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Abstract

Darwin’s naturalization conundrum posits that the alien species either
succeed in the introduced region because they are phylogenetically related
to the native species and thus tend to have niches similar to those of native
species, or they are phylogenetically dissimilar to native species and thus
occupy unfilled niches. This conundrum has received a lot of attention, but
the findings regarding these two hypotheses have been contradictory. To
reconcile the two seemingly contradictory hypotheses, we assessed the phy-
logenetic relationship of a highly widespread and invasive species, Anthemis
cotula L. (focal species), separately with the native species and all its
co-occurring species (including native and non-native species) along an ele-
vation gradient. Our results show that the abundance of A. cotula declined
continuously with an increase in elevation and with an increase in the num-
ber of both all co-occurring and native species only. The phylogenetic dis-
tance between the focal species and the native species based on weighted
mean pairwise distance (MPD,,,) declined with elevation as well as native
species richness. Our study also revealed that soil nutrients strongly influ-
ence the abundance of A. cotula; however, their effect on the phylogenetic
distance between the focal and other species is negligible. These findings
suggest a strong role of microecological factors and spatial heterogeneity in
the abundance distributions of invasive species and community assembly.
Thus, it could be concluded that the phylogenetic relationship of A. cotula
with co-occurring all or only native species varies with elevation and species
richness, adding another layer of complexity to the resolution of Darwin’s
naturalization conundrum.
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INTRODUCTION

Invasive alien species are an outcome of a multistage
process that begins with the intentional or unintentional
transport and introduction of propagules of species
by human beings into non-native regions well beyond
their natural dispersal limits (Blackburn et al., 2011;
Elton, 2020). Humans have been transporting species
around the globe for centuries, and it has been accelerat-
ing in recent years due to an increase in trade and travel
across countries and continents (Seebens et al., 2017).
Today non-native species occur in Earth’s all continents
and seas (Turbelin et al., 2017), in every biome, habitat,
community, and ecosystem (Elton, 2020). Although the
alien species are mostly benign (Hettinger, 2021), the few
highly invasive species significantly impact community
structure and functioning (Hejda et al., 2009; Linders
et al., 2019) alter species interactions (David et al., 2017) or
displace populations of native species (PySek et al., 2020).
These impacts cause huge economic (annual cost
estimated at US $423 billion in 2019; IPBES, 2023) and
ecological costs, with enormous consequences for human
well-being and livelihoods (IPBES, 2023; Paini et al., 2016;
Walsh et al., 2016).

Several hypotheses have been put forth to explain the
success of non-native species in their introduced range
(reviewed by Enders et al., 2020). Darwin also proposed two
competing hypotheses (Darwin, 1859), namely Darwin’s
naturalization hypothesis (DNH; Rejmének, 1996) and the
preadaptation hypothesis (PAH; Ricciardi & Mottiar, 2006).
DNH suggests that alien species that are more distantly
related to native species in the introduced range are more
likely to succeed because they are able to exploit the
underutilized niches, thereby minimizing competition and
have fewer common natural enemies (Cadotte et al., 2018).
Conversely, the PAH proposes that alien species that are
closely related to native species in the introduced range are
more likely to succeed because they share similar traits and
adaptations that allow them to tolerate that environment
and overcome environmental filtering (Cadotte et al., 2018;
Mack, 2003). The apparent contradiction between the
two hypotheses is known as Darwin’s naturalization
conundrum (DNC) (Cadotte et al., 2018; Daehler, 2001).
Many studies have addressed this conundrum (Cadotte
et al., 2018; Li et al., 2014; Pinto-Ledezma et al., 2020), but
the results have been contradictory (Thuiller et al., 2010),
with some studies supporting DNH (Daehler, 2001;
Schaefer et al., 2011; Strauss et al., 2006) and others
supporting the PAH (Duncan & Williams, 2002). These
contrasting results have been attributed to different factors,
including the spatial (Park, Willis, et al., 2020) and temporal
(Campbell & Mandrak, 2017; Pinto-Ledezma et al., 2020)
scales at which these studies have been conducted, invasion

stage of taxa examined (Ma et al., 2016; Omer et al., 2022),
phylogenetic scale used (Trotta et al., 2021), and changes in
species interactions (Li et al., 2022). Evidence suggests that
DNH is operative at small spatial scales, whereas PAH is
operative at larger spatial scales (Park, Feng, et al., 2020).
Recently, Wang et al. (2023) provided evidence for reconcil-
ing DNC based on the changes in species interactions
mediated by arbuscular mycorrhizal fungi along a stress
gradient.

Elevation is also an important influence on the rela-
tive importance of biotic interactions and environmental
filtering in determining community composition and
invasion success (Duarte et al., 2021; Luo et al., 2023;
McFadden et al., 2019). Studies have indicated that com-
petition is more intense and frequent in low-elevation
environments (Li et al, 2014) due to the relatively
favorable environmental conditions that promote high
species richness and overlap in resource use. In contrast,
high-elevation environments characterized by harsher
environmental conditions may limit the number of spe-
cies that can survive and compete (Graham et al., 2012).
In addition to the phylogenetic underpinning of success-
ful invasions, abiotic factors that vary in relation to
elevation also influence community assembly and species
invasiveness (Li et al., 2015; Williams et al., 2018). For
example, a decrease in the number of non-native species
with elevation is attributed to the harshness of the
climate at higher elevations (Pauchard et al., 2009), par-
ticularly caused by unfavorable temperature and precipi-
tation conditions (Alexander et al., 2016; Haider
et al., 2018; Seipel et al., 2011). At smaller scales, physical
and chemical soil properties (e.g., temperature, moisture,
nitrogen, pH) are the local factors that constrain species
invasions (Buri et al., 2017; Gantchoff et al., 2018;
Lembrechts et al., 2019; Soti et al., 2020; Stohlgren
et al., 1999).

Given the role of biotic, abiotic, and anthropogenic
factors in successful invasions across elevation gradients,
we hypothesized that the phylogenetic relationship of a
successful invader with co-occurring native and non-native
species should vary with elevation. Accordingly, we
theorized that phylogenetically distantly-related invaders
should co-occur with species at low elevations to escape
stronger competition (phylogenetic overdispersion—
support for DNH), but the invader should be in the com-
pany of closely related species at high elevations due to
stronger environmental filtering (phylogenetic clustering—
support for PAH). Hence, we studied the phylogenetic
structure of plant assemblages at different elevations
in Kashmir Himalaya that were invaded by Anthemis
cotula L., a highly invasive ruderal species (Box 1).
Specifically, we asked the following question: Do the
abundance and phylogenetic relatedness between the focal
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BOX 1 Anthemis cotula L. as focal species

Anthemis cotula L. is a monocarpic annual plant
species that belongs to the family Asteraceae
and is commonly known as “mayweed or stink-
ing chamomile,” “dog fennel.” The synonyms
of A. cotula are Anthemis foetida Lam.,
Chamaemelum cotula (L.) All., Maruta cotula
(L.) DC., Maruta foetida Gray, and Matricaria
cotula (L.) Baill. (POWO, 2023). The species
is native to Eurasia, especially in regions with a
Mediterranean-type climate (Erneberg, 1999;
Kay, 1971), and northern parts of Africa (POWO,
2023). It is believed that this species was intro-
duced outside its native range via trade as a
contaminant of crop seeds/propagules (CABI,
2021). A. cotula, due to its ruderal life history
strategy (r-selected), colonizes disturbed habitats
and grows as a common weed in arable land,
farmyards, roadsides, moist meadows, and
overgrazed pastures. A syndrome of traits, such
as synchronous germination of its achenes with
favorable climatic conditions (Reshi et al., 2012),
protracted recruitment and demographic trade-
off with pre-winter and post-winter cohorts
(Reshi et al., 2012), over-compensatory growth
upon herbivory (Shah et al., 2012), allelopathic
potential (Allaie et al, 2006; Rashid &
Reshi, 2012), widespread mycorrhizal association
(Shah & Reshi, 2007), and high reproductive out-
put (Kay, 1971; Rashid et al., 2007), contribute to
its invasiveness in Kashmir Himalaya. This
rapidly spreading species is considered a threat to
the native biodiversity (Adhikari et al., 2020),
and this threat of alien species is likely to exacer-
bate due to an increase in anthropogenic activi-
ties and global climate change (Downey &
Richardson, 2016; Richardson & PySek, 2012).

invasive species, A. cotula, and the co-occurring native and
alien plant species change with elevation? Given that the
number of competitors in local communities can influence
the presence and abundance of invasive species—enemy
release hypothesis (ERH; Keane & Crawley, 2002)—we
also asked: How does the number of species in local com-
munities impacts the abundance and phylogenetic relation-
ship of A. cotula in relation to elevation? Moreover, if the
number of species that co-occur with A. cotula constrains
its presence and abundance, a decrease in the focal species’
abundance with an increase in the number of co-occurring

species of local communities should occur. We further
hypothesized that the phylogenetic relatedness of A. cotula
with co-occurring species would decrease with increasing
elevation and species richness. Testing our hypotheses is
likely to shed light on the relative role of environmental
and biotic factors in explaining the successful invasion of
alien species.

METHODS
Study area

The study area for the present investigation was the
Kashmir Himalaya, which includes the main Kashmir
Valley and also the side valleys of Tilel, Guraiz, Keran,
and Karnah (Dar & Khuroo, 2013). The region is not only
part of the biogeographic province of the Northwest
Himalaya in India (Rodgers & Panwar, 1988) but also
the Himalayan biodiversity hotspot (Dar & Khuroo,
2020). It lies between geographical coordinates of 33°20
to 34°54' N latitude and 73°55’ to 75°35 E longitude with
an area of 15,948 km?, of which nearly 64% is mountain-
ous (Khuroo et al., 2007). Topographically, the region
mainly comprises a deep elliptical bowl-shaped valley,
which in the south and southwest is bound by the Pir
Panjal range of Lesser Himalaya and in the north and
northeast by the Zanskar range of the Greater Himalaya.
The Valley of Kashmir is surrounded by high mountain
ranges, with the altitude of the main valley ranging from
1500 to 1800 m above mean sea level (amsl), whereas the
average height of its surrounding mountain ranges varies
from 3000 to 4000 m amsl, the highest peak being
Kolahoi (5420 m amsl). A characteristic and prominent
geological feature of the region are the “Karawas,” which
are plateau-like tablelands formed during the Pleistocene
Ice age and are composed of clay, sand, and silt of lacus-
trine origin (de Terra, 1934). The valley is traversed by
the river Jehlum and its tributaries, which feed many
world-famous freshwater lakes, such as Wular, Dal, and
Anchar lakes. The climate of the region, marked by
well-defined seasonality, resembles that of mountainous
and continental areas of the temperate latitudes. The
temperature ranges from an average daily maximum of
31°C and a minimum of 15°C during summer to an
average daily maximum of 4°C and a minimum of —4°C
during winter. It receives annual precipitation of about
1050 mm, mostly in the form of snow during the winter
months. Due to the vast variety of edapho-climatic
and physiographic heterogeneity, the region harbors
diverse habitats, including forests, grasslands, subalpine
and alpine meadows, lakes, springs, swamps, marshes,
rivers, cultivated fields, orchards, montane scree slopes
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and terraces, and permanent glaciers, which support
equally diverse floristic elements (Gupta, 1982).

Like other parts of the world, Kashmir Himalaya is
also beset with the menace of alien plant invasions. A
total of 571 vascular alien plant species, belonging to
352 genera and 104 families, have been reported from the
Kashmir Himalaya (Khuroo et al., 2007). This study
reported that the number of alien plant species was
higher in families such as Poaceae (60 species), Asteraceae
(54 species), and Brassicaceae (30 species). However, fami-
lies such as Amaranthaceae (83%) and Chenopodiaceae
(71%) showed a higher percentage of aliens relative to
the total number of plant species belonging to these fami-
lies in the region. Most of the alien plant species in
Kashmir Himalaya (38%) were native to Europe, followed
by Asia (27%) and Africa (15%).

Field sampling

Field surveys were conducted across the Kashmir
Himalaya in 2018, and A. cotula was found growing over
an altitudinal range of 1587 to 3700 m amsl (Figure 1).
Based on the population characteristics, particularly the
size, 17 sampling sites were selected (each possessing
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FIGURE 1 Location map of the study area and study sites.

>50% A. cotula cover) to cover more or less the entire
spatial and altitudinal expanse of the species in the
Kashmir Himalaya. The sampling sites supporting the
populations of A. cotula were separated at least 15 km from
each other. Though A. cotula was found to grow beyond
2700 m amsl, such populations were not considered for
phytosociological studies because these populations were
comprised of a few scattered individuals of A. cotula, and
the number of species was very low, which could have
reduced the reliability of metric calculations. The geo-
graphic coordinates, elevation, and soil characteristics of
the 17 sampling sites are given in Appendix S1: Table S1.

A total of 10 quadrats (100 X 100 cm?) were laid ran-
domly at each sampling site during the peak growing sea-
son. In each quadrat, all the plant species co-occurring
with A. cotula were noted, and their abundance was also
recorded, and the abundance values were averaged to
obtain mean abundance values per site. The samples of
plant species collected during the field survey were
processed using routine herbarium techniques and iden-
tified using relevant literature and herbarium records
available in the Kashmir University Herbarium (KASH).
The help of experts for correct identification was also
sought wherever required. The synonyms and plant name
authorships were ascertained from The Plant List (2013)
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using the function TPL() of the Taxonstand package
(Cayuela et al, 2012) in R (“R Core Team,” 2023).
Moreover, various sources such as internet web pages,
websites (www.efloras.org; https://powo.science.kew.org),
and Khuroo et al. (2007) were used to assign the nativity
to each plant species. The plant species were categorized
into monocots and dicots and were further classified into
annuals, biennials, and perennials based on their life span.

Phylogenetic tree

A phylogenetic tree (Figure 2) was constructed using the
R package V.PhyloMaker (Jin & Qian, 2019). V.PhyloMaker

Biogeographic status

uses the “GBOTB_extended.tree” as a backbone to insert
missing species to their respective genera and families. This
extended tree is an updated version of the Spermatophyta
mega-phylogeny GBOTB (Smith & Brown, 2018) and
includes 74,533 species and all families of extant vascu-
lar plants. The branch lengths of the imputed species
were set using the BLADJ approach as implemented in
V.PhyloMaker (Jin & Qian, 2019).

Soil analysis

A composite soil sample, representing a mixture of
subsamples, was collected from each sampling site.
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Phylogenetic tree used in this study. Green and red colors indicate the biogeographic status (native = 0 and

introduced = 1). The focal species (Anthemis cotula) is highlighted in red.
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Soil samples were collected by inserting a soil corer (2.25
cm diameter) vertically, and not tilted sideways, into the
soil up to a depth of 15 cm. Five such soil samples from
each site were thoroughly mixed and collected in plastic
bags. In the laboratory, soil samples were gently crushed
manually, air-dried, and sieved through a 2-mm sieve to
eliminate debris. The soil samples were then immediately
processed for analysis.

The soil pH was measured for soil and distilled water
suspension in the ratio of 5:1 using a portable pH meter
(SYSTRONICS Model: MKVI). Organic carbon was deter-
mined using Walkley and Black (1934) rapid titration
method. Olsen’s method (Olsen et al., 1954) was used for
measuring phosphorus concentration. The flame pho-
tometry procedure outlined by Jackson (1973) was used
to estimate total potassium (K), and sulfur was estimated
using the calcium chloride method (Chesnin &
Yien, 1951). Calcium (Ca) was estimated in ammonium
acetate extracts of soil by titration with EDTA (Cheng &
Bray, 1951). Soil characteristics are given in Appendix S1:
Table S1.

Calculation of diversity metrics

To investigate the phylogenetic structure of A. cotula,
we used the focal-species approach (Pinto-Ledezma
et al., 2020; see also Miller et al., 2017). The focal-species
approach allows for the quantification of the phyloge-
netic structure of a set of species that co-occur with a
focal species in a particular community or sampling site.
Put simply, the focal species’ phylogenetic distance to all
other community members is calculated and then aver-
aged to obtain a single measure, for example, MPDy,
mean phylogenetic-pairwise distance (MPD) of the focal
species (see Pinto-Ledezma et al., 2020, for further
details). We performed metric calculations that account
for abundance (abundance-weighted MPD or MPD,y)
of co-occurring species with A. cotula in each of the
17 sampling sites (Figure 1). MPD,,, was estimated by
setting the diagonal element of the weight matrix to
zero (sensu Miller et al., 2013). This MPD version maxi-
mizes the distances between heterospecific individuals
among co-occurring species, and it is particularly
useful for assessing changes in the phylogenetic structure
of local communities across environmental gradients
(Miller et al., 2013, 2017).

Given that several non-native species were also found
co-occurring with our focal species (Table 1), metric calcu-
lations were performed using all species (natives and
non-natives) and using only native species. Overall, we esti-
mated 34 metric values (17 sampling sites X 1 metric X 2
datasets) for A. cotula.

TABLE 1
association with Anthemis cotula.

Taxonomic conspectus of taxa growing in

Group Species Genera Families
Dicots 39 33 20
Monocots 6 6 2
Natives 30 27 19
Non-natives 15 13 10

Data analyses

Our analyses focused on assessing the probability of
changes in abundance and phylogenetic relatedness
of our focal species across elevation and local species
richness. To do so, we modeled the association between
the abundance and phylogenetic structure (MPD,y,) of
our focal species against elevation and species richness
using Bayesian linear models (BLMs). We assessed the
effect of elevation or local species richness by testing the
hypothesis that the high-density intervals (HDIs) or 95%
credible intervals (CIs) of the BLM coefficients (slopes)
do not overlap zero. To test the hypothesis for each
model, we computed the evidence ratio (ER), which rep-
resents the posterior probability of a hypothesis against
an alternative hypothesis—hypothesis = § # 0, in other
words, f is >0|<0—where the values of ER greater than
one indicate evidence supporting the hypothesis.

In addition, given that additional environmental vari-
ables like soil properties may (or may not) influence the
patterns of species co-occurrence, we additionally built
models in which the abundance and the phylogenetic struc-
ture of A. cotula were influenced by the soil characteristics
of the sampling sites. BLMs were implemented in the
probabilistic programming language Stan (Carpenter
et al., 2017) through the R package “brms” (Biirkner, 2017).
All analyses were run using 4 NUTS (No U-Turn Sampler)
sampling chains for 5000 generations and discarding 20% as
burn-ins. Note that all BLMs were run twice, one using the
all-species dataset (natives and non-natives) and the other
using the only-natives dataset. Finally, to gain more insights
regarding the elevational patterns of species richness
for native, non-native, and all the species (native +
non-native), polynomial regressions were implemented.
The best-fit function of polynomial regression was selected
on the basis of Akaike information criterion (AIC) value.

RESULTS
General description of the data

In all, 44 plant species were recorded in association with
A. cotula belonging to 39 genera and 22 families
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(Table 1). Most of the species were dicots (39 species)
and monocots were represented by only 6 species. Of
the associated species, 30 were native to the region
and 15, including A. cotula, were non-native.

The number of species varied across sites with a mini-
mum of 12 species recorded at the elevation of 1592 m
amsl and a maximum of 22 species recorded at an elevation
of 2201 m amsl (Appendix S1: Figure S1). The native and
non-native species belonging to dicots and monocots across
sites are shown in Appendix S1: Figure S2. The number
of species associated with A. cotula at the quadrat scale
ranged from 6 to 9 across sites (Appendix S1: Figure S3).

A perusal of the data reveals that dicots were predom-
inant across the elevations and the non-native species
were almost entirely represented by dicots and only one
non-native monocot was recorded during the present
study in any of the sites.

Patterns of abundance and phylogenetic
structure of A. cotula

The abundance of A. cotula varied considerably and
showed a continued decline with increasing elevation

A) 100] *
Level
80 — 095
3 =
=05
S 60|
c [ ]
=}
o)
< 40
20

1600 1800 2000 2200 2400 2600
Elevation

[ ]

1600 1800 2000 2200 2400 2600
Elevation

FIGURE 3

and the number of species that co-occurred at each
sampling site (Figure 3A,B; Appendix S1: Figure S4C,E).
The pattern of continuous decline in abundance was con-
sistent across datasets, that is, using all species (natives and
non-natives) dataset and the only native species dataset.

The patterns of phylogenetic structure also varied;
however, we observed shifts in the strength and direction
of the associations between the degree of relatedness of
A. cotula (measured as MPD,,,) and the covariables (eleva-
tion and richness). Specifically, we observed a shift from
slightly positive associations between MPD,, and the
covariables using the all-species dataset (Appendix SI:
Figure S4F) to negative associations using the native-only
dataset (Figure 3C,D). This pattern of increasing phyloge-
netic clustering with increasing elevation and richness
(in the native-only dataset) is consistent with the PAH.

Effects of elevation and local species
richness on patterns of abundance and
phylogenetic structure of A. cotula

We found strong evidence that both elevation and local
species richness negatively influence the abundance of
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Marginal effects plots of changes in (A, C) abundance and phylogenetic structure of Anthemis cotula across elevation and

(B, D) local native species richness. Continuous black lines represent the expected posterior predictions’ slopes (with 50%, 80%, and 95%
credible intervals in gray). MPD,,,, abundance-weighted mean pairwise distance.
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A. cotula, and that the effect is consistent across datasets
(Figure 4A,B). Indeed, our Bayesian models revealed
strong evidence (all species, ER = Inf; natives only,
ER = Inf) for the effect of both covariables on A. cotula
abundance patterns (Table 2). For the phylogenetic
structure under the all-species dataset, we found weak
evidence for the effect of elevation (all species,
ER = 2.101) and for the effect of local species richness
(all species, ER = 1.551) (Table 2; see also Appendix S1:
Figure S4D,F). Under the natives-only dataset, we found
small evidence for the effect of elevation on MPD,,,
(ER = 7.112; Figure 4A). Local species richness exerted
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a strong effect on the patterns of MPD,,, (ER = 21.456)
(Figure 4B; Table 2).

We were also interested in exploring the effect of soil
covariables on the patterns of abundance and phyloge-
netic structure (Appendix S1: Figure S5A,B). We found
strong evidence that SOC, S, K, and N influence the
abundance of A. cotula (ER[65.666, Inf]; Appendix S1:
Table S2). For the phylogenetic structure, it seems that
soil covariables do not strongly influence the patterns
of MPD,,, for both datasets (Appendix S1: Figure S5B).
Indeed, we found weak evidence for all the soil properties
on MPD,, (Appendix S1: Table S2, Figure S5).
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Posterior distribution of the marginal effects (slope coefficients [(]) of elevation and local species richness on (A) Anthemis

cotula abundance and (B) phylogenetic structure. Each point (shown with black bars) represents the median f with its associated 95%
high-density credible interval (HDI). MPD,,,, abundance-weighted mean pairwise distance.

TABLE 2
and the phylogenetic structure of our focal species.

Comparative hypothesis testing for the biotic (species richness) and abiotic (elevation) covariables influencing the abundance

CI CI Evidence Posterior
Dataset Variable Covariable Estimate lower —2.50% upper —97.50% ratio distribution
All species Abundance Elevation —0.327* —0.415 —0.240 Inf 1
All species Abundance  Richness —0.242* —0.317 —0.168 Inf 1
All species MPD,, Elevation 1.421 -3.779 6.849 2.101 0.677
All species MPD,, Richness —0.791 —6.047 4.632 1.551 0.608
Native Abundance Elevation —0.326* —0.421 —0.237 Inf 1
only
Native Abundance  Richness —0.178* —0.257 —0.103 Inf 1
only
Native MPD,, Elevation —3.535 —8.640 1.672 7.112 0.877
only
Native MPD,,, Richness —5.169* —9.859 —0.210 21.456 0.955
only

Note: Rows in boldface indicate that the influence of the covariable is different from zero, that is, strong evidence. An asterisk (*) indicates that the parameter

estimations are different from zero at alpha 0.05. See Methods for details of the evidence ratio (ER) calculation and interpretation.
Abbreviation: MPD,,, abundance-weighted mean pairwise distance.
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DISCUSSION

Elevation controls the phylogenetic
structure of A. cotula

Our results revealed that the phylogenetic distance
between our focal species and native species decreased
with increasing elevation (Figure 3C), indicating that at
lower elevations phylogenetically distantly-related native
species are associated with A. cotula (support for DNH),
and with increase in elevation, the focal species was more
closely related to native species (support for PAH). This
pattern could arise due to environmental filtering
or competitive exclusion, where species with similar
ecological requirements or competitive abilities are
favored under harsher environmental conditions found
at higher elevations (Shooner et al., 2018).

Our results also showed that the phylogenetic dis-
tance between the focal species and all species (native
and non-native together) increased with elevation
(Appendix S1: Figure S4F). This pattern could be driven
by the non-native species that are adapted to specific
environmental conditions at higher elevations, leading
to an increase in phylogenetic diversity and distance.
Positive species interactions (e.g., facilitation) could
also impact the phylogenetic patterns of species
co-occurrence. That is, the degree to which phylogeneti-
cally distant species co-occur increases with elevation
(Bryant et al., 2008; Callaway et al., 2002) because of
facilitation. For example, in a recent study in China
(Banerjee et al., 2023), the role of facilitation by invasive
aliens in the establishment of other alien species was
invoked, and a phylogenetic basis for the invasional
meltdown hypothesis (IMH) was provided (Banerjee
et al., 2023), which relates to the positive interactions
among invaders in promoting secondary invasions
(Green et al., 2011). Also, it may be due to the competi-
tion for limiting resources at higher elevations, which
results in the exclusion of close relatives with
overlapping niches, thereby increasing the phylogenetic
distances among species (Graham et al., 2014). A. cotula
being a species that thrives in ruderal habitats, it is
also quite likely that disturbance creates conditions suit-
able for other distantly-related co-occurring non-native
species. Furthermore, A. cotula tracks roads and trails,
which also serve as conduits for the spread of other
alien species, thereby increasing the phylogenetic
distance between the species assemblages, outweighing
the effect of reduced competition.

Another noteworthy aspect of the present study is
the observation that the abundance-based metric of
phylogenetic distance (MPD,,,) is more informative as it
detected more nuanced variation in the phylogenetic

distance—particularly between the focal species and its
co-occurring native species where it declined both
with elevation and native species richness (Figure 3;
Appendix S1: Figure S4). Other studies have also reported
that abundance-weighted measures explain the phyloge-
netic relationship, given their least consideration of
the phylogenetic contribution of consistently rare species
(Miller et al., 2017). Because the abundance-weighted mean
phylogenetic distance among individuals (MPD,,,) provides
better insights into the phylogenetic relationships than
incidence-based phylogenetic metrics, abundance-weighted
metrics are particularly useful for studying the phylogenetic
relationship of invasive species given that invasiveness is
related to the spatial spread and abundance of an introduced
species.

High local species richness constrains the
spread of A. cotula

Our results also revealed a decline in phylogenetic
distance between the focal species and the increasing
richness of native species (Figure 3D). This pattern can
be attributed to several underlying ecological mecha-
nisms, such as niche partitioning or facilitative interac-
tions, where species with similar ecological requirements
partition resources more effectively or provide mutu-
alistic benefits to one another (Jones et al., 2013;
Stachowicz, 2001). As native species richness increases,
the focal species may become more closely associated
with phylogenetically related native species, leading to a
decline in phylogenetic distance (Figure 3D). On the con-
trary, increase in phylogenetic distance with increasing
species richness of both native and non-native species
(Appendix S1: Figure S4) could be because of different
evolutionary histories and ecological traits of introduced
species compared with native species, leading to an
increase in phylogenetic distance between the focal spe-
cies and the entire species pool. Thus, it is quite evident
that DNH and the PAH are most relevant when phyloge-
netic distance between the focal invasive species and its
co-occurring native species is compared.

In sync with our hypotheses, the results further
revealed that the abundance of A. cotula declined with
increase in both elevation (Figure 3A; Appendix SI:
Figure S4C) and species richness (Figure 3B; Appendix S1:
Figure S4D). This decline could be due to both abiotic
(e.g., climatic and soil conditions, anthropogenic distur-
bances) and biotic (e.g., propagule pressure, mutualists)
factors. Among the climatic factors, low temperature
or frost, in particular, at higher elevations prevents the
establishment and persistence of a plant species due to
high mortality rates (Bruelheide & Heinemeyer, 2002;
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Taschler & Neuner, 2004; Woodward, 1997); in addition,
variation in the intensity and spectral composition
of solar radiation with altitude (Korner, 2003) inhibits
plant growth (Angert, 2006) and reproduction
(Woodward, 1990). A very short growing period to com-
plete their life cycle (Beerling, 1993; Griffith &
Watson, 2006) and a decrease in the number of propa-
gules of alien species with elevation (Alexander
et al.,, 2011) could also be responsible for the lower
abundance of invasive species at higher elevations.

Decreased abundance of A. cotula with increasing
species richness could be due to the competition offered
by the co-occurring species and more complete filling of
vacant niches. As evolutionary history also influences the
elevational richness of seed plants (Sun et al., 2020), we
also explored the pattern of species richness in relation
to elevation (Appendix S1: Figure S6). The mid-
elevation hump-shaped pattern of species richness in
relation to elevation was observed for both native and
all species (native and non-native species taken
together). However, non-native species slightly declined
with elevation and did not show a mid-elevational peak
(Appendix S1: Figure S6C). Hump-shaped distribution
with high richness at intermediate elevations has been
widely reported globally (McCain & Grytnes, 2010;
Peters et al., 2016; Rahbek, 1995, 2005), as well as in dif-
ferent parts of the Himalaya (Bhattarai & Vetaas, 2003,
2006; Carpenter, 2005; Grytnes & Vetaas, 2002; Liang
et al., 2020; Manish et al.,, 2017; Sun et al., 2020).
However, mid-elevational peak in species richness did
not result in significant variation in phylogenetic dis-
tance between the focal species and its co-occurring spe-
cies in these elevations.

In regard to the much highlighted role of scarce soil
nutrients and low temperatures at higher elevations in
selecting phylogenetically similar species—that is, selec-
tion of species equipped with preadapted traits neces-
sary for their successful establishment in these
challenging environments—our study showed a slightly
positive influence of soil calcium on MPD,,, when con-
sidering all species (ER = 13; see also Appendix S1:
Figure S5). Given the complex interactions between
biotic and abiotic factors that determine the availability
of soil nutrients, the actual mechanisms as to how soil
nutrients influence the phylogenetic structure at the
ecological scale are difficult to distinguish. Further
research is needed to fully understand how and to what
extent soil nutrients influence the successful invasion of
introduced species. While the soil characteristics are
considered local drivers of the fine-scale richness pat-
terns of non-native species in mountain ecosystems
(Buri et al., 2017; Gantchoff et al., 2018; Lembrechts
et al., 2019), the relationship between species richness,

species abundance, and phylogenetic diversity, as well
as soil nutrients along elevation gradients, is challeng-
ing to tease apart.

CONCLUSIONS

Our findings support both DNH at lower elevations and
the PAH at higher elevations. We highlighted the utility
of abundance-based phylogenetic metrics, which provide
nuanced insights into species interactions and comm-
unity structure. Furthermore, the complex interplay
between biotic and abiotic factors in relation to abun-
dance, particularly of alien species and species richness,
underscores the need for further research to unravel
the mechanisms driving the phylogenetic relationships
between the invasive alien species and their co-occurring
species.
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