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Abstract. Heterogeneity, the most prominent feature of karst ecological conditions, makes the restoration
of areas experiencing Karst Rock Desertification (KRD) difficult. Soil temperature is one of the most
important ecological factors creating KRD, but little research on this topic has been conducted. The
present study was causing to understand whether the exposure of bedrock during the process of KRD
changes the soil temperature of karst microhabitats. Thus, a simulated soil temperature of KRD
microhabitat in different time periods and with varied soil thickness was quantified. The results showed
that bedrock exposure can change soil temperature. The trend varied with soil depth. In the high
temperature period, the exposure of bedrock resulted in heating of soil, but in the low temperature period
the exposure of bedrock resulted in cooling of soil. Both soil depth and bedrock exposure have a
significant effect on soil temperature. However, the influence of bedrock exposure on soil temperature
changed dramatically during different periods.
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Introduction

Human activities and interference can easily degrade a fragile karst ecosystem that
normally degenerates into an area of karst rock desertification (KRD). Ecosystem
restoration has proved difficult in areas of KRD (Peng et al., 2008). Also, one main
feature of karst areas is that they have shallow soil with a limited total amount, a
phenomenon that is exacerbated by KRD. Therefore, KRD results in discontinuous soil
cover, a change in the composition of energy conducting media, and enhanced
heterogeneity. The smallest classification unit of habitat heterogeneity is the
microhabitat level. The earliest classification of karst divided karst microhabitat into six
categories: stony surface, stony gully, stony crevice, stony trough, stony cave, and soil
surface (Zhu, 1993). Other scholars have proposed more categories or new classification
methods (Li, 2002; Yang et al., 2008), but the most widely used classification methods
identify six types of microhabitats. Early scholars paid attention to the distribution of
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karst microhabitats as well as their morphological and spatial characteristics of
microhabitats by comparing soil temperature, soil moisture, and the light environment
of microhabitats (Zhang et al., 1996; Zhu, 2003). Later, scholars paid attention to the
relationship between complex microhabitats and biodiversity (Yu, 2006; Yu et al.,
2007), physical and chemical properties of soil (Tang et al., 2016; Liao et al., 2010,
2012a, b; Liu et al., 2008), and soil ecosystem processes (Hu et al., 2016a, b; Du et al.,
2011; Liao et al., 2013).

Almost no research has been conducted on soil temperatures in karst areas because of
its need for long-term observations and high temporal resolution; this is complicated by
the fact that field conditions are impossible to reproduce, measuring tools are expensive,
and older analytical methods were employed in previous studies (Yu et al., 2011; Yuan,
2015a). However, soil temperature is one of the most important ecological factors; it has
important effects on the soil microbial community, respiration, and enzyme activity
(Yuan et al., 2015b); it will also affect plant metabolic activity. The present study was
established to imitate the characteristics of KRD microhabitat which occur on bare
bedrock with the goals of filling the gap in research related to soil temperatures in the
areas of KRD and discover the effects of KRD on changing ecological factors. The
present study compared areas of the soil surface with KRD on bedrock that was not bare
by conducting research on the features and regular daily changes in soil temperature
under varied meteorological conditions.

Materials and methods

The typical karst microhabitats soil is shallow (Li et al., 2016). According to the field
investigation, it is found that the soil thickness is about 30 cm. To simulate KRD
microhabitat, the present study used man-made devices filled with lime soil and limestone
having a soil thickness of 5, 25, 35, and 45 cm (The sensor of 15 cm was damaged by
water invasion), it was carried out in Guizhou, China. Plants of Pueraria lobata var.
thomsonii were planted in each type of soil, and button thermometers (DS1923, Wdsen
Electronic Technology Co., Ltd.) were buried in these devices (Fig. 1).
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Figure 1. Experimental device, take the soil thickness of 30 cm as an example

Under natural precipitation conditions, soil temperature at different depths was
measured record once per hour. The resulting data that were compared with a natural
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habitat having deep soil and unexposed bedrock. Valid data for 3680 groups data point
collections were recorded from 00:00 on July 13 to 23:00 on December 14, 2017. These
devices and data were represented by codes representing each type of treatment
(Table 1). Data were analyzed and figures were draw using software packages known as
change-point (Killick and Eckley, 2015) and ggplot2 (Wickham, 2016) in R software
(Team, 2019).

The effects of different sites and layers on soil temperature were analyzed by the
method of analysis of variance, and the mean value was tested by t-test. Difference
markers are marked by Tukey’s method.

Table 1. Comparison of the meanings of experimental design codes

Code Mean Code Mean

CK | Experimental control habitat, unexposed bedrock, soil thickness > 1 m T | Air temperature at 1.4 m high
01 KRD habitat, soil thickness is 10 cm A Depth range is 0-10 cm
03 KRD habitat, soil thickness is 30 cm B Depth range is 10-20 cm
04 KRD habitat, soil thickness is 40 cm C Depth range is 20-30 cm
05 KRD habitat, soil thickness is 50 cm D Depth range is 30-40 cm

E Depth range is 40-50 cm

Results

Time series segmentation

The image (Fig. 2) of air and soil temperature time series shows that during the
period from 13 July to 14 December air and soil temperature exhibited a stepwise
decline with different amplitudes of fluctuations. Based on the mean and variance of
change point analysis the change points were obtained for the critical time points of
falling temperatures and the amplitude of the change.
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Figure 2. Time series of air and soil temperatures for sites T, CK, O1, 03, O4, and O5. A, B, C,
D and E are the soil layer, all abbreviations have the same meaning as listed in Table 1
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The results show that the critical time point was 11 October when the temperature
fell and 18 November when the amplitude changes. The two time points were used to
divide the air and soil temperature time series to three periods; these were named based
on the meteorological characteristics of each period (Table 2). The three periods were
the high temperature period (13 July to 11 October), mid-range temperature period (12
October to 18 November), and low temperature period (19 November to 14 December).

Table 2. Meteorological characteristics of three periods

Period Precr:Tl]pr)Tl]t/e(ljtlon Evanqc;:}adtlon toc | RH% - BSOII température OCD .
High 2.4+45.1 3.4+£1.2 25.4+0.1|74.8+0.4 | 24.3+0.1 | 24.2+0.0 | 23.6+0.0 | 23.7+0.0 | 23.2+0.0
Mid-range 1.9+4 1.8+0.9 16.2+0.2 | 77.3+0.6 | 15.7+0.0 | 16.4+0.0 | 16.5+0.0 | 17.4+0.0 | 17.4+0.0
Low 0.6+1.1 0.8+0.5 8.9+0.2 | 80.5+0.6 | 9.8+0.1 | 10.8+0.0|11.3+0.0 | 12.4+0.0 | 12.8+0.0

T: air temperature; RH: relative humidity; high, mid-range, and low temperature periods were 13 July to
11 October, 12 October to 18 November, and 19 November to 14 December, respectively. The codes
for soil depth are provided in Table 1

Each of the three time periods exhibited different climatic conditions. The high
temperature period featured more precipitation and higher evaporation rates. The mid-
range temperature period featured average precipitation, evaporation, and relative
humidity (RH). The low temperature period featured less precipitation, low evaporation
rates, and high humidity. In the entire soil layer from to top to a depth of 40-50 cm, the
soil temperature declined in the high temperature period, and rose in the mid-range and
low temperature periods. The temperature differences between the upper and lower soil
layers was 1.0 °C in high, 1.5 °C in mid-range, and 3.0 °C in the low temperature
periods.

The analysis of variance results (Table 3) showed that temperature of air and every
soil layer were extremely significantly (P <0.001) different in the three time periods.
Based on the F value of layers and sites in different periods, the soil layers caused a
wide variation in temperatures. However, in the high temperature period, the difference
caused by the site (devices with different soil thicknesses) were variable. It was higher
than the effects of soil layers in the high (Judging from the F value) temperature period,
relatively small in the mid-range temperature period and generally high but lower the
lower layers during the low temperature period.

High temperature period

For find the temperature pattern the soil layer and site, and also based on multiple
comparisons using Tukey’s honestly significant difference test (P <0.05), means of
temperature were drawn (Fig. 3) and compared. The trend of soil temperature rose in
the KRD microhabitat experiment but the CK treatment had reduced temperatures
during the high temperature period. In addition, the mean soil temperatures in the O1,
03, 04, and O5 treatments designed to imitate KRD microhabitats were higher than in
the CK treatment.

Differences in air and soil temperature were compared for different soil thicknesses
in the same habitat. For the O1 treatment, the temperature difference between air (T,
25.4 +0.12) and soil layer A (25.05+ 0.1) was insignificant. For the O3 treatment, T
and temperatures of soil layer C (25.1 + 0.04) > soil layer A (24.75 + 0.07), while the
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temperature differences between soil layer B (25.07 + 0.05) and T, soil layers C and A
were insignificant. For the O4 treatment, T, temperatures of soil layers D (25.23 + 0.03),
C (25.23+0.04), and B (25.11+£0.05) > A (24.35+0.08). For the O5 treatment,
temperatures of T and soil layers D (25.6 + 0.04), C (25.28 +0.04) > B (24.84 + 0.05),
A (24.84 = 0.09), the temperature differences of soil layers E (25.17 + 0.03) with C and
B were insignificant. However, the soil temperature of soil layer E was significantly
lower than D; for the CK treatment, T >temperatures of B (24.23+0.04) and A
(24.32 +£0.06) > C (23.62 £ 0.03) and D (23.77 = 0.02) > E (23.18 + 0.02).

Table 3. Analysis of variance of soil layer and sites at the three periods: high, mid-range,
and low temperature periods were 13 July to 11 October, 12 October to 18 November, and
19 November to 14 December, respectively

Df Sumsg. | Mean sq. F value P

Layer 5 10563 2112.66 189.69 | <0.001***
. Site 5 12292 2458.49 220.75 | <0.001***
High temperature i

Residuals 45559 507400 11.14

Total 45569 530256

Layer 5 7697 1539.31 232.294 | <0.001***
. Site 5 454 90.82 13.706 | <0.001***
Mid-range temperature .

Residuals 18847 124891 6.63

Total 18857 133041

Layer 5 10219 2043.84 484.45 | <0.001***

Site 5 6267 1253.48 297.11 | <0.001***
Low temperature i

Residuals 12316 51959 4.22

Total 12326 68446

Differences in air and soil temperatures in different habitats were compared with the
same soil thickness. For soil layer A, T (25.4+0.12) > 05 (24.84+0.09) and O3
(24.75+£0.07) > 04 (24.35+0.08) and CK (24.32 + 0.06). The temperature difference
between habitat O1 (25.05+0.1) with T, O5, and O3 were insignificant. Soil
temperature of O1 treatment was higher than O4 and CK. For soil layer B, T > 05
(24.84 £0.05) > CK (24.23+0.04), the temperature differences between O4
(25.11 £ 0.05) and O3 (25.07 £0.05) with T and O5 were insignificant. The soil
temperatures for the O4 and O3 treatments were higher than those of the CK treatment.
For soil layer C, T, O5 (25.28 £ 0.04), O4 (25.23 +£0.04) and O3 (25.1+0.04) >CK
(23.62 £ 0.03). For soil layer D, O5 (25.6 £0.04) and T >04 (25.23 +£0.03) >CK
(23.77 £ 0.02). For soil layer E, T and O5 (25.17 + 0.03) > CK (23.18 + 0.02).

Mid-range temperature period

Soil temperature rose consistently in the experimental KRD microhabitats and in the
CK treatment during the mid-range temperature period.

Air and soil temperatures were compared in treatments with different soil thicknesses
in the same habitat. For the O1 treatment, T (16.16 +0.19) > A (15.23 + 0.08). For the
O3 treatment, C (16.52 +0.04), T and B (16.14 + 0.05) > A(15.4 = 0.06). For the O4
treatment, D (17.05+0.04) and C (16.63+0.05)>T>A (15.02+0.06). The
temperatures were significantly different between layer B (16.23 +0.05) when
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compared with C and T. The temperature of layer B was lower than that of D and higher
than A. For the O5 treatment, the temperature differences were D (17.02 +0.05) > C
(16.46 + 0.05) > B (15.77 £ 0.06) and A (15.42 +0.06), but temperature differences
between layer E (16.85+0.04) with D and C were insignificant; The temperature
differences between T with C and B were insignificant, The temperature of layer E was
higher than that of B. The air temperature (T) was lower than that of D and higher than
that of A. For the CK treatment, E (17.38+0.04) and D (17.36 £0.04)>C
(16.48 £ 0.03) and B (16.36 +0.04) > A (15.72 + 0.07). The temperature differences of
air T with C, B, and A were insignificant, and air temperature was lower than layer E
and D.
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Figure 3. Temperature features of air and soil in the high, mid-range, and low temperature
periods: 13 July to 11 October, 12 October to 18 November, and 19 November to 14 December,
respectively. T, CK, O1, 03, O4, and O5 are the sites. A, B, C, D and E are the soil layer, all
abbreviations have the same meaning as listed in Table 1

Air and soil temperatures were compared in different habitats with the same soil
thickness. For the layer A treatment, T (16.16 +=0.19) and CK (15.72 +0.07) > O3
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(15.4 +0.06) and O5 (15.42 +0.06) > O1 (15.23 +0.08) > O4 (15.02 + 0.06). For the
layer B treatment, CK (16.36 = 0.04), T and O4 (16.23 + 0.05) > O5 (15.77 + 0.06), but
the temperature differences of O3 with other habitats were insignificant. For the layer C
treatment, O4 (16.63 + 0.05) > T, and the temperature differences of O3 (16.52 + 0.04),
CK (16.48 +0.03) and O5 (16.46 + 0.05) with O4 and T were insignificant. For the
layer D treatment, CK (17.36 + 0.04), O4 (17.05 + 0.04) and O5 (17.02 + 0.05) > T. For
the layer E treatment, CK (17.38 + 0.04) > O5 (16.85+ 0.04) > T.

Low temperature period

The soil temperatures tended to increase in the experimental KRD microhabitats and
increased in the CK treatment during the low temperature period. The difference
between the low and mid-range temperature periods was that soil temperature in the
experimental KRD microhabitats were lower than the CK treatment in the same layer.

Differences in air and soil temperature with different soil thicknesses were compared
in the same habitat. For the O1 treatment, the temperature difference of layer A
(8.76 £0.08) with T (8.87+0.18) was insignificant. For the O3 treatment, C
(9.96 £0.05)>B (9.44+0.06)>T and A (8.62+0.07). For the O4 treatment, D
(10.49 +£0.05) > C (10.01 +0.06) >B (9.49+0.06) > T > A (8.26 + 0.07). For the O5
treatment, E (10.31+0.05) and D (10.26 +0.06) > C (9.55+0.06) > B (8.83 +0.07)
and A (8.41 + 0.08), and the difference in T with layer B was insignificant, while T was
lower than layer C and higher than A. For the CK treatment, E (12.82 +£0.04) and D
(12.44 +£0.04) > C (11.28 +0.04) > B (10.81 +£ 0.04) > A (9.8 = 0.06) > T.

Differences in air and soil temperature with different habitats were compared with
the same soil thickness. For the layer A treatment, CK (9.8 +0.06) > O1
(8.76 +£0.08) > O4 (8.26 +0.07), and differences between O3 (8.62 +0.07) and O5
(8.41 +0.08) with O1 and O4 were insignificant, the temperatures of O3 and O5 were
lower than CK, differences of T (8.87 + 0.18) with O1 and O3 were insignificant, and
the temperature of T (8.87 + 0.18) was lower than CK and higher than O5. For the layer
B treatment, CK (10.81 + 0.04) > 04 (9.49 +0.06) and O3 (9.44+0.06) >T and O5
(8.83 £0.07). For the layer C treatment, CK (11.28 + 0.04) > 04 (10.01 + 0.06) and O3
(9.96 + 0.05) > 05 (9.55 + 0.06) > T. For the layer D treatment, CK (12.44 + 0.04) > 04
(10.49+0.05) >05 (10.26 +0.06)>T. For the layer E treatment, CK
(12.82 £ 0.04) > 05 (10.31 +0.05) > T.

Discussion

The changes in the vertical space feature of soil microhabitats may be caused by
differences in the thermo-physical properties of soil and bedrock that could make a
difference under the same heat release and absorption conditions. In karst areas, the
bedrock was mainly limestone and dolomite which develop into a lime soil type. Here,
we reviewed their thermo-physical properties based on a review of the literature
(Table 4).

Specific heat of soil was calculated according to the formula of Hanks (1992): where
cv=0(0.8374+4.187 6m) kJ-m3-°C? is specific heat of soil, pv is soil density, Gm is
volumetric soil water content. The reference range for soil density is 2.21-2.81 g-cm™

(Lu, 2006). Soil volumetric water content was based on long-term monitoring data (O-
25%).
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When comparing the thermo-physical properties of soil and bedrock, soil has a
greater amount of specific heat, lower thermal conductivity, and slower thermal
diffusivity than bedrock. When the same amount of heat is input to soil and exposed
bedrock, these features would be make the temperature of bedrock increase more
quickly and the thermal energy of bedrock is then transmitted to the bottom more
effectively and faster than in soil. This will cause the soil temperature of KRD
microhabitats to be higher than soil surface, something that does not occur in KRD
microhabitat, unexposed bedrock, and deep soil.

Table 4. Thermo-physical properties of major bedrock and soil types

Specific heat Thermal conductivity | Thermal diffusivity

MJ-m3-°C? Wemt-K1 x10%m2s?t
Range Mean Range Mean Range Mean
Limestone (Lei et al., 2018) 1.298-2.396 | 1.861 | 2.648-5.273 | 3.742 | 0.886-3.442 | 2.031
Dolomite (Lei et al., 2018) 1.497-2.385 | 1.798 | 1.664-6.327 | 4.330 | 0.886-3.442 | 2.481

Lime soil (Zhang, 2007) 1.85-5.29 - 0.2-15 - 0.2-0.5 -

A higher base soil temperature during the high temperature period in the bare
bedrock microhabitats would result in stronger air transfer to roots for plants growing in
these areas. These high temperatures will cost more energy to be used by plants and to
expend more water to maintain their increased metabolic activity. As a result, the higher
temperatures must exacerbate related problems for the plant that limit its ability to
survive. Also, to circumvent this restriction, the plant root may find lower temperature
soil and deeper underground water by increasing the length of the root system, resulting
in a lower root-crown ratio and higher costs.

Conclusions

When bedrock becomes exposed this can change the soil temperature of karst
microhabitat. Bedrock serves for heating karst in summer with high temperature and
relatively greater amounts of precipitation and for cooling in winter with relatively low
temperature and high humidity. Variations in karst microhabitats has a greater influence
during the high temperature period (summer) than the effects of soil depth in the range
of 0 to 50 cm. Variations in karst microhabitats have a significant but smaller than the
effects of soil depth on soil temperature during the mid-range temperature period
(autumn). During the low temperature period, variations in karst microhabitats have a
significant and greater effect but the effect is also lower than the effect of soil depth.
Furthermore, soil temperatures of KRD microhabitats were significantly different in
different seasons.

In the high temperature period, the soil temperatures at the same depth in different
KRD microhabitats were higher than at the soil surface microhabitat. The trends of soil
temperature changing with soil depth were different for different habitats. For soil
surface microhabitat the temperature fell with increasing soil depth, but for the KRD
microhabitats, from 0 to 40 cm, temperatures increased with increasing depth. In natural
soil surface habitat, soil temperature of any depth was lower than air temperature. But in
the KRD microhabitat, the mean difference of soil temperature at a depth of 40 cm with
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air temperature was insignificant. Soil temperature at a depth of 40 cm or so in KRD
microhabitat may have been at the turning point in the trend of soil temperature
changing with depth.

In the mid-range temperature period, the trends of soil temperature changing with
depth were same between the soil surface microhabitat and KRD microhabitat, with
increasing temperature as the depth of soil increased. At the surface (0-10 cm), soil
temperatures of KRD microhabitats were uncommonly lower than air temperature. But
the difference between surface temperature at the soil surface microhabitat with air
temperature was insignificant.

In the low temperature period, the soil temperature at the same depth of different
KRD microhabitats were lower than that of soil surface microhabitat. The trends of soil
temperature changing with soil depth were the same, because temperature increased
with an increase in the depth of soil. At the surface (0-10 cm), soil temperature of KRD
microhabitats was lower than air temperature but soil temperature at the surface was
higher than air temperature.

This study employed a quantifiable and repeatable experimental device and resulted
in an increased level of soil temperature. Future research could also be conducted that is
more in-depth. Such research could be designed to consider factors such as rock
volume, exposed bedrock area, soil water content, and soil water-holding capacity with
a dependent variable of soil temperature to verify the relationships between them. One
could also study characteristics of variation over time and the effects of change.
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