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Abstract: Malus sieversii (wild apple tree), only distributed in the Tianshan Mountains in Central Asia, is a
tertiary relic species and an ancestral species of cultivated apples. However, existing natural populations of
wild apple trees have been declining. To date, spatiotemporal variations in the growth status of declining
wild apple trees and influencing factors in the narrow valley areas in the Tianshan Mountains remain
unclear. In this study, field investigation and sampling were carried out in three years (2016-2018) at four
elevations (1300, 1400, 1500, and 1600 m) in the Qiaolakesai Valley (a typical longitudinal narrow valley in
the Yili River Valley) of the western Tianshan Mountains in Xinyuan County, Xinjiang Uygur
Autonomous Region, China. Projective coverage, dead branch percentage, and 18 twig traits (these 20
parameters were collectively referred to as plant traits) were determined to comprehensively reflect the
growth status of declining wild apple trees. The values of dead branch percentage ranged from 36% to
59%, with a mean of 40%. Year generally showed higher impact on plant traits than elevation. In 2017 and
2018, projective coverage, leaf size, leaf nitrogen concentration, and nitrogen to phosphorous ratio were
markedly higher than those in 2016. However, dead branch percentage and leaf and stem phosphorous
concentrations showed the opposite trend. Most of the topological parameters of plant trait networks
differed in the three years, but the strength of trait—trait association increased year by year. The mean
difference between day and night temperatures (MDT), annual accumulative precipitation, soil electrical
conductivity, and soil pH had the greatest impact on the plant trait matrix. The growth status of declining
wild apple trees was directly and positively affected by MDT and leaf size. In conclusion, the growth of
declining wild apple trees distributed in the narrow valley areas was more sensitive to interannual
environmental changes than elevation changes. The results are of great significance for further revealing
the decline mechanism of wild apple trees in the Tianshan Mountains.
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1 Introduction

Malus sieversii (wild apple tree) is a tertiary relict species. It is also a rare plant species under
second-class national protection in China and is categorized as Vulnerable on the [IUCN Red List
(Zhang, 1973; Zhang et al., 2015, 2021; Cui et al., 2019). Wild apple trees are discontinuously
distributed in the Yili River Valley of the western Tianshan Mountains in China, Kazakhstan, and
Kyrgyzstan (Zhang et al., 2019). Owing to the special geographical location and climatic
conditions (i.e., marine climate and inversion layer), the Tianshan Mountains have become the
last refuge for many deciduous broad-leaved wild fruit tree species in Central Asia (Zhang et al.,
2015). In the process of geological and historical changes, M. sieversii has experienced long-term
natural selection and evolution and has become a key material to reveal the paleoclimate change
and the evolution of species distribution pattern in the Tianshan Mountains (Zhang et al., 2015,
2021). M. sieversii is a valuable germplasm resource with many different stress resistance
characteristics. At least 84 infra-species of M. sieversii have been identified in the Yili River
Valley alone (Yan and Xu, 2010). Recent studies have demonstrated that M. sieversii distributed
in the Yili River Valley is an ancestral species of cultivated apples (Duan et al., 2017; Wang et al.,
2018; Spengler, 2019). Thus, it is of great value to the conservation of the precious germplasm
resources (Chen et al., 2021; Liao et al., 2021). However, in recent decades, the survival of wild
apple trees has been strongly disturbed by diseases, insect pests (mainly Agrilus mali), grazing,
human deforestation, and climate change (Cui et al., 2019; Zhang et al., 2021). Therefore, a large
number of wild apple trees have withered and died. In addition, the natural seedling renewal rate
of wild apple tree is extremely low, and the populations are facing the risk of severe degradation
or even extinction (Su et al., 2019; Tao et al., 2020; Zhang et al., 2020; Yan et al., 2022). As such,
understanding the physiological and ecological processes of wild apple trees related to the decline
is of great significance to the ecological conservation and sustainable utilization of the precious
germplasm resources.

Plant growth performance is a comprehensive reflection of multiple organs and functions (Liu
and Ma, 2015; Falster et al., 2018). The appearance of aboveground parts of woody plants is
closely related to their branches. The twigs of woody plants (composed of the supporting
components of the current-year stem and the photosynthetic components of leaves; hereinafter
referred to as stems and leaves) are among the most active components of plants (Westoby and
Wright, 2003; Yao et al., 2015; Li et al., 2017). Leaves are the main photosynthetic organs of
plants, whereas stems support the leaves and play a crucial role in the transportation and storage
of products by photosynthesis and in the conduction of water and minerals (Niinements et al.,
2006; Lambers, 2008). The functioning of twigs is related to various traits. Twig traits can be
comprehensively characterized by multiple indicators, such as morphological or structural (e.g.,
leaf size, specific leaf area, and biomass allocation), physiological (e.g., photosynthesis,
respiration, and enzyme activity), and chemical (e.g., element and compound contents) indicators,
which are the integrative reflection of plant growth response and environmental adaptation (Yang
et al., 2010; Liu and Ma, 2015; Li et al., 2017). The trade-offs between stem and leaf traits and
among different functional traits are the results of plants' adaptation to environmental
heterogeneity (He et al., 2018; He et al., 2019; Zhang et al., 2021). For instance, leaves usually
have higher nutrient content than stems to support their high physiological activity (He et al.,
2019; Luo et al., 2021). Plants adapt to environmental changes by regulating and changing some
of their functional traits and form different survival strategies (Liu and Ma, 2015; Zhang et al.,
2021). Therefore, the introduction of more traits and the identification of key traits can accurately
reflect the comprehensive response and adaptation of plants to environmental changes and are
conducive to the in-depth disclosure of plant survival strategies (He et al., 2020).

Elevation is an important factor causing variation in plant traits and change in plant adaptation.
It is a comprehensive environmental factor that affects the growth and physiology of plants
through changes in micro-terrain, light, temperature, soil, vegetation, and other factors (Fang et
al., 2004; Song et al., 2011; Gong et al., 2020). With increasing elevation, light intensity and the
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consumption of plant protease increase gradually, and thus the content of nitrogen (N) in plant
leaves decreases. However, low temperatures caused by increasing elevation can increase the
content of protective enzymes, and the accumulation rate of leaf N is higher than the consumption
rate of leaf N, actually resulting in the increasing of leaf N content with increasing elevation
(Lambers, 2008; van de Weg et al., 2009; Song et al., 2011). Thus, as elevation increases, a
trade-off between temperature and sunshine occurs (Wang and Wang, 2015). Soil variables are
correlated to plant nutrients at different elevations, but the interpretation of soils to variations in
plant physiological traits is usually lower than that of temperature and precipitation (Gong et al.,
2020). In addition to elevation, plant traits in natural ecosystems usually exhibit obvious
interannual variation, which is mainly related to the interannual fluctuation of climate (e.g.,
precipitation, air temperature, and sunshine hours (Pérez-Camacho et al., 2012; Du et al., 2021;
Richmond et al., 2021), and different plant species and various plant traits are likely to present
differential interannual variation patterns (Mendes et al., 2014). Climatic characteristics and
vegetation composition generally differ among regions, so the elevational and interannual
variation patterns of plant traits are inconsistent to a large extent, and the influencing factors are
complex and diverse.

By contrast, the rate of decline in wild apple trees distributed in the valley areas is relatively
lower than that along the mountains (Yan et al., 2022). Significant differences in the genetic
diversity of M. sieversii have been found among different elevations in the valley areas, and a
unimodal distribution pattern has been observed. Wild apple trees distributed at low, medium, and
high elevations show significant genetic differentiation, indicating that elevation exerts an
important impact on the genetic diversity and genetic structure of wild apple populations (Zhang
and Zheng, 2020). However, little is known about whether notable differences exist in the growth
status of declining wild apple trees at different elevations in the narrow valley areas and whether
interannual changes in their growth status occur. Moreover, in the context of global or regional
climate change (Chen et al., 2011; Li et al., 2021), the key driving forces of growth change in
declining wild apple trees in the Tianshan Mountains remain unclear.

In this study, adult wild apple trees in natural populations at four elevations (1300—1600 m, at
an interval of 100 m) in the Qiaolakesai Valley (a typical longitudinal narrow valley in the Yili
River Valley) of the western Tianshan Mountains in Xinyuan County, Xinjiang Uygur
Autonomous Region, China were selected as the research object to analyze the growth status of
declining wild apple trees during 20162018, and the analyzed parameters included the projective
coverage (PC), dead branch percentage (DBP), and a series of twig traits. The objectives were as
follows: (1) to explore the spatiotemporal variation characteristics of plant traits; (2) to reveal
twig trait associations; and (3) to clarify the relationships between plant traits and environmental
factors. The results will help to reveal the decline mechanism of wild apple trees and provide a
theoretical basis for the scientific management of the precious germplasm resources in the
Tianshan Mountains in Central Asia.

2 Materials and methods

2.1 Study area

The Tianshan Mountains are a large mountain range in Central Asia and stretch about 2500.0 km.
They are also the largest mountain chain in the world's temperate arid region and the largest
isolated east—west mountain range globally. The Tianshan Mountains have the richest biodiversity
in Central Asia, especially the Yili River Valley. This area is rich in water resources, and there are
small valleys with different directions or widths (Hu, 2004; Xiong, 2017). Wild apple trees are
usually distributed on the northern slope of the Tianshan Mountains at elevations of 1000—1700 m
(Yan and Xu, 2010).

The bottom of the study area (the Qiaolakesai Valley in the Yili River Valley of the western
Tianshan Mountains in Xinyuan County, Xinjiang Uygur Autonomous Region, China;
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43°22'48""N, 83°25'13"E; Fig. 1) has a stream, with the width of approximately 3.0 m and the
slope of 25°-35°. More than 50.0 m away from the stream, there are wild apple trees growing on
its east and west sides. The climate in the study area (the Qiaolakesai Valley) is temperate
continental, with wet spring and summer and snowfall in winter (Zhang 1973; Yan and Xu, 2010).
An "inversion layer" region exists between 800 and 1600 m elevations in the Yili River Valley.
The temperature in this region increases with increasing elevation or remains relatively stable
(Yan and Xu, 2010). In Xinyuan County, the temperature in the plain region can be as low as
—10°C in January, while the average temperature in the inversion layer region is only about —3°C.
The annual precipitation in the inversion layer region (up to 400—500 mm) is higher than that in
the plain region (320400 mm) (Yan and Xu, 2010). The inversion layer is an important reason
for the high plant diversity and productivity in this region. Meanwhile, the distribution range of
wild apple trees is just in the inversion layer region.
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Fig. 1 Location of the study area (the Qiaolakesai Valley) in the Yili River Valley of the western Tianshan
Mountains in Xinyuan County, Xinjiang Uygur Autonomous Region, China (a) and the distribution of sampling
sites of declining wild apple trees at four elevations in the Qiaolakesai Valley (near the Yili Botanical Garden) (b).

Note that no wild apple trees are distributed at elevations lower than 1300 m and higher than 1600 m. DEM,
digital elevation model.

In Xinyuan County, wild apple trees generally exist as pure forest. Two main distribution
patterns have been observed (Yan and Xu, 2010). The first pattern is that wild apple trees are
horizontally distributed along the mountain, and the elevation range is relatively narrow (mainly
1300-1500 m), but the density and canopy density of wild apple trees are relatively high. The
second pattern is that trees are scattered in the longitudinal valleys with different widths.
Although the elevation range is slightly large in these longitudinal valleys, the population size is
relatively small, and the density and canopy density of wild apple trees are relatively low (Yan
and Xu, 2010; Xiong, 2017; Zhang and Zheng, 2020).

2.2 Experimental design and twig sampling

According to the upper and lower limits of the actual distribution of declining wild apple trees in
the Qiaolakesai Valley, we finally identified four sampling sites at four elevations (1300, 1400,
1500, and 1600 m; Fig. 1), and set up two repeated sampling plots on both east and west sides of
the valley in each sampling site (Yan et al., 2021). The plot size was designed as 30 mx30 m (an
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area of 900 m?). Six moderate-sized declining wild apple trees were selected for labeling and
sampling in each plot. Thus, each elevation (sampling site) sampled 12 trees, and 48 trees were
included in an annual field survey. The density of declining wild apple trees at each elevation
ranged from 8 to 12 individuals per sampling plot (i.e., 900 m?), and no significant differences in
plant height and basal diameter of the selected trees were determined, although they tended to
decrease with increasing elevation (Fig. S1). Field survey sampling was carried out in later July
for three consecutive years (2016-2018).

During field survey sampling, for each wild apple tree, two twig samples were collected using a
high branch scissors in each of the four directions in the middle part of the tree canopy, and then
eight twig samples were obtained. Three to four fresh and intact leaves were extracted from the
middle to the upper part of each twig, and 30 leaves and eight stems per tree were collected and
considered one sample. The stem and leaf samples were immediately placed in envelopes and
stored in a foam incubator with ice bags (Yan et al., 2022). The coordinates, elevations, and
topographical parameters of the sampling plots were recorded using a GPS (GPSMAP®60CSx,
Garmin, Orasi, USA) during the first survey.

2.3 Determination of twig traits

All plant samples were taken back to the laboratory of the Yili Botanical Garden, Xinjiang
Institute of Ecology and Geography, Chinese Academy of Sciences, China. The leaves were
scanned with a scanner (CanoScan LIDE120, Canon, Tokyo, Japan) at 600 dpi and analyzed by a
Plant Image Analyzer (LA-S, Wanshen Testing Technology Co. Ltd., Hangzhou, China) to
determine the individual leaf area (LA). We calculated the LA based on all leaf areas and leaf
number sampled in one tree. The leaf and stem samples were oven-dried at 70°C to constant
weight and then weighed (accurate to 0.1 mg). The individual leaf weight (LW) was determined
using all the leaf mass and leaf number sampled in one tree, and the leaf mass per unit area
(LMA; LMA=LW/LA) was further calculated.

Dried plant samples were milled into powder in a vibratory disc mill (RS200, Retsch GmbH
Inc., Haan, Germany) and stored in zip bags. The leaf total N (mg/g), total phosphorous (P;
mg/g), and total potassium (K; mg/g) concentrations were measured using an elemental analyzer
(Multi N/C 3100, Analytik Jena AG, Jena, Germany), the molybdenum—antimony
antispectrophotometric method, and a flame spectrophotometry (FP640, Jingke Co., Shanghai,
China), respectively.

Nutrient concentrations in the stems (i.e., Nsiem, Psiem, and Kseem) and leaves (i.e., Nmass, Pmass,
and Kmas) were mass based (mg/g); here, we converted leaf nutrient concentrations into
area-based Narea (mg/cm?), Pyrea (mg/cm?), and Kirea (mg/cm?) concentrations according to the LA
and LW for each tree, for instance, Narea=NmassXLW/LA. Nutrient traits based on unit mass and LA
are essential trait indicators reflecting plant growth and functioning (Liu and Ma, 2015; Li et al.,
2022). Stoichiometric ratios (i.e., N:P, N:K, and P:K) are the same in mass-based and area-based
nutrient concentrations in leaves. Therefore, twig traits were composed of leaf-related traits (12
parameters) and stem-related traits (six parameters).

2.4 Evaluation on dead branch percentage (DBP) and projective coverage (PC)

The basal diameter of the trunk (which is at 10 cm height above the trunk base and is converted
by the base perimeter) and plant height were determined using a tape measure and a height rod,
respectively. The DBP (%) and PC (%) of declining wild apple trees were assessed. The DBP was
the percentage of dead branches per plant to the total number of branches per plant; the proportion
of living branches decreases with increasing number of branches (Wang et al., 2021). The PC was
the canopy area percentage of a plant (which was obtained by the following equation: crown
lengthxwidthxm, where crown length and width were measured by tape measure) excluding voids,
and voids were obtained using visual method (Tao et al., 2020; Yan et al., 2022).

The growth status of declining wild apple trees was comprehensively characterized by PC,
DBP, and twig traits. All these 20 parameters were collectively referred to as plant traits.
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2.5 Soil sampling and sample analyses

According to the distribution of declining wild apple trees in each sampling plot, we collected
three replications of soil sample during each filed survey. Two nearest trees were regarded as a
sampling unit, and a mixed soil sample at a depth of 0—10 cm was collected. The soil sampling
points were located 1.0 m outside the trunk in four directions of declining wild apple trees. Six
mixed soil samples were collected from each elevation (sampling site) in each year, and a total of
24 soil samples were taken annually for the four elevations. Soils were air-dried in the laboratory
and then sieved. The concentrations of soil organic carbon (SOC; g/kg), total nitrogen (TN; g/kg),
total phosphorus (TP; g/kg), total potassium (TK; g/kg), available nitrogen (AN; mg/kg),
available phosphorus (AP; mg/kg), available potassium (AK; mg/kg), soil pH, and electrical
conductivity (EC; uS/cm) were determined in accordance with standard methods (Bao, 2000).

2.6 Meteorological data collection

The daily temperature and precipitation data in the surveyed years were obtained from an
automatic weather station (WatchDog, 2900ET, Chicago, USA) in the long-term monitoring plot
in the Yili Botanical Garden, which is approximately 500.0 m away from the east of the sampling
site at 1300 m elevation (Tao et al., 2020). The annual accumulative precipitation (AAP; mm),
mean annual temperature (MAT; °C), and annual mean difference between day and night
temperatures (MDT; °C) were calculated to determine their relationships with the plant traits of
declining wild apple trees. The four sampling sites are located in the same valley. Although the
elevation difference reaches 300 m, the horizontal straight-line distance between the sampling site
at 1300 m and the sampling site at 1600 m is only 1.5 km (Fig. 1). Given that an inversion layer
exists here, such elevation difference will not cause great fluctuations in temperature and
precipitation. Therefore, the four sampling sites shared the same meteorological data in the same
year.

2.7 Statistical analysis

All data were checked for normality using Kolmogorov-Smirnov test, and these data followed
normal or log-normal distributions. Descriptive statistical analyses on plant traits were conducted,
and the mean value and coefficient of variation (<25%: weak variation; 25%—75%: moderate
variation; and >75%: strong variation) were obtained (Zar, 2009). Although the plant height and
basal diameter of declining wild apple trees tended to decrease with increasing elevation, no
significant differences of these parameters were observed among the four elevations (Fig. S1).
This result indicated that the tree size effect can be neglected in subsequent statistical analyses
(i.e., plant height and basal diameter were not used as random factors). Repeated measures
ANOVA was used in assessing the primary and interactive effects of time (i.e., year) versus
elevation; and year, elevation, and their interaction were used as factors (Zar, 2009). One-way
ANOVA was used to compare plant traits in different years and at different elevations, and
Tukey's HSD post hoc test was applied to compare the difference of means (¢=0.05). IBM-SPSS
21.0 (SPSS Inc., Chicago, Illinois, USA) was used for data analyses. The data were presented as
meansstandard error (SE).

In this study, we used plant trait networks (PTNs) to explore the relationships among a series of
twig traits in different years or elevations (Kleyer et al., 2019; He et al., 2020; Li et al., 2021).
The matrix of trait—trait relationships was calculated, and the correlation coefficient () was
quantified using Spearman's method and the "psych" package in R 4.0.5 (https:/www.r-
project.org/). To remove spurious correlations among traits, we set up the threshold of adjacency
matrix at the P<0.05 level. Finally, the PTN and its topological parameters were visualized using
the "igraph" package in R 4.0.5 (Kleyer et al., 2019; Rao et al., 2022). In the PTN, a trait is
considered to have the highest degree when most edges that linked this focus node trait to other
nodes can be considered as a general hub trait (He et al., 2020; Li et al., 2021). High modularity
can indicate relatively strong functional decoupling among traits. Low modularity means
relatively high functional coupling, that is, relatively robust associations among functional traits
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are present (Flores-Moreno et al., 2019; Rao et al., 2022). This statistical analysis was carried out
using R 4.0.5 (https://www.r-project.org/).

To explore the relationships between plant traits and environmental factors, especially
meteorological factors, we used the pooled data of all elevations and years. The Pearson's
correlation analysis was used to explore the relationships between plant traits and environmental
factors (including elevation, meteorological factors, and soil physical-chemical variables).
Non-metric multidimensional scaling analysis was conducted to deeply explore the
comprehensive influence of environmental factors on plant trait matrix based on Serenson
(Bray—Curtis) distance using PC-ORD version 5 (McCune and Mefford, 2011). Random starting
configurations and 50 runs with real data and randomized data were used to compute the
ordination solution, and the dimensionality of each data set was assessed by requesting a step
down from a six-dimensional ordination. A stable two-dimensional solution was finally identified
for the ordination. Pearson's correlation coefficients were calculated to further elucidate
correlations between plant trait matrix and environmental factors in the non-metric
multidimensional scaling ordination (Zar, 2009). The graph of plant traits in ordination space with
overlays of environmental factors was used to describe ordination gradients.

Structural equation modeling (SEM) was used to evaluate and quantify the effects of elevation,
meteorological factors, and soil physical-chemical variables on plant traits (Kline, 2010). As the
individual growth status is the comprehensive embodiment of traits and functions of different
plant organs, the intuitional plant growth vigor (PC and DBP) was considered as the result
variable; meteorological factors were regarded as the exogenous variables; and soil EC and
nutrients, twig nutrients, and leaf size (representing photosynthetic capacity) were considered as
the intermediate observation variables. These variables were used to reveal the influence path and
intensity of abiotic factors on plant traits (Han et al., 2011; Luo et al., 2021). Prior to SEM, we
comprehensively determined the final variables used in SEM according to the method of Zhang et
al. (2021). After screening the environmental factor data and plant trait data, we selected MDT,
EC, and PC to represent meteorological factor, soil environment, and plant growth performance,
respectively. The LA was used to reflect photosynthetic capacity. The parameters that had no
significant correlations or were highly collinear were removed. And then, soil TN, TP, AN, and
AK were retained to characterize the observed variable "soil nutrient". Similarly, Pmass, Parea, and
Psem were extracted to reflect the observed variable "twig trait". Soil nutrient and twig trait were
represented by the standardized value of those selected variables (the minimum-maximum
normalized average value), i.e., multiple functionality, which is a comprehensive reflection of soil
nutrients or plant nutrients. We tested the fit of SEM by using the x> goodness of fit test and the
root mean square error of approximation (RMSEA) test. Then, we extracted the unique moments
of the model, such as path coefficients and undirected correlations (Kline, 2010). The SEM
analysis was performed using the "igraph" package in R 4.0.5 (https://www.r-project.org/).

3 Results
3.1 Variations in PC and DBP

All plant traits presented moderate and weak variations. The coefficients of variation of PC and
DBP were the largest, while the coefficients of variation of Pmass and Pgem were the smallest
(Table S1). Both PC and DBP were significantly (P<0.05) affected by year and elevation,
whereas year presented higher impact on PC and DBP than elevation (Fig. 2). PC at the highest
elevation (1600 m) was the lowest in 2017, whereas PC at 1400 and 1600 m showed significantly
(P<0.05) higher values than that at 1300 and 1500 m in 2018. The pooled three-year data for each
elevation indicated that at the highest elevation PC was the lowest but DBP was the highest (Fig.
S2). At each elevation, PC presented significant (P<0.05) differences among the three years, and
PC values in 2017 and 2018 were markedly higher than that in 2016. The change trend of DBP
was basically opposite to that of PC, indicating that the overall growth of declining wild apple
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trees was improving. This finding was confirmed by the result of the pooled four-elevational data
among the three years (Fig. S3). The values of DBP ranged from 36% to 59% during 2016-2018
(with a mean of 40%), implying that the natural populations of declining wild apple trees in this
region are still facing obvious declining pressure.
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Fig. 2 Differences in projective coverage (PC; a) and dead branch percentage (DBP; b) of declining wild apple
trees at different elevations in different years in the Qiaolakesai Valley. Different capital and lowercase letters
indicate significant differences (P<0.05) among the four elevations in the same year and among the three years at
the same elevation, respectively. A summary of the results of a repeated measures ANOVA (F value) addressing
the effects of year and elevation is shown in the upper part of each panel. ** indicates that F value is significant at
P<0.01 level; ™ means no significance (P>0.05).

3.2 Changes in leaf traits

Results indicated that LMA and Kaca were neither affected by elevation nor year, and no
interaction existed between elevation and year (Table 1). Pmass, Parca, and LW showed significant
(P<0.05) differences only between years and they were not affected by elevation and
elevation—year interaction. The value of Kmass was only affected by elevation. The values of P:K
and LA were affected by both elevation and year, but not by elevation—year interaction.
Significant (P<0.05) interannual difference in Naa Was tested, and it was also affected by
elevation—year interaction. The values of Nmass, N:P, and N:K were significantly (P<0.05) affected
by year, elevation, and their interaction.

Table 1 Summary of repeated measures ANOVA (F value) on twig traits of declining wild apple trees at
different elevations in different years in the Qiaolakesai Valley

Factor LA Lw LMA Ninass Prnass Kinass Narea Parea Karea
Elevation 451" 0.92 0.52 10.23™ 1.86 4.72" 2.18 0.37 2.52
Year 2290  13.46™ 2.16 4.45° 21.86™ 0.10 6.38" 17317 0.55
Elevationx Year 0.97 0.79 0.31 21.05™ 0.40 0.62 4,97 0.72 0.80
Factor N:P N:K P:K Nitem Pgiem Kstem Ngtem:Pstem  Nstem Kstem  Pstem:Kstem
Elevation 9.15™ 6.48™" 431" 2.60 0.73 0.32 3.74" 1.15 0.49
Year 13.45™" 4.08" 10.22" 3.90° 29.85" 10.98"" 6.88" 5.64™ 0.70
ElevationxYear — 23.64™" 5.23™ 0.74 712" 2.01 0.74 4.86™" 5.75™ 1.87

Note: LA, individual leaf area; LW, individual leaf weight; LMA, leaf mass per unit area; N, nitrogen; P, phosphorus; K, potassium.
Nimass> Pmass, and Kiass indicate leaf N, P, and K concentrations per unit mass, respectively. Narea, Pareas and Kyre indicate leaf N, P, and K
concentrations per unit area, respectively. Ngem, Psiem, and Ken indicate stem N, P, and K concentrations per unit mass, respectively. ",
P<0.05 level; **, P<0.01 level; ***, P<0.001 level.

At different elevations, LA was the lowest at 1600 m in 2016, and no significant difference of
LA was found among the four elevations in 2017. LA at 1500 m elevation was significantly
(P<0.05) higher than that at 1400 and 1600 m in 2018. By contrast, LW did not present significant
difference among elevations, indicating an independence of elevation (Fig. 3). According to the
pooled three-year data, LA at the highest elevation (1600 m) was the lowest, whereas LW did not
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show elevational difference among the four elevations (Fig. S2). At each elevation, LA values in
2017 and 2018 were significantly (P<0.05) higher than that in 2016 (except that at 1400 m in
2018), while LW gradually increased with year, although no significant difference was found at
1400 m (Fig. 3). By analyzing the pooled data of four elevations every year, we found that LA
and LW were the lowest in 2016 (Fig. S3). The values of LMA kept relatively stable among
different elevations and years.
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Fig. 3 Differences in individual leaf area (LA; a), individual leaf weight (LW; b), and leaf mass per area (LMA;
¢) of declining wild apple trees at different elevations in different years in a typical valley in the Qiaolakesai
Valley. Different capital and lowercase letters indicate significant differences (P<0.05) among the four elevations
in the same year and among the three years at the same elevation, respectively.

Nimass and Narea presented obviously interannual differences among different elevations. Nmass
and Nara increased with increasing elevation in 2016 and 2018 but the values showed the opposite
trend in 2017 (Fig. 4). The ANOVA among the four elevations for the pooled three-year data
showed no elevational difference for both Nmass and Narea (Fig. S4). In 2016, Pmass increased with
increasing elevation, but no significant changes were found in 2017 and 2018. Parea did not show
significant change with increasing elevation. In 2018, Kmass was the highest at 1500 m, and Karea
was the highest at 1400 m in 2017 (Fig. 4). Except these two cases, Kmass and Karea represented no
significant difference among different years or elevations. As shown in Figure S4, Pmass, Parca, and
Karea did not exhibit obvious elevational difference, but Kmass showed the highest value at 1500 m
and the lowest value at 1600 m. At each elevation, the mass- and area-based leaf N and P
concentrations generally showed significant (P<0.05) but inconsistent interannual differences
(Fig. 4). This result was confirmed in the comparative analysis of the pooled four-elevation data
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among the three years (Fig. S5). That is, Nmass and Narea Were the lowest in 2016 and the highest in
2018, and Pmass and Parea in the three surveyed years showed a pattern of 2016>2018>2017.
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Fig. 4 Differences in leaf nutrient concentrations per unit mass (a, c, e) and leaf nutrient concentrations per unit
area (b, d, ) of declining wild apple trees at different elevations in different years in the Qiaolakesai Valley. N,
nitrogen; P, phosphorus; K, potassium. Nmass, Pmass, and Kmass indicate leaf N, P, and K concentrations per unit
mass, respectively. Narea, Parca, and Karea indicate leaf N, P, and K concentrations per unit area, respectively.
Different capital and lowercase letters indicate significant differences (P<0.05) among the four elevations in the
same year and among the three years at the same elevation, respectively.

In 2017, leaf N:P was the highest at 1300 m, and no significant difference of leaf N:P among
the other three elevations was found. In 2016, leaf N:P was the highest at 1600 m and the lowest
at 1300 m, and no elevational difference of leaf N:P was found in 2018 (Fig. 5). According to the
ANOVA result for the pooled three-year data among the four elevations, leaf N:P showed no
significant elevational difference among the four elevations (Fig. S4). Except for the 1300 m
elevation, leaf N:P increased year by year at the other three elevations, indicating that N limit was
gradually alleviated. This finding was confirmed in the comparative analysis of the pooled
four-elevation data among the three years (Fig. S5). Leaf N:K and P:K showed elevational and
interannual differences to an extent (Figs. S4 and S5).

3.3 Changes in current-year stem traits

Psem:Kstem was neither affected by elevation nor year, and no interaction existed between
elevation and year (Table 1). Pgem and Ksem showed significant (P<0.05) differences only
between years. Significant (P<0.05) interannual differences in Ngem and Nstem:Ksiem Were tested,
which were also affected by the elevation—year interaction. Nsem:Psiem not only presented
significant (P<0.05) differences between years or elevations but also was affected by their
interaction.

Except for Pgsiem:Ksiem, all stem traits were mainly affected by year, and elevation only showed a
significant (P<0.05) effect on Ngiem:Psiem (Table 1). With increasing elevation, Ngem gradually
decreased in 2016 and increased in 2017, but increased first and then decreased in 2018 (Table
S2). Except for Psiem at 1500 m in 2017 (which showed the highest value), Psiem and Kgiem did not
exhibit elevational differences in each year. In 2017 and 2018, Psem was generally low, but Kgem
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was relatively low in 2017. Ngem:Psem presented completely different change trends with
increasing elevation among the three years. The change trend of Ngem:Ksiem Was basically the
same as that of Ngwem:Pstem. The regularity of Pgiem:Kstem did not obviously change with increasing
elevation, and no significant elevational difference of Psiem:Ksiem Was found among the three years
at all elevations, with an exception of 1300 m.
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Fig. 5 Differences in leaf N:P (a), N:K (b), and P:K (c) of declining wild apple trees at different elevations in
different years in the Qiaolakesai Valley. Different capital and lowercase letters indicate significant differences
(P<0.05) among the four elevations in the same year and among the three years at the same elevation,
respectively.

3.4 Associations among twig traits in different years

Overall, year presented higher impact on twig traits than elevation, so three PTNs were used to
correspond to the pooled four-elevation data for the three years. The PTN edge number in 2016
(43) was lower than that in 2017 (50) and 2018 (47), as well as the average degree, centralization
betweenness, centralization degree, and connectance (Table S3). The modularity index value of
PTN in 2016 was higher than those in 2017 and 2018, indicating a low degree of functional
decoupling (i.e., high functional coupling) in 2017 and 2018. The hub traits that had the highest
degree differed among the three years, while all of them belonged to leaf nutrient traits (Fig. 6;
Table S4). In addition, the traits with the highest betweenness differed among years, indicating
that the strongest mediating effects in the PTNs were expressed by different twig traits in different
years. In any case, the healthier the growth status is, the closer the twig trait association is.
Consequently, network associations among twig traits changed obviously in different years, and
this change might be related to interannual environmental change.
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Fig. 6 Plant trait networks (PTNs) of declining wild apple trees sampled in 2016 (a), 2017 (b), and 2018 (c) in
the Qiaolakesai Valley. Green nodes represent different plant traits, and node size shows degree. Red and blue
lines indicate positive and negative correlations, respectively. The thickness of the line indicates the association
strength. Blue solid circle indicates the hub trait.

3.5 Correlations between plant traits and environmental factors

Most soil physical-chemical variables exhibited significant (P<0.05) differences among the four
elevations or the three years, and sampling plots at 1500 m presented the poorest soil quality
(Table S5). No obvious regularity for soil physical-chemical variables was found among the three
years. Further, no significant correlation was observed between elevation and any plant trait (Fig.
7). Except for EC, other soil physical-chemical variables had no significant correlations with leaf
traits (81 out of 108), and stem N, P, and K presented relatively high correlations with soil
physical-chemical variables (16 out of 27). High correlations of most twig traits (leaf traits and
stem nutrient concentrations) with soil EC and three meteorological factors were detected. PC and
DBP had robust correlations with most environmental factors. Mass- and area-based leaf P
concentrations, Psem, Kstem, and DBP were significantly (P<0.05) negatively correlated with AAP
and MDT, while leaf N:P, LA, and PC were significantly (P<0.05) positively correlated with
them. Soil EC showed the opposite trend with these two meteorological factors (AAP and MDT).
MAT presented relatively weak impacts on plant traits. In general, MDT, AAP, and soil EC were
highly correlated with the plant traits of declining wild apple trees.
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Fig. 7 Significance of correlation coefficient of environmental factors with PC, DBP, and twig traits of all
declining wild apple trees sampled in the Qiaolakesai Valley. SOC, soil organic carbon; TN, total nitrogen; TP,
total phosphorus; TK, total potassium; AN, available nitrogen, AP, available phosphorus; AK, available
potassium; EC, electrical conductivity; AAP, annual accumulative precipitation, MDT, annual mean difference
between day and night temperatures; MAT, mean annual temperature.

The non-metric multidimensional scaling results indicated that MDT (+=0.556), EC (r=
—0.476), AAP (r=0.330), and pH (r=0.312) exhibited the highest correlations with the first axis
(Axis 1) at P<0.001 level, followed by TP, MAT, TN, AK, and AN, indicating that Axis 1 mainly
reflected the influence of meteorological factors and soil chemical properties (Table 2; Fig. S6).
Further, high MDT, AAP, pH, and TK corresponded to high PC, LA, Kuass, and leaf N:P and low
Prass, Parea, P:K, LMA, Nstem, Pstem, and Kgem; however, the effects of EC, MAT, TN, TP, AN, and
AK showed the opposite trend. In the second axis (Axis 2), AK (+=0.283), pH (= —0.261), and
EC (7=0.183) were significantly correlated with the axis (P<0.05), indicating that Axis 2 mainly
reflected the influence of several soil variables. Among the 20 plant traits, PC and DBP were most
affected by environmental factors, and their correlation coefficients with Axis 1 reached 0.921
and —0.934, respectively (P<0.001), followed by LA (#=0.483), Parca (7=0.345), P:K (r=0.338),
Pmass (7=0.326), and Pgem (#=0.323) (P<0.001). According to the contribution of each
environmental factor, the main influencing factors on plant trait matrix of declining wild apple
trees were MDT, EC, AAP, and pH.

3.6 SEM explaining the variation in plant growth

Individual growth status was the comprehensive embodiment of various traits and functions of
plant organs. The explanation of SEM model for the variation of individual growth vigor
(expressed by PC) of declining wild apple trees was 41.9% (Fig. 8). MDT showed a significant
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Table 2 Correlation coefficients of the first two axes of non-metric multidimensional scaling (NMDS)
ordination with the environmental factors and plant traits of declining wild apple trees in the Qiaolakesai Valley

Environmental factor Axis 1 Axis 2 Plant trait Axis 1 Axis 2
AAP 0.330™" -0.135 Ninass 0.009 0.025
MAT —-0.253" -0.015 Pruass -0.326™" 0.056
MDT 0.556™" —-0.108 Kinass 0.251" -0.391""

Elevation -0.125 0.084 Narea -0.154 0.039
SOC 0.023 0.072 Parea —-0.345™" 0.063
N -0.221" 0.146 Karea 0.044 —0.294""
TP -0.272" 0.172 N:P 0.193" -0.019
TK 0.2117 —-0.006 N:K -0.129 0.178"
AN —-0.191" 0.156 P:K -0.338"" 0.213
AP 0.104 0.070 Nitem -0.269" 0.196"
AK -0.218" 0.283" Pgtem -0.323™" 0.197"
pH 0.312™ -0.261" Kstem -0.257" 0.098
EC -0.476™" 0.183" Nitem: Pstem -0.128 0.146

Variation explained 85.7% 6.6% Nitem: Kstem -0.098 0.174
Pyiem: Kstem —0.048 0.161
LA 0.483™" -0.078
Lw 0.147 -0.013
LMA -0.205" 0.036
PC 0.921™ —0.649™"
DBP -0.934™ 0.672™

Note: Axis 1, the first axis of NMDS ordination; Axis 2, the second axis of NMDS ordination. SPC, projective coverage; DBP, dead
branch percentage; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP,
available phosphorus; AK, available potassium; EC, electrical conductivity; AAP, annual accumulative precipitation; MDT, annual mean
difference between day and night temperatures; MAT, mean annual temperature. *, P<0.05 level; ™, P<0.01 level; ***, P<0.001 level.

Fig. 8 Structural equation model (with standardized regression weights) depicting relative effects of
meteorological factors, soil physical-chemical variables, twig nutrient, and LA on the plant growth status of
declining wild apple trees in the Qiaolakesai Valley. The total amount of variance (R?) explained for each
endogenous variable (i.e., those with arrows pointing to them) is given on the top of the variable. Red and blue
arrows indicate significant positive and negative relationships, respectively. Numbers adjacent to arrows are
standardized path coefficients. The thickness of the arrows denotes the strength of these significant paths. Dotted
arrows represent non-significant paths (P>0.05). ™, P<0.01 level; ™", P<0.001 level. The fit of the model to the
data is satisfactory (P=0.657, root mean square error of approximation (RMSEA)=0.000, ¥*=0.198, degree of
freedom (df)=1, normed-fit index (NFI)=0.999, reporting fit index (RFI)=0.986, incremental fit index (IFI)=1.003,
Tucker-Lewis index (TLI)=1.059, comparative fit index (CFI)=1.000, and Akaike information criterion
(AIC)=52.198).
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(P<0.001) negative direct effect on EC and soil nutrient, and EC presented a strong negative
direct effect on soil nutrient. MDT also exhibited a significant (P<0.001) negative direct effect on
twig nutrient. No significant effects of EC, soil nutrients, and twig nutrient on LA were detected,
whereas MDT showed a significant (P<0.001) positive effect on LA. The variable PC was only
directly affected by MDT and LA, in which MDT had a greater impact (standardized regression
weight=0.432) than LA (standardized regression weight=0.250). MDT indirectly affected PC
through LA. As such, the growth of declining wild apple trees was mainly directly driven by MDT.

4 Discussion

4.1 Elevational differences in the plant traits of declining wild apple trees

Different elevations may exhibit different dominant factors, and the elevational variability of
plant growth and physiology also showed marked differences in different species, functional
groups, and ecozones (Pellissier et al., 2010; Malinikova et al., 2013; Wang et al., 2018; Gong et
al., 2020). In the present study, with increasing elevation, PC generally increased whereas DBP
decreased; that is, the growth of declining wild apple trees was relatively poor in high-elevation
region in the study area. This effect may be related to the strong environmental stress caused by
high elevation (Fang et al., 2004; Scheepens et al., 2010). Leaf size reflects the light interception
efficiency of plants, and large leaves have high light acquisition efficiency (Liu and Ma, 2015;
Lusk et al., 2019). Large leaves usually have long petioles and low leafing intensity (i.e., leaf
number is relatively low), and leaves are arranged dispersedly in space (Niinements et al., 20006;
Duursma et al., 2012; Smith et al., 2017; Li and Wang, 2021). Therefore, the self-shading between
leaves becomes low, and the light acquisition area is relatively large for large leaves. In general,
the sizes of plant leaves decrease with increasing elevation (Wang and Wang, 2015; Li et al.,
2017; Li and Wang, 2021), mainly because the cost of respiration and transpiration of small
leaves is low at low-temperature environment of high elevation, thus reducing plant energy
consumption (Lambers, 2008; Scheepens et al., 2010). In addition, adverse environments, such as
low temperature, can reduce water and nutrient transfer efficiency, therefore decreasing plant
investment in leaves (Westoby et al., 2002). The pooled three-year data showed that LA at the
highest elevation was the minimum (Fig. S2), which was in line with the general law (Wang and
Wang, 2015; Li et al., 2017; Li and Wang, 2021). LMA can be used to reflect the carbon
acquisition strategy of plants and has an important impact on the relative growth rate of plants
(Wright et al., 2004; Milla and Reich, 2007). As elevation increases, meteorological conditions
become worse while LMA increases (Scheepens et al., 2010; Wang and Wang, 2015). For
instance, Holscher et al. (2002) showed that the LMA values of four tree species in the north of
Hesse, Germany, increased with increasing elevation. In our study, the LMA values of declining
wild apple trees did not change significantly with increasing elevation, either alone or pooled for
three-year data (Figs. 3 and S2), indicating that the carbon acquisition strategy of declining wild
apple trees with different elevations was conservative to an extent.

Elevation usually remarkably affects plant nutrient concentration and nutrient utilization
strategy. It is a common phenomenon that Nar, in plant leaves increases with increasing elevation,
but the response trend of Nmass to elevation is inconsistent (Cordell et al., 1999; Wang and Wang,
2015). Meta-analysis of TRY Plant Trait Database showed that the concentrations of Npass and
Pmass have remarkable upward trends with increasing elevation (Gong et al., 2020), but the results
of different species or regions are not completely consistent. With increasing elevation, Nmass Of
Leontopodium alpinum decreases first and then increases; leaf N:P increases first, then decreases,
and then increases again; and the change trend of Pmass is the opposite (Zhang et al., 2019). For
dryland plants in the middle part of the Tianshan Mountains, leaf N:P decreases with increasing
elevation, Pmass gradually increases, and Nmass shows no obvious change (Yang et al., 2017). With
increasing elevation, Nmas of a woody gymnosperm Cunninghamia lanceolata gradually
decreases, while Pmass first decreases and then increases (Chen et al., 2016). In this study, mass-
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and area-based leaf N increased with increasing elevation in 2016 and 2018 but decreased in
2017. For the pooled three-year data of each elevation, except for Kmass, no significant elevational
variability was found in mass- or area-based leaf N, P, and K concentrations. The same
observation was found for N:P, N:K, and P:K, which showed the lowest values at 1500 m (Fig.
S4). From the perspective of plant physiology, under stress environment, plants will allocate more
N to increase proline and antioxidant enzymes, which can reduce plant water potential and then
increase N concentration (Lambers, 2008). Based on the thresholds of leaf Nmass and Puass
concentrations and N:P ratio (Koerselman and Meuleman, 1996; Tao et al., 2020), for all
elevations and years in this study, Pmass Was higher than 1.00 mg/g, Nmass was lower than 20.00
mg/g, and N:P was less than 14.00, revealing that N limitation always existed in declining wild
apple trees.

In addition, despite some differences between years, the pooled data indicated no significant
correlation between elevation and the twig stoichiometric traits of declining wild apple trees (Fig.
7). This finding is contradictory to the "nutrient limitation" hypothesis, which holds that low soil
temperature in high-elevation area limits plant root activity and reduces root nutrient absorption,
resulting in nutrient limitation in high-elevation region (Reich and Oleksyn, 2004; Soethe et al.,
2008). Temperature is not the only limiting factor determining leaf traits along an elevation. The
range of elevation plays an important role in shaping leaf traits. Temperature can become a
limiting factor for plant growth only when elevation reaches a certain height (Lebrija-Trejos et al.,
2010). As one of the few deciduous broad-leaved tree species in Central Asia, the range of
elevation in which wild apple trees are distributed in the Tianshan Mountains is limited because
of their special environmental needs (Zhang et al., 2015), and thus plant and soil nutrients may be
decoupled. Meanwhile, the existence of the inversion layer in this area (Zhang, 1973; Yan and Xu,
2010) may offset the comprehensive environmental stress caused by increase in elevation to a
certain extent, and thus many twig traits of declining wild apple trees were obviously elevation
independent.

Marked differences in genetic diversity of declining wild apple trees were found between
elevations, and trees in middle-elevation region had the highest genetic diversity because of the
gentle terrain in this area, which has suitable hydrothermal conditions and low degree of human
interference (Zhang and Zheng, 2020). However, in this study, most leaf nutrient traits did not
show maximum or minimum values in middle-elevation region (Fig. S4). The so-called
environmental superiority of mid-elevation was not evident for most twig traits of declining wild
apple trees. The possible reason was the narrow elevation range and unobvious environmental
gradient.

4.2 Interannual differences in plant traits and the influencing factors

The growth status of declining wild apple trees differed markedly in different years, and the
interannual difference was higher than the elevational difference. The growth vigor was the worst
in 2016, but it was obviously improved in 2017 and 2018 (PC increased and DBP decreased).
Differences in leaf size, leaf Nmass (0r Narea), and N:P among different years were more obvious
than those among different elevations. Compared with 2016, the leaves of declining wild apple
trees became larger in 2017 and 2018, and leaf Nmass, N:P, and PC increased, indicating that the
growth status of declining wild apple trees was improved, and the N limitation was alleviated to a
certain extent (Figs. S3 and S5). Elevational variations in the growth vigor and leaf traits of
declining wild apple trees in different years are apparently related to the interannual difference in
meteorological factors (Wang and Wang, 2015; Du et al., 2021; Richmond et al., 2021).

Exploring the trait—trait correlations using PTN can improve our understanding of
physiological and ecological rules regulating trait interactions among organs and plant growth
under environmental stress (He et al., 2018; Kleyer et al., 2019; Rao et al., 2022). A network
based on a dataset of 23 traits from 2530 individuals of 126 plant species from 381 plots in
Northwest Europe has revealed that biomass allocation traits and stem specific length are hub
traits in herbaceous perennial plants (Kleyer et al., 2019). Another study has indicated that the
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trait relationships of broad-leaved trees are tighter than conifers, and the trait relationships of
shrubs are tighter than trees; however, a general law that leaf N concentration and life span have
the highest centrality in all leaf trait networks for these four vegetation types has been found (Li
et al., 2022). Compared with healthy wild apple trees, seriously declining wild apple trees (mean
DBP reached 64% and 75% in 2016 and 2017, respectively) can not only reduce nutrient content
and leaf size but also change the PTN structure and hub traits (Yan et al., 2022). The hub traits in
PTNs in this work differed completely in the three years (Fig. 5; Table S3), revealing that the
varied environmental conditions in different years can lead to the change in the trait-trait
associations and even the adjustment of environmental adaptation strategies for declining wild
apple trees. The modularity of PTN in 2016 was higher than that in 2017 and 2018, indicating that
relatively stronger functional decoupling existed in 2016 (Li et al., 2021; Rao et al., 2022). The
lowest modularity of PTN in 2018 demonstrated that declining wild apple trees exhibited the
strongest functional coupling in this year, that is, the growth status in 2018 was the best among
the three years. This result was in consistent with the growth indicators and leaf traits (Figs. S3
and S5).

Robust associations among PC, DBP, and twig traits existed in this study. Kmass and N:P were
evidently positively correlated with PC, whereas Pmass, Parca, P:K, Nstem, Psiem, and Kseem showed
notably negative correlations with PC. DBP presented the opposite trend with PC (Table 2; Fig.
S6). The results showed that the better the plant growth vigor is (i.e., higher PC and lower DBP),
the larger the leaf size (i.e., the larger the effective photosynthetic area) and the lower the leaf and
stem P and K concentrations are. Leaf P is closely related to the relative growth rate of plants, and
high leaf P concentration corresponds to high relative growth rate (Sterner and Elser, 2002; Tian
et al., 2018; Lambers, 2022). When plants encounter stress, they usually increase K concentration
to improve stress resistance (Liu et al., 2006; Lo'ay et al., 2021). Therefore, the partial or massive
death of tree branches under biological (e.g., 4. mali) and abiotic (e.g., climate change) stresses
would cause plant stress response (Zhang et al., 2020). This response would increase P
concentration to promote the rapid growth of new vegetative branches in the trunks and thick
branches of declining wild apple trees and increase K concentration to increase stress resistance.
Thus, the twig stoichiometric characteristics of declining wild apple trees were notably correlated
with their growth vigor.

Correlation analysis showed that AAP and MDT had basically the same effect on plant traits
(Fig. 6). Increases in AAP and MDT evidently reduced leaf and stem P and K concentrations and
increased their N:P and N:K ratios. Under this condition, the individual growth of declining wild
apple tree was improved, and the leaf size increased (i.e., the larger effective photosynthetic area).
Increase in AAP within a certain range is conducive to plant growth and productivity, which has
been fully confirmed (Lambers, 2008). MDT was positively correlated with the leaf N
concentration and N:P of declining wild apple trees but negatively correlated with stem N,
indicating that the response of stem and leaf N to increase in MDT was opposite, that is, when
MDT increased, stems would transport more N to leaves, thereby increasing leaf N concentration
and decreasing stem N concentration.

Change in MDT has significant impact on vegetation productivity. A high MDT is conducive to
the accumulation of organic matter for plants. For alpine shrubs on the Qinghai-Tibet Plateau of
China, increase in MDT is conducive to the accumulation of organic matters and improves
aboveground productivity (Zhu et al., 2020). A certain degree of MDT treatment can promote the
bolting, budding, flowering, and flower bud differentiation of radishes, as well as axillary bud
germination and branching, and the longer the treatment time is, the more obvious the promotion
effect is (Pei et al., 2018). Appropriate low temperature and MDT contribute to the vegetative
growth of Lycoris radiata (Cai et al., 2018). Narrowing diurnal temperature amplitude alters
carbon trade-off and reduces the growth of Cs crop Sorghum (Sunoj et al., 2016, 2020).
Therefore, the decrease in MDT in future climate change (Chen et al., 2011; Li et al., 2021) may
lead to a reduction in vegetation productivity (Zhu et al., 2019; Zang et al., 2020). This effect is
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not good news for declining wild apple trees. Climate warming leads to increase in night
temperature and decrease in MDT, and carbohydrates consumed by plants at night are difficult to
be fully supplemented during the day. Trees will always be in a state of carbon starvation, which
will further exacerbate the declining trend.

Plant stoichiometric characteristics generally have close correlation with soil factors, especially
soil nutrients (Miatto et al., 2016; Zhang et al., 2017). In this work, soil nutrients presented
different effects on the stoichiometric traits of current-year stems of declining wild apple trees.
Increases in soil TN, TP, and AK contributed to increases in stem N and P concentrations, and EC
promoted increases in stem N, P, and K concentrations, which was the same as the result of
notable positive correlation between soil and plant nutrients in loess hilly area (Ru et al., 2016).
The average soil pH value was 7.28 in the study area, close to the neutral soil. The overall
correlation between soil pH and stem nutrients of declining wild apple trees was weak, which is
different from the result showing a significant positive correlation between soil pH and leaf N
concentration in Picea schrenkiana var. tianschanica in a high-elevation area (Li et al., 2019).
Increase in AAP can notably reduce soil EC, thereby reducing the inhibition of salinity on soil
enzyme activity and further contributing to the accumulation of soil available nutrients (Pankova
and Konyushkova, 2013). However, from the perspective of SEM, increase in MDT was not
conducive to soil nutrient accumulation, but this direct effect was lower than the indirect
promotion effect of MDT on soil nutrients through EC (Fig. 8). LA and PC were directly and
positively affected by MDT, which can indirectly influence PC through LA and further promote
the growth vigor of plants. Soil physical-chemical variables and twig nutrients had no significant
effect on the growth of declining wild apple trees. Meteorological factors might have weakened
their action pathway and strength. Consequently, the results that SEM emphasized the direct
impact of climate change on declining wild apple trees are worthy of attention.

5 Conclusions

The spatiotemporal changes and influencing factors of the growth status of declining wild apple
trees in the Qiaolakesai Valley of the western Tianshan Mountains in Xinjiang were
systematically analyzed in this study. We find that plant traits show differential response to
elevation and year, and year exhibits higher impact than elevation. The N limitation on the growth
vigor of plants exists in all three years (2016-2018). The hub traits differ in twig trait networks
among different years, but the strength of twig functional coupling increases yearly. MDT, AAP,
and soil pH present positive effects on the plant trait matrix, whereas soil EC, MAT, and several
soil nutrient variables show negative effects. The meteorological factor MDT is the direct driver
of the growth of declining wild apple trees in the study area. These results confirm that the natural
populations of wild apple trees in valley habitats are still facing marked declining pressure under
potential climate change. It is suggested to strengthen the research on the impact of climate
change, especially MDT change, on the growth of declining wild apple trees in the Tianshan
Mountains in the future.
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Fig. S1 Plant height (a) and basal diameter (b) of declining wild apple trees at different elevations in the
Qiaolakesai Valley in 2016. Different lowercase letters indicate significant differences among the four elevations

(P<0.05).
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Fig. S2 Differences in projective coverage (PC; a), dead branch percentage (DBP; b), individual leaf area (LA;
c), individual leaf weight (LW; d), and leaf mass per area (LMA; e) of declining wild apple trees at different
elevations in the Qiaolakesai Valley in 2016. Different lowercase letters indicate significant differences among the
four elevations (P<0.05).
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Fig. S4 Differences in leaf Nmass, Pmass, and Kmass concentrations (a, b, and c), leaf Narea, Parea, and Karea
concentrations (d, e, and f), and leaf stoichiometric ratios (g, h, and i) of declining wild apple trees at different
elevations in the Qiaolakesai Valley. N, nitrogen; P, phosphorus; K, potassium. Nmass, Pmass, and Kmass indicate leaf
N, P, and K concentrations per unit mass, respectively. Narea, Parea, and Karea indicate leaf N, P, and K
concentrations per unit area, respectively. Different lowercase letters indicate significant differences among the
four elevations (P<0.05).
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Differences in leaf Nimass, Pmass, and Kmass concentrations (a, b, and C), leaf Narea, Parea, and Karea

concentrations (d, e, and f), and the stoichiometric ratios (g, h, and i) of declining wild apple trees among three
years in the Qiaolakesai Valley. Different lowercase letters indicate significant differences among the three years
(P<0.05).
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Fig. S6 Non-metric multidimensional scaling (NMDS) ordination diagram of environmental factors and plant
traits of declining wild apple trees in the Qiaolakesai Valley. Axis 1, the first axis of NMDS ordination; Axis 2,
the second axis of NMDS ordination. TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available
nitrogen; AK, available potassium; EC, electrical conductivity; AAP, annual accumulative precipitation, MDT,
annual mean difference between day and night temperatures; MAT, mean annual temperature.

Table S1 Coefficients of variation for 20 plant traits of declining wild apple trees in the Qiaolakesai Valley

PC DBP Nmass Pmass Kmass Narea Parea Karea N:P N:K

Coefficient of variation  0.61  0.61  0.22 0.16 026 035 0.26 0.26 0.26 0.39

P:K LA Lw LMA Nslem Pslem Kslem Nslem:Pslem Ns(em:Kslem Pslem:Kslem

Coefficient of variation 0.28 0.25  0.30 0.22 026 0.15 0.23 0.25 0.33 0.19

Note: PC, projective coverage; DBP, dead branch percentage; N, nitrogen; P, phosphorus; K, potassium. Niass, Pmass, and Kpass indicate
leaf N, P, and K concentrations per unit mass, respectively. LA, individual leaf area; LW, individual leaf weight; LMA, leaf mass per
unit area. Narea, Parea, and Kyrea indicate leaf N, P, and K concentrations per unit area, respectively. Nyem, Pstem, and Kgem indicate stem N,
P, and K concentrations per unit mass, respectively.

Table S2 Differences in the current-year stem stoichiometric parameters of declining wild apple trees among
different elevations or years in the Qiaolakesai Valley

Elevation (m) Nitem (Mg/g) Pgiem (mg/g) Kstem (Mg/g) Nstem:Pstem Natem:Kstem Pytem: Kstem
1300 6.89+0.35% 1.28+0.04* 5.06+0.20* 5.36+0.18% 1.41£0.08* 0.26+0.01*
1400 7.33+0.30° 1.24+0.03* 4.90+0.16° 5.98+0.23% 1.53+0.07% 0.26+0.01*
1500 6.31£0.27° 1.27+0.03* 4.86+0.18° 5.06+0.25° 1.36+0.08* 0.27+0.012
1600 6.65+0.35% 1.22+0.04* 5.02+0.31* 5.54+0.33% 1.43£0.12% 0.26+0.01*
Year Nitem (Mg/g) Pytem (Mg/g) Kytem (Mg/g) Nitem:Pstem Nitem:Kstem Pytem:Kstem
2016 7.28+0.30° 1.40+0.03* 5.43+0.17° 5.30+0.21° 1.40+0.07% 0.27+0.01°
2017 6.71£0.27% 1.13+0.02° 4.38+0.13° 5.98+0.24° 1.58+0.07* 0.26+0.01°
2018 6.35+£0.23" 1.23+0.02° 5.03+0.18° 5.17+0.17° 1.3240.07° 0.25+0.01°

Note: Different lowercase letters within the same column indicate significant (P<0.05) differences among different elevations or years
(Yan et al., 2021).
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Table S3 Topological properties of plant trait networks (PTNs) of declining wild apple trees in different years in
the Qiaolakesai Valley

Topological property 2016 2017 2018
Edge number 43 50 47
Node number 18 18 18
Connectance 0.281 0.327 0.307

Average degree 4.778 5.556 5.222
Average path length 2.000 1.869 2.007
Edge connectivity 3 2 2
Clustering coefficient 0.464 0.484 0.560
Centralization betweenness 0.183 0.221 0.247
Centralization degree 0.248 0.261 0.281
Modularity 0313 0.310 0.259

Table S4 Node (plant trait) properties of PTNs of declining wild apple trees in different years in the Qiaolakesai
Valley

2016 2017 2018
Trait
Degree Betweenness Degree Betweenness Degree Betweenness

Ninass 9* 31.950 4 1.243 4 7.783
Prnass 5 16.017 3 0.000 2 0.333
Kinass 4 2.083 10* 35.712 6 1.867
Narca 6 2.900 10* 27.521 9 10.233
Parca 6 2.767 3 0.200 7 10.267
Karea 3 0.000 5 3.200 9 16.150
N:P 4 1.583 7 3.093 5 6.267
N:K 8 12.933 8 7.500 10* 29.483
P:K 7 11.550 7 9.567 8 15.883
LA 2 2.033 4 1.583 5 1.333
Lw 3 10.800 3 0.950 5 0.867
LMA 6 19.283 7 9.450 6 1.000
Nitem 5 6.317 6 3.886 3 4.533
Pgiem 3 5.750 2 0.000 2 3.983
Kstem 4 7.433 5 9.176 2 0.000
Nitem:Pstem 3 0.000 5 1.243 3 3.783
Nitem Kstem 5 13.867 6 9.500 6 40.233
Pgiem: Kstem 3 5.733 5 9.176 2 0.000

Note: # indicates the trait with the highest degree in a PTN.
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Table S5 Differences in soil physical-chemical variables in sampling plots of declining wild apple trees among
different elevations or years in the Qiaolakesai Valley

Elevation SOC TN TP TK AN AP AK pH EC
(m) (g/kg) (g/kg) (g/kg) (g/kg) (mg/kg)  (mgkg)  (mgkg) (uS/cm)
1300 78.31 6.57 1.17 21.18 447.23 12.38 476.76 7.55 262.33

+4.51° +0.36" +0.01° +0.11° +19.07 +0.44° +24.56 +£0.04*  +19.12%
1400 92.88 7.02 1.15 20.79 461.18 11.56 444.17 6.96 323.08
+6.90° +0.39° +0.02° +0.13®  +32.77° +0.59° +16.48° +0.08° +26.17¢
1500 48.28 3.58 0.94 20.61 313.35 7.84 366.17 7.73 196.05
+5.85" +0.23° +0.01¢ +0.23° +39.36° +0.84° +8.87° +0.06° +10.63°
1600 98.58 7.58 1.24 20.31 488.92 12.07 504.86 6.63 239.17
+6.33° +0.29* +0.05* +0.18° +49.39° +0.63° +13.90° +0.08° £21.99°
- SoC TN TP TK AN AP AK oH EC
(g/kg) (g/kg) (g/kg) (g/kg) (mg/kg)  (mgkg)  (mgkg) (uS/cm)
2016 66.26 6.67 1.18 20.34 505.90 9.56 479.29 7.14 389.57
+4.62° +0.47* +0.04* +0.15° +33.22° +0.75° +22.40° +0.11° +16.22°
2017 109.74 5.78 1.04 21.44 287.53 10.00 371.14 7.39 153.46
+6.23° +0.33° +0.02° +0.14° +24.95% +0.46° +8.95" +0.07° +5.05¢
2018 56.34 5.60 1.11 20.52 465.88 12.83 471.30 7.31 228.45

+3.30° +0.28* +£0.01%® £0.11° +26.02° +0.56* +11.09* +0.07¢ £10.43°

Note: SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available
phosphorus; AK, available potassium; EC, electrical conductivity. Different lowercase letters within the same column indicate
significant (P<0.05) differences among different elevations or years. Mean=SE.
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