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Abstract

:

It has been proposed that the level of air pollution in a city should be estimated based on the accumulation of pollutants in the snow cover of urban forests. This study presents a bioluminescence method for estimating the extent of snow cover pollution in the urbanised areas of boreal forests in Krasnoyarsk city. A bioluminescent assay involving NAD(P)H:FMN oxidoreductase (Red) and luciferase with luminous bacteria (BLuc) was employed to measure the concentrations of six heavy metals (As, Cd, Zn, Co, Hg, and Pb) in the snow cover. The tested snow samples demonstrated a correlation between the reduced activity of the enzyme system and variations in Cd concentration. Furthermore, the research indicated that the period of unfavourable meteorological conditions in Krasnoyarsk city resulted in a notable decline in the activity of the BLuc–Red enzyme system, which may be associated with elevated air pollution levels. This study underscores the potential of the bioluminescence method for monitoring environmental pollution in urban forested areas.
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1. Introduction


Forest ecosystems are of significant environmental importance. In natural biogeocenoses, vegetation fulfils a number of vital biospheric functions, and plants play an instrumental role in the formation of urban ecological conditions. A number of major urban centres are situated within the boreal forest zone. Typical urban air pollution is distributed across the entire urban area. The forest canopy retains a certain amount of pollutants, which then enter the snow cover and soil surface.



One example of an urban area situated within a larger forest is the Krasnoyarsk urban agglomeration. The city of Krasnoyarsk is situated within three distinct natural zones, encompassing both mountain taiga and forest–steppe and steppe regions. The formation of surface air pollution is a consequence of the emission of pollutants [1,2,3,4].



Urban forests, as an integral component of the urban landscape, play a pivotal role in the mitigation of the consequences of air pollution. Consequently, they must be considered in environmental policy [5].



The condition of forests in both natural and urban environments is subject to ongoing investigation, with the specific focus dependent on the prevailing climate and the impact of human activity [6,7,8]. During the summer months, airborne pollutants are deposited within the tree canopy and soil [9,10]. Conversely, during the winter season, these pollutants are accumulated within the canopy of coniferous trees and the snow cover. In the presence of frost, atmospheric pollutants accumulate in the snow cover, which subsequently melts at temperatures above zero. This melting water either percolates into the soil or enters various water bodies in the form of floodwater. Snow can be employed as an indicator of atmospheric pollution, given that it is theorised to combine atmospheric pollutants, including ions (sulphates, nitrates, etc.) and heavy metals, due to the smaller size of snowflakes in comparison to raindrops [11,12]. A significant body of research has been dedicated to the estimation of concentrations of toxic elements in snow, or, more commonly, to the analysis of the temporal dynamics of snow pollution by heavy metals in industrial and urban areas, as well as the impact on human health. For instance, there have been reports on the analysis of the content of microelements in snow in three Japanese cities with varying degrees of industrial activity (ranging from low to high) [13]. Additionally, studies have been conducted on the sources of snow pollution in Poland, Austria, China, and other countries [14,15,16].



In the context of environmental monitoring of urban areas, chemical analysis, bioassays, and bioindicators are employed as analytical techniques. In order to obtain reliable estimates, a considerable number of parameters must be measured, including concentrations of heavy and trace metals, microelements, volatile organic compounds, and so forth [17,18]. The dispersion of volatile particles results in the pollution of the atmosphere and the precipitation of these particles on the surfaces of vegetation and soils in urban and forest ecosystems.



Based on the data obtained through the aforementioned methods at a specific time point, a series of observations are formed and patterns in environmental contamination are revealed, contingent on seasonal and climatic variations [19,20,21,22]. The construction of databases in this manner enables the creation of models and forecasts of regional environmental conditions. The disadvantages of this approach include the necessity to analyse large quantities of data, which can be time-consuming due to the complex and laborious nature of the analytical techniques employed. Furthermore, the lag between the occurrence of pollution events and the subsequent acquisition of data on the associated pollution levels in a specific area can be considerable. It is therefore evident that there is a pressing need to obtain prompt warning information about urban pollution.



Nevertheless, there are integrated analytical techniques that enable the rapid acquisition of pollution data within a time frame of 5 to 60 min. Such methods include enzyme bioassay, which has been successfully employed for the rapid monitoring of water and soil [23,24,25]. The assay is based on changes in the luminescence intensity of the bi-enzyme system. The presence of water samples was analysed using the NAD(P)H:FMN oxidoreductase + luciferase (BLuc–Red) system.



It is noteworthy that, in the majority of cases, chemical analysis is employed as the primary method for the analysis of snow cover, as opposed to bioassays [26,27]. It is widely acknowledged that the presence of industrial enterprises in an urban environment results in the emission of toxic substances, including metals and volatile organic compounds. The combustion of fuel and industrial activity results in the emission of significant quantities of heavy and trace metals into the atmosphere, originating from the combustion of fuel.



The presence of metals, organic pollutants, and oil products in the form of trace elements absorbed by solid particles is frequently observed in forests situated in the vicinity of sources of air pollution, including urban areas, as well as in the proximity of industrial (including mining) and agricultural enterprises [28,29,30,31].



The objective of this research is to investigate the potential of utilising an integral bioluminescence enzyme assay for the expeditious estimation of snow pollution in recreational forests and urban areas. The principal benefit of enzyme bioassays is the rapidity of the results, which makes it advisable to compare the outcomes of chemical and biological monitoring of the urban environment in order to ascertain whether the enzyme bioluminescence bioassay can provide a reliable reflection of pollution levels.




2. Materials and Methods


2.1. Sampling and Characteristics of the Area under Study


Krasnoyarsk is one of the most populous cities in the Russian Federation, with a population exceeding one million. The city is situated in a boreal forest zone, at the centre of Siberia, on both banks of the Yenisei River. It is located at the junction of the West Siberian Plain, Central Siberian Plateau, and Sayan Mountains, within a basin formed by the northern branches of these mountain ranges. The climate is characterised by extreme continental conditions, though these tend to be moderated by the presence of extensive water bodies and the river Yenisei, which remains unfrozen throughout the winter months. Additionally, the city’s location within a forested and mountainous region contributes to a more temperate climate.



As is the case in numerous other major cities worldwide, Krasnoyarsk exhibits a well-developed urban environmental complex. The city is characterised by a high level of traffic congestion, coupled with a number of significant sources of pollution. These include the heating and energy sector, with its thermal power plants, and industry, particularly metallurgy, machine building and chemical enterprises. The contribution of cars to the total amount of emissions and the high level of pollution is also on the rise [32].



The enterprises that are identified as the primary sources of atmospheric pollution are the Krasnoyarsk Aluminium Smelter, the Krasnoyarsk Cement Plant, three thermal power plants [33], and numerous coal-fired heating stations of varying sizes. During the summer months, the city of Krasnoyarsk is subject to the effects of forest fires, which result in the emission of aerosol particles (soot) into the atmosphere.



The research object was selected on the basis of its suitability for the investigation of atmospheric deposition in the context of unfavourable meteorological conditions. The snow cover in urban forests and parks was chosen for sampling, as these locations accumulate substances deposited from the air during such periods. The snow sample from a forest outside the city was used as a control. The concentration of six heavy metals (arsenic, cadmium, zinc, cobalt, mercury, and lead) was determined in all the snow samples.



The snow samples were collected from five locations within the Krasnoyarsk agglomeration, both prior to and following the onset of unfavourable meteorological conditions. The snow samples were collected over a 19-day period between 10 February 2023 and 20 February 2023. On 10 February, Krasnoyarsk was subjected to the inaugural occurrence of an adverse weather regime. The period of 10 consecutive days during which the adverse weather conditions persisted without interruption commenced on 20 February.



Samples were obtained from three distinct zones (see Figure 1). The urban forest (Zone 1) is distinguished by the presence of forest vegetation in proximity to residential buildings. The sampling sites in zones 2 and 3 are situated in the central region of Krasnoyarsk.



The samples were collected using a plastic sampler from an area of approximately 2 m2 of the upper layer of fresh snow, extending down to the depth of the soil cover. This method was conducted in accordance with the protocols described in the literature [34]. Each snow sample was placed in a plastic container and transported to the laboratory. Prior to analysis, the collected snow samples were stored in a refrigerator at a temperature of 2–4 °C, according to standard methodology [34]. The meltwater was filtered using a paper filter with a pore size of 0.45 µm.




2.2. Estimation of Integral Toxicity


The bioluminescence inhibition bioassay is a method used to determine the integral toxicity of snow. It is based on measuring the activity of the BLuc–Red system in the presence of snow samples. It has been previously established that the activity of the BLuc–Red system depends on the chemical composition of a sample being analysed [35].



The impact of aqueous extracts from snow on the activity of the soluble BLuc–Red enzyme system was determined using a reaction mixture comprising the following components: the solution comprised 300 µL of 0.05 M potassium phosphate buffer (pH 6.9), 5 µL of the enzyme solution (BLuc–Red), 50 µL of a 0.0025% (v/v) solution of myristic aldehyde C14, 100 µL of a 0.4 mM NADH solution, 50 µL of distilled water (control) or of the solution under study, and 10 µL of a 0.5 mM FMN solution. The flask containing the BLuc–Red solution (Laboratory of Nanobiotechnology and Bioluminescence, Institute of Biophysics SB RAS, Krasnoyarsk) comprised 0.4 mg/mL of luciferase derived from a recombinant strain of Escherichia coli and 0.18 activity units of NAD(P)H:FMN oxidoreductase from Vibrio fischeri. The enzyme solutions were prepared in a 0.05 M potassium phosphate buffer (pH 6.9).



To conduct a comprehensive profile analysis of the snow samples, the reaction mixture was transferred to a cuvette within a luminometer (GloMax 20/20n Luminometer, Promega, Madison, WI, USA) for the purpose of measuring the luminescence intensity. The residual luminescence was calculated using the formula (I/I0) × 100%. To ascertain the effect of the snow sample under examination, the following scale was employed: an I/I0 ratio exceeding 80% indicated that the sample was deemed to have no impact, a ratio between 50% and 80% suggested that the sample was estimated to have a certain impact, and a ratio below 50% indicated that the impact of the sample was believed to be significant.




2.3. Heavy Metal Analysis


The concentration of six heavy metals (arsenic, cadmium, zinc, cobalt, mercury, and lead) was determined in all the snow samples. The weight concentration of the heavy metals was determined by atomic emission spectrometry with inductively coupled plasma [36]. To estimate the weight concentration, a spectrometer (Agilent 5110 ICP-OES, George Town, Malaysia) was employed, which covers the spectrum range from 168 to 758 nm. The samples were loaded into the spectrometer’s spray chamber using a roller pump, where they were subsequently exposed to argon. The resulting aerosol was introduced into a burner, where atomic ionisation occurred. The analytical signals were recorded using the standard software for spectrometers.




2.4. Data Processing


The data are presented as mean (M) ± standard deviation (s). Correlation and regression analyses were conducted using the Statistica v10 software (StatSoft Inc., Tulsa, OK, USA). All measurements were conducted in triplicate. The results were deemed statistically significant at the p < 0.05 level.





3. Results and Discussion


The potential of the rapid bioluminescence enzyme bioassay, which rapidly and reliably estimates environmental pollution, was evaluated by comparing its results with those of the pollution of snow cover in forested areas of Krasnoyarsk city with metals (arsenic, cadmium, zinc, cobalt, mercury, and lead). Snow samples were collected at the outset and over the course (after 10 days) of the so-called ‘black sky’ regime in Krasnoyarsk. During this period, atmospheric pollutants were subject to intense accumulation within the city due to the weakening of winds [37].



3.1. Assessment of Snow Pollution by Chemical Method


The degree of pollution of the selected research objects was assessed based on the intensity of snow pollution with metals in accordance with the maximum permissible concentrations (MPCs) of pollutants (approved by the law of the Russian Federation). The results of the analysis of the content of heavy metals in the snow cover of the five areas are presented in Figure 2.



The following classification system was used to categorise the degree of pollution: (a) pure—areas without heavy metals in the snow cover; (b) weakly polluted—areas with the content of heavy metals lower than the maximum permissible concentrations (MPCs) for two or more metals; (c) moderately polluted—areas with the content of heavy metals exceeding the MPCs by no more than two times for two or more metals; and (d) highly polluted—areas with the content of heavy metals exceeding the MPCs by more than two times for two or more metals. The findings of our study indicate that no areas exhibited absolutely pure snow cover.



In the urban forest zone (Zone 1), the MPC for zinc (Zn) is exceeded, while the content of other metals is below the maximum permissible concentration. This area is classified as exhibiting minimal contamination. In the city centre and residential area, the MPCs for elements such as Zn and Hg are exceeded by a maximum of twofold. The aforementioned areas, situated within the urban zone, are classified as moderately polluted. The industrial areas are characterised by the MPCs for Zn, Cd, Pb, and Hg being significantly exceeded, thus indicating that they are highly polluted.



Arsenic content in the snow cover exhibited an increase over time. The initial sampling revealed arsenic (As) concentrations of 0.0010 mg/dm3 in the urban forest, 0.0015 mg/dm3 in the urban zone, and 0.002–0.003 mg/dm3 in the industrial area. Following a 10-day period of the so-called ‘black sky’ regime, the accumulation of As had reached approximately twice the initial concentration, reaching 0.002 mg/dm3 in the urban forest, 0.002 mg/dm3 in the urban zone and central urban area, and 0.005 mg/dm3 in the industrial area. It is notable that the As content in all samples remained below the MPC throughout the observation period.



The cadmium (Cd) content in the forest area, city centre, and residential area, which were referred to as zones, did not exceed the MPC, whereas the samples from the industrial area demonstrated evidence of environmental contamination with this metal. It is noteworthy that within a 10-day period, a slight accumulation of Cd was observed in the urban forest, urban zone, and city centre, with concentrations reaching 0.008 mg/dm3 in the industrial area. The initial samples from the forest environment exhibited a Cd content of 0.003 mg/dm3, while the urban environment displayed a concentration of 0.001 mg/dm3 and the industrial zone exhibited a concentration of 0.006–0.007 mg/dm3. Additionally, trace amounts of the element were observed in the city centre.



In all the areas under study, the MPC for Zn was exceeded. Furthermore, the Zn content in the industrial zone (industrial area-1 and industrial area-2) was significantly higher than in samples 1–3 (0.15–0.20 mg/dm3 versus 0.001 mg/dm3).



Cobalt (Co) was present in the forest area, city centre, and residential area in trace amounts, and in the industrial zone (industrial area-1) it was present at a concentration of 0.002–0.006 mg/dm3 without any observable changes for a period of 10 days.



Mercury (Hg) was observed in trace amounts in the forest area and city centre, with a concentration of 0.002 mg/dm3 in the urban zone (city centre) and 0.001–0.004 mg/dm3 in the industrial area. After a 10-day period, the level of Hg pollution remained largely unchanged.



The initial lead (Pd) concentration was identical across all locations, including the urban forest, city centre, urban environment (0.005–0.010 mg/dm3), and industrial zone (0.015–0.035 mg/dm3). After a 10-day period, the concentration of Pd in samples 1–4 remained unaltered, whereas in the industrial zone (industrial area-2) it decreased to 0.015 mg/dm3 in comparison to the initial sample.



In order to ascertain the relationship between the metal concentrations, a correlation analysis was conducted (see Table 1).



A significant correlation was observed between Cd, Zn, and Pb at a level of significance below 0.05 (Table 1), indicating that these metal pollutants have a common source. The contamination of these areas with these metals was found to be associated wit.h emissions from nearby thermal power plants, as well as with transportation activity. Previous studies have demonstrated that elevated levels of Pb and Zn in snow can be attributed to truck and car braking, tyre wear, and vehicle exhaust emissions [35]. Furthermore, a number of studies indicate that industrial emissions, such as those from smelters, are also significant sources of Pb and Zn in snow cover [36,37,38,39].



The results demonstrate that the presence of all six metals (As, Cd, Hg, Co, Pb, and Zn) in the snow cover is associated with industrial emissions from thermal power plants, domestic heating, and industrial activities related to road transport.




3.2. Estimation of Snow Pollution by the Bioluminescence Enzyme Bioassay


The assessment of snow pollution was conducted at all the study zones using the bioluminescence enzyme bioassay with the soluble BLuc–Red enzyme system (Figure 3).



The degree of impact of the analysed snow sample on the BLuc–Red enzyme system was evaluated using the I/I0 value. A value of I/I0 greater than 80% was taken to indicate a minimum level of pollution, while a value between 50% and 80% indicated an average degree of pollution. A value of I/I0 less than 50% was taken to indicate a high level of pollution. The application of these criteria permitted the division of the sites under study into three groups: (a) samples with minor pollution, characterised by a residual luminescence intensity exceeding 80%; (b) moderately polluted samples, exhibiting a residual luminescence intensity between 50% and 80%; and (c) highly polluted samples, defined by a residual luminescence intensity below 50%.



The utilisation of a soluble form of the BLuc–Red enzyme system to ascertain the extent of snow pollution indicated that the urban forest zone (forest area) was initially assessed as a relatively unpolluted area, with an observable increase in pollution occurring after 10 days. The city centre sample was initially estimated to be moderately polluted, but this assessment was revised after 10 days to indicate that it was highly polluted. The residential area sample was initially classified as a clean area; however, after 10 days it was already determined to be moderately polluted. The industrial area was found to exhibit severe snow pollution.



The utilisation of the soluble BLuc–Red enzyme system has demonstrated that the intensity of residual luminescence within the urban zone and central area at the inception of the investigated period exhibited a range of 72% to 97% (forest area), while in the industrial area, the range was 49% to 62% (industrial area-1). The highest level of luminescence intensity was observed in the forest zone, with a value of 98% (Zone 1). By the conclusion of the investigation, the residual glow intensity ranged from 40% to 75% in the urban and central areas and from 32% to 49% (industrial area-2) in the industrial zone. The residual intensity value for the forest zone was found to be 78% (forest area).



The results of the bioluminescence enzymatic bioassay demonstrated a reduction in the intensity of residual luminescence over the course of the investigation period, which is indicative of the accumulation of pollutants. These findings corroborate the hypothesis that pollutants accumulate during periods of unfavourable meteorological conditions.



In order to ascertain the relationship between snow pollution with metals and the indicators of the bioluminescence inhibition bioassay, a correlation analysis was conducted (Table 2).



The results of the analysis using the soluble system showed a negative correlation with the concentration of Cd (R = −0.77). The results demonstrate a slight correlation between the concentrations of As, Hg, Co, Pb, and Zn and the residual luminescence values of the enzymatic system. Nevertheless, despite the elevated levels of total metal content observed in the snow samples, the aforementioned correlation values could not be attained in the present study due to the low solubility of a number of metals in water [36]. It is recommended that this fact be taken into account when performing bioanalyses of snow cover. Furthermore, it is recommended that solvents other than water be used to obtain extracts for the enzymatic testing of heavy metal-contaminated snow cover, as well as additional chemical analysis for other toxicants [35]. It can therefore be concluded that the residual values of the bioluminescence bioassay are dependent not only on the contaminant content of the snow samples, but also on the individual characteristics of the toxicants present in the samples under test.



Nevertheless, the bioluminescence enzymatic bioanalysis demonstrates the contamination of the snow cover in the studied areas, confirming the highest contamination in the industrial zone, as indicated by the content of six heavy metals. The lowest accumulation of toxicants was observed in the forest area, indicating contamination of the studied areas, as determined by both chemical and enzymatic methods of analysis.





4. Conclusions


This study demonstrates the efficacy of a bioluminescence method for assessing snow cover pollution in urban forests in Krasnoyarsk city. The influence of snow samples collected in Krasnoyarsk city was measured using the bioluminescence assay with NAD(P)H:FMN oxidoreductase and luciferase in conjunction with luminous bacteria and chemical methods. The concentrations of heavy metals, including As, Cd, Zn, Co, Hg, and Pb, were also defined. The findings demonstrate a significant correlation between the decreased activity of the BLuc–Red enzyme system and the presence of Cd in the snow samples. Furthermore, periods of unfavourable meteorological conditions were found to correspond with a notable reduction in BLuc–Red enzyme activity, indicating an increase in air pollution levels. This innovative approach not only provides a reliable indicator of environmental pollution but also highlights the potential for broader application in monitoring urban forest ecosystems. Future research should focus on refining this methodology and exploring its applicability across different urban environments to enhance our understanding and management of air pollution.
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Figure 1. The schematic map of the sampling sites located in the city of Krasnoyarsk: 1—urban forest (forest vegetation with residential buildings—Zone 1); 2–3—urban area (parks in the central part of Krasnoyarsk—Zone 2); 4–5—industrial area (metallurgy enterprises, heat energy sector, plants of construction materials—Zone 3). 
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Figure 2. The content of heavy metals in the snow cover in Krasnoyarsk: (a)—arsenic, (b)—cadmium, (c)—zinc, (d)—cobalt, (e)—mercury, and (f)—lead. An asterisk (*) marks the significance of differences (p) relative to the value of the 5 analyzed snow samples. 
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Figure 3. The results of the bioluminescence bioassay for the snow cover in Krasnoyarsk using the soluble BLuc–Red enzyme system. An asterisk (*) marks the significance of differences (p) relative to the value of the 5 analyzed snow samples. 
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Table 1. The results of the correlation analysis for the metal concentrations.
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	Metal
	As
	Cd
	Hg
	Co
	Pb
	Zn





	As
	1
	
	
	
	
	



	Cd
	0.544131
	1
	
	
	
	



	Hg
	0.509101
	0.321493
	1
	
	
	



	Co
	0.614499
	0.394454
	−0.225286
	1
	
	



	Pb
	0.237484
	0.693219 *
	0.102726
	0.502178
	1
	



	Zn
	0.380858
	0.766295 *
	−0.081657
	0.583526
	0.744234 *
	1







* The correlation is significant at the level of 0.05.













 





Table 2. The results of the correlation analysis of metal concentrations and the bioluminescence inhibition bioassay.






Table 2. The results of the correlation analysis of metal concentrations and the bioluminescence inhibition bioassay.





	Metal Concentration, mg/dm3
	Soluble Form of BLuc–Red Enzyme System





	As
	−0.060



	Cd
	−0.774 *



	Hg
	−0.042



	Co
	−0.119



	Pb
	−0.421



	Zn
	−0.505







* The correlation is significant at the level of 0.05.
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