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Abstract: Climate change has altered the existing pattern of precipitation and has an important impact
on the resistance and adaptability of desert plants. However, the interactive impact and the main
characteristics of changes in precipitation amount and precipitation frequency on desert plants are
unclear. Reaumuria soongarica seedlings were treated by artificially simulating changes in precipitation
(30% reduction and 30% increase) and its frequency (50% reduction). We first introduced three
morphological indicators (i.e., main root length/plant height ratio (RHR), above-ground radial density
(ARD), and below−ground radial density (BRD)) and drew an abstract figure of seedling growth.
This experiment confirmed the following: (1) The increase in precipitation noticeably increased the
plant height, above-ground biomass, and total biomass of seedlings. (2) The plant height and the
biomass of seedlings were more affected by precipitation amount than by precipitation frequency.
No interaction was found between precipitation amount and precipitation frequency on the growth
of seedlings. (3) The response of RHR to precipitation changes was extremely significant, increasing
with decreasing precipitation and vice versa. (4) The ARD first increased then remained constant as
precipitation increased, while ARD first decreased and then increased with decreasing precipitation.
When precipitation increases, the BRD increases and the root system becomes relatively thicker and
shorter, and vice versa. In this regard, R. soongarica seedlings mainly adapt to their resource supply
by adjusting plant height, root length, thickness and biomass.

Keywords: climate change; desert ecosystems; precipitation patterns; growth and morphology;
Reaumuria soongarica

1. Introduction

Climate change is altering existing precipitation patterns [1,2]. The time and intensity of
precipitation may change [3]. In the arid and semi-arid regions of northwestern China, precipitation
will increase by 30 to 100 mm in the next 100 years [2]. At the same time, it will be accompanied
by a trend of increasing precipitation intervals, decreasing small precipitation events and increasing
extreme precipitation events [2]. Globally, the proportion of land surface under extreme drought is
predicted to increase from 1%–3% at present to 30% by the end of 2090 [4]. The change of existing
pattern of precipitation affects the amount and distribution of many physical, chemical, and biological
factors inducing an alteration of available resources and a consequent destabilization of the ecological
successions [5]. However, the interactive impact and the main characteristics of changes in precipitation
amount and precipitation frequency to desert ecological are unclear. Due to their morphological
and functional characteristics, plants show their conservation or alteration status in every moment.
Therefore, plants can be considered general biological indicators of the environment where they
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develop, especially in largescale plant communities [5]. This makes it possible that artificial simulated
precipitation patterns change, as the anthropogenic disturbance was used to predict the possible impact
of precipitation pattern changes in the future on desert plants and can be observed at different scales
and grains of definition.

It is generally believed that the increase in precipitation will increase the above-ground biomass
of desert shrubs [6–8] and decrease that of herbaceous plants [9], a decrease in precipitation increases
the underground biomass of desert shrubs [6], which may be related to the lifestyle of the plants.
However, other studies have also shown that the below−ground biomass of shrubs seedlings decreases
with increased precipitation [8], and the biomass of herbaceous plants increases with increased
precipitation [10], precipitation increases from 95 to 283 mm, which may be differently sensitive to
ecosystem disturbance in different growth stages [11,12]. Some researchers have determined that the
frequency of precipitation is also a key factor affecting plant growth [11,13,14]. The main change in
precipitation will likely be in the intensity, frequency, and duration of events, but these characteristics
are seldomly analyzed in observations or models [15]. Moreover, many scholars only study the impact
of precipitation, but few compare the frequency and interactive impacts on individual plant growth by
multiple dimensions of precipitation pattern changes (such as precipitation amount and precipitation
frequency).

Reaumuria soongarica is an ultra-drought shrub of the Tamaricaceae family. It is the main dominant
species and founder species of plant communities in arid and semi-arid desert areas. It has a large
distribution area, strong stress resistance, barren resistance, drought resistance, and strong sand
collection capacity. It is widely distributed in Central Asia, Western Asia, Southern Europe, and North
Africa and is mainly distributed in the northwest region in China. It plays an important role in
maintaining the ecological stability of the desert. Seeding is a young plant that is grown from a
seed, rather than from a cutting or bulb, for example [16]. The seedling stage of a plant is the core
of plant population renewal [17]. It also has a more fragile development stage during plant growth
and it is extremely sensitive to ecosystem disturbance [11,12]. At present, research on the impact of
precipitation and changes in precipitation frequency on the morphology of R. soongarica seedlings
has been reported [18–20], but has only studied annual R. soongarica seedlings. The complete life
cycle of R. soongarica is several decades, so it is necessary to study the seedlings for a longer time.
We take R. soongarica seedlings as the research object and analyze the deviations in their morphological
characteristics by artificially controlling the precipitation amount (increase or decrease by 30%)
and precipitation frequency (F) (decrease by 50%), in order to reveal the response and adaptation
strategies of R. soongarica seedlings to precipitation pattern changes. We aim to answer the following
questions: (1) What is the impact of precipitation pattern changes on the morphological characteristics
of R. soongarica seedlings? (2) Can increasing precipitation and decreasing precipitation frequency
promote the growth of R. soongarica seedlings? (3) What is the adaptive strategy of R. soongarica
seedlings to precipitation pattern changes?

2. Materials and Methods

2.1. Study Area

The research area was selected at the National Field Observation and Research Station of the Linze
Farmland Ecosystem in Gansu Province. This station is located in the middle stream of the Heihe
River and the southern edge of the Badain Jaran Desert. Its geographical coordinates are 39◦21′N and
100◦07′E (Figure 1). The terrain is flat, with an altitude of 1382 m. The main climatic characteristics are
drought, high temperature, and windy, which belong to a typical temperate continental desert climate.
The annual average precipitation is 119.16 mm, mostly concentrated in May–October, accounting for
about 85% of the whole year. The relative humidity of the air is 46% and the annual evaporation is
as high as 2390 mm, which is about 20 times that of precipitation [21] (Figure 2a,b). Wind and sand
activities are strong and plant growth depends entirely on natural precipitation. The zonal soil is
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gray-brown desert soil, sandy loam soil, and sandy soil. The landform types are mainly fixed sandy
land, semi-fixed sand dune, and mobile sand dune.Sustainability 2020, 12, x FOR PEER REVIEW 3 of 16 

 

 
Figure 1. Location map of the study area. 

2.2. Research Methods 

2.2.1. Study Site and Experimental Design 

The test site in the experimental field was relatively flat, well ventilated, and the soil was uniform 
in the same place with natural temperature. Before the experiment started, we measured the initial 
soil condition (nutrients, moisture et al. ).The content of organic matter in the 0–30 cm soil layer is 
less than 0.5%, the total N and P content is relatively low and less than 0.05%, the total K content is 
less than 2.0%, the pH is about 9, and the water content of soil is relatively low, less than 4% on 
average. In early May 2017, we selected healthy seeds with uniform size and full grains for sowing, 
which were collected and stored from the previous year. R. soongarica seeds were soaked 
continuously in hot water at a temperature of 25 ℃ for 24 hours before being planted. Seeds were 
sown in rows at intervals of 0.3 m and a depth of 0.5–1.0 cm. After that, adequate irrigation was 
performed to ensure a certain emergence rate. In early June 2017, after the seedlings were well 
established, precipitation treatment began in 2018 while precipitation treatment began in late May. 

The average annual precipitation in Linze has been 119.2 mm for many years. From 1999 to 2018, 
the overall precipitation remained stable, but the annual precipitation amount and precipitation 
frequency changed significantly (Figure 2a,b). The maximum and minimum annual precipitation is 
186.3 mm (2010) and 71.1 mm (1999), which is 156.34% and 59.67% of the average annual rainfall of 
119.2 mm. Except individual extreme years, in 90% of the past 20 years, annual precipitation is within 
the range of 70–130% of the average annual precipitation. The maximum and minimum monthly 
precipitation frequencies from July to October in the last 20 years were 9.3 times per month (2007) 
and 4 times per month (2004). From July to October, for many years, the average monthly 
precipitation frequency was 5.6 times per month. Therefore, in this experiment, three precipitation 
gradients, W (annual average precipitation), W− (W decreased by 30%), and W+ (W increased by 
30%), were set with 119.16 mm as the control; two precipitation frequencies gradients were set, F (6 
times per month) and F− (3 times per month); giving a total of 6 precipitation treatments: W−F, W− 
F− WF, WF−, W+F, and W+F−. The plot area was 3 × 2 m for each precipitation treatment, six plots for 
one block and three replicated blocks, with a total of one hundred and forty-four rows and about 
seven thousand and five hundred seeds (Figure 3). 

Figure 1. Location map of the study area.

Sustainability 2020, 12, x FOR PEER REVIEW 4 of 16 

 

 
Figure 2. (a) Distribution of precipitation in Linze from 1999 to 2018; (b) precipitation frequency in 
Linze from 1999 to 2018. 

 

WF
(CK) W+F W-F WF- W+F- W-F-

WF
(CK)

WF
(CK)

W+F

W+F

W-F

W-F

WF-

WF-

W+F- W-F-

W+F- W-F-

1st BLOCK

2nd BLOCK

3rd BLOCK

3m

0.3m 1m

2 m

3m

1m

0.5m 1m

1m

0.3m

 
Figure 3. Diagram of experimental design for the seedling growth study. W, annual average 
precipitation; W+, 30% increase in precipitation; W−, 30% decrease in precipitation; F, annual average 
precipitation frequency (6 times per month); F−, 50% decrease in precipitation frequency (3 times per 
month). Black dots represent the random distribution of seedlings. 
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to the newly sprouted seedlings, thus affecting the experimental results. The research period was 
from May 2017 to October 2018. Except for the experimental precipitation treatment period, the 
seedlings were mainly irrigated by natural precipitation from the beginning of November 2017 to the 
end of April 2018. In the period of precipitation treatment, each block was provided with rain shelters, 
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Figure 2. (a) Distribution of precipitation in Linze from 1999 to 2018; (b) precipitation frequency in
Linze from 1999 to 2018.

2.2. Research Methods

2.2.1. Study Site and Experimental Design

The test site in the experimental field was relatively flat, well ventilated, and the soil was uniform
in the same place with natural temperature. Before the experiment started, we measured the initial soil
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condition (nutrients, moisture et al. ).The content of organic matter in the 0–30 cm soil layer is less
than 0.5%, the total N and P content is relatively low and less than 0.05%, the total K content is less
than 2.0%, the pH is about 9, and the water content of soil is relatively low, less than 4% on average.
In early May 2017, we selected healthy seeds with uniform size and full grains for sowing, which were
collected and stored from the previous year. R. soongarica seeds were soaked continuously in hot water
at a temperature of 25 °C for 24 hours before being planted. Seeds were sown in rows at intervals of
0.3 m and a depth of 0.5–1.0 cm. After that, adequate irrigation was performed to ensure a certain
emergence rate. In early June 2017, after the seedlings were well established, precipitation treatment
began in 2018 while precipitation treatment began in late May.

The average annual precipitation in Linze has been 119.2 mm for many years. From 1999 to
2018, the overall precipitation remained stable, but the annual precipitation amount and precipitation
frequency changed significantly (Figure 2a,b). The maximum and minimum annual precipitation is
186.3 mm (2010) and 71.1 mm (1999), which is 156.34% and 59.67% of the average annual rainfall of
119.2 mm. Except individual extreme years, in 90% of the past 20 years, annual precipitation is within
the range of 70–130% of the average annual precipitation. The maximum and minimum monthly
precipitation frequencies from July to October in the last 20 years were 9.3 times per month (2007) and
4 times per month (2004). From July to October, for many years, the average monthly precipitation
frequency was 5.6 times per month. Therefore, in this experiment, three precipitation gradients,
W (annual average precipitation), W− (W decreased by 30%), and W+ (W increased by 30%), were set
with 119.16 mm as the control; two precipitation frequencies gradients were set, F (6 times per month)
and F− (3 times per month); giving a total of 6 precipitation treatments: W−F, W− F−WF, WF−, W+F,
and W+F−. The plot area was 3 × 2 m for each precipitation treatment, six plots for one block and
three replicated blocks, with a total of one hundred and forty-four rows and about seven thousand and
five hundred seeds (Figure 3).
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Figure 3. Diagram of experimental design for the seedling growth study. W, annual average
precipitation; W+, 30% increase in precipitation; W−, 30% decrease in precipitation; F, annual average
precipitation frequency (6 times per month); F−, 50% decrease in precipitation frequency (3 times per
month). Black dots represent the random distribution of seedlings.

The temperature might be lower than 0°C before May, and sudden cooling might cause frostbite
to the newly sprouted seedlings, thus affecting the experimental results. The research period was from
May 2017 to October 2018. Except for the experimental precipitation treatment period, the seedlings
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were mainly irrigated by natural precipitation from the beginning of November 2017 to the end of April
2018. In the period of precipitation treatment, each block was provided with rain shelters, trenches,
and ventilation around to keep other natural factors close to the natural conditions. The height of
the canopy was 1.5 m and the sample plot extended around 1 m. It was fixed with wooden stakes.
Shelters were removed on days without rain to minimize shelter effects on other environmental
variables. During the whole experimental period, it was blocked at night, cloudy periods, and during
precipitation to prevent natural precipitation from affecting the experiment. Artificial irrigation was
performed according to the irrigation volume and irrigation frequency (Table 1) set in the experiment.
Using a watering can, we evenly sprinkled the simulated precipitation amount set in the experiment in
each plot. The irrigation time was from 19:00 to 20:00 on irrigation days (if the rain was absent for 1
day). From July to October, samples were taken on the 25th of each month, during which a total of 8
destructive sampling tests were performed. These selected data were for collecting samples from 2017
(25 July and 25 October) and 2018 (25 July and 25 October).

Table 1. Total number of precipitation events (treatments) in the R. soongarica growth experiments at
two cycle levels from 2017 to 2018. W (annual average precipitation), W− (W decreased by 30%), and
W+ (W increased by 30%).

Time
Average Monthly

Precipitation (mm)

Event Size for Each
Precipitation (mm)

Precipitation
Cycle (d)

Precipitation Frequency
(Times per Month)

W− W W+

July 26.7
3.1 4.5 5.8 5 6
6.2 8.9 11.6 10 3

August 21.5
2.5 3.6 4.7 5 6
5.0 7.2 9.3 10 3

September 18.0
2.1 3.0 3.9 5 6
4.2 6.0 7.8 10 3

October 5.8
0.7 1.0 1.3 5 6
1.4 1.9 2.5 10 3

2.2.2. Sampling Method

During sampling, we selected six healthy, uniform seedlings in each treatment. The seedling
height was first measured with a steel tape measure; a vernier caliper was used to measure the base
diameter, which was recorded. By using a spatula, the entire root system was carefully dug out and
taken to the laboratory. The excess sand and soil were carefully removed; the length of the main root
was measured with a tape measure. The above-ground and below−ground biomass were separated
and dried in a 60 ◦C constant-temperature oven to obtain a constant weight. An electronic balance was
used to weigh the above-ground biomass, below−ground biomass, and total biomass, the root/shoot
ratio, the root/height ratio, the above-ground radial density, and the below−ground radial density.

2.2.3. Calculating the Root/Height Ratio, Above-Ground Radial Density, and Below−Ground Radial
Density Parameters

Based on the fractal theory [22,23], we formulated the following morphological parameters and
drew an abstract morphological figure of the seedlings (Figure 9):

RHR =
HR

HP
, (1)

where RHR (main root/plant height ratio) is the root/height ratio; HR is the main root length (cm); HP is
the plant height (cm);

ARD =
MA
HP

, (2)
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where ARD is the above-ground radial density (g·cm−1); MA is the above-ground biomass (g); and HP
is the plant height (cm);

BRD =
MB

HR
, (3)

where BRD is the below−ground radial density (g·cm−1); MB is the below−ground biomass (g); and
HR is the main root length (cm).

2.2.4. Data Analysis

In different growth periods, two-factor analysis of variance distribution was used to evaluate the
impacts of three precipitation treatments (W−, W, and W+), two precipitation frequency treatments
(F and F−), and their interactions on plant height, basal diameter, main root length, above-ground
biomass, below−ground biomass, total biomass, root/shoot ratio, root/height ratio, above-ground
radial density, and below−ground radial density of R. soongarica seedlings. Least-significant difference
(LSD) was used to test for significant differences between samples. All analyses were performed using
SPSS 21.0 and plots were performed using Matlab R2014a and Excel 2010.

3. Results

3.1. Impact of Precipitation Pattern Changes on Plant Height of R. Soongarica Seedlings

The impact of precipitation on plant height was significant (P < 0.001, Table 2). At both precipitation
frequencies, plant height increased at W+ (Figure 4). When the precipitation increased by 30% (W+)
and the frequency of precipitation was three times per month (F−), the plant height was the highest
(Figure 4). Plant height increased with increasing precipitation and decreasing precipitation frequency.
In 2017 (July and October) and 2018 (July and October), the same precipitation frequency (F) with
increased precipitation (W+) increased plant height by 12.50%, 59.01%, 55.42%, and 71.93%, respectively.
With the same amount of precipitation (W−, W, and W+), the difference in plant height was not
significant at the two precipitation frequencies (F and F−) (P > 0.05, Figure 4).

Table 2. (F−values) based on two-way ANOVA of the impacts of precipitation amount and precipitation
frequency on the indexes of R. soongarica seedlings.

Source of variation Precipitation (W) Precipitation
frequency (F)

Precipitation
(W)×frequency (F)

Plant height 29.669 (0.0000) *** 2.646 (0.1298) 0.179 (0.8386)
Basal diameter 1.286 (0.3119) 0.278 (0.6075) 0.019 (0.9812)

Main root length 3.730 (0.0550) 0.069 (0.7974) 0.041 (0.9600)
Above-ground biomass 14.267 (0.0007) *** 2.746 (0.1234) 0.010 (0.9897)
below−ground biomass 10.358 (0.0024) ** 0.012 (0.9154) 0.100 (0.9054)

Total biomass 13.157 (0.0009) *** 0.861 (0.3717) 0.010 (0.9896)
Root/shoot ratio 1.371 (0.2909) 14.135 (0.0027) ** 1.588 (0.2444)

Main root length/Plant
height ratio (RHR) 134.23 (0.0000) *** 2.562 (0.1354) 0.876 (0.4416)

Above-ground radial
density (ARD) 10.516 (0.0023) ** 0.925 (.03551) 0.250 (0.7825)

below−ground radial
density (BRD) 92.207 (0.0000) *** 1.069 (0.3216) 0.055 (0.9470)

Note: The different levels of probability considered are ***P < 0.001, ** P < 0.01, * P < 0.05. W, precipitation;
F, precipitation frequency. Replicate number = 3.
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Figure 4. Dynamics of plant height of R. soongarica seedlings with different precipitation patterns
from 2017 to 2018. For all plots, different lowercase letters are significantly different (P < 0.05) based
on single-factor analysis of variance (ANOVA) with the same precipitation frequency. Bars indicate
standard errors, n = 3.

3.2. Impact of Precipitation Pattern Changes on Above-Ground and Below−Ground Biomass and Total
Biomass Accumulation

The impact of precipitation on the accumulation of above-ground, below−ground, and total
biomass was significantly different (P < 0.01, Table 2). At both precipitation frequencies, above-ground
and below−ground biomass and total biomass increased at W+ (Figure 5a–c). When the precipitation
increased by 30% (W+) and the frequency of precipitation was three times a month (F−), the above-
ground biomass and total biomass were the highest (Figure 5a,c). At the same precipitation frequency (F),
an increase in precipitation (W+) promoted the accumulation of above-ground biomass, which increased
by 94.59%, 101.38%, 54.93%, and 71.95%, respectively, during the growing season. The impact of
increased precipitation (W+) on below−ground biomass was only significant in the growth of seedlings
in July 2017 and October 2018 (P < 0.01, Figure 5), which were 108.04% and 68.53%, respectively, and the
other growth periods were not significant ( P > 0.05, Figure 5). The same amount of precipitation (W)
with a reduction in precipitation frequency (F−) had a significant difference in seedling above-ground
biomass with an increase of 33.06% in July 2018. There were no significant differences in other growth
stages (P > 0.05). Changes in precipitation amount and precipitation frequency had significant impacts
on the total biomass of R. soongarica seedlings; the trends were the same as those for the above-ground
biomass. There was no significant difference in the impact of precipitation reduction (W−) on the
below−ground biomass at the two frequencies (F and F−) (P > 0.05).

3.3. Impact of Precipitation Pattern Changes on The Root/Shoot Ratio

There was a significant difference in the impact of precipitation increasing on root/shoot ratio
(P < 0.05) in October 2017 and July 2018, which decreased by 34.77% and 36.89%, respectively.
There were not significant (P > 0.05, Table 2 and Figure 6) in other periods. While, there was not
significantly different in the impact of precipitation decreasing on root/shoot ratio (P > 0.05) (except
for July 2017). W+F treatmen decreased by 34.77% in October 2017 and W+F treatmen decreased
by 36.89% in July 2018, respectively. The effect of precipitation frequency on root/shoot ratio was
significantly different (P < 0.01, Table 2). Decrease in precipitation frequency (F−), W−F− treatment
decreased by 60.15% in July 2017. W−F− treatment decreased by 24.60%, WF− treatment decreased by
26.47%, W+F− treatment decreased by 28.55% in October 2017, W+F− treatment increased by 28.57%
in July 2018, and WF− treatment decreased by 31.75% in October 2018, respectively.
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Figure 5. Dynamics of above-ground biomass (a), below−ground biomass (b) and total biomass (c)
of R. soongarica seedlings with different precipitation patterns from 2017 to 2018. Different lowercase
letters are significantly different (P < 0.05) based on single-factor analysis of variance (ANOVA) with
the same precipitation frequency. Bars indicate standard errors, n = 3.
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3.4. Impact of Precipitation Pattern Changes on the Root/Height Ratio

The impact of precipitation change on the root-to-height ratio is extremely significant (P < 0.001,
Table 2 and Figure 7). From October 2017, the root-to-height ratio stabilized under various precipitation
treatments. The main root/height ratio (RHR) was 5.435–6.639 under W− treatment, 2.750–3.694 under
W treatment, and 1.676–2.439 under W+ treatment. When precipitation frequency (F) was constant,
with an increase in precipitation (W+), seedling growth in July and October 2017 was not significantly
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different (P > 0.05), but it was significantly different in July and October 2018 (P < 0.05), decreasing by
37.96% and 50.01%, respectively. When the precipitation decreased (W−), the root/height ratio showed
significant differences in each period (P < 0.001), increasing by 67.44%, 79.70%, 42.78%, and 74.80%,
respectively. When the amount of precipitation was constant (W) with decreasing precipitation
frequency (F−), the growth stage of the seedlings was not significantly different (P > 0.05).Sustainability 2020, 12, x FOR PEER REVIEW 9 of 16 
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3.5. Impact of Changes in Precipitation Patterns on Above-Ground Radial Density and Below−Ground
Radial Density

The impact of precipitation changes on the above-ground and below−ground radial density was
significantly different (P < 0.01, Table 2). The overall above-ground radial density showed an increase
when precipitation increased in July and October 2017, but the difference was not significant in July 2018.
The density increased when precipitation decreased in October 2018. When precipitation frequency (F)
was constant, an increase of precipitation (W+) caused a significant difference in above-ground radial
density in July and October 2017 (P < 0.001, Figure 8a), increasing by 72.96% and 26.64%, respectively.
The difference between July and October was not significant (P > 0.05, Figure 8a). When precipitation
decreased (W−), the above-ground radial density was significantly different in October 2018 (P < 0.001,
Figure 8a), showing an increase of 74.80%.

When precipitation frequency (F) was constant, an increase in precipitation (W+) had a significant
effect on the below−ground radial density of seedlings between July 2017 and October 2018 (P < 0.01),
which increased by 82.51% and 93.12%, respectively. When precipitation decreased (W−), the differences
in the below−ground radial density of seedlings between July and October 2017 and July 2018 were
significant (P < 0.01, Figure 8b), which increased by 67.36%, and decreased by 45.65% and 24.28%,
respectively. When precipitation was constant (W), a decrease in precipitation frequency (F−) had a
significant effect on below−ground radial density in July 2018 (P < 0.01, Figure 8b), with an increase of
23.18%, and no significant difference at other times (P > 0.05, Figure 8b).

3.6. Abstract Morphological Figure of The Impact of Different Precipitation Patterns on the Growth of R.
Soongarica Seedlings

When the precipitation increased by 30%, the plant height, aboveground biomass, and below−
ground radial density (BRD) increased, and the root system was relatively thicker and shorter. However,
when the precipitation decreased by 30%, the plant height, above-ground biomass, and below−ground
radial density (BRD) decreased, and the whole root system was relatively thinner and longer.
The maximum above-ground biomass was obtained in W+F− treatment (Figure 9).
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4. Discussion 

Figure 9. Abstract morphological figure of the impacts of different precipitation patterns on the growth
of R. soongarica seedlings from 2017 to 2018. The radial density is expressed by the width of the line.
The above-ground biomass is expressed by the rectangular area of the line width and height. The scale
on the figure is only meaningful for the line width (radial density) and has no constraint on the plant
height and the main root length.



Sustainability 2020, 12, 2439 11 of 16

4. Discussion

Climate change has changed the existing precipitation pattern and had a profound impact on
ecosystems, especially in arid and semi-arid ecosystems where precipitation resources are scarce.
The distribution of plant biomass in various organs can reflect the plant’s adaptability to the environment
and its growth strategy. The response of plants to changes in precipitation amount and frequency
affects the future of desert ecosystems and regional sustainable development.

4.1. Impact of Precipitation on the Growth of R. Soongarica Seedlings

In desert ecosystems, water is a key factor for plant growth and survival [24]. Plant growth and
development are the results of a combination of genetic factors and environmental conditions [25]. It is
generally accepted that increased precipitation has a significant positive impact on plant growth in
research on responses to increasing precipitation [26]. This study found that the increase of 30% in
precipitation significantly increased the plant height, above-ground biomass, and total biomass of R.
soongarica. This result is similar to that of Duan et al. and Shan et al. [18,20]. However, some studies
have suggested that increasing precipitation does not significantly promote the growth of desert
plants [10]. The results of this study are different from those of Sun [10], indicating that the R. soongarica
seedlings are more sensitive to ecosystem disturbance than adults, especially in plant height. Rapid
height growth in this species may have low net costs (and thus a high internal use efficiency) and
would seem to favor minimizing allocation to lateral branches during juvenile stages. Li and Zhao [27]
concluded that with an increase in precipitation, the plant height of R. soongarica seedlings decreased
significantly, and the change in precipitation did not significantly affect their biomass and biomass
allocation. This is different from the results of this study possibly because the precipitation and research
objects of the two experimental settings are different. Li and Zhao [27] studied the seedlings that only
grow for 20 days and the irrigation amount was 0.49−1.96 mm·d−1, so that the water basically cannot
effectively infiltrate. Our results are different because we studied 1-year and 2-year-old seedlings and
had a higher irrigation frequency. There is a positive relationship between disturbance size or intensity
and the availability of resources for plant growth. Whole plant growth should be strongly influenced
by the factors such as the uptake of water and nutrients, the interception of light, and the allocation of
carbon to the maintenance of roots and shoots.

This research found that the impact of precipitation changes on the R. soongarica below−ground
biomass is different from the above-ground biomass. When precipitation is sufficient, water promotes
the synthesis and transportation of auxin, which results in increased plant height, increased biomass,
inhibited growth of the main roots below−ground, vigorous growth of lateral roots, and increased
biomass. In the absence of precipitation, inhibition of auxin synthesis and transportation will slow
plant growth, decrease above-ground biomass, cause vigorous growth of the main roots, and increase
the below−ground biomass. Desert plants show different response strategies to different water
conditions [28]. As a result of natural selection, physiological activities such as the distribution of plant
roots in the arid zone have reached the level of maximum use of precipitation [29].

Studies have shown that both an increase and decrease in precipitation contribute to the
below−ground biomass accumulation of desert plants [6]. This study found that the increase and
decrease of precipitation in July 2017 (2 months of seedling growth) promoted the growth of the
below−ground part (Figure 5). This result supports previous findings. However, the increase and
decrease of water in October 2017 and July 2018 had no significant impact on the growth of the
subsurface, which is basically the same as the result of Shan’s study [20]. The increase in precipitation
in October 2018 significantly promoted the accumulation of below−ground biomass and changed
significantly from previous trends. This may be due to the fact that after rapid growth during the
growing period, the plant has accumulated a large amount of biomass, while the water in October is
relatively rare. Therefore, it is necessary to meet the water demand by inhibiting growth above ground
(even becoming deciduous) and increasing the growth of the main roots in order to achieve a new water
balance. Zhang’s research found that the leaves of R. soongarica seedlings fell off early in the late stage
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of seedling growth (October), it was considered that the seedlings entered the dormant phase early,
shortening the growth period [19]. This may be due to the lack of water, the adaptive mechanism of
falling leaves in R. soongarica seedlings, and reducing evaporation, not necessarily entering the dormant
period early. R. soongarica seedings adapt their resource supply mode by adjusting the changes of the
above-ground parts mainly through the plant height and biomass.

4.2. Impact of Precipitation Frequency on the Growth of R. Soongarica Seedlings

In addition to total precipitation, water availability is also affected by soil characteristics,
the temporal distribution of precipitation, such as the frequency, and the season of events [13].
Disturbance events frequency may be an important characteristic able to influence individuals’ life
cycles, the ecology and distribution of populations and of entire species, the structure and dynamics
of community and of ecological processes [5]. Research has shown that in arid regions, reducing
the frequency of precipitation and decreasing the amount of precipitation show a slight mutual
inhibition [13]. However, the results of this study did not find that there was an interaction between
precipitation amount and frequency of R. soongarica seedling growth (Table 2). During the whole
growing season, the seedling plant height, above-ground biomass, and total biomass increased with
the increase of precipitation. The treatment of decreasing precipitation frequency was slightly larger
than the treatment of constant frequency, but the difference was not significant (Figures 4 and 5).
The maximum plant height, above-ground biomass, and total biomass were obtained when the
precipitation was increased by 30% and the frequency of precipitation was reduced by 50% (lower
frequency, but individual precipitation is larger) (Figures 4 and 5). This shows that reducing the
frequency of precipitation is better than the frequency-invariant treatment, but the impact is slight.
The results are consistent with those of Schneider and Shan [13,20]. Gao et al. [11] believed that
the values of all nutritional and reproductive traits in plants increase with increasing precipitation
frequency. Our study found that the below−ground biomass of R. soongarica seedlings did not differ
significantly at the two frequency levels. This is different from the results of Gao et al. [11], which may
be because of different adaptation strategies. Gao et al.’s research object was one-year-old herbs and
the net growth rates of herbs to an increase in water is different from that of shrubs [9].

4.3. Impact of the Interaction Between Precipitation Amount and Frequency on the Growth of R.
Soongarica Seedlings

A series of complex factors such as precipitation, precipitation frequency, atmospheric evaporation,
and soil structure characteristics control the interaction between precipitation amount and precipitation
frequency to seeding, as well as their impacts on soil moisture content, and plant growth and recovery.
These factors mean that there cannot be a universal law for large-scale precipitation time and plant
water use [30]. Related research has also presented diversity. Some research [31] shows that the
interaction between precipitation amount and precipitation frequency affects the main root length of
(Nitraria spp), seedlings, above-ground biomass of R. soongarica seedlings [19], below−ground biomass,
and total biomass [18]. There is an interaction between growth rates [20]. However, the results of this
research did not find that there was an interaction between precipitation amount and frequency on
R. soongarica seedling growth (Table 2), possibly because of different research objects. The research
objects in this article were 1-year and 2-year-old R. soongarica seedlings, while the previous studies
used 1-year-old R. soongarica seedlings, and even seedlings with a growth period of about 100 days.
There are different growth strategies for different levels of water availability.

4.4. Abstract Morphological Figure of the Impacts of Different Precipitation Patterns on the Growth of R.
Soongarica Seedlings

At present, scholars generally use plane graphics to accurately reflect the change range and trend
of a single indicator, which is convenient for analysis and statistics. However, it is often difficult
for a single indicator to reflect the overall and comprehensive traits of the research object, and it is
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impossible to comprehensively describe the correlation between plant morphological characteristics
and plant growth. This paper introduces three morphological indicators: the main root length/plant
height ratio (RHR), the above-ground radial density (ARD), and the below−ground radial density
(BRD), combined with the plant height and main root length to draw an abstract figure of R. soongarica
(Figure 9). The root/shoot ratio not only reflects the growth and coordination of the crops above and
below the ground, but is also an important indicator of whether the crop can adapt to environmental
factors (such as nutrients and water) [32]. However, the root/shoot ratio has limitations in reflecting
plant morphology and evaluating environmental adaptability. This limitation is reflected in the fact
that the root/shoot ratio can only reflect the distribution and coordination of the above-ground and
below−ground crops from the biomass dimension, but cannot reflect the specific allocation patterns of
above-ground and below−ground biomass. Ratios of dry mass fractions (e.g., root/shoot ratio; RMF)
do not account for the more plastic response of tissue morphology, architecture, and physiology [33].
This is crucial because dry mass fractions can mask shifts in morphology or architecture by remaining
constant [34]. The introduction of root/height ratio ((RHR) main root length to plant height ratio),
above-ground radial density (ARD), and below−ground radial density (BRD) has expanded the research
dimension, and it is possible to study how the plant biomass is distributed from the morphological
dimension. The root system mainly absorbs water and nutrients from the soil for the growth and
development of the entire plant. Current research generally believes that plants often increase the
root/shoot ratio when water is scarce in order to use deep soil water to sustain growth [35]. With
less water, the inhibition of root growth in shallow soils is enhanced, while the promotion in deep
soils increases. The drier, the inhibition and promotion were stronger [36]. This study found that
the root/shoot ratio decreased as precipitation increased overall, the root/shoot ratio did not increase
significantly when water was reduced (except for July 2017) (Figure 6). This is inconsistent with
general research results. However, this study found that the root-to-height ratio of seedlings responded
significantly differently to water changes (Figure 7). The root/height ratio (RHR) increases with
decreasing water content and decreases with increasing water content. This study found that the
increase of precipitation in different periods had different effects on root-to-height ratio, the decrease of
precipitation had no significant difference on root/shoot ratio (P > 0.05), and the decrease of precipitation
frequency had significant difference on root/height ratio (RHR) (P < 0.01, Figure 7). This is inconsistent
with the result of Duan et al. [18] where low rainfall promotes the increase of root/shoot ratio. It may
be because there are differences in the research objects selected by Duan et al. [18]. The growth period
was about 3 months, and the seedlings in the vigorous growth period were selected, while the research
objects selected in this experiment were 1 year and 2 years from July 2017 to October 2018. The water
condition and the performance of each growth stage were also different during this period. In addition,
the root/shoot ratio was affected by multiple factors, and there was different performance in different
growth periods. This study also found that the response of root/height ratio of seedlings to water
changes was very significant (Figure 7). The root height ratio (RHR) increases with decreasing water
content, decreases with increasing water content, and remains relatively stable. This is consistent
with the results of studies by Kage, Xu, and Chen [37–39], where drought-tolerant plants increased
root length/plant height ratio and reduced transpiration resistance to absorb water and adapt to a
water deficit. The experimental data showed that the range of the root/height ratio of W−treatment is
5.435–6.639, W treatment is 2.750–3.694, and W + treatment is 1.676–2.439. This has showed that the
root/height ratio of R. soongarica seedlings is more stable in characterizing the relationship between
water and plant morphology.

Much research has been done on moisture in desert plants [7,20]. However, these research
indicators (such as plant height, biomass, root/shoot ratio, root branch number, specific root length, etc.)
are isolated from each other due to lack of connection, and cannot form a relatively comprehensive
and systematic evaluation system. The introduction of above-ground radial density (ARD) and
below−ground radial density (BRD) expands the traditional research dimension and helps to grasp
and describe the plant morphology as a whole.
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Above-ground radial density is the ratio of above-ground biomass to plant height and characterizes
the general form of above-ground biomass distribution. When the water is sufficient, both the
above-ground and below−ground plant can fully grow. The biomass is accumulated on the ground
with high growth and increased leaves. The biomass accumulation rate is faster than the plant height
growth rate and the above-ground radial density increases. The below−ground biomass accumulation
rate is greater than the main root length growth rate and the below−ground radial density increases.
When the water is insufficient, the growth of the above-ground plant is suppressed and the biomass
is reduced. When the above-ground biomass accumulation rate is less than the plant height growth
rate, the above-ground radial density decreases (the lower part mainly grows and absorbs water
through the main root) and the below−ground biomass accumulates. When the growth rate is less
than the main root, the below−ground radial density decreases and vice versa. This study found
that firstly, above-ground radial density increased then remained constant as precipitation increased,
while above-ground radial density decreased first and then increased with decreasing precipitation.
This indicates that the above-ground bioaccumulation rate is greater than the plant height growth
rate and less than the plant height growth rate as the precipitation increases, while the above-ground
bioaccumulation rate is less than the main root length growth rate and greater than the main root
length growth rate as the precipitation decreases.

Diversity in root morphology has declined sharply; the roots have become thinner across the
sequence of tropical, temperate, and desert biomes, presumably owing to changes in resource supply
caused by seasonally inhospitable abiotic conditions [40]. Comas et al. [34] found that in an environment
with water deficits, small xylem diameters in seminal roots save soil water deep in the soil profile
and capacity for deep root growth, and large xylem diameters in deep roots may also improve root
acquisition of water when ample water at depth is available. The below−ground radial density is
the ratio of the below−ground biomass to the length of the main root, and represents the general
shape of the below−ground unit length biomass distribution. The results of this study found that
when the precipitation increased, the below−ground radial density increased, and the root system
was relatively thicker and shorter, while when the precipitation decreased, the below−ground radial
density decreased, and the overall root system became finer and longer (Figures 8 and 9). This has
enabled them to markedly improve their efficiency of soil exploration per unit of carbon invested and
to reduce their dependence on symbiotic mycorrhizal fungi [40]. This is the same result as Comas
and Ma [34,40]. Some results suggest that root traits have evolved along a spectrum bounded by two
contrasting strategies of root life: an ancestral ‘conservative’ strategy in which plants with thick roots
depend on symbiosis with mycorrhizal fungi for soil resources and a more-derived ‘opportunistic’
strategy in which thin roots enable plants to more efficiently leverage photosynthetic carbon for soil
exploration [40]. The results of this study indicate that the R. soongarica seedlings’ root adaptive
strategy manifests as an obvious ‘opportunistic’ strategy.

5. Conclusions

Our findings suggest that in the context of climate change, the derivation of morphological
traits has been important for preparing plants to colonize new habitats and for the rich generation
of biodiversity within and across biomes; to the degree that a particular set of morphological and
physiological traits will result in high growth efficiency for only a limited range of disturbance sizes or
resource availability. The traits that determine R. soongarica growth appear to be more specialized in
their response to disturbance. R. soongarica seedings adapt their resource supply mode by adjusting
the changes of the above-ground parts mainly through the plant height and biomass and the length
and thickness of the root system of the below−ground part. An improved functional understanding
of morphological traits is critical for comprehending the distribution of plant life, and may help to
predict the risk of species extinction and to conserve biodiversity, and to improve regional sustainable
development capabilities in the face of environmental change.
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