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ABSTRACT

The forest distribution in relation to mountain slope position and the relationships between
forest canopy area and soil physical and chemical properties in Mongolia attract the atten-
tion of scientists. In this study, we aimed to determine (1) how the slope aspect affects the
forest soil physical and chemical properties, (2) how the soil variables correlate with pro-
jected canopy area. For comparative study, we established a total of 18 (20 x 25 m? sized)
sample plots in upper forest edge (UFE), upper slope of the forest (USF), lower slope of the
forest (LSF), lower forest edge (LFE), sparse forest (SF), and degraded forest area (DFA) stand
types with three replications. We measured the tree height, diameter and crown projection
area of each growing tree in the sample plots, and collected soil samples for further soil
physical and chemical analyses in the laboratory. Our results showed a high variation in
growing stock (p < 0.0001), stand density and projected canopy area (p < 0.0001) in relation
to mountain slope position and land-use management. We found that the slight changes in
stand canopy area projection cause a high variation in soil physical and chemical properties.
Among studied stand types higher means of soil temperature and bulk density and lower
moisture content were observed on SF and DFA stand types. Contrary, relatively higher con-
tent of soil moisture and nutrient elements were recorded in USF, LSF, LFE. We conclude
that tree canopy area becomes key determinant factor that positively influences forest soil
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moisture and fertility by increasing organic matter content in Mongolia.

1. Introduction

Soils play an important role in forest formation, product-
ivity and ecosystem sustainability (Bennett and Barton
2018; FAO 2018; Sukhbaatar et al. 2019). Scientists high-
lighted that soil properties are a consequence of past
land-use management and can determine the site quality
in different ecosystems (Kim et al. 2005; Kang et al.
2023). Several studies (Sefidi et al. 2020; Ehbrecht et al.
2021) have emphasized that water availability in forest
soils is one of the main determinant factors of forest
productivity and stand structure. In forested areas, tree
canopies reduce soil moisture loss (Zhang et al. 2018)
and improve soil nutrient status (Vale et al. 2013; Dinca
et al. 2018). Several studies have reported that forest con-
servation and successful forest rehabilitation are the
main tools for mitigating the effects of accelerated global
warming and deforestation worldwide (Brockerhoff et al.

2017; Bennett and Barton 2018; Oral 2020). Continuous
forest degradation and deforestation caused by overex-
ploitation, fires, pests, and climate change have resulted
in soil degradation and reduction in soil water availabil-
ity not only in arid regions (Gichuho et al. 2013; Akbulut
2014; Zhang et al. 2018), but also in humid regions
(Exbrayat et al. 2017). Moreover, high-intensity logging
and clearcutting in Mongolia trigger rapid soil water loss
and lead to soil compaction, especially in the surface
layer (Nemcek-Korenkova and Urik 2012; Sukhbaatar
et al. 2018, 2019). However, Ehbrecht et al. (2021) high-
lighted that the measures of stand structural complexity
are strong predictors of net primary productivity because
the important drivers of forest growth, such as occupied
canopy space connectedness and light absorption, are
accounted for in structural complexity metrics. Recent
studies (Missanjo and Kamanga-Thole 2014; Zhou et al.
2015; Behjou and Mollabashi 2016) have noted that the
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removal of a number of trees and their canopies from a
forest most likely caused high fluctuations in air and soil
temperature as a consequence of increased direct sun-
light and soil water evaporation.

Forests must be managed in ways that maintain
their productive capacity, as well as the nutrient
reserves in the soils, which facilitate biomass accumu-
lation in forest ecosystems (Venterea et al. 2003; Tsui
et al. 2004; Hansson et al. 2020). In temperate forests,
compaction due to timber harvesting has significant
consequences on tree regeneration and forest product-
ivity (Saarsalmi et al. 2010). Soil physical and chemical
properties are important for tree growth and forest
biomass production. Soil bulk density, porosity, and
temperature reflect the soil ability to provide structural
support and facilitate the flow of water, solutes, and
air (Tan et al. 2009; Missanjo and Kamanga-Thole
2014). As a result, water deficit and raised soil tem-
perature eventually lead to the formation of compact
and nutrient-poor soils (Zhou et al. 2015). In semi-
arid environments, changes in forest canopy and
microclimate could create preconditions for forest suc-
cession and shift of the forest into a non-forest area.

The accelerated forest degradation and deforestation
in Central Asia are closely linked to low water avail-
ability and frequent droughts (Gradel et al. 2019;
Sukhbaatar et al. 2021). Mongolia has a relatively low
amount of forest resources, with forests accounting for
only 11.8% of the country’s territory. Boreal forests in
Mongolia mainly grow on north-facing mountain
slopes between 700 and 2500m a.s.l., coinciding with
the seasonal permafrost distribution in the country.
Geographically, these forests belong to the transition
zone between the Great Siberian Taiga forests and the
Central Asian dry steppe and grow under harsh con-
tinental semi-humid and semi-arid climate conditions.

Reason for this study (e.g. the lack of studies on the
effect of canopy area on soil properties, necessity for
determining key factor of soil physicochemical proper-
ties among many variables).

Despite the importance of boreal forests in soil con-
servation and their fertility status in Mongolia, few infor-
mation is available on determining the effect of stand
tree canopy projection area and mountain slope position
on soil physical and chemical properties for consider-
ation of further forest restoration, soil conservation and
water resource management in the study region.

The main objectives of this study were to determine
the following: (1) how slope location affects the phys-
ical and chemical qualities of forest soil; and (2) how
soil factors correspond with projected canopy area.

2. Materials and methods
2.1. Study area

The present study was carried out in natural Betula
platyphylla dominated forests in the Hustai Mountains
(47°43'-47°60'E, 105°51'-106°51’N) of Tuv Province,
Mongolia (Figure 1). These forests are part of the
southernmost limit of boreal forest distribution in
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Mongolia and directly border the dry steppe.
According to the Koppen-Geiger World Climate
Classification Map, in the study area exists a cold
semiarid climate (Bsk). According to climate observa-
tions over the last 10 years, the average air temperature
and precipitation are 0.2°C and 222 mm, respectively,
with precipitation peaking between July and August
(Figure 1). The dry season extends from March to
June in spring, and from August to October in
autumn. The soils in the study area are Mollic umbri-
sols and Kastanozems. Forests growing in the study
area are characterized by high sensitivity to drought
and logging regimes. A total of 451 vascular plants
have been registered in Khustai.

2.2. Sampling design and field measurements

The study was conducted in July 2020. Sample plots
were selected considering the canopy area and their
location on the mountain elevation within the forest
distribution area (1550-1646m a.s.l.). The sampling
design included the upper forest edge (UFE), upper
slope of the forest (USF), lower slope of the forest
(LSF), lower forest edge (LFE), sparse forest (SF), and
degraded forest area (DFA), with the aim of detecting
the different effects of stand density and slope on the
soil physical and chemical properties in the forested
area. A total of 18 sample plots (20 x 25m* sized)
were established using a completely randomized selec-
tion method. The growing conditions of the sampled
stands were similar, and all sample plots were estab-
lished on the north-facing slopes of the mountain at
the elevation range between 1550 and 1620 m a.s.l.

In these plots, stem diameter at breast height
(DBH), height, height up to the lowest live branch,
and distance between trees were measured using a
hypsometer, digital caliper, Vertex IV, and measuring
tape, respectively. To visualize the spatial distribution
of each tree and estimate their canopy projection area,
the crown diameter was measured in four directions
(north, east, south, and west) with measuring tape.
The growing stock was determined based on tree stem
volume estimation for standing trees in the sample
plots (Altrell 2019). Soil samples were taken using soil
auger (Air-Met Scientific) in each of the sample plots
from different soil depths (depending on varying thick-
ness) of each soil horizon in the profiles with five rep-
licates. Soil temperature, moisture were measured
every 4h for 3days using a soil Checktemp® digital
thermometer (Hanna Instruments, Australia), HT5204
moisture meter. Soil pressure was measured once at
the moment of soil sampling using DIK5553 soil hard-
ness meter. The soil samples were placed in labeled
polyethylene bags and stored in a refrigerator at 3°C
during the field survey.

2.3. Laboratory measurements and analyses

The soil samples were oven-dried at 65°C for 24h.
They were then sieved through a 2mm sieve prior to
wet-sieving for homogenization and removal of large
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Figure 1. (a) Maps of Mongolia (upper left) and the study area (upper right) and climate observations over the last 10 years: (b) temperature and

(c) precipitation.

roots and stones (Ma et al. 2023). In the laboratory,
the following chemical properties were analyzed: soil
pH, electrical conductivity, organic matter content, loss
of ignition (LOI), nitrogen dioxide (NO,) concentra-
tion, nitrate (NO;) concentration, exchangeable cation
(CaO and MgO) concentrations, available potassium
(K;0) concentration, and available phosphorus (P,0s)
concentration (Zalamea et al. 2016; Oyuntsetseg et al.
2019). Soil humus and organic matter contents were
determined according to Ivanov et al. (2017) and loss
on ignition method (LOI) (Oyuntsetseg et al. 2019;
Hoogsteen et al. 2015), respectively.

2.4. Statistical analysis

The canopy area (CPA) for each tree was estimated
according to Sukhbaatar et al. (2019)

3.14 x CD?

CPA = (1)

where: CPA is the tree canopy area, CD is the crown
diameter of the individual tree, m is the mathematical
constant pi (equaling 3.14).

Soil moisture content
Equation (2):

was determined using

wet soil (g) — dry soil (g)
X

Soil moisture (%) = 100

dry soil (g)

()
XLSTAT (Addinsoft, France) was used for statistical
analyses. One-way analysis of variance (ANOVA) was

used to evaluate the significant differences among
studied variables for the comparison. The degrees of
freedom (DF), mean squares of error (MSE), sum of
squares, mean squares, F-statistic, and P-value of the F
statistics (Pr>F) were analyzed using one-way
ANOVA. The Duncan’s multiple range test was used
for multiple comparisons of means. In addition,
Pearson’s correlation coefficients were applied to assess
relationships between variables, and principal compo-
nent analysis (PCA) was used for exploratory data ana-
lysis and predictive modeling of crown projection
areas and soil properties.

3. Results

3.1. Comparison of the main stand characteristics
in different stand types

The main characteristics of the sampled stands are
listed in Table 1. Our results showed a high variation
in stand characteristics among stand types (Table 1).
In terms of stand age, all Betula platyphilla stands
belonged to mature classes, ranging from 53 (DFA) to
71 (SF) years of age. Site quality/bonitet class was
determined based on tree age and height. There are
five main stands of quality classes from I to V, where
stands of quality class I are more productive than fol-
lowing classes. The poorest stands belong to class V.
However, stands of quality class Va are more product-
ive than those of class Vb (Table 1).
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Table 1. Stand characteristics of the inventoried birch forests. For each stand variable, the mean and standard deviation are shown in the same
column.

Variables UFE USF LSF LFE SF DFA
Elevation (m) 1629 1646 1525 1588 1508 1550
Slope (°C) 10 10 8 9 9 6

Age (year) 55 62 68 57 71 53
Height (m) 7.53+1.13° 7.45 +2.15¢ 8.50+2.912 867 +2.57° 6.48 +2.35 ¢ 7.40 +2.64"
DBH (cm) 9.44 +2.29¢ 13.5+6.57° 16.9+6.70° 11.6 +4.87° 16.0 +6.50° 13.5+4.82°
Stand density (stems ha™") 1420° 480° 420" 460° 360° 100¢
Growing stock (m* ha™") 48.7° 61.3° 65.2° 34.4°¢ 9.2¢ 31.8
Dead wood stock (m* ha™") 2400° 640° 620° 660° 440¢ 580°
Crown diameter (m) 1.58 +0.69° 1.58 +£0.75°¢ 2.01+0.77° 1.66 + 0.66° 1.64+0.51° 1.45 +0.66°
Canopy area (m? ha™") 232.7¢ 228.2° 292.3° 660.1 145 8¢ 41.8°

Site quality VA Ve Ve VP VA VA
Abbreviations: UFE: upper edge of the forest; USF: upper slope forest; LSF: lower slope forest; LFE: lower edge of the forest; SF: Sparce forest; DFA:
Degraded forest area; DBH: diameter at breast height; V**: site quality class.

Table 2. Results of one-way ANOVA for some stand variables among the selected stands. DF is the degrees of freedom; MSE is the mean squared

error.

Variables Source DF MSE Sum of squares Mean squares F value Pr>F
Height (m) Stand type 5 4212 46.744 9.349 2.220 0.055
Error 156 657.045 4.212
Total 161 703.789
DBH (cm) Stand type 5 21.572 1151.691 230.338 10.678 <0.0001
Error 156 3365.175 21.572
Total 161 4516.865
Growing stock (m®) Stand type 5 0.005 0.157 0.031 6.788 <0.0001
Error 156 0.721 0.005
Total 161 0.877
Crown projection area (mz) Stand type 5 39.597 505.793 101.159 2.555 0.030
Error 156 6177.112 39.597
Total 161 6682.905

The results showe relatively low growing stocks
which did not exceed 65.2m> ha™!, as well as a very
high dead wood stock in the sampled stands. The
growing stock varied greatly among the stand types
(p <0.0001), and the lowest stock was observed in SF
(9.2m° ha™). In comparison, the greater means of
canopy area and crown diameter, tree height and DBH
were observed in LSF and LEE stand types that were
established lower slope positions of the mountain
(Tables 1 and 2). Therefore, we found relatively high
stand density (1420 stems ha™' in UFE) and growing
stock (61.3m> ha™' in USF) in upper positions of the
forest distribution. Contrary, the lowest mean of grow-
ing stock (9.2 m?® ha™!) and canopy area (41.8 m? ha™!)
were recorded in SF and DFA which caused by high
intensity harvesting. We found better growth and
crown development of trees only in middle and lower
stand types. According to the site quality index, all
studied stands belonged to the poorest quality class
(V* and V®) (Table 1) owing to their geographical
location and limited growing conditions.

3.2. Changes in soil physical properties

The correlations between tree canopy area and some
of soil physical and chemical properties are shown in
Figure 2. Among the main tested stand variables, tree
canopy area was the key determinant factor on soil
properties. Increase in canopy area was positively cor-
related with soil moisture content (r=0.37) and
organic matter (r=0.58), whereas it was negatively
correlated with soil temperature (r=—0.72), pressure
(r=-0.85), humus (r=-0.38), and EC (r=-0.31)

(Figure 2). In addition, growing stock was also posi-
tively correlated with soil moisture content (r=0.73)
which is influenced to tree growth.

Relatively higher means of soil temperature and
pressure were recorded in DFA and SF, where canopy
area was less than 145.8 m* ha™'. However, compared
to those in the other stand types, higher soil moisture
and lower temperature values were observed in the
LFE and LSF stand types at lower positions on the
mountain slope (Figure 2a, b).

In contrast, the lowest canopy area in the DFA
(41.8m? ha™!) resulted in the lowest moisture content
as well as the highest temperature and pressure in the
soils among the selected stands (Figure 2). The most of
soil properties were found to be positively correlated
with soil moisture content (Table 3). Thus, it can be
concluded that decrease in stand canopy area triggered a
rapid soil compaction in the study area owing to insuffi-
cient moisture and increased temperature in the soils.

3.3. Comparison of soil chemical properties in
different stand types

Results of the chemical analysis are shown in Table 3.
Clay mineral and organic matter components in the
soil have negatively charged sites on their surfaces,
which adsorb and hold positively charged ions (cati-
ons) by electrostatic forces. This electrical charge is
critical for the nutrient supply. The main ions in the
soil are exchangeable cations of calcium (Ca*") and
magnesium (Mg>"), and they are generally referred to
as the base cations (Lavelle and Spain 2007; Rayment
and Lyons 2010).
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Figure 2. Relationships between stand canopy area and soil physical properties. The vertical axis indicates the mean of the canopy area, and the
horizontal axis indicates the means of (a) soil moisture, (b) soil temperature, (c) soil pressure, (d) organic matter content, (¢) humus content, and

(f) Electrical conductivity (EC).

Table 3. Pearson’s correlations between soil properties.

Soil properties pH EC (uS/cm) Humus (%) Organic matter (%) Moisture (%) Pressure (kPa)
pH 1

EC, uS/cm —0.06 1

Humus, % 0.57 —0.42 1

Organic matter, % 0.53 —0.84* 0.56 1

Moisture, % 0.81 —0.58 0.77 0.84* 1

Pressure, kPa —0.02 0.53 —0.35 —0.25 —0.27 1

*Correlation is significant at the 0.05 level.

Table 4. Soil chemical properties in different stand types.

Exchangeable cations Available
Plot ID pH EC (uS/cm) Humus (%) Organic matter (%) NO, (ppm) NOs (ppm) Ca+ Mg+ K,0 P,0s
UFE 6.70 97.33 20.12 9.45 4.50 125.93 2.1 1.63 2.68 0.24
USF 6.82 111.25 2414 6.91 3.75 168.63 2.26 1.74 2.62 0.25
LSF 6.79 94.0 23.29 10.17 5.75 206.35 2.19 1.65 2.76 0.21
LFE 6.62 88.75 26.75 10.30 5.50 294.60 2.06 1.65 2.69 0.16
SF 6.54 101.6 21.36 6.25 3.83 198.23 2.1 1.65 2.58 0.15
DFA 6.36 105.2 18.31 592 3.33 175.50 1.94 1.75 2.53 0.10

Furthermore, we found a gradual deterioration in
soil chemical properties with the decrease in stand
density. In comparison, soil nutrient content was often
higher in the lower (LSF and LFE) positions of the
mountain slope than in the higher ones (Table 4). The
stands with relatively low stand densities had a low
soil nutrient content. Noticeable negative effects of low
stand density on soil chemical properties were
observed in the SF and DFA stand types, where the
contents of humus, organic matter, nitrate, and avail-
able potassium were lower than those in the denser
stand types. Overall, most of these chemical properties
were positively correlated with stand canopy area, and
the correlation coefficient ranged between 0.75 and
0.83 (with p<0.05). Consequently, our results indi-
cated that forest degradation and reduction in stand
canopy area resulted in a lower soil nutrient content.

We examined relationship between stand canopy
area and some macro nutrient elements of soil. Our
results carried out canopy area is one of the critical
factor of soil chemical properties. Canopy area was
positively correlated with soil nitrate (r=0.78), phos-
phorus (r=0.42), potassium (r=0.62) and negatively
correlated with magnesium (r=—0.37) (Figure 3).

The eigenvalues and cumulative percentage of vari-
ance for each component are described (Figure 4a).
The results showed that there were significant relation-
ships between the factors, with F1 and F2 being the
most prolific, with eigenvalues greater than 1. These
principal components accounted for 69.14% of the
total variation. The percentages of eigenvalues for the
first and second axis were 45.33 and 23.81%, respect-
ively. Specifically, the first principal axis was positively
correlated with canopy area, basal area, growing stock,
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Figure 3. Relationships between stand canopy area and soil macronutrient elements. The vertical axis indicates the mean of the canopy area, and the
horizontal axis indicates the means of (a) nitrate (NO3’), b) phosphorus (P), (c) potassium (K), (d) calcium (Ca), (e) magnesium (Mg), and (f) sodium (Na).
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tree height, and tree diameter, and the second princi-
pal axis was positively correlated with soil moisture
and soil EC, and negatively correlated with soil humus
and soil pressure (Figure 4b).

4. Discussion

4.1. Soil nutrients and water availability are
sensitive to stand density

The six study sites are situated in different topograph-

ical conditions, which could be major factors

influencing soil properties. Our comparative study sug-
gests that forest soil properties are likely to be influ-
enced by forest density and crown area. We detected a
high sensitivity of forest soil properties to small
changes in stand density and canopy area. Several
studies have reported that ground-based logging and
the removal of tree biomass can cause serious distur-
bances to soil properties as a result of soil compaction
and nutrient loss (Missanjo and Kamanga-Thole 2014;
Hosseini et al. 2015; Zhou et al. 2015). For instance,
the physical (soil texture), chemical (soil reactions),
and biological (microbial activity) characteristics of the
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soil can significantly affect the status, turnover, and
subsequent nutrient uptake by plants (Blinemann and
Condron 2007; Alamgir and Marschner 2013). Our
results supported this idea and showed that the highly
intensive removal of tree biomass in the DFA and SF
stand types significantly affected soil bulk density, tem-
perature, and moisture content (Figure 2). Our find-
ings are similar to those of previous studies
(Hashimoto and Suzuki 2004; Ares et al. 2005; Twedt
and Daniel 2012; Sukhbaatar et al. 2019), who reported
that the absence of shading or reduction in shading in
intensively logged areas generally leads to increases in
soil temperature and compaction.

Moreover, Zhou et al. (2015) obtained similar
results in mixed forests of northeastern China, where a
reduction in forest stand density and tree biomass
resulted in a decrease in soil organic matter, porosity,
and water-holding capacity. In our study, critically low
soil moisture content was observed only in the soils of
the DFA (<9.5%) and SF (<7%) stand types, and this
was apparent up to 80 cm of depth. However, relatively
higher means of soil moisture content (>12.3%) were
recorded in all other stand types (Figure 2).

4.2. Decrease in the forest canopy area causes soil
degradation in Mongolia

Mongolia is currently one of the ten countries most
affected by global warming and climate change in the
world. According to the Desertification Map of
Mongolia (2020), 76.9% (120.3 million ha) of the
country’s territory is affected by land degradation and
desertification. This pattern shows the importance of
soil protection management strategies for conserving
forest ecosystems against land degradation and desert-
ification in the region. Moreover, several studies have
emphasized that intensive logging and the removal of
woody biomass from forests have a serious negative
impact not only on the restoration of forest ecosystems
(Allen et al. 2010; Akbulut 2014; Sukhbaatar et al.
2019), but also on soil properties (Hajabbasi et al.
1997; Jang et al. 2016).

Our findings demonstrated that forest soils in the
study area are quite sensitive to slight changes in stand
canopy areas, which is the main determining factor of
changes in soil physical and chemical properties. For
this reason, the absence and insufficient crown area in
the DFA and SF stand types led to soil compaction
and nutrient loss. In comparison, in denser stands
with a greater canopy area, we observed relatively
lower temperatures and higher soil moisture and nutri-
ent content compared to those in less dense stands
with lower canopy areas (Figures 2 and 3). The
increased evaporation and loss of nutrients in the soils
because of weak shading from the stand and relatively
small amount of rainfall create ideal conditions for
land degradation in the study area.

The soil microbial community is critical for main-
taining forest ecosystem functioning (Wall et al. 2015;
Fierer 2017), including carbon storage in the soil
(Liang et al. 2017) and humification (Mitchell et al.
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2010), and is sensitive to environmental changes (He
et al. 2019). As a result, the stand types with higher
canopy areas (UFE, USF, LSF, and LFE) led to rela-
tively higher soil nutrient concentrations and better
physical properties than those of the SF and DFA
stand types. Such a suitable environment for the
microbial community in forested areas can lead to
intensified decomposition of dead organic matter and
humification.

In general, the threat of forest degradation and
deforestation caused by frequent fires, overexploitation,
and overgrazing may ultimately cause large-scale land
degradation and expansion of desertified areas in
Mongolia. Effective forest protection and afforestation
measures are necessary to avoid the potential risks of
deforestation and land degradation at the southern
boundary of boreal forests in Mongolia.

5. Conclusion

In this study, we examined the correlation between the
canopy area and soil moisture, temperature, and pres-
sure. Our results showed that canopy area was one of
the factors that induced changes in soil physical prop-
erties. Significantly low moisture content was observed
in soils up to 80cm depth DFA (<9.5%) and SF
(<7%). It can be assumed that soil moisture loss con-
tributes to land degradation. Furthermore, we deter-
mined the relationship between forest measurements
and soil parameters using PCA. The key components
accounted for 69.14% of the total variation. Our results
also showed that the forest soils of the study area were
highly sensitive to small changes in canopy area, which
was a key factor determining the changes in the soil
physical and chemical properties. These results con-
tribute to our understanding for the management and
restoration of forest ecosystems as well as how soil has
changed under climate change and forest degradation.
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