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Effects of environmental factors
on the phenotypic traits and seed
element accumulation of wild
Elymus nutans in Tibet

Jianting Long?, Xianlei Gao' & Yanjun Miao?**

Soil nutrients and meteorological conditions are pivotal environmental factors influencing plant
growth and development. This study systematically analyzes how soil nutrients and meteorological
factors influence the phenotypic growth and seed production of wild Elymus nutans in Tibet. These
environmental factors are critical ecological determinants, and this research seeks to unveil the
complex and diverse ecological adaptation mechanisms of the species. The research encompasses ten
counties within the Tibet Autonomous Region, with sampling points distributed across seven distinct
ecological environments. By evaluating root soil nutrient levels, collecting meteorological data, and
analyzing growth characteristics and seed elemental composition at various sampling points, the study
assesses the ecological adaptability of Elymus nutans under diverse soil nutrient and meteorological
conditions. Cluster analysis categorized the 25 samples of Elymus nutans into four distinct groups,

each exhibiting significant differences in height and leaf length. Correlation analysis revealed a
significant negative correlation between sampling point elevation and NH,*, soil total phosphorus,

and available phosphorus content, while a significant positive correlation was observed with pH levels.
Meteorological variables—including temperature, humidity, and precipitation—significantly influenced
plant phenotypes and the elemental composition of seeds. Soil ammonium nitrogen, total phosphorus,
and available phosphorus are vital nutrients for the growth of Elymus nutans, and their deficiency has

a significant impact on plant phenotypes and overall growth. Environments characterized by high
altitude, aridity, and intense radiation constrain plant growth. Climatic conditions influence the growth
of Elymus nutans by altering the soil environment, where soil quality plays a critical role in determining
growth conditions. These factors interact to collectively impact the ecosystem.
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Soil nutrients and meteorological conditions play critical roles in shaping plant growth and development!2.
These factors have direct effects on plant growth characteristics and indirect impacts on plant reproduction
and population dynamics through their influence on seed elemental content and formation®*. The unique
geographical location and climatic features of the Tibetan Plateau make it a crucial area for investigating the
interplay between plants and the environment>®. Elymus nutans, a crucial perennial forage grass extensively
found in the Tibetan grasslands, boasts outstanding nutritional value and ecological adaptability. As global
climate change accelerates and human activities intensify, grassland ecosystems are confronting escalating
pressures”S. Hence, gaining insights into the adaptive mechanisms and growth performance of Elymus nutans
under varying environmental conditions holds paramount importance for the conservation and governance of
grassland ecosystems.

The Tibetan Plateau region experiences significant heterogeneity in soil nutrient status and meteorological
conditions™!°. The spatial diversity of soil nutrients, combined with the seasonal and yearly fluctuations of
meteorological factors, exerts intricate effects on plant growth and development!!!2. Essential soil nutrients
like nitrogen, phosphorus, and potassium have direct impacts on plant photosynthesis, root development, and
biomass'>!“, whereas meteorological factors such as temperature, precipitation, and light indirectly govern plant
growth traits by influencing physiological processes and metabolic activities'>!. Therefore, investigating the
influence of environmental factors on the growth and seed production of Elymus nutans carries substantial
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scientific importance. Previous research has concentrated on the impact of artificial nutrient supplementation
on the ecological adaptability and growth traits of Elymus nutans'”'8. Nonetheless, there remains a scarcity
of studies that conduct a comprehensive analysis of the interplay between soil nutrient levels, meteorological
conditions, growth phenotypes, and seed elemental composition under field conditions. Inadequate soil nutrients
have been shown to markedly decrease the growth rate and biomass of Elymus nutans, whereas the addition of
artificial nutrients contributes to enhancing its productivity and nutritional content'®. Furthermore, variations in
meteorological factors like temperature and precipitation exert a substantial influence on the growth season and
reproductive cycle of Elymus nutans?®?!. Nonetheless, these studies predominantly concentrate on analyzing the
influence of individual factors, lacking in-depth investigations into the combined effects of multiple factors on
Elymus nutans’ growth and development. This study aims to systematically analyze the influence of soil nutrients
and meteorological factors, which are crucial environmental determinants, on the growth phenotype and seed
production of wild Elymus nutans in Tibet. This analysis aims to unveil the complex and diverse ecological
adaptation mechanisms of the species. Through measuring and examining the nutrient levels in the root soil of
Elymus nutans at various sampling locations, along with meteorological data, growth characteristics, and seed
elemental composition, we aim to assess the ecological adaptability of Elymus nutans under diverse soil nutrient
and meteorological settings. This analysis will help identify environmental factors that restrict the growth and
development of wild Elymus nutans on the Tibetan Plateau.

Materials and methods

Study area overview

The research focuses on 10 counties within the Tibet Autonomous Region of China, situated under the cities of
Lhasa, Nagqu, Shigatse, Shannan, and Nyingchi. Sampling points are distributed across seven distinct ecological
environments: mountainsides, roadsides, alpine grasslands, alpine meadows, alpine meadow grasslands,
foothills, and farmland.

Sampling collection and analysis

Based on the varied altitude gradients in Tibet ranging from 3015.3 to 4964.0 m and the distribution patterns of
wild Elymus nutans, 25 representative sample points were established in diverse habitats located between 28°83’
to 31°85'N and 87°92’ to 94°34'E. During the selection of sample points, priority was given to Elymus nutans
exhibiting well-groomed growth and forming large patches. Figure 1 displays all the sample points.

Collection and analysis of plant samples
In September 2023, phenotypic data of fully mature Elymus nutans plants were assessed at multiple locations. At
each location, a total of 10 plants were selected for sampling. The selection of plant samples was conducted using
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Fig. 1. Distribution map of 25 sampling points of Elymus nutans.
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arandomized sampling method to ensure unbiased representation across the study sites. Mature seeds were also
randomly sampled from each plant. The plant characteristics measured included the following: Height (absolute
length from plant base to spike top, cm), Ear length (EL, length from spike base to top, cm), Stem length under
ear (SLUE, length from base to first internode, cm), Length of Flag leaf (LFL, length of first leaf below spike,
mm), Width of Flag leaf (LFW, maximum width of first leaf below spike, mm), Length of seed (LS, length of seed
at its longest point, excluding awn length, mm), awn length (AL, mm), and Weight per Thousand Seeds (WTS,
determined by the thousand-grain method and averaged over 10 repetitions, g)*>?>.

Soil sample collection and analysis

Plant phenotypes were assessed at each sampling point, and seeds were subsequently collected. Rhizosphere
soil samples from Elymus nutans were collected and transported to the laboratory for drying. Subsequently,
the soil underwent grinding and sieving through a 1 mm sieve to analyze soil nutrients and pH levels. Soil
analysis included the determination of various parameters: total nitrogen (soil-TN, %) by the Kjeldahl method,
nitrate nitrogen (NO,~, mg/kg) by ultraviolet spectrophotometry, ammonium nitrogen (NH,*, mg/kg) by
indophenol blue colorimetry, total phosphorus (soil-TP, g/kg) and available phosphorus (soil-QP, mg/kg) by the
molybdenum antimony colorimetric method, total potassium (soil-TK,%) and available potassium (soil-QK,
g/kg) by atomic absorption spectrophotometry, organic carbon (soil-OC, %) using the potassium dichromate
method (with external heating), and pH by the potentiometric method*4%.

Seed sample collection and analysis

Following the drying of the 25 collected Elymus nutans seed samples in the laboratory, the elemental composition
of the seeds was analyzed. The elemental composition of the seeds was analyzed as follows: total nitrogen (seed-
TN, g/kg) using a German SEAL Auto Analyzer3 continuous flow analyzer, total phosphorus (seed-TP, g/kg)
using flame photometry, total potassium (seed-TK, g/kg) using atomic absorption spectrophotometry, organic
carbon (seed-OC, g/kg) through the potassium dichromate volumetric method (with additional heating), total
calcium (seed-Ca, g/kg) and total magnesium (seed-Mg, g/kg) by atomic absorption spectrophotometry, and
total sulfur (seed-S, g/kg) using the HNO,-HCLO, digestion method*-2,

Seed germination test design

The experiment employed the paper towel germination method. Filter paper soaked in distilled water was placed
in a Petri dish with 50 seeds evenly distributed in each dish, constituting one replicate. This procedure was
repeated three times for each treatment. The Petri dishes were then placed in a constant temperature incubator at
25C. Seed germination progress was monitored daily, with distilled water being added as necessary. The artificial
climate incubator provided light intensity at 1250 1x, operating on a 12-hour light-dark cycle. Germination was
defined as the point when either the root or shoot length equaled or exceeded the predetermined standard
length. After 12 days, the number of germinated seeds was tallied to determine the germination rate (G, %). The
root length (RL, mm) and shoot length (BL, mm) of the germinated seeds were assessed using a ruler?.

Meteorological data collection and analysis

Meteorological data were obtained from NASA*, covering the period from January 1, 2023, to August 31, 2023.
The data analysis encompassed various meteorological parameters: average daily temperature (DAT, C), average
daily humidity (ADH, %), average daily pressure (ADP, hPa), total precipitation (TW, mm), longitudinal wind
speed (EW, m/s), latitudinal wind speed (NW, m/s), terrestrial surface radiation (TSR, W/m?), normal direct
irradiance (NDI, W/m?), and scattered radiation (SR, W/m?).

Data analysis

Data were organized using Excel. analysis of variance and stepwise regression analysis were conducted with
SPSS®L. Correlation analysis, principal component analysis, and cluster analysis were performed using
Origin2024*2. The R language was utilized for Mantel test analysis*> and structural equation modeling (SEM)
analysis®*.

Results

Descriptive statistics on the phenotype, seed elemental content, and germination indicators

of Elymus nutans

Table 1 illustrates the wide range of phenotypic characteristics exhibited by 25 samples of Elymus nutans.
Characteristics such as Height, SLUE, LFL, LFW, and AL show high coefficients of variation, ranging from 31.51
to 46.37%. In contrast, EL, LS, and WTS exhibit lower coefficients of variation, ranging from 8.83 to 20.43%.
Significant variation is present in the seed content of the 25 Elymus nutans samples, with seed-OC showing a
minimal coefficient of variation of 2.87%. In comparison, seed-TN, seed-Mg, and seed-S exhibit relatively lower
coeflicients of variation, ranging from 14.87 to 18.55%, while seed-TP, seed-TK, and seed-Ca have coefficients of
variation exceeding 20%, ranging from 21.50 to 23.72%.

The germination indices of the 25 Elymus nutans seeds present significant variation, with G showing the
highest coefficient of variation at 59%, and RL and BL during the seed germination stage exhibiting coefficients
of variation of 27.24% and 24.02% respectively. Seed element accumulation and germination indices show a
diverse range of variations, offering valuable guidance for seed selection and propagation post-breeding.

Cluster results of 25 samples of Elymus nutans
Cluster analysis of 25 samples of Elymus nutans, as illustrated in Fig. 2A, was performed to uncover patterns
in phenotypic traits. The analysis classified the samples into four distinct categories based on Plant phenotype:

Scientific Reports |

(2025) 15:1838 | https://doi.org/10.1038/s41598-025-85415-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Indicator classification | Indicator | Maximum value | Minimum value | Extremely poor | Average | Standard deviation | Coefficient of variation (%)
Height 94.16 32.39 61.77 57.35 18.07 31.51
EL 12.34 6.38 5.95 9.48 1.69 17.79
SLUE 77.06 19.73 57.33 41.64 15.93 38.26
LFL 129.09 23.24 105.85 52.45 24.32 46.37
LFW 6.06 0.95 5.10 3.52 1.51 42.98
SL 10.55 7.33 3.22 8.37 0.74 8.83
AL 27.53 7.28 20.25 12.31 3.93 31.88
WTS 3.78 1.55 2.24 2.73 0.56 20.43
N 29.36 15.36 13.99 19.99 297 14.87
TP 4.19 1.77 242 271 0.58 21.50
TK 12.60 4.85 7.75 7.71 1.80 23.27
oC 437.47 385.75 51.72 417.36 11.99 2.87
Ca 5.55 241 3.14 3.40 0.81 23.72
Mg 1.50 0.75 0.75 1.06 0.20 18.55
S 1.34 0.64 0.70 0.88 0.16 17.62
G 90.00 16.00 74.00 37.79 21.24 56.00

Seed germination RL 64.41 17.82 46.59 43.37 11.81 27.24
BL 102.51 23.52 78.99 73.92 17.75 24.02

Table 1. Descriptive statistics of phenotype, seed element content, and seed germination of 25 Elymus nutans
materials.
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Fig. 2. Cluster analysis results of 25 Elymus nutans (A). Analysis of the correlation between altitude, longitude,
latitude, and environmental factors (B).

Class I consists of seven samples characterized by lower WTS, LFW, AL, LS, and EL. Class II comprises a single
unique sample with lower height and higher SLUE and LFL. Class III, the largest group with sixteen samples,
exhibits lower SLUE, LFL, and height. Class IV also includes a single sample, marked by distinctly higher SLUE,
LFL, and height. These groupings underscore the genetic and phenotypic diversity crucial for understanding
resource management and adaptability in Elymus nutans.

Correlation analysis between sampling points and environmental factors

According to Fig. 2B, a significant negative correlation exists between the elevation of sampling points and NH,*,
soil-TP, and soil-QP content (P<0.01), along with a significant positive correlation with pH value (P<0.01).
Additionally, the elevation demonstrates significant negative correlations with DAT, ADH, ADP, and TW among
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the meteorological factors (P<0.01), a significant negative correlation with NW (P<0.05), and significantly
positive correlations with NDI (P<0.05) and EW (P<0.01).

The longitude exhibits significant or very significant positive relationships with NH,", soil-QP, and total
phosphorus in soil nutrients (P <0.05 or P<0.01), while showing a significant negative correlation with pH value
(P<0.01). In terms of meteorological factors, longitude is significantly positively correlated with ADP (P<0.05),
very significantly correlated with ADH, TW, and SR (P<0.01), and very significantly negatively correlated with
EW, TSR, and NDI (P<0.01).

Latitude exhibits a significant negative correlation with soil-TP in soil nutrients (P<0.01) and a significant
positive correlation with pH value (P<0.01). Moreover, latitude demonstrates very significant negative
correlations with DAT, TW, and NW among the meteorological factors (P<0.01), as well as a very significant
positive correlation with EW (P<0.01).

Correlation analysis between environmental factors and phenotype of Elymus nutans

Analysis of Fig. 3A reveals that the sampling points of Elymus nutans exhibit significant negative correlations
in Height, SLUE, and LFL with altitude (P<0.01), supported by respective R? fitting equations of 0.76, 0.61,
and 0.65. Furthermore, Height and LS show significant positive correlations with longitude (P<0.05), each
with R? fitting equations of 0.16 and 0.14; SLUE and LFL also demonstrate significant positive correlations
with longitude (P<0.01), accompanied by R? fitting equations of 0.35 and 0.34. In addition, Height displays
a significant negative correlation with latitude (P<0.01), with an R? fitting equation of 0.33; SLUE exhibits a
significant negative correlation with latitude (P<0.05), supported by an R? fitting equation of 0.15. No significant
correlations were observed between other phenotypes and altitude, longitude, or latitude. EL and WTS exhibit
positive correlations with Height (P<0.05), indicated by R fitting equations of 0.14 and 0.15, respectively; while
SLUE and LFL demonstrate significant positive correlations with Height (P<0.01), supported by R? fitting
equations of 0.61 and 0.48, respectively. Moreover, LFL shows a positive correlation with EL (P<0.05), with an
R? fitting equation of 0.17; LFW is significantly positively correlated with EL (P<0.01), supported by an R? fitting
equation of 0.59. Additionally, LFW and WTS show positive correlations with SLUE (P<0.05), with R? fitting
equations of 0.12 and 0.13; while LFL and LS demonstrate significant positive correlations with SLUE (P<0.01),
supported by R? fitting equations of 0.67 and 0.26. Lastly, LFL exhibits a significant positive correlation with
LFW (P<0.01), with an R? fitting equation of 0.33. No significant correlations were identified between the
remaining phenotypes.

Examination of Fig. 3B indicates that Height displays significant positive correlations with NH,* and soil-
TP content (P<0.05), and significant negative correlation with pH (P<0.01); Height also exhibits a negative
correlation with EW (P <0.05) and positive correlations with DAT, ADP, TW, and NW at significant (P <0.05) or
highly significant levels (P<0.01); furthermore, Height is significantly (P <0.05) or highly significantly (P<0.01)
positively associated with seed-TP and seed-TK content. EL demonstrates no significant correlations with soil
nutrients, meteorological factors, and seed-TK content, except for a highly significant positive correlation with
seed-TK content (P<0.01). SLUE is highly positively correlated with NH,*, significantly correlated with soil-TP
content (P <0.05), and highly negatively correlated with pH (P <0.01); SLUE also displays significant (P<0.05) or
highly significant (P <0.01) positive correlations with DAT, ADH, TW from meteorological factors, and negative
correlations with EW, NDI (P<0.01), while showing a negative correlation with seed-Ca content (P<0.05). LFL
is significantly (P<0.05) or highly significantly (P<0.01) positively correlated with NH,*, total phosphorus,
and soil-QP content, highly negatively correlated with pH (P<0.01); LFL shows significant (P<0.05) or highly
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Fig. 3. Analysis of the correlation matrix of phenotypic traits of Elymus nutans (A). Analysis of the Correlation
Between Phenotypic Traits, Environmental Factors, and Seed Elements (B).
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significant (P<0.01) positive correlations with DAT, ADH, ADP, TW, SR from meteorological factors, and
negative correlations with EW, TSR, NDI (P<0.05); LFL is also negatively correlated with seed-Ca content
(P<0.05). LFW demonstrates no significant correlations with soil nutrients and meteorological factors but is
significantly positively correlated with seed-TK accumulation (P<0.05). LS and Seed AL present no significant
correlations with soil nutrients, meteorological factors, and seed content. WTS shows no significant correlations
with soil nutrients and meteorological factors but exhibits a highly significant positive correlation with seed-TK
accumulation (P < 0.05).

Correlation analysis between environmental factors and seed element content of Elymus
nutans

In Fig. 4A, it is evident that the Elymus nutans seed-TP content exhibits a significant negative correlation with
altitude (P <0.01), whereas the seed-Ca content shows a significant positive correlation with altitude (P<0.05).
Additionally, the seed-TP content demonstrates a significant negative correlation with latitude (P<0.05).
Furthermore, the seed-TN content is significantly positively correlated with seed-OC accumulation (P<0.05),
while the seed-Ca content shows a significant negative correlation with seed-Ca content (P <0.05). Moreover,
the seed-TP content is significantly positively correlated with seed-TK content (P<0.05). Notably, among the
seed germination indicators, BL shows a significant positive correlation with both seed-TN and seed-TP content
(P<0.05).

Figure 4B demonstrates that the Elymus nutans seed nitrogen content (seed-TN) exhibits a significant positive
correlation with soil total phosphorus content (soil-TP) (P<0.05), and the seed-TN content is significantly
positively correlated with soil quick phosphorus content (soil-QP) (P<0.01). Furthermore, the seed total
phosphorus content (seed-TP) shows a significant positive correlation with NH4 and soil-TP content (P <0.05),
but a negative correlation with the pH value (P<0.05). Additionally, the seed-TP content is significantly
positively correlated with NW (P <0.01) and negatively correlated with EW (P<0.05). The seed total potassium
content (seed-TK) is significantly positively correlated with NW in meteorological factors (P<0.05). The seed
organic carbon (seed-OC) content demonstrates a significant negative correlation with soil quick potassium
content (soil-QK) (P<0.05). Moreover, the seed calcium (seed-Ca) content is significantly negatively correlated
with TW (P<0.05) and positively correlated with EW (P<0.05). Additionally, the seed sulfur (seed-S) content
displays a significant positive correlation with DAT (P <0.05). No other significant correlations were observed
between seed element content and soil nutrients or meteorological factors.

Multivariate stepwise regression analysis of environmental factors with Elymus nutans
height and WTS

Height and WTS serve as crucial indicators of plant growth and reproduction, impacting the stability of
population systems, survival success, reproductive rate, genetic diversity, and adaptability. By investigating
the influence of these two indicators on population stability, we can further delve into the dynamic changes
within ecosystems and the conservation of biodiversity. This study adopts the Height and WTS of Elymus nutans
as dependent variables, while considering soil nutrients, meteorological factors, and seed element content as
independent variables, utilizing stepwise regression to determine the relationship equation.

Relationship between soil nutrients and Elymus nutans height
Utilizing the stepwise regression method, the relationship Eq. (1) linking Height to soil nutrients is formulated
as follows:
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Fig. 4. Correlation matrix analysis of seed elemental content in Elymus nutans (A). Correlation analysis
between seed elemental content, environmental factors (B).
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Yiteight = 278.98 — 0.89Xn0s — 40.03X 1N — 9.74X1p + 0.56 Xqp — 8.86 X1k + 65.34X oK
+20.150X0c — 26.57XpH, (R = 0.7415, P = 0.0611, Rnos = —0.1846, W
Rrx = —0.0779,
Rrp = —0.0918, Rop = 0.1205, Rtk = —0.2793, Rqx = 0.3115, Roc = 0.3238, Rpn = —0.3853).

The main soil nutrients influencing the Height of Elymus nutans according to Eq. (1) are NO,, soil-TN, soil-TP,
s0il-QP, s0il-TK, s0il-QK, so0il-OC, and pH, with NH 4’“ having a minimal impact. However, due to the standard
error test, the regression equation failed to meet the significance level threshold (P <0.05), suggesting that the
impact of soil nutrients on Height as indicated in Eq. (1) is merely indicative. This discrepancy could potentially
stem from substantial climate variations across different sampling locations, implying that the influence of soil
nutrients on the Height of wild Elymus nutans in Tibet did not achieve statistical significance (P>0.05).

Relationship between meteorological factors and Elymus nutans height
Utilizing the stepwise regression method, the relationship Eq. (2) linking Height to meteorological factors is
formulated as follows:

YHcight =6229.96 + 19.53XpaT + 0.91 Xapu — 1.51 Xapp + 0.142X 1w — 7.85Xgw + 27.36 Xnw — 11.73 X sr
+0.38X~xpr — 28.87XSR,,(R =0.9403"", P = 0.0001, RpaT = 0.5008", (2)
Rapu = 0.1254, Rapp = —0.4534, Rrw = 0.3045, Rew = —0.1932,
Rxw = 0.5878", Rrsr = —0.6042"", Rxpr = 0.0475, Rsg = —0.6363**).

The relationship between Height and meteorological factors is strongly interconnected, with Eq. (2) displaying
a highly significant correlation (P<0.01). Equation (2) illustrates that all meteorological factors influence the
Height of Elymus nutans. Additionally, DAT, NW, and TSR exhibit significant (P<0.05) or highly significant
(P<0.01) partial correlations with Height. The correlation coefficient in Eq. (2) is 0.9403**, signifying that
meteorological factors have a highly significant (P<0.01) impact on the Height of Elymus nutans in Tibet.

Relationship between soil nutrients and Elymus nutans WTS
Utilizing the stepwise regression method, the relationship Eq. (3) linking WTS to soil nutrients is formulated as
follows:

Ywst = 80.03 4+ 0.06 Xnma — 0.03XNn03 + 1.12X7Nn + 0.16 XTp — 0.09XQP +0.51 X1k — 0.27XQK
+0.07Xoc — 0.81X 1, (R = 0.5521, P = 0.6762, Rnus = 0.1548, Rnos = —0.1691, Rrx = 0.0538, Rrp = 0.0369, (3)
Rqp = —0.4486, Rtk = 0.4024, Rqk = —0.0363, Roc = 0.0344, Ry = —0.2522).

Equation (3) suggests that all soil nutrients have the potential to impact Elymus nutans WTS. However, based
on the standard error test, the regression equation failed to meet the significance level criterion (P <0.05). This
could be attributed to the predominant influence of Elymus nutans” genetic factors on its WTS, suggesting that
the effect of soil nutrients on the WTS of wild Elymus nutans in Tibet did not achieve statistical significance
(P>0.05).

Relationship between meteorological factors and Elymus nutans WTS
Utilizing the stepwise regression method, the relationship Eq. (4) linking WTS to meteorological factors is
formulated as follows:

Ywst = 7.72 + 0.35XpaT — 0.11 X aApH — 0.03XApp — 0.01 X7w — 0.97 XEW

—0.13Xnw + 0.14X71sr — 0.07Xnp1 + 0.14 XsR,

(R =0.7647, P = 0.0693, RpaT = 0.1747, Rapu = —0.2600, (4)
Rapp = —0.2066, Rrw = —0.4083, Rew = —0.3867, Rnw = —0.0607,

Rrsr = 0.1598, Rnpr = —0.1524, Rsr = 0.0705).

Equation (4) indicates that all meteorological factors may influence Elymus nutans WTS. However, the partial
correlation coefficients of these factors with WTS, as shown in Eq. (4), did not demonstrate a statistically
significant level of correlation. Despite the lack of significance in the impact of meteorological factors on
WTS (P<0.05), these variables significantly influence the height of wild Elymus nutans in Tibet, and a notable
correlation exists between height and WTS. Consequently, further analysis is required to investigate the indirect
effect of meteorological factors on WTS.

Relationship between seed element content and Elymus nutans WTS
Utilizing the stepwise regression method, the relationship Eq. (5) linking WTS to seed element content is
formulated as follows:
Ywst = 1.78 — 0.05 XN + 0.17X7p + 0.11XTK 4+ 0.00X0C — 0.98 XN\ + 0.75 X5,
(R = 0.6465, P = 0.0968, Rrn = —0.3004, Rrp = 0.1942, Rri = 0.4032, Roc = 0.0591,  (5)
Ryg = —0.3800, Rs = 0.2455).
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Equation (5) reveals that seed-TN, seed-TP, seed-TK, seed-OC, seed-Mg, and seed-S are the primary seed
elements influencing the WTS of Elymus nutans, while Ca has only a minimal impact. However, based on the
standard error test, the regression equation failed to meet the significance level criterion (P<0.05), and none of
the seed element contents displayed a significant partial correlation coefficient with WTS (P <0.05). This implies
that the influence of seed element contents from wild Elymus nutans in Tibet on WTS did not achieve statistical
significance (P<0.05).

Correlation between phenotype, seed elemental content, and environmental factors in
Elymus nutans

Figure 5 illustrates that Mantel test analysis identified a significant positive correlation (P<0.01) between the
phenotype of Elymus nutans plants and NH," in soil nutrients, as well as significant positive correlations (P < 0.01)
with pH values, and a notable positive correlation (P < 0.05) with soil-TP and soil-QP content. Moreover, Pearson
correlation analysis revealed a significant negative correlation (P<0.01) between NH,*, soil-TP, and soil-QP in
soil and pH values. The soil pH plays a crucial role in influencing various biochemical processes and nutrient
availability. Typically, a higher pH level indicates a less acidic environment, potentially facilitating the absorption
and accessibility of specific nutrients, thereby enhancing plant growth and phenotypic performance. The study
indicates that a higher nutrient content in the soil correlates with an elevated pH value, where NH,*, soil-TP, and
s0il-QP exhibit greater stability in low pH conditions, leading to a negative correlation with pH values.

The Mantel test revealed a significant positive correlation between the phenotype of Elymus nutans and
meteorological factors including DAT, ADH, ADP, and TSR (P <0.05), as well as a highly positive correlation with
TW, EW, NDI, and SR (P<0.01). Additionally, Pearson correlation analysis indicated a high positive correlation
between DAT and ADP (P<0.01); ADH was highly positively correlated with ADP, TW, and SR (P<0.01), while
showing a negative correlation with EW, TSR, and NDI (P<0.01). Furthermore, ADP exhibited a significant
negative correlation with EW (P<0.01); TW was strongly positively correlated with NW and SR (P<0.01),
but negatively correlated with EW, TSR, and NDI (P<0.01); EW displayed a strong negative correlation with
NW and SR (P<0.01), and a positive correlation with TSR and NDI (P<0.01); while TSR was highly positively
correlated with NDI (P<0.01) and negatively correlated with SR (P<0.01). The meteorological factors DAT,
ADH, ADP, and TW all exerted significant positive effects on the phenotype of Elymus nutans, suggesting that
appropriate meteorological conditions play a crucial role in enhancing its growth and optimizing phenotype.
Moreover, the study revealed a positive correlation between three types of radiation and the phenotype of
Elymus nutans, highlighting the significance of light conditions as a vital meteorological factor influencing the
growth and expression of Elymus nutans phenotype.

The Mantel test results indicated a lack of significant correlation between the seed elemental content of
Elymus nutans and both soil nutrients and meteorological factors. This lack of correlation could be attributed
to the specific mechanisms of element accumulation, the intricate nature of environmental factors, cumulative
effects, potential measurement errors, and other unmeasured influencing factors. These findings suggest that
the seed elemental content is influenced by a multitude of factors, indicating a complex interplay beyond the
immediate influence of soil and weather conditions.

Plant Phenstype . [_:] : - u

Seed Hlements ¢ D 3

Fig. 5. Mantel’s test of the plant phenotype, seed elemental content, and environmental factors of Elymus
nutans.

Scientific Reports | (2025) 15:1838 | https://doi.org/10.1038/s41598-025-85415-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Principal component analysis of phenotype, soil nutrients, meteorological factors, and seed
element content in Elymus nutans

Examination of Fig. 6A reveals that in the first principal component of the phenotype of Elymus nutans, Height,
EL, SLUE, LFL, and LFW exhibit relatively high loadings with positive characteristic vector values, while AL
shows a negative characteristic vector value. Additionally, AL demonstrates a negative correlation with Height,
EL, SLUE, LFL, and LFW. In the second principal component, LS and AL demonstrate relatively high loadings
with positive characteristic vector values, whereas EL and LFW exhibit negative characteristic vector values,
showing a negative correlation with AL.

Analysis of Fig. 6B reveals that in the first principal component of the seed elemental content in Elymus
nutans, seed-TN, seed-TP, and seed-OC display high loadings with positive characteristic vector values, whereas
seed-Ca and seed-Mg demonstrate negative characteristic vector values. Specifically, seed-Ca shows a negative
correlation with seed-TN, seed-TP, seed-TK, seed-OC, and seed-S, while seed-Mg is negatively correlated
with seed-TN and seed-OC. In the second principal component, seed-TK, seed-Mg, and seed-TP exhibit high
loadings with positive characteristic vector values, while seed-TN and seed-OC have negative characteristic
vector values. Additionally, seed-TN and seed-OC are inversely correlated with seed-Mg and seed-TK.

Examination of Fig. 6C indicates that in the first principal component of the rhizosphere soil nutrients of
Elymus nutans, the characteristic vector values of pH and soil-QK are negative, with pH showing the highest
loading. The loadings of soil-TP, soil-QP, and NH4 are relatively high with positive characteristic vector values,
while pH and so0il-QK exhibit negative correlations with soil-TP, soil-QP, and NH4. In the second principal
component, the loadings of soil-TN and soil-OC are relatively high with positive characteristic vector values,
whereas the characteristic vector values of soil-QP and NH4 are negative, resulting in negative correlations with
soil-TN and soil-OC.
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Examination of Fig. 6D reveals that in the first principal component of meteorological factors at sampling
points, the loadings of ADH, SR, and TW are relatively high with positive characteristic vector values, while
EW, TSR, and NDI exhibit negative characteristic vector values, indicating a negative correlation with ADH,
TW, and SR. In the second principal component, DAT and ADP show high loadings with positive characteristic
vector values, whereas EW and SR display negative characteristic vector values, and these variables demonstrate
a negative correlation with DAT and ADP.

Relationship among the phenotype of Elymus nutans, soil nutrients, meteorological factors,
and seed element content

Figure 7 indicates that elevation and latitude/longitude of sampling points are negatively correlated with plant
phenotype, soil nutrients, and meteorological factors, but positively correlated with seed element content.
Elevated locations correspond to lower temperatures and air pressure, which may potentially restrict plant
photosynthesis and metabolic activity, impacting both plant phenotype and soil microbial activity, leading to
a decrease in soil nutrients; seed element accumulation may serve as an adaptation mechanism. Soil nutrients
demonstrate positive correlations with plant phenotype and seed element content, since adequate nutrient levels
support healthy plant growth and enhance seed element content. Although meteorological factors indicate a
negative correlation with plant phenotype, favorable weather conditions contribute to the improvement of soil
nutrients and seed element content. Enhanced plant phenotype signifies plants’ enhanced nutrient utilization
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capacity, thus promoting an increase in seed element content; elevated seed element levels further boost seed
germination rate and seedling growth.

Discussion

The effects of soil nutrients on the phenotype and seed elemental content of Elymus nutans
Soil nutrients serve as the foundation for sustaining plant growth and development? Soil nitrogen plays a crucial
role in influencing plant growth; an adequate nitrogen supply can stimulate plant growth and development,
leading to increased biomass and yields. Nitrogen participates in key processes such as protein and chlorophyll
synthesis, thereby enhancing plant phenotypic characteristics, including leaf area and plant height**—%, NH,*
stands out as one of the primary nitrogen sources essential for plant growth, exerting a significant impact on
plant development. An optimal NH,* concentration can foster root growth and development, enhance nutrient
uptake by roots, and facilitate overall plant growth®%; however, elevated NH,* concentrations may impede root
development, hamper above-ground plant growth, and suppress plant stature’. In the present study, the demand
of Elymus nutans for NH, " is directly manifested in height, specific leaf uptake efficiency (SLUE), leaf fresh weight
per length (LFL) growth, and total phosphorus accumulation in seeds (Fig. 3B), revealing a highly significant
(P<0.01) positive correlation between NH,* and plant phenotype (Fig. 5). This correlation suggests that the
deficiency of NH,* negatively impacts the growth of Elymus nutans. The concentration of NO, also influences
plant growth*"*2 in this study, the NO,~ concentration did not directly affect plant phenotype and seed element
accumulation in Elymus nutans, possibly due to the non-deficient levels of NO,™ content in soil nutrients
at the sampling site. Adequate phosphorus is essential for promoting plant root growth, leaf morphological
development, influencing flower and fruit growth, nutrient element content in seeds, and the synthesis of fats
and proteins, as well as the accumulation of micronutrients****, Soil available phosphorus, a form of phosphorus
that plants can readily absorb and utilize, directly impacts Elymus nutans” height, SLUE, LFL growth, seed total
nitrogen (seed-TN), and seed-total phosphorus (seed-TP) accumulation in this study. Soil quick phosphorus
(soil-QP) affects Elymus nutans by influencing LFL growth and seed-TN accumulation. Additionally, both soil-
TP and so0il-QP exhibit a highly significant (P<0.01) positive correlation with plant phenotypes, highlighting
the importance of phosphorus as a key nutrient for the growth of Elymus nutans in Tibet, with soil phosphorus
content playing a crucial role in the accumulation of seed TN (TP) elements. Maintaining the appropriate soil
pH is fundamental for sustaining soil nutrient balance and microbial activity, thereby fostering healthy plant
growth®. In this study, pH demonstrates a highly significant (P<0.01) negative correlation with height, SLUE,
LFL, and a significant (P < 0.05) negative correlation with seed total phosphorus content, indicating that a higher
pH level limits the growth of Elymus nutans in Tibet. Furthermore, a significant positive correlation between pH
and plant phenotype is observed due to the highly significant positive correlation between pH and soil nutrients
NH,*, total phosphorus, and soil-QP (P<0.01). This underscores that despite the enhanced nutrient content in
alkaline soil conditions, reduced nutrient availability, compromised plant adaptability, root health issues, and
nutritional imbalances resulting from higher pH levels ultimately impede plant growth indicators. This indicates
the necessity to maintain a relatively lower pH for grasslands with ample soil nutrients to ensure the normal
growth of Elymus nutans*®"’. Although the accumulation of seed elements shows a relatively weak correlation
with nitrogen, phosphorus, potassium, and other soil elements, soil nutrients exert a positive influence on both
plant phenotypes and seed element accumulation. This suggests that soil nutrients indirectly affect seed element
accumulation by influencing plant phenotypes. In conclusion, this study reveals that the insufficiency of NH,*,
soil-TP, and soil-QP in soil nutrients, coupled with increased pH levels, are the primary factors constraining the
growth of Elymus nutans, while the accumulation of seed elements is not directly impacted by soil nutrients.
While our study provides important insights into the impact of soil nutrients and pH on Elymus nutans, it is
important to acknowledge certain limitations. The study is based on observations from a specific geographic
region, which may not fully represent the environmental variability across broader areas. Additionally, the
potential confounding effects of unmeasured environmental variables, such as microbial community interactions
or specific soil texture aspects, were not explicitly controlled or measured in this study. These factors could
introduce biases and limit the generalizability of our findings.

Effects of meteorological factors on the growth and seed formation of Elymus nutans

Meteorological factors play a pivotal role in the growth of plants and seed formation, impacting various aspects
of the ecological environment*.DAT is a critical determinant of plant growth season and rate. Different plant
species exhibit varying ranges of temperature adaptability, with optimal temperatures enhancing photosynthesis
and metabolic activities, while extreme temperature fluctuations can disrupt physiological functions or result in
plant mortality®®. Variations in DAT directly affect the growth of plant Height, SLUE, LFL, and seed-S content.
Changes in air pressure and temperature regulate plant metabolism, growth rate, and water use efficiency by
influencing air density, water vapor availability, and airflow patterns®>>!. In this study, ADP exhibits a significant
positive correlation with ADH (P<0.01). ADP also influences the growth of SLUE and LFL. The plant phenotype
demonstrates a notable positive correlation with DAT and ADP (P<0.01), suggesting the inhibitory impact of
the challenging Tibetan high-altitude environment on the growth of Elymus nutans. Additionally, precipitation
directly impacts ADH, underscoring its pivotal role in plant water balance, particularly in transpiration and
stomatal regulation®>>?. In this study, both TW and ADH have a direct impact on the growth of Height,
SLUE, LFL, and LS. The plant phenotype also shows a significant correlation with TW and ADH (P<0.01),
indicating that the low humidity in Tibet’s arid environment significantly constrains the growth of Elymus
nutans. The influence of wind on plants extends to transpiration, stomatal regulation, pollination, and seed
dispersal®*, with a focus on both EW and NW winds. In the Tibetan region, EW wind speed demonstrates
a notable positive correlation with Elymus nutans Height, SLUE, LFL, and LS (P<0.05), while NW winds
exhibit a negative correlation with these parameters. Moreover, EW shows a significant positive correlation
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with the plant phenotype (P<0.01), whereas NW does not exhibit a correlation due to the beneficial moisture
and temperature regulation provided by North-South winds in contrast to the dry air and dust carried by
East-West winds>®. Radiation plays a crucial role in regulating plant growth by influencing photosynthesis,
morphological structure, physiological adaptation, and ecological distribution®. Adequate sunlight radiation
generally enhances plant growth and promotes efficient photosynthesis, while insufficient or excessive radiation
can trigger corresponding adaptive changes that impact plant growth performance and ecological distribution®’.
This study revealed a significant (P<0.05) or highly significant (P<0.01) positive correlation between all three
types of radiation and plant phenotypes. Additionally, perpendicular radiation exhibited a significant (P <0.05)
negative correlation with LFL, while SR showed a significant (P <0.05) negative correlation with both LFL and
SLUE. These findings suggest that favorable lighting conditions can enhance the growth of Elymus nutans plants,
whereas excessive light and radiation in the Tibetan region may hinder their growth, particularly affecting LFL
and SLUE. While individual meteorological factors may influence the accumulation or composition of certain
elements in Elymus nutans seeds, their overall impact on seed element accumulation is minimal. In summary,
temperature, precipitation, and light positively influence the phenotypes of Elymus nutans plants, while the
high-altitude, arid, and excessively intense radiation environment in Tibet hampers their growth. The influence
of meteorological conditions on Elymus nutans extends beyond simple growth measurements. For instance,
physiological responses such as stomatal regulation, photosynthesis rates, and stress adaptations play critical
roles in how these plants cope with high-altitude conditions. The ecological interactions between Elymus nutans
and its environment, including competition with other plant species and mutualistic relationships with soil
microorganisms, might also influence growth patterns and should be considered in future studies.

The influence of environmental factors on the growth and seed formation of Elymus nutans
The interaction between the environment and plants forms a complex and mutually dependent system.
Climate variables like temperature, precipitation, and radiation play a direct role in influencing plant growth,
photosynthesis, and metabolic processes, while also impacting soil moisture, temperature, and organic matter
levels®. Soil serves as the primary medium for plant growth, supplying essential nutrients and water and
influencing the development of plant roots and overall health®. Plants uptake water and nutrients from the soil
through their roots, simultaneously shaping soil structure and fertility through the decomposition of organic
matter and secretion of root exudates®!. The overall climate conditions shape the soil environment, wherein
soil quality dictates plant growth parameters, with the intricate interplay among these factors establishing the
foundation of the ecosystem®. This study highlights the positive impact of favorable meteorological conditions
on soil nutrients, thereby fostering the growth and accumulation of seed elements in Elymus nutans. However,
the high altitude and latitude of the sampling locations restrict the influence of meteorological factors, leading
to an overall inhibition of phenotypic growth in Elymus nutans. Sampling points at high altitudes exhibit the
most pronounced inhibitory effect on plant growth, likely due to limited soil nutrients and meteorological
factor availability. The study further indicates that the accumulation of elements in Elymus nutans seeds is less
influenced by individual soil nutrients and meteorological factors but is significantly impacted by variables such
as sampling point altitude, overall soil nutrient levels, and meteorological factors. This could be attributed to
the direct influence of soil and meteorological factors on plant phenotypes, indirectly affecting seed element
accumulation®. Furthermore, it is plausible that different altitude conditions lead to the interaction between
soil nutrients and meteorological factors, influencing the accumulation of seed elements in Elymus nutans®*. It
is crucial to highlight the limitations associated with the high-altitude sampling locations, as these sites present
unique challenges, including limited accessibility and potentially unaccounted meteorological influences, which
may not be present in other environments. Moreover, the reliance on ambient environmental conditions as
opposed to controlled experiments limits the ability to isolate specific causal relationships. Future research
could address these issues by incorporating controlled experimental setups or broader geographical sampling to
validate these findings across different ecological contexts.

Conclusions

To conclude, soil ammonium nitrogen (NH,*), soil total phosphorus, and soil available phosphorus emerge
as critical nutrients for the growth of Elymus nutans, and their deficiency notably impacts plant phenotype
and overall growth. Elevated soil pH levels restrict the uptake and utilization of nutrients by Elymus nutans,
thereby impeding its growth. Furthermore, climatic factors like temperature, precipitation, and light exert a
positive influence on plant phenotype, whereas the high-altitude, arid, and high-radiation environment in Tibet
hinders plant growth. The growth conditions of Elymus nutans are determined by a combination of soil and
meteorological factors, with the influence of meteorological factors being restricted by high altitude and latitude,
consequently hindering the growth and seed element accumulation of Elymus nutans. Climate conditions
contribute to the formation of the soil environment, where soil quality plays a crucial role in shaping the growth
conditions of Elymus nutans. These factors interact symbiotically, collectively influencing the ecosystem.

Data availability
The dataset and software will be made available upon request. If anyone needs data from this study, they can
contact the first author, Jianting Long.
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