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Abstract: Reduced vegetation cover caused by grassland degradation results in the interception of
solar illuminance significantly decreasing, then leading to an increase in ground temperature, which
has a significant impact on biological growth and regional climate. Based on the field experiment, we
explore the interception of solar illuminance by grasslands with three degrees of degradation and its
effect on the soil temperature. Solar illuminance at various heights and times was measured to obtain
the interception by vegetation, which included reduction by physical shielding and consumption by
the plants’ life activities. Solar illuminance in the subareas sprayed with herbicide was merely reduced
by physical shielding, and the difference in solar illuminance interception between normally growing
grasslands and fatal grasslands was used for the plants’ life activities. This method described above
was almost the first to be used for the exploration of the functional allocation of solar illuminance
interception. The percentage of solar illuminance interception was largest in the non-degraded
grassland (80–95% at different times), including a 50–60% reduction on account of physical shielding
and a 20–45% consumption by the grass’s life activities. Light interception by grassland vegetation
directly reduced the grassland temperature. The increment of ground temperature reaches 4–13 ◦C
when a non-degraded grassland turns into a severely degraded grassland.

Keywords: interception of solar illuminance; grassland vegetation; degraded grassland; ground
temperature; physical shielding

1. Introduction

A grassland, as one of the main types of terrestrial ecosystems located between the
humid forest region and arid desert region, is a unique natural landscape in an inland
semiarid and subhumid climate [1]. Grasslands in the world account for 41% of the
global land area (52.5 million square kilometers). Grassland vegetation, as one of the most
widely distributed vegetation types on Earth, is significantly affected by global climate
change [2–7]; however, it also regulates the climate. Monteith reviewed the grassland
microclimate of the United States and summarized a vertical change in microclimate from
the canopy of grassland vegetation to the ground [8–11]. Whitman concluded that grassland
litters increase the soil–water availability and reduce soil temperature. Old et al. discussed
the importance of grassland temperature to microclimate in a study of the true grassland
microclimate of North America [12]. Facelli explored the changes in surface temperature of
burned or mowed grasslands and related causes [13]. Zhou studied the changes in surface
temperature of the burned Songnen meadow steppe, where litters were burned away and
the ground turned grey, changing the albedo of the underlying surface [1]. The average
ground temperature of the burned land was 7 ◦C higher than that of the unburned land
during the period that followed [14].

Grasslands in China cover an area of 400 million hectares (more than 40% of the land
area), making it the third largest grassland country in the world. Compared with the
Qinghai–Tibetan alpine steppe and southern grasslands, the northern temperate grassland
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covering the largest area of about 167 million hectares is the main part of China’s natural
grasslands. It is the production base of China’s traditional animal husbandry, running
from Heilongjiang in the east to Xinjiang in the west, distributed in a northeast–southwest
zonation between the northwestern desert and southeastern agricultural region in western
and northern China. However, recent decades have witnessed serious land reclamation in
China, including 199,000 hectares of Hulunbuir grassland alone. This excessive reclamation
has led to an extensive degradation of grasslands [15–17]. Due to human factors such as
overgrazing [3,18] and heavy mowing and natural factors such as long-term drought, wind
erosion, water erosion, sandstorm, and rodent and insect pests, nearly 140 million hectares
or 50.24% of grasslands have been degraded in this region. Grassland degradation is a
widespread concern of society and government [19] and has been extensively studied by
some scientists [20–22]. Studies have shown that vegetation becomes low and sparse, its
coverage decreases, biodiversity is reduced, dominant species change, grassland produc-
tivity declines, and grazing capacity is reduced on degraded grassland. In addition to
vegetation, grassland degradation also has an impact on climate [20]. Degraded grassland
suffers serious water and soil losses, arid climate, and soil desertification and saliniza-
tion. Grassland degradation reduces vegetation coverage and ground litters, leading to
the change of land cover [23,24]. The vegetation of degraded grasslands becomes low
and sparse, and the ground is covered by fewer litters, which directly change the ground
albedo [25] and the ground heat balance, thus affecting soil and air temperatures [26].

Studies on the Songnen grassland have shown that the maximum soil temperature
changes dramatically, while the minimum does not vary significantly and the average
temperature in the growing season remains 3–4 ◦C higher for degraded grasslands (at 5 cm)
compared with non-degraded grasslands [27]. Grassland degradation causes an increase
in the average temperature, with a more significant effect on increasing the maximum
daytime temperature than the minimum nighttime temperature [28]. With the grassland
vegetation degradation, the day-and-night temperature difference further increases, and the
larger increase in the maximum daytime temperature has a negative impact on grassland
vegetation and further aggravates its degradation [29]. Grassland degradation has a greater
effect on the increase of ground temperature than that of air temperature, and its effects
on the maximum and minimum ground temperatures in different layers are different.
However, the greater effect of grassland degradation on the increase in ground temperature
than air temperature causes increased difference between these temperatures [21].

The vegetation in degraded grasslands is sparse and ground albedo increases, causing
a decrease in the radiation reaching the ground [21]. However, with the reduction of
vegetation coverage, the energy stored and consumed by vegetation is reduced and directly
reaches the ground and enters the nearby atmosphere, thus changing the ground and air
temperatures. Under such complex changes, quantifying a series of changes in the ground
and vegetation heat balance induced by grassland degradation will be of significance to
the regional ecological effect and actual production practice.

Grassland degradation has a great influence on soil temperature; hence, this study
aims to quantify a series of changes in ground and vegetation heat balance induced by
grassland degradation that could be of significance to the regional ecological effect and
actual production practice. The associated science questions are: (1) the interception of solar
illuminance by vegetation in three types of grasslands, specifically including the vertical
decomposition and function distribution of the interception of solar illuminance, (2) the
effect of the interception of solar illuminance by vegetation on soil temperature in three
types of grasslands, and (3) how the direct change (increment) of ground temperature is
caused by grassland degradation.

2. Materials and Methods
2.1. Study Site

This study was conducted at the Changling Ecological Research Station for Grassland
Farming, Northeast Institute of Geology and Agroecology, Chinese Academy of Sciences
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(123◦31′ E, 44◦33′ N; 145 m), which is located on the Songnen Plain in Northeast China
(Figure 1). The region is mainly plains covered by the zonate dunes, the zonal soil of
chernozems, and the main vegetation type is Leymus chinensis meadow. It has a continental
monsoon climate, with an average annual temperature of 4.9 ◦C and an average annual
precipitation of 428 mm, 70% of which is mostly during June to September.
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Figure 1. Geographical location of Songnen Plain and distribution of Changling Ecological Research
Station.

2.2. Experimental Design

As shown in Figure 2, a non-degraded sample plot was selected outside the long-term
experimental Leymus chinensis grassland (Figure 3) for the study on temperature increase
of degraded grasslands, which was surrounded by a fence. Seven subareas were arranged
in the sample plot, each covering an area of 1× 1 m2, with an interval of 0.5 m between each
two subareas to ensure that there was no interaction between subsequent experimental
treatments. Three types of grasslands were simulated by controlling the spacing and
height of plants, including two non-degraded grasslands at a height of about 80 cm, two
severely degraded grasslands at a height of about 30 cm, two mildly degraded grasslands
at a height of about 10 cm, and one bare land. Leaf area indices (LAIs) of non-degraded
grasslands and degraded grasslands were measured before the experiment. Experimental
subareas were named No. 1 Subarea to No. 7 Subarea from left to right. The grass in No. 2
Subarea (non-degraded grassland), No. 4 Subarea (degraded grassland), and No. 6 Subarea
(mildly degraded grassland) was sprayed with herbicide while remaining upright. After
3 days of complete fatality, the grass was sprayed with green paint to ensure that it had the
same physical shielding effect as the normally growing grass (there are different effects of
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vegetation on light refraction between fatal yellow grass and the normally growing green
grass), ensuring that herbicide and paint do not touch the adjacent subareas and the ground
(Figure 2). The total seven subareas were observed for three days on sunny and calm days
with no rain. Indicators, including the solar illuminance and temperature at each layer
of the grasslands, were measured at 9:00, 13:00, and 17:00; moreover, each measurement
was rapidly repeated three times. After the experiment, samples were taken and weighed
to obtain the biomass of each layer. The planned measurement indicators are shown in
Table 1. The measurements were rapidly repeated three times a day for three days and
averages were taken.
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Table 1. Schedule prepared for measurement indicators. NA = not available.

Indicators Layer No. 1
Subarea

No. 2
Subarea

No. 3
Subarea

No. 4
Subarea

No. 5
Subarea

No. 6
Subarea

No. 7
Subarea

Illuminance
(LUX)

0 cm

10 cm NA NA NA

20 cm NA NA NA

30 cm NA NA NA NA NA

40 cm NA NA NA NA NA

60 cm NA NA NA NA NA

80 cm NA NA NA NA NA

Temperature
(°C)

0 cm

10 cm NA NA NA

20 cm NA NA NA

30 cm NA NA NA NA NA

40 cm NA NA NA NA NA

60 cm NA NA NA NA NA

80 cm NA NA NA NA NA

Biomass
(g)

0 cm

10 cm NA NA NA

20 cm NA NA NA

30 cm NA NA NA NA NA

40 cm NA NA NA NA NA

60 cm NA NA NA NA NA

80 cm NA NA NA NA NA

2.3. Measurement and Sampling

The experiment was conducted on 20 August 2016, and the solar illuminance and tempera-
ture at each layer of the grasslands were measured at 9:00, 13:00, and 17:00. Solar illuminance
was measured using Aploe illuminance meter, and temperature was measured using Aploe
temperature meter. Measurements were taken from the canopy to the ground in each of the
seven subareas and were rapidly repeated three times. The above steps were repeated on 21 and
22 August, and the measured values were recorded according to the indicator measurement in
Table 1. After the last measurement, grass in the subareas was collected by layers according to
the measurement table, sealed in pre-weighed envelopes, marked, dried at 65 ◦C in laboratory
for 48 h, and then weighed and dry weights were recorded.

2.4. Data Analysis

The nine repeats of all measurement indicators were averaged. Three repeats in one
day were to avoid the error caused by the non-synchronous measurement time, and three
days of repeats were to avoid the particularities of individual weather conditions. Results
were calculated according to the measurements of solar illuminance of No. 1 Subarea,
No. 3 Subarea, and No. 5 Subarea.

For non-degraded grasslands, Li-j cm = Li cm–Lj cm, PLi-j cm = Li-j cm/L0 cm, where
i-j cm represents each layer, and i represents the location of bottom of the layer (0, 20, 40, and
60, respectively); j represents the location of top of the layer (20, 40, 60, and 80, respectively).
Li cm and Lj cm represent the solar illuminance at the bottom and top of the layer, respectively,
Li-j cm represents the amount of solar illuminance intercepted by vegetation at this layer, and
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PLi-j cm represents the percentage of solar illuminance intercepted at i-j cm layer in the total
illuminance received at the top of grass canopy (L0 cm).

For degraded grassland, Li-j cm = Li cm–Lj cm, PLi-j cm = Li-j cm/L0 cm, where i-j cm
represents each layer, and i represents the location of bottom of the layer (0, 10, and 20,
respectively); j represents the location of top of the layer (10, 20, and 30, respectively). Li cm
and Lj cm represent the solar illuminance at the top and bottom of the layer, respectively,
Li-j cm represents the amount of solar illuminance intercepted by vegetation at this layer,
and PLi-j cm represents the percentage of illuminance intercepted at i-j cm layer in total
illuminance received at the top of grass canopy (L0 cm).

Severely degraded grassland has only the 0–10 cm layer, and L0–10 cm = L0 cm–L10 cm,
PL0–10 cm = L0–10 cm/L0.

Solar illuminance interception amount at each layer was calculated according to
the measurement of illuminance at No. 2 Subarea, No. 4 Subarea, and No. 6 Sub-
area by the above method, and the illuminance loss by physical shielding was obtained:
L’i-j cm = L’i cm–L’ j cm, PL’i-j cm = L’i-j cm/L’0 cm (L’0 cm = L0 cm). PL’i-j cm means the
percentage of solar illuminance intercepted at i-j cm layer in the total illuminance received
at the top of grass canopy (L’0 cm), namely percentage of illuminance loss by physical
shielding accounts for total illuminance received at the top of vegetation canopy at i-j cm
layer in corresponding No. 1 Subarea, No. 3 Subarea, and No. 5 Subarea.

Then, the solar illuminance loss by life activities at i-j cm layer was obtained:
Di-j cm = L’i-j cm–Li-j cm. The percentage of solar illuminance consumed by life activi-
ties at i-j cm layer in the total solar illuminance received at the top of vegetation canopy
was: PDi-j cm = P’Li-j cm–PLi-j cm.

Mean of measured temperature data was compared using Duncan’s t-test, and corre-
lation analysis was performed on the result and the obtained solar illuminance data with
statistical significance level set to p = 0.05. All data were analyzed using SAS8.0 software.

3. Results
3.1. Interception of Solar Illuminance by Vegetation in Three Types of Grasslands
3.1.1. Vertical Decomposition of Interception of Solar Illuminance by Vegetation

As shown in Figure 4, the leaf area indices (LAI) of the non-degraded grassland, mildly
degraded grassland, severely degraded grassland, and bare land in the study subareas
were 2.1, 1.29, 0.7, and 0, respectively.
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The biomass at each layer of the non-degraded grassland, mildly degraded grassland,
and severely degraded grassland in the study subareas is shown in Figure 5. Results
showed that there was a significant difference in the total biomass of the different degraded
grasslands (sum of the biomass at each layer), of which the total biomass of the non-
degraded grassland was 292 g/m2, the total biomass of the mildly degraded grassland
was 150 g/m2 (about 50% of that of non-degraded grassland), and the total biomass of
the severely degraded grassland was 80 g/m2 (approximate to 50% of that of the mildly
degraded grassland). The biomass at the top of the grassland vegetation was lower than
that at the bottom, and the difference was significant. The vertically distributed biomass
of the non-degraded grassland tapered off from the bottom up, of which the biomass was
93 g/m2 at the 0–20 cm layer, 82 g/m2 at the 20–40 cm layer, 72 g/m2 at the 40–60 cm layer,
and 45 g/m2 at the 60–80 cm layer, suggesting that the reduction of biomass at the top
increased. For the mildly degraded grassland, the biomass was 61 g/m2 at the 0–10 cm
layer, 55 g/m2 at the 10–20 cm layer, and 34 g/m2 at the 20–30 cm layer, suggesting that the
biomass changed slightly more than that of the non-degraded grassland. For the severely
degraded grassland, the biomass at the 0–10 cm layer was 80 g/m2, which was higher than
a third of the biomass at the 0–10 cm layer of the mildly degraded grassland. Different
vertical distributions of the biomass of grasslands lead to different interceptions of solar
illuminance at each layer.
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Figure 5. Biomass at each layer of grasslands with different degradation degrees. The numbers in
the towers represent the biomass of each layer. N grassland represents non-degraded grassland; M
grassland represents mildly degraded grassland; S grassland represents severely degraded grassland.

Radiation loss from the canopy of grassland vegetation to the ground varied with
vegetation degradation degree. More severely degraded grasslands had less interception.
As shown in Table 2, grasslands received the same solar radiation at the same time, while
at different times, the solar illuminance measured was sorted by 13:00 (2600 molm−2s−1)
> 9:00 (about 1000 molm−2s−1) > 17:00 (about 600 molm−2s−1). In addition to subareas
sprayed with herbicide, the illuminance received at the top of the vegetation was similar
to that received by normally growing grasslands not sprayed with herbicide, which also
verified the feasibility of the measurement method in this experiment.
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Table 2. Solar illuminance loss of normally growing grasslands (G) and grasslands sprayed with
herbicide (F) (molm−2s−1).

Types Layer 9:00 13:00 17:00

Top 80 cm (molm−2s−1) 952 2664 617

Treatments G F G F G F

Non-degraded grassland

60–80 cm 323 218 1108 424 167 60
40–60 cm 162 104 579 421 252 142
20–40 cm 92 71 300 258 122 97
0–20 cm 188 169 349 286 50 32

Mildly degraded grassland
20–30 cm 106 66 703 497 163 116
10–20 cm 208 164 410 327 174 166
0–10 cm 183 117 539 415 99 86

Severely degraded grassland 0–10 cm 90 75 617 463 178 104

At 9:00, percentages of solar illuminance intercepted by non-degraded grassland,
mildly degraded grassland, and severely degraded grassland were 80.4%, 51.1%, and 9.5%,
respectively (Figure 6A). The solar illuminance interception amount was the largest at
the top (60–80 cm) of the non-degraded grassland, accounting for 34% of the total solar
illuminance. This was because sunlight entered the thick grass from the air, and the plants
begin to block out the solar illuminance and use it for their life activities at this layer. In
vertical distribution, the solar illuminance was better blocked out at the top of the plants.
Solar illuminance intercepted at the top entered the lower layer; despite a large amount of
solar illuminance intercepted at the top, the biomass at the top (the leaf apex) of the plants
was relatively small, and thus the solar illuminance interception amount at the middle
and upper layers also reached 17%. When the solar illuminance entered the lower layer
(20–40 cm), less than 10% was intercepted, since most of the solar illuminance had been
intercepted at the upper layer. At the bottom of the grass, due to actions such as respiration
of roots, the plants’ life activities were stronger and more light energy was consumed, and
about 20% of solar illuminance was intercepted. Finally, 19.6% of solar illuminance reached
the ground. The mildly degraded grassland is low and sparse with the top of 20–30 cm
layer, so the solar illuminance could mostly be blocked out at the middle (10–20 cm) and
lower (0–10 cm) layers, where the life activities of plants were stronger, and thus more light
energy was consumed (20.8 and 19.2%, respectively); finally, 48.9% of solar illuminance
reached the surface. The solar illuminance interception amount of the severely degraded
grassland was 9.5%.

At 13:00, the percentages of solar illuminance intercepted by the non-degraded grassland,
mildly degraded grassland, and severely degraded grassland were 87.7%, 62%, and 23.2%,
respectively (Figure 6B). Similar to that at 9:00, the solar illuminance interception amount of the
non-degraded grassland at 13:00 was the largest at the top (60–80 cm), accounting for 41.6%
of the solar illuminance received at the top of vegetation, which was higher than that at 9:00.
This was because sunlight entered the canopy at about 90 degrees in the vertical direction, and
the plants could block out the sunlight better than that from the east in the morning. The solar
illuminance interception at the 40–60 cm layer and 20–40 cm layer reached 21.7% and 11.3%,
higher than that at 9:00. The solar illuminance interception amount at the bottom of grass was
13.1% and that reaching the ground was 12.3%. The solar illuminance interception amount of
the mildly degraded grassland at 13:00 was different from that at 9:00; more than 26.4% was
intercepted at the top, 15.4 and 20.2% were intercepted at the middle and bottom layers, and the
remaining 38% reached the ground. The solar illuminance interception amount of the severely
degraded grassland was 23.2%.
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Figure 6. Percentage of solar illuminance interception at each layer of normally growing grasslands
with different degradation degrees at 9:00 (A), 13:00 (B), and 17:00 (C). The numbers in the rectangles
represent the percentages of intercepted solar illuminance in each layer. N grassland represents
non-degraded grassland; M grassland represents mildly degraded grassland; S grassland represents
severely degraded grassland.

At 17:00, the percentages of solar illuminance interception of the non-degraded grass-
land, mildly degraded grassland, and severely degraded grassland were 95.8%, 70.6%, and
28.8%, respectively (Figure 6C). The total percentages of solar illuminance interception of
the different degraded grasslands were all higher than those at 9:00 and 13:00, because
the sun’s rays were weak in the evening and the solar illuminance received at the top of
vegetation was small; when being blocked out and consumed by vegetation, even smaller
illuminance reached the ground. For the non-degraded grassland, the solar illuminance
interception amount was the largest (40.8%) at the middle and upper layers, followed by
the top layer (27.1% of the amount received at the top), the middle and lower layer (19.8%),
and the bottom layer (8.1%), and only 4.2% reached the ground. For the mildly degraded
grassland, the solar illuminance interception amount was higher at the upper and middle
layers (26.4 and 16%, respectively), and the remaining 29.4% reached the ground. The solar
illuminance interception amount of the severely degraded grassland was 28.8%.

Further analysis on the measurements of the three subareas sprayed with herbicide
(Table 2) showed that at 9:00 the percentages of solar illuminance interception of the non-
degraded grassland, mildly degraded grassland, and severely degraded grassland were
57.6%, 36.4%, and 7.8%, respectively (Figure 7A). For the non-degraded grassland, the solar
illuminance interception amount was largest at the 40–60 cm layer (22.9%), followed by
the bottom layer (17.8%), and then the top and 20–40 cm layers, resulting in 42.4% finally
reaching the ground. For the mildly degraded grassland, the solar illuminance interception



Sustainability 2022, 14, 4488 10 of 18

amount was largest at the middle layer (17.2%), followed by the bottom layer (12.3%) and
top layer (6.9%), and the remaining 63.6% reached the ground. The solar illuminance
interception amount of the severely degraded grassland was only 7.8%.
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Figure 7. Percentage of solar illuminance interception at each layer of different degraded grasslands
sprayed with herbicide at 9:00 (A), 13:00 (B), and 17:00 (C). The numbers in the rectangles represent
the percentages of intercepted solar illuminance in each layer. N grassland represents non-degraded
grassland; M grassland represents mildly degraded grassland; S grassland represents severely
degraded grassland.

At 13:00, the percentages of solar illuminance interception of the non-degraded grass-
land, mildly degraded grassland, and severely degraded grassland were 52.1%, 46.6%, and
17.4%, respectively (Figure 7B). The percentages of solar illuminance interception of the
different degraded grasslands were all higher than those at 9:00, except that of the mildly
degraded grassland. For the non-degraded grassland, the solar illuminance interception
amount was the largest at the upper layers (15.9% and 15.8% of the total solar illuminance),
the percentages at lower layers were about two thirds of the data above, and finally, nearly
half of the solar radiation reached the ground. For the mildly degraded grassland, the solar
illuminance interception amount at the upper, middle, and lower layers was about 12–18%
for all, and the remaining roughly 50% reached the ground as well. The solar illuminance
interception amount of the severely degraded grassland was only 17.4%.

At 17:00, the percentages of solar illuminance interception of the non-degraded grassland,
mildly degraded grassland, and severely degraded grassland were 53.6%, 59.6%, and 16.9%,
respectively (Figure 7C). The percentages of solar illuminance interception of the different
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degraded grasslands were all approximately equal those at 13:00, except that of the mildly de-
graded grassland. For the non-degraded grassland, the solar illuminance interception amount
gradually increased from the middle to the sides (bottom and top), and 46.4% reached the
ground. A similar pattern occurred in the mildly degraded grassland. The solar illuminance
interception amount of the severely degraded grassland was only 16.9%.

3.1.2. Function Distribution of Interception of Solar Illuminance by Vegetation in Grassland
The solar illuminance interception by grassland includes the reduction of solar illu-

minance by physical shielding and the consumption of solar illuminance energy by the
plants’ life activities. When grass stops growing, the solar illuminance energy consumed
by life activities reaches zero. Therefore, three subareas (No. 2, No. 4, and No. 6) sprayed
with herbicide were designed in this experiment, where the light energy consumed by the
plants’ life activities was eliminated and, only the solar illuminance reduced by physical
shielding was preserved. The difference between the illuminance intercepted by normally
growing grasslands and that intercepted by grasslands sprayed with herbicide was the part
used for the plants’ life activities.

The solar illuminance at the top of the vegetation was set to 100%. For the differ-
ent degraded grasslands, the solar illuminance received by the vegetation was sorted
by 13:00 > 9:00 > 17:00. At each monitoring time, the percentage of solar illuminance in-
tercepted by the vegetation was sorted by non-degraded grassland > mildly degraded
grassland > severely degraded grassland.

At 9:00, as a whole, the reduction of solar illuminance by physical shielding was more
than twice of the consumption of light energy by the plants’ life activities in each grassland type
below. In the non-degraded grassland, about 80% of the solar illuminance was intercepted,
including 59% by physical shielding and 21.4% by life activities, and the remaining less than
20% was received by the ground. For the mildly degraded grassland, less proportions than
that in the non-degraded grassland were intercepted in total, including 36.4% by physical
shielding and 15.8% by life activities; meanwhile, the remaining (approximately half) top solar
illuminance was received by the ground. Just about one-tenth of the solar illuminance was
intercepted in the severely degraded grassland, including 7.8% by physical shielding and 1.7%
by life activities, and the remaining 90.5% was received by the ground (Figure 8).

At 13:00, on the general trend, the ratio of reduction of the solar illuminance by
physical shielding and the consumption of light energy by the plants’ life activities were
less than that at 9:00 in each grassland type, except for the mildly degraded grassland. There
was a great difference in the function distribution of grasslands with different degradation
degrees, of which the light energy consumed by the life activities accounted for the largest
proportion of the total loss in the non-degraded grassland (Figure 8). In total, 87.7% solar
illuminance was intercepted by the vegetation in the non-degraded grassland, including
52.1% by physical shielding and 35.6% by life activities, and the remaining 12.3% was
received by the ground. In total, 62% was intercepted by the vegetation in the mildly
degraded grassland, including 46.5% by physical shielding and 15.5% by life activities,
and the remaining 38% was received by the ground. Only 23.2% was intercepted by the
vegetation in the severely degraded grassland, including 17.4% by physical shielding and
5.8% by life activities. All three percentages above are higher than that at 9:00 because of
the angle at which the light entered.

At 17:00, in the non-degraded grassland, there was a maximum interception per-
centage (more than 95%) in each of the grassland types and times, and the reduction of
solar illuminance by physical shielding was slightly larger than the plants’ life activities
consumption. With regard to the mildly degraded grassland, the greatest disparity of
effect between physical shielding and life activities occurred in the moderately degraded
grasslands, reaching about 6:1. In the severely degraded grassland, although there was
less than 30% interception at 17:00, it was still greater than that at 9:00 and 13:00 due to the
added consumption of light energy by the plants’ life activities (Figure 8).



Sustainability 2022, 14, 4488 12 of 18Sustainability 2022, 14, x FOR PEER REVIEW 13 of 19 
 

 

 

Figure 8. Function distribution of solar illuminance intercepted by grasslands with different degra-

dation degrees. N grassland represents non-degraded grassland; M grassland represents mildly de-

graded grassland; S grassland represents severely degraded grassland. 

At 17:00, in the non-degraded grassland, there was a maximum interception percent-

age (more than 95%) in each of the grassland types and times, and the reduction of solar 

illuminance by physical shielding was slightly larger than the plants’ life activities con-

sumption. With regard to the mildly degraded grassland, the greatest disparity of effect 

between physical shielding and life activities occurred in the moderately degraded grass-

lands, reaching about 6:1. In the severely degraded grassland, although there was less 

than 30% interception at 17:00, it was still greater than that at 9:00 and 13:00 due to the 

added consumption of light energy by the plants’ life activities (Figure 8). 

3.2. Effect of Interception of Solar Illuminance by Vegetation on Soil Temperature in Three Types 

of Grasslands 

First, the temperature of the bare land was the highest on the ground and gradually 

decreased upward. At 9:00, the temperatures of the bare land were 34.5 °C, 33.9 °C, 33.6 

°C, 30.2 °C, and 29.8 °C on the surface, 20 cm, 40 cm, 60 cm, and 80 cm above the ground, 

respectively (Figure 9). At 13:00, the temperature changed from 39.2 °C on the ground to 

32 °C at the top layer in the bare land. At 17:00, the temperature changed from 35.9 °C to 

Figure 8. Function distribution of solar illuminance intercepted by grasslands with different degra-
dation degrees. N grassland represents non-degraded grassland; M grassland represents mildly
degraded grassland; S grassland represents severely degraded grassland.

3.2. Effect of Interception of Solar Illuminance by Vegetation on Soil Temperature in Three Types
of Grasslands

First, the temperature of the bare land was the highest on the ground and gradually
decreased upward. At 9:00, the temperatures of the bare land were 34.5 ◦C, 33.9 ◦C, 33.6 ◦C,
30.2 ◦C, and 29.8 ◦C on the surface, 20 cm, 40 cm, 60 cm, and 80 cm above the ground,
respectively (Figure 9). At 13:00, the temperature changed from 39.2 ◦C on the ground to
32 ◦C at the top layer in the bare land. At 17:00, the temperature changed from 35.9 ◦C to
23.2 ◦C. The solar illuminance interception by the vegetation in the grassland directly reduced
the grassland temperature. Figure 9 shows that, compared with the bare land, the temperature
of each layer in the different degraded grasslands was reduced to varying degrees.

Temperature reduction was the most significant in the non-degraded grassland, and
the temperature of each layer decreased to varying degrees compared with the bare land,
the temperature on the ground (0 cm) reducing most significantly. For example, at 13:00,
the temperature on the ground of the non-degraded grassland decreased by nearly 10 ◦C
compared with that on the bare land, followed by that at the 20 cm, 40 cm, and 60 cm
layers; this was directly related to the enormous solar illuminance interception (Figure 9).
Temperature reduction of the mildly degraded grassland was less significant than that of
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non-degraded grassland, and the temperature reduction at 13:00 was more inconspicuous
than that at 9:00 and 17:00. Compared with bare land, the temperature reduction on the
ground of the mildly degraded grassland was the most significant, with the temperature
reduced by 7–8 ◦C at 9:00 and 17:00; temperature reduction was the second most significant
at the 10 and 20 cm layers, reaching 3 ◦C (13:00). The temperature reduction of the severely
degraded grassland (with low and sparse vegetation) was similar to the bare land, but the
ground temperature was significantly lower than that of the bare land, with a difference of
2–4 ◦C at different times. This suggests that vegetation cover has a great effect on reducing
the ground temperature.
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Figure 9. Temperature at each layer of grasslands with different degradation degrees at 9:00 (A),
13:00 (B), and 17:00 (C). Bars above the columns represent the standard deviation between 9 replicates.
B land represents bare land; N grassland represents non-degraded grassland; M grassland represents
mildly degraded grassland; S grassland represents severely degraded grassland.

3.3. Increasing Ground Temperatures in Degraded Grasslands

Vegetation cover reduces the amount of solar radiation received by the ground, thus
reducing the ground temperature. Figure 10 shows the correlation between the solar
illuminance and temperature at each layer of the grasslands at different times (9:00, 13:00,
17:00) in a day, including the data of five layers of the non-degraded grassland (0 cm, 20 cm,
40 cm, 60 cm, and 80 cm), four layers of the mildly degraded grassland (0 cm, 10 cm, 20 cm,
and 30 cm), and two layers of the severely degraded grassland (0 and 10 cm) (n = 11).
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Figure 10. Relationship between solar illuminance and grass temperature at different times at 9:00 (A),
13:00 (B), and 17:00 (C).

The correlation between grass temperature and solar illuminance was the closest at
9:00, with a fitting degree of 0.91, followed by that at 13:00 with a fitting degree of 0.65
and that at 17:00 with a fitting degree of 0.60 (Figure 10). From the slope of the fitting
line, the grass temperature changed most obviously with the change of solar illuminance
at 17:00, followed by that at 9:00 and that at 13:00. To sum up, ground temperatures at
different times in a day were related to solar illuminance, proving that the solar illuminance
interception by the grassland vegetation is an important influencing factor for temperature.

The vegetation cover reduced the solar illuminance received by the soil surface. Data
analysis showed that the difference in ground temperature between the non-degraded
grassland and bare land at different times reached 8.2–14.8 ◦C (Table 3). In recent years, se-
rious grassland degradation has induced various ecological problems, including changes in
soil temperature [8]. Fewer solar illuminance interceptions result in increased temperature
of the soil surface. Table 3 shows the evidence that the ground temperature of degraded
grasslands was significantly higher than that of non-degraded grasslands. The differences
in ground temperature between the mildly degraded grassland and non-degraded grass-
land were 2 ◦C (9:00), 4.3 ◦C (13:00), and 6.4 ◦C (17:00), and the differences in ground
temperature between the severely degraded grassland and non-degraded grassland were
4.6 ◦C (9:00), 7.3 ◦C (13:00), and 13.3 ◦C (17:00).
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Table 3. Ground temperatures of normal growing grasslands with different degradation degrees (◦C).

Type 9:00 13:00 17:00

Bare land 34.5 39.2 35.9
Severely degraded grassland 30.9 37.6 34.4
Mildly degraded grassland 28.3 34.6 27.5
Non-degraded grassland 26.3 30.3 21.1

The results demonstrate that the more degeneration of grassland, the higher the
ground temperature, which breaks the balance between the downward transfer of ground
heat and the upward exchange with atmosphere and changes the energy distribution of the
atmosphere–vegetation–soil system.

4. Discussion

The vegetation in degraded grasslands is low and sparse, so ground albedo increases,
which decreases the radiation reaching the underlying surface. However, a study on the
Songnen grassland showed that soil temperature of degraded grasslands rose dramatically
compared with non-degraded grasslands [27]. This is because vegetation as an important
medium layer is often neglected. Vegetation stores and consumes energy. Results of this
study showed that 80–90% of solar illuminance was intercepted by the non-degraded
grassland, of which most of the solar radiation was intercepted by vegetation with only a
small part reaching the ground. Therefore, the temperature of the soil surface covered with
vegetation was significantly lower than that of the bare land receiving the solar radiation
directly. After grassland degradation, solar illuminance interception is reduced and light
reaches the ground, leading to high ground temperature, which explains the temperature
rise of the degraded grassland.

In this study, the solar illuminance and temperature of each layer of grasslands were
contrasted in different degrees of grassland degradation. The degree of grassland degra-
dation represents the discrepancy of vegetation coverage, leading to a distinct ability to
intercept solar illuminance. Despite the canopy height of the severely degraded grassland
in the experiment arrangement only being 10 cm (with sparse), its ground temperature
was still 2–4 ◦C below that of bare land, demonstrating that the presence or absence of
vegetation cover has a crucial influence on ground temperature. Ground temperature
is extremely sensitive to vegetation coverage and its variation caused by physiological
processes and regional ecological environment.

The solar illuminance interception by grassland vegetation includes the reduction of
solar illuminance by physical shielding and the consumption of solar energy by the plants’
life activities. Once grassland vegetation stops growing, light energy consumed by its life
activities reaches zero. In this experiment, the solar illuminance in the subareas sprayed
with herbicide was merely reduced by physical shielding, and the difference in solar
illuminance interception between the normally growing grasslands and fatal grasslands
was used for the plants’ life activities. The above method is almost the first exploration of
the functional allocation of solar illuminance interception in grasslands.

In degraded grasslands, the vegetation coverage decreases and solar illuminance
interception by vegetation weakens. Solar illuminance directly reaches the ground and
the nearby atmosphere, causing the changes in ground and air temperatures. Changes in
the ground temperature directly cause the changes in the downward transfer of energy
and the long-wave radiation from the soil surface to the atmosphere. Therefore, under the
complex energy and temperature changes of a grassland regional climate, discussion on
the heat balance mode and energy distribution of soil, atmosphere, and vegetation will be
of significance to regional climate adjustment and ecological restoration.

This study found that grassland degradation has a greater impact on soil temperature
than above-ground temperature, that is, air temperature, indicating that ground temperature
is a more sensitive meteorological factor than air temperature in grassland ecosystems; at the
same time, soil serves as the root system of vegetation, which has an important impact on



Sustainability 2022, 14, 4488 16 of 18

plant growth, reproduction, overwintering, and other life activities, so ground temperature
can be used as an important indicator for studying grassland ecosystems and evaluating their
ecological value. This study can be used as the basis for large-scale spatial pattern research to
guide production practices [4,18,30]. Research needs to strengthen the application of spatial
information such as remote sensing and GIS in the future, so as to provide a strong scientific
basis for the restoration and reconstruction of degraded grasslands.

5. Conclusions

This study showed that solar energy is lost from the canopy of vegetation to the soil
surface in grasslands and also varies with the degradation degrees of grasslands. The solar
illuminance received at the top of grassland vegetation at different times in a day was sorted by
13:00 (about 2600 molm−2s−1) > 9:00 (about 1000 molm−2s−1) > 17:00 (about 600 molm−2s−1).
At 9:00, the percentage of the solar illuminance interception in the non-degraded grassland,
mildly degraded grassland, and severely degraded grassland was 80.4%, 51.1%, and 9.5%,
respectively. At 13:00 and 17:00, the order of interception percentage remained non-degraded
grassland > mildly degraded grassland > severely degraded grassland. In terms of time, the
gradient of interception percentage manifested as 17:00 > 13:00 > 9:00. In addition, the solar
illuminance interception by vegetation in grasslands showed that the vertical characteristics
take the data of each layer into consideration.

There are two parts of loss in the process of sunlight reaching the ground: reduction
from blockage by plants (the greater one) and the energy’s participation in life activities.
There was a significant difference in the function distribution of grasslands with differ-
ent degradation degrees. The percentage of the solar illuminance reduced by physical
shielding was sorted by non-degraded grassland > mildly degraded grassland > severely
degraded grassland. For example, at 9:00, 80.4% of the solar illuminance was intercepted
in the non-degraded grassland, including 59% by physical shielding and 21.4% by life
activities, and the remaining 19.6% was received by the ground. The percentage of the solar
illuminance reduced by physical shielding was sorted by 17:00 > 13:00 > 9:00, generally.

The solar illuminance interception of grassland vegetation directly reduced the grass-
land temperature, and the temperature in different degraded grasslands was reduced to
varying degrees, compared with the bare land. The temperature reduction of the non-
degraded grassland was the most significant (nearly 10 degrees higher than that of the bare
land at 0 cm). Regarding time, the temperature reduction at 13:00 was more significant
than that at 9:00 and 17:00. The difference in ground temperature between the mildly
degraded grassland and non-degraded grassland was 2–7 ◦C, and the difference in ground
temperature between the severely degraded grassland and non-degraded grassland was
4–14 ◦C. The severely degraded grassland with low and sparse vegetation was similar
to the bare land, but the ground temperature was still 2–4 ◦C lower than that of the bare
land, suggesting that vegetation cover has an important effect on reducing the ground
temperature. The solar illuminance and temperature showed a statistical correlation (the
maximum correlation coefficient reached 0.91 at 9:00).

In conclusion, grassland degradation has a serious negative impact on the ground
temperature, which breaks the balance between heat’s downward transfer and upward
exchange with the atmosphere and changes the energy distribution of the atmosphere–
vegetation–soil system.
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