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�:�G�G�H�L�:�P�B�Y 
�W�f�b�k�k�b�y���f�_�l�Z�g�Z�� �b�a�� �b�k�k�e�_�^�h�\�Z�g�g�u�o�� �i�h�q�\�� �i�_�j�_�m�\�e�Z�`�g�_�g�g�u�o�� �k�f�_�r�Z�g�g�u�o�� �e�_�k�h�\�� �\�� �F�h�k�d�h�\�k�d�h�c�� �h�[�e�Z�k�l�b��

�\�Z�j�v�b�j�h�\�Z�e�Z �\�� �^�b�Z�i�Z�a�h�g�_�� �h�l��-���������� �^�h�� ����,5 �f�]C×�f -2×�q-1, �^�h�k�l�b�]�Z�y �f�Z�d�k�b�f�Z�e�v�g�u�o�� �a�g�Z�q�_�g�b�c�� �\�� �e�_�l�g�b�_�� �f�_�k�y�p�u�� �k��
�h�[�b�e�v�g�u�f�b�� �h�k�Z�^�d�Z�f�b�� �b�� �f�b�g�b�f�Z�e�v�g�u�o��– �a�b�f�h�c���� �H�[�g�Z�j�m�`�_�g�b�_�� �a�g�Z�q�b�l�_�e�v�g�u�o�� �m�^�_�e�v�g�u�o�� �i�h�l�h�d�h�\�� �f�_�l�Z�g�Z�� �b�a��
�i�_�j�_�m�\�e�Z�`�g�_�g�g�u�o�� �i�h�q�\�� �e�_�k�h�\�� ���i�h�j�y�^�d�Z�� �h�^�g�h�c�� �l�j�_�l�b�� �l�b�i�b�q�g�u�o�� �©�[�h�e�h�l�g�u�o�ª�� �m�^�_�e�v�g�u�o�� �i�h�l�h�d�h�\���� �l�j�_�[�m�_�l��
�i�_�j�_�k�f�h�l�j�Z�� �j�h�e�b�� �e�_�k�h�\�� �\�� �h�[�s�_�f�� �[�Z�e�Z�g�k�_�� �K�G4 �\�� �k�h�\�j�_�f�_�g�g�u�c �i�_�j�b�h�^ �b�� �l�_�f�� �[�h�e�_�_ �i�j�b�� �i�j�h�]�g�h�a�b�j�m�_�f�h�f��
�b�a�f�_�g�_�g�b�b���d�e�b�f�Z�l�Z�� 
 
�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �i�h�l�h�d�b�� �f�_�l�Z�g�Z���� �b�a�f�_�g�_�g�b�_�� �d�e�b�f�Z�l�Z���� �b�a�[�u�l�h�q�g�h�� �m�\�e�Z�`�g�_�g�g�u�_�� �e�_�k�Z���� �a�Z�[�h�e�h�q�_�g�g�u�_�� �e�_�k�Z����
�i�_�j�_�m�\�e�Z�`�g�_�g�g�u�_���e�_�k�Z�����k�_�a�h�g�g�u�_���n�e�m�d�l�m�Z�p�b�b�����k�_�a�h�g�g�u�_���d�h�e�_�[�Z�g�b�y. 

 
ABSTRACT 

Methane (CH4) the second most potent greenhouse gas in terms of contribution to global warming. Natural 
sources of methane includes wetlands and other freshwater ecosystems, oceans, natural gas seeps, biomass burning, and 
termites. However, the contribution of other natural sources should not be underestimated. One such potential source is 
wet forests, i.e., forests with soils under conditions of constant or temporary waterlogging. Unlike peatlands, forest 
ecosystems exhibit greater diversity and variability in terms of physico-chemical (e.g., nutrient availability, acidity, 
redox conditions) and hydrological factors (including periodic flooding and drainage), complicating their study. The 
magnitude of methane emissions from this source remains uncertain, but fluxes from wet forest soils may be significant. 
The aim of this study is to assess wet forests as potential methane sources, considering the seasonal variability of 
observed fluxes (case study of a mixed forest in the Moscow region). 

Measurements were conducted from 2019 to 2022 at a wet forest in the Ruzsky District of Moscow Oblast, near 
the settlement of Dorokhovo. The study site (55°34' N, 36°23' E) is located 67 km west of Moscow's city boundary. The 
soils of the study site are Umbry-Gleyic Albeluvisols (soddy-podzolic gleyic soils) with silty clay loam texture. The 
vegetation is presented by a mixed forest dominated by Alnus glutinosa, Quercus robur, Acer platanoides, Asarum 
europaeum, and Mercurialis perennis. The long-term mean annual air temperature and precipitation for the study site 
are 5.8°C and 688 mm, respectively. 

Twelve field campaigns were carried out in different seasons. Summer campaigns: 5–24 August 2019, 5–25 July 
2020, 10–11 and 29–30 August 2021. Autumn campaigns: 24–25 October 2020, 9–10 October and 6 November 2021. 
Winter campaigns: 9 January and 26 February 2022. Spring campaigns: 8–9 March 2022 and 2–4 May 2022. Methane 
fluxes were measured using the static chamber method. At each measurement point, 2 to 4 chambers were deployed, 
with 2 to 19 flux measurements taken per chamber over a 24-hour period, which were treated as replicates. Four gas 
samples were taken in syringes during each of 9-60 minute flux measurement. Methane concentration in the gas 
samples was determined by gas chromatography. In 2022, gas concentration inside of the chamber was measured 
directly using a portable infrared gas analyzer LI-7810 (LI-COR, USA). Additionally, soil temperature and moisture, 
pH and electrical conductivity of soil water, as well as water table level (WTL) were measured. 

Seven points were chosen on a transect from the point Sw1_1 with the average WTL of 31 cm above the soil 
surface to the point Sw1_7 with the average WTL of 11 cm below the soil surface. The median methane flux at Sw1_1 
and Sw1_3, points with the best drainage on the transect, was close to zero, while the maximum flux exceeded 
1 mgC×m-2×h-1. At the downslope point Sw1_5, the mean WTL was 15 cm below the surface. Unlike the upslope 
points, no methane consumption was observed here; the median emission was 0.5 mgC×m-2×h-1, with a maximum of 
6.8 mgC×m-2×h-1. At the further downslope point Sw1_2 (mean WTL = 0 cm), the median emission was comparable to 
that at point Sw1_5, but the maximum emission reached 20 mgC×m-2×h-1. Finally, at points Sw1_4, Sw1_6, and 
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Sw1_7, where the WTL was between 5 and 11 cm above the soil surface, the median flux ranged from 1.4 to 
4 mgC×m-2×h-1, with maximum from 13 to 18 mgC×m-2×h-1. A relatively strong correlation was found exclusively 
between the median methane flux and WTL (R² = 0.63). For all other investigated factors, the coefficients of 
determination did not exceed R² = 0.27. Furthermore, the raw data (prior to median calculation) showed no significant 
regression dependence with any of the factors. Our results correspond to the published data on methane emissions from 
wet forests in the temperate climatic zone and the southern taiga forests of Western Siberia. Similar median emission 
values were also observed in a tropical forest in the Congo River basin, although the maximum emission values there 
were several times higher. 

Therefore, our findings indicate that wet forests in the Moscow region can be a source of atmospheric CH4. 
Because of the cold seasons of the Moscow region (and, more broadly, the European part of Russia) is relatively warm, 
methane emissions during the autumn-winter-spring period likely make a significant contribution to the annual flux. 
Future research should focus on: (1) more precise mapping of wet forest coverage, (2) investigating the mechanism of 
methane transport by trees and plants in wet forests, (3) studying the spatial variability of methane fluxes across 
different types of wet forests, (4) quantifying the relative contribution of diffusive and advective methane transport in 
mineral soils, and (5) understanding the functioning of methanogenic communities under relatively limited (compared 
to peatlands) availability of carbon sources. 
 
Keywords: methane fluxes, climate change, waterlogged forests, swamp forests, seasonal fluctuations, seasonal 
variations. 

�I�j�b�g�y�l�u�_���k�h�d�j�Z�s�_�g�b�y 
�<�F�H��– �<�k�_�f�b�j�g�Z�y���f�_�l�_�h�j�h�e�h�]�b�q�_�k�d�Z�y���h�j�]�Z�g�b�a�Z�p�b�y; 
�L�]��– �l�_�j�Z�]�j�Z�f�f�����w�d�\�b�\�Z�e�_�g�l�g�h��1012 �]�j�Z�f�f��; 
�M�I��– �m�^�_�e�v�g�u�c���i�h�l�h�d�� 
�M�=�<�����b�e�b��WTL) – �m�j�h�\�_�g�v���]�j�m�g�l�h�\�u�o���\�h�^; 
�I�B�>��– �i�e�Z�f�_�g�g�h-�b�h�g�b�a�Z�p�b�h�g�g�u�c���^�_�l�_�d�l�h�j. 
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�I�j�h�[�e�_�f�Z���i�Z�j�g�b�d�h�\�h�]�h���w�n�n�_�d�l�Z 
�K�h�k�l�Z�\�� �]�Z�a�h�\�� �\�� �Z�l�f�h�k�n�_�j�_�� �\�e�b�y�_�l�� �g�Z�� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�_�� �w�d�h�k�b�k�l�_�f�� �b�� �i�h�f�h�]�Z�_�l�� �j�_�]�m�e�b�j�h�\�Z�l�v��

�l�_�f�i�_�j�Z�l�m�j�m�� �A�_�f�e�b���� �\�� �l�h�f�� �q�b�k�e�_�� �a�Z�� �k�q�_�l�� �_�k�l�_�k�l�\�_�g�g�h�]�h�� �i�Z�j�g�b�d�h�\�h�]�h�� �w�n�n�_�d�l�Z�� ���I�W������ �I�W��– �i�h�\�u�r�_�g�b�_��
�l�_�f�i�_�j�Z�l�m�j�u�� �\�� �g�b�`�g�b�o�� �k�e�h�y�o�� �Z�l�f�h�k�n�_�j�u�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �l�_�f�i�_�j�Z�l�m�j�Z�f�b�� �i�e�Z�g�_�l�Z�j�g�h�]�h�� �l�_�i�e�h�\�h�]�h��
�b�a�e�m�q�_�g�b�y�����g�Z�[�e�x�^�Z�_�f�h�]�h���b�a���d�h�k�f�h�k�Z���>Khromov, Mamontova, 1974: c. 317, 330]. �G�_�d�h�l�h�j�u�_���]�Z�a�u�����l�Z�d�b�_��
�d�Z�d�� �\�h�^�y�g�h�c�� �i�Z�j�� ���+2�2������ �m�]�e�_�d�b�k�e�u�c�� �]�Z�a�� ���&�22������ �f�_�l�Z�g�� ���&�+4) �b�� �j�y�^�� �^�j�m�]�b�o���� �d�h�g�p�_�g�l�j�Z�p�b�y�� �d�h�l�h�j�u�o�� �\��
�Z�l�f�h�k�n�_�j�_�� �g�_�a�g�Z�q�b�l�_�e�v�g�Z���� �i�h�]�e�h�s�Z�x�l�� �q�Z�k�l�v�� �l�_�i�e�h�\�h�]�h�� �b�a�e�m�q�_�g�b�y��(�\ �b�g�n�j�Z�d�j�Z�k�g�h�f �^�b�Z�i�Z�a�h�g�_), 
�b�^�m�s�_�]�h�� �h�l�� �a�_�f�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b���� �g�Z�]�j�_�l�h�c�� �i�j�b�o�h�^�y�s�_�c�� �k�h�e�g�_�q�g�h�c�� �w�g�_�j�]�b�_�c�� �d�h�j�h�l�d�h�\�h�e�g�h�\�h�]�h��
�^�b�Z�i�Z�a�h�g�Z���� �W�l�h�� �k�i�h�k�h�[�k�l�\�m�_�l�� �m�^�_�j�`�Z�g�b�x�� �l�_�i�e�Z�� �\�� �Z�l�f�h�k�n�_�j�_�� �b�� �i�h�^�^�_�j�`�Z�g�b�x�� �l�_�f�i�_�j�Z�l�m�j�u�� �A�_�f�e�b�� �\��
�i�j�_�^�_�e�Z�o���� �i�j�b�]�h�^�g�u�o�� �^�e�y�� �`�b�a�g�b�� �H�^�g�Z�d�h �i�j�b�� �m�\�_�e�b�q�_�g�b�b�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �i�Z�j�g�b�d�h�\�u�o�� �]�Z�a�h�\�� �\��
�Z�l�f�h�k�n�_�j�_ �l�_�f�i�_�j�Z�l�m�j�Z�� �i�e�Z�g�_�l�u�� �f�h�`�_�l�� �i�h�^�g�y�l�v�k�y�� �k�e�b�r�d�h�f�� �\�u�k�h�d�h���� �\�u�a�u�\�Z�y���j�Z�a�e�b�q�g�u�_ �i�j�h�[�e�_�f�u�� 
�k�\�y�a�Z�g�g�u�_ �k �b�a�f�_�g�_�g�b�_�f  �d�e�b�f�Z�l�Z ���l�Z�d�b�_ �d�Z�d�� �b�a�f�_�g�_�g�b�_�� �d�h�e�b�q�_�k�l�\�Z�� �h�k�Z�^�d�h�\���� �\�_�^�m�s�_�_�� �d��
�h�i�m�k�l�u�g�b�\�Z�g�b�x�� �b�e�b�� �a�Z�[�h�e�Z�q�b�\�Z�g�b�x�� �\�� �j�Z�a�e�b�q�g�u�o�� �j�_�]�b�h�g�Z�o���� �m�\�_�e�b�q�_�g�b�_�� �d�h�e�b�q�_�k�l�\�Z�� �w�d�k�l�j�_�f�Z�e�v�g�u�o��
�i�h�]�h�^�g�u�o���y�\�e�_�g�b�c���b���^�j��) [Semenov et al., 2018].  

�;�h�e�v�r�b�g�k�l�\�h���b�k�k�e�_�^�h�\�Z�l�_�e�_�c �k�o�h�^�y�l�k�y�� �\�h�� �f�g�_�g�b�b���� �q�l�h�� �i�h�k�l�_�i�_�g�g�h�_�� �b�a�f�_�g�_�g�b�_�� �d�e�b�f�Z�l�Z���� �Z��
�b�f�_�g�g�h �i�h�\�u�r�_�g�b�_�� �k�j�_�^�g�_�c�� �l�_�f�i�_�j�Z�l�m�j�u�� �i�j�b�a�_�f�g�h�]�h�� �k�e�h�y�� �\�h�a�^�m�o�Z�� �i�j�b�f�_�j�g�h�� �g�Z�� �������ƒ�K �a�Z 
�b�g�^�m�k�l�j�b�Z�e�v�g�m�x�� �w�i�h�o�m���� �k�\�y�a�Z�g�h�� �k�� �m�\�_�e�b�q�_�g�b�_�f�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �^�b�h�d�k�b�^�Z�� �m�]�e�_�j�h�^�Z���b�� �f�_�l�Z�g�Z���\��
�Z�l�f�h�k�n�_�j�_��[Albritton et al., 2001]���� �I�h�� �^�Z�g�g�u�f�� �<�k�_�f�b�j�g�h�c�� �f�_�l�_�h�j�h�e�h�]�b�q�_�k�d�h�c�� �h�j�]�Z�g�b�a�Z�p�b�b����
�d�h�g�p�_�g�l�j�Z�p�b�y�� �&�22 �\�h�a�j�h�k�e�Z�� �k�� �������� �S�S�P�� ������������ �]������ �^�h�� �������� �S�S�P�� ������������ �]�������� �I�j�_�^�i�h�e�Z�]�Z�_�l�k�y���� �q�l�h�� �\�� ���������� �]����
�d�h�g�p�_�g�l�j�Z�p�b�y�� �&�22 �[�m�^�_�l�� �g�Z�o�h�^�b�l�v�k�y�� �\�� �i�j�_�^�_�e�Z�o�� �h�l�� �������� �^�h�� �������� �S�S�P���� �I�h�e�h�\�b�g�Z�� �\�k�_�o�� �\�u�[�j�h�k�h�\�� �&�22 
�h�k�l�Z�_�l�k�y�� �\�� �Z�l�f�h�k�n�_�j�_�� ����-�������� �e�_�l���� �\�� �l�h�� �\�j�_�f�y�� �d�Z�d���^�j�m�]�Z�y �i�h�e�h�\�b�g�Z�� �i�h�]�e�h�s�Z�_�l�k�y�� �h�d�_�Z�g�h�f���� �k�m�r�_�c�� �b��
�j�Z�k�l�b�l�_�e�v�g�h�k�l�v�x [Berdin et al., 2004].  

�L�Z�d�`�_�� �\�_�k�v�f�Z�� �\�Z�`�g�m�x �j�h�e�v�� �\�� �i�Z�j�g�b�d�h�\�h�f�� �w�n�n�_�d�l�_�� �b�]�j�Z�_�l�� �f�_�l�Z�g���� �O�h�l�y�� �\�� �Z�l�f�h�k�n�_�j�_��
�d�h�g�p�_�g�l�j�Z�p�b�y�� �f�_�l�Z�g�Z�� �]�h�j�Z�a�^�h�� �f�_�g�v�r�_���� �q�_�f�� �d�h�g�p�_�g�l�j�Z�p�b�y�� �&�22, 20-�e�_�l�g�b�c �i�h�l�_�g�p�b�Z�e�� �]�e�h�[�Z�e�v�g�h�]�h��
�i�h�l�_�i�e�_�g�b�y�� �&�+4 �i�j�b�f�_�j�g�h�� �\�� ������ �j�Z�a �\�u�r�_, �b���i�h�w�l�h�f�m���\�d�e�Z�^���f�_�l�Z�g�Z���\�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �i�Z�j�g�b�d�h�\�h�]�h��
�w�n�n�_�d�l�Z�� �k�h�k�l�Z�\�e�y�_�l�� �������� �h�l�� �\�_�e�b�q�b�g�u���� �i�j�b�g�y�l�h�c�� �^�e�y�� �^�\�m�h�d�b�k�b�� �m�]�e�_�j�h�^�Z [Albritton et al., 2001]. �<��
�g�Z�k�l�h�y�s�_�_���\�j�_�f�y���k�j�_�^�g�y�y���d�h�g�p�_�g�l�j�Z�p�b�y �f�_�l�Z�g�Z���\���Z�l�f�h�k�n�_�j�_���i�j�_�\�u�r�Z�_�l������������ ppm [IPCC, 2023]�����H�g�Z��
�f�Z�e�h�� �a�Z�\�b�k�b�l�� �h�l�� �\�u�k�h�l�u�� ���h�l�� �i�h�\�_�j�o�g�h�k�l�b�� �A�_�f�e�b�� �^�h�� �l�j�h�i�h�i�Z�m�a�u��– ������ �d�f������ �l�Z�d�� �d�Z�d�� �&�+4 �[�u�k�l�j�h��
���i�j�b�f�_�j�g�h���a�Z�������f�_�k�y�p�����i�_�j�_�f�_�r�b�\�Z�_�l�k�y���i�h���\�u�k�h�l�_���>�:�D�U�Q�H�F�N�������������@�� 
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�J�h�e�v���j�Z�a�e�b�q�g�u�o���w�d�h�k�b�k�l�_�f���d�Z�d���b�k�l�h�q�g�b�d�h�\���f�_�l�Z�g�Z 
�<���Z�l�f�h�k�n�_�j�_���f�_�l�Z�g���g�_�� �h�[�j�Z�a�m�_�l�k�y���� �Z�� �_�]�h�� �i�h�k�l�m�i�e�_�g�b�_�� �\�� �Z�l�f�h�k�n�_�j�m�� �k�q�b�l�Z�_�l�k�y�� �j�_�a�m�e�v�l�Z�l�h�f��

�\�u�[�j�h�k�h�\���k���a�_�f�g�h�c���i�h�\�_�j�o�g�h�k�l�b���>Karol, Kiselyov, 2004]�����>�e�y���f�h�g�b�l�h�j�b�g�]�Z���w�f�b�k�k�b�b���i�Z�j�g�b�d�h�\�u�o���]�Z�a�h�\��
�b�k�i�h�e�v�a�m�x�l�k�y�� �j�Z�a�e�b�q�g�u�_�� �f�_�l�h�^�u�� �Z�g�Z�e�b�a�Z�� �b�a�f�_�g�_�g�b�c�� �\�� �k�h�k�l�Z�\�_�� �Z�l�f�h�k�n�_�j�u���� �D�h�f�Z�g�^�Z���b�k�k�e�_�^�h�\�Z�l�_�e�_�c 
�*�O�R�E�D�O�� �&�D�U�E�R�Q�� �3�U�R�M�H�F�W�� ���*�&�3���� �i�j�h�\�_�e�Z���i�h�^�k�q�_�l �]�e�h�[�Z�e�v�g�h�c�� �w�f�b�k�k�b�b�� �f�_�l�Z�g�Z�� �\�� �i�_�j�b�h�^�� ��������-���������� �]�]���� �k��
�i�h�f�h�s�v�x�� �f�_�l�h�^�Z�� �h�[�j�Z�l�g�h�c�� �a�Z�^�Z�q�b�� ���k�� �i�j�b�g�p�b�i�h�f�� �f�_�l�h�^�Z�� �f�h�`�g�h�� �h�a�g�Z�d�h�f�b�l�v�k�y���� �g�Z�i�j�b�f�_�j���� �\�� �>Haas-
Laursen et al., 1996; Hein et al., 1996; Glagolev, Sabrekov, 2012�@������ �H�[�s�b�c�� �i�h�l�h�d�� �&�+4 �[�u�e�� �h�p�_�g�_�g�� �\��
576 �L�]·�]�h�^-1�����i�j�b���w�l�h�f�������������a���������L�]·�]�h�^-1�����i�j�b�o�h�^�b�e�h�k�v �g�Z���Z�g�l�j�h�i�h�]�_�g�g�u�_���b�k�l�h�q�g�b�d�b�����K�j�_�^�g�_�]�h�^�h�\�h�c��
�h�[�t�_�f���w�f�b�k�k�b�b���\����������-�����������]�]�����[�h�e�v�r�_���g�Z���������L�]���&�+4 �i�h���k�j�Z�\�g�_�g�b�x���k���i�_�j�b�h�^�h�f����������-�����������]�]. [Saunois 
et al., 2020]. 

�F�_�l�Z�g�� �b�f�_�_�l�� �f�g�h�`�_�k�l�\�h�� �_�k�l�_�k�l�\�_�g�g�u�o�� �b�k�l�h�q�g�b�d�h�\���� �\�� �l�h�f�� �q�b�k�e�_�� �>Karol, Kiselyov, 2004: �j. 49; 
Anderson et al., 2010]: 
�x �<�h�^�g�h-�[�h�e�h�l�g�u�_�� �m�]�h�^�v�y�� �D�j�m�i�g�_�c�r�b�f�� �_�k�l�_�k�l�\�_�g�g�u�f�� �b�k�l�h�q�g�b�d�h�f�� �f�_�l�Z�g�Z�� �y�\�e�y�x�l�k�y �\�h�^�g�h-

�[�h�e�h�l�g�u�_ �m�]�h�^�v�y, �i�h�l�h�d�� �&�+4 �k�� �i�h�\�_�j�o�g�h�k�l�b���d�h�l�h�j�u�o �h�p�_�g�b�\�Z�_�l�k�y�� �i�j�b�f�_�j�g�h�� �\��177-
231 �L�]·�]�h�^-1 [IPCC, 2023]. �<�Z�`�g�u�f�� �b�k�l�h�q�g�b�d�h�f�� �f�_�l�Z�g�Z�� �[�h�e�h�l�Z�� �^�_�e�Z�x�l�� �i�h�\�u�r�_�g�g�Z�y��
�\�e�Z�`�g�h�k�l�v���� �Z�g�Z�w�j�h�[�g�u�_�� �m�k�e�h�\�b�y���� �Z�� �l�Z�d�`�_�� �j�Z�a�e�h�`�_�g�b�_�� �h�j�]�Z�g�b�q�_�k�d�h�]�h�� �\�_�s�_�k�l�\�Z���� �d�h�l�h�j�h�_��
�i�j�h�b�k�o�h�^�b�l���\���m�k�e�h�\�b�y�o���g�_�^�h�k�l�Z�l�d�Z���d�b�k�e�h�j�h�^�Z���� 

�x �H�d�_�Z�g��– 10 - 17 �L�]·�]�h�^-1. �F�_�l�Z�g���_�k�l�_�k�l�\�_�g�g�u�f���h�[�j�Z�a�h�f���h�[�j�Z�a�m�_�l�k�y���\���h�d�_�Z�g�_���f�b�d�j�h�h�j�]�Z�g�b�a�f�Z�f�b����
�d�h�l�h�j�u�_���`�b�\�m�l���d�Z�d���\���k�e�h�y�o���^�h�g�g�u�o���h�l�e�h�`�_�g�b�c�����l�Z�d���b���g�_�i�h�k�j�_�^�k�l�\�_�g�g�h���\���\�h�^�g�h�c���l�h�e�s�_�� 

�x �I�j�_�k�g�u�_ �\�h�^�u��– ���� �L�]·�]�h�^-1. �H�[�j�Z�a�h�\�Z�g�b�_�� �f�_�l�Z�g�Z�� �\�� �i�j�_�k�g�h�\�h�^�g�u�o�� �\�h�^�h�_�f�Z�o�� �i�j�h�b�k�o�h�^�b�l�� �\��
�^�h�g�g�u�o���h�l�e�h�`�_�g�b�y�o�����Z���l�Z�d�`�_���\���Z�g�Z�w�j�h�[�g�u�o���k�e�h�y�o���^�b�f�b�d�l�b�q�_�k�d�b�o���b���f�_�j�h�f�b�d�l�b�q�_�k�d�b�o���h�a�_�j. 

�x �L�_�j�f�b�l�u��– �������L�]·�]�h�^-1. �<���`�_�e�m�^�d�_���w�l�b�o���g�Z�k�_�d�h�f�u�o���k�h�h�[�s�_�k�l�\�h���f�b�d�j�h�h�j�]�Z�g�b�a�f�h�\�����k�i�h�k�h�[�g�u�o���d��
�]�e�m�[�h�d�h�c �[�b�h�o�b�f�b�q�_�k�d�h�c�� �i�_�j�_�j�Z�[�h�l�d�_�� �d�e�_�l�q�Z�l�d�b, �j�Z�k�s�_�i�e�y�_�l�� �k�e�h�`�g�u�_�� �m�]�e�_�\�h�^�u�� �^�h�� �[�h�e�_�_��
�i�j�h�k�l�u�o���k�h�_�^�b�g�_�g�b�c�����b�a���d�h�l�h�j�u�o���f�_�l�Z�g�h�]�_�g�g�u�_���Z�j�o�_�b���h�[�j�Z�a�m�x�l �f�_�l�Z�g�� 

�x �I�h�`�Z�j�u��– ������ �L�]·�]�h�^-1. �<�� �i�j�h�p�_�k�k�_�� �]�h�j�_�g�b�y�� �f�_�l�Z�g�� �h�[�j�Z�a�m�_�l�k�y�� �b�a-�a�Z�� �g�_�i�h�e�g�h�]�h�� �k�]�h�j�Z�g�b�y��
�[�b�h�e�h�]�b�q�_�k�d�h�]�h���f�Z�l�_�j�b�Z�e�Z�����H�k�g�h�\�g�h�c���\�d�e�Z�^���\�� �\�u�[�j�h�k�u���f�_�l�Z�g�Z���\�g�h�k�y�l���i�h�`�Z�j�u���\�� �k�Z�\�Z�g�g�Z�o���b��
�l�j�h�i�b�q�_�k�d�b�o���e�_�k�Z�o�� 

�I�h�k�d�h�e�v�d�m���g�Z�b�[�h�e�_�_�� �a�g�Z�q�b�f�u�f�b�� �_�k�l�_�k�l�\�_�g�g�u�f�b�� �b�k�l�h�q�g�b�d�Z�f�b�� �f�_�l�Z�g�Z�� �y�\�e�y�x�l�k�y�� �[�h�e�h�l�Z���� �l�h��
�i�h�\�u�r�_�g�g�h�_�� �\�g�b�f�Z�g�b�_�� �b�k�k�e�_�^�h�\�Z�l�_�e�y�f�b �[�u�e�h�� �m�^�_�e�_�g�h���b�f�_�g�g�h�� �b�f�� �>Matthews, Fung, 1987; Bartlett, 
Harriss, 1993; Glagolev, Shnyrev, 2007; Sabrekov et al., 2011]. �L�_�f���g�_���f�_�g�_�_���g�_�e�v�a�y���g�_�^�h�h�p�_�g�b�\�Z�l�v �\�d�e�Z�^��
�b�� �^�j�m�]�b�o�� �i�j�b�j�h�^�g�u�o�� �b�k�l�h�q�g�b�d�h�\���� �H�^�g�b�f�� �b�a���g�b�o�� �f�h�]�m�l�� �[�u�l�v�� �b�a�[�u�l�h�q�g�h �m�\�e�Z�`�g�_�g�g�u�_�� �e�_�k�Z, �l���_. �e�_�k�Z����
�i�h�q�\�u�� �d�h�l�h�j�u�o���g�Z�o�h�^�y�l�k�y �\�� �m�k�e�h�\�b�y�o�� �i�h�k�l�h�y�g�g�h�]�h�� �b�e�b�� �\�j�_�f�_�g�g�h�]�h�� �i�_�j�_�m�\�e�Z�`�g�_�g�b�y�� �K�h�]�e�Z�k�g�h��
�^�Z�g�g�u�f���9�R�P�S�H�U�V�N�\���H�W���D�O����[2011]�����a�Z�[�h�e�h�q�_�g�g�u�_���e�_�k�Z���i�h�d�j�u�\�Z�x�l���i�j�b�f�_�j�g�h�����������l�_�j�j�b�l�h�j�b�b���J�h�k�k�b�b�� 

�H�^�g�Z�d�h�� �\�� �h�l�e�b�q�b�_�� �h�l�� �[�h�e�h�l �e�_�k�g�u�_�� �w�d�h�k�b�k�l�_�f�u�� �b�f�_�x�l�� �[�h�e�_�_�� �j�Z�a�g�h�h�[�j�Z�a�g�u�_�� �b�� �b�a�f�_�g�q�b�\�u�_��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �k�� �l�h�q�d�b�� �a�j�_�g�b�y�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o�� ���l�Z�d�b�o�� �d�Z�d�� �[�h�]�Z�l�k�l�\�h�� �i�b�l�Z�l�_�e�v�g�u�o�� �\�_�s�_�k�l�\����
�d�b�k�e�h�l�g�h�k�l�v���� �h�d�b�k�e�b�l�_�e�v�g�h-�\�h�k�k�l�Z�g�h�\�b�l�_�e�v�g�u�_�� �m�k�e�h�\�b�y���� �b�� �]�b�^�j�h�e�h�]�b�q�_�k�d�b�o�� �n�Z�d�l�h�j�h�\�� ���\�d�e�x�q�Z�y��
�i�_�j�b�h�^�b�q�_�k�d�h�_�� �a�Z�l�h�i�e�_�g�b�_�� �b�� �h�k�m�r�_�g�b�_������ �q�l�h�� �m�k�e�h�`�g�y�_�l�� �b�o�� �b�a�m�q�_�g�b�_�����H�[�t�_�f�� �w�f�b�k�k�b�b �f�_�l�Z�g�Z�� �b�a��
�^�Z�g�g�h�]�h�� �b�k�l�h�q�g�b�d�Z�� �^�h�� �k�b�o�� �i�h�j �g�Z�o�h�^�b�l�k�y�� �i�h�^�� �\�h�i�j�h�k�h�f ���� �g�h�� �i�j�_�^�k�l�Z�\�e�y�_�l�k�y���� �q�l�h���i�h�l�h�d�b���K�G4 �b�a�� �i�h�q�\��
�i�_�j�_�m�\�e�Z�`�g�_�g�g�u�o�� �e�_�k�h�\�� �f�h�]�m�l�� �[�u�l�v�� �k�m�s�_�k�l�\�_�g�g�u�f�b���� �I�h�w�l�h�f�m�� �\���i�h�k�e�_�^�g�_�_�� �\�j�_�f�y���b�k�k�e�_�^�h�\�Z�l�_�e�b��
�h�[�j�Z�l�b�e�b�� �\�g�b�f�Z�g�b�_�� �b�� �g�Z �g�b�o��[Evgrafova et al., 2010; Glagolev et al., 2017; Mochenov et al., 2018; 
Davidson et al., 2024]. �K�m�s�_�k�l�\�m�x�l�� �h�l�^�_�e�v�g�u�_�� �j�Z�[�h�l�u�� �>�*�D�X�F�L�� �H�W�� �D�O.���� ���������@���� �i�h�k�\�y�s�_�g�g�u�_�� �i�h�]�e�h�s�_�g�b�x��
�f�_�l�Z�g�Z�� �^�_�j�_�\�v�y�f�b���� �h�^�g�Z�d�h �^�Z�`�_�� �k�� �m�q�_�l�h�f�� �w�l�b�o�� �n�Z�d�l�h�j�h�\�� �f�u�� �i�j�_�^�i�h�e�Z�]�Z�_�f ���� �q�l�h�� �b�a�[�u�l�h�q�g�h��
�m�\�e�Z�`�g�_�g�g�u�_�� �e�_�k�Z�� �g�_�� �f�h�]�m�l�� �k�q�b�l�Z�l�v�k�y�� �w�d�h�k�b�k�l�_�f�Z�f�b�� �k�� �g�m�e�_�\�h�c�� �w�f�b�k�k�b�_�c�� �I�h�k�d�h�e�v�d�m�� �h�[�j�Z�a�h�\�Z�g�b�_�� �b��
�i�h�]�e�h�s�_�g�b�_�� �f�_�l�Z�g�Z�� �\�� �i�h�q�\�_�� �h�i�j�_�^�_�e�y�_�l�k�y�� �f�b�d�j�h�[�b�h�e�h�]�b�q�_�k�d�b�f�b�� �i�j�h�p�_�k�k�Z�f�b���� �h�g�h���^�h�e�`�g�h�� �[�u�l�v��
�i�h�^�\�_�j�`�_�g�h���\�e�b�y�g�b�x���k�_�a�h�g�g�u�o���d�h�e�_�[�Z�g�b�c���n�Z�d�l�h�j�h�\���\�g�_�r�g�_�c���k�j�_�^�u�����<���k�\�y�a�b���k���w�l�b�f���\�Z�`�g�h�_���a�g�Z�q�_�g�b�_��
�b�f�_�_�l�� �b�k�k�e�_�^�h�\�Z�g�b�_�� �\�g�m�l�j�b�]�h�^�h�\�h�c�� �^�b�g�Z�f�b�d�b�� �w�f�b�k�k�b�b�� �f�_�l�Z�g�Z�� �P�_�e�v�x�� �g�Z�k�l�h�y�s�_�]�h�� �b�k�k�e�_�^�h�\�Z�g�b�y��
�y�\�e�y�_�l�k�y�� �j�Z�k�k�f�h�l�j�_�g�b�_�� �b�a�[�u�l�h�q�g�h�� �m�\�e�Z�`�g�_�g�g�u�o�� �e�_�k�h�\ �d�Z�d�� �i�h�l�_�g�p�b�Z�e�v�g�u�o�� �b�k�l�h�q�g�b�d�h�\�� �f�_�l�Z�g�Z�� �k��
�m�q�_�l�h�f�� �k�_�a�h�g�g�h�c�� �b�a�f�_�g�q�b�\�h�k�l�b�� �\�_�e�b�q�b�g�u�� �g�Z�[�e�x�^�Z�_�f�u�o�� �i�h�l�h�d�h�\ ���g�Z�� �i�j�b�f�_�j�_�� �k�f�_�r�Z�g�g�h�]�h�� �e�_�k�Z�� �\��
�F�h�k�d�h�\�k�d�h�c���h�[�e�Z�k�l�b��.  
 
 

�H�;�T�?�D�L�U  
 

�B�a�f�_�j�_�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v�� �\�� ��������-���������� �]�]���� �g�Z���m�q�Z�k�l�d�_�� �b�a�[�u�l�h�q�g�h�� �m�\�e�Z�`�g�_�g�g�h�]�h�� �e�_�k�Z�� �\�� �J�m�a�k�d�h�f��
�j�Z�c�h�g�_���F�h�k�d�h�\�k�d�h�c���h�[�e�Z�k�l�b�����[�e�b�a���i�h�k�����>�h�j�h�o�h�\�h�� �<�k�_�]�h���[�u�e�h���i�j�h�\�_�^�_�g�h���������i�h�e�_�\�u�o���\�u�_�a�^�h�\���\���j�Z�a�g�u�_��
�\�j�_�f�_�g�Z�� �]�h�^�Z���� �E�_�l�h�f: 5-������ �Z�\�]�m�k�l�Z�� ���������� �]�h�^�Z����5-������ �b�x�e�y�� ���������� �]�h�^�Z�����k�� ����, ������ �b�� �k�� ����, ������ �Z�\�]�m�k�l�Z�� ������1 
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�]�h�^�Z���� �H�k�_�g�v�x: 24, ������ �h�d�l�y�[�j�y�� ���������� �]�h�^�Z���� ��, ������ �h�d�l�y�[�j�y�� �b�� ���� �g�h�y�[�j�y�� ���������� �]�h�^�Z���� �A�b�f�h�c: ���� �y�g�\�Z�j�y�� �b�� ������
�n�_�\�j�Z�e�y�� ���������� �]�h�^�Z���� �<�_�k�g�h�c: �k�� ��, ���� �f�Z�j�l�Z ���������� �]�h�^�Z�� ���g�_�h�[�o�h�^�b�f�h�� �h�l�f�_�l�b�l�v���� �q�l�h�� �\�� �w�l�h�l�� �i�_�j�b�h�^��
�l�_�f�i�_�j�Z�l�m�j�Z�� �\�h�a�^�m�o�Z�� �i�h�g�b�`�Z�e�Z�k�v�� �^�h��-20°C���� �l�Z�d�� �q�l�h�� �w�l�b�� �b�a�f�_�j�_�g�b�y�� �k�d�h�j�_�_�� �k�h�h�l�\�_�l�k�l�\�m�x�l���a�b�f�_), �Z��
�l�Z�d�`�_����-�����f�Z�y�������������]�h�^�Z [Ilyasov et al., 2023]. �D�e�x�q�_�\�h�c���m�q�Z�k�l�h�d��(55°34' �k���r��, 36°23' �\���^�������j�Z�k�i�h�e�h�`�_�g���\��
�������d�f���d���a�Z�i�Z�^�m���h�l���]�j�Z�g�b�p�u���]�����F�h�k�d�\�u ���\����.�������d�f���g�Z���K�K�A���h�l���`�_�e�_�a�g�h�^�h�j�h�`�g�h�c���k�l�Z�g�p�b�b���>�h�j�h�o�h�\�h��.  

�<�� �j�Z�c�h�g�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�_�h�[�e�Z�^�Z�x�l�� �^�_�j�g�h�\�h-�i�h�^�a�h�e�b�k�l�u�_�� �i�h�q�\�u���� �W�l�b�� �i�h�q�\�u�� �n�h�j�f�b�j�m�x�l�k�y�� �\��
�j�Z�\�g�b�g�g�u�o�� �b�� �]�h�j�g�u�o�� �h�[�e�Z�k�l�y�o�� �x�`�g�h�l�Z�_�`�g�h�c�� �i�h�^�a�h�g�u�� �i�h�^�� �o�\�h�c�g�h-�e�b�k�l�\�_�g�g�u�f�b�� �b�� �o�\�h�c�g�h-
�r�b�j�h�d�h�e�b�k�l�\�_�g�g�u�f�b�� �f�h�o�h�\�h-�l�j�Z�\�y�g�b�k�l�u�f�b�� �b�� �l�j�Z�\�y�g�b�k�l�u�f�b�� �e�_�k�Z�f�b�� �i�j�_�b�f�m�s�_�k�l�\�_�g�g�h�� �g�Z��
�k�m�]�e�b�g�b�k�l�u�o�� �i�h�j�h�^�Z�o�� �>�6�K�H�V�W�D�N�R�Y���� ������������Sokolova et al., 1987]. �I�h�q�\�u���d�e�x�q�_�\�u�o�� �m�q�Z�k�l�d�h�\��– �^�_�j�g�h�\�h-
�i�h�^�a�h�e�b�k�l�u�_�� �]�e�_�_�\�Z�l�u�_�� ���8�P�E�U�\-Gleyic Albeluvisols)1, �k�j�_�^�g�_�k�m�]�e�b�g�b�k�l�u�_���� �j�Z�a�\�b�l�u�_�� �g�Z�� �i�h�d�j�h�\�g�u�o��
�k�j�_�^�g�_�k�m�]�e�b�g�b�k�l�u�o�� �h�l�e�h�`�_�g�b�y�o�� ���f�h�s�g�h�k�l�v�� �i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �h�j�]�Z�g�b�q�_�k�d�h�]�h�� �]�h�j�b�a�h�g�l�Z�� �^�h�� ����-������ �k�f). 
�W�l�b�� �i�h�q�\�u �\�k�l�j�_�q�Z�x�l�k�y�� �\�� �x�`�g�h�c�� �l�Z�_�`�g�h�c�� �a�h�g�_�� �\�� �f�_�k�l�Z�o�� �k�� �g�b�a�d�b�f�� �j�_�e�v�_�n�h�f�� �b�e�b�� �g�Z�� �i�e�h�s�Z�^�g�u�o��
�j�Z�\�g�b�g�Z�o�� �k�� �i�e�h�o�b�f�� �^�j�_�g�Z�`�_�f���� �]�^�_�� �\�j�_�f�_�g�g�h�� �a�Z�^�_�j�`�b�\�Z�x�l�k�y�� �i�h�\�_�j�o�g�h�k�l�g�u�_�� �\�h�^�u�� ���\�_�j�o�h�\�h�^�d�b������ �H�g�b��
�h�[�j�Z�a�m�x�l�k�y�� �i�h�^�� �[�h�e�h�l�g�u�f�b�� �k�f�_�r�Z�g�g�u�f�b�� �f�h�o�h�\�h-�l�j�Z�\�y�g�b�k�l�u�f�b�� �e�_�k�Z�f�b�� �g�Z�� �l�y�`�_�e�u�o�� �]�j�m�g�l�Z�o 
[Sokolova et al., 1987]. 

 

 

�J�b�k. 1. �F�_�k�l�h�i�h�e�h�`�_�g�b�_����
�$�����m�q�Z�k�l�d�Z���b�a�f�_�j�_�g�b�y 
�h�l�g�h�k�b�l�_�e�v�g�h���]�����F�h�k�d�\�u���� 
�%�����m�q�Z�k�l�d�Z���6�Z�B���� 
�&�����\�k�_�o���l�h�q�_�d���b�a�f�_�j�_�g�b�y��
�g�Z���m�q�Z�k�l�d�_���6�Z�B���� 
 
Fig. 1. Location:  
A) of the measurement site 
relative to Moscow;  
B) site Sw_1;  
C) of all measurement 
points on the site Sw_1. 
 

                                                
1 �G�Z�a�\�Z�g�b�y���i�h�q�\���^�Z�g�u���i�h���F�b�j�h�\�h�c���j�_�n�_�j�Z�l�b�\�g�h�c���[�Z�a�_���i�h�q�\�_�g�g�u�o���j�_�k�m�j�k�h�\�����:�R�U�O�G���U�H�I�H�U�H�Q�F�H���E�D�V�H��– W�5�%�������Z���l�Z�d�`�_���i�h���D�b�>�I�J��
(�D�e�Z�k�k�b�n�b�d�Z�p�b�y���b���^�b�Z�]�g�h�k�l�b�d�Z���i�h�q�\���J�h�k�k�b�b��, 2008. 
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�J�Z�k�l�b�l�_�e�v�g�h�k�l�v �i�j�_�^�k�l�Z�\�e�_�g�Z �k�f�_�r�Z�g�g�u�f �\�e�Z�`�g�h�l�j�Z�\�g�u�f �e�_�k�h�f �k Alnus glutinosa, Quercus 

robur, Acer platanoides, Asarum europaeum, Mercurialis perennis. �J�Z�k�i�h�e�h�`�_�g�b�_���l�h�q�_�d �b�a�f�_�j�_�g�b�y��
�i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���J�b�k. 1. 

�I�j�b�� �\�u�[�h�j�_���d�h�g�d�j�_�l�g�u�o�� �b�a�f�_�j�b�l�_�e�v�g�u�o�� �i�e�h�s�Z�^�h�d���g�Z�� �b�k�k�e�_�^�m�_�f�h�c�� �l�_�j�j�b�l�h�j�b�b�� �m�q�b�l�u�\�Z�e�b�k�v��
�j�Z�a�e�b�q�b�y�� �\�� �f�b�d�j�h�j�_�e�v�_�n�_���� �k�m�s�_�k�l�\�_�g�g�u�_���^�e�y�� �h�p�_�g�d�b�� �w�f�b�k�k�b�b�� �f�_�l�Z�g�Z�� �\�� �m�k�e�h�\�b�y�o���a�g�Z�q�b�l�_�e�v�g�h��
�j�Z�a�e�b�q�Z�x�s�b�o�k�y �M�=�<�����G�Z���m�q�Z�k�l�d�_���6�Z�B�� �[�u�e�Z���a�Z�e�h�`�_�g�Z���d�Z�l�_�g�Z��(�l�h�q�_�d���b�a�f�_�j�_�g�b�y���i�h�l�h�d�h�\���K�G4) – �J�b�k. 2.  

 

 
�J�b�k. 2. �D�Z�l�_�g�Z���l�h�q�_�d���b�a�f�_�j�_�g�b�y. 
�M�=�<��– �k�j�_�^�g�b�c���m�j�h�\�_�g�v���]�j�m�g�l�h�\�u�o�� �\�h�^ (�\�� �k�f�� �g�b�`�_�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�q�\�u, �l.�_������ �g�Z�i�j�b�f�_�j�� �a�g�Z�q�_�g�b�_���M�=�< = -5 �k�f��
�h�a�g�Z�q�Z�_�l���� �q�l�h�� �\�h�^�Z�� �k�l�h�y�e�Z�� �\�� �k�j�_�^�g�_�f�� �g�Z�� �� �k�f���\�u�r�_ �i�h�\�_�j�o�g�h�k�l�b�� �i�h�q�\�u�����Z���m�j�h�\�_�g�v�� �]�j�m�g�l�h�\�u�o�� �\�h�^���������� �k�f��
�h�a�g�Z�q�Z�_�l�����q�l�h���\�h�^�Z���k�l�h�y�e�Z���g�Z���������k�f���g�b�`�_ �i�h�\�_�j�o�g�h�k�l�b���i�h�q�\�u). 
Fig. 2. Transect of measurement points. 
GWL – average groundwater level (in cm below the soil surface; for example, a GWL of -5 cm means the water was, 
on average, 5 cm above the soil surface, while a GWL of +15 cm means the water was 15 cm below the soil surface). 
 

�>�Z�g�g�u�_�� ���^�e�y�� �i�_�j�b�h�^�Z�� �i�h�e�_�\�u�o�� �j�Z�[�h�l�� �k�� ���������� �i�h�� ���������� �]�h�^�� �b�� �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�_��– �k�� ���������� �i�h��
2018 �]�h�^�����h���k�j�_�^�g�_�f�_�k�y�q�g�h�c���l�_�f�i�_�j�Z�l�m�j�_���\�h�a�^�m�o�Z ���J�b�k�������� �b���k�m�f�f�_���h�k�Z�^�d�h�\ ���J�b�k�������� �[�u�e�b���i�h�e�m�q�_�g�u���k��
�f�_�l�_�h�k�l�Z�g�p�b�c���©�F�h�`�Z�c�k�d�ª�����b�g�^�_�d�k���<�F�H��27509), �©�F�h�k�d�\�Z���<�>�G�O�ª�������������������b���m�k�j�_�^�g�_�g�u�����F�g�h�]�h�e�_�l�g�y�y��
�k�j�_�^�g�_�]�h�^�h�\�Z�y�� �l�_�f�i�_�j�Z�l�m�j�Z�� �\�h�a�^�m�o�Z�� �k�h�k�l�Z�\�b�e�Z�� ������ °C (�V��= 0.7 °C); �\ 2019 �b�� �\ 202���� �]�]����– 
�k�h�h�l�\�_�l�k�l�\�_�g�g�h, 7.4 �b 7.7 °C ���l���_���� �Z�g�h�f�Z�e�v�g�h�� �\�u�r�_�� �g�h�j�f�u������ �Z�� �\�� ���������� �b�� ���������� �]�]����– �������� �b�� �������ƒ�& ���l���_�� �\��
�i�j�_�^�_�e�Z�o�� �g�h�j�f�u). �G�_�d�h�l�h�j�u�_ �i�_�j�b�h�^�u �h�l�^�_�e�v�g�u�o�� �e�_�l�� �o�Z�j�Z�d�l�_�j�b�a�h�\�Z�e�b�k�v���h�l�d�e�h�g�_�g�b�_�f�� �h�l�� �g�h�j�f�u: 
�g�Z�i�j�b�f�_�j�����\�� �^�_�d�Z�[�j�_�� ���������� �]������ �Z�� �l�Z�d�`�_�� �y�g�\�Z�j�_�� �b�� �n�_�\�j�Z�e�_ 2020 �]���� �k�j�_�^�g�_�f�_�k�y�q�g�Z�y�� �l�_�f�i�_�j�Z�l�m�j�Z�� �[�u�e�Z����
�k�h�h�l�\�_�l�k�l�\�_�g�g�h�����g�Z���������������������b��������°C �\�u�r�_���g�h�j�f�u�����g�Z�i�j�h�l�b�\�����n�_�\�j�Z�e�v �����������]�h�^�Z���[�u�e���g�Z��������°C �Z�g�h�f�Z�e�v�g�h��
�g�b�`�_�� �g�h�j�f�u���� �I�b�d�� �e�_�l�g�b�o�� �k�j�_�^�g�_�k�m�l�h�q�g�u�o�� �l�_�f�i�_�j�Z�l�m�j�� �e�_�l�h�f�� ���������� �]�h�^�Z�� �i�j�b�r�_�e�k�y�� �g�Z�� �Z�\�]�m�k�l 
���Z�g�h�f�Z�e�v�g�h���i�j�_�\�u�k�b�\���g�h�j�f�m���g�Z��������°C)�����Z���\������������ �]�h�^�m��– �g�Z���b�x�g�v ���\�u�r�_���g�h�j�f�u���g�Z��������°C). �<���h�k�g�h�\�g�h�f��
�l�_�f�i�_�j�Z�l�m�j�u���\���]�h�^�u���i�j�h�\�_�^�_�g�b�y���b�k�k�e�_�^�h�\�Z�g�b�c�����a�Z���b�k�d�e�x�q�_�g�b�_�f�������������]�h�^�Z�����[�u�e�b���\�u�r�_���g�h�j�f�u. 

�K�j�_�^�g�_�f�g�h�]�h�e�_�l�g�y�y �]�h�^�h�\�Z�y���k�m�f�f�Z���h�k�Z�^�d�h�\���k�h�k�l�Z�\�b�e�Z������8 �f�f  (�V��= 116 �f�f )�����Z���i�h���]�h�^�Z�f: 2019 �]����
– 545 �f�f  ���g�b�`�_�� �g�h�j�f�u�� �g�Z�� ������ �f�f��, 2020 �]�� – 842 �f�f  ���g�b�`�_�� �g�h�j�f�u�� �g�Z�� �������� �f�f��, 2021 �]�� – 768 �f�f  �b��
2022 �]�� – �������� �f�f���� �D�j�Z�c�g�_�� �\�e�Z�`�g�u�f�b �[�u�e�b �f�Z�c���� �b�x�g�v���b�� �b�x�e�v�� �������� �]�h�^�Z��– �k�m�f�f�Z�j�g�h�� �\�� �w�l�b�� �f�_�k�y�p�u��
�\�u�i�Z�e�h�� �������� �f�f�� �h�k�Z�^�d�h�\���� �i�j�b�� �k�j�_�^�g�_�]�h�^�h�\�h�c�� �g�h�j�f�_�� �a�Z�� �w�l�h�l�� �`�_�� �i�_�j�b�h�^�� �������� �f�f ���f�Z�c�� �b�� �b�x�e�v�� �[�u�e�b��
�Z�g�h�f�Z�e�v�g�h���\�e�Z�`�g�_�_���g�h�j�f�u�������K���b�x�g�y���i�h���Z�\�]�m�k�l�������������]�h�^�Z���\�u�i�Z�e�h���k�m�f�f�Z�j�g�h�����������f�f���h�k�Z�^�d�h�\�� 

 



157 
 

 
�J�b�k. 3. �K�j�_�^�g�_�f�_�k�y�q�g�Z�y�� �l�_�f�i�_�j�Z�l�m�j�Z�� �\�h�a�^�m�o�Z�� �i�h�� �^�Z�g�g�u�f�� �f�_�l�_�h�k�l�Z�g�p�b�c�� �©�F�h�`�Z�c�k�d�ª�� �b�� �©�F�h�k�d�\�Z��
�<�>�G�O�ª���a�Z 2019-�����������]�h�^�u���\���k�j�Z�\�g�_�g�b�b���k�h���k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�f�b���a�g�Z�q�_�g�b�y�f�b������������-�����������]�]���� 
Fig. 3. Average monthly air temperature according to the W�F�H 27509 and 27612 weather stations for 2019-
2022 compared with long-term average values (1989-2018) 

 
 
 

 
�J�b�k. 4. �K�j�_�^�g�_�f�_�k�y�q�g�Z�y�� �k�m�f�f�Z�� �h�k�Z�^�d�h�\�� �i�h�� �^�Z�g�g�u�f�� �f�_�l�_�h�k�l�Z�g�p�b�c�� �©�F�h�`�Z�c�k�d�ª�� �b�� �©�F�h�k�d�\�Z�� �<�>�G�O�ª�� �a�Z��
2019-�����������]�h�^�u���\���k�j�Z�\�g�_�g�b�b���k�h���k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�f�b���a�g�Z�q�_�g�b�y�f�b������������-�����������]�]���� 
Fig. 4. Average monthly precipitation according to the W�F�H 27509 and 27612 weather stations for 2019-
2022 compared with long-term average values (1989-2018) 
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�F�?�L�H�>�U 
 

�K�l�Z�l�b�q�_�k�d�b�c���d�Z�f�_�j�g�u�c���f�_�l�h�^ 
�M�^�_�e�v�g�u�_�� �i�h�l�h�d�b�� �f�_�l�Z�g�Z�� �[�u�e�b�� �b�a�f�_�j�_�g�u�� �k�� �i�h�f�h�s�v�x���k�l�Z�l�b�q�_�k�d�h�]�h���d�Z�f�_�j�g�h�]�h�� �f�_�l�h�^�Z (�J�b�k. 6). 

�H�k�g�h�\�Z�g�b�y���b�a���h�p�b�g�d�h�\�Z�g�g�h�c �b�e�b�� �g�_�j�`�Z�\�_�x�s�_�c�� �k�l�Z�e�b�� ���J�b�k. 5���� �\�j�_�a�Z�e�b�� �\���i�h�q�\�m�� �g�_���i�h�a�^�g�_�_�� �q�_�f�� �a�Z�� ������
�f�b�g�m�l�� �^�h�� �g�Z�q�Z�e�Z�� �b�a�f�_�j�_�g�b�c (�q�l�h�[�u�� �g�b�\�_�e�b�j�h�\�Z�l�v�� �\�h�a�f�m�s�_�g�b�y���� �\�h�a�g�b�d�r�b�_�� �i�j�b�� �\�j�_�a�Z�g�b�b���� �a�b�f�h�c��
�h�k�g�h�\�Z�g�b�y�� �d�Z�f�_�j�� �m�k�l�Z�g�Z�\�e�b�\�Z�e�b�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �g�Z�� �k�g�_�]���� �k�l�Z�j�Z�y�k�v�� �f�b�g�b�f�b�a�b�j�h�\�Z�l�v�� �i�h�\�j�_�`�^�_�g�b�_��
�k�g�_�`�g�h�]�h�� �i�h�d�j�h�\�Z)���� �A�Z�l�_�f�� �g�Z�� �h�k�g�h�\�Z�g�b�_�� �m�k�l�Z�g�Z�\�e�b�\�Z�e�b��«�d�Z�f�_�j�m» (�b�k�i�h�e�v�a�h�\�Z�e�b�� �i�e�Z�k�l�f�Z�k�k�h�\�u�_��
�d�Z�f�_�j�u���� �i�h�d�j�u�l�u�_�� �k�h�e�g�p�_�a�Z�s�b�l�g�h�c�� �i�e�_�g�d�h�c; �h�[�t�_�f�� �d�j�m�]�e�u�o�� �d�Z�f�_�j��– 0.0168 �f3; �i�j�y�f�h�m�]�h�e�v�g�u�o��– 
0.0306 �f3�����l�j�Z�i�_�p�b�_�\�b�^�g�h�c��– 0.0313 �f3). �<���i�Z�a�u���h�k�g�h�\�Z�g�b�y���a�Z�e�b�\�Z�e�b���\�h�^�m�����k�h�a�^�Z�\�Z�y���©�]�b�^�j�h�a�Z�l�\�h�j�ª���^�e�y��
�h�[�_�k�i�_�q�_�g�b�y���]�_�j�f�_�l�b�q�g�h�]�h���d�h�g�l�Z�d�l�Z���d�Z�f�_�j�u���b���h�k�g�h�\�Z�g�b�y�� �l�Z�d�b�f���h�[�j�Z�a�h�f�����q�l�h�[�u���g�b�`�g�y�y���q�Z�k�l�v���d�Z�f�_�j�u 
�\ �f�_�k�l�_���_�_���d�h�g�l�Z�d�l�Z���k���h�k�g�h�\�Z�g�b�_�f �[�u�e�Z���i�h�]�j�m�`�_�g�Z���\���\�h�^�m���g�_���f�_�g�_�_���q�_�f���g�Z������ �k�f���� �I�h�l�h�f���\�� �h�l�\�_�j�k�l�b�_���\��
�\�_�j�o�g�_�c�� �q�Z�k�l�b�� �d�Z�f�_�j�u�� �\�k�l�Z�\�e�y�e�b�� �j�_�a�b�g�h�\�m�x�� �i�j�h�[�d�m �k �i�j�h�o�h�^�y�s�_�c�� �q�_�j�_�a�� �g�_�_ �i�e�Z�k�l�f�Z�k�k�h�\�h�c �l�j�m�[�d�h�c��
�^�e�y�� �h�l�[�h�j�Z�� �i�j�h�[ �k�� �p�_�e�v�x�� �i�h�k�e�_�^�m�x�s�_�]�h�� �]�Z�a�h�o�j�h�f�Z�l�h�]�j�Z�n�b�q�_�k�d�h�]�h�� �Z�g�Z�e�b�a�Z�� �\�� �e�Z�[�h�j�Z�l�h�j�b�b�����<�� �k�e�m�q�Z�_����
�d�h�]�^�Z���m�j�h�\�_�g�v���]�j�m�g�l�h�\�u�o���\�h�^���[�u�e���\�u�r�_���m�j�h�\�g�y���i�h�q�\�u�����h�k�g�h�\�Z�g�b�_ �k�l�Z�\�b�e�b���\���\�h�^�m�����g�_���\�j�_�a�Z�y���\���i�h�q�\�m�����<��
�j�y�^�_���\�u�_�a�^�h�\ �d�h�g�p�_�g�l�j�Z�p�b�y�� �]�Z�a�Z�� �\�� �d�Z�f�_�j�_�� �b�a�f�_�j�y�e�Z�k�v�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �\�� �i�h�e�_�\�u�o�� �m�k�e�h�\�b�y�o �i�j�b��
�i�h�f�h�s�b���]�Z�a�h�Z�g�Z�e�b�a�Z�l�h�j�Z�����k�f���� �g�b�`�_������ �l�h�]�^�Z �\���d�Z�f�_�j�m���\�k�l�Z�\�e�y�e�b �^�\�_���l�j�m�[�d�b��– �i�h���h�^�g�h�c���]�Z�a���i�h�k�l�m�i�Z�e���\��
�]�Z�a�h�Z�g�Z�e�b�a�Z�l�h�j�����Z���i�h���^�j�m�]�h�c���\�h�a�\�j�Z�s�Z�e�k�y���h�[�j�Z�l�g�h���\���d�Z�f�_�j�m ���e�_�\�Z�y���i�Z�g�_�e�v���J�b�k. 6). 
 

 

�J�b�k. 5. �H�k�g�h�\�Z�g�b�y���^�e�y���d�Z�f�_�j:  
�Z�����[�����b�a���h�p�b�g�d�h�\�Z�g�g�h�c���k�l�Z�e�b;  
�\�����b�a���g�_�j�`�Z�\�_�x�s�_�c���k�l�Z�e�b 
 
Fig. 5. Collars for chambers:  
a, �[) made of galvanized steel;  
c) made of stainless steel 

 
�J�b�k. 6. �K�l�Z�l�b�q�_�k�d�b�c���d�Z�f�_�j�g�u�c��
�f�_�l�h�^���\���^�_�c�k�l�\�b�b�����k�e�_�\�Z��– �]�Z�a�h-
�\�u�c���Z�g�Z�e�b�a�Z�l�h�j��Licor 7���������i�h�-̂
�d�e�x�q�_�g���d���d�Z�f�_�j�_ �\ �n�h�j�f�_ �m�k�_-
�q�_�g�g�h�c���i�b�j�Z�f�b�^�u�����k�i�j�Z�\�Z��– �d�Z�f�_-
�j�u���g�_���i�h�^�d�e�x�q�_�g�u���d���]�Z�a�h�Z�g�Z�e�b�a�Z-
�l�h�j�m�����h�l�[�h�j���i�j�h�[���h�k�m�s�_�k�l�\�e�y�_�l�k�y��
�i�j�b���i�h�f�h�s�b���r�i�j�b�p�_�\�� 
 
Fig. 6. The static chamber method 
in action. On the left, the Licor 
7810 gas analyzer is connected to a 
chamber shaped like a truncated 
pyramid. On the right, the chambers 
are not connected to the gas 
analyzer, and samples are collected 
using syringes 

 
�I�j�b�� �b�a�f�_�j�_�g�b�y�o�� �g�Z�� �d�h�g�d�j�_�l�g�h�c�� �l�h�q�d�_�� �j�Z�a�f�_�s�Z�e�h�k�v�� �h�l�� ���� �^�h�� ���� �d�Z�f�_�j���� �<�� �g�b�o�� �\�� �l�_�q�_�g�b�_�� �k�m�l�h�d��

�i�j�h�b�a�\�h�^�b�e�h�k�v�� �h�l�� ���� �^�h ������ �b�a�f�_�j�_�g�b�c�� �a�g�Z�q�_�g�b�c���m�^�_�e�v�g�u�o�� �i�h�l�h�d�h�\�� ���M�I)���� �d�h�l�h�j�u�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�e�b�k�v�� �\��
�d�Z�q�_�k�l�\�_���i�h�\�l�h�j�g�h�k�l�_�c�����H�l�[�h�j���]�Z�a�h�\�u�o���i�j�h�[���^�e�y���i�h�k�e�_�^�m�x�s�_�]�h���e�Z�[�h�j�Z�l�h�j�g�h�]�h���Z�g�Z�e�b�a�Z �d�h�g�p�_�g�l�j�Z�p�b�c 
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�i�j�h�b�a�\�h�^�b�e�b�� �\�� �r�i�j�b�p�u�� ���h�[�t�_�f�h�f�� ������ �f�e���� �\���j�Z�\�g�h�h�l�k�l�h�y�s�b�_���f�h�f�_�g�l�u�� �\�j�_�f�_�g�b��t0, t1, t2 �b��t3���� �<�j�_�f�y��
�w�d�k�i�h�a�b�p�b�b����t3 - t0�����k�h�k�l�Z�\�e�y�e�h: 
o 9÷�������f�b�g�m�l���i�j�b���m�j�h�\�g�_���k�l�h�y�g�b�y���\�h��̂u �\�u�r�_���i�h�\�_�j�o�g�h�k�l�b���i�h�q�\�u, 
o 20÷�������f�b�g�m�l���i�j�b���m�j�h�\�g�_���\�h�^�u �h�l���i�h�\�_�j�o�g�h�k�l�b���i�h�q�\�u���^�h������÷�������k�f���g�b�`�_���g�_�_, 
o 45÷�������f�b�g�m�l���i�j�b���m�j�h�\�g�_���\�h�^�u �]�e�m�[�`�_���������k�f�� 
�K�h�� �\�j�_�f�_�g�_�f�� �\�� �d�Z�f�_�j�_�� �i�j�h�b�k�o�h�^�b�e�h�� �b�a�f�_�g�_�g�b�_�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �]�Z�a�Z���� �\�u�o�h�^�y�s�_�]�h�� �b�a�� �i�h�q�\�u�� �b�e�b����
�g�Z�h�[�h�j�h�l���� �i�h�]�e�h�s�Z�_�f�h�]�h���_�x���� �I�h�� �d�j�b�\�h�c�� �b�a�f�_�g�_�g�b�y�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �\�u�q�b�k�e�y�e�b�� �m�^�_�e�v�g�u�c�� �i�h�l�h�d���� �d�Z�d��
�h�i�b�k�Z�g�h���\���>�*�O�D�J�R�O�H�Y et al., 2010]. 
 

�:�g�Z�e�b�a���d�h�g�p�_�g�l�j�Z�p�b�b���]�Z�a�h�\ 
�< 2019 �]�� �b�� �e�_�l�h�f��2020 �]���� �b�k�i�h�e�v�a�h�\�Z�e�k�y �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�c�� �o�j�h�f�Z�l�h�]�j�Z�n «�O�I�F-4» 

(�©�O�j�h�f�Z�l�h�]�j�Z�n�ª, �K�K�K�J�������h�k�g�Z�s�_�g�g�u�c �I�B�>�����i�e�Z�f�_�g�g�h-�b�h�g�b�a�Z�p�b�h�g�g�u�f���^�_�l�_�d�l�h�j�h�f)�����<���d�Z�q�_�k�l�\�_���]�Z�a�Z-
�g�h�k�b�l�_�e�y���i�j�b�f�_�g�y�e�k�y�� �\�h�^�h�j�h�^���� �i�h�^�Z�q�Z�� �d�h�l�h�j�h�]�h�� �k�h�k�l�Z�\�e�y�e�Z�� ���� �f�e���f�b�g���� �B�k�i�h�e�v�a�h�\�Z�e�Z�k�v�� �d�h�e�h�g�d�Z��
�^�b�Z�f�_�l�j�h�f 2.5 �f�f�� �b�� �^�e�b�g�h�c��1 �f���� �a�Z�i�h�e�g�_�g�g�Z�y �k�h�j�[�_�g�l�h�f�� �©�K�h�\�i�h�e�ª�� ��80-100 mesh)���� �L�_�f�i�_�j�Z�l�m�j�Z��
�d�h�e�h�g�d�b – �����ƒ�K���� �\�\�h�^�� �i�j�h�[�u�� �h�k�m�s�_�k�l�\�e�y�e�k�y�� �q�_�j�_�a�� �i�_�l�e�x�� �h�[�t�_�f�h�f�� ��.132 �k�f3. �H�k�_�g�v�x�� �������� �]����
�b�a�f�_�j�_�g�b�y���\�_�e�b�k�v���g�Z �o�j�h�f�Z�l�h�]�j�Z�n�_ �©�:�<�L�H�O�J�H�F�ª ���©�F�Z�g�h�f�_�l�j�ª�����J�h�k�k�b�y�� �k���I�B�>�����>�b�Z�f�_�l�j���d�h�e�h�g�d�b��– 
�������� �f�f, �^�e�b�g�Z��– ���� �f, �l�_�f�i�_�j�Z�l�m�j�Z��– 30 °C, �]�Z�a-�g�h�k�b�l�_�e�v��– �\�h�^�h�j�h�^���� �k�d�h�j�h�k�l�v�� �i�h�l�h�d�Z��– ���� �f�e���f�b�g����
�K�h�j�[�_�g�l�h�f���k�e�m�`�b�e �©�I�h�e�b�k�h�j�[�ª��(80-100 mesh). �H�[�t�_�f���\�\�h�^�b�f�h�c���i�j�h�[�u��– ���������f�e�����D�Z�`�^�Z�y���i�j�h�[�Z���]�Z�a�Z���b�a��
�d�Z�f�_�j�u���Z�g�Z�e�b�a�b�j�h�\�Z�e�Z�k�v�� �\�� ��-���� �i�h�\�l�h�j�g�h�k�l�y�o ���l���_���� �b�a�� �d�Z�`�^�h�]�h�� �r�i�j�b�p�Z�� �[�j�Z�e�h�k�v�� �^�e�y�� �Z�g�Z�e�b�a�Z�� �h�l�� ���� �^�h�� ����
�i�j�h�[������ �^�e�y�� �j�Z�k�q�_�l�h�\�� �b�k�i�h�e�v�a�h�\�Z�e�Z�k�v�� �k�j�_�^�g�y�y�� �d�h�g�p�_�g�l�j�Z�p�b�y�� �H�k�_�g�v�x�� �������� �]���� �b�k�i�h�e�v�a�h�\�Z�e�k�y��
�o�j�h�f�Z�l�h�]�j�Z�n��«�D�j�b�k�l�Z�e�e��5000.2» – �^�_�l�_�d�l�h�j���I�B�>�����]�Z�a-�g�h�k�b�l�_�e�v��– �Z�a�h�l, �^�e�b�g�Z���d�h�e�h�g�h�d��– �����f�����^�b�Z�f�_�l�j��– 
���� �f�f���� �k�h�j�[�_�g�l��– Porapak (80/100 mesh), �l�_�f�i�_�j�Z�l�m�j�Z���d�h�e�h�g�d�b��– �����ƒ�K�����h�[�t�_�f���\�\�h�^�b�f�h�c���i�j�h�[�u – �����k�f3. 
�>�e�y���d�Z�e�b�[�j�h�\�d�b �o�j�h�f�Z�l�h�]�j�Z�n�h�\���b�k�i�h�e�v�a�h�\�Z�e�Z�k�v���k�f�_�k�v���\�h�a�^�m�o�Z���b���f�_�l�Z�g�Z �k���d�h�g�p�_�g�l�j�Z�p�b�y�f�b 1.99 ± 0.01, 
5.00 ± 0.01 �b����.84 ± 0.01 ppm �K�G4 (National Institute for Environmental Studies, Japan).  

�A�b�f�h�c�� �b�� �\�_�k�g�h�c�� �������� �]�� �d�h�g�p�_�g�l�j�Z�p�b�b �f�_�l�Z�g�Z �h�i�j�_�^�_�e�y�e�b�k�v�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �\�� �d�Z�f�_�j�_�� �i�j�b��
�i�h�f�h�s�b���i�h�j�l�Z�l�b�\�g�h�]�h���b�g�n�j�Z�d�j�Z�k�g�h�]�h���]�Z�a�h�Z�g�Z�e�b�a�Z�l�h�j�Z��LI -7810 («LI-COR�ª�����K�R�:��. �Q�Z�k�l�h�l�Z���b�a�f�_�j�_�g�b�c��
– 1 �=�p���� �h�[�t�_�f�� �h�i�l�b�q�_�k�d�h�c�� �d�x�\�_�l�u��– 6.41 �k�f3���� �k�d�h�j�h�k�l�v�� �i�h�l�h�d�Z��– 70 �f�e���f�b�g���� �l�_�f�i�_�j�Z�l�m�j�g�u�_�� �i�j�_�^�_�e�u��
�b�a�f�_�j�_�g�b�c – -25 ÷ +40°�&�����^�b�Z�i�Z�a�h�g���b�a�f�_�j�_�g�b�c���d�h�g�p�_�g�l�j�Z�p�b�c���f�_�l�Z�g�Z��– �h�l������ �^�h���������� �S�S�P�����i�h�]�j�_�r�g�h�k�l�v��
���1����– �g�_���[�h�e�_�_�������������S�S�E�� 

 
�K�h�i�m�l�k�l�\�m�x�s�b�_���b�a�f�_�j�_�g�b�y���i�Z�j�Z�f�_�l�j�h�\ �h�d�j�m�`�Z�x�s�_�c���k�j�_�^�u 

�G�Z�� �b�a�f�_�j�b�l�_�e�v�g�u�o�� �i�e�h�s�Z�^�d�Z�o���w�e�_�d�l�j�h�g�g�u�f�b�� �^�Z�l�q�b�d�Z�f�b�� �©�7�+�(�5�0�2�&�+�5�2�1�ª�� �L�%�X�W�W�R�Q DS1922L 
���©�'�$�/�/�$�6���6�H�P�L�F�R�Q�G�X�F�W�R�U�ª�����K�R�:�� �[�u�e�b �b�a�f�_�j�_�g�u �l�_�f�i�_�j�Z�l�m�j�u���i�h�q�\�u���g�Z���]�e�m�[�b�g�Z�o���� (T0), 5, 15 (T15) 
�b��45 �k�f���� �Z�� �l�Z�d�`�_���Z�l�f�h�k�n�_�j�u�� ���7�Z�l�f�����g�Z�� �\�u�k�h�l�_�� �� �f�� �g�Z�^�� �i�h�\�_�j�o�g�h�k�l�v�x�� �i�h�q�\�u. �<�e�Z�`�g�h�k�l�v�� �i�h�q�\�u��
�h�i�j�_�^�_�e�y�e�b���l�_�j�f�h�k�l�Z�l�g�h-�\�_�k�h�\�u�f���f�_�l�h�^�h�f, �d�Z�d���h�g���h�i�b�k�Z�g���\��[Shein, 2005]. �I�j�b���m�j�h�\�g�_���k�l�h�y�g�b�y���\�h�^�u���\��
�i�h�q�\�_ �\�� �^�b�Z�i�Z�a�h�g�_ -40 ÷ +������ �k�f �h�l�[�b�j�Z�e�b�� �i�j�h�[�u�� �\�h�^�u���� �\�� �d�h�l�h�j�u�o�� �b�a�f�_�j�y�e�b�� �i�h�d�Z�a�Z�l�_�e�b��
�w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�b�����(�&�����b���S�+���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���i�h�j�l�Z�l�b�\�g�h�]�h���j�G���(�&-�f�_�l�j�Z���+�D�Q�Q�D���+�,-98129 Combo 
���©�+�D�Q�Q�D���,�Q�V�W�U�X�P�H�Q�W�V�ª�����K�R�:���� 
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�<���L�Z�[�e. �����i�j�b�\�_�^�_�g���j�y�^���i�h�d�Z�a�Z�l�_�e�_�c �\�_�j�h�y�l�g�h�k�l�g�u�o���j�Z�k�i�j�_�^�_�e�_�g�b�c �m�^�_�e�v�g�h�]�h���i�h�l�h�d�Z���f�_�l�Z�g�Z���g�Z��
�b�a�m�q�Z�_�f�h�f�� �m�q�Z�k�l�d�_��Sw_1 �\��2019-���������� �]�]���� �D�Z�d�� �f�u�� �\�b�^�b�f���� �g�Z���w�l�h�f���m�q�Z�k�l�d�_���i�j�_�b�f�m�s�_�k�l�\�_�g�g�h 
�g�Z�[�e�x�^�Z�_�l�k�y���w�f�b�k�k�b�y���f�_�l�Z�g�Z�����B�k�d�e�x�q�_�g�b�_�f���y�\�e�y�x�l�k�y���l�h�q�d�b��Sw�B���B�����b��Sw_1_3, �g�Z���d�h�l�h�j�u�o���h�l�f�_�q�_�g�h��
�g�_�[�h�e�v�r�h�_�� �i�h�]�e�h�s�_�g�b�_��CH4���� �W�l�h�� �h�[�t�y�k�g�y�_�l�k�y �b�o���j�Z�k�i�h�e�h�`�_�g�b�_�f���\�� �j�_�e�v�_�n�_: �m�q�Z�k�l�d�b���y�\�e�y�x�l�k�y��
�g�Z�b�[�h�e�_�_�� �^�j�_�g�b�j�h�\�Z�g�g�u�f�b�� �k�j�_�^�b�� �h�k�l�Z�e�v�g�u�o���\�k�e�_�^�k�l�\�b�_�� �h�l�^�Z�e�_�g�g�h�k�l�b�� �h�l�� �[�h�e�h�l�Z (�j�Z�k�i�h�e�h�`�_�g�g�h�]�h �g�Z��
�k�_�\�_�j�g�h�c���h�d�j�Z�b�g�_���a�Z�[�h�e�h�q�_�g�g�h�]�h���e�_�k�Z), �k�j�_�^�g�b�c���m�j�h�\�_�g�v���k�l�h�y�g�b�y���\�h�^���\���\�_�k�_�g�g�_-�e�_�l�g�_-�h�k�_�g�g�b�c���i�_�j�b�h�^��
�k�h�k�l�Z�\�e�y�_�l���������b���������k�f���k�h�h�l�\�_�l�k�l�\�_�g�g�h��(�J�b�k. 2). 

�H�[�j�Z�l�b�f�k�y�� �d���]�j�Z�n�b�d�Z�f�� �k�_�a�h�g�g�h�]�h�� �o�h�^�Z���M�I �K�G4 (�J�b�k. 7). �G�Z�� �l�h�q�d�_��Sw�B���B���� �g�Z�[�e�x�^�Z�e�h�k�v �q�_�l�d�h�_��
�i�h�]�e�h�s�_�g�b�_�� �f�_�l�Z�g�Z�� �e�_�l�h�f�� �������� �].���� �q�_�j�_�a�� �]�h�^�� �[�u�e�h�� �k�^�_�e�Z�g�h�� �g�_�k�d�h�e�v�d�h�� �\�u�_�a�^�h�\, �b�� �k�� �e�_�l�Z�� �������� �]�� �i�h��
�\�_�k�g�m 2021 �]�����g�Z�� �^�Z�g�g�h�c�� �l�h�q�d�_�� �g�Z�[�e�x�^�Z�e�k�y���i�h�l�h�d���� �[�e�b�a�d�b�c�� �d�� �g�m�e�x. �<�� �e�_�l�g�_-�h�k�_�g�g�b�c�� �i�_�j�b�h�^�� �������� �]����
�g�Z�[�e�x�^�Z�e�k�y�� �g�_�[�h�e�v�r�h�c�� �j�h�k�l�� �k�� �i�Z�^�_�g�b�_�f�� �d�� �h�d�l�y�[�j�x�����< �g�Z�q�Z�e�_�� �g�h�y�[�j�y�� �������� �]�h�^�Z�� �\�� �h�^�g�h�c�� �b�a�� �^�\�m�o��
�i�j�h�k�l�j�Z�g�k�l�\�_�g�g�u�o���i�h�\�l�h�j�g�h�k�l�_�c���g�Z���m�q�Z�k�l�d�_���[�u�e�Z���h�l�f�_�q�_�g�Z���w�f�b�k�k�b�y��CH4 �h�l�������������^�h���������� �f�]C×�f -2×�q-1�����Z��
�\�h���\�l�h�j�h�c��– �h�l�������������^�h�������������f�]C×�f -2×�q-1. 

 



160 
 

�L�Z�[�e�b�p�Z������ �I�h�d�Z�a�Z�l�_�e�b���j�Z�k�i�j�_�^�_�e�_�g�b�y���M�I��CH4  �g�Z���m�q�Z�k�l�d�_��Sw_1 �a�Z���\�_�k�v���i�_�j�b�h�^���g�Z�[�e�x�^�_�g�b�c 
Table 1. Descriptive statistics of CH4 flux in the Sw_1 area for the entire observation period (2019-2022) 
 

�A�g�Z�q�_�g�b�y���M�I CH4, 
�f�]C×�f -2×�q-1 Sw_1_1 Sw_1_2 Sw_1_3 Sw_1_4 Sw_1_5 Sw_1_6 Sw_1_7 

�F�b�g�b�f�m�f -0.061 0.00 -0.048 0.50 
 

0.014 
 

-0.03 
 

0.42 
 

1�c �d�\�Z�j�l�b�e�v -0.014 0.06 -0.017 0.79 0.135 0.29 2.133 
�F�_�^�b�Z�g�Z 0.00 0.31 0.012 1.93 0.53 1.36 3.90 
3�c �d�\�Z�j�l�b�e�v 0.051 2.87 0.75 8.07 1.96 7.36 5.78 
�F�Z�d�k�b�f�m�f 1.15 19.53 1.37 18.29 6.78 16.54 13.41 
n 55 58 53 24 55 38 20 

 
�>�Z�e�_�_�� �i�h�� �j�_�e�v�_�n�m�� �\�g�b�a �k�e�_�^�m�_�l�� �l�h�q�d�Z�� �6�Z�B���B��. �A�^�_�k�v�� �g�Z�[�e�x�^�Z�e�k�y���[�e�b�a�d�b�c �d���g�m�e�_�\�h�f�m �i�h�l�h�d��

�f�_�l�Z�g�Z�� �\�� �l�_�q�_�g�b�_�� �i�j�Z�d�l�b�q�_�k�d�b�� �\�k�_�]�h�� �]�h�^�Z�����H�k�_�g�v�x �g�Z�� �l�h�q�d�_�� �6�Z�B���B���� �[�u�e�b�� �a�Z�n�b�d�k�b�j�h�\�Z�g�u���h�l�^�_�e�v�g�u�_��
�\�u�k�h�d�b�_�� �a�g�Z�q�_�g�b�y�� �i�h�l�h�d�Z�� �f�_�l�Z�g�Z. �G�Z�i�j�b�f�_�j���� �\�� �g�h�y�[�j�_�� ���������� �]�h�^�Z���\�� �h�^�g�h�c�� �b�a�� �^�\�m�o�� �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�u�o��
�i�h�\�l�h�j�g�h�k�l�_�c���g�Z���m�q�Z�k�l�d�_���[�u�e�Z���h�l�f�_�q�_�g�Z���w�f�b�k�k�b�y���f�_�l�Z�g�Z���h�l�������������^�h�������������f�]C×�f -2×�q-1�����Z���\�h���\�l�h�j�h�c��– �h�l��
�����������^�h�������������f�]C×�f -2×�q-1.   

�G�Z�� �l�h�q�d�_��Sw�B���B������ �g�Z�o�h�^�y�s�_�c�k�y�� �g�b�`�_�� �i�h�� �k�d�e�h�g�m�� �h�i�b�k�Z�g�g�u�o�� �j�Z�g�_�_�� �l�h�q�_�d���� �g�Z�[�e�x�^�Z�e�Z�k�v �w�f�b�k�k�b�y��
�f�_�l�Z�g�Z���k���e�_�l�Z�������������]. �i�h���h�k�_�g�v�������������]. �<���h�k�l�Z�e�v�g�h�_���\�j�_�f�y���i�h�l�h�d���[�u�e���[�e�b�a�d�b�f���d���g�m�e�x. �G�Z���l�h�q�d�_��Sw_1_2 
�b�f�_�e�h�� �f�_�k�l�h���\�u�^�_�e�_�g�b�_�� �K�G4 �\�� �e�_�l�g�_-�h�k�_�g�g�b�c�� �i�_�j�b�h�^ 2019 �]��, �Z�� �l�Z�d�`�_ �h�l�g�h�k�b�l�_�e�v�g�h�� �[�h�e�v�r�b�_�� �i�h�l�h�d�b��
�h�k�_�g�v�x�� �������� �]. �K�_�a�h�g�g�u�c�� �o�h�^���w�f�b�k�k�b�b�� �g�Z���l�h�q�d�_ S�Z�B���B���� �h�l�e�b�q�Z�e�k�y�� �[�h�e�v�r�b�f�b�� �i�h�l�h�d�Z�f�b�� �e�_�l�h�f�� �b��
�h�k�_�g�v�x�� ���h�d�h�e�h�� ������ �b�� ���� �f�]C×�f -2×�q-1 �k�h�h�l�\�_�l�k�l�\�_�g�g�h�������W�l�h�� �[�u�e�Z�� �k�Z�f�Z�y�� �g�b�a�d�Z�y�� �l�h�q�d�Z�� �j�_�e�v�_�n�Z�� �k��
�f�Z�d�k�b�f�Z�e�v�g�u�f���h�[�\�h�^�g�_�g�b�_�f (�J�b�k. 2). �L�h�q�d�b��Sw�B���B�����b��Sw_1_7 �[�u�e�b���j�Z�k�i�h�e�h�`�_�g�u �g�Z���h�^�g�h�f���m�q�Z�k�l�d�_���k��
�m�j�h�\�g�_�f�� �]�j�m�g�l�h�\�u�o�� �\�h�^���� �k�l�Z�[�b�e�v�g�h�� �\�� �l�_�q�_�g�b�_�� �\�k�_�]�h�� �k�_�a�h�g�Z�� �g�Z�o�h�^�b�\�r�b�f�k�y�� �\�u�r�_�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�q�\�u��
(�i�h�w�l�h�f�m���h�g�b���[�u�e�b���j�Z�k�k�f�h�l�j�_�g�u���k�h�\�f�_�k�l�g�h���g�Z���J�b�k. 7). 

�<�� �i�j�h�p�_�k�k�_�� �Z�g�Z�e�b�a�Z�� �k�\�y�a�b�� �i�h�l�h�d�h�\�� �f�_�l�Z�g�Z�� ���a�Z�\�b�k�b�f�Z�y�� �i�_�j�_�f�_�g�g�Z�y���� �k�� �g�_�a�Z�\�b�k�b�f�u�f�b��
�i�_�j�_�f�_�g�g�u�f�b���� �\�� �d�Z�q�_�k�l�\�_�� �d�h�l�h�j�u�o�� �\�u�k�l�m�i�Z�e�b��WTL���� �S�+���� �(�&���� �7�Z�l�f�����7���� �b�� �7����, �^�Z�g�g�u�_�� �[�u�e�b��
�i�j�_�^�\�Z�j�b�l�_�e�v�g�h�� �h�[�h�[�s�_�g�u�� �i�m�l�_�f�� �j�Z�k�q�_�l�Z�� �f�_�^�b�Z�g�g�u�o�� �a�g�Z�q�_�g�b�c���\ �d�Z�`�^�h�c�� �l�h�q�d�_�� �a�Z�� �\�_�k�v�� �i�_�j�b�h�^��
�i�j�h�\�_�^�_�g�b�y���b�a�f�_�j�_�g�b�c�����A�Z�l�_�f���[�u�e�Z���i�j�h�\�_�^�_�g�Z���h�[�u�q�g�Z�y���e�b�g�_�c�g�Z�y���j�_�]�j�_�k�k�b�y���f�_�`�^�m���i�h�l�h�d�Z�f�b �f�_�l�Z�g�Z���b��
�d�Z�`�^�h�c���b�a���g�_�a�Z�\�b�k�b�f�u�o���i�_�j�_�f�_�g�g�u�o�����M�^�Z�e�h�k�v���\�u�y�\�b�l�v���^�h�k�l�Z�l�h�q�g�h���l�_�k�g�m�x���k�\�y�a�v���f�_�^�b�Z�g�g�u�o���M�I��CH4 

�l�h�e�v�d�h���k��WTL (R2 = 0.63), �Z���\���h�k�l�Z�e�v�g�u�o���k�e�m�q�Z�y�o���d�h�w�n�n�b�p�b�_�g�l�u��R2 �” 0.27. �I�j�b���w�l�h�f���b�k�o�h�^�g�u�_���^�Z�g�g�u�_��
���^�h���j�Z�k�q�_�l�Z���f�_�^�b�Z�g�����g�_���i�h�d�Z�a�Z�e�b���a�g�Z�q�b�f�h�c���j�_�]�j�_�k�k�b�h�g�g�h�c���a�Z�\�b�k�b�f�h�k�l�b���k���d�Z�d�b�f-�e�b�[�h���n�Z�d�l�h�j�h�f�� 

 
 

�H�;�K�M�@�>�?�G�B�?�� 
 

�J�Z�k�k�f�h�l�j�b�f�� �k�_�a�h�g�g�u�c�� �o�h�^�� �w�f�b�k�k�b�b�� �f�_�l�Z�g�Z���g�Z �l�h�q�d�_ Sw_1_5, �y�\�e�y�x�s�_�c�k�y�� �\�� �g�_�d�h�l�h�j�h�f�� �k�f�u�k�e�_��
�©�k�j�_�^�g�_�c�ª�� �i�h�� �m�k�e�h�\�b�y�f�� �m�\�e�Z�`�g�_�g�b�y ���g�Z�� �l�h�q�d�Z�o��Sw�B���B���� �b��Sw_1_3 – �M�=�<�� �k�l�h�b�l�� �]�e�m�[�`�_���� �q�_�f�� �g�Z��
Sw�B���B������ �Z�� �g�Z�� �l�h�q�d�Z�o��Sw_1_2, Sw_1_6, Sw_1_4, Sw_1_7 – �[�e�b�`�_�� �d�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�q�\�u���� �G�Z��Sw_1_5 
�i�j�Z�d�l�b�q�_�k�d�b�� �\�k�z�� �e�_�l�h�� ���������� �]�h�^�Z�� �i�h�l�h�d���K�G4 �[�u�e���h�d�h�e�h �g�m�e�y. �D�h�]�^�Z �h�k�_�g�v�x�� �������� �]���� �\�h�^�Z�� �k�l�Z�e�Z��
�i�h�^�g�b�f�Z�l�v�k�y�� �\�\�_�j�o�� �i�h�� �i�j�h�n�b�e�x���� �i�h�l�h�d�� �a�Z�d�h�g�h�f�_�j�g�h�� �g�Z�q�Z�e�� �j�Z�k�l�b�����F�u�� �f�h�`�_�f�� �g�Z�[�e�x�^�Z�l�v�� �m�\�_�e�b�q�_�g�b�_��
�w�f�b�k�k�b�b�� �^�h�� �Z�i�j�_�e�y�� ���������� �]�h�^�Z��(�b�a-�a�Z�� �h�l�k�m�l�k�l�\�b�y�� �k�b�e�v�g�u�o�� �b�� �i�j�h�^�h�e�`�b�l�_�e�v�g�u�o�� �f�h�j�h�a�h�\�� �^�h�� �n�_�\�j�Z�e�y). 
�O�h�j�h�r�h�� �b�a�\�_�k�l�g�h���� �q�l�h�� �h�[�j�Z�a�h�\�Z�g�b�_�� �f�_�l�Z�g�Z�� �f�b�d�j�h�h�j�]�Z�g�b�a�f�Z�f�b���\�� �a�g�Z�q�b�l�_�e�v�g�h�c�� �k�l�_�i�_�g�b�� �h�i�j�_�^�_�e�y�_�l�k�y��
�l�_�f�i�_�j�Z�l�m�j�h�c�����k�f�������g�Z�i�j�b�f�_�j�����>�:�L�H�J�H�O�����������������&�R�Q�U�D�G�������������� Kirschke et al���������������@�������B�a-�a�Z���l�_�i�e�h�c���h�k�_�g�b���b��
�g�Z�q�Z�e�Z�� �a�b�f�u���i�h�q�\�Z �k�b�e�v�g�h�� �g�_�� �h�o�e�Z�`�^�Z�e�Z�k�v���� �Z�� �h�[�b�e�v�g�u�c�� �k�g�_�]�h�i�Z�^�� �\�� �n�_�\�j�Z�e�_�� ���������� �]���� �k�n�h�j�f�b�j�h�\�Z�e��
�\�u�k�h�d�b�c�� �k�g�_�`�g�u�c�� �i�h�d�j�h�\�� ���l�h�e�s�b�g�h�c�� �h�d�h�e�h�� ��.5 �f������ �d�h�l�h�j�u�c�� �\�u�i�h�e�g�y�e�� �j�h�e�v�� �l�_�i�e�h�b�a�h�e�y�l�h�j�Z���� �<��
�j�_�a�m�e�v�l�Z�l�_���l�_�f�i�_�j�Z�l�m�j�Z���i�h�q�\�u�����g�Z���i�h�\�_�j�o�g�h�k�l�b�����[�u�e�Z���o�h�l�v���b���g�b�a�d�Z�y�����g�h���i�h�e�h�`�b�l�_�e�v�g�Z�y�����q�l�h���k�h�a�^�Z�\�Z�e�h��
�m�k�e�h�\�b�y���^�e�y���f�_�l�Z�g�h�]�_�g�_�a�Z����������°C �\���h�d�l�y�[�j�_����������-1°C �\���f�Z�j�l�_���b��������-5.5°C �\���Z�i�j�_�e�_�� 

�H�[�j�Z�l�b�f�� �\�g�b�f�Z�g�b�_�� �g�Z�� �l�h�q�d�m��Sw�B���B������ �d�h�l�h�j�Z�y�� �\�_�k�v�� �h�k�_�g�g�_-�\�_�k�_�g�g�b�c�� �i�_�j�b�h�^ �o�Z�j�Z�d�l�_�j�b�a�h�\�Z�e�Z�k�v��
�m�j�h�\�g�_�f���k�l�h�y�g�b�y���\�h�^�u�����[�e�b�a�d�b�f���d���i�h�\�_�j�o�g�h�k�l�b���i�h�q�\�u���b�e�b���\�u�r�_���g�_�]�h�����K�_�a�h�g�g�u�c���o�h�^���w�f�b�k�k�b�b���K�G4 �^�e�y��
�^�Z�g�g�h�c�� �l�h�q�d�b�� �i�h�e�m�q�b�e�k�y���g�Z�b�[�h�e�_�_�� �i�h�d�Z�a�Z�l�_�e�v�g�u�f�� ���J�b�k. 7������ �;�e�Z�]�h�^�Z�j�y�� �f�h�g�b�l�h�j�b�g�]�m�� �m�j�h�\�g�y�� �k�l�h�y�g�b�y��
�\�h�^�u���g�Z���w�l�h�c���l�h�q�d�_�����J�b�k. 7�����f�u���f�h�`�_�f���\�b�^�_�l�v�����q�l�h���\���g�Z�q�Z�e�_���h�k�_�g�b���������� �]�����\�h�^�Z���\�u�r�e�Z���g�Z���i�h�\�_�j�o�g�h�k�l�v����
�k�h�a�^�Z�\�Z�y�� �[�e�Z�]�h�i�j�b�y�l�g�u�_�� �m�k�e�h�\�b�y�� �^�e�y�� �f�_�l�Z�g�h�]�_�g�h�\���� �B�� �^�_�c�k�l�\�b�l�_�e�v�g�h���� �g�Z�q�b�g�Z�y�� �k�� �\�_�k�g�u�� �������� �]. 
�g�Z�[�e�x�^�Z�_�l�k�y���Z�d�l�b�\�g�Z�y���w�f�b�k�k�b�y���K�G4 �k���i�h�\�_�j�o�g�h�k�l�b���g�Z���w�l�h�c���l�h�q�d�_�� 
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�J�b�k. 7. �K�_�a�h�g�g�u�c���o�h�^���i�h�l�h�d�h�\���f�_�l�Z�g�Z���g�Z���b�k�k�e�_�^�m�_�f�u�o���m�q�Z�k�l�d�Z�o�� 
�A�_�e�_�g�u�_�� �f�Z�j�d�_�j�u��– �i�h�]�e�h�s�_�g�b�_�� �&�+4���� �d�j�Z�k�g�u�_�� �f�Z�j�d�_�j�u��– �\�u�^�_�e�_�g�b�_�� �&�+4, �q�_�j�g�u�_�� �f�Z�j�d�_�j�u��– �\�u�^�_�e�_�g�b�_�� �b��
�i�h�]�e�h�s�_�g�b�_�� �&�+4, �]�h�e�m�[�u�_�� �[�e�h�d�b��– �m�j�h�\�_�g�v�� �k�l�h�y�g�b�y�� �\�h�^�u���� �\�_�j�l�b�d�Z�e�v�g�u�_�� �h�l�j�_�a�d�b�� �h�[�h�a�g�Z�q�Z�x�l�� �^�h�\�_�j�b�l�_�e�v�g�u�c��
�b�g�l�_�j�\�Z�e. 
Fig. 7. Seasonal variations in methane fluxes at the study sites. 
Green markers represent CH4 uptake, red markers represent CH4 emission, black markers represent CH4 emission and 
uptake, blue blocks represent water table, and vertical bars indicate confidence intervals. 
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�<�_�e�b�q�b�g�u���M�I���h�l�� �f�b�g�b�f�Z�e�v�g�u�o���^�h����-�]�h�� �d�\�Z�j�l�b�e�y�����h�l��-0.061 �^�h -0.014 �f�]�&×�f -2×�q-1������ �i�h�e�m�q�_�g�g�u�_��
�g�Z���j�Z�k�i�h�e�h�`�_�g�g�u�o���\�u�r�_���\�� �j�_�e�v�_�n�_���l�h�q�d�Z�o���6�Z�B���B�����b���6�Z�B���B�������[�e�b�a�d�b���d �l�b�i�b�q�g�u�f���a�g�Z�q�_�g�b�y�f���i�h�l�h�d�Z����
�g�Z�[�e�x�^�Z�\�r�_�]�h�k�y���\�� �Z�\�l�h�f�h�j�n�g�u�o���i�h�q�\�Z�o���e�b�k�l�\�_�g�g�u�o���e�_�k�h�\���r�l�� �F�b�q�b�]�Z�g����-0.050 �y -0.015 �f�]C×�f -2×�q-1) 
[Ambus, Robertson, ���������@�����k�h�k�g�h�\�h�]�h���e�_�k�Z���\���r�l�����G�v�x-�>�`�_�j�k�b����-0.047 �f�]C×�f -2×�q-1) [Aronson et al., 2012] 
�b�� �e�_�k�h�\�� �\�� �D�Z�g�Z�^�_�� ��-0.084 �y -0.008 �f�]C×�f -2×�q-1���� �>�$�G�D�P�V�H�Q���� �.�L�Q�J���� ���������@���� �g�h�� �g�_�k�d�h�e�v�d�h�� �h�l�e�b�q�Z�x�l�k�y�� �h�l��
�l�b�i�b�q�g�u�o�� �i�h�l�h�d�h�\�� �\�� �^�j�_�g�b�j�h�\�Z�g�g�u�o�� �i�h�q�\�Z�o�� �e�_�k�h�\�� �>�Z�g�b�b�� ��-0.010 �y -0.004 �f�]�&×�f -2×�q-1) [Ambus, 
Christensen, 1995]. �<�i�j�h�q�_�f���� �\�� �i�h�k�e�_�^�g�_�f�� �k�e�m�q�Z�_�� �d�h�w�n�n�b�p�b�_�g�l�� �\�Z�j�b�Z�p�b�b�� �k�h�k�l�Z�\�e�y�e�� �h�l�� �������� �^�h�� ������������
�L�Z�d�� �q�l�h�� �n�Z�d�l�b�q�_�k�d�b�� �f�g�h�]�b�_�� �a�g�Z�q�_�g�b�y�� �i�_�j�_�k�_�d�Z�e�b�k�v�� �k�� �g�Z�r�b�f�� �^�b�Z�i�Z�a�h�g�h�f���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �f�h�`�g�h��
�k�d�Z�a�Z�l�v���� �q�l�h�� �i�h�q�\�u�� �\�h�a�\�u�r�_�g�g�u�o�� �m�q�Z�k�l�d�h�\�� �b�a�m�q�_�g�g�h�]�h�� �g�Z�f�b�� �i�_�j�_�m�\�e�Z�`�g�_�g�g�h�]�h�� �e�_�k�Z�� �\�� �������� �k�e�m�q�Z�_�\��
�i�h�]�e�h�s�Z�x�l���f�_�l�Z�g���i�j�b�f�_�j�g�h���l�Z�d���`�_�����d�Z�d���Z�\�l�h�f�h�j�n�g�u�_���i�h�q�\�u���e�_�k�h�\���m�f�_�j�_�g�g�h�]�h���b���[�h�j�_�Z�e�v�g�h�]�h �i�h�y�k�h�\�� 

�B�a�f�_�j�_�g�b�c���� �h�k�m�s�_�k�l�\�e�_�g�g�u�o�� �b�f�_�g�g�h�� �\�� �i�_�j�_�m�\�e�Z�`�g�_�g�g�u�o�� �e�_�k�Z�o���� �d�� �g�Z�k�l�h�y�s�_�f�m�� �\�j�_�f�_�g�b��
�\�u�i�h�e�g�_�g�h���g�_�f�g�h�]�h�����b�e�b�����k�l�j�h�]�h���]�h�\�h�j�y�����g�Z�f���b�a�\�_�k�l�g�h �g�_���k�e�b�r�d�h�f���f�g�h�]�h���l�Z�d�b�o���i�m�[�e�b�d�Z�p�b�c�������L�_�f���g�_��
�f�_�g�_�_ �g�_�d�h�l�h�j�h�_�� �k�j�Z�\�g�_�g�b�_�� �i�j�h�\�_�k�l�b�� �m�`�_�� �f�h�`�g�h�����<�� �a�Z�[�h�e�h�q�_�g�g�h�f�� �k�h�k�g�h�\�h�f�� �e�_�k�m�� ���m�j�h�\�_�g�v�� �k�l�h�y�g�b�y��
�\�h�^�u�� �d�h�e�_�[�Z�e�k�y�� �h�l��-���� �^�h�� ��5 �k�f�����\�� �r�l���� �G�v�x-�>�`�_�j�k�b��Aronson et al. [2012] �\�� �e�_�l�g�_-�h�k�_�g�g�b�c�� �i�_�j�b�h�^��
�g�Z�[�e�x�^�Z�e�b�� �i�j�Z�d�l�b�q�_�k�d�b�� �g�m�e�_�\�u�_�� �i�h�l�h�d�b���� �>�Z�g�g�Z�y�� �l�h�q�d�Z�� �i�h�� �m�j�h�\�g�x�� �k�l�h�y�g�b�y�� �\�h�^�u�� �i�j�b�f�_�j�g�h��
�k�h�h�l�\�_�l�k�l�\�m�_�l���g�Z�r�_�c��Sw�B���B������ �g�h���m���g�Z�k �g�Z���^�Z�g�g�h�c���l�h�q�d�_���f�_�^�b�Z�g�Z���M�I���k�h�k�l�Z�\�b�e�Z���������� �f�]C×�f -2×�q-1. �W�l�h��
�^�Z�`�_���g�Z�� �i�h�j�y�^�h�d�� �[�h�e�v�r�_���� �q�_�f�� �k�j�_�^�g�b�c�� �i�h�l�h�d�� ������������ �f�]C×�f -2×�q-1)���� �g�Z�[�e�x�^�Z�\�r�b�c�k�y�� �\�� �l�j�h�i�b�q�_�k�d�h�f��
�i�_�j�_�m�\�e�Z�`�g�_�g�g�h�f���e�_�k�m���\���[�Z�k�k�_�c�g�_���j�� �D�h�g�]�h (�g�Z���l�h�q�d�_�����g�_���a�Z�e�b�\�Z�_�f�h�c���\�h�^�h�c)�����G�Z���^�j�m�]�h�c���l�h�q�d�_�����d�h�l�h�j�Z�y��
�\�h�^�h�c�� �a�Z�e�b�\�Z�e�Z�k�v���� �k�j�_�^�g�b�c�� �i�h�l�h�d (3.89 �f�]C×�f -2×�q-1) [Barthel et al., 2022] �m�^�b�\�b�l�_�e�v�g�u�f�� �h�[�j�Z�a�h�f��
�k�h�h�l�\�_�l�k�l�\�h�\�Z�e�� �f�_�^�b�Z�g�_���� �i�h�e�m�q�_�g�g�h�c�� �g�Z�� �g�Z�r�_�c�� �l�h�q�d�_��Sw_1_7 – �k�f�����L�Z�[�e�� 1. �G�h���f�Z�d�k�b�f�Z�e�v�g�u�_��
�i�h�l�h�d�b �\�� �l�j�h�i�b�d�Z�o�� ���b�� �g�Z�� �a�Z�l�Z�i�e�b�\�Z�_�f�h�c���� �b�� �g�Z�� �g�_�a�Z�l�Z�i�e�b�\�Z�_�f�h�c�� �l�h�q�d�Z�o���� �k�m�s�_�k�l�\�_�g�g�h�� �i�j�_�\�u�r�Z�e�b��
���k�h�h�l�\�_�l�k�l�\�_�g�g�h �\���������� �b���\�� �������� �j�Z�a�Z [Barthel et al., 2022]�����f�Z�d�k�b�f�Z�e�v�g�h�_���a�g�Z�q�_�g�b�_�����g�Z�[�e�x�^�Z�\�r�_�_�k�y���g�Z�f�b��
(19.5  �f�]C×�f -2×�q-1 – �g�Z��Sw_1_2). 

�H�^�g�Z�d�h�� �b�a�f�_�j�_�g�b�y��Aronson et al. �>���������@�� �b�� �l�_�f�� �[�h�e�_�_ Barthel et al. [2022] �\�u�i�h�e�g�_�g�u�� �]�h�j�Z�a�^�h��
�x�`�g�_�_���� �g�_�`�_�e�b�� �g�Z�r�b���� �I�h�w�l�h�f�m�� �b�g�l�_�j�_�k�g�h�� �i�j�h�\�_�k�l�b�� �k�j�Z�\�g�_�g�b�_�� �_�s�_�� �b�� �k�� �j�_�a�m�e�v�l�Z�l�Z�f�b����
�i�m�[�e�b�d�h�\�Z�g�g�u�f�b���\��[Davidson et al., 2024] �b���h�k�h�[�_�g�g�h���\��[Butlers et al., 2023]�����i�h�k�d�h�e�v�d�m���h�g�b���i�h�e�m�q�_�g�u �\��
�j�Z�k�i�h�e�h�`�_�g�g�u�o�� �g�Z�� �r�b�j�h�l�_�� �h�d�h�e�h�� �����ƒ �k���r�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h �a�Z�[�h�e�h�q�_�g�g�h�f�� �o�\�h�c�g�h�f�� �e�_�k�m�� �\�� �D�Z�g�Z�^�_ �b���\��
�e�_�k�Z�o���E�Z�l�\�b�b�����_�e�v�g�b�d�_�����h�e�v�r�Z�g�b�d�_���b���[�_�j�_�a�g�y�d�_��. �I�h���m�j�h�\�g�x���k�l�h�y�g�b�y���\�h�^�u���\���e�_�l�g�b�c���i�_�j�b�h�^���d�Z�g�Z�^�k�d�b�_��
�l�h�q�d�b�� �i�j�b�f�_�j�g�h�� �k�h�h�l�\�_�l�k�l�\�m�x�l�� �g�Z�r�b�f��Sw_1_2 �b��Sw_1_5 (�d�� �k�h�`�Z�e�_�g�b�x���� �\�� �p�b�l�b�j�m�_�f�h�c�� �j�Z�[�h�l�_��
�b�a�f�_�j�_�g�b�y�� �i�j�h�b�a�\�h�^�b�e�b�k�v�� �e�b�r�v�� �\�� �e�_�l�g�b�c�� �i�_�j�b�h�^�������M�^�_�e�v�g�u�_�� �i�h�l�h�d�b�� �f�_�l�Z�g�Z�� �k�h�k�l�Z�\�e�y�e�b�� �h�l�� ���������� �^�h��
1.6 �f�]C×�f -2×�q-1���� �g�h�� �h�[�e�Z�^�Z�e�b�� �k�m�s�_�k�l�\�_�g�g�h�c�� �\�Z�j�b�Z�[�_�e�v�g�h�k�l�v�x�� ���d�h�w�n�n�b�p�b�_�g�l�� �\�Z�j�b�Z�p�b�b��– �h�l�� ������ �^�h��
�������������� �K�� �m�q�_�l�h�f�� �w�l�h�]�h�� �h�d�Z�a�u�\�Z�_�l�k�y���� �q�l�h�� �i�h�e�m�q�_�g�g�u�_�� �g�Z�f�b�� �\�_�e�b�q�b�g�u�� �m�^�_�e�v�g�u�o�� �i�h�l�h�d�h�\�� �i�j�b�f�_�j�g�h��
�k�h�h�l�\�_�l�k�l�\�m�x�l���^�Z�g�g�u�f��Davidson et al. [2024]. �<���E�Z�l�\�b�b���g�Z���g�_�h�k�m�r�_�g�g�u�o���m�q�Z�k�l�d�Z�o���>Butlers et al., 2023] 
�k�� �h�d�l�y�[�j�y�� �������� �]���� �i�h�� �b�x�g�v�� �������� �]���� �w�f�b�k�k�b�y�� �f�_�l�Z�g�Z�� �\�� �k�j�_�^�g�_�f�� �k�h�k�l�Z�\�e�y�e�Z��1.1 ± 1.2 �f�]C×�f -2×�q-1���� �q�l�h��
�i�j�b�f�_�j�g�h���k�h�h�l�\�_�l�k�l�\�m�_�l���i�h�l�h�d�Z�f���g�Z���g�Z�r�b�o���g�Z�b�[�h�e�_�_�� �h�[�\�h�^�g�_�g�g�u�o���l�h�q�d�Z�o Sw_1_4 �b��Sw_1_6 ���h�^�g�Z�d�h��
�g�Z�� �e�Z�l�\�b�c�k�d�h�f�� �m�q�Z�k�l�d�_�� �\�h�^�Z�� �\�� �l�_�q�_�g�b�_�� �\�k�_�]�h�� �i�_�j�b�h�^�Z�� �b�a�f�_�j�_�g�b�c�� �k�l�h�y�e�Z�� �\�� �k�j�_�^�g�_�f�� �g�Z�� �]�e�m�[�b�g�_��
35 ± 3 �k�f���� �l�h�]�^�Z�� �d�Z�d�� �m�� �g�Z�k��– �\�u�r�_�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�q�\�u�������G�Z�d�h�g�_�p���� �h�l�f�_�l�b�f���� �q�l�h �\ �p�_�e�h�f �l�b�i�b�q�g�u�_��
�\�_�e�b�q�b�g�u���b�a�f�_�j�_�g�g�u�o�� �g�Z�f�b���M�I�� �&�+4 �\�i�h�e�g�_���k�h�i�h�k�l�Z�\�b�f�u�� �k�� �j�_�a�m�e�v�l�Z�l�Z�f�b���� �i�h�e�m�q�_�g�g�u�f�b�� �\��
�b�a�m�q�Z�\�r�b�o�k�y���g�_�k�d�h�e�v�d�h���e�_�l���i�_�j�b�h�^�b�q�_�k�d�b���a�Z�l�Z�i�e�b�\�Z�_�f�u�o���e�_�k�Z�o���g�Z���l�_�j�j�b�l�h�j�b�b���A�Z�i�Z�^�g�h�c���K�b�[�b�j�b ���k�j����
�k�� �>Glagolev et al., 2017; Glagolev et al., 2018; Mochenov et al., 2018]). �I�j�b�q�_�f �_�k�e�b �]�h�\�h�j�b�l�v�� �h���e�_�l�g�_-
�h�k�_�g�g�b�o �a�g�Z�q�_�g�b�y�o �i�h�l�h�d�Z���� �i�h�e�m�q�_�g�g�u�o�� �g�Z�� �l�h�q�d�_��Sw_1_6 (13-15 �f�]C×�f -2×�q-1)���� �l�h���k�e�_�^�m�_�l �h�l�f�_�l�b�l�v����
�q�l�h�� �i�h�^�h�[�g�u�_�� �\�_�e�b�q�b�g�u���g�Z�[�e�x�^�Z�e�b�k�v���l�Z�d�`�_�� �\�� �e�_�l�g�_-�h�k�_�g�g�b�c�� �i�_�j�b�h�^���^�Z�`�_�� �g�_�� �\�� �e�_�k�Z�o���� �Z���g�Z�� �k�Z�f�u�o��
�Z�d�l�b�\�g�u�o ���k�� �l�h�q�d�b�� �a�j�_�g�b�y�� �w�f�b�k�k�b�b�� �f�_�l�Z�g�Z�� �[�h�e�h�l�Z�o���b�e�b���\�g�m�l�j�b�[�h�e�h�l�g�u�o�� �h�a�_�j�Z�o �\�� �A�Z�i�Z�^�g�h�c�� �K�b�[�b�j�b��
���k�j������ �g�Z�i�j�b�f�_�j���� �k�� �>Bohn et al., 2007; Glagolev, Kleptsova, 2009; Davydov et al., 2021; Sabrekov et al., 
2022]). 

�H�l�^�_�e�v�g�h���h�[�k�m�^�b�f���h�[�g�Z�j�m�`�_�g�g�m�x���g�Z�f�b���d�h�j�j�_�e�y�p�b�x �f�_�`�^�m���w�f�b�k�k�b�_�c���b���M�=�< (�l�_�k�g�h���k�\�y�a�Z�g�g�u�f 
�k���\�e�Z�`�g�h�k�l�v�x���i�h�q�\�u)�����d�h�l�h�j�Z�y���h�d�Z�a�Z�e�Z�k�v���a�g�Z�q�b�f�Z���l�h�e�v�d�h���i�j�b���h�[�h�[�s�_�g�b�b���\�k�_�o���j�_�a�m�e�v�l�Z�l�h�\���b�a�f�_�j�_�g�b�c��
�i�h�� �l�h�q�d�Z�f�� �g�Z�[�e�x�^�_�g�b�c�� �i�m�l�_�f�� �j�Z�k�q�_�l�Z�� �f�_�^�b�Z�g �b �g�_�� �i�h�a�\�h�e�b�e�Z�� �\�u�y�\�b�l�v�� �k�\�y�a�v�� �i�h�l�h�d�h�\ �k���d�Z�d�b�f�b-�e�b�[�h 
�n�Z�d�l�h�j�Z�f�b�� �[�_�a�� �w�l�h�c�� �i�h�^�]�h�l�h�\�d�b. �<�h �f�g�h�]�b�o �j�Z�[�h�l�Z�o ���k�f������ �g�Z�i�j�b�f�_�j���� �>Moore, Dalva, 1993; Glagolev, 
2001; Zona et al., 2009; Mander et al., 2011�@���� �h�l�f�_�q�Z�_�l�k�y�� �\�_�k�v�f�Z�� �q�_�l�d�Z�y�� �k�\�y�a�v�� �m�^�_�e�v�g�h�]�h�� �i�h�l�h�d�Z�� �K�G4 �k��
�m�j�h�\�g�_�f�� �k�l�h�y�g�b�y�� �\�h�^�u �\�� �[�h�e�h�l�Z�o. �G�h�� �\���i�_�j�_�m�\�e�Z�`�g�_�g�g�u�o���e�_�k�Z�o�� �i�j�h�l�b�\�� �h�`�b�^�Z�g�b�y �q�Z�k�l�h2 �d�h�j�j�_�e�y�p�b�y��
                                                
2 �<�i�j�h�q�_�f���� �\�� �e�_�k�Z�o�� �d�� �g�Z�k�l�h�y�s�_�f�m�� �\�j�_�f�_�g�b�� �\�u�i�h�e�g�_�g�h�� �_�s�_�� �h�l�g�h�k�b�l�_�e�v�g�h�� �f�Z�e�h�� �b�a�f�_�j�_�g�b�c���� �i�h�w�l�h�f�m���� �g�Z�� �g�Z�r�� �\�a�]�e�y�^���� �^�_�e�Z�l�v��
�d�Z�d�b�_-�l�h�� �h�[�s�b�_�� �\�u�\�h�^�u�� �_�s�_�� �j�Z�g�h���� �K�i�j�Z�\�_�^�e�b�\�h�k�l�b�� �j�Z�^�b�� �h�l�f�_�l�b�f���� �q�l�h���� �g�Z�i�j�b�f�_�j���� �\�� �>Butlers et al., ���������@�� �[�u�e�Z�� �h�[�g�Z�j�m�`�_�g�Z��
�\�_�k�v�f�Z���\�u�k�h�d�Z�y���d�h�j�j�_�e�y�p�b�y���w�f�b�k�k�b�b���K�G4 �k���m�j�h�\�g�_�f���]�j�m�g�l�h�\�u�o���\�h�^�� 
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�e�b�[�h���[�u�e�Z���g�b�`�_�����e�b�[�h���h�l�k�m�l�k�l�\�h�\�Z�e�Z �\�h�\�k�_ [Aronson et al., 2012; Davidson et al., 2024]. �I�j�b�q�b�g�u���w�l�h�]�h��
�^�h�� �k�b�o�� �i�h�j�� �g�_�y�k�g�u�����<�h�a�f�h�`�g�h�_�� �h�[�t�y�k�g�_�g�b�_ �f�h�`�g�h�� �^�Z�l�v�� �g�Z�� �h�k�g�h�\�_�� �k�h�h�[�j�Z�`�_�g�b�c���� �b�a�e�h�`�_�g�g�u�o���\��
[Glagolev, 2010: �j�� 114-116] ���g�h�� �l�Z�f�� �h�g�b�� �i�j�b�f�_�g�_�g�u�� �d�� �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�c�� �\�Z�j�b�Z�[�_�e�v�g�h�k�l�b���� �Z�� �a�^�_�k�v�� �f�u��
�i�j�b�f�_�g�b�f�� �b�o�� �d�� �\�j�_�f�_�g�g�h�c�� �b�a�f�_�g�q�b�\�h�k�l�b������ �D�� �g�Z�k�l�h�y�s�_�f�m�� �\�j�_�f�_�g�b�� �r�b�j�h�d�h�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�u�f��
�h�i�b�k�Z�g�b�_�f�� �\�h�a�^�_�c�k�l�\�b�y�� �n�Z�d�l�h�j�h�\�� �k�j�_�^�u�� �g�Z�� �w�f�b�k�k�b�x�� �y�\�e�y�_�l�k�y�� �f�m�e�v�l�b�i�e�b�d�Z�l�b�\�g�Z�y�� �n�h�j�f�m�e�Z�� 
�W�f�b�k�k�b�y ~ f1���N�Z�d�l�h�j1)·f2���N�Z�d�l�h�j2)·…���� �]�^�_ f1, f2 – �g�_�d�h�l�h�j�u�_�� �n�m�g�d�p�b�b�����k�f������ �g�Z�i�j�b�f�_�j����[Frolking, Crill , 
1994; Cao et al., 1996; Glagolev et al., 1998]). �<�� �l�_�q�_�g�b�_�� �h�l�g�h�k�b�l�_�e�v�g�h�� �g�_�[�h�e�v�r�h�]�h�� �i�_�j�b�h�^�Z�� �\�j�_�f�_�g�b����
�d�h�]�^�Z�� �f�u�� �b�a�m�q�Z�_�f�� �a�Z�\�b�k�b�f�h�k�l�v �W�f�b�k�k�b�b�� �h�l�� �d�Z�d�h�]�h-�e�b�[�h�� �N�Z�d�l�h�j�Z1���� �a�g�Z�q�_�g�b�y�� �^�j�m�]�b�o�� �n�Z�d�l�h�j�h�\�� �f�h�]�m�l��
�[�u�l�v�� �h�l�g�h�k�b�l�_�e�v�g�h�� �i�h�k�l�h�y�g�g�u�f�b�� ���b�e�b���� �i�h�� �d�j�Z�c�g�_�c�� �f�_�j�_���� �b�a�f�_�g�y�l�v�k�y�� �g�_�� �k�e�b�r�d�h�f�� �k�b�e�v�g�h������ �<��
�q�Z�k�l�g�h�k�l�b���� �i�m�k�l�v�� �b�a�m�q�Z�_�l�k�y�� �\�e�b�y�g�b�_�� �m�j�h�\�g�y�� �\�h�^�u�� ��«�N�Z�d�l�h�j1»���� �g�Z�� �w�f�b�k�k�b�x�� �f�_�l�Z�g�Z�� �\�� �l�_�q�_�g�b�_�� �f�_�k�y�p�Z����
�W�l�h�l�� �i�_�j�b�h�^�� �\�j�_�f�_�g�b�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y���g�_�� �l�h�e�v�d�h�� �m�j�h�\�g�_�f�� �\�h�^�u���� �g�h�� �b���d�Z�d�b�f-�l�h�� �d�h�e�b�q�_�k�l�\�h�f��
�f�_�l�Z�g�h�]�_�g�h�\�� �\�� �i�h�q�\�_�� ��«�N�Z�d�l�h�j2»������ �d�Z�d�h�c-�l�h�� �l�_�f�i�_�j�Z�l�m�j�h�c�� �i�h�q�\�u�� �\�� �k�e�h�_�� �h�[�b�l�Z�g�b�y�� �f�_�l�Z�g�h�]�_�g�h�\��
(«�N�Z�d�l�h�j3»���� �b�� �l���^���� �I�h�k�d�h�e�v�d�m�� �f�_�l�Z�g�h�]�_�g�u�� �j�Z�a�f�g�h�`�Z�x�l�k�y�� �h�l�g�h�k�b�l�_�e�v�g�h�� �f�_�^�e�_�g�g�h�� �b�� �h�[�b�l�Z�x�l �\��
�h�k�g�h�\�g�h�f�� �g�Z�� �l�Z�d�b�o�� �]�e�m�[�b�g�Z�o���� �d�m�^�Z�� �l�_�f�i�_�j�Z�l�m�j�g�u�_�� �\�h�e�g�u�� �l�Z�d�`�_�� �i�j�h�g�b�d�Z�x�l�� �k�� �k�m�s�_�k�l�\�_�g�g�u�f��
�a�Z�i�Z�a�^�u�\�Z�g�b�_�f���� �l�h�� �\�� �l�_�q�_�g�b�_�� �f�_�k�y�p�Z�� �f�h�`�g�h�� �k�q�b�l�Z�l�v���� �q�l�h��f2���N�Z�d�l�h�j2) �§ const2, f3���N�Z�d�l�h�j3) �§ const3, 
�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �w�f�b�k�k�b�y�� �[�m�^�_�l�� �^�_�c�k�l�\�b�l�_�e�v�g�h�� �n�m�g�d�p�b�_�c�� �N�Z�d�l�h�j�Z1 �b�� �d�h�w�n�n�b�p�b�_�g�l�� �d�h�j�j�_�e�y�p�b�b���f�h�`�_�l��
�h�d�Z�a�Z�l�v�k�y���h�l�g�h�k�b�l�_�e�v�g�h�� �\�u�k�h�d�b�f���� �G�h���� �\�\�_�^�y�� �\�� �Z�g�Z�e�b�a�� �^�Z�g�g�u�_�� �_�s�_�� �b�� �i�h���k�e�_�^�m�x�s�_�f�m�� �f�_�k�y�p�m, 
�o�Z�j�Z�d�l�_�j�b�a�m�x�s�_�f�m�k�y�� �^�j�m�]�b�f�b�� �a�g�Z�q�_�g�b�y�f�b���[�b�h�f�Z�k�k�u�� �f�_�l�Z�g�h�]�_�g�h�\���b���l�_�f�i�_�j�Z�l�m�j�u���� �f�u�� �m�`�_�� �g�_�� �f�h�`�_�f��
�i�j�b�g�y�l�v�� �i�h�k�l�h�y�g�k�l�\�h�� �\�_�e�b�q�b�g��f2���N�Z�d�l�h�j2) �b��f3���N�Z�d�l�h�j3). �G�Z�i�j�b�f�_�j�����i�m�k�l�v�� �\�h�^�Z�� �k�l�h�y�e�Z�� �g�Z�� �g�_�d�h�l�h�j�h�f��
�M�j�h�\�g�_1 �b�� �i�j�b �w�l�h�f�� �g�Z�[�e�x�^�Z�e�h�k�v�� �h�i�j�_�^�_�e�_�g�g�h�_�� �a�g�Z�q�_�g�b�_�� �w�f�b�k�k�b�b���� �I�h�k�e�_�^�m�x�s�_�_�� �i�Z�^�_�g�b�_�� �m�j�h�\�g�y��
�\�h�^�u�� �g�b�`�_ �l�_�o�� �]�e�m�[�b�g���� �g�Z�� �d�h�l�h�j�u�o�� �h�[�b�l�Z�x�l�� �f�_�l�Z�g�h�]�_�g�u���� �i�j�b�\�_�^�_�l�� �d�� �]�b�[�_�e�b�� �a�g�Z�q�b�l�_�e�v�g�h�c�� �b�o�� �q�Z�k�l�b����
�i�h�w�l�h�f�m�� �d�h�]�^�Z�� �\�h�^�Z�� �h�i�y�l�v�� �i�h�^�g�b�f�_�l�k�y �^�h�� �M�j�h�\�g�y1���� �[�b�h�f�Z�k�k�Z���f�_�l�Z�g�h�[�j�Z�a�m�x�s�b�o�� �f�b�d�j�h�h�j�]�Z�g�b�a�f�h�\��
�[�m�^�_�l���k�h�\�k�_�f���^�j�m�]�h�c, �b�����k�e�_�^�h�\�Z�l�_�e�v�g�h�����k�h�\�k�_�f���^�j�m�]�h�c���[�m�^�_�l���w�f�b�k�k�b�y���f�_�l�Z�g�Z�����Q�_�f��� �̂h�e�v�r�_���[�m�^�_�l���\�j�_�f�y��
�g�Z�[�e�x�^�_�g�b�c���� �l�_�f�� �k�b�e�v�g�_�_�� �a�Z�\�b�k�b�f�h�k�l�v�� �w�f�b�k�k�b�b�� �h�l�� �N�Z�d�l�h�j�Z1 �©�m�l�h�g�_�l�ª�� �\�� �r�m�f�_�� �h�k�l�Z�e�v�g�u�o�� �n�Z�d�l�h�j�h�\����
�i�j�b�g�b�f�Z�x�s�b�o�� �k�Z�f�u�_�� �j�Z�a�g�u�_�� �a�g�Z�q�_�g�b�y���\�� �j�Z�a�g�u�_�� �i�_�j�b�h�^�u�� �\�j�_�f�_�g�b. �K�� �^�j�m�]�h�c�� �k�l�h�j�h�g�u���� �\�� �k�e�m�q�Z�_��
�Z�]�j�_�]�b�j�h�\�Z�g�g�h�]�h���j�Z�k�q�_�l�Z�����g�Z�i�j�b�f�_�j�����g�Z���h�k�g�h�\�_���f�_�^�b�Z�g�����f�u���f�h�`�_�f���m�\�b�^�_�l�v���©�\�a�Z�b�f�g�m�x �d�h�f�i�_�g�k�Z�p�b�x�ª��
�j�Z�a�g�h�g�Z�i�j�Z�\�e�_�g�g�h�]�h�� �^�_�c�k�l�\�b�y�� �j�Z�a�e�b�q�g�u�o�� �n�Z�d�l�h�j�h�\�� �b�� �\�u�y�\�e�_�g�b�y�� �h�[�s�_�]�h�� �l�j�_�g�^�Z�� �k�\�y�a�b�� �i�h�l�h�d�h�\����
�g�Z�i�j�b�f�_�j�� �k���M�=�<�� 

�J�Z�k�k�f�h�l�j�_�\�� �l�h�q�d�b�� �b�a�f�_�j�_�g�b�y���� �b�f�_�x�s�b�_�� �j�Z�a�g�h�_�� �j�Z�k�i�h�e�h�`�_�g�b�_�� �\�� �j�_�e�v�_�n�_���� �f�u�� �f�h�`�_�f�� �k��
�m�\�_�j�_�g�g�h�k�l�v�x �k�d�Z�a�Z�l�v���� �q�l�h�� �]�h�^�h�\�h�c�� �\�d�e�Z�^�� �b�a�[�u�l�h�q�g�h�� �m�\�e�Z�`�g�_�g�g�u�o�� �e�_�k�h�\�� �\�� �]�e�h�[�Z�e�v�g�u�c�� �[�x�^�`�_�l��
�f�_�l�Z�g�Z�� �l�j�_�[�m�_�l�� �i�j�b�k�l�Z�e�v�g�h�]�h�� �\�g�b�f�Z�g�b�y�� �d�� �^�Z�g�g�h�f�m�� �b�k�l�h�q�g�b�d�m�� �I�h�w�l�h�f�m�� �d�j�Z�l�d�h�� �h�k�l�Z�g�h�\�b�f�k�y �g�Z��
�\�h�a�f�h�`�g�u�o�� �i�_�j�k�i�_�d�l�b�\�Z�o�� �b�k�k�e�_�^�h�\�Z�g�b�y. �<�h-�i�_�j�\�u�o���� �g�_�h�[�o�h�^�b�f�Z�� �l�h�q�g�Z�y�� �h�p�_�g�d�Z�� �i�e�h�s�Z�^�b��
�j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �a�Z�[�h�e�h�q�_�g�g�u�o�� �e�_�k�h�\�� �>Ilyasov et al., 2023�@���� �<�h-�\�l�h�j�u�o�� �h�l�d�j�u�l�u�f�� �h�k�l�Z�_�l�k�y�� �\�h�i�j�h�k �h 
�f�_�o�Z�g�b�a�f�_���l�j�Z�g�k�i�h�j�l�Z �f�_�l�Z�g�Z �^�_�j�_�\�v�y�f�b�� �b�� �j�Z�k�l�_�g�b�y�f�b�� �a�Z�l�h�i�e�_�g�g�u�o�� �e�_�k�h�\�����i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�c��
�b�a�f�_�g�q�b�\�h�k�l�b�� �i�h�l�h�d�h�\�� �f�_�l�Z�g�Z�� �\�� �j�Z�a�e�b�q�g�u�o�� �l�b�i�Z�o�� �a�Z�[�h�e�h�q�_�g�g�u�o�� �e�_�k�h�\, �\�d�e�Z�^�_�� �^�b�n�n�m�a�b�h�g�g�h�]�h�� �b��
�d�h�g�\�_�d�l�b�\�g�h�]�h���i�_�j�_�g�h�k�Z�� �f�_�l�Z�g�Z�� �\�� �f�b�g�_�j�Z�e�v�g�u�o���i�h�q�\�Z�o���� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�b�� �k�h�h�[�s�_�k�l�\�Z�� �f�_�l�Z�g�h�]�_�g�h�\��
�\�� �m�k�e�h�\�b�y�o�� �h�l�g�h�k�b�l�_�e�v�g�h�� �g�_�[�h�e�v�r�h�]�h�� ���\�� �k�j�Z�\�g�_�g�b�b�� �k�� �h�j�]�Z�g�h�]�_�g�g�u�f�b�� �i�h�q�\�Z�f�b���� �a�Z�i�Z�k�Z�� �^�h�k�l�m�i�g�h�]�h��
�m�]�e�_�j�h�^�Z���� 
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�<���o�h�^�_�� �j�_�r�_�g�b�y�� �i�h�k�l�Z�\�e�_�g�g�u�o�� �a�Z�^�Z�q�� �i�h�^�l�\�_�j�`�^�_�g�h���� �q�l�h�� �b�a�[�u�l�h�q�g�h�� �m�\�e�Z�`�g�_�g�g�u�_�� �e�_�k�Z��
�F�h�k�d�h�\�k�d�h�c���h�[�e�Z�k�l�b���f�h�]�m�l���[�u�l�v���b�k�l�h�q�g�b�d�h�f���i�h�k�l�m�i�e�_�g�b�y���K�G4 �\���Z�l�f�h�k�n�_�j�m�����d�Z�d���w�l�h���[�u�e�h���i�h�d�Z�a�Z�g�h���\��
�g�_�f�g�h�]�h�q�b�k�e�_�g�g�u�o���j�Z�[�h�l�Z�o���^�e�y���Z�g�Z�e�h�]�b�q�g�u�o���w�d�h�k�b�k�l�_�f���\���^�j�m�]�b�o���q�Z�k�l�y�o���i�e�Z�g�_�l�u). 

�M�k�e�h�\�b�y�� �m�\�e�Z�`�g�_�g�b�y�� �\�e�b�y�x�l�� �g�Z�� �w�f�b�k�k�b�x�� �f�_�l�Z�g�Z�� �\�� �b�a�[�u�l�h�q�g�h�� �m�\�e�Z�`�g�z�g�g�u�o�� �e�_�k�Z�o���� �q�_�f�� �\�u�r�_��
�m�j�h�\�_�g�v���\�h�^�u���\���i�h�q�\�_�����l�_�f���[�h�e�v�r�_���w�f�b�k�k�b�y���f�_�l�Z�g�Z�����q�_�f���\�u�r�_���\�e�Z�`�g�h�k�l�v�����l�_�f���k�b�e�v�g�_�_���Z�g�Z�w�j�h�[�b�h�a�b�k���b 
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