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Abstract 
Implementing reforestation and forest restoration measures is the most effective 

way to counter desertification and land degradation in low-precipitation steppe regions. 
The study area, situated in Argalant soum, Tuv aimag, is a grassland that is strongly 
affected by desertification in the steppe area. From a phytogeographic perspective, the 
area is described as a Middle Khalkha semi-arid steppe (dry steppe) region. Selecting 
tree species that can adapt to the local environment is crucial for successful afforestation 
efforts. Fine roots were measured in sequential soil layers 0–40 cm depth increments 
across a total of 216 samples in the afforestation site, and 60 soil samples were collected 
in sequential layers from 0 to 60 cm in depth at the afforestation and control sites. This 
study showed that Hippophae rhamnoides had higher fine root biomass accumulation 
(1.689 g m–2), renewal rate (1.071 yr) and productivity (0.949 g m–2). For Populus 
sibirica and Ulmus pumila, their fine root development showed similar results. However, 
three different tree species accumulated different amounts of soil organic carbon. 
U. pumila (51.16 Mg ha–1) increased the soil carbon stock by one time compared to the 
other two species. It is necessary to select and plant tree species that have a significant 
impact on increasing fine-root biomass, productivity, soil fertility and soil organic carbon 
stocks in the arid steppe regions of Mongolia. 
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Introduction 
Desertification and land degradation are major global 

challenges for continental ecosystems, especially in semi-
arid and arid climate zones (Ye et al. 2018, Byambadorj 
et al. 2021, Zhang et al. 2021). Mongolia has an extreme 
climate in Central Asia and an ecosystem vulnerable to cli-
mate change and human activities (Bekei 2018, Bayasga-
lankhuu et al. 2022), and the average annual air temperatu-
re has increased by 2.49°C over the past 80 years. Recent 
studies have shown that due to the impacts of climate and 
human activities, desertification and land degradation cur-
rently affect 76.9% of Mongolia’s territory (MNET 2020). 

The Government of Mongolia has initiated the “Billion 
Tree” National Movement and begun implementing it na-
tionwide, with the main goal to increase forest cover to 9.0% 
of the territory (“Billion Tree” National Movement 2023). 
Reforestation is considered a very important terrestrial car-
bon sink and increases carbon sequestration capacity; thus, 
it mitigates the influence of excessive industrial carbon  

emissions and global climate change (Silver et al. 2000, 
Smith et al. 2000, Fitzsimmons 2003, Zhou et al. 2006). 
Mongolia covers 1,564 thousand km2, which is 1.05% of 
the world’s dryland area, and soil organic carbon stocks are 
directly related to its territory size and soil types. Therefo-
re, the organic carbon reserves in our country’s soil have 
a significant impact on processes such as global climate 
change, carbon sequestration, and emissions. Mongolia 
ranks 14th in terms of soil organic carbon stocks in the 
world and accounts for 0.94% of carbon stocks (FAO and 
ITPS 2020, Batkhishig and Dorjgotov 2021). 

Quantifying above-ground biomass (AGB) and car-
bon stocks of trees is essential for assessing the relati-
onship between growth and biomass (Chave et al. 2005). 
Among the many methods in this field, the allometric 
equation is the most reliable for estimating tree bio-
mass (Gower et al. 1999) and carbon stocks (Chave et 
al. 2005). This is why it is used to estimate forest carbon 
emissions and sequestration to mitigate global warming 
under the UN-REDD+ Programme (Reducing Emissions 
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from Deforestation and forest Degradation; Picard et al.  
2012). 

In forest ecosystems, the belowground biomass  
accounts for 13–25%, of which 2–15% are fine roots (Hel-
misaari et al. 2002). Fine roots account for a small frac-
tion of the total biomass of trees but have a significant im-
pact on terrestrial ecosystems, particularly on soil carbon 
cycling (Nadelhoffer and Raich 1992, Hendrick and Pregit-
zer 1993, Jackson et al. 1997, Röderstein et al. 2005). Fine 
roots are effective degraders and are the primary source 
of soil organic carbon, contributing 30–80% of total soil 
organic carbon (Steele et al. 1997, Brown 2002, Howard 
et al. 2004). Fine roots are typically less than 2 mm in dia-
meter, and it is important to consider seasonal changes, 
root growth, and development of newly grown fine roots 
within a given year (Cannon 1949, Böhm 1979, Zobel and 
Waisel 2010, McCormack et al. 2015, Laliberté 2017). 
The process of fine root formation, followed by drying and 
death, is crucial for the accumulation of organic matter in 
the soil and plays a vital role in seedling viability, health, 
and growth intensity (Montagnoli et al. 2018). It has been 
noted that soil carbon accumulation is highly dependent 
on soil depth (Jobbagy and Jackson 2000, Li et al. 2010, 
Wang X. et al. 2010, Wu et al. 2010, Perez-Quezada et 

al. 2011, Qian et al. 2011, Zhang et al. 2011, Zhu et al.  
2011). 

These studies demonstrate that tree and shrub com-
munities in arid regions play a significant role in the global 
carbon cycle (Li et al. 2010, Wang Y. G. et al. 2010). The 
hypothesis of the study is (i) SOC could be increased under 
various tree species; (ii) fine roots of tree species could be 
increased during the growing season. The purpose of our 
study was to estimate the fine-root seasonal turnover rate, 
production, and soil organic carbon (C) stock of relatively 
young U. pumila, P. sibirica and H. rhamnoides planted in 
semi-arid regions of Mongolia. 

Material and methods 
Study site description 
The study was conducted at the “Green Asia ne-

twork” INGO site, located in the afforested areas establis-
hed in 2017 in the territory of Argalant soum, Tuv aimag  
(Figure 1). It is a grassland region strongly affected by  
desertification in the steppe area (MNET 2020). In terms 
of phytogeography, the site is described as the Middle 
Khalkha semi-arid steppe (dry steppe) region, dominated 
by Agropyron cristatum, Artemisia adamsii, Artemisia  

Figure 1.

 

 
 

 

 

Figure 1. The location of the study site (Argalant soum, Tuv Aimag [province])  

 

 
Figure 2. Monthly mean temperature (solid line) and monthly rainfall (broken, dotted line) in 2017 and 

between 2020  
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Figure 1. The 
location of the 
study site (Argalant 
soum, Tuv Aimag 
[province]) 

Figure 2.

 

 
 

Figure 2. Monthly mean temperature (solid line) and monthly rainfall (broken, dotted line) in 2017 and 
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frigida, Bassia prostrata, Elymus sibiricus, Heteropappus 
hispidus, Oxytropis myriophylla, and Poa attenuata (Ul-
ziykhutag 1989). 

Mongolia is a country with extreme weather, avera-
ging 268 mm of annual precipitation and 2.1°C of annual 
temperature, with a mean monthly temperature of –20.9°C 
in January and +20.3°C in July (NAMEM 2020; Figure 2). 

The plantation was established in 2017 using two-ye-
ar-old seedlings of three different woody species, namely, 
Ulmus pumila L., Populus sibirica Hort. ex Tausch., and 
Hippophae rhamnoides L. (Table 1). Seedlings were plan-
ted in holes (60–70 cm deep, 50–60 cm in diameter) with a 
2.5-m distance between the trees and a 4-m distance betwe-
en the rows. All seedlings were equipped with a hose irri-
gation system and were continuously watered three times a 
month during the growing seasons. 

Fine root sampling, processing and 
measuring 

The experimental treatment started in 2020 (May, 
July, September) and is still ongoing. A total of 216 sam-
ples were taken by coring (4 cm diameter, 30 cm deep) th-
ree times (May, July and September) from the soil of the 
sub-field where three tree species are growing (adapted 
from Ponder and Alley 1997). For processing, each sam-
ple was placed in a nylon bag (300-lm mesh) contained in 
a plastic cylinder (6-mm mesh) and washed automatically 
using a washing machine (adapted by Benjamin and Niel-
sen 2004). The fine roots were examined under a micros-
cope and divided into two groups: the three species were 
classified as ‘live’ (hereinafter termed as fine-root biomass, 
FRB) or ‘dead’ (fine-root necromass, FRN) depending on 
their colour, texture and shape (Vogt and Persson 1991). 
After selection, root fragments of each species were first 
roughly grouped by the calliper method into half-mil-
limetre diameter classes and scanned at a  resolution of 
400 dpi using a calibrated flatbed scanner coupled to a 
lighting system for image acquisition (Epson Expression 
10000 XL). Subsequently, images were analysed using a 
WinRhizo Pro V 2007d (Regent Instruments, Inc., Quebec, 
Canada) to classify different fine-root fragments into four  

diameter classes (< 0.5, 0.5–1.0, 1.0–1.5, and 1.5–2.0 mm). 
After measuring fine-root length (FRL), the live and dead 
fine-root samples were oven-dried separately by the dia-
meter classes and weighed. Understory fine roots were also 
dried and weighed. 

Fine-root product 
The production (P) between two sampling dates is 

calculated either by adding the differences in biomass (ΔB) 
and necromass (ΔN), by adding only the differences in bio-
mass (ΔB), or by equating P to zero (Fairley and Alexander 
1985). The conditions under which the P formulas are to be 
used are as follows: 

 

𝑃𝑃 � �𝐵𝐵 � �� 

 

a) if biomass and necromass have increased;  

b) if biomass has decreased and necromass has increased; but (ΔB) lower than (ΔN):  

P = ΔB   (Eq. 2). 

𝑃𝑃 � �𝐵𝐵 

If biomass has increased and necromass has decreased:  

P = 0   (Eq. 3). 

𝑃𝑃 � 0 

a) if biomass and necromass have decreased; 

b) if biomass has decreased and necromass has increased; but (ΔB) higher than (ΔN).  

 

Fine-root turnover rates  

The turnover rate of fine-roots TBmax was calculated by dividing the annual fine-root production Pa by the 

highest biomass value (maximum biomass, Bmax) according to Gill and Jackson (2000):  
TBmax = Pa = Bmax  (Eq. 4). 
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Alternatively, the turnover rate TBmean was calculated by dividing the annual fine-root production Pa by the 

mean biomass Bmean according to the method of McClaugherty et al. (1982).  

Bmean = ∑B/n  ,  (Eq. 5) 
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Soil sampling, processing and measuring  

We collected soil samples from areas under three species and non-vegetated patches of bare ground. All 
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determined by the volumetric method (ASTM D4373-96). Available phosphorus (P2O5) was measured by 

molybdenum blue colorimetry, after (NH4)2CO3 digestion (MNS 3310:1991). Nitrate-nitrogen (NO2-N) was 

 ,	 (Eq. 5)

where n – number of samples per year.

 

𝑃𝑃 � �𝐵𝐵 

If biomass has increased and necromass has decreased:  

P = 0   (Eq. 3). 

𝑃𝑃 � 0 

a) if biomass and necromass have decreased; 

b) if biomass has decreased and necromass has increased; but (ΔB) higher than (ΔN).  

 

Fine-root turnover rates  

The turnover rate of fine-roots TBmax was calculated by dividing the annual fine-root production Pa by the 

highest biomass value (maximum biomass, Bmax) according to Gill and Jackson (2000):  
TBmax = Pa = Bmax  (Eq. 4). 

𝑇𝑇���� � 𝑃𝑃� � 𝐵𝐵��� 

Alternatively, the turnover rate TBmean was calculated by dividing the annual fine-root production Pa by the 

mean biomass Bmean according to the method of McClaugherty et al. (1982).  

Bmean = ∑B/n  ,  (Eq. 5) 

𝐵𝐵���� ��𝐵𝐵
𝑛𝑛 

 

where n – number of samples per year. 

TBmean = Pa/Bmean 

𝑇𝑇����� � 𝑃𝑃�
𝐵𝐵���� 

 

Soil sampling, processing and measuring  

We collected soil samples from areas under three species and non-vegetated patches of bare ground. All 

soil samples were taken in three replicates within the afforestation and control sites (Figure 1). A total of 48 soil 

samples (0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, three replications) were collected from each sampling and 

control plot. Soil bulk density (BD) and soil moisture (SM) were determined in accordance with Walter et al. 

(2016), and soil particle analyses were carried out by the procedure of Kilmer and Mullins (1954). Soil temperature 

was measured at each depth of the soil profile using Checktemp® Digital Thermometer HI98501 (Hanna 

Instruments, Inc., USA) with an accuracy of ±0.2°C. Soil samples were air-dried, sieved through a 2 mm sieve 

and stored at room temperature. The samples were subjected to the following physical and chemical analyses 

(ISO 11464:2006): particle size was determined by sieve/pipette technique (Kilmer and Mullins 1954), pH was 

determined on a 1 : 2.5 air-dried soil/distilled water mixture using a glass electrode pH meter 

(MNS ISO 10390:2001), electrical conductivity (EC) was determined for a 1 : 5 air-dried soil/distilled water 

mixture using a platinum electrode. Soil organic carbon was measured according to Walkley and Black (1934), 

and organic carbon stock was determined as described by Batjes (1996). Calcium carbonate content was 

determined by the volumetric method (ASTM D4373-96). Available phosphorus (P2O5) was measured by 

molybdenum blue colorimetry, after (NH4)2CO3 digestion (MNS 3310:1991). Nitrate-nitrogen (NO2-N) was 

 	 (Eq. 6).

Site Biometric characteristics
Property

Tree species
U. pumila P. sibirica H. rhamnoides

Afforestation

North latitude 47°57'10.5ʺ 47°57'18.8ʺ 47°57'10.3ʺ
East longitude 105°53'09.7ʺ 105°53'08.0ʺ 105°53'10.7ʺ
Altitude (m) 1234 1245 1293
Average age 4 4 4
Average RCD (mm) 27.1 ± 4.9 51.4 ± 3.9 33.1 ± 4.6
Average height H (cm) 136.2 ± 9.8 312.0 ± 10.6 151.4 ± 6.1
Density (trees ha–1) 1050 1050 1050
Soil type Kastanozems (leptic, Sceletic) FAO
Land use Grassland

Table 1. Biometric characteristics of the forest at each plantation site and morphological traits of the three tree 
species planted 

Note: H – shoot height; RCD – root collar diameter. The values are means with SE = standard error.
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Soil sampling, processing and measuring 
We collected soil samples from areas under three 

species and non-vegetated patches of bare ground. All 
soil samples were taken in three replicates within the af-
forestation and control sites (Figure 1). A total of 48 soil 
samples (0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, 
three replications) were collected from each sampling 
and control plot. Soil bulk density (BD) and soil mois-
ture (SM) were determined in accordance with Walter et 
al. (2016), and soil particle analyses were carried out by 
the procedure of Kilmer and Mullins (1954). Soil tem-
perature was measured at each depth of the soil profile 
using Checktemp® Digital Thermometer HI98501 (Han-
na Instruments, Inc., USA) with an accuracy of ± 0.2°C. 
Soil samples were air-dried, sieved through a 2 mm sieve 
and stored at room temperature. The samples were sub-
jected to the following physical and chemical analyses 
(ISO 11464:2006): particle size was determined by sieve/
pipette technique (Kilmer and Mullins 1954), pH was de-
termined on a 1 : 2.5 air-dried soil/distilled water mixture 
using a glass electrode pH meter (MNS ISO 10390:2001), 
electrical conductivity (EC) was determined for a 1 : 5 
air-dried soil/distilled water mixture using a platinum 
electrode. Soil organic carbon was measured according to 
Walkley and Black (1934), and organic carbon stock was 
determined as described by Batjes (1996). Calcium car-
bonate content was determined by the volumetric method 
(ASTM  D4373-96; ASTM 1996). Available phosphorus 
(P2O5) was measured by molybdenum blue colorimetry, 
after (NH4)2CO3 digestion (MNS 3310:1991). Nitrate-
nitrogen (NO2-N) was determined using a CH3COONa  
digestion and spectrocolourimetry. Potassium (K2O) was 
analysed by flame spectrometry (Soil Survey Staff 2014). 

The soil organic carbon stocks were calculated accor-
ding to the IPCC (2003): 

 

𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �𝑀𝑀𝑓𝑓 ℎ𝑎𝑎�� �� �𝑆𝑆𝑆𝑆𝑆𝑆 � �� � ���𝑠𝑠ℎ � �1 � 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
100 ��

�

�
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �𝑀𝑀𝑀𝑀 ℎ𝑎𝑎��� � ∑ �𝑆𝑆𝑆𝑆𝑆𝑆 � �� � ���𝑠𝑠ℎ � �1 � ����
��� ����   , (Eq. 7) 

where  

SOC (soil organic carbon) – the C concentration in soil sample (kilograms of C per 1 kilogram of soil),  

BD – s the soil bulk density, i.e. soil density of the fine earth (mega grams per 1 cubic meter),  

Depth – the thickness of the horizon within the considered section (centimeters), and 

frag – the percent of rock fragments.  

 

Statistical analysis  

Two-way analysis of variance (ANOVA) with Duncan’s multiple range test (DMRT) were used for multiple 

comparisons among the data obtained from the one site and three species. All statistical analyses were performed 

using the SAS software package, version 9.4 (SAS Institute, Inc. 2023). Principal component analysis (PCA) was 

performed using the Paleontological Statistics (PAST, version 4.12(b)) software package (Hammer et al. 2001). 

Analysis was carried out using R (R Core Team 2023). The graphs were produced using the Sigma Plot for 

Windows software suite, version 12.5 (Systat Software, Inc. 2013).  

Results  
Fine root analysis  

The development of the tree fine-roots varied by species type and timeline at the afforestation site. Monthly 

differences in the results for the fine-root diameter categories showed that the 0–0.5 mm category was more 

prevalent in May and September, while the 0–2 mm category was more prevalent in July (Figure 3). The highest 

fine-root biomass accumulated in the 0–20 cm soil depth, with the 0–1 mm diameter category having the highest 

amount of fine-roots. For U. pumila, the measurement was similar in May < July < September for the thinnest 

fine-root diameter category of 0–0.5 mm. For P. sibirica and H. rhamnoides, the 0–0.5 mm fine-root category was 

the highest in July. In that month, the fine-root biomass was the highest across all diameter categories with 

H. rhamnoides showing the highest amount. Additionally, the fine-root necromass varied across diameter 

categories, except 1.5–2.0 mm category, were not observed necromass in this category. The fine roots of U. pumila 

and P. sibirica were measured at 0–0.5 mm (Figure 3A), while those of H. rhamnoides were measured at 0–1.5 mm 

(Figure 3A, C, E, G). The 0.5–1.5 mm diameter category dominated fine-root necromass measurements 

(Figure 3B, D, F).  

As shown in Table 2, the fine-root diameters varied by category for each tree species during the 

measurement periods. Most of the fine root diameters for each of the three tree species were measured at the 

beginning (May) and end (September) of the plant growth period. Live fine roots belonged to the 0–0.5 mm 

diameter category. Fine roots in the 0.0–0.5 mm diameter category comprised P. sibirica (88.46%) in May, 

U. pumila (79.98%) in September, and H. rhamnoides (53.09%) in the 0.5–1.0 mm diameter fine root category 

was measured in June. The highest amount of necromass of fine roots was recorded in May and September for 

P. sibirica (Table 2).  

,  (Eq. 7)
where 
SOC (soil organic carbon) – the C  concentration in soil 
sample (kilograms of C per 1 kilogram of soil), 
BD – the soil bulk density, i.e. soil density of the fine earth 
(mega grams per 1 cubic meter), 
Depth – the thickness of the horizon within the considered 
section (centimeters), and 
frag – the percent of rock fragments. 

Statistical analysis 
Two-way analysis of variance (ANOVA) with 

Duncan’s multiple range test (DMRT) were used for mul-
tiple comparisons among the data obtained from the one 
site and three species. All statistical analyses were perfor-
med using the SAS software package, version 9.4 (SAS 
Institute, Inc. 2023). Principal component analysis (PCA) 
was performed using the Paleontological Statistics (PAST, 
version 4.12(b)) software package (Hammer et al. 2001). 

Analysis was carried out using R (Wickham 2016, R Core 
Team 2023). The graphs were produced using the Sigma 
Plot for Windows software suite, version 12.5 (Systat 
Software, Inc. 2013). 

Results 
Fine root analysis 
The development of the tree fine-roots varied by spe-

cies type and timeline at the afforestation site. Monthly di-
fferences in the results for the fine-root diameter categories 
showed that the 0–0.5 mm category was more prevalent 
in May and September, while the 0–2 mm category was 
more prevalent in July (Figure 3). The highest fine-root 
biomass accumulated in the 0–20 cm soil depth, with the 
0–1 mm diameter category having the highest amount of 
fine-roots. For U. pumila, the measurement was similar in 
May < July < September for the thinnest fine-root diameter 
category of 0–0.5 mm. For P. sibirica and H. rhamnoides, 
the 0–0.5 mm fine-root category was the highest in July. 
In that month, the fine-root biomass was the highest ac-
ross all diameter categories with H. rhamnoides showing 
the highest amount. Additionally, the fine-root necromass 
varied across diameter categories, except 1.5–2.0 mm ca-
tegory, were not observed necromass in this category. The 
fine roots of U. pumila and P. sibirica were measured at 
0–0.5 mm (Figure 3A), while those of H. rhamnoides 
were measured at 0–1.5 mm (Figure 3A, C, E, G). The 
0.5– 1.5 mm diameter category dominated fine-root necro-
mass measurements (Figure 3B, D, F). 

As shown in Table 2, the fine-root diameters varied 
by category for each tree species during the measurement 
periods. Most of the fine root diameters for each of the  
three tree species were measured at the beginning (May) 
and end (September) of the plant growth period. Live fine 
roots belonged to the 0–0.5 mm diameter category. Fine 
roots in the 0.0–0.5 mm diameter category comprised P. si-
birica (88.46%) in May, U. pumila (79.98%) in September, 
and H. rhamnoides (53.09%) in the 0.5–1.0 mm diame-
ter fine root category was measured in June. The highest 
amount of necromass of fine roots was recorded in May 
and September for P. sibirica (Table 2). 

A  comparison of surface areas at the species level 
showed that U. pumila measured 5.92 ± 0.44 cm2 in July 
and 5.13 ± 0.38 cm2 in September. P. sibirica exhibited si-
milar measurements across all months, while H. rhamnoi-
des had the highest measurements in July at 5.25 ± 0.36 cm2 
(Table 3). When compared at the species level, fine-root 
length of U. pumila was consistent across all measurement 
months. The fine-root growth of P. sibirica was longer in 
September (25.50 ± 4.01 cm), while that of H. rhamnoides 
was longer in July (31.11 ± 4.29 cm). Fine-root necromass 
length was measured in May and September for all three 
tree species (Table 3). Regarding the total volume of living 
fine roots of trees, the highest values were noted in P. sibiri-
ca (0.14 ± 0.04 cm3) and H. rhamnoides (0.10 ± 0.02 cm3) 
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Figure 3.

 

 
Figure 3. Live fine root biomass and fine root necromass of trees in the afforestation sites by root size and 
diameter: А) 0–0.5 mm live fine root biomass, B) 0–0.5 mm dead fine root mass, C) 0.5–1 mm live fine root 

Figure 3. Live f ine root biomass 
and f ine root necromass of trees in 
the afforestation sites by root size 
and diameter: А) 0–0.5 mm live 
f ine root biomass, B) 0–0.5 mm 
dead f ine root mass, C) 0.5–  1 mm 
live f ine root biomass, 
D) 0.5–  1 mm dead f ine root 
mass, E) 1–1.5 mm live f ine root 
biomass, F) 1–1.5 mm dead f ine 
root mass, G) 1.5–2 mm live f ine 
root biomass, H) 1.5–  2 mm dead 
f ine root mass 

Species Diameter 
(mm)

Live fine-root Necromass
May (%) Jul (%) Sep (%) May (%) Jul (%) Sep (%)

U. pumila

0.0–0.5 48.07 18.47 79.98 78.95 - 36.67
0.5–1.0 36.32 43.46 17.35 18.55 - 63.32
1.0–1.5 15.61 23.25 2.67 2.50 - -
1.5–2.0 - 14.82 - - - -

P. sibirica

0.0–0.5 88.46 11.78 57.06 98.65 - 100.0
0.5–1.0 9.87 40.82 42.94 1.35 - -
1.0–1.5 1.67 29.55 - - - -
1.5–2.0 - 17.85 - - - -

H. rhamnoides

0.0–0.5 47.29 8.37 38.60 59.11 - 2.06
0.5–1.0 10.48 53.09 27.19 32.70 - 97.94
1.0–1.5 26.49 25.78 18.85 8.18 - -
1.5–2.0 15.74 12.76 15.36 0.00 - -

Table 2. The live tree f ine root biomass and dead tree f ine root necromass by percentage and by diameter 
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in July, and similar results were observed in the examined 
tree species in May and September (Table 3). 

A  comparison of surface areas at the species le-
vel showed that U. pumila measured 5.92 ± 0.45 cm–2 in 
July and 5.13 ± 0.38 cm–2 in September. P. sibirica exhi-
bited similar values across all months, while H. rhamnoi-
des showed the highest values in July at 5.25 ± 0.36 cm–2 
(Table 3). When compared at the species level, fine-root 
length of U. pumila was consistent across all measurement  
months. The fine-root growth of P. sibirica was longer in 
September (25.51 ± 4.02 cm), while H. rhamnoides had 
higher length in July (31.11 ± 4.29 cm). Fine-root necro-
mass length (dead fine root length) was measured in May 
and September for all three tree species (Table 3). Re-
garding the total volume of living fine roots of trees, the 
highest values were noted in P. sibirica (0.14 ± 0.05 cm–3) 
and H. rhamnoides (0.10 ± 0.02 cm–3) in July, and similar 
results were observed for the examined tree species in May 
and September (Table 3). 

The fine-root system of the young trees of the  
three species was more abundant in the soil surface layer. 
The highest total biomass of fine roots during the entire 
growing season was produced by H. rhamnoides, 0.489 g 
(May 16.6%, Jul 52.2%, Sep 31%), while P. sibirica, 
0.366 g (May 12%, Jul 50.7%, Sep 37.3%), and U. pumila, 
0.359 g (May 25.5%, Jun 42%, Sep 32.6%), demonstrated 
similar values. The three tree species accumulated the hig-
hest fine-root biomass in the middle of the growing season 
(July; Figure 4A, C, E). 

The proportion of total fine-root mass in each soil 
layer also decreased with soil depth. Figure 4 shows fi-
ne-root biomass accumulation for three tree species at 
soil depths of 0–40 cm. The fine-root biomass of U. pu-
mila began to increase in May and reached its maximum 
in September (0.067 ± 0.052 g) at the 0–10 cm soil depth.  
However, in May, the fine-root biomass increased the most 
(0.071 ± 0.040 g) and subsequently decreased in July at 
the soil depth of 10–20 cm. This pattern was observed at 
the soil depth of 20–40 cm. Furthermore, the greatest re-
duction in fine roots in U. pumila was observed in most 
soil layers in May (Figure 4A). For P. sibirica, the highest 

fine-root biomass was observed at the 0–10 cm soil depth 
in July (0.081 ± 0.008 g) and at the 10–20 cm soil depth in 
September (0.097 ± 0.067 g) (Figure 4C). Along with the 
high accumulation of fine-root biomass, the fine-root nec-
romass was measured in all soil layers in May (Figure 4B, 
D, F). For H. rhamnoides, the highest fine-root biomass 
accumulation occurred at the 0–30 cm soil depth in all  
measured months, related to the biological characteristics 
of the tree species. 

The 74.5% of the total fine-root biomass is distributed 
within the 0–20 cm soil depth. The decrease in fine root 
biomass was observed with increasing soil depth. Addi-
tionally, the fine-root biomass of H. rhamnoides showed a 
better distribution in the 20–40 cm soil depth compared to 
the other two species (Figure 4). 

Fine-root production 
Based on the fine root biomass (g), total biomass 

accumulation per unit area was calculated. According to 
the results, the highest total biomass accumulation per unit 
area occurred in the middle of the growth period (July). In 
terms of species, H. rhamnoides (1.689 g m–2) had the hig-
hest fine root biomass accumulation per unit area (Table 4). 

The measurement results showed H. rhamnoides 
(0.586 g m–2) had the highest fine-root production in July, 
while U. pumila (0.118 g m–2) had the lowest production 
in September.  When comparing species, H. rhamnoides 
had the highest production (0.949 g m–2) and its fine root 
system sufficiently increases soil moisture and nutrition 
increment, reduces soil compaction, boosts soil microorga-
nism and activates the nutrient cycling (Table 4). Fine root 
turnover rate (higher turnover rate indicates higher micro-
bial activity and soil nutrient cycling) per unit area varied 
among these three tree species during the annual growth 
period. The highest turnover rate was observed in H. rha-
mnoides, 1.071 (year), while the lowest was in U. pumila 
at 0.547 (year; Table 4). 

Soil properties 
The study aimed to determine the impact of 4-year-

old trees on the soil by planting and growing trees in de-

Month U. pumila  
(live)

P. sibirica  
(live)

H. rhamnoides  
(live)

U. pumila  
(necromass)

P. sibirica  
(necromass)

H. rhamnoides  
(necromass)

Surface area (cm–2)
May 4.96 ± 0.44 a 4.37 ± 0.35 a 4.99 ± 0.37 a 3.74 ± 0.94 a 4.15 ± 0.25 a 3.90 ± 0.36 a

Jul 5.92 ± 0.45 a 4.41 ± 0.34 a 5.25 ± 0.36 a - - -
Sep 5.13 ± 0.38 a 4.88 ± 0.54 a 4.80 ± 0.58 a 9.05 ± 0.00 a 2.96 ± 0.51 a 3.89 ± 1.15 a

Length (cm)
May 26.54 ± 5.36 a 22.82 ± 2.29 a 24.33 ± 3.49 a 14.39 ± 3.69 a 17.67 ± 2.18 a 18.26 ± 3.70 a

Jul 24.80 ± 3.37 a 20.83 ± 3.74 a 31.11 ± 4.29 a - - -
Sep 25.41 ± 3.01 a 25.51 ± 4.02 a 20.86 ± 3.92 a 3.56 ± 0.00 a 11.16 ± 1.80 a 12.54 ± 4.54 a

Total volume (cm–3)
May 0.04 ± 0.01 a 0.02 ± 0.01 a 0.04 ± 0.01 a 0.02 ± 0.01 a - 0.02 ± 0.01 a

Jul 0.05 ± 0.01 a 0.14 ± 0.05 a 0.10 ± 0.02 ab - - -
Sep 0.03 ± 0.01 a 0.02 ± 0.01 a 0.04 ± 0.01 b 0.02 ± 0.00 a - 0.01 ± 0.01 a

Table 3. Fine-root: Surface area, length, volume 



7

BALTIC FORESTRY 32(1) FINE-ROOT BIOMASS, PRODUCTION, TURNOVER OF ULMUS PUMILA, /.../ AVIRMED, T.,  ET AL. 

Figure 4.

 

 
 

Figure 4. Fine-root dry biomass in the plantation site: U. pumila А) live fine-root, B) necromass; P. sibirica 

C) live fine-root, D) necromass; H. rhamnoides E) live fine-root, F) necromass. Monthly dynamics of live fine-

root biomass and dead fine root necromass (2 mm) biomass (mean SE, n = 3) at soil layer of 0–10, 10–20, 20–30, 

30–40 cm depth  

 

Figure 4.  Fine-root dry biomass 
in the plantation site: U. pumila 
А) live f ine-root, B) necromass; 
P. sibirica C) live f ine-root, 
D) necromass; H. rhamnoides 
E) live f ine-root, F) necromass. 
Monthly dynamics of live f ine-
root biomass and dead f ine root 
necromass (2 mm) biomass (mean 
SE, n  =  3) at soil layer of 0–10, 
10–  20, 20–30, 30–40 cm depth 

Month Fine-root biomass (g m–2) Fine-root production (g m–2) Fine-root turn-over tate (year)
U. pumila P. sibirica H. rhamnoides U. pumila P. sibirica H. rhamnoides U. pumila P. sibirica H. rhamnoides

May 0.320 0.149 0.280 - - - - - -
Jul 0.528 0.626 0.886 0.171 0.402 0.586 - - -
Sep 0.409 0.460 0.523 0.118 0.166 0.363 - - -
Total 1.257 1.234 1.689 0.289 0.568 0.949 0.547 0.907 1.071

Table 4. Fine root biomass, production, turn-over rate 

Table 5. Comparison of soil properties in the afforestation site

Pro- 
perty

Soil 
depth 
(cm)

N
Property

pH BD  
(g cm–3) SM (%) Sand  

(2–0.05 mm)
Silt  

(2–0.05 mm)
Clay  

(2–0.05 mm)
AN  

(mg kg–1)
AP  

(mg kg–1)
AK  

(mg kg–1)
SOCs  

(Mg ha–1)
U. pu- 
mila

0–20 45 7.75 ± 0.06 a 1.20 ± 0.02 a 8.24 ± 0.82 a 66.08 ± 2.48 a 23.67 ± 2.29 a 9.81 ± 0.48 a 1.11 ± 0.25 a 1.74 ± 0.37 a 53.40 ± 5.73 a 8.01 ± 0.97 a

20–60 45 7.83 ± 0.28 a 1.30 ± 0.07 a 3.90 ± 0.71 a 64.39 ± 0.49 a 24.85 ± 0.12 a 9.76 ± 0.63 a 0.75 ± 0.18 a 0.83 ± 0.00 a 39.88 ± 8.20 a 10.91 ± 4.17 a

P. sibi- 
rica

0–20 45 7.65 ± 0.03 a 1.18 ± 0.05 a 10.24 ± 1.03 a65.36 ± 0.55 a 23.13 ± 0.34 a 11.50 ± 0.23 a 0.96 ± 0.26 a 1.31 ± 0.07 a 20.77 ± 6.16 ab 7.05 ± 0.60 a

20–60 45 7.74 ± 0.10 a 1.24 ± 0.03 a 4.84 ± 0.08 a 70.70 ± 0.90 a 19.75 ± 0.20 a 9.54 ± 0.71 a 0.50 ± 0.09 a 0.92 ± 0.11 a 12.29 ± 1.21 ab 7.92 ± 4.36 ab

H. rham-
noides

0–20 45 7.46 ± 0.10 a 1.28 ± 0.04 a 10.64 ± 0.30 a65.67 ± 1.25 a23.88 ± 0.72 ab10.45 ± 0.54 a 1.12 ± 0.38 a 1.20 ± 0.21 a 32.99 ± 7.63 ab 8.49 ± 1.25 a

20–60 45 7.58 ± 02.0 a 1.26 ± 0.01 a 5.25 ± 0.70 a 65.58 ± 2.22 a 23.95 ± 1.71 a 10.47 ± 0.51 a 0.52 ± 0.09 a 0.96 ± 0.03 a 14.46 ± 1.96 ab 7.41 ± 1.77 ab

Con- 
trol

0–20 45 7.77 ± 0.23 a 1.42 ± 0.03 a 7.63 ± 0.47 a 66.07 ± 0.66 a 20.47 ± 2.16 b 11.13 ± 0.24 a 0.86 ± 0.16 a 1.53 ± 0.62 a 51.90 ± 20.88 b 6.36 ± 1.34 a

20–60 45 7.78 ± 0.08 a 1.41 ± 0.07 a 8.09 ± 1.67 a 73.26 ± 2.19 a 13.31 ± 0.85 b 8.92 ± 0.84 a 0.40 ± 0.13 a 1.55 ± 0.79 a 14.74 ± 0.22 b 4.19 ± 2.91 b

Note: BD = Bulk density; SM = soil moisture; AN = available nitrogen; AP = available phosphorus; AK = available potassium. 

graded areas. The results of physicochemical soil analy-
sis showed that soil properties varied across the forest 
plantation site. Soil pH ranged from slightly alkaline (pH: 
7.46–7.83). Soil bulk density (BD) was lower at the forest 
plantation site (1.18–1.30 g cm–3) compared to the control 
site (1.42 ± 0.03 g cm–3). Soil moisture was higher at the 
forest plantation site, and the moisture content decreased 

with soil depth. The afforestation site soil had a  sandy 
texture. The mechanical composition of the soil at the con-
trol and afforestation areas was similar: the sandy texture 
at the afforestation site ranged from 64.39–70.70 mm, and 
the control site soil sand was 73.26 ± 0.47 mm. 

On the other hand, the soil silt of the afforestation 
site was 19.75–24.85 mm, and clay was 20.47 ± 2.16 mm, 
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while the control site soil silt was 9.54–11.50 mm, and 
clay was 11.13 ± 0.24 mm (Table 5). The key indicators 
of soil fertility, including available nitrogen (AN), availab-
le phosphorus (AP), available potassium (AK) and SOC, 
were compared between soils of the afforestation site and 
the control site. The results showed that AN, AP and AK 
are highest in the soil at a depth of 0–20 cm. In the soil, 
where U. pumila trees have been planted, the levels of AN, 
AP and AK were the highest, with the AN value being par-
ticularly elevated in association with H. rhamnoides. The 
highest SOC values were found in the soil samples collec-
ted at the depth of 20–60 cm in the afforestation area, whe-
re U. pumila was growing. The SOC values in the control 
soil samples were consistently lower compared to those in 
the soil from the afforestation site (Table 5). 

Soil organic carbon stock 
To determine the impact of fine-root biomass for  

three tree species on SOC stock. A positive correlation was 
observed between tree fine-root biomass and the increase 
in the SOC stock by 55% (Figure 5A, B). Regarding the 
differences between species, the SOC stock of U. pumila 
(51.16 ± 0.57 Mg ha–1) was high during all measurement 
periods. P. sibirica (30.30 ± 0.45 Mg ha–1) and H. rhamno-
ides (34.61 ± 1.76 Mg ha–1) showed similar results (Figu-
re 5A). In general, as soil depth increased, significant chan-
ges in SOC stock were noted. In all soil layers, U. pumila 
was rich in SOC stock, with the greatest increase occur-
ring at a depth of 20–40 cm, while SOC stock decreased 
at 40– 60 cm. Additionally, at all measurement depths, the 
SOC stock in the control site was significantly lower than 
that in the afforestation site (Figure 5B). 

The relationship between fine root traits 
and soil properties 

A principal component analysis (PCA) was conducted 
to determine the relationships between environmental con-
ditions, soil chemical and physical properties, soil organic 
carbon stocks, air temperature and air humidity on fine root 
biomass accumulation in three tree species. 

The impact of soil growth environment and climate 
on the fine root biomass of three tree species at the affores-
tation site was projected onto a two-dimensional plot using 

PCA. Together, PCA components accounted for 46.3% 
of the variation in fine-root biomass accumulation in the  
planted U. pumila (PCA 1: 27.1%, PCA 2: 19.2%). The fi-
ne-root biomass of U. pumila was highly affected by clima-
te, soil moisture, and soil fertility indicators at the affores-
tation site. In contrast, the fine-root biomass of P. sibirica 
PCA 52.9% (PCA 1: 32.7%, PCA 2: 20.2%) and H. rha-
mnoides PCA 50.9% (PCA 1: 29.3%, PCA 2: 21.6%) was 
significantly influenced by climate factors, as well as by 
increasing soil fertility, and the mechanical components of 
soil (Figure 6A, B, C). 

The impact of soil growth environment and climate 
on the fine root biomass of the three tree species at the 
afforestation site was projected onto a two-dimensional 
plot using PCA. Together, PCA components accounted for 
46.3% of the variation in fine-root biomass accumulation 
in the planted U. pumila (PCA 1: 27.1%, PCA 2: 19.2%). 
The fine-root biomass of U. pumila was highly affected 
by climate, soil moisture, and soil fertility indicators at 
the afforestation site. In contrast, the fine-root biomass of 
P. sibirica PCA 52.9% (PCA 1: 32.7%, PCA 2: 20.2%) 
and H. rhamnoides PCA 50.9% (PCA 1: 29.3%, PCA 2: 
21.6%) was significantly influenced by climate factors, as 
well as by increasing soil fertility, and the mechanical com-
ponents of soil (Figure 6A, B, C). 

Discussion 
For afforestation and reforestation activities, selec-

ting the appropriate tree species in regions with extreme 
climates is crucial. Previous studies have confirmed that 
U. pumila, P. sibirica, and H. rhamnoides are well-adapted 
and capable of thriving in the Mongolian dry steppe region 
with low rainfall (Cho et al. 2019, Byambadorj et al. 2020, 
2021, Nyam-Osor et al. 2021, Montagnoli et al. 2022, Avir-
med et al. 2023). In the scope of the National Programme 
to enhance afforestation and reforestation efforts aimed at 
combating desertification and land degradation, these tree 
species are expected to be planted in significant quantities 
in the future (“Billion Tree” National Movement 2023). 

Fine-root analysis 
This study aimed to determine the biomass accumu-

lation, production, and turnover rate of fine-root for tree 

Figure 5.

 

Figure 5. SOC in different tree species: A) SOC in the presence of different tree species, B) Comparison of SOC 

at varying depths  

Figure 5.  SOC in different tree 
species: A) SOC in the presence 
of different tree species, 
B) Comparison of SOC at varying 
depths



9

BALTIC FORESTRY 32(1) FINE-ROOT BIOMASS, PRODUCTION, TURNOVER OF ULMUS PUMILA, /.../ AVIRMED, T.,  ET AL. 

the other two species. However, significant fine-root loss 
for H. rhamnoides was observed in July and September  
(Figure 4). This loss can be attributed to several factors, 
including sandy texture (Huang et al. 2012), low soil mo-
isture content (Olesinski et al. 2011, Ma et al. 2021), and 
high air temperature (Dress and Boerner 2001, Phillips et 
al. 2006). 

Conversely, the necromass for U. pumila and P. si-
birica was higher due to limited watering in May. Low 
rainfall in 2020 likely adversely affected fine-root biomass 
accumulation compared with previous years (2017–2019) 
(NAMEM 2020). In the afforestation site, droughts typi-
cally occur annually from April to May. During drought 
years, trees often experienced water deficits, leading to a 
decline in belowground biomass (Joslin et al. 2000, Chia- 
tante et al. 2005, 2006, Di Iorio et al. 2011). Fine-root pro-
duction tends to decrease during the driest periods, sugges-
ting a potential adaptation to water scarcity (Montagnoli 
et al. 2012). However, we did not collect samples during 
winter due to very low soil temperatures, reaching from 
–30°C to –40°C, which limited both the formation and de-
composition of fine roots. Regarding the characteristics of 
fine roots, 76% of the live mass and 95% of the necromass 
of fine roots in the three tree species fell into the 0–1 mm 

Figure 6.

 

 
 

 

 

Figure 6. Principal component analysis (PCA) of fine-root biomass: A) U. pumila, B) P. sibirica, 
C) H. rhamnoides  

  

Figure 6. Principal com- 
ponent analysis (PCA) 
of f ine-root biomass: 
A) U. pumila, B) P. sibirica, 
C) H. rhamnoides 

species. All fine-root measurements are presented separa-
tely for live fine root and fine-root necromass. The planted 
tree species demonstrated high productivity, owing to the 
significant biomass of fine roots, developed mainly due 
to fertile soil and regular watering. Fine-root biomass is 
dependent on several factors, including species type, age, 
BD, soil properties, and environmental conditions such as 
temperature, precipitation, topography, and elevation (Fi-
nér et al. 2007, 2011). However, 74.5% of the total live 
fine-roots were distributed within the 0–20 cm soil depth 
(Wang et al. 2012). Previous research has shown that the 
maximum accumulation of plant roots occurs in the topsoil 
(Bonger et al. 2008, Himmelbauer et al. 2010). 

Overall, fine-root biomass increased in spring, peaked 
in summer and then declined in autumn, consistent with 
findings from other studies (Brassard et al. 2009, 2011). 
Also, 74.5% of the fine-root necromass was measured at 
the 0–20 cm soil depth. Fine-root necromass, often found 
on the soil surface, is a crucial factor in enhancing soil fer-
tility. These results align with other research suggesting 
that fine-root necromass decreases with soil depth (Lai et 
al. 2016, Du et al. 2019). H. rhamnoides benefits from re-
gular drip watering, which helps increase harvest yield and 
makes it less susceptible to water shortages compared to 
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diameter category. These findings align with previous rese-
arch (Bauhus and Messier 1999, King et al. 2002, Pinno et 
al. 2010). 

Furthermore, the surface area of fine roots in the  
three studied tree species was low in May but increased in 
July and September. This pattern is explained by low air 
humidity during the spring months, which emphasises the 
need for increased watering in this season. The results also 
showed that fine-root length decreased with depth from 
the soil surface, consistent with previous research findings 
(Tracy et al. 2013). Topsoil contains higher nutrient levels 
that support root growth in the upper layers. As soil depth 
increases, nutrient availability gradually decreases, restric-
ting root development. In contrast, root length tends to 
show the opposite trend: in nutrient-rich upper soils, roots 
can easily access resources, whereas in deeper, nutrient-
poor layers, roots must extend further to reach nutrient-rich 
zones (Tang et al. 2023). 

According to our results, the fine-root production of 
the three tree species ranged from 0.29 to 0.95 g m–2, with 
turnover rates varying between 0.55 and 1.07 year–1 (Tab-
le 4). These findings can be compared to studies conduc-
ted by Chinese researchers in regions with similar climate 
and orography. For instance, the fine-root turnover rate of 
20-year-old U. pumila planted in the Gurbantunggut De-
sert was reported to be 2.08 year–1 (Pei et al. 2011). Ad-
ditionally, the fine-root production of 15-year-old Salix 
psammophila grown in Yanchi sandy soil was measured 
at 310.22 g m–2 (Lai et al. 2016). The studies mentioned 
above suggested that the production of fine roots by tre-
es increases with age. In Mongolia, research on tree fine 
roots is still in its initial stages. Therefore, future studies 
should focus on the detailed seasonal dynamics of tree  
fine-roots. 

Soil properties 
Most of the soils in Mongolia are alkaline, with soil 

pH significantly influenced by BD, tree species, and soil 
depth. In the afforestation area, soil pH decreased with inc-
reasing soil depth. In contrast, all soil depths in the control 
site showed similar pH levels. Planting trees in alkaline 
soils can lead to shifts in soil pH (Hong et al. 2018). The 
contents of essential nutrients, like N, P, and K, in the soil 
are significantly influenced by both soil depth and tree spe-
cies (Table 5). In general, H. rhamnoides thrives in sandy, 
stony, light-textured soils with a pH of 6.5–7.5 (Mohit et al. 
2018). This species is rich in N and contributes positively 
to soil fertility (Mohit et al. 2018). U. pumila is considered 
more suitable for planting in sandy and degraded areas as 
it enhances soil nutrient levels (Wang et al. 2021). Addi-
tionally, some studies found that N content can negatively 
affect soil BD during the restoration of degraded lands 
(Wang et al. 2011, Singh et al. 2012). It has been shown 
that planting U. pumila on sandy soils in northern China, 
where the climate is similar, resulted in a significant incre-
ase in SOC, N and P levels in soil (Zhao et al. 2008, 2010, 

Zhou et al. 2017). Our study corroborates these findings, 
showing that both H. rhamnoides and U. pumila accumu-
late higher levels of N. 

However, the soil P  content in the afforestation site 
is lower compared to the control area, and no significant 
differences were observed in BD. The observed decrease 
in soil moisture depth in the study area is attributed to low 
rainfall and drought during the spring (Table 5). Previous 
studies have shown that afforestation activities in decerti-
fied and land-degraded areas enhance soil fertility (Zhang 
et al. 2018) and significantly increase SOC stock (Chen et 
al. 2013, Wang et al. 2022, Avirmed et al. 2023, Shuai et al. 
2024). Furthermore, afforestation leads to increased plant 
species diversity, enhances microbial activity (Zhao and 
Li 2017), and positively influences SOC cycling (Zhang 
et al. 2019). 

Tree roots play a crucial role in SOC dynamics (Wang 
et al. 2019). Fine-root necromass contributes to the accu-
mulation of SOC stock (Wang et al. 2014). Interestingly, 
as the fine-root biomass of planted trees increases, the 
SOC stock initially rises and then subsequently decreases 
(Tian et al. 2022). Our previous research results showed 
that in a dry-steppe zone, the SOC stocks accumulated 
by 10-year-old U. pumila (69.49 Mg ha–1), H. rhamnoi-
des (52.58 Mg ha–1), and P. sibirica (47.10 Mg ha–1) were 
significantly higher as against the control plots (Avir-
med et al. 2023). In this study, the effects of U. pumila 
(51.16 Mg ha– 1), H. rhamnoides (34.61 Mg ha–1), and 
P. sibirica (30.30 Mg ha–1) on SOC stock were reaffirmed 
(Figure 5). Also, 8-year-old P. sibirica and 13-year-old 
U. pumila cultivated in the Horching area of northern Chi-
na, which shares similar climatic conditions, accumulated 
SOC stock of 75.17 Mg ha–1 and 68.41 Mg ha–1, respecti-
vely (Yuan et al. 2021). These studies show that U. pumila, 
P. sibirica, and H. rhamnoides are well-suited for planting 
in regions with low rainfall (Wang et al. 2021). The impact 
on SOC stock may vary depending on the type of affores-
tation and timing of planting (Xu et al. 2023). 

Therefore, to increase the SOC stock, it is advisable to 
select and plant U. pumila and P. sibirica for reforestation 
and afforestation efforts, as these species are more ecophy-
siologically adaptable to the conditions in the areas with 
low precipitation, like Mongolia (Byambadorj et al. 2020, 
Nyam-Osor et al. 2021, Montagnoli et al. 2022). In gene-
ral, SOC is abundant at depths of 0–40 cm (IPCC 2003) 
and 0–50 cm (Yuan et al. 2021) below the soil surface. For 
instance, in a  13-year-old tree-planted field, SOC stock 
decreased with depth but showed a  tendency to increase 
over the years (Li et al. 2015). Due to the young age of the 
trees planted in this study, soil samples were collected at 
a depth of 0–60 cm. This study serves as a baseline, and 
future research should focus on the dynamics of fine-root 
biomass and SOC stock studies over time. 
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The relationship between fine-root 
analysis and soil properties 

To confirm the accuracy of the study results, princi-
pal component analysis (PCA) was conducted. The accu-
mulation of fine-root biomass for the three tree species is 
significantly influenced by climate, particularly soil fertili-
ty, and soil mechanical composition. The factors affecting 
fine root growth are generally similar across the three spe-
cies. In U. pumila, strong correlations were observed with 
MAT, SM, P, and SOC. In P. sibirica, high correlations 
were noted with MAT, MAP, SM, N, P, K, silt, and clay. 
In H. rhamnoides, pH, K, silt, clay, BD, SM, SOC, and 
MAT showed high correlations. As the tree age increases, 
the amount of silt and clay in the soil tends to increase (Jia 
et al. 2019). A well-developed root system can negatively 
impact sand formation while promoting the development 
of silt and clay (Liu et al. 2019), which is considered an 
important factor for reducing desertification and curbing 
sand migration. Similar findings by Staszel et al. (2022) 
showed that fine roots play a significant role in increasing 
SOC accumulation. In particular, fine-root biomass capab-
le of absorbing nutrients, whilst necromass contributes to 
58–96% of total C in soil through decay (Shahzad et al. 
2015). SOC stock showed a positive correlation with N, 
P, K, MAT, SM, sand, silt, and BD (Zhang et al. 2019a,b). 
These factors significantly influence plant photosynthesis 
and SOC stock by enhancing the amount of plant residu-
es in the soil (Zhang et al. 2019a,b). However, MAP and 
fine-root (FR) biomass showed weaker correlations with 
SOC stock. Previous studies have indicated that SOC stock 
tends to decrease with increasing sandy texture while it 
increases with greater silt and clay content (Schimel et al. 
1994, Chang et al. 2019, Zhang et al. 2019a,b, Shuai et 
al. 2024). Silt and clay support the accumulation of SOC, 
whereas sand has a large specific surface area, leading to a 
weak association with SOC and negative correlation (Ba-
lesdent et al. 1998). In addition, multiple linear regression 
models interpreted the correlation as strong when the site 
value exceeded 0.30. 

Conclusions 
The fine-root biomass of planted deciduous trees is 

highly dependent on climatic conditions and soil proper-
ties. Concerning the species studied, the fine-root biomass, 
production, and the turnover rate of H. rhamnoides were 
the highest. Planting trees on degraded land increased 
soil fertility and increased SOC stock by 1-fold. Regar-
ding the three examined tree species, the U. pumila had 
the greatest impact on SOC stocks. To summarise this 
study, planting U. pumila, P. sibirica, and H. rhamnoides 
for afforestation activities in the dry-steppe showed that 
for four years, the tree species adapted to the harsh envi-
ronment and increased soil fertility. For decreasing deser-
tification, choosing the right species for the environment 

is key to successful afforestation. Our study suggests that 
these species could be the right fit, but further study is  
much needed. 
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