-Esquivel, C. E., and Larsen, J. (2019). Increased maize growth and p
uptake promoted by arbuscular mycorrhizal fungi coincide with higher foliar
herbivory and larval biomass of the fall armyworm Spodoptera frugiperda.
Mycorrhiza. 29, 615-622. doi: 10.1007/s00572-019-00920-3

Reynolds, H., and D'antonio, C. (1996). The ecological significance of plasticity
in root weight ratio in response to nitrogen: opinion. Plant Soil. 185, 75-97.
doi: 10.1007/BF02257566

Roiloa, S. R, and Retuerto, R. (2006). Small-scale heterogeneity in soil quality
influences photosynthetic efficiency and habitat selection in a clonal plant. Ann.
Bot. 98, 1043-1052. doi: 10.1093/aob/mcl185

Selosse, M. A., Richard, F.,, He, X., and Simard, S. W. (2006). Mycorrhizal
networks: des liaisons dangereuses? Trends Ecol. Evol. 21, 621-628. doi: 10.1016/
j.tree.2006.07.003

Shen, K. P., Cornelissen, J. H. C., Wang, Y. J., Wu, C. B, He, Y. ], Ou, J,, et al.
(2020). AM fungi alleviate phosphorus limitation and enhance nutrient
competitiveness of invasive plants via mycorrhizal networks in karst areas. Front.
Ecol. Evol. 8. doi: 10.3389/fev0.2020.00125

Smith, S. E., and Read, D. J. (2008). Mycorrhizal symbiosis. Q Rev. Biol. 3, 273
281. doi: 10.1097/00010694-198403000-00011

Song, Y. B, Li, W. B,, Dai, W. H., and Dong, M. (2016). Does sex constrain
functional clonal traits and their responses to environmental heterogeneity in the
stoloniferous herb Glechoma longituba? Flora. 218, 18-23. doi: 10.1016/
j.flora.2015.11.004

Stock, S. C., Koester, M., Boy, J., Godoy, R., Najera, F., Matus, F., et al. (2021).
Plant carbon investment in fine roots and arbuscular mycorrhizal fungi: A cross-
biome study on nutrient acquisition strategies. Sci. Total Environ. 781, 146748.
doi: 10.1016/j.scitotenv.2021.146748

Sun, Y., Umer, M., Wu, P, Guo, Y., Ren, W. D, Han, X,, et al. (2022). Indigenous
microorganisms offset the benefits of growth and nutrition regulated by inoculated
arbuscular mycorrhizal fungi for four pioneer herbs in karst soil. PLoS One 17,
€0266526. doi: 10.1371/journal.pone.0266526

van der Waal, C., de Kroon, H., Heitkonig, I. M., Skidmore, A. K., van
Langevelde, F., de Boer, W. F., et al. (2011). Scale of nutrient patchiness
mediates resource partitioning between trees and grasses in a semi-arid savanna.
J. Ecol. 99, 1124-1133. doi: 10.1111/j.1365-2745.2011.01832.x

Wang, G., Li, X,, Christie, P., Zhang, J., and Li, X. (2016). Response of arbuscular
mycorrhizal fungi to soil phosphorus patches depends on context. Crop Pasture Sci.
67, 1116-1125. doi: 10.1071/CP16168

Wang, Y. J., Miiller-Schérer, H., van Kleunen, M., Cai, A. M., Zhang, P., Yan, R,,
et al. (2017). Invasive alien plants benefit more from clonal integration in
heterogeneous environments than natives. New Phytol. 216, 1072-1078.
doi: 10.1111/nph.14820

Wang, Y. J,, Shi, X. P,, Meng, X. F.,, Wu, X. J,, Luo, F. L, and Yu, F. H. (2016).
Effects of spatial patch arrangement and scale of covarying resources on growth
and intraspecific competition of a clonal plant. Front. Plant Sci. 7. doi: 10.3389/
fpls.2016.00753

Wei, Y., Wang, S, Liu, X., and Huang, T. (2011). Genetic diversity of arbuscular
mycorrhizal fungi in karst microhabitats of guizhou province, China. Chin. J. Plant
Ecol. 35, 1083-1090. doi: 10.3724/SP.J.1011.2011.00110

Wicaksono, W. A, Sansom, C. E., Jones, E. E., Perry, N. B., Monk, J., and
Ridgway, H. J. (2018). Arbuscular mycorrhizal fungi associated with Leptospermum
scoparium (manuka): effects on plant growth and essential oil content. Symbiosis.
75, 39-50. doi: 10.1007/s13199-017-0506-3

frontiersin.org


https://doi.org/10.1111/nph.15876
https://doi.org/10.1038/nature03610
https://doi.org/10.1093/jpe/rtab110
https://doi.org/10.11721/cqnuj20200402
https://doi.org/10.1111/j.1365-2486.2010.02327.x
https://doi.org/10.1007/s11356-019-04385-x
https://doi.org/10.1890/00129658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1890/00129658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1016/S0065-2504(08)60215-9
https://doi.org/10.1093/aob/mch111
https://doi.org/10.1890/02-0290
https://doi.org/10.1007/s13199-021-00748-6
https://doi.org/10.2307/3545542
https://doi.org/10.1093/aob/mcl216
https://doi.org/10.1111/nph.15230
https://doi.org/10.1186/s12870-022-03514-y
https://doi.org/10.1007/s11258-021-01141-5
https://doi.org/10.1007/s11258-021-01141-5
https://doi.org/10.5846/stxb201807061475
https://doi.org/10.3390/agronomy12051063
https://doi.org/10.13287/j.1001-9332.2010.0250
https://doi.org/10.1111/j.1469-8137.2005.01547.x
https://doi.org/10.1007/BF00000098
https://doi.org/10.1016/j.soilbio.2012.02.036
https://doi.org/10.1111/j.1365-2435.2007.01276.x
https://doi.org/10.1016/j.ecoleng.2016.06.044
https://doi.org/10.1371/journal.pone.0127472
https://doi.org/10.1016/j.foreco.2019.03.033
https://doi.org/10.1016/j.gecco.2019.e00606
https://doi.org/10.1007/s00572-019-00920-3
https://doi.org/10.1007/BF02257566
https://doi.org/10.1093/aob/mcl185
https://doi.org/10.1016/j.tree.2006.07.003
https://doi.org/10.1016/j.tree.2006.07.003
https://doi.org/10.3389/fevo.2020.00125
https://doi.org/10.1097/00010694-198403000-00011
https://doi.org/10.1016/j.flora.2015.11.004
https://doi.org/10.1016/j.flora.2015.11.004
https://doi.org/10.1016/j.scitotenv.2021.146748
https://doi.org/10.1371/journal.pone.0266526
https://doi.org/10.1111/j.1365-2745.2011.01832.x
https://doi.org/10.1071/CP16168
https://doi.org/10.1111/nph.14820
https://doi.org/10.3389/fpls.2016.00753
https://doi.org/10.3389/fpls.2016.00753
https://doi.org/10.3724/SP.J.1011.2011.00110
https://doi.org/10.1007/s13199-017-0506-3
https://doi.org/10.3389/fpls.2022.968719
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shen et al.

Wijesinghe, D. K., and Hutchings, M. J. (1997). The eftects of spatial scale of
environmental heterogeneity on the growth of a clonal plant: An experimental
study with Glechoma hederacea. J. Ecol. 85, 17-28. doi: 10.2307/2960624

Wijesinghe, D. K., John, E. A,, and Hutchings, M. J. (2005). Does pattern of soil
resource heterogeneity determine plant community structure? an experimental
investigation. J. Ecol. 93, 99-112. doi: 10.1111/§.0022-0477.2004.00934.x

Wright, S. J., Yavitt, J. B., Wurzburger, N., Turner, B. L., Tanner, E. V., Sayer, E.
J., et al. (2011). Potassium, phosphorus, or nitrogen limit root allocation, tree
growth, or litter production in a lowland tropical forest. Ecology. 92, 1616-1625.
doi: 10.1890/10-1558.1

Xue, W., Huang, L., and Yu, F. H. (2016). Spatial heterogeneity in soil particle
size: does it affect the yield of plant communities with different species richness? J.
Plant Ecol. 9, 608-615. doi: 10.1093/jpe/rtv082

Yan, W,, Lin, X,, Yao, Q.,, Zhao, C., Zhang, Z., and Xu, H. (2021). Arbuscular
mycorrhizal fungi improve uptake and control efficacy of carbosulfan on

Frontiers in Plant Science

12

10.3389/fpls.2022.968719

Spodoptera frugiperda in maize plants. Pest Manage Sci. 77, 2812-2819.
doi: 10.1002/ps.6314

Zaller, J. G., Frank, T., and Drapela, T. (2011). Soil sand content can alter effects
of different taxa of mycorrhizal fungi on plant biomass production of grassland
species. Eur. J. Soil Biol. 47, 175-181. doi: 10.1016/j.¢jsobi.2011.03.001

Zhang, W., Chen, H.,, Wang, K., Su, Y., Zhang, J., and Yi, A. (2007). The heterogeneity
and its influencing factors of soil nutrients in peak-cluster depression areas of karst
region. Agr. Sci. China. 6, 322-329. doi: 10.1016/S1671-2927(07)60052-2

Zhang, Z., Zhou, Y., Wang, S., and Huang, X. (2018). Spatial distribution of
stony desertification and key influencing factors on different sampling scales in
small karst watersheds. Int. J. Env. Res. Public Health 15, 743. doi: 10.3390/
ijerph15040743

Zhou, Y., Wang, S, and Lu, H. (2010). Spatial distribution of soils during the
process of karst rocky desertification. Earth Env. 38, 1-7. doi: 10.14050/j.cnki.1672-
9250.2010.01.006

frontiersin.org


https://doi.org/10.2307/2960624
https://doi.org/10.1111/j.0022-0477.2004.00934.x
https://doi.org/10.1890/10-1558.1
https://doi.org/10.1093/jpe/rtv082
https://doi.org/10.1002/ps.6314
https://doi.org/10.1016/j.ejsobi.2011.03.001
https://doi.org/10.1016/S1671-2927(07)60052-2
https://doi.org/10.3390/ijerph15040743
https://doi.org/10.3390/ijerph15040743
https://doi.org/10.14050/j.cnki.1672-9250.2010.01.006
https://doi.org/10.14050/j.cnki.1672-9250.2010.01.006
https://doi.org/10.3389/fpls.2022.968719
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of AMF on plant nutrition and growth depend on substrate gravel content and patchiness in the karst species Bidens pilosa L
	Introduction
	Materials and methods
	Experimental design
	Plant material
	Plant growing substrate
	AM fungus propagation
	Measurements and calculations
	Calculation of effect size
	Statistical analysis

	Results
	The root mycorrhizal colonization rate of B. pilosa
	The seedling height, ground diameter, biomass and R/S ratio of B. pilosa
	The N accumulation, P accumulation and N/P ratio of B. pilosa
	The LnRR of plant growth and nutrition across patch size and gravel content
	The LnRR of plant growth and nutrition across substrate patchiness and substrate gravel

	Discussion
	Mycorrhizal efficiencies on growth and nutrient uptake
	Plant growth and nutrition associated with mycorrhizae depend mainly on the gravel content rather than the patch size

	Conclusions
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


