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Continuous decline of climate
fluctuations in the Kunlun—Pamir
Plateau from the perspective of the
bioclimatic variables
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Ye Yuan?, Tao Li%** Ting Wang':3*, Lei Zheng'?, Liangliang Jiang'?, Jiayu Bao'?,
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Understanding the changes in bioclimatic indicators is a prerequisite and foundation for biodiversity
simulation and prediction of climate sensitive organisms. However, in high-altitude areas that are
extremely sensitive to climate change, the long-term evolution patterns of bioclimatic indicators are
still limited in understanding. For this purpose, we selected the Kunlun—-Pamir Plateau, an irreplaceable
biodiversity hotspot, as the research area, and to analyze the spatiotemporal evolution characteristics
of bioclimatic indicators. We employed trend analysis, Empirical Orthogonal Function (EOF), and
continuous wavelet analysis to conduct spatiotemporal analysis on 19 bioclimate indicators. We found
that (1) Temporally, Mean Diurnal Range, Isothermality, Temperature Seasonality, Temperature Annual
Range, Precipitation Seasonality are all trending downward in the time series; Spatially, the trend of
change shows spatial variability. Central Kunlun is experiencing the biggest increases in energy factors.
A western part of the Kunlun Pamir Plateau exhibits the pronounced rises in water factors. (2) The

first two EOFs of 15 bioclimatic variables explained over 50% of the total variance, showing significant
variations and spatial heterogeneity. (3) Regarding the periodicity: bioclimatic variables showed no
significant periodicity, with the majority of events occurring at irregular intervals of 1-4 years and in
different years. These insights enhance our understanding of climate characteristics in the Kunlun-
Pamir Plateau, providing valuable input for devising effective biodiversity conservation strategies.

Keywords Climate fluctuations, Bioclimatic variables, Empirical orthogonal function, Wavelet power
spectrum, Kunlun-Pamir Plateau

Climate change presents humanity with unprecedented challenges, particularly in high-altitude regions sensitive
to climate variability"2. Bioclimatic indicators provide a comprehensive insight into how various species respond
to climatic conditions. Therefore, bioclimatic variables not only reflect the characteristics of climate change, but
also have biological significance®*. Understanding changes in bioclimatic indicators is essential for uncovering
the physiological and ecological mechanisms driving species distribution®. The Research on bioclimatic variables
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contributes to the development of environmental policies and sustainable management as well as to climate
change mitigation efforts.

Bioclimatic indicator research has experienced significant progress in recent years, as evidenced by advances
in data acquisition, technological advancements, methodological approaches, and the development of meaningful
conclusions®. There are currently 40 indicators for bioclimatic variables, among which BIO1 to BIO11 are
temperature-based. BIO12 to BIO19 are based on precipitation’. BIO20 to BIO27 are based on solar radiation,
BIO28 to BIO35 are based on soil moisture®. Bio36 to Bio40 represent the first five principal components of the first
35 Bioclim variables in the CliMond 1975H dataset®. Due to the ease of obtaining temperature and precipitation
data, most global datasets include the first 19 bioclimatic variables®. The commonly used bioclimatic variable
datasets are WorldClim!?, CHELSA!!, MERRAclim'2, and CMCC-BioClimInd®. These datasets are global-scale
datasets with various spatial resolutions® and have been widely used in Species Distribution Models (SDMs)'3.
However, these datasets encounters problems related to discontinuous time series and uncertain accuracy in
high-altitude areas, particularly in mountainous regions!*. The BIO1-BIO19 variables were selected for analysis
due to their coverage of essential aspects of temperature and precipitation, which are crucial for understanding
the climate dynamics of a region. These variables offer a comprehensive representation of climatic conditions
and their variations'®. Furthermore, their widespread use in ecological and climate studies ensures that our
analysis adheres to established scientific methodologies, facilitating comparisons with other research.

Despite these advances, there remains a critical gap in the exploration of bioclimatic indicators for high-
altitude regions, which are highly sensitive to the process of global warming. Due to the limited number of
comprehensive studies in these elevated ecosystems, a complete understanding of their intricate ecological
dynamics is lacking. Located at an average elevation of over 3900 m above sea level, the Kunlun-Pamir Plateau
is a geographically unique and environmentally valuable region far from densely populated human areas'®.
The changes in the ecological environment of this region are mainly influenced by climate change. Previous
studies on climate change in the Kunlun Pamir region have mostly focused on changes in glacier area, glacier
mass, and snow cover. Research indicates an increasing trend in snow water equivalent in the Kunlun Pamir
region!’, while the eastern Pamir region experiences glacier retreat due to rising temperatures'®. Glaciers in
the western Kunlun Mountains exhibit a balanced or slightly positive mass balance'®. However, direct climate-
related studies are scarce. Compared to conventional climate change studies, investigating climate change from
the perspective of bioclimatic variables allows for a more comprehensive examination, capturing a broader
spectrum of climate changes. Bioclimatic variables is that they directly reflect the impact of climate on biological
processes and ecosystems, support ecological models and future climate predictions, quantify the ecological
effects of climate change, and are suitable for both global and regional scale studies. CRU provides global gridded
data with a higher spatial resolution, which allows for better representation of the entire Kunlun-Pamir Plateau.
Additionally, CRU data has long-term consistency and includes a wide range of climatic variables, making it
more suitable for analyzing the broader and more complex climate trends of the plateau?®?!.

The purpose of this study is to analyze the spatial and temporal changes in Kunlun-Pamir Plateau and also
further investigated their periodic variations basing 19 bioclimatic variables. This contributes to providing
recommendations and support for the environmental and ecological protection of the Kunlun-Pamir region.

Data and methods

Study area

The Kunlun-Pamir Plateau is mainly located in China, with extensions into Pakistan, India, Afghanistan,
Tajikistan, and Kyrgyzstan. The Kunlun-Pamir Plateau is subdivided into the sub-regions of Pamir, Karakoram,
West KunLun, and East KunLun (Fig. 1). The altitude of the mountains ranges from 696 to 7356 m, with an
average elevation of 3900 m. The mountains span over 2760 km from east to west and around 130—436 km
from north to south. The terrain is characterized by steep slopes and towering peak. The study region is greatly
influenced by the predominant westerly winds. Moreover, and distinguished by extensive coverage of modern
glaciers, resulting its unique ecological characteristics’>?*. At 5000 m altitude, annual precipitation can reach
200 mm, and at 5900 m altitude, 400 mm!6. The dominant vegetation types in the region are alpine meadows
and alpine steppes, with a few pockets of alpine scrub and coniferous forests*#?. The Kunlun—Pamir Plateau is
rich in biodiversity and provides habitat for wildlife species. Among them, notable species include Siberian ibex,
Kiang, wild yak, Ovis ammon, Tibetan antelope, snow leopard, brown bear, etc?*-2%,

Bioclimatic variables

This study is based on global gridded observational data provided by the CRU at the University of East Anglia,
UK (http://www.cgiar-csi.org/), with a spatial resolution of 0.5°. It spans from 1850 to the present with monthly
resolution. The CRU was selected to generate the 19 bioclimate variables because its trends in annual, spring,
summer, and autumn precipitation have been shown to be consistent with observed values on the Tibetan
Plateau?®? and has been extensively applied in climate change studies situated in high-altitude areas®*-32. We
selected monthly precipitation, minimum temperature, and maximum temperature data from CRU. The 19
bioclimatic variables listed in Table 1 were calculated using the function “biovars” from the R package “dismo’,
in accordance with the calculation method employed in WorldClim for bioclimatic variables. A quarter refer to
a period of 3 months (1/4 of the year).

Analytical methods

This study comprehensively examines trends, principal modes, spatial structures, and periodic characteristics of
the 19 bioclimatic variables at different time intervals, integrating multiple analytical methods. To simplify the
data and remove redundant information, we conducted a correlation analysis on 19 bioclimatic variables. We
excluded the bioclimatic variables that had a correlation coefficient greater than 0.83233,
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Fig. 1. Characteristics of the Kunlun-Pamir Plateau including (a) Precipitation anomaly, (b) Minimum
Temperature anomaly and (c) Maximum Temperature anomaly from 1961 to 2022. PP, KK, WK and EK refer
to Pamir Plateau, Karakoram, West KunLun, and East KunLun, respectively.

Theil-Sen median slope

The Theil-Sen median slope is a nonparametric method for detecting trends in time series data. This approach
does not require the measurements to conform to a positively trending distribution, is robust against missing
values and outliers, and is well-suited for conducting trend significance tests on long time series datasets**~*>. We
utilized Theil-Sen median slope to assess the changing trends i of the 19 bioclimatic variables.

Tsiope = median (%) Vi< g (1)

Tope indicates the slope of bioclimatic variables. x; and x; indicates the annual average of 19 bioclimatic variables
separately for the i-th and j-th years. When T >0, it indicates an upward trend in bioclimatic variables
during the study period, conversely, it indicates a decrease. The larger the absolute value, the greater the degree
of bioclimatic variables change. When T, pe=0> it signifies those bioclimatic variables remains essentially
unchanged during the study period.

Empirical orthogonal function

Empirical Orthogonal Function (EOF) decomposition is a multivariate statistical analysis technique that
identifies and extracts significant spatial-temporal modes from high-dimensional datasets. In climate science,
EOF analysis reveals the intrinsic structure of climate variables by decomposing complex climate signals into a
series of orthogonal modes, which are ordered by their variance contributions. Each mode is linked to a specific
principal component time series, enabling researchers to quantify and interpret the dominant variability in
climate data. EOF decomposition is not only instrumental in identifying the key drivers of the climate system,
but italso plays a crucial role in predicting climate trends and assessing the impacts of climate change. Although
the eigenvectors obtained from EOF decomposition do not indicate the magnitudes of bioclimatic variables, the
use of the EOF decomposition method produces distinctive vectors that mirror the spatial distribution patterns
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Types Variables | description Units
BIO1 Annual Mean Temperature °C
BIO2 Mean Diurnal Range °C
BIO3 Isothermality -
BIO4 Temperature Seasonality -

Energy factors BIO5 Max Temperature of Warmest Month °C
BIO6 Min Temperature of Coldest Month °C
BIO7 Temperature Annual Range °C
BIOS8 Mean Temperature of Wettest Quarter | °C
BIO9 Mean Temperature of Driest Quarter °C

BIO10 Mean Temperature of Warmest Quarter | °C

BIO11 Mean Temperature of Coldest Quarter | °C

BIO12 Annual Precipitation mm
Water factors | BIO13 Precipitation of Wettest Month mm
BIO14 Precipitation of Driest Month mm
BIO15 Precipitation Seasonality -
BIO16 Precipitation of Wettest Quarter mm
BIO17 Precipitation of Driest Quarter mm
BIO18 Precipitation of Warmest Quarter mm
BIO19 Precipitation of Coldest Quarter mm

Table 1. Definitions of 19 bioclimatic variables used in this study.

of changes in such variables. There is no absolute meaning to the positive or negative values of the eigenvectors,
but they are relative to the phase of the eigenvectors. Time coefficients are used as weights for spatial patterns.
A higher absolute value of the time coefficient indicates the more typical distribution for that year**-3%. In the
Kunlun-Pamir Plateau, a region characterized by complex topography and variable climate, EOF analysis serves
as an effective tool for extracting the primary spatial distribution characteristics and temporal variation patterns
of climate variables. This analysis can enhance our understanding of the climate patterns and their changes
within the region.

mem = (X X err—;xn) (2)

mxn

S|

The eigenvalues (A1, A2, ... Am) of the matrix C, _and the eigenvectors V_ satisfy:

mem X Vinxm = Vinxm X Emxm (3)
A1 0
0 Am

Obtain the time coefficient matrix T, :

Trsxcn = Vinsem X Xenxn (5)

The variance contribution rate of the k-th mode is:

Ak x 100%

> Ai
i=1

variance contribution =

In this paper, the North method is employed to conduct a significance test on the error range of eigenvalues. The
error of eigenvalues at a 95% confidence level is:

/2

In the equation: A represents eigenvalues, and N is the total sample size. A is examined sequentially, and error
ranges are assigned. If there is no overlap in the error range between two adjacent eigenvalues, i.e., the upper
limit of the error for )Li L 18 smaller than the lower limit of the error for /\i, it indicates a test pass.
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Wavelet analysis

Wavelet analysis offers advantages over multiscale analysis, capturing local features and frequency changes
in time series data® . The Morlet-based continuous wavelet analysis method was employed to uncover the
periodic traits of the 19 bioclimatic variables at various temporal intervals. The following equation defines the
Continues Wavelet Transform (CWT):

N-1
n' —ndx
Wxs = n\I/*i
nS 570 x S (8)

where X, denotes a discrete sequence of observations, with # as the localized time index. N represents the signal’s
length, while S signifies the wavelet scale and dx stands for the sampling interval. ¥ denotes the wavelet function,
which has been scaled and translated, and the * symbolizes the complex conjugate.

To address uncertainty propagation, we first normalize and detrend the data to minimize the influence of
noise and trends on the analytical results. Next, we tackle boundary effects by introducing a cone of influence
(COI), ensuring that only regions unaffected by these effects are analyzed'*!. We further employ significance
tests to identify statistically significant regions, enabling us to differentiate between genuine periodic signals and
noise. Finally, we incorporate global wavelet spectral analyses to quantify the major periodic features within the
time series. Through these methodologies, we effectively manage the uncertainty propagation issue and enhance
the robustness of our analytical results.

Results

Correlation of bioclimatic variables

The correlation coefficient between Annual Mean Temperature and Mean Temperature of Warmest Quarter was
0.84, between Annual Precipitation and Precipitation of Wettest Month was 0.81, between Annual Precipitation
and Precipitation of Wettest Quarter was 0.87, and between Precipitation of Wettest Month and Precipitation of
Wettest Quarter was 0.91. Therefore, the retained variables were BIO1-9, Annual Precipitation, BIO14-15, and
BIO17-19, totalling 15 bioclimatic variables (Fig. 2).

Inter-annual variation of bioclimatic variables

From 1961 to 2022, the trends of bioclimatic variables related to energy factors (BIO1-9) were significant
(P<0.05). Among them, Annual Mean Temperature, Max Temperature of Warmest Month, Min Temperature
of Coldest Month, Mean Temperature of Wettest Quarter, and Mean Temperature of Driest Quarter showed
significant increasing trends (Fig. 3). Mean Diurnal Range—4 and Temperature Annual Range exhibited
significant decreasing trends. Among them, Min Temperature of Coldest Month had the fastest increasing rate
at 0.037 °C/a, followed by Mean Temperature of Driest Quarter with an increasing rate of 0.032 °C/a. The fastest
decreasing rate for Temperature Seasonality was 0.49 °C/a. This indicated that the overall temperature in the
Kunlun—Pamir Plateau was gradually increasing, with an increase in minimum temperatures during winter, and
areduction in temperature differences between different seasons. It can be inferred that the decrease in the slope
of Isothermality is due to the slope of Temperature Annual Range(—0.026 °C/a) being smaller than the slope
of Mean Diurnal Range(=0.016 °C/a) (Fig. 3). The reason for the decrease in the slope of Temperature Annual
Range was that the rate of increase in Max Temperature of Warmest Month (0.011 °C/a) was higher than the rate
of increase in Min Temperature of Coldest Month (0.037 °C/a).

In terms of water factors, except for Precipitation Seasonality, which showed a significant decreasing trend
(P<0.05), other bioclimatic variables exhibited significant increasing trend except Precipitation of Coldest
Quarter which showed non-sigificant increseasing (Fig. 3). Among them, Annual Precipitation had the fastest
increasing rate of 0.33 mm/a, followed by Precipitation of Driest Quarter with a rate of 0.04 mm/a. This indicated
that the differences in precipitation between different seasons in the Kunlun-Pamir Plateau had not significantly
decreased. The region showed an increasing trend in annual precipitation, with an increase in rainfall during
the driest quarter. Overall, the indicators directly reflecting climate fluctuations, such as Mean Diurnal Range,
Isothermality, Temperature Seasonality, Temperature Annual Range and Precipitation Seasonality, all exhibited
a decreasing trend in the time series. This suggested that the climate fluctuations in the study region have been
decreasing.

Spatial variation of bioclimatic variables

Bioclimatic variables exhibited spatial heterogeneity in the Kunlun-Pamir Plateau (Fig. 4). In terms of energy
factors, both Annual Mean Temperature and Min Temperature of Coldest Month showed an increasing trend in
spatial distribution, with higher values mainly concentrated in the northwest part of the eastern Kunlun-Pamir
Plateau. Lower values were observed in the east KunLun, Karakoram, and the northwest part of Pamir. Mean
Diurnal Range, Temperature Seasonality, and Temperature Annual Range all exhibited a decreasing trend. The
regions with the fastest decreasing trends were the West KunLun and the Karakoram. Temperature Seasonality
also showed a fast-decreasing trend in the western part of the East KunLun. This indicates that interannual and
seasonal variability in the Kunlun-Pamir Plateau has decreased overall, but regional changes exhibit spatial
heterogeneity. For Isothermality, Max Temperature of Warmest Month, Mean Temperature of Wettest Quarter,
and Mean Temperature of Driest Quarter, there were both increasing and decreasing trends. The areas with high
values of increasing trends were mainly concentrated in the western and central parts of the East KunLun. The
areas with high values of decreasing trends for Isothermality and Max Temperature of Warmest Month were
mainly distributed in the Karakoram and the West KunLun. Most of the areas with a decreasing trend for Mean
Temperature of Wettest Quarter were mainly distributed in the central and western parts of the Pamir Plateau,
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Fig. 2. Correlation of bioclimatic variables from 1961 to 2022.

while only a few areas showed a decreasing trend for Mean Temperature of Driest Quarter. Overall, the areas
with increased trends of bioclimatic variables related to energy factors were mainly concentrated in the western
part of the East KunLun. On the other hand, the West KunLun was the focal area for the decreasing trends of
bioclimatic variables.

In terms of water factors, Annual Precipitation, Precipitation of Driest Month, Precipitation Seasonality,
Precipitation of Driest Quarter, Precipitation of Warmest Quarter, and Precipitation of Coldest Quarter also
exhibited spatial heterogeneity (Fig. 4). Except for Precipitation Seasonality, the areas with high values of
increasing trend for the other bioclimatic variables were mainly concentrated in the Pamir and the Karakoram.
The high values of increasing slopes for Precipitation Seasonality were mainly concentrated in the central parts
of the West KunLun and the East KunLun, indicating that these two areas might be prone to extreme climate
events. The areas with high decreased trend were mainly distributed in the western part of the East KunLun.

Dominant pattern of bioclimatic variables

The variance contribution rates corresponding to the first two eigenvectors of the 19 bioclimatic variables
were shown in Table 2. For the first two EOFs of the 15 bioclimatic variables except for Mean Temperature of
Wettest Quarter, Mean Temperature of Driest Quarter, Precipitation Seasonality, explained over 50% of the total
variance, the variance contribution rates of the first two modes of Mean Temperature of Wettest Quarter, Mean
Temperature of Driest Quarter, Precipitation Seasonality are 46%, 37%, and 46% respectively. The error ranges
of the first two characteristic roots did not overlap and passed the North significance test*2. They were therefore
identified for subsequent discussion and analysis.
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Fig. 3. Interannual variations in bioclimatic variables from 1961 to 2022.
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Fig. 4. Spatial patterns of trends in bioclimatic variables.

The spatial pattern of EOF1 for bioclimatic variables is shown in (Fig. 5) and the time coefficients of EOF1 are
shown in (Fig. 6). In terms of energy factors, Annual Mean Temperature, Isothermality, and Min Temperature
of Coldest Month all exhibited positive values, indicating a consistent trend in the region. Moreover, the high
values of EOF1 were in the Pamir Plateau and the West KunLun, indicating that these three bioclimatic variables
have the highest variability in these regions. Furthermore, Annual Mean Temperature and Min Temperature of
Coldest Month exhibited high values in the western part of the East KunLun. Isothermality showed significant
intensity variation in the central Kunlun Mountains. The first principal component (PC1) of Annual Mean
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The first mode (EOF1) The second mode (EOF2) Cumulative
Bioclimatic variables | variance contribution rate/% | variance contribution rate/% | variance contribution rate/%
BIO1 83 10 93
BIO2 68 11 79
BIO3 54 26 80
BIO4 64 26 90
BIOS 49 33 82
BIO6 66 21 87
BIO7 55 26 81
BIO8 34 12 46
BIO9 25 12 37
BIO12 56 12 68
BIO14 56 10 66
BIO15 31 15 46
BIO17 59 15 74
BIO18 31 23 54
BIO19 76 10 86

Table 2. Percentage of variance explained by the first two varimax loadings (EOFs) of bioclimatic variables
from 1961 to 2022.

-0.20-0.15-0.10-0.05 050.00 0.05 0.10 0.15 0.20

Fig. 5. Spatial patterns of EOF1 over the Kunlun-Pamir Plateau region during 1961-2022.

Temperature underwent an abrupt shift in 1997, with negative phase dominating before and positive phase
prevailing thereafter. The time coefficient of Isothermality was mainly positive and gradually transitioned to
predominantly negative values contrary to Min Temperature of Coldest Month, indicating that the temperature
fluctuations have increased in the Kunlun-Pamir Plateau, and that the lowest temperatures in the coldest
months have been rising. Max Temperature of Warmest Month and Mean Temperature of Driest Quarter had
very few negative values, but the majority of regions showed consistent changes. From the time coefficients, it
can be observed that for Max Temperature of Warmest Month and Mean Temperature of Driest Quarter, the
predominant negative values gradually transitioned to predominantly positive values. This indicated that in the
Kunlun-Pamir Plateau, the highest temperatures during the warmest months were increasing, and the average
temperatures during the driest season were also rising. The presence of both positive and negative values in the
EOF1 of Mean Diurnal Range, Temperature Seasonality, Temperature Annual Range, and Mean Temperature of
Wettest Quarter indicated that these four bioclimatic variables exhibited spatial heterogeneity. However, its values
were relatively small, indicating that these four bioclimatic variables had relatively small fluctuations across the
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Fig. 6. Time coeflicients of EOF1 over the Kunlun-Pamir Plateau region during 1961-2022.

region. The time coefficients of Mean Diurnal Range, Temperature Seasonality, and Temperature Annual Range
were initially dominated by negative values and gradually shifted towards positive values. This indicated that
the corresponding EOF1 represented an increasing number of years with a positive spatial pattern. The time
coefficients of BIO8 showed an increasing trend of negative values, indicating that over the years, there was an
increasing occurrence of the negative spatial pattern represented by the current EOF1 of Mean Temperature of
Wettest Quarter. In the water factors, all six BIO variables (Annual Precipitation, Precipitation of Driest Month,
Precipitation Seasonality Precipitation of Driest Quarter, Precipitation of Warmest Quarter, Precipitation of
Coldest Quarter) in EOF1 exhibited both positive and negative values, indicating the non-uniform changes of the
biological climatic variables in the Kunlun-Pamir Plateau. However, for Annual Precipitation and Precipitation of
Coldest Quarter, there were only a few regions with negative values, and these were almost invisible in the figure.
Moreover, the high-value centers of Precipitation of Driest Month and Precipitation of Wettest Quarter were
mainly distributed in the western part of the Kunlun-Pamir Plateau, while the low-value centers of Precipitation
of Driest Month and Precipitation of Wettest Quarter were in the western part of the Pamir. The low-value
center of Precipitation Seasonality is situated in the western part of the East KunLun, and the low-value center of
Precipitation of Warmest Quarter was in the eastern part of the East KunLun. The occurrence of high-value and
low-value centers in these regions indicated that the corresponding variables exhibited significant fluctuations in
these areas. From the time series perspective, the distribution patterns of Annual Precipitation and Precipitation
of Coldest Quarter showed no significant changes. The increasing number of negative values in Precipitation
of Driest Month, Precipitation of Driest Quarter, and Precipitation of Warmest Quarter, along with the larger
absolute values of their time series, indicated a mitigated decreasing trend in precipitation during the driest
month, the driest quarter, and the coldest season in the eastern part of the Pamir Plateau. This suggested that
the moisture in the region may be increasing. Bioclimatic variables EOF2 (Figs. 7 and 8) showed predominantly
positive values in most regions of the Kunlun-Pamir Plateau indicating the consistency of variations in biological
climate variables in this region. In summary, the above analyses suggested that the first two EOFs can represent
the dominant patterns of bioclimatic variables in the Kunlun-Pamir Plateau.

Cyclical characteristics of bioclimatic variables
Figure 9 and Table 3 depict the temporal variations of a range of bioclimatic variables, examined within a 95%
confidence interval. The Mean Diurnal Range exhibited a cycle ranging from 1 to 3 years, specifically during
1968-1975. Isothermality revealed distinct period scales of 1-5 years and 8-13 years, corresponding to the
intervals of 1962-1980 and 1970-2013, respectively. This indicates Isothermality’s temporal variability, marked
by alternating shifts between shorter and longer periods. Temperature Seasonality displayed a broader period
scale of 2-16 years, spanning from 1972 to 2015. Precipitation Seasonality was characterized by a longer period
scale of 3-6 years, noted from 1968 to 1975.

In general, almost all bioclimatic variables, with the exception of BIO1, demonstrated periods of 1-4 years,
though the specific years of occurrence varied. Variables such as Isothermality, Min Temperature of Coldest
Month, Temperature Annual Range, Mean Temperature of Wettest Quarter, and Mean Temperature of Driest

Scientific Reports |

(2025) 15:13221 | https://doi.org/10.1038/s41598-025-97622-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

N
- BIO8 — = _BIO9 A
T o Sl
\\\%J ~— —~— \\{;\..»_
- BIO14 oy ~—h. BIO15
W e 41} ‘ﬁ - Bt Z . s
N v —~——
. BIO18 ‘ = BIO19
T T
\\ — e o ‘\\‘ u\:N\_/ —_— - e
N N

.

-0.20-0.15-0.10-0.050.00 0.05 0.10 0.15 0.20

Fig. 7. Spatial patterns of EOF2 over the Kunlun-Pamir Plateau region during 1961-2022.

6 BIO1 6 BIO2 6 BIO3
0 0 0
-6 -6 -6
6 BIO4 6 BIO5 6 BIO6
0 0 f1"'||""'|"""r-'1"q""r"""“ 0 W
6 6 6
6
6 BIO7 6 BIO8 BIO9
0 M 0 der.l.-rﬂJ.-.-J-r"I-.'-F.—h 0
-6 -6 -6
6
6 BIO12 6 BIO14 BIO15
0 0 ""'"'l"'"'"""‘-r-“"_""IIJ']"‘ 0 -'—"'-'L"J'n'-'-"Jlrr-n'-—-ln'r‘.-‘
s P P
6 BIO17 BIO18 BIO19
0 .l—lr-i---.l.t.llj.-lli.-—.—.ﬁl-lll-rulrﬂ—l 0 IJ-‘1‘|Ir-—|"r—"'|'"‘.—'1I1II.'-l" 0 ~|1"-.1—-'r'|-'1|'-'|~'|l|'-'r-4’r—-
6 6

- - -6
1961 1976 1991 2006 2021 1961 1976 1991 2006 2021 1961 1976 1991 2006 2021

Fig. 8. Time coeflicients of EOF2 over the Kunlun-Pamir Plateau region during 1961-2022.

Quarter showed a pattern of fluctuating periods, transitioning from short to long cycles and then reverting to
shorter cycles. This pattern suggests a dynamic process of transition in bioclimatic variables, moving from rapid
to slower variations.

Notably, several variables including Annual Mean Temperature, Mean Diurnal Range, Max Temperature
of Warmest Month, Precipitation of Driest Month, Precipitation Seasonality, Precipitation of Driest Quarter,
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Fig. 9. Continuous Wavelet Power Spectrum of bioclimatic variables in the Kunlun-Pamir Plateau from 1961
to 2022 (the black line was the critical line of the COI, which indicated the region where the edge effect of
continuous wavelet transformed data had a greater impact).
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Bioclimatic variables | Period scale (years) | Corresponding year
BIO1 8-12 1968-1998
BIO2 1-3 1968-1975
1-5 1962-1980
BIO3
8-13 1970-2013
BIO4 2-16 1972-2015
BIOS5 2-5 1985-2000
1-5 1967-1978
BIO6 3-8 1977-2015
8-16 2000-2018
1-5 1964-1980
BIO7 3-8 1995-2015
5-16 1970-2005
3-8 1961-1992
BIO8
16-20 2005-2022 (1980-2005)
4-5 1968-1978
BIO9 12-18 1985-2008
1-5 2007-2012
1-2 1968-1971
BIO12 5-9 1963-1990
1-4 1998-2018
BIO14 1-4 1988-1994
BIO15 3-6 1968-1975
BIO17 2-7 1962-1988
BIO18 5-9 1970-1990
BIO19 14-20 1978-2015

Table 3. Period Scale of 19 bioclimatic variables.

Precipitation of Warmest Quarter, and Precipitation of Coldest Quarter did not exhibit significant periodic
trends in the last 2 decades.

Discussion

Changes in climate fluctuations in the Kunlun-Pamir plateau

Our research shows that climate variability in the region has steadily decreased from 1961 to 2022 (Figs. 3 and
4). These findings align with previous research and emphasize the susceptibility of mountainous areas to climate
change and regional climate fluctuations*>. Our research revealed that the decrease in energy-related factors,
Mean Diurnal Range, Isothermality, Temperature Seasonality, and Temperature Annual Range, can be attributed
to the higher rate of increase in the lowest temperature of the coldest month (Min Temperature of Coldest
Month) compared to the highest temperature of the hottest month (Max Temperature of Warmest Month) (Figs.
3 and 4). The negative slope of Isothermality indicates a gradual decrease in the temperature difference between
day and night. Similarly, the negative slope of Temperature Seasonality suggests that seasonal temperature
variations are becoming less extreme, with diminishing differences between temperatures across various seasons.
In relation to Temperature Annual Range, which represents the difference between the average temperatures of
the hottest and coldest months of the year, a negative slope indicates a reduction in this range. This implies that
the gap between the highest and lowest temperatures throughout the year is narrowing, reflecting a less extreme
climate. Furthermore, the negative slope of Precipitation Seasonality signifies that the variation in precipitation
across different seasons is becoming less pronounced. In other words, the difference between the wettest and
driest periods of the year is decreasing, leading to a more even distribution of rainfall throughout the year. This
trend suggests a movement towards a more consistent or balanced precipitation pattern across the seasons.
This discovery is consistent with a previous study*!. Despite a decrease in climate variability, the rise in the
highest temperature of the hottest month (Max Temperature of Warmest Month) and the increase in the lowest
temperature of the coldest month (Min Temperature of Coldest Month) on the Kunlun-Pamir Plateau (Figs. 1
and 4) have led to a reduction in snow cover area and a decrease in the fraction of snowfall. As a result, this has
impacted changes in water resources in the region?®. Furthermore, the increase in temperature coupled with
elevated precipitation has led to an advancement in the phenology of vegetation in this region?®. However, it’s
important to note that the temperature rise has also intensified glacier melting, consequently raising the risk of
glacial lake outburst floods in the study region“.

Comparative analysis with the Tibetan Plateau Plateau
The Kunlun-Pamir Plateau and the Tibetan Plateau are not clearly delineated in the current study. In this
research, the Kunlun-Pamir Plateau is considered the northern and northwestern extension of the Tibetan
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Plateau, highlighting their close geological, geographical, and climatic relationships. The Kunlun Mountains,
which serve as the northern boundary of the Tibetan Plateau, along with the Pamir Plateau, create a natural
barrier to the northwestern part of the Tibetan Plateau. Collectively, this series of plateaus has significantly
influenced the climatic patterns of the Asian continent, with extensive implications for the region’s hydrology
and ecosystems. Previous studies have demonstrated that the Tibetan Plateau is experiencing a significant
warming and humidifying trend?, aligns with the findings from our research conducted in the Kunlun-
Pamir Plateau. Both the Annual Mean Temperature and Annual Precipitation have shown an increasing trend
(Fig. 3). The plateau warms more during the night than during the day, resulting in a decrease in the daily
temperature difference?8, which is also consistent with our research (Fig. 3). However, due to the influence of
topography and other factors, the climate change in the Kunlun-Pamir region and the Tibetan Plateau showed
spatial heterogeneity*>*’. Besides, Li et.al (2023) proved climate cyclicity in Southeast Tibet shows a clearer and
more consistent pattern of long cycles, reflecting the relative stability and regularity of the climate system in the
region®!. In contrast, climate change on the Kunlun-Pamir Plateau shows more complex short-cycle fluctuations
and a shift from rapid to slow changes. This may be related to the different geographical locations, topographic
features and climatic backgrounds of the two areas.

The Kunlun-Pamir Plateau, shaped by rugged terrain and westerly winds, experiences a more arid climate®,
while the Tibetan Plateau, influenced by the Indian monsoon, receives higher precipitation®. Their elevation
differences further impact atmospheric circulation, with the Tibetan Plateau intensifying monsoonal activity®*>*
and the Kunlun-Pamir Plateau exhibiting unique glacial and hydrological dynamics®>*°.

Understanding these differences is important for the prediction of regional climate change and the
development of response measures. Furthermore, there is a notable lack of comprehensive studies analyzing the
Tibetan Plateau through the lens of bioclimatic variables. Such analyses could be conducted in future research to
enhance the ecological protection of the Tibetan Plateau.

Ecological consequences of climate fluctuations in the Kunlun—Pamir Plateau

This study investigates the spatial heterogeneity of the Kunlun-Pamir Plateau by analyzing climatic
fluctuations from 1961 to 2022 using 19 bioclimatic variables. Our results indicate a decline in Mean Diurnal
Range, Isothermality, Temperature Seasonality, and Temperature Annual Range suggesting a weakening of
climatic fluctuations in this plateau. Conversely, in the western part of the Kunlun Mountains, we observed
an increasing trend in mean annual temperature and precipitation seasonality, indicating enhanced localized
climate fluctuations in that region (Figs. 3 and 4). Climate change significantly influences species distribution in
mountainous regions®’. On the Kunlun-Pamir Plateau, species richness exhibits a strong correlation with climatic
factors®®, underscoring the necessity of understanding climate variability’s impacts on the region’s ecosystems.
Previous studies have demonstrated mammal distribution changes are in deeded caused by temperature®-°!.
For instance, Li et al. (2019) found that the probability of Marco Polo sheep distribution significantly increased
as the range of seasonal temperature variation diminished®!. This finding aligns with the observed decreasing
trends in temperature seasonality and annual temperature range in our study, suggesting that reduced climatic
fluctuations may create a more stable habitat for these species.

Moreover, it has been reported that species richness is increasing in the Kunlun-Pamir Plateau®>%, potentially
due to changes in climatic conditions. Empirical orthogonal function (EOF) analyses reveal the complexity
of this variability (Figs. 5 and 6), with EOF2 for isotherms, temperature seasonality, annual temperature
variability range, and precipitation seasonality predominantly exhibiting positive values (Figs. 7 and 8). This
suggests that the variability is heterogeneous across the plateau, providing suitable habitats for various species
and thereby explaining the rise in species diversity in the region®. Furthermore, despite an overall decrease in
climatic fluctuations, the seasonal increase in Annual Mean Temperature and precipitation in localized areas
of the western Kunlun Mountains may have contributed to changes in the local distribution of species, further
enriching the area’s biodiversity®>°.

The study reveals that the Kunlun-Pamir Plateau is experiencing complex climatic shifts, with bioclimatic
variables showing 1- to 4-year cycles and a notable transition in Isothermality and temperature annual range
from short to long cycles (Fig. 9 and Table 3), indicating a shift from rapid to slower climate variations. These
changes further suggest more stable but gradually altering environmental conditions, which could impact
species distribution and biodiversity®®. Specifically, reduced temperature seasonality appears to support a
more predictable habitat for species like the Marco Polo sheep, while localized increases in temperature and
precipitation seasonality in the western Kunlun Mountains may lead to microhabitat differentiation, further
enriching the regions biodiversity™. These findings emphasize the need for ongoing climate monitoring
to understand and predict the ecological consequences of these changes in mountainous regions. Given the
decrease in climatic variability, conservation efforts should focus on habitat protection, ecological connectivity,
adaptive management, and species translocation to enhance ecosystem resilience. Species habitat models should
incorporate long-term climate trends, optimize migration corridors, and remain dynamic to support biodiversity
planning.

62,63

Limitations and outlook

This study has limitations because the bioclimatic variables were derived from precipitation, minimum
temperature, and maximum temperature, possibly lacking a sufficient mechanistic interpretation for ecological
research®. Further research is needed to examine the factors that contribute to changes in bioclimatic variables
across different regions, such as atmospheric circulation, climate system variations, and regional environmental
characteristics. This will enhance understanding of the mechanisms driving these changes. Temperature and
precipitation in mountainous areas frequently exhibit a correlation with altitude. Further research can provide
a more detailed characterization of these patterns by focusing on the variation in altitude. The wavelet analysis
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was conducted throughout the entire Kunlun-Pamir Plateau. Nevertheless, due to topography and geographical
location, climate variability exhibited spatial heterogeneity across the Kunlun-Pamir Plateau.

Conclusion

This study analyzed climate variability in the Kunlun-Pamir Plateau from 1961 to 2022 using 19 bioclimatic
variables, showing spatial heterogeneity. Energy factors like Mean Diurnal Range, Isothermality, Temperature
Seasonality, and Temperature Annual Range indicated a decreasing trend in climate fluctuations across the
plateau. Conversely, Annual Mean Temperature and Precipitation Seasonality increased in the western Kunlun
Mountains, suggesting heightened climate fluctuations.

The trends of these bioclimatic variables were significant (p<0.05), except for Precipitation of Wettest
Month, all reflecting a general decrease in climate fluctuations. EOF analysis revealed that the first two
EOFs of 15 bioclimatic variables explained over 50% of the total variance, showing significant variations and
spatial heterogeneity. The EOF2 of Isothermality, Temperature Seasonality, Temperature Annual Range, and
Precipitation Seasonality showed mostly positive values across the plateau, indicating non-uniform changes.

No significant periodicity was observed in these bioclimatic variables. Most had 1-4 year periods, but
with different years of occurrence. Isothermality and Temperature Annual Range exhibited shifting patterns,
transitioning from short to long cycles, indicating a shift from rapid to slower climate variations in the Kunlun-
Pamir Plateau.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author upon reasonable request.
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