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Abstract: To better understand the phenotypic plasticity of the highly invasive native weed, Pedic-
ularis kansuensis, we investigated and compared phenotypes (morphology, biomass, and nutrient
composition) at different levels of invasion (low: 0 < cover < 30%; medium: 30% < cover < 70%;
and high: cover > 70%). With the increase in invasion level, the plasticity of inflorescence length,
single-leaf thickness, and specific leaf area increased, while the plasticity of single-leaf area and
crown width decreased. During the invasion process, we observed significant density-dependent
effects, including changed morphological characteristics, increased total aboveground biomass, and
decreased plant height, inflorescence length, root length, crown width, single-leaf area, structure
biomass of structures (root, stem, inflorescence), and individual biomass (p < 0.05). During the repro-
ductive period of P. kansuensis, the resource allocation (C, N, and P content, total biomass, biomass
allocation) to inflorescence was significantly higher than to root and stem, while the elemental ratios
(C:N, C:P, N:P) of inflorescences were significantly lower than those of roots and stems (p < 0.05).
When the invasion level increased, the ratio of inflorescence C:N and biomass allocation to roots
increased significantly; conversely, inflorescence N and biomass allocation to inflorescences and stems
decreased significantly (p < 0.05). This led to a decrease in resource allocation to aboveground parts
and more resources allocated to the roots, significantly increasing the root-to-shoot ratio (p < 0.05).
Based on the phenotypic differences among different invasion levels, we suggest that P. kansuensis
adapted to a competitive environment by regulating morphology, biomass, and nutrient allocation,
thereby enhancing the potential of invasion and spread.

Keywords: Pedicularis kansuensis; Bayanbulak Grassland; morphological characteristics; biomass
allocation; nutrient composition

1. Introduction

The success of an invasive species is influenced by the invasiveness of the species
itself [1], the invasibility of the habitat [2], and their interactions [3]. Phenotypic plasticity
is a property by which the same genotype produces different phenotypes in different envi-
ronments [4], and is considered an important determinant of an invasive species’ capacity
and adaptation to heterogeneous habitats [5]. Invasive species adapt by altering their
phenotypic structure, metabolic level, or life history at the individual level to reduce the en-
vironmental stresses they face, thereby rapidly dispersing across regions and habitats [6-8].
Changes in plant phenotypes based on phenotypic plasticity are called phenotypic varia-
tions and manifest in various ways, such as morphology, biomass allocation, and nutrient
composition [8,9].
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Changes in plant morphology, biomass, and nutrient composition [9-12] are related
and reflect plant trade-offs in resource allocation [13,14]. Measuring such changes at
different invasion levels helps researchers to better understand a plant’s invasion strategies.
As the invasion level increased, invasive species rapidly adapted to environmental changes
through phenotypic shifts, such as by increasing plant height and root length to compete
for light and nutrients [10,15], increasing belowground biomass allocation for nutrients,
and increasing aboveground biomass allocation for light [13]. Similarly, invasive species
adapt a “growth competitive strategy” for nutrient uptake that allows for rapid growth
and mass reproduction and “tolerance” or “resource conservation” strategies to cope with
nutrient-poor environments [9,12,16]. However, as population density increases, plants
also show a density-dependent effect [10]. For Ambrosia artemisiifolia (Asteraceae), plants
at low density had higher root biomass, stem biomass, and total biomass than plants
at high density [17]. This is because plants of the same species have the same resource
requirements, and increased density leads to intraspecific competition [18-20].

Invasive species are “species that spread spatially and have negative effects on already
existing species” [21]. Pedicularis kansuensis (Orobanchaceae) is an annual or biennial
hemiparasitic herb endemic to the Qinghai-Tibetan Plateau [22,23]. This species has a high
seed set, is frequently clustered, adapts to different habitats, and spreads rapidly through
grassland ecosystems. Around 2000 AD, the species appeared in the Bayanbulak Grassland
of the Tian Shan and spread rapidly, causing damage to 40 thousand ha in 2008 [24], with
an additional 1.2 million km? of potentially suitable habitat under the current climatic
climate [9]. The rapid spread of P. kansuensis resulted in the decrease in the yield of
Poaceae (e.g., Elymus nutans and Stipa purpurea) and Fabaceae (e.g., Astragalus adsurgens
and Oxytropis kansuensis), and changed the plant community structure and function, which
negatively affected the development of local animal husbandry [25]. Li et al. (2019) found
that P. kansuensis’s cover, aboveground biomass, branch number, and root length increased
with increasing plant density, while belowground biomass decreased with increasing plant
density [26]. However, the phenotypic characteristics of P. kansuensis at different invasion
levels and their shifts remain unclear. This study assessed the phenotypes of P. kansuensis
in Bayanbulak Grassland and analyzed the morphological variation, biomass allocation,
and nutrient characteristics among different levels of invasion to elucidate the phenotypic
shifts during the invasion.

2. Materials and Methods
2.1. Overview of the Study Site

The study site is in the Bayanbulak Grassland, in the middle of the Tianshan Mountains,
270 km long from east to west and 136 km wide from north to south, with a total area of
2.3 x 10* km? and an average altitude of 1500-2500 m. The site experiences a typical alpine
climate: windy with no significant frost-free periods. The average annual temperature is
—4.7 °C, and the annual rainfall is 276.2 mm, mainly rainfall supplemented with snowfall.
The average annual wind speed is 2.6 m/sec, annual evaporation is 1022.9-1247.5 mm, and
sunshine hours are 2466-2616 h. The bottom of the basin is extremely cold in winter, with a
minimum temperature of —48.1 °C. The study sites did not differ regarding topography,
soil type, or spatial heterogeneity.

2.2. Field Sample Collection

We conducted fieldwork and collections from late July to mid-August 2021, when
P. kansuensis was flowering and fruiting. We conducted fieldwork in Bayanbulak Grassland
and collected from three locations (42°50'14"" N, 84°30'27"" E; 42°48'6'' N, 84°31'43"" E;
42°50'38"" N, 83°43/33"" E), which are relatively close to each other with similar environ-
mental factors, species composition of the community, and invasion level. Invasion was
categorized into three levels based on P. kansuensis coverage: low (0 < cover < 30%),
medium (30% < cover < 70%), and high (cover > 70%). Nine 30 m x 30 m plots and
five 0.5 m x 0.5 m sample squares per plot were set at each level of invasion for 27 plots
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and 135 sample squares. After recording numbers and crown widths in each quadrat,
all P. kansuensis were cut from the ground. Thirty intact individuals of P. kansuensis were
randomly dug up from each square. For each square, a healthy leaf was taken from the
second leaf whorl of 30—40 randomly selected individuals. All samples were brought back
to the laboratory for processing.

2.3. Determination of Morphological Indicators

The branch numbers of P. kansuensis were measured and recorded. The natural height
from the base of the plant to the canopy is taken as the plant height. The inflorescence
length is the length from the base of the stalk to the very tip of the inflorescence. The length
of the taproot is used as the root length. The area of each leaf was measured separately
using the FS-leaf1000 (Syas, Shijiazhuang, China), and the average value was taken as the
single-leaf area. The thickness of five leaves was measured using Vernier calipers (V5967;
i-Quip, Santa Clara Valley, CA, USA); the single-leaf thickness was calculated based on
the measurement of five leaves. All weights are measured using the same method: dry to
constant weight (2448 h) in an oven (DGG-9626A; DongLu, Shanghai, China) at 65 °C, and
then use a microbalance (+/—0.001 g) (ME203 electronic balance; Mettler Toledo, Zurich,
Switzerland) to measure. Specific leaf area (SLA) was calculated as follows: SLA (cm?- g_l)
= single-leaf area/single-leaf weight [27].

2.4. Biomass Determination

The weight of P. kansuensis cut from the ground in each quadrat was used as the total
aboveground biomass. The weight of the intact individual was used as individual biomass.
All samples were divided into three parts (roots, stems, and inflorescences) and measured.

2.5. Determination of Nutrient Characteristics

The C content of roots, stems, inflorescences, and aboveground parts of P. kansuensis
was measured using the potassium dichromate external heating method (Titrette digital
bottle mouth titrator; Prandle, Wertheim, Germany), N using the Kjeldahl method (Auto
Analyzer 3; Bran+Luebbe, Hamburg, Germany), and P with the molybdenum antimony
colorimetric method (UV-1900i; Shimazu, Kyoto, Japan) [28].

2.6. Statistical Analyses

Data were analyzed using SPSS 19.00 [9]. Density, plant height, root length, inflores-
cence length, branch number, single-leaf area, single-leaf thickness, and single-leaf weight
of P. kansuensis were analyzed among different levels of invasion using one-way ANOVA.
Multiple comparisons were made using the least significant difference (LSD) method and
Games-Howell method. One-way ANOVAs and multiple comparisons were performed
for the biomass of roots, stems, and inflorescences; biomass allocation to roots (root mass
fraction, RMF), stems (stem mass fraction, SMF), and inflorescences (inflorescence mass
fraction, IMF); root-to-shoot ratio (R/S) and C, N, and P contents and their ratios (C:N, C:P,
N:P) among different levels of invasion, and within the same invasion level, respectively.
The data are presented as the mean =+ standard error (SE; n = 2). All data were plotted
using Origin 8.0 [9]. Biomass allocation was calculated as structure biomass/individual
biomass [29]. To investigate the plasticity of the different morphological traits, we cal-
culated the phenotypic plasticity index (PPI): (highest value of a trait-lowest value of a
trait) /highest value of a trait [30].

3. Results
3.1. Morphological Characteristics of P. kansuensis

Most morphological characteristics differed significantly (plant height, Fy ¢ye] qf=» = 10.266,
p = 0.001; inflorescence length, Fycyel qi=2 = 4.950, p = 0.016; root length, Fy evel gf=2 = 4.271,
p = 0.026; branch number, Fyeyel gi=2 = 5.342, p = 0.012; single-leaf area, Fyeyelgf=2 = 7.349,
p = 0.003; density, Fevel di=2 = 113.847, p < 0.001; crown width, Fy eyel gg=2 = 9.769, p = 0.001)
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among the different levels of invasion, primarily decreasing with increasing invasion, except
for the density and leaf thickness which increased with increasing invasion (Table 1). Among
different levels of invasion, morphological characteristics exhibited different phenotypic
variations (Table 2). The characteristics with the highest PPI are single-leaf weight, branch
number, and single-leaf weight in low, medium, and high invasion, respectively. Conversely,
SLA in low invasion, SLA in medium invasion, and plant height in high invasion had the
lowest PPI (Table 2). The plasticity of plant height, branch number, and root length did not
differ significantly among the different invasion levels. The PPI of inflorescence length, single-
leaf thickness, and SLA tended to increase with increasing invasion. The PPI of single-leaf
weight was the lowest within medium invasion and higher within low and high invasion.
The PPI of single-leaf area and crown width gradually decreased with increasing invasion
(Table 2).

3.2. Biomass Accumulation and Allocation of P. kansuensis

The biomass of different structures is shown as inflorescences > stems > roots within
the same degree of invasion (Table 3). There was no significant difference between inflo-
rescences and stems, but both were significantly higher than roots (biomass in low inva-
sion, Fsirycture,df=2 = 17.429, p < 0.001; biomass in medium invasion, Fsiycture,df=2 = 23.777,
p < 0.001; biomass in high invasion, Fsiyycture,df=2 = 8.737, p = 0.002) (Table 3). Total above-
ground biomass increased significantly (Fpeyel qf=2 = 93.120, p < 0.001) with increasing
invasion, root, stem, inflorescence, and individual biomass showed a decreasing trend with
increasing invasion (Table 3). Stem and individual biomass were significantly higher (stem
biomass, Fieyel df=2 = 93.120, p < 0.001; individual biomass, F eyel gf=2 = 5.550, p = 0.011) for
low than for medium and high invasion (Table 3). Root and inflorescence biomass were sig-
nificantly higher for low invasion than for high invasion (root biomass, Fy eyel qf=2 = 3.918,
p = 0.034; inflorescence biomass, Fy evel di=2 = 3.879, p = 0.036) (Table 3).

Within the same invasion level, biomass allocation to the roots, stems, and inflores-
cences was significantly different (inflorescences > stems > roots) (biomass allocation in
low invasion, Fsirycture,df=2 = 417.446, p < 0.001; biomass allocation in medium invasion,
Fstructure, df=2 = 405.133, p < 0.001; biomass allocation in high invasion, Fsyycture, df=2 = 244.483,
p < 0.001) (Figure 1). The biomass allocation of roots, stems and inflorescences showed
different trends with increasing invasion. RMF tended to increase with increasing invasion
and was significantly lower for low (10.3%) than for medium (12.8%) and high invasion
(14.0%) (Frevel df=2 = 5.165, p = 0.014). SMF decreased significantly and then increased with
increasing invasion; low invasion (43.0%) was significantly higher than medium invasion
(38.8%) (FLevel df=2 = 4.243, p = 0.026) (Figure 1). R/S tended to increase with increasing
invasion and was significantly lower in the low (11.7%) than in the medium (15.4%) and
high (16.9%) invasion groups (Fp evel df=2 = 4.407, p = 0.023) (Figure 2).
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Table 1. Morphological characteristics of Pedicularis kansuensis in different invasion levels.

Level of Plant Height  Inflorescence Root Length Branch Single-Leaf Single-Leaf SLA (cm2 g-1) Single-Leaf Density Crown Width
Invasion (cm) Length (cm) (cm) Number Weight (mg)  Thickness (mm) & Area (cm?) (Plant-m~2) (cm)
Low 2228 +0.84% 8.744+0.34° 7.144+029° 731+064% 11.184+1.13% 0.354+0.02° 163.66 +3.90 1.81+£0.17% 2040 +3.82°¢ 1792 £1.192
Medium 18.89 £ 0.65° 7674033  643+036® 59240412 10.00 £ 0452 0.354+0.01° 160.86 +5.01 2 1.60 +0.08 2 117.07 +7.40® 13.66 + 0.39 P
High 18.05 +0.58 ° 6.72 +0.63° 5.81+0.31° 48540520 9174 1.242 0.38 £0.032 142.89 £12.783 1194+ 0.06° 25591 £ 16352 1349 4+ 0.61°
Note: Different lowercase letters indicate significant differences among invasion levels (p < 0.05); values are mean =+ standard error.
Table 2. Plasticity of morphological characteristics of Pedicularis kansuensis in different invasion levels.
PPI
Level of Invasion . Inflorescence Branch Single-Leaf . . .
Plant Height Length Root Length Number Weight Leaf Thickness SLA Single-Leaf Area Crown Width
Low 0.27 0.27 0.34 0.55 0.60 0.37 0.19 0.57 0.47
Medium 0.26 0.29 0.41 0.54 0.38 0.35 0.23 0.43 0.26
High 0.27 0.57 0.35 0.55 0.70 0.54 0.58 0.37 0.33

Note: Values are mean.



Diversity 2023, 15, 313 6 0of 13
Table 3. Biomass accumulations of Pedicularis kansuensis in different invasion levels.
Level. of Stem Biomass (g) Inflorescence Root Biomass (g) Ir.1d1V1dua1 Total -Aboveground
Invasion Biomass (g) Biomass (g) Biomass (g)
Low 1.93 £ 0.24 A2 212 +£0.34 0.43 £ 0.04 B2 447 £ 0552 53.67 + 3.26 ©
Medium 1.17 £+ 0.11 Ab 1.47 + 0.16 Aab 0.38 = 0.04 Bab 3.02 +£0.28b 111.41 £ 596"
High 0.89 +0.13 AP 1.15 4 0.26 AP 0.27 +0.04 Bb 242 +045° 212.71 £12.76 2

Note: Different lowercase letters indicate significant differences among invasion levels (p < 0.05). Different uppercase
letters indicate significant differences within the same invasion level (p < 0.05); values are mean =+ standard error.
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Figure 1. Differences in biomass allocation in different structures of Pedicularis kansuensis in different

invasion levels. * indicates a significant difference (p < 0.05).
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Figure 2. Differences in R/S of Pedicularis kansuensis among different invasion levels. * indicates a

significant difference (p < 0.05).
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3.3. Nutrient Characteristics of P. kansuensis
3.3.1. Nutrient Characteristics of Aboveground Parts among the Three Invasion Levels

The C content, C:N, C:P, and N:P of the aboveground parts generally increased with
increasing invasion, and we observed that C:N and C:P at low invasion were significantly
lower than that at high invasion (C:N, Fyeye] di=2 = 3.692, p = 0.040; C:P, F} eyl qf=2 = 3.807,
p =0.037). N and P content decreased with increasing invasion, and P content was signifi-
cantly higher (P content, Fy eyel g¢=2 = 3.710, p = 0.039) for low than for high invasion, with a
22.3% decrease for high invasion (Table 4).

Table 4. Nutrient characteristics of aboveground parts of Pedicularis kansuensis among different
invasion levels.

Level of

Invasion C (g/kg) N (g/kg) P (g/kg) C:N C:pP N:P
Low 42639 +£2373 1874+ 0582 251 +0.172 22.97 + 0.66 ° 178.35 + 14.15P 7.93 +0.832

Medium 426.74 +2.354 17.79 £ 0412 232 40.14 2411+ 0463  191.86 &+ 14.34 3 8.02 +0.692
High 43519 4292 1742 +0.332 1.95 4+ 0.13P 25.11 £0.532 233.09 + 15.332 9.26 +0.50 2

Note: Different lowercase letters indicate significant differences among invasion levels (p < 0.05); values are
mean =+ standard error.

3.3.2. Nutrient Characteristics of Each Structure in the Three Invasion Levels

The C, N, and P content of different structures showed different trends with increasing
invasion (Table 5). Root C, N, and P were highest in medium invasion, but only root C
showed a significant difference (root C, Fyeye] dgf=2 = 5.277, p = 0.013) in medium compared to
high invasion. Stem C and N were highest in medium invasion, and stem P decreased with
increasing invasion, but stem C, N, and P were not significantly different among the different
invasion levels. Inflorescence C, N, and P gradually decreased with increasing invasion, but
only inflorescence N decreased significantly (inflorescence N, Fy eve] gi=p = 19.446, p < 0.001)
(Table 5). The C, N, and P content of all structures showed the same trend within the same
invasion level (inflorescence > stem > root) (Table 5). Stem P and root P were not significantly
different, but both were significantly lower than inflorescence P (P content in low inva-
sion, Fsyycture df=2 = 66.556, p < 0.001; P content in medium invasion, Fsyyctyre di=2 = 58.069,
p < 0.001; P content in high invasion, Fsyycture,df=2 = 58.069, p < 0.001). Stem N and root N
were significantly lower than inflorescence N for medium invasion (N content in medium
invasion, Fgyycture di=2 = 32.356, p < 0.001), and inflorescence N > stem N > root N for low
and high invasion (N content in low invasion, Fsyycture df=2 = 352.732, p < 0.001; N content in
high invasion, F = 70.507, p < 0.001). Inflorescence C > stem C > root C for low invasion (C
content in low invasion, Fgyyctyre di=2 = 59.274, p < 0.001), and inflorescence C and stem C
were significantly higher than root C for medium and high invasion (C content in medium
invasion, Fsirycture df=2 = 45.893, p < 0.001; C content in high invasion, Fsyycture,df=2 = 70.269,
p < 0.001) (Table 5).

We observed significant differences in how P. kansuensis allocates nutrients to structure.
Inflorescence C:N, C:P, and N:P were the lowest of the structures measured in all three
invasion levels; C:N showed root > stem > inflorescence, and C:P and N:P showed stem
> root > inflorescence (Figure 3). C:N was significantly different between roots, stems,
and inflorescences in low invasion (C:N in low invasion, Fsiycture,df=2 = 114.836, p < 0.001),
and roots and stems were significantly higher than inflorescences for medium and high
invasion (C:N in medium invasion, Fgiyctyre, di=2 = 12.813, p < 0.001; C:N in high invasion,
Fstructure df=2 = 28.823, p < 0.001). C:P was higher in roots and stems than in inflorescences
for low and medium invasion (C:P in low invasion, Fsiycture,df=2 = 17.046, p < 0.001; C:P in
medium invasion, Fgiyctyre di=2 = 42.038, p < 0.001), and stems > roots > inflorescences in
high invasion (C:P in high invasion, Fsyycture df=2 = 122.517, p < 0.001). N:P in stems was
significantly higher than in inflorescences in medium invasion (N:P in medium invasion,
Fstructure,df=2 = 3-483, p = 0.047), and N:P in roots and stems was significantly higher than
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in inflorescences at high invasion (N:P in high invasion, Fgyycture di=2 = 12.836, p < 0.001)
(Figure 3).

Table 5. C, N, and P content of structures of Pedicularis kansuensis with different invasion levels.

Level of
Structure Invasion C (g/kg) N (g/kg) P (g/kg)

Low 391.48 + 4.68Cb  11.00 + 0.16 <@ 1.33 4 0.04 Ba

Root Medium 399.86 + 3.35 Ba 12.68 + 0.85 Ba 1.40 + 0.04 Ba
High 379.96 + 4865  11.54 020 1.37 £0.05Ba

Low 427.48 +3.23 Ba 13.38 4 (.27 Ba 1.55 + 0.13 Ba

Stem Medium 43591 +2.884a  14.16 + 0.66 B2 1.46 + 0.06 Ba
High 43118 £ 35942 1328 +0.43 B2 1.44 +0.03 Ba

Low 44353 £ 25042 20.98 + 0.36 A2 2.88 4+ (0.12 A2

Inflorescence Medium 442,62 +£3.8842 1958 4 (.25 AP 2.78 + 0.16 A2
High 44035429642 17.74 4+ 0.46 Ac 2.66 £ 0.11 A2

Note: Different lowercase letters indicate significant differences among invasion levels (p < 0.05). Different uppercase
letters indicate significant differences within the same invasion level (p < 0.05); values are mean =+ standard error.
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Figure 3. Differences of C:N, C:P, and N:P in structures of Pedicularis kansuensis within the same

invasion level. * indicates a significant difference (p < 0.05).

Elemental ratios of the structures differed among the different levels of invasion. Inflo-
rescence C:N increased with increasing invasion and was significantly higher for high (24.98)
than for low (21.19) and medium (22.63) invasion (Inflorescence C:N, Fy gyl gi=2 = 13.043,
p< 0.001). The remaining elemental ratios showed different trends with increasing invasion,
but not significantly. For example, inflorescence C:P gradually increased with increas-
ing invasion, whereas inflorescence N:P gradually decreased with increasing invasion

(Figure 4).
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Figure 4. Differences of C:N, C:P, and N:P in structures of Pedicularis kansuensis among the different
invasion levels. * indicates a significant difference (p < 0.05).

4. Discussion
4.1. Pedicularis kansuensis Has Strong Phenotypic Plasticity

Phenotypic plasticity is fundamental to biological adaptation and phenotypic evo-
lution [31], and is one of the primary pathways through which species adapt to het-
erogeneous habitats [5]. Pedicularis kansuensis exhibits phenotypic plasticity in several
circumstances [26,32]. In the present study, P. kansuensis exhibited strong phenotypic
plasticity for some morphological characteristics, even within the same level of invasion.
PPI for branch number was higher than 0.5 within all three invasion levels, and PPI for
single-leaf weight was 0.60 and 0.70 in low and high invasion, respectively. Inflorescence
length, biomass, and N decreased significantly with increasing invasion, but RMF and R/S
increased significantly.

4.2. Morphological Characteristics of P. kansuensis in Different Invasion Levels

Morphological shifts are the most intuitive indicator of plant adaptation to envi-
ronmental changes [33]. We observed that the density of P. kansuensis increased with
increasing invasion, but several plant metrics (e.g., plant height, inflorescence length, root
length, branch number, single- leaf area, and crown width) decreased, possibly because
of intraspecific competition and significant density constraints [34]. Species display clear
density-dependent effects in high density, such as Corispermum macrocarpum (Amaran-
thaceae) [35] and Salsola collina (Amaranthaceae) [36]. Conversely, Li et al. (2019) found that
P. kansuensis’s plant height, cover, and root length increased with increasing plant density
in the Gahai Wetland [26]. This may be because their high-density plots (54-75 plants/m?)
are far less dense than our medium and high invasion plots (117 and 256 plants/m?,
respectively).

Increased population density will lead to the lateral and longitudinal elongation
of neighboring plants, creating a shaded environment. Plastic changes in morphology
are adaptive changes in a competitive environment [37—40]. We found that the highly
intraspecific competition leads to the decrease in single-leaf weight, single-leaf thickness,
and SLA. However PPI of single-leaf weight, single-leaf thickness, and SLA increased with
increasing invasion. This may increase the plant’s capture of light. This adaptability gives
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P. kansuensis a competitive growth advantage in variable environments [27], facilitating
population expansion and making it easier for P. kansuensis to survive during invasion.

4.3. Biomass Allocation of P. kansuensis in Different Invasion Levels

Organisms allocate resources to critical aspects of their life history (e.g., growth,
survival, and reproduction) when resources are limited [41,42], and plants use different
biomass allocation strategies under different selection pressures [11,43]. Under highly
competitive pressure, population density often significantly negatively affects plant com-
ponent biomass [17]. For example, with the reduction in structure biomass of P. kansuensis
in our study. Individual plants of the same species compete for the same resources, and to
reduce resource consumption, changes in the biomass of components occur, with slower
growth rates and reduced biomass [11]. We found that a higher invasion level led to
an adjustment of biomass allocation, i.e., decreased IMF and SMF, and increased RMF.
Simultaneously, R/S increased significantly with increasing invasion, indicating that P.
kansuensis increased its R/S to improve nutrients and water access. These findings reflected
the trade-off between aboveground and belowground resource allocation, and confirmed
that invasion level is an important factor influencing biomass allocation patterns in a highly
intraspecific competition.

4.4. Nutrient Characteristics of P. kansuensis Components under Different Invasion Levels

N and P are essential nutrients that limit plant growth in most ecosystems [44]. The
limiting element for plant growth was N when plant N:P < 14. The limiting element for
plant growth was P when N:P > 16. Both N and P are limiting elements, or neither is a
limiting element when 14 < N:P < 16 [45]. The N:P ratio in this study was < 14, and the
N and P content of each structure showed inflorescence > stem > root within the same
level of invasion. This indicated that P. kansuensis allocates more resources to reproduction.
However, inflorescence N decreased significantly with increasing invasion, indicating that
intraspecies competition increased the effect of N limitation, and P. kansuensis reduced
nutrient allocation to reproductive structures, instead prioritizing stems and roots to ensure
survival [44,460]. At the same time, the P content of aboveground parts decreased with
increasing invasion, which indicates that P also becomes a limiting nutrient in high invasion.

Elemental ratios can reflect plants’ nutritional strategy, growth rate, and nutrient use
efficiency [47-50]. High C:N ratios indicate high carbon assimilation efficiency, slow growth,
and low nutrient requirements of plants [51]; whereas, low N:P and C:P ratios indicate
high plant growth rates [52-54]. As the invasion level increases, invasive plants adjust their
elemental ratios in response to their environment [55,56]. In this study, the C, N, and P
contents of all structures within the same invasion level showed inflorescence > stem > root,
while C:N, C:P, and N:P in inflorescences were lower than in roots and stems, indicating
that P. kansuensis allocated more C, N, and P to inflorescences within the same invasion level.
Inflorescence N significantly decreased, but C:N significantly increased with increasing
invasion, indicating that the inflorescence N-use efficiency increased significantly with
increasing invasion. Within the same time period, the elemental ratios of all structures
showed an increasing trend with increasing invasion in this study. However, the elemental
ratios of inflorescences were always significantly lower than those of roots and stems,
indicating that the inflorescence of P. kansuensis requires more nutrients and has a higher
reproductive output.

5. Conclusions

Our study demonstrates that P. kansuensis displayed phenotypic plasticity at the indi-
vidual level and responded to changing environmental pressures from increased invasion
by altering morphology and regulating biomass and nutrient allocation. As the level of
invasion increased, P. kansuensis’s growth was stunted and showed significant density-
dependent effects. This study improves our understanding of the phenotypic plasticity of
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invasive plants, and provides a scientific basis for the study of the invasion mechanism of
P. kansuensis.
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