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Abstract: Bosten Lake Basin not only is a major source of drinking water for the residents of the
surrounding area, but also maintains the ecological balance of the region. However, with the influence
of climate change and human activities, the water level of Bosten Lake fluctuates sharply and has a
great impact on the surrounding ecological environment. Therefore, the study of its historical water
flow changes as a reference has become a focus of research. In this study, the radial growth of Schrenk
spruces (Picea schrenkiana Fisch. et Mey.) significantly correlated with the tributary streamflow
coming from the mountainous region near Bosten Lake Basin. On the basis of this good coherence,
the tree-ring chronologies were used to reconstruct the streamflow for Huangshuigou River from
the previous August to the present July (r = 0.766, p < 0.0001, n = 50). The reconstructed streamflow
series matched observations well, explaining 63.3% of the variation in the observed streamflow of
1956–2005. Then, the sum of the streamflow reconstruction of Huangshuigou River and another two
tree-ring-based streamflow reconstructions (Kaidu River and Qingshui River) was used to represent
the hydrological variation of the upper catchment of Bosten Lake Basin, and the reconstruction
sequence was 306 years. The 10.7, 5.5, and 2.1 year cycles of the power spectrum and wavelet analysis
revealed that the runoff series reconstructed from tree-ring hydrometeorology was related to solar
activity. Some dry and wet years in the reconstructed streamflow series of the upper catchment of
Bosten Lake Basin corresponded to the historical record. During the wet years, the Indian Ocean was
probably the main source of precipitation.

Keywords: Schrenk spruces (Picea schrenkiana); tree ring; streamflow reconstruction; Huangshuigou
River; Bosten Lake Basin

1. Introduction

Inland lakes, evaporating dishes in arid and semi-arid areas, are not only the sensitive
factors for climate change but also indicators of ecosystems [1,2]. The temporal and spatial
variation of water storage of lakes objectively reflects the process of regional water cycle and
water balance [3]. These lakes provide valuable water resources for industrial production,
agricultural irrigation, and animal husbandry development, and they play a crucial part
in regional residents’ drinking and wildlife breeding water supply [4,5]. Thus, the timely
and accurate analyses of the distribution, area, storage, and water level of inland lakes
are beneficial to comprehend the characteristics and mechanism of lake variation and to
develop policies of regional water resource management.

China’s largest inland freshwater lake, Bosten Lake, is located on the southern slope
of the middle Tianshan Mountains and provides the basis of agricultural irrigation, fishery
production, and municipal water for the around area. Zhu et al. [6] analyzed remote sensing
data to indicate that there are two water level decreasing periods (1972–1990 and 2002–
2010) and one increasing period (1990–2002) for Bosten Lake. While exceptionally high lake

Forests 2023, 14, 622. https://doi.org/10.3390/f14030622 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f14030622
https://doi.org/10.3390/f14030622
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-4713-9320
https://orcid.org/0000-0002-0243-2662
https://orcid.org/0000-0002-9462-5495
https://doi.org/10.3390/f14030622
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14030622?type=check_update&version=1


Forests 2023, 14, 622 2 of 17

levels will result in the sinking of farmland, soil salinization, and an increase in the risk of
flooding, continuous lake level decreases can cause the loss of lake wetlands, deterioration
of flora, and harm to biodiversity and fishing resources [7]. These possible secondary
disasters caused by the fluctuation of water storage in lakes have been research hotspots
attracting much attention in recent years. Most of the previous studies on Bosten Lake
Basin investigated the lake level and water storage, and analyzed the relationship between
the climatic factors and the surface runoff of the watershed [6–9]. It is a pity that short-term
observed data and fragmentary historical records make it difficult to satisfactorily describe
and understand the variation characteristics of the environmental factors and their driving
mechanism for Bosten Lake Basin and its surrounding area.

Tree rings, as important proxy data, are frequently used to reconstruct the hydrological
variation in history. Gou et al. [10,11] reconstructed the streamflow of Yellow River in
the past millennium and revealed the long-timescale variation pattern of Yellow River
streamflow. Woodhouse et al. [12,13] conducted streamflow reconstruction of the upper
Colorado River on a different timescale, which provided reliable data to support water
resource management in the basin. Panyushkina et al. [14] reconstructed the past 235 years
of streamflow variation in Lake Balkhash Basin using Schrenk spruce’s tree-ring width. Liu
et al. [15] used a moisture-sensitive tree-ring width chronology to reconstruct streamflow
in the middle reaches of Yellow River and found that reduced streamflow resulted in a
58% reduction in sediment load in the upper Yellow River and a 29% reduction in the
middle reaches. Ferrero et al. [16] reconstructed the streamflow variability of Río Bermejo
in subtropical South America. Pederson et al. [17] reconstructed the streamflow of Kherlen
River in northeastern Mongolia for the last 345 years using tree-ring width to explore
possible links between regional streamflow variability and solar activity, among others.
The coniferous forest widely distributed in the surrounding mountains of Bosten Lake
Basin provides an excellent opportunity for dendrohydrological studies [18]. However,
these studies mainly focused on the streamflow reconstruction for a given river, whereas
less attention has been paid to the elaborate description of the total runoff from tributaries
for the watershed. These dendrohydrological reconstructions for the main tributaries may
provide a good background for researching and analyzing the hydrological variations of
the whole watershed over the long-term period.

Therefore, this study established the following goals in order to fill these knowledge
gaps and expand on the current knowledge base: (1) reconstruct Huangshuigou River’s
streamflow on the basis of connections among hydroclimatic factors, as well as tree-ring
width, (2) develop the total streamflow variation for the upper catchment of Bosten Lake
Basin from the reconstructed streamflow series of these tributaries, and (3) analyze the
variation characteristics of the total streamflow of Bosten Lake Basin and investigate how it
relates to other environmental factors.

2. Materials and Methods
2.1. Study Area

Bosten Lake is situated in the southeastern Yanqi Basin, bounded by 41◦56′–42◦14′ N
and 86◦40′–87◦26′ E. The mean depth of this lake is 8 m, and the maximum depth is 16.2 m.
The area of the lake is approximately 1000 km2, and its storage is 8.8 km3. This lake is
between the Tianshan Mountains and the Kuluketage Mountains. The lake’s surface is
1048 m a.s.l. and the watershed of the lake is close to 55,600 km2 [19]. Bosten Lake, as
a typical alternately filled lake, is the home of more than 10 rivers originating from the
mountainous area of Yanqi Basin and the source of Kongque River [20]. The runoff of Kaidu
River, Huangshuigou River, and Qingshui River accounts for above 90% of the Bosten Lake
inflow [21].

2.2. Sampling and Tree-Ring Width Measurement

In the mountainous region around Bosten Lake Basin, there are a total of nine tree-ring
sample locations. These tree-ring cores were obtained in August 2005 (two sites in the
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basin of Huangshuigou River), September 2010 (five sites in the basin of Kaidu River), and
June 2015 (two sites in the basin of Qingshui River) (Figure 1). In these locations, forest
stands are comparatively open. From west to east, the soil beneath the forest gradually
becomes thinner and contains more sand and gravel. Schrenk spruces (Picea schrenkiana
Fisch. et Mey.), a type of dominating and enduring tree species found in the Tianshan
Mountains, which range in elevation from 1200 to 2800 m a.s.l., were collected from every
tree-ring sampling site. In order to prevent non-climatic factors from influencing the radial
growth of the tree trunk, we only chose healthy spruces that showed minimal signs of
being harmed by human activity, pests and insects, landslides, earthquakes, or animal
invasion. For the majority of the studied trees, we simultaneously obtained two cores from
one tree, at breast height. Each tree’s two cores were taken from opposing sides. In total,
we collected 516 cores from 262 trees at nine sites using increment borers with a 10 mm
diameter. The information of these sampling sites is listed in Table 1.
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Table 1. The information of sampling sites in the upper catchment of Bosten Lake Basin.

Watershed Site Name Site
Code

Latitude
(N)

Longitude
(E) Trees/Cores Elevation

(m) Aspect Slope Maximum
Tree Age

The Rate
of Absent
Rings (%)

Kaidu
River

Aermuxi AEM 42.49◦ 84.72◦ 25/50 ~2540 W 20◦ 395
(1616–2010) 0.552

Akenxiaer AKX 42.46◦ 84.74◦ 27/53 ~2740 W 15◦ 378
(1633–2010) 0.289

Taoergaotingxili TEG 42.60◦ 84.73◦ 28/56 ~2560 NW 20◦ 414
(1597–2010) 0.409

Xingfumuchangdong XFE 42.66◦ 84.56◦ 28/56 ~2490 N 25◦ 316
(1694–2009) 0.329

Xingfumuchangnan XFN 42.63◦ 84.61◦ 29/58 ~2650 N 35◦ 355
(1656–2010) 0.250

Qingshui
River

Nayitigou NYS 42.53◦ 86.97◦ 31/60 ~2870 NNW 20◦ 405
(1611–2015) 0.994

Qingshuihe QSB 42.55◦ 86.67◦ 27/53 ~2710 N 40◦ 580
(1436–2015) 0.787

Huangshuigou
River

Fusitan FST 42.75◦ 86.45◦ 34/66 ~2600 N 40◦ 744
(1262–2005) 3.019

Saseke SSK 42.60◦ 86.48◦ 33/64 ~2800 N 40◦ 439
(1567–2005) 0.666

Utilizing standard dendrochronological technologies, the sampled trees’ tree-ring
cores were dried naturally and placed on a grooved wooden plank [22]. Next, each core
was sanded with abrasive paper of varying grades, and then marked with needles while
viewed through a microscope. The LINTAB measuring system with 0.001 mm resolution
was used to measure the width of each ring.

2.3. Development of Tree-Ring Chronologies

The curves of tree-ring width series for every core were displayed and contrasted
using the LINTAB measuring system. The output of the COFECHA program enabled
checking for missing tree-ring width series and false rings, as well as cross-dating quality
control [23]. To obliterate the indications of tree ages influenced by variables other than
climate, the ARSTAN program was chosen with the modified negative exponential curve
option [24]. Because the common variations across various ring-width series are included in
the standard tree-ring chronologies created by the program and since they maintain a low-
throughput high-frequency common variance, they were utilized in the subsequent analysis
and reconstruction [25]. The reliable length of tree-ring chronologies was assessed by the
expressed population signal (EPS). These recently created tree-ring chronologies were given
a reliable length by using an EPS ≥ 0.85 [26]. If a single sampling site’s chronologies were
found to be coherent, all of the tree-ring width series in the same watershed of a given
tributary were incorporated to establish a regional chronology.

2.4. Hydrometeorological Data and Developed Streamflow Reconstructions

We choose the Baluntai meteorological station’s monthly mean temperature, mean
maximum temperature, mean minimum temperature, and precipitation data (42.67◦ N,
86.33◦ E, and 1752.5 m a.s.l.) and the monthly streamflow data of the Huangshuigou
hydrological station (42.45◦ N, 86.23◦ E, and 1320.0 m a.s.l.) for correlation analyses and
hydrological reconstruction. Climatic data from 1958 to 2013 and hydrologic data from
1955 to 2013 were from the China Meteorological Data Service Center (CMDC, https:
//data.cma.cn/, accessed on 6 September 2019) and Xinjiang Uygur Autonomous Region
Water Authority, respectively. The meteorological station is located in the mountainous
area, which can adequately describe the climatic conditions for the Huangshuigou River
watershed. The hydrological station is located in the watershed of the Huangshuigou
River’s mountain pass. In the higher and intermediate basins above this hydrological
gauging station, there is little herding activity and no dam; however, in the lower watershed,
there is significant agricultural irrigation and human activity. Taking into account the
impact of hydroclimatic conditions prior to the growing season, the association between
tree growth and hydroclimatic conditions was revealed using various combinations of

https://data.cma.cn/
https://data.cma.cn/
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monthly hydrometeorological data from the previous year to the current year [27–29].
Furthermore, two tree-ring-based streamflow reconstructions for Kaidu River and Qingshui
River were used in the process of total streamflow variation for the upper catchment of
Bosten Lake Basin [18,30].

2.5. Statistical Analysis

The monthly and annual hydrological and meteorological data were analyzed as the
hydroclimatic background for the study area. For the single sampling site, the consistency
of these tree-ring chronologies was tested using the Gleichläufigkeit index (GLK), correla-
tion coefficients in the different domains, and extreme value years [31–33]. The regional
chronology was developed in accordance with a good coherence of growth of tree rings in
the research area. The strength of the hydroclimatic signals present in these chronologies
from spruces was measured using correlation analysis. Hydrometeorological data and
tree-ring chronology were shown to have the strongest seasonal association; then, the
linear and exponential regression models were employed for reconstruction. Leave-one-out
cross-validation and split-sample calibration–verification tests were used to evaluate the
statistical reliability of the reconstruction model [34,35]. The hydrological data period was
divided into two continuous sections for calibration and verification, with the same length
over the split-sample calibration–verification experiments. Several statistical parameters,
including reduction in error (RE), coefficient of efficiency (CE), correlation coefficient (r1),
sign test (S), and product mean test (t), were computed to assess the data, both observed
and estimated [36]. The total streamflow for the upper catchment of a given lake was
calculated as the sum of the streamflow reconstructions of these tributaries originating
from the mountainous area. The aforementioned analyses were carried out utilizing the
Statistical Product and Service Solutions and Data Processing System. Reasonable peri-
odicities in the rebuilt series were examined using power spectrum and wavelet analysis
(http://climexp.knmi.nl, accessed on 27 September 2019) [31].

2.6. Characteristics of Hydrometeorological Data Variation

Figure 2a shows that the monthly mean temperature was higher than 0 ◦C from March
to October in the watershed of Huangshuigou River, and that summer (June–August) had
the greatest mean temperature, with July (19.1 ◦C) being the hottest. Most of the precipita-
tion (147.2 mm), 70.6% of the yearly total, fell during the summer (Figure 2c). Figure 2e
demonstrates that the yearly total runoff, which peaked in July, primarily constituted the
monthly mean streamflow during the summer (25.438 m3/s). The highest value of annual
mean streamflow (from January to December) occurred in 2000 (20.126 m3/s), while the
lowest value occurred in 1985 (5.279 m3/s) (Figure 2f). The partial correlation coefficient
for annual mean streamflow and annual total precipitation (Figure 2d) with the controlled
annual mean temperature series was 0.779 (p < 0.001, n = 53) in 1958–2013, while the partial
correlation between annual mean streamflow and annual mean temperature (Figure 2b)
with the controlled annual total precipitation series was clearly lower (r = 0.406, p < 0.01,
n = 53). The aforementioned findings show that precipitation had a significant influence on
the Huangshuigou River’s streamflow.

http://climexp.knmi.nl
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Figure 2. (a) Monthly mean temperature, (b) annual mean temperature, (c) monthly mean pre-
cipitation, (d) annual total precipitation at the Baluntai meteorological station. (e) Monthly mean
streamflow and (f) annual mean streamflow at Huangshuigou hydrological station.

3. Results
3.1. Regional Chronologies Development and Analyses

The regional tree-ring chronologies for the watershed of Kaidu River and Qingshui
River were developed on the basis of the good coherence between each tree-ring chronology
for a single sampling site and used for streamflow reconstruction [18,30]. Thus, the regional
tree-ring chronology for the watershed of Huangshuigou River was determined following
the above principle. In the common period 1567–2005, the GLK value between the FST
and SSK chronologies (79.7%) reached the 0.001 significance threshold. We examined two
chronologies in the various domains using Pearson correlation coefficients in addition to
the reciprocal filters. During the common period, the original domain correlation coefficient
for the two chronologies was 0.700 (p < 0.0001, n = 439). In the high-frequency domain
(r = 0.713, n = 427), the correlation coefficient between the two chronologies was greater
than in the low-frequency domain (r = 0.667, n = 427). Furthermore, a comparison of the
years with the 10 highest values and 10 lowest values of the FST and SSK chronologies in
the common period revealed that there were four high-value years (1595, 1704, 1924, and
2002) and six low-value years (1776, 1878, 1918, 1951, 1957, and 1974) in total.

The above results and similar natural environments for the two sampling sites
(Table 1) indicated that the spruce radial growth in the Huangshuigou River watershed
was well synchronized. Consequently, the series of tree-ring widths in this watershed were
combined to create the regional chronology HSR (Figure 3c). The information on tree-ring
chronologies is listed in Table 2. The values of first-order autocorrelation (AC1) ranged
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from 0.485 to 0.555, indicating that the tree-ring width had low-frequency variation, which
might have been influenced by the lag effects of climate and tree physiology. The high
correlation coefficients among these ring-width series revealed a similar variation of tree
growth in the study area. The values of signal-to-noise ratio (SNR) and EPS for the HSR
chronology were obviously higher than the two chronologies for the single site due to the
greater sample depth, indicating that the regional chronology might have contained more
climatic signals. The reliable length of the HSR chronology was 536 years (1470–2005).
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Table 2. The statistical characteristics of SSK, FST, and synthetic regional chronology HSR.

Statistic FST SSK HSR

Mean index (MI) 0.983 0.952 0.998
Standard deviation (SD) 0.357 0.264 0.340
Mean sensitivity (MS) 0.349 0.222 0.314

First-order autocorrelation (AC1) 0.485 0.555 0.508
Inter-series correlation between trees 0.426 0.356 0.384

Inter-series correlation among all series 0.432 0.364 0.388
Mean within-tree correlation 0.778 0.753 0.769
Signal-to-noise ratio (SNR) 43.327 30.294 62.029

Expressed population signal (EPS) 0.977 0.968 0.984
First year EPS ≥ 0.85 1320 1695 1470

3.2. Climate Response Analysis

A strong biological lag effect was indicated by the high AC1 of two tree-ring chronolo-
gies for the single sampling site and the regional chronology (Table 2). Therefore, in order
to evaluate the impact of hydrometeorological factors on the radial growth of spruces,
monthly climate and hydrological data were applied from July in the previous year to
October in the current year (covering a 16 month period) (Figure 4). The HSR chronology
showed a substantial positive association with the 5 month average temperature with a
0.01 significance (Figure 4b), while significantly positive correlations between this chronol-
ogy and precipitation were found in 2 months (Figure 4a). Additionally, the findings of
the correlation analysis showed that streamflow and the HSR chronology had a better link
than precipitation and temperature. The monthly streamflow data and the chronology had
14 clearly positive relationships. After examining several combinations of months, the HSR
chronology and the streamflow from the previous August to the current July showed the
greatest association coefficient (r = 0.766, p < 0.0001, n = 50).
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The results for the correlation of streamflow to various meteorological factors in the
period of 1958–2013 show that the yearly streamflow for Huangshuigou River positively
correlated with mean temperature in January of the current year, as well as precipitation
in April, June, and July of the current year, at the 0.01 significance level (Figure 5). After
experimenting with various month combinations, the yearly streamflow and pSeptember–
August precipitation (where p represents a month from the previous year) had the strongest
connection (r = 0.805, n = 55).
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3.3. Streamflow Reconstruction and Its Reliability Tests

Due to the strong correlation between streamflow and spruce radial growth, we firstly
reconstructed the pAugust–July streamflow of the targeted river using the regional chronol-
ogy. These relationships were represented using the linear and exponential regression
models:

SpAug.-Jul. = 2.803 + 6.583 × HSR, (1)

(n = 50, r1 = 0.766, r2 = 0.639, R2 = 58.6%, R2
adj = 57.8%, SE = 1.930, and F = 67.986),

SpAug.-Jul. = 4.565 × e0.675 × HSR, (2)

(n = 50, r1 = 0.795, r2 = 0.695, R2 = 63.3%, R2
adj = 62.5%, SE = 0.179, and F = 82.652),

where SpAug.–Jul. is the streamflow of Huangshuigou River from August of last year through
July of the current year, and the regional tree-ring chronology is referred to as HSR. In
the HSR chronology during the 1956–2005 calibration era, two models explained 58.6%
and 63.3% of the streamflow variance. The results of the leave-one-out test revealed that,
although these test values were almost identical to the initial values in the two models
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(Table 3), the correlation coefficients of Equation (2) were obviously higher than those of
Equation (1). The results of split-sample calibration–verification tests (Table 4) revealed that
the values of RE and t in the four verification periods all passed the test, while the values
of Equation (2) were obviously higher. The value of CE of Equation (1) in 1956–1980 was
negative, but the values of Equation (2) all exceeded 0. The streamflow series reconstructed
by Equation (2) revealed a higher R2 and improved test results after comparison. Therefore,
we used Equation (2) to reconstruct Huangshuigou River’s streamflow from August of last
year through July of the current year in the years 1470–2005 (Figure 6c). Figure 6a,b reveal
that the original and high-frequency domains of the reconstructed streamflow data closely
match the measurement (r2 = 0.695, p < 0.001, n = 49) domains. Furthermore, the streamflow
reconstruction for Kaidu River significantly correlated with the streamflow observation
from August of last year through July of the current year (r = 0.797, p < 0.001, n = 38). Thus,
the streamflow reconstructions of Kaidu River, Qingshui River, and Huangshuigou River
in the common period were added together to reconstruct the total streamflow series for
the upper catchment of Bosten Lake Basin, yielding the following model:

TSB = SK + SQ + SH, (3)

where TSB is the total streamflow for the upper catchment of Bosten Lake Basin; SK, SQ,
and SH respectively refer to the streamflow reconstructions of Kaidu River, Qingshui River,
and Huangshuigou River. According to Equation (3), the streamflow series for the upper
catchment of Bosten Lake Basin in the period of 1700–2005 is shown in Figure 6d.

Table 3. Results of the leave-one-out tests for the reconstruction of streamflow from August of last
year through July of the current year using exponential and linear regression models.

Statistic Linear Regression Model
Mean (Range)

Exponential Regression Model
Mean (Range)

Correlation coefficient (r1) 0.766 (0.733–0.783) 0.795 (0.770–0.811)
Squared multiple correlation (R2) 0.586 (0.538–0.613) 0.633 (0.593–0.657)

Adjusted squared multiple correlation
(R2

adj)
0.577 (0.528–0.604) 0.625 (0.584–0.650)

Standard error (SE) 1.929 (1.771–1.950) 0.179 (0.174–0.181)
F-value (F) 66.671 (54.7230–74.299) 81.032 (68.388–90.222)

Table 4. Statistics of streamflow reconstruction from August of last year through July of the current
year using linear and exponential regression models and split-sample calibration–verification tests;
correlation coefficient (r1, r2), coefficient of determination (R2), reduction in error (RE), coefficient of
efficiency (CE), product mean test (t), and sign test (S).

Statistic

Linear Regression Model Exponential Regression Model

Calibration
(1956–
1980)

Verification
(1981–
2005)

Calibration
(1981–
2005)

Verification
(1956–
1980)

Full Cali-
bration
(1956–
2005)

Calibration
(1956–
1980)

Verification
(1981–
2005)

Calibration
(1981–
2005)

Verification
(1956–
1980)

Full Cali-
bration
(1956–
2005)

r1
0.621

(p < 0.001)
0.807

(p < 0.001)
0.841

(p < 0.001)
0.608

(p < 0.001)
0.766

(p < 0.001)
0.620

(p < 0.001)
0.847

(p < 0.001)
0.871

(p < 0.001)
0.604

(p < 0.001)
0.795

(p < 0.001)

r2
0.792

(p < 0.001)
0.579

(p < 0.01)
0.653

(p < 0.001)
0.786

(p < 0.001)
0.639

(p < 0.001)
0.781

(p < 0.001)
0.636

(p < 0.001)
0.696

(p < 0.001)
0.774

(p < 0.001)
0.695

(p < 0.001)
R2 0.386 0.652 0.706 0.370 0.586 0.385 0.717 0.759 0.365 0.633
RE / 0.674 / 0.485 / / 0.703 / 0.661 /
CE / 0.599 / –0.149 / / 0.635 / 0.248 /
t / 4.307 / 3.170 / / 4.642 / 3.653 /
S / 20 + /5– / 15 + /10– / / 24 + /1– / 16 + /9– /
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Figure 6. Information on streamflow reconstruction: (a) comparison between Huangshuigou River’s
reconstructed (red line) and observed (blue line) streamflow for pAugust–July; (b) comparison of the
first differences (year-to-year changes) between the recorded (blue line) and reconstructed (red line)
streamflow series; (c) reconstructed streamflow for Huangshuigou River from August of last year
through July of the current year during the period of 1470–2005; (d) streamflow series for the upper
catchment of Bosten Lake Basin in the period of 1700–2005, including Qingshui River, Kaidu River,
and Huangshuigou River.

3.4. Characteristics of the Total Streamflow Series

The mean value of the total streamflow series for the upper catchment of Bosten
Lake Basin was 117.083 m3/s with a standard deviation (σ) of 22.791 m3/s. For this series,
according to the division approach proposed by Liu et al., we designated a wet year, defined
as having values higher than the mean (139.873 m3/s), and a dry year, defined as having
values lower than the mean (94.292 m3/s) [37]. The data showed that 45 years were dry, and
50 years could be classified as wet. The 211 years that remained were classified as normal.
Table 5 contains the mean centenary values, as well as the extreme values of years/decades.
As can be observed, there was a difference of 154.651 m3/s between the wettest (1803) and
driest (1894) years and a difference of 47.141 m3/s between the wettest and driest decades
(the 1800s and 1910s, respectively). For this total streamflow series, Table 5 also includes
the long-term means and coefficients of variation.

In the total streamflow series of the upper catchment of Bosten Lake Basin, an analysis
of decadal variability using a 21 year moving average was conducted (Figure 6d), which
could be divided into four wet and four dry phases. The wet periods were 1730–1772,
1785–1846, 1955–1974, and 1987–1995 (above the series mean value). The dry periods
were 1710–1729, 1773–1784, 1847–1954, and 1975–1986 (below the mean value). Power
spectral examination of the whole duration of this series revealed significant periodicity at
frequencies of 10.7 (p < 0.05), 5.5 (p < 0.05), and 2.1 (p < 0.1) years (Figure 7a). Figure 7b
shows the results of wavelet analysis of the distinct cycle’s temporal properties. The wavelet
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analysis showed a strong, approximately 11 year cycle from 1790 to 1850 and from 1880
to 1930.

Table 5. Summary of streamflow reconstruction characteristics from August of last year through July
of the current year.

10 Wettest Years 10 Driest Years 10 Wettest Decades 10 Driest Decades LONG-TERM

Year Value
(m3/s) Year Value

(m3/s) Decade Mean Value
(m3/s) Decade Mean Value

(m3/s) Years Mean Value
(m3/s)

Variation
Coefficient

1803 193.803 1894 39.152 1800s 142.794 1910s 95.653 1700–1799 119.182 0.183
1765 182.419 1917 45.688 1750s 140.166 1860s 97.068 1800–1899 116.856 0.204
1959 173.156 1774 59.154 1990s 137.890 1710s 99.099 1900–1999 113.567 0.192
1804 166.177 1916 64.630 1810s 135.953 1930s 100.268 1700–2005 117.083 0.194
1802 166.169 1918 68.222 1760s 134.339 1870s 102.969
1738 166.159 1944 69.927 1960s 133.622 1770s 103.196
1836 161.934 1862 71.085 1790s 133.339 1940s 105.448
1756 159.365 1931 76.214 1740s 126.968 1850s 106.451
1805 159.044 1710 76.468 1920s 123.448 1900s 106.805
1923 158.874 1863 76.551 1730s 123.260 1980s 107.755Forests 2023, 14, x FOR PEER REVIEW 14 of 19 
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4. Discussion

Positive responses for precipitation were found in the previous and current fast growth
season, while the positive correlations between tree-ring chronology and mean temperature
occurred in the end growth season and non-growth season in the previous and current year.
Substantial rain during the fast growth season may, in the context of arid and semi-arid
regions, encourage photosynthesis, lead to larger needles, buds, and roots, and store more
nutrients for the following growth season [38]. Thus, more precipitation in the above
two periods would benefit the formation of a wider tree ring in the current and next
year. In addition, the mean minimum temperature has a facilitating effect on tree growth
(Figure 4d), and the mean minimum temperature reflects the nighttime temperature to
some extent. When the nighttime temperature increases, it can promote the division of
forming layer cells to a certain extent. In contrast, the mean maximum temperature usually
occurs during the day, and the high temperature limits the accumulation of plant organic
matter and affects tree growth. Schrenk spruce is a kind of evergreen conifer species, and
its roots are distributed 40–60 cm underground [9]. Furthermore, the sampling trees in
this study are located in the high-elevation area because the sampling locations are above
2600 m in height (Table 1). Thus, the forceful low temperature in winter might easily
damage the needles exposed to the air and the roots distributed in the relatively shallow
soil layer, especially in the high-elevation area. Contrarily, higher temperature at the end of
the growing season and during the dormant season may shield needles, roots, and cambial
cells from harm caused by the cold [39]. Additionally, a warmer winter might lessen the
depth of frozen soil and advance the start of the growth season the following year [40].
These results due to abundant rainfall and high temperature would benefit the formation
of a wider tree ring. Numerous dendroclimatological studies were conducted from west
to east along the Tianshan Mountains, as well as in the surrounding mountain system,
revealing similar climatic responses for Schrenk spruce to those mentioned above [41–45].

Although several significant correlations occurred in different months, the results
of correlation analysis of the yearly streamflow of Huangshuigou River and monthly
climatic data as a whole were quite similar to the climatic reactions of spruce radial growth
(Figure 5). More precipitation in the wet season may bring more water for the watershed
and directly increase the runoff of Huangshuigou River [46]. The minimum streamflow
period of Huangshuigou River occurs in winter, when this river is primarily supplied by
subsurface water [47]. Higher temperature in this period can retreat the depth of frozen
soil and increase underground water. Thus, the streamflow may increase under this climate
condition. An indirect connection has been established between the radial growth of
spruces and the fluctuations in streamflow of Huangshuigou River caused by climatic
factors based on the correlation results mentioned above. Coherent variations between
tree-ring chronology and runoff have been widely found in the Central Asia. Yuan et al.
(2007) reconstructed the Manasi River runoff variation in the Tianshan Mountains using
the chronology of Schrenk spruce tree-ring width [48]. Zhang et al. (2019) developed a
regional tree-ring width chronology of Schrenk spruce and reconstructed annual runoff
for Issly Lake over 345 years [49]. Jiang et al. (2016) recorded the precipitation variation in
the upper Irtysh River region for the past 291 years according to Siberian spruce tree-ring
width [50]. Zhao et al. (2022) reconstructed the Ishim–Tobol River Basin’s hydrological
changes over the past 299 years [51].

Solar radiation denotes the electromagnetic waves and the flow of particles emitted
by the sun into the cosmic space. It is the energy source of Earth and the fundamental
driving force of climatic formation and environmental evolution. It has been suggested
that solar activity may have an impact on Earth’s climate by way of direct radiation,
ultraviolet rays, cosmic ray, and geomagnetic field [52]. In accordance with the Schwabe
cycle, solar activity alternates between active and quite phases, with each phase lasting
approximately 11 years [53]. The 10.7 year cycles appearing in the total streamflow series
for the upper catchment of Bosten Lake Basin suggest a possible connection with the above
cycle of solar activity. According to Fu et al. [54], El Niño is the first to be impacted by solar
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activity, before transferring this influence to streamflow. The approximate 5 year cycle in the
streamflow series falls within the range of the El Niño Southern Oscillation (ENSO) [55]. The
reconstruction streamflow series, which was detected by cycle analyses and the interannual
period (2.1 years), includes the Quasi-Biennial Oscillation [56]. For the various regions of
the Tianshan Mountains, the aforementioned interdecadal and interannual cycles have been
widely extrapolated from other tree-ring-based hydrometeorological reconstructions [14,41,49,57].

Unlike the exhaustive historical records from southern China, the records of hydrome-
teorological disasters in northwestern China are sporadic and isolated due to the historically
low levels of human habitation and the nomadic lifestyle. The limited historical records
do not sufficiently describe the past hydrometeorological fluctuations, but they can verify
the accuracy of this recently developed streamflow series. The streamflow reconstruction’s
wettest and driest year for the total streamflow series for the upper catchment of Bosten
Lake Basin (Table 5) were compared to histories of hydrometeorological catastrophes in
China’s Xinjiang Province. Table 6 reveals that the six wettest (1803–1805, 1836, 1923, and
1959) and six driest (1894, 1916–1918, 1931, and 1944) years have been documented in
historical records [58]. The aforementioned coherence demonstrates that the streamflow
series reconstruction can capture some signs of drought and flood occurrences for the
surrounding area. Whenever a drought lasts for a significant amount of time, famines are
always worsened, and social unrest is always exacerbated. The historical records from
the 1710s and the 1860s to 1870s contain several accounts of ferocious clashes between
local secession regimes and the central ruler (Xinjiang Academy of Social Sciences 1980).
The driest of the reconstructed series coincide with the above two periods (Table 5). The
Junggar Tribe and the Qing Dynasty engaged in battle in the 1690s, which lasted about
70 years. During the years 1864–1877, the Qing Dynasty fought with Aguber, and Zuo
Zongtang put an end to Aguber’s rebellion, establishing Xinjiang Province.

Table 6. Comparison of streamflow reconstruction’s wettest and driest years from August of last year
through July of the current year with the records of hydrometeorological disasters.

Short Description of Flood, Snowfall, Drought, or Locust Disasters for the Study Area and
Surrounding Areas

Wettest Year

1803–1805

1. Frequently intense rainfall in Ili Prefecture, which is in the northwest of the study area, led to grain
reduction in 1803.
2. Flood occurred in Yarkant River, a river source of Tarim River, in July 1804.
3. Thousands of people suffered from snowfall disaster in Huocheng County of Ili Prefecture, in
spring 1804.

1836 1. Flood occurred in Dihua City (Urumqi now), which is in the north of the study area, in May 1836.

1923
1. Snowfall and freezing disasters occurred in Aletai Prefecture, which is in the north of the study
area, leading to a large number of people and livestock death in winter 1922.
2. Intense rainfall led to a flood in Baiyang River, which is in the north of the study area, in July 1923.

1959

1. Frequently intense rainfall occurred in Akesu Prefecture, Boertala Prefecture, Changji Prefecture,
Hami Prefecture, Kashi Prefecture, and Shihezi Prefecture, which are around the study area, in spring
and summer 1959.
2. Great snowfalls occurred in Ili Prefecture, Tacheng Prefecture, and Boertala Prefecture, which are
in the northwest of the study area, leading to a large amount of livestock death in spring 1959.

Driest Year

1894 1. Drought occurred in Dihua City and Changji Prefecture in 1893.
2. Plagues of locusts occurred in Wusu County of Tacheng Prefecture in June 1916.

1916–1918

1. Frequently great droughts occurred in Ili Prefecture and Kashi Prefecture in 1916–1918. People fled
their homes, and 90% of rooms were empty.
2. Plagues of locusts occurred in Jinghe County of Boertala Prefecture, which is in the northwest of
the study area, in June 1916.
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Table 6. Cont.

Short Description of Flood, Snowfall, Drought, or Locust Disasters for the Study Area and
Surrounding Areas

Driest Year

1931 1. Great drought occurred in Shule County of Kashi Prefecture, which is in the southwest of the study
area, in 1930.

1944

1. Less snowfall in the previous year and lack of rainfall in the current year, resulting in great
drought, occurred in northern Xinjiang Province in 1943.
2. Drought occurred in Hutubi County, which is in the northwest of the study area, in 1944.
3. Frequent plagues of locusts occurred in Wusu County in 1943–1945.

5. Conclusions

Water in the upper catchment of Bosten Lake Basin is mainly supplied by Kaidu
River, Qingshui River, and Huangshuigou River. To construct streamflow sequences for
the historical period in the region, we first established a region tree-ring chronological
series for the Huangshuigou River watershed using a total of 130 tree-ring width sequences
of 67 living healthy Schrenk spruces from two sampling sites. On the basis of the high
correlation between the tree-ring chronological series and streamflow data, streamflow
sequences were constructed for the Huangshuigou River watershed from August of the
previous year to July of the current year, from 1470 to 2005. By combining the already
constructed historical streamflow series of the Qingshui River and Kaidu River watersheds,
the historical streamflow series of the upper catchment of Bosten Lake Basin from August of
the previous year to July of the current year were also reconstructed for a total of 306 years.
The streamflow variation for the study area may have been influenced by solar activity and
the oscillations of land–atmospheric–ocean circulation systems according to the result of
spectral analysis. The streamflow reconstruction precisely captured the wettest (1803–1805,
1836, 1923, and 1959) and driest (1894, 1916–1918, 1931, and 1944) years noted in historical
documents for the surrounding areas. Furthermore, two turbulent periods in Xinjiang
corresponded to the reconstruction in the 1710s and 1860s–1870s. The frequent drought
after 1700 might have been one of the main reasons for the conflicts increasing.
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