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Abstract: It is important to develop a better understanding of the climatic and soil factors controlling
the stem diameter growth of Qinghai spruce (Picea crassifolia Kom.) forest. The results will provide
basic information for the scientific prediction of trends in the future development of forests. To explain
the seasonal pattern of stem diameter growth of Qinghai spruce and its response to environmental
factors in the Qilian Mountains, northwest China, the stem diameter changes of 10 sample trees with
different sizes and soil and meteorological conditions were observed from May to October of 2015
and 2016. Our results showed that the growth initiation of the stem diameter of Qinghai spruce was
on approximately 25 May 2015 and 20 June 2016, and stem diameter growth commenced when the
average air and soil temperatures were more than 10 °C and 3 °C, respectively. The cessation of growth
occurred on approximately 21 August 2015 and 14 September 2016, and it was probably controlled by
soil moisture. Stem diameter growth began earlier, ended later, and exhibited a larger growth rate as
tree size increased. For the period May-October, the cumulative stem diameter growth of individual
trees was 400 and 380 pm in 2015 and 2016, respectively. The cumulative stem diameter growth
had a clear seasonal pattern, which could be divided into three growth stages, i.e., the beginning
(from day of year (DOY) 120 to the timing of growth initiation with the daily growth rate of less than
2 um-day~!), rapid growth (from the timing of growth initiation to the timing of growth cessation
with the daily growth rate of more than 2 um-day~!), and ending stages (from the timing of growth
cessation to DOY 300 with the daily growth rate of less than 2 pm-day ™). The correlation of daily
stem growth and environmental factors varied with growth stages; however, temperature, vapor
pressure deficit (VPD), and soil moisture were the key factors controlling daily stem diameter growth.
Overall, these results indicated that the seasonal variation in stem growth was regulated by soil and
climatic triggers. Consequently, changes in climate seasonality may have considerable effects on the
seasonal patterns of both stem growth and tree growth.
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1. Introduction

In recent decades, the climate has been warmer and drier [1], and the frequency and intensity of
drought events have increased worldwide [2], most notably in northern China [3,4]. These changes
affect inter-annual tree growth through the specific physiological thresholds of temperature and water
availability [5-7], and they may have considerable effects on seasonal growth patterns of tree growth in
arid areas [8,9]. However, the intra-annual variation in stem radial growth, which provides scientific
support for forest management decision-making, remains less studied in arid areas of China.

In the arid northwestern region of China, the Qilian Mountains are a key nourishing and
cherished water source area, feeding the Shiyanghe, Shulehe, and Heihe rivers [10]. Qinghai spruce
is the dominant tree species of forests in this region, growing on shaded or semi-shaded slopes
with elevations of 2500-3300 m [6]. Previous studies found that the daily and seasonal stem radial
variations in individual Qinghai spruce sample trees and stem growth initiation were related to
the soil temperatures at a depth of 40 cm and the mean air temperature [9,10]. In a natural forest,
Qinghai spruce trees had obviously different diameters in the stand. To provide an accurate estimate
of the intra-annual stem growth at the stand level, it is necessary to select sample trees with different
diameters. We do not yet have a clear understanding of the variation in stem diameter growth among
tree sizes and how environmental factors affect inter-annual variability in the seasonal pattern of stem
diameter growth.

Consequently, we focused on (a) assessing the seasonal pattern of stem diameter growth and its
variation among tree sizes, (b) how environmental factors affect seasonal growth parameters, and (c)
which environmental factors control daily rate of stem diameter growth. To achieve these objectives,
we selected a forest plot with 30- to 140-year-old Qinghai spruce in the Pailugou watershed, located in
the Qilian Mountains, northwest China. Stem diameter changes, meteorological factors, soil moisture,
and soil temperature were measured synchronously in the field from May to October of 2015 and 2016.
Our work will contribute to improving the understanding of forest responses to environmental factors
and to providing a basis for scientific prediction of trends in the future development of forest resources
in arid regions.

2. Materials and Methods

2.1. Study Area

The study was conducted in the Pailugou watershed (38°31’-38°33" N, 100°16’-100°18" E), with an
area of 2.85 km? and an elevation range of 2500-3800 m a.s.L; the site is located in the middle part
of the Qilian Mountains, in the upper Heihe River basin of arid northwest China (36°43'-39°36" N,
97°25’-103°46’ E) (Figure 1). The climate is arid and semiarid continental. According to meteorological
data from the Xishui station at an elevation of 2600 m, from 1994 to 2014, the mean annual air
temperature was 1.6 °C. The mean annual precipitation was 435.5 mm, and approximately 84% of
the rainfall occurred in the growing season (from May to September). The basin evaporation was
1081.7 mm. The mean annual sunshine duration was 1892.6 h-a~!. The mean annual relative humidity
was 60% [11,12].

In the Pailugou watershed, along the elevation gradient, the vegetation types are mountain
forest grasslands, subalpine shrub meadows, and alpine meadows, respectively [12]. Mountain forest
is mainly distributed on shaded (north-facing) or semi-shaded (northwest- and northeast-facing)
slopes at elevations from 2500 to 3300 m a.s.l., and the dominant tree species is Qinghai spruce
(Picea crassifolia Kom.). Shrub community is mainly distributed on foot slope positions of shady
slopes and areas above the tree line, and the main shrub species include Caragana jubata (Pall.) Poir.,
Berberis diaphana Maxim., and Potentilla fruticosa L. widely distributed at elevations <2900 m a.s.l.,
and Caragana jubata (Pall.) Poir., and Salix gilashanica C. Wang et P. Y. Fu distributed at elevations
>3100 m a.s.l. Herbaceous vegetation consists mainly of Carex lanceolata Boott, Pedicularis spp.
and Stipa capillata L.
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Figure 1. The digital elevation model (DEM) of the Heihe River basin (b), its location in China (a),
and the location of the research plot in the Pailugou watershed (c).

2.2. Research Plot

In 2015, a 20 m x 20 m plot was set up in a pure spruce plot (38°33'14.8” N, 100°17’5.4” E;
2762 m a.s.l.), located on the northeast-facing slope with a slope gradient of 27° (Figure 1c). The forest
in the plot consisted of Qinghai spruce ranging from 30 to 140 years old, with an average canopy
density of 0.68 and a tree density of 2100 trees-ha™!. The tree height ranged from 1.7 m to 16.3 m,
with an average of 8.4 + 3.8 m. The diameter at breast height (DBH) ranged from 2.4 cm to 32.9 cm,
with an average of 11.8 + 6.5 cm. The canopy width ranged from 1.26 m to 6.16 m, with an average of
3.01 £ 0.98 m.

All 84 Qinghai spruce trees in this research plot were divided into four size classes according to
DBH, i.e., big trees (DBH > 22.5 cm), medium trees (12.5 cm < DBH < 22.5 cm), small trees (4.0 cm <
DBH < 12.5 cm), and seedlings (DBH < 4.0 cm) [13]. In the plot, there were only six big trees with an
average DBH of 27.2 + 4.9 cm. The number of medium trees was the largest, 36 trees, and nearly six
times that of the big trees (Table 1).

Table 1. Forest structure in the Qinghai spruce plot (mean value + standard deviation).

. Average Diameter Average Average Average Percent of
Tree Size  Number . . Canopy
Classes of Trees at Breast Height Tree Height Canopy Thickness Total Trees
(DBH) (cm) (m) Width (m) () (%)
Big 6 27.2+49 129 +22 5.47 + 0.66 9.62 +1.70 7.14
Medium 36 15017 112+1.1 3.30 £ 0.51 6.03 £2.23 42.86
Small 22 9.8+21 81+1.8 2.82 +0.43 4.65 + 1.55 26.19
Seedling 20 3.6 +0.7 25+05 1.97 £ 0.43 1.26 +0.52 23.81

Note: the area is 400 m?2.

The dominant shrub in the plot was Potentilla fruticosa L., with an average height of 0.41
m, and a coverage of approximately 2%. The herbaceous vegetation was mainly Carex lanceolata
Boott and Pedicularis spp., with an average height of 4.7 cm, and a coverage of approximately 4%.
Moss (Abietinella abietina) covered the forest floor. The average thickness was 7.4 + 2.4 cm, with a
coverage of approximately 25%.
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In the plot, the soil was thick and highly permeable, with an average soil thickness of 70 cm.
The soil type was mountainous grey cinnamon soil and its texture was loam, with sand content of
34% [7], a total soil porosity of 71.2%, capillary porosity of 59.5%, non-capillary porosity of 11.7%,
and a bulk density of 0.83 g-cm =2 in the root zone (0- to 60-cm soil layer) [14,15]. Within the 0- to 60-cm
root zone, the saturation moisture content was approximately 0.69 m*-m~ and the field capacity was
approximately 0.58 m3-m~3 [15].

2.3. Measurements of Stem Diameter Dynamics

In order to describe tree diameter growth for the whole forest, three or four representative trees
(i.e., healthy, average shape) from each tree size class and ten trees in total were chosen as sample trees
(Table 2). The microvariations in the stem diameters of the ten sample trees were measured at breast
height (1.3 m above ground level) with band dendrometers. The dendrometers (Ecomatik, Munich,
Germany), with a resolution of 0.1 mm, were constructed of a spring and a flexible stainless-steel
band with a scale. Before installing the band, the outer bark under the band was lightly brushed
to ensure smooth contact with the trunk. The scale of the band dendrometers varied with the
stem diameter changes. For the period of 2015 and 2016 (May—October), the initial stem diameter
of the dendrometers was observed for individual sample trees on May 1. Data were acquired at
time intervals of approximately 5-10 days to observe whether the stem diameter measured by the
dendrometers changed.

Table 2. The characteristics of ten sample trees in the Qinghai spruce plot.

Tree Size Classes Tree No. DBH (cm) Height(m) Canopy Width (m) Canopy Thickness (m)

1 31.94 16.3 6.0 12.1
Big 2 31.16 14.2 49 11.0

3 28.85 13.3 6.2 8.5

4 16.63 11.6 4.1 7.0

Medium 5 16.24 13.1 3.2 8.1
6 15.02 10.8 3.5 44

7 11.68 10.3 3.1 52

Small 8 10.87 8.2 3.5 5.0
9 7.08 6.4 1.9 53

10 4.39 2.8 2.2 1.1

The cumulative stem diameter growth (G, pm) was estimated by Equation (1):
G =Di—-Dg @D

where D; is the daily stem diameter on day i, and Dy is the initial stem diameter on 1 May 2015 or 2016.
The daily rate of stem diameter growth (G;, um-day~!) was estimated by Equation (2):

1
==
n

G (D; - D) )
where D; is the daily stem diameter on day i, D; is the daily stem diameter on day j, n is the number of
days between D; and D}, and i is greater than j.

2.4. Seasonal Growth Pattern Assessment

Among the various sigmoidal models available to describe growth patterns, the Gompertz function
is one of the most commonly applied models [9,16]. Due to its flexibility and asymmetrical shape [17],
it has been used to describe tree growth patterns for entire tree lifespans [18] as well as patterns of
seasonal growth [19-21]. To characterize the complete seasonal growth pattern (May—October) in the
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Qinghai spruce plot, the cumulative stem diameter growth curves were fitted with the Gompertz
function defined as (Equation (3)):

Y = Aexp(—exp(B—xxt)) 3)

where Y is the accumulative stem diameter change, A is the upper asymptote, {3 is the x-axis placement
parameter, k is the rate of change parameter, and ¢ is the time in days.

2.5. Weather and Soil Moisture Measurements

An automatic weather station (CR3000, Campbell Company, US) approximately 2 m in height was
installed on an open area, approximately 100 m from the plot, to collect meteorological data from May
to October 2015 and 2016. The meteorological factors included air temperature (HMP115A, T (°C)),
relative humidity (HMP45A, Ry, (%)), and precipitation (TE525MM, P (mm)). These measurements
were conducted at 1-min intervals, and the mean 10-min values were stored in a data logger.

The vapor pressure deficit (VPD, kPa) was calculated from air temperature (T, °C) and relative
humidity (Ry,, %) using the Magnus equation (Equation (4)) [22]:

(4)

17.08 X T R
VPD:6.10><exp( 08 x ) ( —”)

T +234.2 100

The volumetric soil moisture (Ms, m®m~3) and the soil temperature (T, °C) for the root zone
layers (the 0- to 10-cm, 10- to 20-cm, 20- to 40-cm, and 40- to 60-cm soil layers) were continuously
monitored from June to October of 2015 and 2016 by using soil moisture and temperature sensors
(5-TE, Decagon, United States). Up to 95% of the active roots were distributed within the upper 45 cm
of the soil profile [9]. Therefore, the soil moisture and temperature of the 0- to 60-cm soil layer were
used for analyses. Data were collected every 10 min by a data logger (EM50, Decagon, United States).

2.6. Data Analysis

In this study, the cumulative stem diameter growth was modeled with a Gompertz function
(Equation (3)) using the nonlinear regression procedure. The ordinary least squares method was
employed for the parameter estimation of the Gompertz function (1stOpt software, 7D-Soft High
Technology Inc.). First, to access inter-annual variability, we modeled the averaged stem radial changes
for ten sample trees for each year (1 = 2). Then, to assess the variation among tree sizes, the seasonal
growth pattern of each size class (n = 3) for each growing season (1 = 2) was modeled.

The timing of growth initiation and cessation was determined as the day of year (DOY) when
the modeled daily growth rates passed the threshold of 2 um-day~!, which corresponded to the
dendrometer accuracy and the variation of cumulative stem diameter growth. Then, the growing
season (May—October) was divided by the timing of growth initiation and cessation into three stages:
(1) the beginning stage (stage 1), the period from DOY 120 to the timing of growth initiation with the
daily growth rate of less than 2 um-day~!; (2) the rapid growth stage (stage 2), the period from the
timing of growth initiation to the timing of growth cessation with the daily growth rate of more than 2
um-day~!; and (3) the ending stage (stage 3), the period from the timing of growth cessation to DOY
300 with the daily growth rate of less than 2 um-day~! (Figure 2) [23].

Nonparametric Spearman correlation coefficients were calculated using the Statistical Product
and Service Solutions (SPSS) version 21.0 (IBM Inc., Chicago, IL, USA) to quantify the relationships
between the daily mean rate of stem diameter growth for ten Qinghai spruce trees (G;) obtained by
using Gompertz functions and the environmental variables (mean temperature (Tmean), maximum
temperature (Tmax), minimum temperature (Tn), precipitation (P), relative humidity (Ry,), vapor
pressure deficit (VPD), volumetric soil moisture (Mgs, Mgi15, Mg3o, Mgs0), and soil temperature
(Tss, s15, Ts30, Ts50) of the 0- to 10-cm, 10- to 20-cm, 20- to 40-cm, and 40- to 60-cm soil layers, respectively).
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Figure 2. Observed and modeled changes in mean cumulative stem diameter growth (a) and associated
mean growth rate (b) of ten Qinghai spruce trees during the whole study period of 2016 (May—October).
Dashed lines in the bottom panels represent daily growth rates equal to 2 pm-day~'. The mean
cumulative stem growth was divided into three stages: stage 1 with the beginning growth (day of year
(DOY) 120-171), stage 2 with the rapid growth (DOY 172-258), and stage 3 with the ending growth
(DOY 259-300).

3. Results

3.1. Environmental Characteristics during the Growing Season

In the Pailugou watershed, precipitation was unevenly distributed during the growing seasons of
2015 and 2016 (May-October). There were 76 and 88 rainy days, with total precipitation of 369 mm and
333.7 mm in the growing seasons of 2015 and 2016, respectively. On 84.2% (2015) and 92.0% (2016)
of the rainy days, the precipitation was less than 10 mm, and there were only four rainfall events
with precipitation greater than 15 mm in 2015 and two rainfall events greater than 15 mm in 2016
(Figure 3a,b).

There was a warm growing season (May—October). The daily mean air temperature varied in the
range of —5.5-22.4 °C and —7.6-23.3 °C, with averages of 10.1 °C and 10.8 °C, respectively. Maximum
air temperatures were recorded in late July or early August (Figure 3c,d). Soil temperature varied with
air temperature. The daily mean soil temperature in the 0- to 60-cm soil layer varied in the ranges of
0.01-9.82 °C and —-0.14-10.72 °C, with averages of 5.23 °C and 5.91 °C, respectively, in 2015 and 2016
(Figure 3e,f).

During the growing season, there were severe fluctuations in the humidity conditions. The relative
humidity varied in the ranges of 16.5-97.6% and 16.7-99.3%, with averages of 55.1% and 57.8%, in 2015
and 2016, respectively (Figure 3g,h). The VPD varied in the range of 0.02-1.63 kPa and 0.01-2.02 kPa,
with averages of 0.60 kPa and 0.60 kPa, respectively, in 2015 and 2016 (Figure 3i,j).

Soil moisture violently fluctuated with the occurrence of rainfall events. The mean volumetric
soil moisture in the 0- to 60-cm soil layer was 0.234 m3-m~2 from 15 June to 19 October 2015, but it
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remained at a low level with a mean of 0.193 m®>m™~3 in August. In 2016, the mean volumetric soil
moisture of 0.173 m®>-m~3 in the 0- to 60-cm soil layer was slightly lower than that in 2015 (Figure 3k,1).

In particularly, there was the remarkable characteristic of the inter-annual fluctuation of weather
and corresponding changes of soil moisture (Figure 3). In this study, there was still a significant
difference between two growing seasons. In 2015, the growing season was slightly colder than that in
2016, but the May of 2015 were slightly warmer than that of 2016. Due to insufficient precipitation
and high temperatures in the period from mid-July to August in 2015, the soil moisture continued to
drop and reached its minimum of the growing season, which would lead to soil water deficit for tree
growth in the August of 2015. However, in 2016, a different moisture pattern emerged, with uniform
distribution of rainfall in July and August leading to the soil moisture being maintained at a high level
in August. Meanwhile, in the late growing seasons (September—October) of 2015, the soil moisture was
obviously higher than that in 2016, but the air and soil temperature remained at a low level in 2015
and 2016.
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Figure 3. The daily variation in weather parameters (precipitation (a,b), mean air temperature (c,d),
relative humidity (g,h), and vapor pressure deficit (i,j)), and soil factors (mean soil temperature (e,f)
and volumetric soil moisture (k,1)) of the 0- to 60-cm soil layers in the Pailugou watershed from May to
October of 2015 and 2016. The vertical dashed lines delimit the three stages of mean stem diameter

growth of ten Qinghai spruce trees.
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3.2. Seasonal Pattern of Stem Diameter Growth and Its Variation among Tree Sizes

In our study area, a fitting curve of cumulative stem diameter growth (Figure 4a,b) was built based
on the observed data, which explained 87-99% of the variation in the seasonal diameter measurements.
The daily rates of stem growth as the derivation of the fitting curve of cumulative stem diameter
growth were calculated and are shown in Figure 4c,d.

1400 - T

Big, R*=0.98 a Big, R*=0.95 b
12004 Medium, R*=0.99 1 Medium, R*=0.98
10004 Small, R*=0.87 Small, R*=0.99

Mean, R°=0.98 —— Mean, R*=0.98

Stem diameter growth (um)
o0
(=3
(=]

Growth rate (um-day™)

0 T T T ; T T T T T T T T T T T T
120 140 160 180 200 220 240 260 280 120 140 160 180 200 220 240 260 280 300
DOY in 2015 DOY in 2016

Figure 4. Observed and modeled changes in the cumulative stem diameter growth (a,b) and associated
growth rate (c,d) of Qinghai spruce trees during the growing seasons of 2015 and 2016 (May-October),
respectively. Dashed lines in the bottom panels represent daily growth rates equal to 2 um-day~!.

Based on the curve of cumulative stem diameter growth, ten Qinghai spruce trees began to grow
in May-June and stopped growing in August-September. According to the threshold of stem growth of
2 um-day~, in 2015, the timing of growth initiation of ten Qinghai spruce trees was approximately 25
May (day of year (DOY) 145), the timing of growth cessation was approximately 21 August (DOY 233),
and the growing duration was 89 days; in 2016, stem growth began on approximately 20 June (DOY
172), the timing of growth cessation was approximately 14 September (DOY 258), and the growing
duration was 87 days. According to the fitting curve of the associated growth rate, the maximum daily
diameter growth peaked on approximately 28 June (DOY 179) in 2015 and 22 July (DOY 204) in 2016,
with values of 4.658 and 5.327 um-day ™!, respectively (Figure 4c and Table 3). It took 34 and 32 days
from growth initiation to reach daily maximum growth in 2015 and 2016, respectively (Table 3).

There was the same seasonal pattern of stem diameter growth for all trees (Figure 4), but the
value of parameters defining the seasonal pattern varied greatly among tree size classes (Table 3).
Stem diameter growth began earlier, ended later, and exhibited a larger maximum growth rate as tree
size increased in 2015 and 2016 (Figure 4c,d). The timing difference among tree sizes was big in 2016
with late initiation and cessation. Growth initiation was 44 days later for small trees than for big trees,
rather than the 15 days later in 2015 with early initiation and cessation (Figure 4c,d).
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Table 3. Characterization of the seasonal patterns of stem diameter growth for each year.

90f17

Cumulative Stem Growth Timing of Timing of Growing Season Maximum Day of Maximum
Year  Tree Size Classes (um) Growth Initiation =~ Growth Cessation Duration Growth Rate Growth
(DOY) (DOY) (days) (um-day—1) (DOY)
Mean 400.0 145 233 89 4.658 179
2015 Big 1000.0 134 254 121 12.824 175
Medium 333.3 148 224 77 4.160 178
Small 75.0 149 158 10 2.008 153
Mean 380.0 172 258 87 5.327 204
2016 Big 733.3 155 283 129 8.967 201
Medium 366.7 177 258 82 5.305 208
Small 125.0 199 226 28 2.828 212

Note: The timing of growth initiation and cessation was determined as the day of year (DOY) when the modeled daily growth rates (Figure 4c,d) passed the threshold of 2 pm-day~'.
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The cumulative stem diameter growth in the growing season increased as tree size increased,
i.e., the mean cumulative stem diameter growth of the big trees was the highest with the values of
1000.0 um in 2015 and 733.3 um in 2016, which was almost two times of that for the medium trees
(with values of 333.3 and 366.7 um, respectively). The smallest cumulative stem diameter growth was
that of the small trees, with the values of 75.0 um in 2015 and 125.0 um in 2016 (Table 3).

In the plot, the mean cumulative stem diameter increments of ten Qinghai spruce trees were 400
and 380 um, respectively, which was close to that of the medium trees, and this result indicated the
mean stem diameter growth of ten Qinghai spruce trees could describe stem growth for the whole
forest due to the abundant medium trees in the plot (Table 1).

3.3. Monthly Mean Rate of Stem Diameter Growth and Its Variation among Tree Sizes

During the growing seasons in 2015 and 2016 (May—September), the mean rate of stem growth
of ten Qinghai spruce trees was 2.61 + 1.49 and 2.46 + 2.03 um-day~!, respectively. The rate of stem
growth showed a “unimodal” change with the seasonal changes, i.e., it initially increased quickly and
then decreased (Table 4). In 2015, the rate of stem growth quickly increased from 1.94 + 2.26 um-day~!
in May to 5.16 + 7.75 um-day~! in July, and they had a slow growth rate in August and September,
with values of 1.29 + 4.29 and 2.33 + 3.53 um-day !, respectively. However, in 2016, the maximum rate
of stem growth appeared in August, and its value was 4.84 + 5.54 um-day .

Table 4. Monthly mean rate of stem diameter growth and its variation among tree sizes (mean value
+ standard deviation (pm-day‘l)).

Year  Tree Size Classes May June July August September
Mean 1.94 +2.26 2.33 £4.98 516 £7.75 1.29 +4.29 2.33 £3.53

2015 Big 4.30 +1.86 7.78 £2.36 12.37 + 3.42 2.69 +£1.14 5.56 + 2.36
Medium 129 +1.11 333+1.24 419 +£1.59 1.00 + 0.69 1.11 £ 0.92

Small 1.61 +0.41 1.08 + 0.54 1.21 +1.14 -1.21 + 0.93 0.83 + 0.00

Mean 0.97 £ 1.56 0.67 £1.41 4.52 +5.52 4.84 £5.54 1.33 +£2.33

2016 Big 3.23 £0.00 1.11 + 0.23 7.53 +2.28 10.75 £2.28 1.11 + 0.92
Medium 0.00 £ 0.00 1.11 + 0.32 5.38 £2.28 323 +£228 222 +1.85

Small 0.00+£0.00  0.00 + 0.00 1.61 +0.00 1.61 +0.86 0.83 + 0.67

Note: Qinghai spruce trees stopped growth in October.

There were obviously different rates of stem growth among tree sizes (Table 4). The rate of stem
growth of the big trees was higher than that of the medium and small trees, particularly in the rapid
growth stage. In 2015, stem diameter of the big trees grew at a faster rate and growth rate reached
as high as 12.37 + 3.42 um-day~! in July, which was 2.95 times higher than that of the medium trees,
and was 10.22 times higher than that of the small trees. In 2016, the maximum growth rate of the big
trees appeared in August, with the value of 10.75 + 6.72 um-day~!, but for the medium and small trees
this appeared in July, with the values of 5.38 + 2.28 and 1.61 + 0.00 pm-day ™, respectively.

3.4. Effects of Environmental Factors on the Daily Mean Rate of Stem Diameter Growth

In the beginning and ending stages (i.e., stages 1 and 3), the daily mean rate of stem diameter growth
for the whole forest (G;) was significantly positively correlated with air temperature (Tmean, Tmax,
and Tpin) and soil temperature (Tgs, Tg15, Tg30, and Tgs0) with a Spearman correlation coefficient of
more than 0.5, and also with vapor pressure deficit (VPD) but with a smaller Spearman correlation
coefficient than that for air and soil temperature in 2015 and 2016. There was, however, a contradiction
on soil moisture for stage 3, the G, was negatively correlated with soil moisture in 2015 while it was
significantly positively correlated with soil moisture in 2016 (Figure 5).
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Figure 5. Spearman correlation coefficients of daily mean rate of stem diameter growth for the whole
forest (Gy) and air temperature (mean, Tmean; minimum, Tp,j,; and maximum, Tmax), precipitation (P),
relative humidity (Ry), vapor pressure deficit (VPD), volumetric soil moisture (Mgs, Mg15, Mg30,
and Mgsp), and soil temperature (Tg5, Tg15, T30, and Tgs0) at the 0- to 10-cm, 10- to 20-cm, 20- to 40-cm,
and 40- to 60-cm soil layers during stages 1, 2, and 3 of 2015 and 2016. The values marked ** and *
indicate that they are significant at the 0.01 and 0.05 levels, respectively.

For the rapid growth stage (stage 2), the situation with the relationship between the G; and
environmental factors was very complicated (Figure 5). Firstly, in 2015, the G, was positively correlated
with air temperature (Tmean, Tmax, and Tin), but it was negatively correlated with the soil temperature
(Tss5, Ts15, Ts30, and Tgs0) with Spearman correlation coefficients of less than 0.3. However, in 2016,
the G; was positively correlated with air temperature and soil temperature (Tss, Ts;5, and Tszp) with
Spearman correlation coefficients of about 0.5. The G; was positively correlated with air humidity such
as daily precipitation (P), relative humidity (Ry), and VPD but with Spearman correlation coefficients
of less than 0.2, which is lower than that of significance level. Similarly, the G, was only significantly
positively correlated with soil moisture at the top soil layer (0- to 10-cm) in 2015 but negatively
correlated with that in 2016. In particular, the G, was significantly negatively correlated with soil
moisture at the deep soil layer (40- to 60-cm).

4. Discussion
4.1. Impact of Environmental Factors on Seasonal Diameter Growth

4.1.1. Temperature Controls Growth Initiation

Stem growth can be considered to begin when cambial cells start to enlarge and divide, and it
ends when cambial cell division terminates [21]. The onset of cambial activity and cell production is
controlled by temperature in cold environments, such as boreal and montane forests [24-28]. Cambial
activity is generally initiated when the mean daily air temperature reaches a certain threshold [26,29,30].
However, some researchers have reported that the onset of stem growth is not sensitive to air
temperature; rather, it is mainly influenced by soil temperature [9,31,32], since soil temperature strongly
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affects root activity and water uptake [33], and warmer soil facilitates root water uptake when growth
begins [9].

For Qinghai spruce trees, Tian et al. [9] reported that tree growth began on approximately
11 May when the soil temperatures at the 40-cm depth began to increase steadily to above 0 °C,
while Wang et al. [10] found that tree growth began on approximately 30 May when the daily mean air
temperatures were sustained above 5 °C. In this study, growth initiation of the Qinghai spruce trees
occurred on approximately 25 May 2015 and 20 June 2016 (Table 3), when the air temperature remained
at approximately 10 °C, and the soil temperature was more than 3 °C. Before mid-May, soil water below
the 40- to 60-cm depth was still frozen in the Qinghai spruce plot [34]. When soil is frozen, roots are
limited in absorbing soil moisture, which may result in later growth initiation than the dates reported
by many researchers [9,10]. Therefore, in this study, the growth initiation thresholds were found to
be an air temperature of 10 °C and a soil temperature of 3 °C. This result was indirectly proven by
the fact that growth initiation of Qinghai spruce trees occurred approximately 20 days earlier in 2015
than in 2016. Air temperature and soil temperature reached their thresholds on 25 May 2015, on which
the average air temperatures and soil temperature were 14.5 °C and 2.98 °C, respectively. However,
during May 2016, these factors were at a low level, i.e., average air temperature of 7.15 + 4.44 °C and
average soil temperature of —0.14-2 °C. In mid-June 2016, the air and soil temperatures reached their
thresholds for tree growth and initiated tree growth.

4.1.2. Soil Moisture Controls Growth Cessation

The cessation of growth could be defined as the moment when all xylem cells had completed
their differentiation and undergone apoptosis [16]. Therefore, the growth cessation of trees was not
sensitive to air or soil temperature [27], but it was controlled by summer water deficits [35,36] and
an earlier cell differentiation [16]. In this study, we also found that soil moisture controlled growth
cessation of the Qinghai spruce trees.

In 2015, growth cessation of the Qinghai spruce trees occurred on approximately 21 August 2015.
From 21 to 31 August 2015, air and soil temperatures were still suitable for tree growth, with values of
14.55 °C and 8.12 °C, respectively. However, soil moisture was very low, with a mean of 0.174 m3m3,
due to insufficient recharge from rainfall. This low soil moisture resulted in the cessation of stem
growth. In 2016, the growth cession of the Qinghai spruce trees was on approximately 14 September,
which was 24 days later than that of 2015. In the period from 21 August to 14 September 2016, there was
adequate air temperature, soil temperature, and moisture for tree growth, and the trees continued
to grow. In the middle of September, the soil temperature and moisture declined to lower levels,
with values of 7.6 °C and 0.184 m3-m™3, respectively, and the Qinghai spruce trees stopped growing.

4.1.3. Both Soil Moisture and Soil Temperature Control the Maximum Growth Rate

The maximum daily growth rate of conifers in cold environments, such as genera Picea, Pinus,
Abies and Larix, was found to peak around the time of maximum day length rather than during the
warmest period of the year [21]. However, Platycladus orientalis (Linn.) Franco in semiarid areas of
North China was found to peak in late July or early August under conditions of optimal soil water
content [37]. In this study, the maximum growth rate of the Qinghai spruce trees occurred in late June in
2015, which was consistent with the time of summer solstice (22 June). However, in 2016, the maximum
growth rate occurred in late July, which was approximately one month after the maximum day length
(21 June) (Table 3). Although the date of the maximum daily growth rate was very different, it took
34 and 32 days from the growth initiation to reach daily maximum growth rate in 2015 and 2016,
respectively. This showed there was probably a certain determinism in growth, i.e., the period was
around 30 days from the initiation to daily maximum growth rate. It is necessary to verify this in the
future by data from long-term monitoring.

Comparing the environmental conditions on the peak days of 2015 and 2016, we found that the
timing of the maximum growth rate was mainly related to soil temperature and moisture. These two
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variables were relatively low at the time of the summer solstice of 2016, i.e., the average soil temperature
was 5.84 °C, which reached its maximum of the growing season of 2016 (10.72 °C on 9 August 2016),
and the soil moisture was 0.15 m®-m~3, which was only half of the maximum value of the growing season
of 2016 (0.30 m®-m~3 on 14 July 2016) and closed to wilting point (20% of field capacity). Therefore,
the timing of the maximum growth rate may be synchronized with not only the maximum day length
but also the optimal soil water and temperature in the Qinghai spruce plots of arid environments.

4.2. Seasonal Pattern of Stem Diameter Growth among Tree Sizes

In related studies, tree growth initiation and cessation were different between measured trees,
and the growth rate of stems with big diameters was relatively higher than that of those with small
diameters. Big trees also had a longer growing season duration than small trees [9,23], which was
probably related to the social position of the tree, competition, tree roots, and light conditions [23,38].

In this study, with the same growth environment in a year, there was the same growth pattern
of stem diameter growth of ten Qinghai spruce trees in 2015 and 2016 (May-October). However,
the value of parameters defining the seasonal growth pattern varied greatly among tree sizes (Figure 4),
i.e., the timing of growth initiation of the big trees was earlier, the timing of growth cession was
later, and they had a higher growth rate than that of the medium and small trees (Tables 3 and 4).
The average height of the big trees was high in the stand (Table 2), and they occupied a favorable social
position in the forest and generally obtained more resources, especially light and soil moisture [11,39].
On the other hand, tree height and canopy width of the medium and small trees was lower in the stand
(Table 2). The medium and small trees were located next to larger trees and their crowns were partly
covered and obtained less light, and this may have induced a shorter growing season duration and a
lower growth rate.

Additionally, stem diameter growth of the small trees began later and ended earlier than that of
the big trees. The timing difference among tree sizes was large in 2016 with late initiation and cessation;
growth initiation for small trees was 44 days later than that for big trees rather than the 15 days later in
2015, with early initiation and cessation (Figure 4c,d). This might indicate that the small trees were
more sensitive to adversity (such as the low temperature or drought stress), and the adverse niche
occupied by the small trees may have increased their sensitivity to adversity. Therefore, in natural
forests, the difference in tree growth between measured trees is critical for forest management and we
will further discuss this and its relationship with tree characteristics such as height, social position,
and competition, in future studies.

4.3. Impact of Environmental Factors on Daily Mean Rate of Stem Diameter Growth

The daily stem diameter growth of Qinghai spruce trees was related to both climatic and edaphic
factors [9,10]. In arid areas, stem growth is mainly limited by moisture availability [37,40]. In this
study, we found that the daily rate of stem diameter growth of Qinghai spruce trees was controlled by
soil temperature and moisture. This result was coincident with previous research on Picea meyeri Rehd.
et Wils. at the tree line of Luya Mountain, China [41].

In this study, the Qinghai spruce trees had a clear seasonal pattern, which could be divided into
the beginning (stage 1), rapid growth (stage 2), and ending (stage 3) stages (Figure 2). During stage 1,
the onset of stem growth was influenced by temperature and precipitation [42]. We found that the
daily rate of daily stem diameter growth was significantly positively correlated with air temperature
(Tmean, Tmax, and Tpin), soil temperature (Tgs, Tg15, Ts30, and Tgs0) and VPD, but it was negatively
correlated with soil moisture (Figure 5). Air and soil temperature were the main influencing factors
affecting the daily rate of stem growth. During stage 1, the soil temperature of the 40- to 60-cm layer
was below 0 °C, thus restricting root activity and water uptake [9], and it also limited cambial activity
and cell production [26,29,30].

During stage 2, air temperature reached its maximum (Figure 3), and this increase in temperature
may have increased evaporation and lead to water stress [43], thus affecting tree growth. In this study,
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the daily rate of stem diameter growth was negatively correlated with VPD and soil temperature in
2015 (Figure 5). This result further confirmed that high temperature and VPD promoted transpiration,
which led to water stress and resulted in stem contraction [9,44]. However, the daily rate of stem
diameter growth was positively correlated with soil temperature in 2016 (Figure 5). This indicated that
the moisture condition was so much better that it was no longer the limiting factor for growth in this
period. This favorable moisture condition was due to more rainfall in August 2016 (109.3 mm, 32.8% of
total precipitation in the growing season of 2016) and there was also obviously lower VPD than that in
August 2015. As a result, stem diameter growth was only related to soil temperature, not soil moisture
and VPD in 2016. Nevertheless, stem diameter growth was still controlled by temperature and soil
moisture in stage 2. This was a little different from the mechanism of stem growth of Platycladus
orientalis (Linn.) Franco, which is mainly limited by moisture availability in semi-arid area of north
China [37].

During stage 3, the daily rate of stem diameter growth was restricted by low air temperature,
water deficits [35,36,44], and an earlier cell differentiation [16]. In this study, the daily rate of
stem diameter growth was positively correlated with air temperature (Tmean, Tmin, and Tmax),
soil temperature (Tgs, Ts15, Ts30, and Tgs0), precipitation (P), and vapor pressure deficit (VPD) in
2015 and 2016, but it was significantly negatively or positively correlated with soil moisture in 2015
and 2016 (Figure 5). In fact, higher soil moisture in 2015 did not lead to a faster stem growth in
2015 than in 2016. This was partly because the daily rate of stem diameter growth was very low,
at less than 2 pm-day~! during this period, and low air temperature also played a role in stem
diameter growth in 2015. The fact that the daily rate of stem diameter growth was controlled by
both soil moisture and temperature was fully shown in 2016, when the stem diameter growth was
significantly positively correlated with soil moisture and temperature, due to the low soil moisture and
temperature. This result was coincident with previous research on Juniperus przewalskill Kom. in the
Qilian Mountains, China [45].

In this study, the temporal variation in climatic conditions, soil temperature, and soil moisture
were different in the growing seasons of 2015 and 2016 (Figure 3), and these factors made an obvious
difference in stem growth of Qinghai spruce in 2015 and 2016 (Figure 4). This resulted in the complexity
and difficulty of building the model. Therefore, it is necessary to follow the stem diameter growth of
Qinghai spruce with more years of observations and more sample trees with different diameters in future
studies, to provide a better understanding of the process of stem diameter growth and the corresponding
controlling mechanisms and to build an integrated model for daily stem diameter growth.

4.4. Implications for Forest Management

In the future, global temperatures are likely to continue to increase and this will be accompanied by
the expansion of drylands [46]. This trend may further impact the growth of dryland forests. Qinghai
spruce is an important tree species for soil and water conservation in the Qilian Mountains. Based on
the relationship between stem growth and environmental factors, temperature and drought affected
the initiation, cessation and rate of stem growth, i.e., the initiation of stem growth began earlier as
temperature increased and the cessation of stem growth ended earlier as the intensity of soil drought
increased. Wang et al. [6] also found that tree growth of Qinghai spruce significantly decreased in the
rapid warming period, and it was affected by drought in the Qilian Mountains. Therefore, to maintain
tree growth, it is necessary to relieve drought stress by thinning forests to maintain stand density
appropriately in arid regions.

5. Conclusions

In our study area, Qinghai spruce trees began to grow in May—June and stopped in
August-September. According to the daily rate of stem growth of 2 um-day~!, the seasonal
variation pattern of cumulative stem diameter growth could be divided into three growth stages,
i.e.,, the beginning, rapid growth, and ending stages. For the period studied, air temperature,
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soil temperature, and moisture affected the initiation and cessation of stem diameter growth.
The maximum growth rate was related not only to the maximum day length but also to the optimal
soil water content and soil temperature. Daily stem diameter growth was closely related to both
climatic and soil factors in the beginning, rapid growth, and ending stages. Temperature, soil moisture,
and VPD were the main factors controlling daily stem diameter growth.
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