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Oikos Climate warming and anthropogenic activities have led to an increase in the prevalence
of non-native plants in mountainous regions that previously exhibited limited occur-
2025: e11327 . < . .
. . rences. This phenomenon has resulted in detrimental effects on endemic plants and
doi: 10.1002/0ik.11327 . Lo . .
ecosystem functions. However, the variation in traits of non-native plants that suc-

Subject Editor: Stefan Geisen cessfully spread to high elevations, as well as the underlying drivers of these changes,
Editor-in-Chief: remains poorly understood. In this study, we use Erigeron annuus, a cosmopolitan non-
Paulo R. Guimaraes native plant that has invaded high elevations, as our model to explore its individual
Accepted 24 March 2025 biomass pattern along a 1900 m elevation gradient. We also contrast this pattern with

that of the native Artemisia lavandulifolia, which has the same distribution range as
E. annuus. We found that the biomass of E. annuus displayed a hump-shape pattern
along elevation, while the biomass of the native A. lavandulifolia gradually decreased
with increasing elevation. By evaluating the effects of climate variables, soil proper-
ties, rhizosphere fungal communities and its spatial mid-domain effect (i.e. geographic
limitation) on plant biomass, we found that the biomass of E. annuus was primar-
ily influenced by the spatial mid-domain effect, while the biomass of A. lavandulifo-
lia resulted from a complex interplay of climatic variables and rhizosphere microbial
communities. Our findings emphasize the importance of a spatial mid-domain effect
on the growth of non-native E. annuus across elevation, indicating the impact of E.
annuus probable be greatest at mid-elevations and thus, where management priority
should be set. Further investigations considering more non-native plant species and
species’ traits will allow to scrutinize this vision.

Keywords: elevation gradient, non-native plant, spatial mid-domain effect,
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Introduction

Mountain ecosystems are recognized as critical refuges for
biodiversity, encompassing approximately 25% of the Earth’s
land area while harboring over 85% of the planet’s species
(Rahbek et al. 2019). However, these ecosystems face sig-
nificant threats from plant invasions exacerbated by climate
warming and anthropogenic disturbances. Numerous stud-
ies have documented the upward migration of non-native
plant populations to higher elevations as a direct response
to climate warming (Dainese et al. 2017, Slodowics et al.
2018). Additionally, researches indicate that the expan-
sion and establishment of non-native plants in mountain-
ous regions are facilitated by the construction of roads and
railways extending into mountain ecosystems (Rashid et al.
2021). Currently, more than 600 non-native plant species
have been recorded in the mountains worldwide (Iseli et al.
2023), but not all of them have reached high elevation areas
(Alexander et al. 2016). Previous investigations into non-
native plant species in mountainous regions have predomi-
nantly focused on community-level assessments, revealing a
global trend of decreasing non-native plant species richness
with increasing elevation (Alexander et al. 2011, Guo et al.
2018, Haider et al. 2018). Nevertheless, there is a paucity
of information regarding the population-level trait dynamics
of non-native plant species which are successfully establish-
ing themselves at high elevations. This information is crucial
for evaluating invasion risks, predicting future spread, and
informing targeted management interventions (Laeseke et al.
2020).

A steep environmental gradient over a short geographic
distance, characterized by variations in abiotic (e.g. tempera-
ture, precipitation and soil nutrient availability) and biotic
(e.g. microbial diversity and composition) factors across dif-
ferent elevations, is a defining feature of mountain ecosystems
(Kérner 2007, Salinas et al. 2011, Wang et al. 2022). These
variations can lead to strongly divergent selection pressures,
potentially resulting in alterations in plant traits, particularly
in plant biomass. Main possible processes explaining the
dynamic of plant biomass across elevation are: 1) the ‘temper-
ature—primary productivity relationship’ stating temperature
is the primary determinant for plant biomass, with higher
temperatures at lower elevations promoting enhanced pho-
tosynthesis and plant growth, thereby leading to a decreasing
trend in plant biomass with increasing elevation (Reich et al.
2014); 2) the ‘water—energy hypothesis’ suggesting that water
availability (precipitation) and energy inputs (temperature
and solar radiation) collectively influence plant biomass, with
the effect of water diminishing while the impact of energy
intensifying as elevation increases (Hawkins 2003); 3) the
‘nutrient availability hypothesis’ assuming soil nutrient avail-
ability declines with increasing elevation due to reduced
mineralization rates and litter decomposition at higher eleva-
tions, resulting in a downward trend in plant biomass along
elevation (Salinas et al. 2011); 4) the ‘plant—microbe interac-
tions” hypothesis highlights the important role of soil micro-
organisms in influencing plant biomass including growth
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promotion, nutrient uptake, disease suppression and stress
tolerance (Trivedi et al. 2020). As elevation increases, environ-
mental factors such as temperature, moisture, can influence
the diversity and composition of soil microbial communities
(Wang et al. 2022). These shifts in microbial communities
can either enhance or inhibit plant biomass depending on
microbial functions. Except these abiotic and biotic factors, a
non-environmental factor known as the spatial mid-domain
effect has been proposed as an alternative explanation for
plant distribution patterns along elevation (Colwell and Lees
2000, Du et al. 2024). The spatial mid-domain effect refers
to geographic constraints, assuming species are distributed
randomly and species within a bounded domain are more
frequently in the center of the domain than at the edges,
without involving environmental gradients or biological
interactions. Under the spatial mid-domain effect assump-
tion, the lower species diversity at distribution boundaries is
largely due to harsher environment conditions, geographical
barriers and fewer ecological niches. Thus, plant biomass may
be lower at the distribution boundaries when affected by the
spatial mid-domain effect.

Affected by harsh abiotic factors, the biomass of native
plants usually decreases linearly with elevation (Whittaker
and Niering 1975, Wang et al. 2007, Ma et al. 2010,
Qi et al. 2019, Lee et al. 2021). However, it remains uncer-
tain whether the biomass of non-native plant species follows
a similar declining trend with increasing elevation. As non-
native species are intentionally or unintentionally introduced
to a new region, their performance may be less influenced by
local abiotic and biotic conditions compared to that of native
plants (Alexander et al. 2011). This may be attributed to the
inherent characteristics of non-native plants, including rapid
growth rates, high phenotypic plasticity, broad environmental
tolerances, strong dispersal abilities and minimal reliance on
specialized mutualists (Richards et al. 2006). These traits not
only contribute to their success in introduced ranges but also
render them more resilient to environmental changes than
native plants (Sorte et al. 2013, Liu et al. 2017). Previous
common garden experiments contrasting the environmental
sensitivity of native and non-native plant species indicated
that non-native plant species were less sensitive to environ-
ment changes (Peng et al. 2019, Zettlemoyer et al. 2019).
Thus, the biomass patterns of individual non-native plants
are less correlated with abiotic (climate variables and soil
properties) and biotic (soil microbial communities) factors.

Erigeron annuus (Asteraceae) is native to North America
and has been introduced globally due to its rapid dispersal
and strong reproductive ability (Huang et al. 2023). Even
though most non-native species frequently occur in the
lowlands because of stronger climatic constraints and fewer
anthropogenic disturbances at higher elevations, E. annuus
has been reported as a pioneer species in high elevations
(Trtikova et al. 2011, Seipel et al. 2016). The species that
thrive at high elevations often possess broad environmental
and biotic niches, making them less dependent on specific
environmental conditions and soil microorganisms. As a
result, they pose a threat to the survival of endemic native
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plant species in these high elevations (Alexander et al. 2011,
Buckley and Catford 2016).

To understand plant invasions in mountain areas, it is nec-
essary to first consider patterns and mechanisms of non-native
plants that had successfully spread to high elevations. Here,
we surveyed the biomass of non-native E. annuus along a
broad elevational gradient in the Qinling Mountains, China.
We collected data on climatic variables, soil properties, rhizo-
sphere fungal community and the spatial mid-domain effect
to elucidate the influence of these factors on the elevational
distribution of the non-native E. annuus. As the spatial mid-
domain effect is assessed using community data, we utilized
the spatial mid-domain effect on rhizosphere fungal commu-
nity as a proxy for the spatial mid-domain effect on its host
plants. There are two reasons that motivated us to extend the
spatial mid-domain effect on rhizosphere fungal community
to its host plant. First, space typically has similar effects on
trophically interacting species, and the notion of the spatial
mid-domain effect from species richness has been extended
to trophically structured communities (von Prillwitz and
Blasius 2020). Second, plants and their rhizosphere microbes,
particularly the fungal community, are highly dependent on
the exchange of nutrient resources and molecular signals
(Phillips et al. 2003). The spatial mid-domain effect may
cascade from the fungal community to its host plants. We
hypothesized that 1) the biomass of non-native E. annuus
will not decrease linearly with increasing elevation, and 2)
the spatial mid-domain effect is more important than abiotic
and biotic factors in influencing the biomass pattern of non-
native E. annuus. In addition, we sampled the biomass of the
native Artemisia lavandulifolia (Asteraceae), which shares the
same distribution range as E. annuus along the elevational
gradient in the Qinling Mountains for comparison.

Material and methods

Study area and plant species

The study was carried out in the Qinling Mountains, Shaanxi
Province, China (32°22-34°48'N, 105°13-113°13E),
which is the physical geographical boundary between south-
ern and northern China and climate boundary between the
subtropical humid and warm temperate semi-humid climates.
Due to their unique geological features, the Qinling Mountains
are known as an international biodiversity hotspot, harbor-
ing several extant tertiary ancient plant species, a multitude
of wild plants, and a high diversity of both flora and fauna
(Zhang et al. 2017). The Qinling Mountains are characterized
by mountains and hills, with the highest peak at 3767 m a.s.l.
(Taibai Mountain). With the rapid economic development
and population growth, the place has suffered from biological
invasions threatening its native biodiversity (Liu et al. 2021).

Erigeron annuus (Asteraceae), a cosmopolitan annual
or biennial herb (Supporting information), is one of the
most serious alien invasive weeds in China reported by the
Ministry of Ecology and Environment of China. This species

is extensively distributed across warm temperate to subtropi-
cal areas of China (Huang et al. 2023). Erigeron annuus was
first discovered in China from Shanghai in 1886 and pro-
gressively spread to Shaanxi Province by 1959 (Wang et al.
2010). Based on our previous field survey along the major
roads traversing the Qinling Mountains at elevations rang-
ing from 600 to 2700 m, we found E. annuus as the only
non-native plant species that has reached 2400 m, exhibiting
a continuous elevation distribution between 600 and 2400
m. Within the same elevation range, we also observed the
presence of the native perennial herb, Artemisia lavandulifolia
(Asteraceae), which is the dominant herbaceous species at the
Qinling Mountains (Chen et al. 2023). Hence, we chose this
native species for comparison.

Plot set up

Given the significant habitat heterogeneity and the relatively
short distances within each elevation range, we referred to the
MIREN (Mountain Invasion Research Network) protocol
(Iseli et al. 2023) and established a 100 m transect through the
monodominant stands of E. annuus based on the local condi-
tion such as terrain and plant distribution. Within the tran-
sect, we set five independent plots (1 m X 1 m) spaced evenly
at 25 m intervals, with this setup repeated at each elevation
during autumn 2021 (Fig. 1A). A total of 95 plots (19 eleva-
tions X 5 replicates) were characterized for E. annuus. We also
applied the same set up for A. lavandulifolia at each elevation.

Climatic variables, soil properties and plant biomass
data collection

At each elevation, we recorded geographic coordinates
(longitude and latitude) using a handheld GPS device. We
extracted the mean annual temperature (MAT) and mean
annual precipitation (MAP) data from the WorldClim 2
dataset (www.worldclim.org/) at 1 km spatial resolution for
the time period spanning 1970-2000. At each sampling plot,
we selected three healthy target plant individuals of similar
size and collected the tightly root-attached soil as rhizosphere
soil. The rhizosphere soil samples of three plant individuals
were pooled together as a single rhizosphere soil sample for
each plot. The aboveground biomass of the target plants was
weighted by cutting the plant shoots above the soil surface. A
total of 190 rhizosphere soil samples (19 elevation X 5 plots
X 2 plant species) were delivered to the lab and then sieved
through a 2 mm mesh for soil biogeochemical properties and
rhizosphere fungal community measurements. Soil pH was
determined by a pH meter (Thermo Fisher Scientific) in a
1:5 soil-to-water ratio. Soil total carbon (TC), total nitrogen
(TN) and TC:TN ratio were measured by an elemental ana-
lyzer (FXL950, Thermo Fisher Scientific).

Rhizosphere fungal community measurement

We extracted soil DNA using the PowerSoil DNA Isolation
Kit (Qiagen) for the amplification of the ITSI region of
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Figure 1. Sampling sites and plots of non-native E. annuus and native A. lavandulifolia across broad elevation gradient range on Qinling
Mountains (A) and the aboveground biomass of non-native . annuus (B) and native A. lavandulifolia (C) along elevation.

the fungal ribosomal RNA gene. A universal PCR primer
pair ITS1F (CCTGGTCATTTAGAGGAAGTAA)/ITS2R
(GCTGCGTTCTTCATCGATGC) (Walters et al. 2016)
was applied. All PCR products were visualized by 2% aga-
rose gel electrophoresis and subsequently purified with the
AxyPrep DNA Gel Extraction Kit (AxyGen). The con-
centration of each PCR product was quantified using the
QuantiFluor-ST Fluorometer (PromegaA), and the products
were equivalently pooled for library construction and ampli-
con sequencing on the [llumina NovaSeq 6000 platform. We
used QIIME2-2021.4 (Bolyen et al. 2019) to process the
imported paired-end sequences, followed by Deblur algo-
rithm to generate fungal ASVs (Amplicon sequence variant)
table. ASVs with fewer than 10 sequences across all samples
were excluded to minimize the impact of PCR and sequenc-
ing errors. We filtered the chimeric sequences using the
vsearch uchime_denovo method. We delineated all 11 971
fungal ASVs using a pre-trained Naive Bayes classifier based
on the Unite developed dynamic sequences database (10 May
2021 release). We estimated the fungal diversity by diversity
core-metrics pipeline at a sequence depth of 14 621. Based
on the taxonomy of each fungal ASV, the fungal ASVs were
further assigned to functional traits using FungalTraits which
had better functional annotation quantity and quality than
FunGuild (Tanunchai et al. 2023). The relative abundance

Page 4 of 12

of fungal functional traits was calculated using an unrarefied
fungal ASVs table.

Spatial mid-domain effect estimation

The null model was used to examine the influence of the
spatial mid-domain effect on the spatial distribution of rhi-
zosphere fungal species richness along an elevation gradient
(Peters et al. 2016). We reassigned the rhizosphere fungal
richness in our study at random replacement for 999 times
to generate a predicted pattern of rhizosphere fungal diver-
sity that is controlled by the spatial mid-domain effect. The
procedure was executed using the rangemod]d function from
the ‘rangemodelR’ package (Marathe 2019). The predicted
mean richness was used to evaluate the explanatory power of
the spatial mid-domain effect on the rhizosphere fungal com-
munity along elevation and the spatial mid-domain effect on
the rhizosphere fungal community was considered as a proxy
of the spatial mid-domain effect on its host plant.

Statistical analysis

Data analysis was performed in R ver. 4.0.3 (www.r-project.
org). We applied both quadratic and linear regression mod-
els to examine how plant biomass, climatic variables, soil
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properties and rhizosphere fungal diversity change with ele-
vation. For each model, we calculated the AIC value and set
the model with lower AIC value as the better fitting model.
We used the ASVs richness and Shannon index to repre-
sent potential species pool and alpha diversity respectively.
To reveal the variations in rhizosphere fungal community
composition between different samples, we used the first
axis of the PCoA based on the Bray—Curtis dissimilarity of
fungal ASVs to represent the potential fungal beta diversity
(Lei et al. 2024). The effect of elevation and plant species on
the variation of rhizosphere fungal community composition
was estimated by PERMANOVA analysis using the adonis
function in the ‘vegan’ package (Oksanen et al. 2020).

To disentangle the effects of climatic variables, soil prop-
erties, rhizosphere fungal diversity and functional traits as
well as the spatial mid-domain effect on the plant biomass
across different elevations, we applied Spearman correla-
tion and machine learning Boruta feature selection analyses.
We conducted Spearman correlations between these factors
using corr.test in the R-package ‘psych’ (Revelle 2022). The
p-values were adjusted using false discovery rate (FDR, van
Iterson et al. 2010). We further performed a feature selec-
tion with the Boruta algorithm in the ‘Boruta’ package (Kursa
and Rudnicki 2010) to verify predictor variables (climatic
variables, soil properties, rhizosphere fungal diversity, fungal
functional traits and spatial mid-domain effect) responsible
for plant biomass. Boruta iteratively compares the impor-
tance of each individual variable with a random variable by
fitcting random forest models. Variables that have significantly
higher importance than random ones are classified as ‘con-
firmed’; variables that have significantly lower importance
than random ones are classified as ‘rejected’; and variables
that have no significant difference between random ones are
classified as ‘tentative’.

Results

Plant biomass of non-native E. annuus and native A.
lavandulifolia along elevation

Biomass of non-native E. annuus displayed a significant
hump-shape pattern across elevation (R*=0.112, p=0.002;
Fig. 1B), while the biomass of native A. lavandulifolia showed
a significant linearly decreasing trend with increasing eleva-
tion (R*=0.207, p < 0.001; Fig. 1C).

Climatic variables, soil properties and rhizosphere
fungal community along elevation

Through compiling MAT and MAP at various elevations,
we observed significant correlations between these climatic
variables and elevation. Specifically, the MAT decreased
with increasing elevation changing from 12.18 to 4.72°C
(R*=0.977, p < 0.001; Fig. 2A), while the MAP increased
with elevation varying from 766 to 834 mm (R*=0.748, p
< 0.001; Fig. 2B).

Rhizosphere soil properties also changed across elevation.
The rhizosphere pH of non-native E. annuus ranged from 7.38
t0 9.56 and pH of native A. lavandulifolia ranged from 7.41
t0 9.20. The rhizosphere pH for both plant species exhibited
a significant hump-shape pattern along elevation (E. ann-
uus: R*=0.093, p=0.005; A. lavandulifolia: R*=0.187, p
< 0.001; Fig. 2C). In terms of total carbon (TC), the rhi-
zosphere TC for E. annuus varied from 0.81% to 5.87%,
whereas the TC for A. lavandulifolia ranged from 0.41% to
7.91%. The rhizosphere TC for both plant species showed
an increasing trend with elevation (E. annuus: R*=0.035,
p=0.039; A. lavandulifolia: R*=0.035, p=0.039; Fig. 2D).
Regarding total nitrogen (TN), the rhizosphere TN for E.
annuus, ranging from 0.05% to 0.31%, initially increased
and then flattened out with elevation, while TN for A. lavan-
dulifolia, ranging from 0.02% to 0.60%, showed an increas-
ing trend with elevation (E. annuus: R*=0.213, p < 0.001;
A. lavandulifolia: R?=0.063, p=0.008; Fig. 2E). The rhizo-
sphere TC:TN for E. annuus ranged from 10.1 to 21.1 and
TC.TN for A. lavandulifolia ranged from 9.47 to 23.73. The
rhizosphere TC:TN for both plant species initially decreased
and then slightly increased again above 1800 m a.s.l. (£. ann-
uus: R*=0.256, p < 0.001; A. lavandulifolia: R*=0.198, p
< 0.001; Fig. 2F).

The diversity and composition of rhizosphere fungal com-
munity exhibited significant variations with elevation. The
species pool (E. annuus: R*=0.559, p < 0.001; A. lavanduli-
Jfolia: R*=0.354, p < 0.001; Fig. 3A) and alpha diversity (£.
annuus: R?=0.343, p < 0.001; A. lavandulifolia: R*=0.191,
p < 0.001; Fig. 3B) of both plant species displayed a sig-
nificant hump-shape pattern along the elevation gradient.
Conversely, the beta diversity of both plant species exhibited a
decreasing trend as elevation increased (£. annuus: R*=0.805,
p <0.001; A. lavandulifolia: R*=0.860, p < 0.001; Fig. 3C).
Notably, the composition of rhizosphere fungal community
significantly differed between the two plant species and across
different elevations (plant: R*=0.022, p < 0.001; elevation:
R?=0.093, p < 0.001; plant X elevation: R*=0.011, p <
0.001; Fig. 3D). We further categorized the overall fungal
community composition into distinct functional guilds and
identified that putative saprotrophs and plant pathogens were
dominant at our study sites. In the rhizosphere of E. annuus,
saprotrophs accounted for 54.57%, primarily represented
by Zetracladium and plant pathogens made up 14.34%,
predominantly Fusarium. In the rhizosphere of A. lavandu-
lifolia, saprotrophs constituted 55.91%, mainly composed
of Mortierella and plant pathogen represented 17.81%, pri-
marily Paraphoma (Fig. 3E). The relative abundance of the
putative saprotrophs in the rhizosphere of both plant spe-
cies did not exhibit a clear trend across different elevations
(E. annuus: R*=0.002, p=0.277; A. lavandulifolia: R*=0,
p=0.857; Supporting information). Additionally, the rela-
tive abundance of putative ectomycorrhizal fungi (E. annuus:
R?=0.030, p=0.050; A. lavandulifolia: R*=0, p=0.389;
Supporting information) and arbuscular mycorrhizal fungi
(E. annuus: R*°=0, p=0.769; A. lavandulifolia: R*=0,
p=0.762; Supporting information) remained relatively stable
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Figure 2. Climate variables MAT (A) and MAP (B) of each sampling site, and rhizosphere soil properties pH (C), TC (D), TN (E) and
TC:TN (F) of the two plant species along elevation. MAT: mean annual temperature; MAP: mean annual precipitation; TC: total carbon;

TN: total nitrogen.

across different elevations. The relative abundance of putative
plant pathogens in the rhizosphere of E. annuus displayed a
U-shape pattern across different elevations, while the rhizo-
sphere of A. lavandulifolia showed a slightly decreasing trend
with increasing elevation (E. annuus: R?=0.067, p=0.007;
A. lavandulifolia: R*=0.311, p < 0.001; Supporting informa-
tion). The relative abundance of putative root endophytes in
the rhizosphere exhibited an increasing trend with elevation
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for both species (E. annuus: R?=0.034, p=0.041; A. lavan-
dulifolia: R?=0.127, p < 0.001; Supporting information).

Estimated spatial mid-domain effect

Simulated by the spatial mid-domain null models, we found
significant spatial mid-domain effects for both plant species.
The predicted rhizosphere fungal species pool generated by
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Figure 3. Rhizosphere fungal species pool (A), alpha diversity (B) and beta diversity (C) of the two plant species along elevation; the rhizo-
sphere fungal community composition visualized by PCoA across elevation and the effects of plant species and elevation on the variance of
fungal community composition were detected by PerManova (D); stacked area plots show the relative abundance of rhizosphere fungal
functional guilds of two plant species (E).

randomized range placement falls within the 95% confidence
limits at most individual sites within the elevation boundar-
ies of E. annuus (Fig. 4A) and A. lavandulifolia (Fig. 4B) in
the Qinling Mountains. We also detected significant positive

correlations between the mid-domain predicted species pool
and the observed species pool which verified the existence of
spatial mid-domain effects for both plant species (Supporting
information).

Page 7 of 12

19 Aq /ZETT10/200T OT/I0p/Wi00" A8 | M Areiq 1 puljuo'Sfeu.nofosu//sdny Loy papeojumod ‘0 ‘9020009T

N 13 8feuoILR) or

85U8017 SUOWWOD BRI 3(dedl|dde sy Aq peuieAob ae Sspie O ‘88N JO Sa|nJ 10} ARIq178UIUO A8]1M UO (SUONIPUCD-pUe-SWB) W00 A8 |1 Aeiq Ul |uo//Sdiy) SUOTIPUOD pue swie | 8u18es *[520z/70/Tz] uo Akeidiauluo A (1M



(A)

500

4004 /

o °

® .

Mid—domain predicted species pool

R2=0.717,p < 0.001
3001 » .

600 1000 1400 1800 2200
Elevation(m)

(B) 5504

A.lavandulifolia . = =~

Mid-domain predicted species pool
w
a
o

R2=0.721,p < 0.001

W
o
o

600 1000 1400 1800 2200
Elevation(m)

Figure 4. Predicted rhizosphere fungal species pool under the assumption of random range placement using mid-domain null models along
elevation on Qinling Mountains for non-native E. annuus (A) and native A. lavandulifolia (B). The dash lines represent the upper and lower

95% CI limits.

Relative importance of climatic variables, soil
properties, fungal community and spatial mid-
domain effect on the elevation pattern of plant
biomass

Using Boruta feature selection, we identified the spatial mid-
domain effect as having a significantly high impact on the
plant biomass of E. annuus followed by elevation, MAT and
MAP (Fig. 5A). In contrast, for A. lavandulifolia, MAT, rhizo-
sphere fungal beta diversity, elevation and MAP were found to
exert considerable influence on plant biomass across different
elevations (Fig. 5C). Using Spearman correlations, we deter-
mined that only the spatial mid-domain effect (tho=0.379,
p < 0.001) and putative saprotroph (tho=0.213, p=0.039)
exhibited a significant positive relationship with the plant
biomass of E. annuus (Fig. 5B). While for A. lavandulifo-
lia, MAT (tho=0.549, p < 0.001) and rhizosphere fungal
beta diversity (tho=0.590, p < 0.001) demonstrated signifi-
cant positive correlations with plant biomass and elevation
(tho=-0.539, p < 0.001), MAP (tho=-0.559, p < 0.001),
putative ectomycorrhizal (tho=-0.467, p < 0.001), puta-
tive root endophyte (rtho=-0.410, p < 0.001), rhizosphere
fungal species pool (tho=-0.534, p < 0.001) and rhizo-
sphere fungal alpha diversity (tho=—-0.375, p < 0.001) were
associated with significant negative relationships with plant
biomass (Fig. 5D).

Discussion

Plant functional traits, particularly those associated with the
competitive ability of non-native plants, such as biomass,
play a crucial role in determining the severity of the impacts
caused by these invasions (Ni et al. 2021). By accounting for
variations in the traits of non-native plants, we can enhance
our understanding of the consequences of such invasions
(Gioria et al. 2023). Generally, it is anticipated that the bio-
mass of native plants will decline with increasing elevation
due to the unfavorable growth conditions, such as lower
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temperatures and reduced nutrient availabilicy (Wang et al.
2007, Malhi et al. 2015). In alignment with this expectation,
our study revealed a decreasing trend in the biomass of native
A. lavandulifolia with increasing elevation. Conversely, the
biomass of non-native E. annuus exhibited a hump-shaped
pattern in relation to elevation, rather than a consistent linear
decline.

We further conducted a comprehensive investigation into
the factors influencing biomass at various elevations. Our
findings indicate that the spatial mid-domain effect, rather
than abiotic or biotic environmental factors, predominantly
influences the biomass of E. annuus across different elevations.
Conversely, this effect is not significant for A. lavandulifolia.
The spatial mid-domain effect has been extensively used to
elucidate the elevation gradient of species diversity among
plants (Lee et al. 2013, Xu et al. 2021), animals (Chettri and
Archarya 2020) and microorganisms (Miyamoto et al. 2014).
Our research is pioneering in demonstrating that the spatial
mid-domain effect can also drive the biomass of a non-native
plant species along elevation gradients. The spatial mid-
domain effect posits that a random replacement of species
within a bounded geographic domain results in the highest
species range ovetlap at the center of the domain without
involving any environmental gradient (Colwell and Lees
2000). This concept postulates a continuous distribution
range. Accordingly, the continuous elevation distribution of
E. annuus may lead to peak biomass at mid-elevations, rather
than at higher or lower elevations, under random replace-
ment conditions, particularly when the species exhibits lower
sensitivity to environmental gradients within the elevation
domain. In contrast, the biomass of native A. lavandulifolia
decreased linearly along elevation, with its biomass distribu-
tion along elevation being significantly influenced by cli-
matic factors and rhizosphere fungal community. Therefore,
despite A. lavandulifolia also possessing a continuous distri-
bution range, the random effect is effectively overshadowed
by other environmental factors. We acknowledge that it is
difficult to draw conclusions about a direct impact of spatial
mid-domain effect on the non-native plant biomass because
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Figure 5. Boruta feature selection determining the importance of impact variables on plant aboveground biomass of non-native E. annuus
(A) and native A. lavandulifolia (C), Spearman correlation of plant aboveground biomass of non-native E. annuus (B) and native A. lavan-
dulifolia (D) with impact variables. The dash lines represent non-significant relationship (p > 0.05), the green lines represent positive signifi-
cant relationship, the red lines represent negative significant relationship and the bold lines represent the strength of the correlation. MAT:
mean annual temperature; MAP: mean annual precipitation; TC: total carbon; TN: total nitrogen; MDE: spatial mid-domain effect.

the spatial mid-domain effect on individual plant species in
this study was assessed indirectly through its associated rhizo-
sphere fungal community.

The possible explanation for the lower dependence on
environmental factors of non-native E. annuus may be its
broader range of environmental tolerance (Huang et al. 2023)
compared to native A. lavandulifolia, allowing it to maintain
high aboveground biomass at high elevations. The occurrence
records of E. annuus based on GBIF database confirmed its
worldwide distribution. Recent findings have also identified
a hump-shaped relationship between biomass and elevation
in tropical mountain forests when the trees were dominated
by higher environmental tolerance temperate-affiliated clades
(Venter et al. 2017, Gonzilez-Caro et al. 2020). In addition,
non-native plant species, which typically possess a shorter
evolutionary history in newly introduced environments,

often demonstrate enhanced phenotypic plasticity relative
to native ones, enabling them to rapidly adjust their growth
strategy in response to environmental changes (Richards et al.
2006). For example, some invasive Asteraceae plants showed
stronger plastic root growth response that allowed them to
maintain high performance under drought condition, which
was not the case for native Asteraceae plants (Li et al. 2023).
According to herbarium records, E. annuus first appeared
in Shaanxi Province (where our sampling sites are located)
in 1959 (Wang et al. 2010). The presence of E. annuus at
Qinling Mountains is probably less than 65 years, a too short
time-period to allow for population differentiation and local
adaptation. Hence, higher phenotypic plasticity of E. annuus
as compared to native A. lavandulifolia might have contrib-
uted to the different elevation trends between the non-native
and native species in our study.
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The generalizability of our findings should be interpreted
with caution. Firstly, our investigation was limited to a single
non-native plant species at a single elevation gradient, and
it is noteworthy that only a few non-native plant species
are capable of thriving at high elevations (Py$ek et al. 2011,
Haider et al. 2018). The observed pattern may be confounded
by species-specific effect or site-specific effect, as different
species at different sites exhibit variability in their functional
traits (Mudrédk et al. 2019). Despite this significant limitation,
we have elucidated the biomass dynamics of non-native plant
species that are rarely able to reach up to high elevation across
a gradient of 1900 m. From a methodological perspective,
longer elevation gradients can provide a more comprehensive
representation of elevation related changes; however, data on
gradients exceeding 1000 m are scarce (Zvereva and Kozlov
2022). Our findings provide a relative complete elevation
patterns of the biomass dynamic of both a native and a non-
native plant species. Secondly, our study concentrated solely
on plant aboveground biomass. This focus may undermine
our ability to predict the overall impact of non-native plants
on mountain ecosystems, as other functional traits, such as
seed mass and total leaf area, are also anticipated to contrib-
ute to the invasion’s impact (Liao et al. 2021, Ni et al. 2021).
We acknowledge that future studies including more non-
native and native plant species and more functional traits will
be essential to enhance the inferential strength of our study.
Besides, it is important to note that the rhizosphere fungal
community in this study was measured using a general fungal
ITS1 primers and ASV method, which may underestimate
or overestimate fungal diversity because of primer bias, inef-
ficient amplification of certain taxa and intraspecific varia-
tion in ITS region (Kauserud 2023). More specific primers or
complementary methods can provide a more comprehensive
view of the effects of rhizosphere fungal community.

Significance statement

Mountain ecosystems, critical refuges for biodiversity, are
threatening by non-native plant invaders. Understanding the
trait dynamics of non-native plant invaders which are suc-
cessfully establishing themselves at high elevations is crucial
for evaluating invasion risks and informing targeted man-
agement interventions. In this study, we integrated multiple
mechanism underlying plant spatial distribution to uncover
their role on elevation distribution of non-native plant. We
found that non-native plant was primarily influenced by the
spatial mid-domain effect, exhibited showed a hump-shape
pattern along elevation gradient. In contrast, native plant was
mainly affected by both abiotic and biotic factors, showing a
decreasing trend with elevation. Our findings improved our
understanding of ecological mechanisms underlying non-
native plant invaders in mountain ecosystems.

Funding — The study was supported by National Natural Science
Foundation of China (32301324 and 32071660) and Natural
Science Foundation of Hubei Province (2023AFB231).
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Speculations

While our study identifies the spatial mid-domain effect as a key
factor driving the biomass pattern of non-native Erigeron annuus
across different elevations, we could explore the genetic adapta-
tion of non-native plants in relation to climate change resilience.
Beyond our current findings, if non-native plants like £. annuus
evolve rapidly and exhibit genetic diversity, their evolutionary
dynamics could lead to novel traits not yet captured in our data-
set, potentially making them better adapted to high-elevation
environments. Additionally, if hybridization occurs between
non-native plants and closely related native plants, the mixing
of genes from different populations could accelerate the genetic
adaptation process, complicating the assessment of non-native
plants’ performance in various environments. Furthermore,
looking at aboveground interactions such as plant—pollinator
interactions, plant-herbivore interactions along the elevation
gradient could deepen our understanding. The presence of the
non-native plants not only alters the soil and microbial dynam-
ics but also changes the structure of the entire ecological net-
work. Integrating the feedback loops between non-native plants
and aboveground fauna could help understand the dynamic of
non-native plants across diverse elevations.

Author contributions

Kaoping Zhang: Conceptualization (lead); Data curation
(lead); Formal analysis (lead); Funding acquisition ( support-
ing); Investigation (supporting); Methodology (lead); Project
administration (lead); Validation (lead); Visualization (lead);
Writing — original draft (lead); Writing — review and edit-
ing (lead). Yu Shi: Methodology (supporting); Supervision
(supporting); Writing — review and editing (supporting).
Pengdong Chen: Investigation ( lead ). Heinz Miiller-
Schirer: Supervision (supporting); Writing — review and
editing (supporting). Wei Huang: Conceptualization (sup-
porting); Funding acquisition (lead ); Supervision (support-
ing); Writing — review and editing (supporting).

Data availability statement

Raw sequencing data were deposited to the Genome Sequence
Archive in National Genomics Data Center under the acces-
sion number GSA: CRA018063 (https://bigd.big.ac.cn/gs
a/browse/ CRA018063); Metadata including plant biomass,
soil properties and climate variables are available from the
Dryad Digital Repository: https://doi.org/10.5061/dryad.
80gb5mm1d (Zhang et al. 2025)

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Alexander, J. M., Kueffer, C., Dachler, C. C., Edwards, P. J., Pauchard,
A., Seipel, T. and MIREN Consortium 2011. Assembly of non-

85U801 SUOWWOD BRI 3(dedl|dde sy Aq peusenob ae Ssjpie O ‘8sn Jo Sa|nJ 10§ Akiq 17 8UIUO AB]1M UO (SUOIPUOD-pUe-SWLB) W00 A8 1M Aeiq Ul |Uo//Sdiy) SUOTIPUOD pue swie | 8u18es *[5202/70/Tz] uo Akeiqiauljuo A8|1M ‘SIS IBAIUN 13 8feuoiued anbayiol|qig Aq ZZETT Y10/200T 0T/I0p/wod A8 | im Arelq i jpuluo's eunofosuy/:sdny wouy pepeojumod ‘0 ‘9020009T


https://bigd.big.ac.cn/gsa/browse/CRA018063
https://bigd.big.ac.cn/gsa/browse/CRA018063
https://doi.org/10.5061/dryad.80gb5mm1d
https://doi.org/10.5061/dryad.80gb5mm1d

native floras along elevational gradients explained by directional
ecological filtering. — Proc. Natl Acad. Sci. USA 108: 656-661.

Alexander, J. M., Lembrechts, J. J., Cavieres, L. A., Daehler, C,,
Haider, S., Kueffer, C., Liu, G., McDougall, K., Milbau, A.,
Pauchard, A., Rew, L. J. and Seipel, T. 2016. Plant invasions
into mountains and alpine ecosystems: current status and future
challenges. — Alp. Bot. 126: 89-103.

Bolyen, E. et al. 2019. Reproducible, interactive, scalable and
extensible microbiome data science using QIIME2. — Nat. Bio-
technol. 37: 852-857.

Buckley, Y. M. and Catford, J. 2016. Does the biogeographic origin of
species matter? Ecological effects of native and non-native species
and the use of origin to guide management. — J. Ecol. 104: 4-17.

Chen, S. B., Hua, J. G., Liu, W. T,, Yang, S. Y., Wang, X. Q. and
Ji, W L. 2023. Effects of artificial restoration and natural recov-
ery on plant communities and soil properties across different
temporal gradients after landslides. — Forests 14: 1974.

Chettri, B. and Acharya, B. K. 2020. Distribution of amphibians
along an elevation gradient in the Eastern Himalaya, India. —
Basic Appl. Ecol. 47: 57-70.

Colwell, R. K. and Lees, D. C. 2000. The mid-domain effect: geo-
metric constraints on the geography of species richness. — Trends
Ecol. Evol. 15: 70-76.

Dainese, M., Aikio, S., Hulme, P. E., Bertolli, A., Prosser, E and
Marini, L. 2017. Human disturbance and upward expansion of
plants in a warming climate. — Nat. Clim. Change 7: 577-580.

Du, Y. ]., Zhang, R. C,, Tang, X. R., Wang, X. Y., Mao, L. E, Chen,
G. K., Lai, J. S. and Ma, K. P. 2024. The mid-domain effect in
flowering phenology. — Plant Divers. 46: 502-509.

Gioria, M., Hulme, P. E., Richardson, D. M. and Pysek, P 2023.
Why are invasive plants successful? — Annu. Rev. Plant Biol. 74:
635-670.

Gonzdlez-Caro, S., Duque, A., Feeley, K. J., Cabrera, E., Phillips,
J., Ramirez, S. and Yepes, A. 2020. The legacy of biogeographic
history on the composition and structure of Andean forests. —
Ecology 101: ¢03131.

Guo, Q. E, Fei, S. L., Shen, Z. H., lannone III, B. V., Knott, J. and
Chown, S. L. 2018. A global analysis of elevational distribution
of non-native versus native plants. — J. Biogeogr. 45: 793-803.

Haider, S., Kueffer, C., Bruelheide, H., Seipel, T., Alexander, ]. M.,
Rew, L. ]J., Arévalo, J. R., Cavieres, L. A., McDougall, K. L.,
Milbau, A., Naylor, B. J., Speziale, K. and Pauchard, A. 2018.
Mountain roads and non-native species modify elevational pat-
terns of plant diversity. — Global Ecol. Biogeogr. 27: 667-678.

Hawkins, B. A., Field, R., Cornell, H. V., Currie, D. J., Guégan,
J.-E, Kaufman, D. M., Kerr, J. T., Mittelbach, G. G., Ober-
dorff, T., O’Brien, E. M., Porter, E. E. and Turner, J. R. G.
2003. Energy, water, and broad-scale geographic patterns of
species richness. — Ecology 84: 3105-3117.

Huang, Y. M., Zhang, G. L., Fu, W. D., Zhang, Y., Zhao, Z. H.,
Li, Z. H. and Qin, Y. J. 2023. Impacts of climate change on
climatically suitable regions of two invasive Erigeron weeds in
China. — Front. Plant Sci. 14: 1238656.

Iseli, E. et al. 2023. Rapid upwards spread of non-native plants in
mountains across continents. — Nat. Ecol. Evol. 7: 405—413.

Kauserud, H. 2023. ITS alchemy: on the use of ITS as a DNA
marker in fungal ecology. — Fungal Ecol. 65: 101274.

Korner, C. 2007. The use of “altitude” in ecological research. —
Trends Ecol. Evol. 22: 569-574.

Kursa, M. B. and Rudnicki, W. R. 2010. Feature selection with the
Boruta package. — J. Stat. Softw. 36: 1-13.

Laeseke, P, Martinez, B., Mansilla, A. and Bischof, K. 2020. Future
range dynamics of the red alga Capreolia implexa in native and
invaded regions: contrasting predictions from species distribu-
tion models versus physiological knowledge. — Biol. Invas. 22:
1339-1352.

Lee, C.-B., Chun, J.-H., Song, H.-K. and Cho, H.-J. 2013. Alti-
tudinal patterns of plant species richness on the Backdudaegan
Mountains, South Korea: mid-domain effect, area, climate, and
Rapoport’s rule. — Ecol. Res. 28: 67-79.

Lee, M. A,, Burger, G., Green, E. R. and Kooij, P. W. 2021. Rela-
tionships between resource availability and elevation vary
between metrics creating gradients of nutritional complexity.
— Oecologia 195: 213-223.

Lei, S. L., Wang, X. T., Wang, J., Zhang, L., Liao, L. R, Liu, G.
B., Wang, G. L., Song, Z. L. and Zhang, C. 2024. Effect of
aridity on the B-diversity of alpine soil potential diazotrophs:
insights into community assembly and co-occurrence patterns.
— mSystems 9: €0104223.

Li, W. R., Wang, L. W, Qian, S. F,, He, M. Y., Cai, X. ]. and Ding,
J. Q. 2023. Root characteristics explain greater water use effi-
ciency and drought tolerance in invasive Compositae plants.
— Plant Soil 483: 209-223.

Liao, H. X., Pal, R. W., Niinemets, U., Bahn, M. and Cerabolini
BEL, P S. L. 2021. Different functional characteristics can
explain different dimensions of plant invasion success. — J. Ecol.
109: 1524-1536.

Liu, Y. J., Oduor, A. M. O., Zhang, Z., Manea, A., Tooth, I. M.,
Leishman, M. R., Xu, X. L. and van Kleunen, M. 2017. Do
invasive alien plants benefit more from global environmental
change than native plants? — Global Change Biol. 23:
3363-3370.

Liu, R.-L., Yang, Y.-B., Lee, B. R,, Liu, G., Zhang, W.-G., Chen,
X.-Y., Song, X.-J., Kang, J.-Q. and Zhu, Z.-H. 2021. The
dispersal-related traits of an invasive plant Galinsoga quadrira-
diata correlate with elevation during range expansion into
mountain ranges. — AoB Plants. 13: plab008.

Ma, W. L., Shi, P L., Li, W. H., He, Y. T., Zhang, X. Z., Shen, Z.
X. and Chai, S. Y. 2010. Changes in individual plant traits and
biomass allocation in alpine meadow with elevation variation
on the Qinghai-Tibetan Plateau. — Sci. China Life Sci. 53:
1142-1151.

Malhi, Y. et al. 2015. The linkages between photosynthesis, pro-
ductivity, growth and biomass in lowland Amazonian forests.
— Global Change Biol. 21: 2283-2295.

Marathe, A. 2019. RangemodelR: mid-domain effect and species
richness. — R package ver. 1.0.4. URL https://CRAN.R-proje
ct.org/package=rangemodelR

Miyamoto, Y., Nakano, T., Hattori, M. and Nara, K. 2014. The
mid-domain effect in ectomycorrhizal fungi: range overlap
along an elevation gradient on Mount Fuji, Japan. — ISME ].
8: 1739-1746.

Mudrék, O., Dolezal, J., Vitovd, A. and Lep$, J. 2019. Variation in
plant functional traits is best explained by the species identity:
stability of trait-based species ranking across meadow manage-
ment regimes. — Funct. Ecol. 33: 746-755.

Ni, M., Deane, D. C,, Li, S. P, Wu, Y. T., Sui, X. H., Xu, H., Chu,
C.J., He, E L. and Fang, S. Q. 2021. Invasion success and
impacts depend on different characteristics in non-native plants.
— Divers. Distrib. 27: 1194-1207.

Oksanen, J. etal. 2020. Vegan: community ecology package. — R pack-
age ver. 2.5-7. URL hteps://CRAN.R-project.org/package=vegan

Page 11 of 12

85U801 SUOWWOD BRI 3(dedl|dde sy Aq peusenob ae Ssjpie O ‘8sn Jo Sa|nJ 10§ Akiq 17 8UIUO AB]1M UO (SUOIPUOD-pUe-SWLB) W00 A8 1M Aeiq Ul |Uo//Sdiy) SUOTIPUOD pue swie | 8u18es *[5202/70/Tz] uo Akeiqiauljuo A8|1M ‘SIS IBAIUN 13 8feuoiued anbayiol|qig Aq ZZETT Y10/200T 0T/I0p/wod A8 | im Arelq i jpuluo's eunofosuy/:sdny wouy pepeojumod ‘0 ‘9020009T


https://CRAN.R-project.org/package=rangemodelR
https://CRAN.R-project.org/package=rangemodelR
https://CRAN. R-project.org/package=vegan

Peng, Y., Yang, J.-X., Zhou, X.-H., Peng, P-H., Li, J.-J., Zhang,
S.-M. and He, W.-M. 2019. An invasive population of Solidago
canadensis is less sensitive to warming and nitrogen-addition
than its native population in an invaded range. — Biol. Invas.
21: 151-162.

Peters, M. K. et al. 2016. Predictors of elevational biodiversity gra-
dients change from single taxa to the multi-taxa community
level. — Nat. Commun. 7: 13736.

Phillips, D. A., Ferris, H., Cook, D. R. and Strong, D. R. 2003.
Molecular control points in rhizosphere food webs. — Ecology
84: 816-826.

Pysek, P, Jarodik, V., Pergl, J. and Wild, J. 2011. Colonization of
high altitudes by alien plants over the last two centuries. — Proc.
Natl Acad. Sci. USA 108: 439—440.

Qi, Y. L., Wei, W., Chen, C. G. and Chen, L. D. 2019. Plant root-
shoot biomass allocation over diverse biomes: a global synthesis.
— Global Ecol. Conserv. 18: €00606.

Rahbek, C., Borregaard, M. K., Colwell, R. K., Dalsgaard, B., Holt,
B. G., Morueta-Holme, N., Nogues-Bravo, D., Whittaker, R.
J. and Fjeldsa, J. 2019. Humboldt’s enigma: what causes global
patterns of mountain biodiversity? — Science 365: 1108-1113.

Rashid, I., Hag, S. M., Lembrechts, J. J., Khuroo, A. A., Pauchard,
A. and Dukes, J. S. 2021. Railways redistribute plant species in
mountain landscapes. — J. Appl. Ecol. 58: 1967-1980.

Reich, P. B., Luo, Y. J., Bradford, J. B., Poorter, H., Perry, C. H.
and Oleksyn, J. 2014. Temperature drives global patterns in
forest biomass distribution in leaves, stems, and roots. — Proc.
Natl Acad. Sci. USA 111: 13721-13726.

Revelle, W. 2022. Psych: procedures for personality and psycho-
logical research. — Northwestern University.

Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, ]J. and Pig-
liucci, M. 2006. Jack of all trades, master of some? On the role
of phenotypic plasticity in plant invasions. — Ecol. Lett. 9:
981-993.

Salinas, N., Malhi, Y., Meir, P, Silman, M., Cuesta, R. R., Huaman,
J., Salinas, D., Huaman, V., Gibaja, A., Mamani, M. and Far-
fan, E 2011. The sensitivity of tropical leaf litter decomposition
to temperature: results from a large-scale leaf translocation
experiment along an elevation gradient in Peruvian forests. —
New Phytol. 189: 967-977.

Seipel, T., Alexander, J. M., Edwards, P. J. and Kueffer, C. 2016.
Range limits and population dynamics of non-native plants
spreading along elevation gradients. — Perspect. Plant Ecol.
Evol. Syst. 20: 46-55.

Slodowicz, D., Descombes, P, Kikodze, D., Broennimann, O. and
Miiller-Schirer, H. 2018. Areas of high conservation value at
risk by plant invaders in Georgia under climate change. — Ecol.
Evol. 8: 4431-4442.

Sorte, C. J. B., Ibdfez, 1., Blumenthal, D. M., Molinari, N. A,,
Miller, L. P, Grosholz, E. D., Diez, J. M., D’Antonio, C. M.,
Olden, J. D., Jones, S. J. and Dukes, J. S. 2013. Poised to
prosper? A cross-system comparison of climate change effects
on native and non-native species performance. — Ecol. Lett. 16:
261-270.

Tanunchai, B., Ji, L., Schroeter, S. A., Wahdan, S. E M., Hossen,
S., Delelegn, Y., Buscot, E, Lehnert, A.-S., Alves, E. G., Hilke,
I., Gleixner, G., Schulze, E.-D., Noll, M. and Purahong, W.
2023. FungalTraits vs FUNGuild: comparison of ecological

Page 12 of 12

functional assignments of leaf- and needle-associated fungi
across 12 temperate tree species. — Microb. Ecol. 85: 411-428.

Trivedi, P, Leach, J. E., Tringe, S. G., Sa, T. M. and Singh, B. K.
2020. Plant-microbiome interactions: from community assem-
bly to plant health. — Nat. Rev. Microbiol. 18: 607-621.

Trtikova, M., Giisewell, S., Baltisberger, M. and Edwards, P. J.
2011. Distribution, growth performance and genetic variation
of Erigeron annuus in the Swiss Alps. — Biol. Invas. 13: 413-422.

van Iterson, M., Boer, J. M. and Menezes, R. X. 2010. Filtering,
FDR and power. — BMC Bioinformatics 11: 450.

Venter, M., Dwyer, J., Dieleman, W., Ramachandra, A., Gillieson,
D., Laurance, S., Cernusak, L. A., Beehler, B., Jensen, R. and
Bird, M. I. 2017. Optimal climate for large trees at high eleva-
tions drives patterns of biomass in remote forests of Papua New
Guinea. — Global Change Biol. 23: 4873-4883.

von Prillwitz, K. and Blasius, B. 2020. Mid-domain effect for food
chain length in a colonization—extinction model. — Theor. Ecol.
13: 301-315.

Walters, W., Hyde, E. R., Berg-Lyons, D., Ackermann, G., Hum-
phrey, G., Parada, A., Gilbert, J. A., Jansson, J., Caporaso, K.,
Fuhrman, J. A., Apprill, A. and Knight, R. 2016. Improved
bacterial 16S rRNA gene (V4 and V4-5) and fungal internal
transcribed spacer marker gene primers for microbial commu-
nity surveys. — mSystems: 1: €00009-15.

Wang, C. T, Long, R. J., Wang, Q. J., Ding, L. M. and Wang, M.
P. 2007. Effects of altitude on plant-species diversity and pro-
ductivity in an alpine meadow, Qinghai-Tibetan Plateau. —
Aust. J. Bot. 55: 110-117.

Wang, R., Wang, Y.-Z. and Wan, E-H. 2010. Spatiotemporal expan-
sion pattern and potential spread of invasive alien plant Erigeron
annuus (Asteraceae) in China. — Chin. J. Ecol. 29: 1068-1074.

Wang, J. J., Hu, A., Meng, E. E, Zhao, W. Q., Yang, Y. E, Soininen,
J., Shen, J. and Zhou, J. Z. 2022. Embracing mountain micro-
biome and ecosystem functions under global change. — New
Phytol. 234: 1987-2002.

Whittaker, R. H. and Niering, W. A. 1975. Vegetation of the Santa
Catalina mountains, Arizona. V. biomass, production and
diversity along the elevation gradient. — Ecology 56: 771-790.

Xu, M. H,, Du, R,, Li, X. L., Yang, X. H., Zhang, B. G. and Yu,
X. L. 2021. The mid-domain effect of mountainous plants is
determined by community life form and family flora on the
Loess Plateau of China. — Sci. Rep. 11: 10974.

Zetdemoyer, M. A., Schultheis, E. H. and Lau, J. A. 2019. Phenol-
ogy in a warming world: differences between native and non-
native plant species. — Ecol. Lett. 22: 1253-1263.

Zhang, Y.-B., Wang, Y.-Z., Phillips, N., Ma, K.-P, Li, J.-S. and
Wang, W. 2017. Integrated maps of biodiversity in the Qinling
Mountains of China for expanding protected areas. — Biol.
Conserv. 210: 64-71.

Zhang, K., Shi, Y., Chen, P, Miiller-Schirer, H. and Huang, W.
2025. Data from: Spatial mid-domain effect overrides climate,
soil properties and microbes on a cosmopolitan non-native
plant across elevation. — Dryad Digital Repository, https://doi.
org/10.5061/dryad.80gb5mm1d.

Zvereva, E. L. and Kozlov, M. V. 2022. Meta-analysis of elevational
changes in the intensity of trophic interactions: similarities and
dissimilarities with latitudinal patterns. — Ecol. Lett. 25:
2076-2087.

85U801 SUOWWOD BRI 3(dedl|dde sy Aq peusenob ae Ssjpie O ‘8sn Jo Sa|nJ 10§ Akiq 17 8UIUO AB]1M UO (SUOIPUOD-pUe-SWLB) W00 A8 1M Aeiq Ul |Uo//Sdiy) SUOTIPUOD pue swie | 8u18es *[5202/70/Tz] uo Akeiqiauljuo A8|1M ‘SIS IBAIUN 13 8feuoiued anbayiol|qig Aq ZZETT Y10/200T 0T/I0p/wod A8 | im Arelq i jpuluo's eunofosuy/:sdny wouy pepeojumod ‘0 ‘9020009T


ry, 
https://doi.org/10.5061/dryad.80gb5mm1d
https://doi.org/10.5061/dryad.80gb5mm1d

	Introduction
	Material and methods
	Study area and plant species
	Plot set up
	Climatic variables, soil properties and plant biomass data collection
	Rhizosphere fungal community measurement
	Spatial mid-domain effect estimation
	Statistical analysis

	Results
	Plant biomass of non-native E. annuus and native A. lavandulifolia along elevation
	Climatic variables, soil properties and rhizosphere fungal community along elevation
	Estimated spatial mid-domain effect
	Relative importance of climatic variables, soil properties, fungal community and spatial mid-domain effect on the elevation pattern of plant biomass

	Discussion
	Significance statement

	References

