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Abstract: Scots pine (Pinus sylvestris L.) forests are one of the main vegetation types in the Asian
forest-steppe zone. However, over-harvesting currently threatens the natural regeneration and
sustainability of these forests. In this study, we examine the long-term effects of different logging
intensities on soil properties and natural regeneration in a natural Scots pine forest in the West
Khentii Mountains (Mongolia), 19 years after selective logging. Our experimental design included
five treatments: clear cut (CC), treatments with high (HI), medium (MI), low (LI) intensities, and a
reference parcel with no logging impact at all (RE). We described and quantified the harvest events
and applied ANOVA and LMM modeling to analyze and explain the long-term impacts of the
logging intensities on soil properties and natural regeneration. We found that logging has a
significant negative influence on the physical and chemical properties of the soil because it increases
soil compaction and reduces soil nutrients. The most critical impacts of logging were on soil bulk
density, total porosity, organic matter, and total nitrogen and phosphorus. The LMM modeling
showed that organic matter (OgM), total nitrogen (TN), available K (AK) and pH values are
especially impacted by logging. Our study revealed that the values for all of these variables show a
linear decrease with increasing selective logging intensity and have a level of significance of p <
0.05. Another finding of this study is that selective logging with low and medium intensities can
promote natural regeneration of Scots pine to numbers above those of the reference site (RE). High
intensity logging and clear-cuts, however, limit the regeneration of Scots pine, reduce overall
seedling numbers (p < 0.05), and create conditions that are suitable only for the regeneration of
deciduous tree species. This underlines the risk of Scots pine forest degradation, either by
replacement by broad-leaf trees or by conversion into non-forest ecosystems.
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1. Introduction
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Forests must be managed in ways that maintain their productive capacity, as well as the nutrient
reserves in the soil, which facilitate the regeneration processes of the ecosystem [1]. In boreal forests,
the compaction due to harvesting has significant consequences for tree regeneration [2], for the
composition [3] and productivity of the forest [4,5]. Ground-based logging systems in particular can
result in numerous negative consequences for the forest soil, such as decreasing water holding
capacity, above ground nutrient content, availability of certain nutrients, and increasing soil
compaction [1,6-9]. The physical and chemical properties and the biological interactions of the soils
are of great importance for tree growth and forest reproduction [6,10]. Moreover, soil bulk density,
porosity, and temperature reflect the soil’s ability to provide structural support and to facilitate the
flow of water, solutes, and air [11].

Southern boreal forests in Asia have recently warmed faster than forests in neighboring regions,
and this warming pattern is projected to continue in coming decades [12]. Drier conditions are
expected that affect the growth and distribution of forest and specific soil conditions, e.g. insular
permafrost [13-15]. Deforestation and degradation of coniferous forests are pressing issues along the
transition zone between the Siberian boreal forests and the Central Asian dry. Forest succession can
be difficult in this region because of the unfavorable conditions triggered by extreme temperatures
and frequent aridity, and because of the sensitivity of soil and natural regeneration to climate change
and unsustainable harvest practices [16-18].

Forests in Mongolia generally grow under extreme conditions, with low precipitation rates and
high radiation rates prevailing throughout the year [19]. They are characterized by low productivity,
poor regeneration capacity, and vulnerability to disturbance from drought, fire, and over-harvesting
[17,18]. According to a World Bank study, the forestry sector plays an important role in the Mongolian
economy and has great potential as a source of sustainable livelihoods for people living in forested
areas [20]. However, the Government of Mongolia [18] has noted that Mongolian forests can easily
lose their ecological functions after severe disturbances and are slow to recover. Different sources
report that Mongolia has lost over a million ha of forests between the end of last century and 2010
due to the over-exploitation of timber and fuel wood [21,22]. This reduction differs on a regional
scale. Based on the evaluation of satellite images, Teusan [23] found that in the Selenge province the
total forest cover was reduced by 15 % between 1990 and 2015 and that Pine forests, when compared
to other forest types, had decreased particularly strongly. Other studies emphasized that land use
change, such as deforestation, also has implications for the hydrological regime in Mongolia [24-26].

In northern Mongolia and neighboring regions (e.g., Tuva and Buryatia), Scots pine (Pinus
sylvestris L.) is characterized by its tolerance of cold, drought, and soil infertility. It is commonly found
on well drained, often sandy, soils and typically occurs in very dry forest communities in the
transition zone to the steppe [27,28]. The natural distribution of Scots pine forests in Mongolia is
relatively limited and largely restricted to areas with poor sandy soils. According to the recent
national boreal forest inventory, Scots pine forests (defined as having a threshold value of >75% Scots
pines) constitute only about 3.1% of the total forest cover in Mongolia. As a species, Scots pine
constitutes only 4.6% of the total growing stock volume, which is still equivalent to about 50.7 million
m?® [29]. However, Scots pine is particularly common in the more accessible regions of Selenge,
Bulgan, and Khentii provinces. Because of this and because of its wood anatomy and growth, Scots
pine is a very important species for the national forest industry.

Due to increasing demand and the simultaneous decline in forest area and quality, forest
management and silvicultural practices are currently challenged and discussed intensively among
different stakeholders in the region. A prerequisite for being able to carry out ecological adapted
utilization in the forest steppe is the sufficient regeneration of forest stands [30]. The accelerating
trend of global warming and rapid deforestation in Mongolia emphasizes the need for appropriate
timber harvesting practices. Such practices could conserve the reproductive functions of forests and
reduce land degradation and deforestation at the same time. A number of studies on the effects of
different logging methods of varying intensities on natural regeneration and soil properties have
been carried out in different regions of the world [6,8,10,31,32]. However, there are hardly any studies
of this nature for the transition zone between the boreal forests and Inner Asian steppes available.
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Thus, the objective of our research was to evaluate for the first time the long-term impacts of selective
logging and determine the appropriate selective logging intensity for the maintenance of soil capacity
and the promotion of natural regeneration in Scots pine forests in the continental Mountain forest
steppe. More specifically, our goal was to study the effects of different selective logging intensities
on soil properties and assess the relationship between natural regeneration and selective logging
intensity 19 years after experimental logging. We hypothesized that higher selective logging intensity
triggered negative long-term effects on soil properties in that way that logging i) promoted especially
soil compaction, ii) decreased soil moisture, and iii) soil nutrients, and therefore iv) negatively
affected natural regeneration in terms of density and species composition.

2. Materials and Methods

2.1. Study site

Our research area is situated in the main area of distribution of Scots pine forests in Mongolia,
in the West Khentii mountain range (Selenge province). We established our silvicultural experiment
in an unmanaged, natural Scots pine forest that is characterized by low productivity and nutrient
poor soils. These are typical features of forests in this area, where Scots pine often forms pure or
almost pure stands. See Figure 1.

The soils in the study area are mainly Haplic Arenosols (also called Derno-Forest soils in
Mongolia), which are derived from sand sediments [33] and loess. The sandy loess stratum, which
provides the parent materials, is extremely thick and is widely observed in the study region. We
identified a brownish-black or dark brown A horizon of a few centimeters in thickness (15-23 cm;
sandy loam) and a yellowish-brown C horizon in the soil profiles. The soil is characterized by
relatively good water retention and is poorly vegetated. Soil texture is similar throughout the forest
stand.
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Figure 1. Location of the study area in the Selenge province.

The elevation of the study area ranges from 650 to 750 m asl, with a slope of 3-15° and a northern and
northwestern exposition. The climate in the study area is harsh continental with a precipitation peak
between June and August; more than 70% of the annual precipitation occurs during this period. The
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region is located within the transition climatic zone between a cool continental climate (Dwc) and a
cold semi-arid climate (Bsk), with small pockets exhibiting a temperate continental climate (Dwb)
(updated world map of the Koppen—Geiger climate classification; [34]). The annual average
temperature is 0.31°C and annual precipitation is 249.3 mm [35]. The number of critical dry days
(days with relative air humidity below 30 percent) is about 67.3 days per year.

2.2. Treatments, plot design, and data assessment

Criteria for the selection of the forest stand were: natural regional Scots Pine forest with
relatively homogeneous structure in terms of tree species, age and tree distribution pattern, and
homogenous site conditions throughout the stand. In February 1998, five different experimental
logging treatments were carried out within the selected natural stand on 1-hectare treatment parcels:
clear cut (CC; 100% removal), high-intensity treatment (HI), medium-intensity treatment (MI), low-
intensity treatment (LI), and no treatment at all (RE; reference, no removal). See Table 1 for basic
information about the forest stand and treatments. The goals of the logging operation were to
eliminate defective, suppressed, over-mature, and some mature trees to achieve sufficient
distribution of the remaining trees. The cutting operations were conducted by chainsaw cutting. Trees
were cut into shorter sections and carried out of the stand by manpower. All logging residuals were
collected from experimental plots.

2.2.1. Measurement of trees before selective logging in research plots

Three research plots measuring 20 x 20 m (0.04 ha; see [36,37]) were established in each treatment
parcel. This made a total of fifteen research plots. Species and diameter at breast height (DBH) were

noted for all trees with a minimum DBH of 6 cm (see figure 2 and table 1).

2.2.2. Soil sampling in research plots and initial analyses

One soil pit was established at the center of each research plot for soil profile measurements, for
a total of three soil pits per treatment parcel. Soil was sampled with a soil hammer and rings in July
2017. A total of 90 samples was taken at depths of 0-15 cm, 15-30 cm, and > 30 cm for laboratory
analyses. Soil samples were put into polyethylene bags, labeled, and brought to the laboratory. For
bulk density measurements, we used a bulk density cylinder sampler (10 cm length, 5 cm diameter).
Soil temperature and moisture were measured daily every six hours for seven days in July, starting
at a depth of 5 cm in 10 cm intervals (5, 15, 25, 35, 45, 55, 65 cm). Measurements were taken with a
soil Checktemp® Digital Thermometer (produced by Hanna Instruments Australia) (with an
accuracy of +/- 0.1 °C) and a DM300L digital soil moisture meter (Shenzhen Graigar Technology Co.,
LTD). Calibration of the DM300L digital soil moisture meter was conducted according to Edaphic
Scientific [38]. Soil samples were put into polyethylene bags, labeled, and stored in the refrigerator at
4 °C during the field survey. The collected soil samples were brought to the laboratory from the
research area and promptly weighted. Soil samples were oven dried at 105 °C for 24 h. The soil
samples were sieved at 2 mm before wet-sieving to homogenize the samples and to remove large
roots and stones. However, the gravel content was very low throughout all samples (3.1% +/- 0.4
standard deviation). Therefore, 30 grams of soil were used for each soil fractionation by size,
recovered from the sieves of specific screen sizes. The pH, electrical conductivity, and chemical
properties, including organic matter, total N and P, and available P and K were measured at the
laboratory. To measure the organic matter, the Walkley-Black method was used [39]. Kjeldahl's [40]
and Olsen’s method [41] were used to determine total nitrogen and phosphorus in the soil. Bray’s
extraction test (Bray 1 (0.03 M ammonium fluoride (NHsNOs + 0.025 M hydrochloric acid (HCl)
extract) [42] and ammonium acetate extraction methods (neutral normal ammonium acetate (1IN
CH3COONHy4) [43] were used to determine available phosphorus (P) and potassium (K), respectively.
The soil pH and electrical conductivity were determined using a Direct Soil pH Measurement Kit
(Hanna Instruments Australia) and a soil conductivity tester (soil EC tester). See Figure 2 and Table
1.
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2.2.3. Assessment of natural regeneration

We sampled natural regeneration (seedlings, saplings, and young trees >15 cm in height and <6
cm in DBH) in regeneration plots (five 2 x 2 m regeneration plots per research plot) in July 2017. The
species of all tree seedlings and saplings in the regeneration plots were recorded. The regeneration
density was calculated as the number of individuals per hectare. See figure 2 and table 1.
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plot (2 x 2 m)
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T \\{ Soil sampling
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Figure 2. Design of a research plot (20 x 20 m). All trees in the plot were measured. Regeneration was
assessed in each of the five regeneration plots (2 x 2 m). Soil sampling was carried out at the center of
each research plot.

Table 1. Stand characteristics of the treatments before and after the logging operations in 1998. The
growing stocks were estimated using a yield table developed by Dorjsuren et al. [44]. Stand age was
derived from wood cores analyzed at the National University of Mongolia in Ulaanbaatar. RE =
reference, no cutting; LI = low intensity; MI = medium intensity; HI = high intensity; CC = clear cut.

Stand density Growing stock volume
Treat Stand Soil
Research Regeneration (trees ha) (m3 ha)
- age in pits
plots (N) plots (N) Pre- Post- Removal  Pre- Post- Removal
ment 19 (N)

logging logging (%) logging logging (%)

RE 136 3 15 3 650 - - 151.0 - -

LI 116 3 15 3 775 550 29 201.7 153.0 24,2
MI 128 3 15 3 850 383 55 213.4 114.8 46.2
HI 121 3 15 3 950 242 75 206.2 51.3 75.1
CC 128 3 15 3 658 0 100 135.6 0 100.0

2.3. Non-spatial analysis of the harvest events in 1998

To gain a better understanding of the character of the different treatments, we analyzed the type
and intensity of the logging events [45,46] carried out in February 1998. We assessed the selective
logging weight (originally referred to as the thinning weight, or “rG ratio”; [47]), which represents
the intensity of the selective logging. The selective logging type was quantified with the “NG ratio”
(originally denoted as thinning type; [45]). The NG ratio indicates a thinning or selective logging from
below if mostly suppressed trees were removed (NG values > 1), or from above if the dominant trees
were removed (NG values < 1). NG values equal to one indicate that the number of removed stems
was proportional to the removed basal area [45,48]:

Gr move 2 h
G = Crenovea(m*/ha) "
Gtotal(m /ha)
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NG = Nremoved/Ntotal (2)

Gremoved /Gtotal

We compared relevant stand measures and index values [46] directly before and after the harvest
events in order to better quantify potential changes in diameter size classes and forest structure
caused by the logging event. We analyzed the following variables: basal area (m?), diameter
coefficient of variation (CV; also denoted as DBH-differentiation [49]), quadratic mean diameter of
all trees (Dg), arithmetic mean diameter of all trees (D), quadratic mean diameter of the 200 strongest
trees (Dg_200), and the arithmetic mean diameter of the 200 strongest trees (D_200).

2.4. Basic statistical analyses

24.1. ANOVA

After collecting data on the soil physical and chemical properties of the different treatment sites,
we carried out a one-way Analysis of Variance (ANOVA) to test whether there are significant
differences in the values of physical soil properties among the different logging treatments. We used
an F-test to determine equality of group means [50,51]. One-way ANOVA is relatively robust to
deviations from normality, as reported by McDonald [52]. However, we additionally conducted tests
for normality for each data set [53] with the following software routines: R-statistics [54] with the
packages dplyr [55], ggpubr [56], car [57].

2.4.2. Correlation between selective logging intensity and soil property variables

For a first overview, we used Pearson’s correlation coefficient [58] to explore the relationships
between logging intensities and soil property variables. Values were expressed as the mean *
standard error of the mean.

We used Excel 2016 (Microsoft Corp.) and R-statistics [54] for the basic statistical analyses.

2.5. Quantification of the impact of selective logging intensity on soil properties and regeneration with linear
mixed models (LMM)

After the basic statistical analyses, we developed and tested explanatory models for the
following soil property variables based on our indicator for selective logging intensity rG (selective
logging weight): pH value (pH), organic matter (OgM), total N (TN), total P (TP), available P (AP),
and available potassium (AK). We used the same approach to develop explanatory models to derive
regeneration numbers for pine (Rpine) and for all tree species (Rspecies). Advantages of the LMM
approach are that pseudo-replication is avoided and that it includes fixed effects (such as rG) and
random effects (e.g., site and plot) [59-61]. The models were optimized based on the restricted
maximum likelihood method (REML) [60,61]. We evaluated every initial model run using standard
regression diagnostics in which outliers were detected and eliminated based on the distribution of
internally studentized residuals in Q-Qplots with a 95% confidence envelope [62]. The best models
were selected according to the following criteria: Akaike’s information criterion (AIC), Bayesian
information criterion (BIC), the value of the log likelihood, the plausibility of the intercept, the
distribution of residuals, and the plausibility of the respective model from an ecological point of view
[46]. The mean values of soil property variables or the mean regeneration numbers of the sample i of
a research plot j represent one sample unit. Regeneration numbers always refer to one hectare. The
general mathematical description for explaining the values of the soil property variables is:

soil_vari = (Bo)Intercept + (BLi)rG + (b2 )plot + €ij (3a)
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where soil_var refers to the above-mentioned soil property variables (pH, OgM, TN, TP, AP or
AK), B, ,BU, and b, are the parameter estimates of the intercept, of the fixed effect (rG) and the

research plot, and ¢; is the error term of the soil sample 7 in research plot ;.

The general mathematical description of the regeneration model is:

Rij = (Bo)Intercept + (B1i)rG + (b2j)plot + &ij (3b)

where R refers to the regeneration of pine (Rpine) or the regeneration of all tree species (Rspecies),
By, P, and b, , are the parameter estimates of the intercept, of the fixed effect (rG) and the research

plot, respectively, and ¢ is the error term of the regeneration i in research plot .

The following software packages/routines were used: R-statistics [54] with the packages nls2
[63], nlme [64], car [57], and lattice [65].

3. Results

3.1. Non-spatial harvest event analysis of the harvest operation in 1998

We compared the selective logging weights and the selective logging types of the different
treatments. As expected, logging weight (rG) varied from low (low intensity treatment, LI with rG =
0.24) to very heavy (high intensity treatment, HI with rG = 0.74; CC with rG = 1.00). The logging type
(NG) values of all treatments were around 1, which indicated a rather even selection of larger and
smaller trees on the plots. The NG ratio of 1.10 (at LI) indicates a slight tendency towards logging
from below (more frequent removal of relatively smaller trees; see figure 3). The diameter coefficient
of variation (CV) was low to medium before the harvest and decreased slightly following the logging
operations. Arithmetic mean diameter (D) and quadratic mean diameter (Dg) did not change much.
However, the respective values of the 200 strongest trees per hectare, D_200 and Dg_200 changed
and became stronger, especially following the MI and HI treatments (see figure 3 and table 2).

Reference (RE, no treatment)

Low-intensity treatment (LI)

rG: - —
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NG: 1.05 & NG: 0.99
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rG: 1.00
NG: 1.00

NUMBER OF TREES
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Figure 3. Characterization of the different selective logging treatments in 1998; grey: trees remaining

after logging; black: trees removed during logging; rG = selective logging weight (logging intensity);

NG = selective logging type.

Table 2. Stand measures and index values of the plots before (pre-logging) and after the harvest

operations (post-logging) in 1998. BA/ha=basal area (m?) per hectare; CV: diameter coefficient of

variation; D: arithmetic mean diameter of all measured trees; Dg: quadratic mean diameter of all

measured trees: Dg_200: quadratic mean diameter of the 200 strongest trees per ha; D_200: arithmetic

mean diameter of the 200 strongest trees per ha. RE = reference, no cutting; LI = low intensity; MI =

medium intensity; HI = high intensity; CC = clear cut.

BA/ha Ccv D (cm) Dg (cm) D_200 (cm) Dg 200 (cm)
::Z:ltt- pre- post- pre- post- pre- post- pre- post- pre- post- pre- post-
logging logging logging logging logging logging logging logging logging logging logging logging
RE 21.880 21.880 0.306 0306 19.8 198 20.7 20.7 26.6 266 268 268
LI 28.993 21972 0348 0.318 207 215 219 22.6 29.9 284  30.1 28.7
MI 30.395 14.798 0361 0.249 202 215 21.4 22.2 29.6 254 299 256
HI 29.874 7.635 0371 0.227 187 19.6 20.0 20.1 28.3 19.1 28.4 19.7
CcC 19.991 - 0.343 - 18.6 - 16.3 - 29.9 - 26.1 -
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3.2. Impact of selective logging intensities on physical soil properties in 2017

Overall, soil bulk density (r = 0.92), total soil porosity (r = —0.91), temperature (r = 0.87), and
moisture content (r = —0.83) of the soil were highly correlated with logging intensity. Results of the
assessment revealed that soil bulk density and temperature tended to increase with increasing
logging intensity, whereas soil porosity and moisture content declined.

Regarding the components of topsoil exposed to different selective logging intensity, soil
porosity values were often lower at the MI (39%), HI (38%), and CC (31%) treatment parcels
compared to the RE parcel (44%), whereas soil bulk density values were greater at the MI (1.38 g
cm3), HI (1.42 g cm™), and CC (1.57 g cm™) parcels compared to the reference stand (1.28 g cm=3;
figure 4). We found that harvesting with low and medium intensity did not significantly change the
physical properties of topsoil and subsoils. There was a significant (p < 0.001) difference in soil bulk
density depending on soil depth. The 15-30 cm depth interval had higher soil bulk density than the
0-15 cm interval. Likewise, there was a significant difference in soil bulk density among treatments,
with HI and CC treatments having a higher soil bulk density than RE and LI treatments. Relative to
RE, soil bulk density at 0-15 cm depth increased 10.9% for HI and 22.6% for CC. At the 15-30 cm
depth, the increase in soil bulk density was 9.8% and 23.4% for HI and CC, respectively. There was
no significant (p < 0.05) difference in soil porosity between soil depths, although the 0-15 cm depth
had a higher soil porosity than the 15-30 cm depth. However, we found a significant (F = 5,65, p <
0.001) difference in soil porosity between different treatment parcels. At the HI and CC sites, where
heavy logging had been carried out, soil porosity was less than at the RE, LI, and MI treatment
parcels. Total porosity at 0-15 cm depth decreased by 29.5%; at 15-30 cm depth, it decreased by 21.6%.

Temperature in the upper 10 cm was especially high in HI and CC parcels, whereas soil
moisture, especially in the upper horizon, was lowest in CC and HI parcels and highest in RE (Figure
4, Figure 5). Significant differences were found in soil moisture (F =107,9, p <0.001) and temperature
(F=19.09, p =0.009) throughout the soil profiles between treatments. The highest temperature values
and lowest moisture content values were recorded in topsoil at HI (28.9 °C, 8.33%) and CC (29.4°C,
5,67%) treatment parcels.
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3.3. Impact of selective logging intensities on chemical soil properties in 2017

Results of the assessment showed a clear deterioration of soil chemical properties with an
increase in harvest intensity. Nineteen years after the logging, soil nutrient contents were highest
under reference conditions and low selective logging intensity (RE and LI treatment parcels). Higher
selective logging intensity (i.e., at HI and CC treatment parcels) triggered the loss of nutrient content.
Noticeable negative effects of logging on soil chemical properties were observed under high intensity
logging (HI) and clear-cutting treatments (CC), where organic matter content, total N, total P, and
available K decreased strongly compared to the reference level (RE). These variables showed the
highest negative correlations, ranging between -0.86 and —0.91 (with p < 0.05). Moreover, the results
indicated that intensive logging lead to lower total P and lower pH values, and consequently soil
acidification. See Table 3 for the specific average values per treatment.

Table 3. Means and standard deviations of soil chemical properties 19 years after cutting.

Total Total Available Available
Treat- EC Organic nitrogen phosphorus  phosphorus  potassium
ment (dS m™) pH matter (%) N) P) P) (K) (mg
(g kg™ (g kg™ (mg kg™ kg™
RE 0.12 6.75 (0.05) 19.7 (1.0) 0.93 (0.03) 0.091 (0.003) 3.45 (0.04) 18.35 (2.4)
LI 0.14 6.66 (0.03)  19.3(0.8)  0.91(0.09)  0.093(0.007)  2.43(0.02) 19.56 (3.6)
MI 0.11 6.71(0.04)  175(1.2)  0.80(0.05)  0.087(0.005)  1.13(0.07) 16.32 (2.7)
HI 0.09 6.58 (0.05)  152(0.9)  0.72(0.10)  0.086(0.002)  2.56 (0.06) 10.45 (3.3)
cC 0.08 6.52(0.03)  115(0.7)  0.61(0.02)  0.082(0.005)  2.92(0.04) 8.74 (1.9)

* Results are means + standard error in brackets.

3.4. Regeneration density and species composition

The correlation between treatments and overall regeneration number was low when the RE-
parcel was included (r = -0.398; p-value = 0.141). However, when considering only treatments with
removal (LI, MI, HI and CC) the regeneration number highly correlated negatively with selective
logging intensity (r = -0.9; p-value < 0.001). The highest regeneration densities were observed in LI
parcels (3333 stems ha), followed by MI parcels (2167 stems ha™) (figure 6). RE and HI parcels had
relatively low regeneration densities but differed in composition. At RE, LI, and MI parcels, we found
only Scots pine seedlings and no other tree species. At HI sites, we found low density Scots pine
regeneration, but also poplar and birch regeneration. The poorest regeneration densities were
observed at CC and RE parcels. The regeneration at CC parcels consisted of only single birches and
willows.
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Figure 6. Assessed regeneration density (height > 15 cm and diameter at breast height (DBH) < 6 cm;
N/ha) of the different treatments in 2017. When considering only treatments with removal (LI-CC)
the trend is almost linear negative.

3.5. Differences in soil properties and vegetation explained by different selective logging intensities via linear
mixed effect models

The elaborated models for soil property variables (formula 3a) and regeneration (formula 3b)
confirmed that increasing selective logging intensity has mostly significant negative impacts on the
respective variables. The p-values of the fixed effect (rG) indicated that regeneration of Scots pine and
of all tree species decreased significantly (p < 0.05) with increasing logging impact. However, the
slope of the linear regression was steeper for Scots pine (Rpine) than for all tree species (Rspecies). We
obtained similar results for pH, organic matter content (OgM), total nitrogen (TN), and available
potassium (AK), all of which decreased significantly with increasing logging impact. Only the p-
values for phosphorus were not significant at the level of p < 0.05, although we obtained significant
results for total phosphorus at the level of p <0.10. Based on the QQ-plots we had to conduct outlier
corrections for two models (variables Rpine and AP; see Table 4 and Figure 7).

Table 4. Overview of the elaborated linear mixed effect models (LMM). The models for explaining
soil property variables (a) were elaborated for pH = average pH values, OgM = average organic matter
content (%), TN = total N (nitrogen; g kg™), TP = total P (phosphorus; g kg™), AP= available P
(phosphorus mg kg™), and AK = available K (potassium; mg kg™); with rG (selective logging weight)
between 0.0 and 1.0. The models for explaining regeneration (b) were elaborated for Rpine= average
regeneration density of Scots pine (N/ha), and Rspecies = average regeneration density of all tree
species (N/ha); with rG (logging weight) between 0.2 and 1.0. AIC = Akaike’s Information Criterion.

Thematic Fixed 8 Outlier Model Parameter (Fixed Effects) 0 4,0
. Model Variable 0 .
topic Effects Freedom correction Intercept p-Value G p-Value Model
(a1 pH G 13 no 6.738 0.0000 -0.198 0.0304 -8.75
()2 OgM G 13 no 20.772 0.0000 -8.229 0.0000 57.48
a) soil
(@) (@)3 TN G 13 no 0.959 0.0000 -0.332 0.0000 -18.87
property
(a)4 TP G 13 no 0.093 0.0000 -0.010 0.0760 -80.22
variables
()5 AP G 11 yes (-2) 2.888 0.0000 -0.376 0.4639 33.86
(a)6 AK G 13 no 20.321 0.0000 -11.316  0.0000 68.84
(b) (b)1 Rpine rG 9 yes (-1) 4125 0.0000 —4436 0.0000 14791

regeneration  (b)2 Rspecies rG 10 no 4141 0.0000  —3630 0.0000 166.17
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Figure 6. (a) Graphs of the relationships between soil property variables and selective logging
intensity (rG; selective logging weight); (b) Graph of the relationship between regeneration (N/ha)
and selective logging intensity (rG; selective logging weight).

4. Discussion
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Our analysis of the harvest event showed that the treatments in our silvicultural experiment
differed in selective logging intensity (rG; selective logging weight), but not in terms of selective
logging type (NG). We can therefore concentrate our interpretations on the selective logging intensity
when removal focuses on an even selection of different size classes. The relatively strong change in
D_200 and Dg_200 after logging at MI and HI treatment parcels (Table 2) can be explained by the
high reduction in stem numbers and relatively even selection of sizes classes.

4.1. Soil compaction, reduced soil moisture and nutrient depletion caused by selective logging

Our study showed that heavy logging in continental, natural Scots pine forest had a significantly
adverse impact on soil physical and chemical properties, even after almost two decades.

4.1.1. Soil compaction and decrease of organic matter caused by logging

Studies from other regions in the world have shown that ground-based logging can cause
serious disturbance to soil physical and chemical properties as a result of soil compaction and
nutrient loss [6-8,66]. Logging practices that use heavy machinery and high intensity logging have
significantly negative effects on soil structural characteristics, aeration, and water balance, which is
especially true of sandy soils, which recover very slowly [31,67]. In this study, we showed that
although no heavy machines were used for skidding and cleaning during or after the harvesting,
high-intensity logging and clear-cutting significantly affected the soil bulk density, total porosity,
temperature, and moisture regime (Figures 4 and 5). These findings are similar to those of previous
studies by Hajabbasi et al. [66], Hashimoto and Suzuki [68], Ares et al. [11] and Gebauer et al. [1],
who reported that the absence of shade or the reduction of shade in intensively logged areas generally
increases both the soil temperature and compaction. Zhou et al. [8] reported similar findings for
mixed forests in northeastern China, where an increase in harvesting intensity resulted in a decrease
in soil organic matter, porosity, and water holding capacity, and an increase in soil bulk density. A
decrease of soil organic matter also means depletion of carbon pools. This aspect is relevant for the
contribution of these forests for carbon sequestration, and consequently, climate change mitigation.
Recently, Mongolia submitted its first contribution in the frame of the UNREDD initiative [18].
However, not all thinning and harvest studies conclude that thinning always has an adverse impact
on physical soil properties. Soil organic matter or soil organic carbon, respectively, were not affected
[37] or even increased under moderate thinning [69]. Obviously, site conditions (soil, climate etc.)
play also an important role.

4.1.2. Changes related to soil temperature and moisture content

In our comparative study, the most adverse changes in soil temperature and moisture content
were found in CC treatment parcel (Figure 4 and 5). Critical low moisture content (below 10 percent)
was measured within 40 cm depth from the soil surface, and moisture content was 15.2%, 13.5%, and
13.1% less than that of soil moisture in RE at depths of 10 cm, 25 cm, and 35 cm, respectively. Higher
soil temperatures were observed in HI and CC treatments, with the highest mean temperatures
occurring in the topsoil (10 cm). Savin et al. [70] made similar observations in managed larch stands
in Mongolia. Hence, in heavy logged forests, soil moisture contents were low as a result of less pore
space due to an elevated bulk density levels. We suggest that logging leads to a reduction in soil
moisture retention as a result of increased evaporation, which is in turn triggered by direct sun
radiation due to the reduction or lack of shading following harvest. This aspect is somewhat
interesting, since thinning is currently discussed as one potential option to make forest stands even
more resilient against droughts in the region. Several studies recently emphasized that thinning can
have positive effects on water availability for the remaining trees, partly due to reduced competition
and changes, as seen in Reference [71-73]. Recently it was also shown that reduction of competitors
significantly promotes tree growth of birch and larch in the region [46]. However, these studies
focused on the remaining trees, whereas our study puts the focus on long term effects on
regeneration.
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Wang et al. [74] noted that keeping the soil water balance at relatively high levels over the post-
logging period is a prerequisite for regeneration success. Decreased soil water leads to lower survival
rates and reduced tree growth and stunts the natural regeneration of woody plants [75]. It has
recently been shown that survival rate and growth performance of artificially established Scots pine
plantations in the region are significantly related to the number of dry days and relative air humidity
[76]. Recent studies also showed that the growth response of mature coniferous trees in the region
correlates significantly with sufficient precipitation [16,77,78]. This highlights the dependency of
forests in Northern Mongolia and neighboring regions on sufficient soil moisture content. Reduction
of soil moisture, however, also affects the availability of nutrients for plants.

4.1.3. Impact of logging on nutrients and their availability for trees

Availability of N and P limits growth [79]. Drought stress usually has negative impact on N and
P concentration in plants [80]. Nitrogen (N) is a key nutrient for plant development and growth.
Phosphorus (P) is important for different physiological processes, supports the development of the
root system, and increases the ability of the plant to tolerate drought stress [79,81]. Potassium (K) is
an essential nutrient that influences growth, yield, and health of plants [82]. A deficiency in K can
increase the susceptibility of plants against drought, frost, and different pathogens [82]. The LMM
results (Figure 6a) showed that pH value, organic matter, total N, and available K were most
significantly negatively affected by logging. N, K, and pH value, are among the main indicators that
determine site productivity in forestry [83]. In our study, nutrient loss in the soil resulted from
intensive logging. There are studies from other relatively dry regions that showed that thinning
triggered depletion of nitrogen, phosphorus, and potassium, for example in the Mediterranean forest
areas [84]. Saarsalmi et al. [85] found in a logging experiment in a Scots Pine forest in Eastern Finland
that on more fertile sites whole tree harvesting (including all residuals) significantly decreased the
total amount of N and of available P and other nutrients in the organic layer. This is somewhat similar
to our results, since all logging residuals were removed on the research plots after the harvest and
the time frame after the harvest events was of a similar length. But there are also studies in which
thinning had little effects on soil chemical properties [86] or even increased nitrogen. The latter was
found, for example, by Cheng et al. [37] in Chinese fir stands in eastern China, which they attributed
to increased decomposition after the harvest event.

4.1.4. Important consideration for forest management in the region with regard to soil

Another important aspect regarding the impact of logging on soil in Mongolia is that forest
stands on permafrost soils will require special attention [15,30]. The disjunctive occurrence of
permafrost in Mongolia is partly due to exposition and the sunblocking forest cover [70,87]. Together,
rising temperatures due to climate change and reduced shading due to harvesting are likely to
accelerate the melting of permafrost in soils. Just recently, water logging, potentially induced by
degradation of permafrost soils, has been identified as one reason for the dieback of larch stands in
the Mongolian Khentii Mountains [88]. Allen et al. [89] and Willams et al. [90] also reported that semi-
arid forests can experience seasonal water stress and are especially vulnerable to even slight increases
of water stress. A phase of increased water stress can lead to the dieback of mature trees, which results
in increased soil evaporation and a strong drying of the surrounding environment [88]. This
underlines the need to develop forest management protocols that maintain continuous forest cover,
which help to protect the soil capacity.

4.2. Low-intensity selective logging regimes can promote natural Scots pine regeneration

Our findings demonstrated that low (LI) and medium intensity (MI) logging promotes natural
forest regeneration and they conserve capacity of the forest to regenerate with conifer tree species.
High intensity logging (HI) and clear-cutting (CC) showed a limited regeneration of Scots pine and
created more suitable conditions for broad-leaf tree regeneration and for abundant herb and shrub
coverage. In general, reproduction of Scots pine in the study area is relatively low. The highest
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regeneration densities were found in LI (3333 seedlings ha') and MI (2167 seedlings ha™') treatment
parcels (Figure 5, Figure 6b). These numbers are somewhat comparable to numbers in the Scots pine-
birch forests along the Bugant River [30] and to numbers reported for the region in the national forest
inventory [29]. Therefore, we consider these numbers to be sufficient. The data for the reference
treatment (RE) suggest that natural regeneration was largely suppressed due to resource competition
(presumably sunlight in particular) with larger trees. Low-intensity selective logging improved the
conditions for regeneration by improving light and resource availability for seedlings and potentially
also for seedling germination.

4.3. Implications for managing selective logging and other disturbance impact in continental Scots pine
forests

Scots pine forests growing along the southern border of the Siberian boreal forests are vulnerable
to intensive logging and other disturbances, such as fire and pests [91,92]. According to Tikhonova
et al. [28], who studied the suitability of soil for different coniferous species across the forest fund of
neighboring Tuva, Scots pine could potentially grow in 98% of the sites. This was the highest value
for all examined tree species. The reason that Scots pine is not fully present at all viable sites is most
likely related to its different protection capacities (e.g. bark) and response to common disturbance
regimes, such as fire, and intensive logging of Scots pine [28]. Wildfires are also reported to reduce
soil water retention capacity in Mongolia [26,93], which is similar to our above mentioned results
about intensive logging. This may consequently affect the tree species composition. Intensive fires
that trigger tree mortality may promote dominance of other tree species that are able to recover more
quickly. However, pine may be better protected against low-intensity fires, which just reduce vitality
and growth across the stand, than thin-barked aspen or birch trees [78], but less protected than larch
[28]. Thus, the relationship between fire intensity and its effects on species composition is somewhat
similar to what we found with regard to the effects of logging intensity, although the mechanisms
are different. High-intensity logging leads to the regeneration of deciduous tree species, whereas
selective logging under low and medium intensities ensures a successful natural regeneration or
recovery of Scots pine trees. More intensive logging results in conditions that are more suitable for
the regeneration of pioneering deciduous tree species and the rapid development of herbal and shrub
coverage, which can be caused by increased sun radiation due to reduced shading [94,95]. Dense
herbal coverage often creates conditions that handicap the germination of trees [96], consequently
weakening the regeneration capacity of the forest. Increased replacement of Scots pine forests by
deciduous forests after intensive large-scale disturbances, such as clear cuts and forest fires, was
recently reported in other studies in the West Khentii [17,19,30,97]. Thus, in addition to climate and
soil, the disturbance regime and competition are key factors determining the composition and
structure of forests in the mountain forest steppe. Improved control of the different disturbance
regimes would therefore be an appropriate management instrument for sustaining or even increasing
forest cover throughout the region [30].

We have showed that the continental pine forest ecosystems are especially vulnerable to logging
intensity. However, it has also been observed that in less continental regions, e.g. in the Baltics [36],
post-logging regeneration density and stand structure in pine forests are a consequence of logging
intensity. Zhou et al. [8] emphasized the importance of appropriate logging intensity to be applied in
silvicultural practice and taking into account the climatic features of the region. In addition to
optimizing productivity, the maintenance of soil properties and natural regeneration are main
objectives in sustainable forestry [36,98-100]. High-intensity logging appears to create soil conditions
that hamper pine seed germination and/or seedling growth. The absence of Scots pine seedlings and
the predominance of deciduous tree seedlings in areas subjected to high-intensity logging or clear-
cutting suggests an existing risk of replacement of coniferous forests with deciduous trees or even
deforestation. The replacement of coniferous trees by deciduous trees represent one aspect of wide-
spread creeping forest degradation in the utilized forest regions of the Mongolian mountain forest
steppe. Consequently, the observed impacts of selective logging intensity on natural regeneration
and overall soil properties suggest that high-intensity logging and clear-cutting in this region should
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be avoided. Instead, appropriate low-intensity selective logging regimes should be implemented in
order to maintain the sustainability of these forest ecosystems.

5. Conclusions

Harvest practices need to be adapted to the specific regional conditions and should not be
transferred from one region to another without researching their consequences on the local forest
functions. The ultracontinental climate and special conditions in the forest-steppe zone necessitate
management practices that are tailored to this region. Maintenance of soil properties and promotion
of regeneration are of utmost importance. Our study indicates that low intensity selective logging
provides the most suitable solution for maintaining appropriate forest regeneration while allowing
for timber harvesting. In the RE parcel, we assume that the relatively high density of trees and the
shading effect of mature trees limits regeneration. In the HI and CC parcels, regeneration is likely
limited by reduced soil fertility and soil moisture, and, to some extent, competition with a denser
herbaceous layer. However, soil capacity was highest without any logging activities at all and
decreased linearly with increasing harvest intensity. Our finding that organic matter significantly
decreases with increasing selective logging intensity may have also implications for the evaluation
and projection of carbon sequestration capacities of these forests in the frame of climate change
mitigation initiatives.

Our observations nearly two decades after the logging event indicate that intense logging
seriously challenged the ecosystem’s resilience. Intense harvesting, combined with other disturbance
effects and climate change, may lead to long-term unstable conditions or even forest breakdown and
replacement by non-forest ecosystems. Given the increasing demand for wood, we suggest that low-
intensity selective logging may be the best option for meeting demand while also protecting forest
cover, counteracting forest and land degradation, and ensuring the long-term health of the forest
ecosystem. We recommend developing specific silvicultural practices with low intensity and selective
logging regimes, as well as developing forest management policies that prioritize the maintenance of
continuous forest cover in the region.
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