

  forests-15-00786




forests-15-00786







Forests 2024, 15(5), 786; doi:10.3390/f15050786




Article



Analysis of Spatial and Temporal Dynamics of Finland’s Boreal Forests and Types over the Past Four Decades



Taixiang Wen 1,2,3, Wenxue Fu 1,2,3,* and Xinwu Li 1,2





1



Key Laboratory of Digital Earth Science, Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100101, China






2



International Research Center of Big Data for Sustainable Development Goals, Beijing 100094, China






3



School of Information and Communication, Guilin University of Electronic Technology, Guilin 541004, China









*



Correspondence: fuwx@aircas.ac.cn; Tel.: +86-15810524072







Citation: Wen, T.; Fu, W.; Li, X. Analysis of Spatial and Temporal Dynamics of Finland’s Boreal Forests and Types over the Past Four Decades. Forests 2024, 15, 786. https://doi.org/10.3390/f15050786



Academic Editor: Julia Jones



Received: 14 March 2024 / Revised: 23 April 2024 / Accepted: 28 April 2024 / Published: 30 April 2024



Abstract

:

In the context of global warming, the study of the long-term spatial change characteristics of boreal forest cover is not only important for global climate change and sustainable development research but can also provide support for further research on the response of boreal forest changes to climate change. Using Landsat TM/OLI images from 1980 to 2020 as the data source and Google Earth Engine (GEE) as the platform, Finland was selected as the study area of boreal forests, and typical sample points of different features were chosen to classify forested and non-forested land using the random forest algorithm combined with spectral indices and classified feature sets of tasseled cap transform to obtain the four-phase forest cover change maps of the region. GEE test sample points and random selection points of images from the GF-2 and GF-7 satellites were used for verification. The classification accuracy was 97.17% and 88.9%. The five-phase forest cover images were segmented by a 2° latitude zone, and the spatial and temporal dynamic changes in forest cover in the whole area and each latitude zone were quantified by pixel superposition analysis. The results showed that, in the past 40 years, the boreal forest cover in Finland changed significantly, and the forest cover decreased from 75.79% to 65.36%, by 10.43%. Forest change mainly occurs in coniferous forests, whereas broadleaf forests are more stable. The forest coverage in each latitude zone decreased to varying degrees, with higher changes occurring in high-latitude areas above 64° N between 1980 and 2000, and higher and more severe changes occurring in low-latitude areas below 64° N between 2000 and 2020. Coniferous forests are the dominant type of forest in Finland, and the degradation of coniferous forests in the south is likely to become more severe, whereas the north and above is likely to become more favorable for coniferous forests. More monitoring and research are needed to follow up on the very different changes in the north and south regions.
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1. Introduction


Forests are the main part of the terrestrial ecosystem and the largest carbon storage reservoir on land, fixing carbon dioxide absorbed in the atmosphere in the vegetation or soil to reduce the concentration of carbon dioxide in the atmosphere [1], and they have an important strategic position in global climate regulation and sustainable development [2].



The global climate balance is being affected by the growing magnitude of greenhouse gas emissions and their increasing concentration in the atmosphere [3]. The global average temperature by 2100 will increase by about 1, 2, and 4 °C compared to temperatures in the period 1986–2005 [4]. Unlike the imagined feedback mechanisms of the climate system, warming in the high latitudes of northern Europe will be greater than near the equator, and warming in winter will be greater than in summer. Precipitation in the Arctic Circle has also increased over the last century, especially during the cold season [5].



The global climate has changed significantly since the beginning of the last century, and anthropogenic and natural factors have made climate warming a topic of pressing concern, since it has a great impact on economic development, social stability, and the survival and development of all human beings [6]. Climate change makes forests highly susceptible to damage, breaking the ecological balance. As a result, the distribution of forests has changed significantly. In the context of rising temperatures, the growth cover of forest vegetation has increased, and the alpine tundra at the edge of the Arctic is being replaced by trees and shrubs, while temperate forests in the southern part of the boreal forest are being replaced by subtropical or tropical forests [7].



The boreal forest region accounts for about 14.4% of the Earth’s total land area and 30% of its forest area, mainly in North America and Eurasia, and is one of the most sensitive regions to climate change [8,9,10]. The unique cold climatic conditions of the boreal forest make it a huge carbon reservoir for terrestrial ecosystems (30%~35% globally), the carbon being stored in the organic matter of forest soils. Boreal forests are largely unmanaged landscapes, and overall levels of human disturbance and population densities are kept low. However, these forests have become homogenized over long periods of management; global warming has degraded forests in some regions, while at the same time, forests distributed from south to north are advancing northward and mountain forests are moving upward [11]. Changes in boreal forests vary according to region, indicating that boreal forests, as one of the regions that is most sensitive to climate, interact differently with climate in different regions. Therefore, the study of the spatial change characteristics of boreal forests over a long period of time and on a large scale is of great practical significance for the study of global climate change issues and sustainable development. From past research, it is obvious that climate change has a negative impact on boreal forests and forestry, but there are positives as well [12,13,14,15,16]. Forests in the Nordic countries are likely to increase [17,18], where the growing season is relatively short and low summer temperatures and nutrient availability currently limit growth. Increasing temperatures and drought events may also worsen the growing conditions for certain tree species, such as Norway spruce (Picea abies), which is very common in northern Europe. It is more prominent in the northern and southern regions [12,13,19].



Finland has the highest forest cover in Europe and the densest forests in the world, and research on the effects of climate change on Finland’s boreal forests is important for monitoring boreal forests on a global scale. The effects of climate change on boreal forest areas can be excellently studied in Finland, which is a typical boreal forest region. Today, the mean annual temperature in Finland is already about 2.3 °C higher than it was two centuries ago [20] Mikkonen et al. 2015. By the 2080s, mean annual temperatures are projected to be 1.9, 3.3, and 5.6 °C higher than in 1981–2010, with mean annual precipitation projected to increase by 6%, 11%, and 18%, respectively, with a projected rise in mean temperatures of about 1–5 °C and a projected increase in precipitation of 5%–11% [5]. Rising temperatures may lead to conditions in the south becoming less suitable for forests, while in northern Finland, there is a tendency for forests to increase, but overall forest growth will still be declining [13].



The development of remote sensing technology has realized the extension of people’s observation of objects in terms of distance and spectral dimension. Traditional forest survey technology has the disadvantages of field work intensity, high cost, time consumption, low precision, etc. The macro, dynamic, convenient, periodic, and low-cost characteristics of remote sensing technology are very consistent with the characteristics of forest resources, such as being vast, complex, and having poor access, and this technology has become the ideal means of research on the dynamic changes in forest resources [21]. Remote sensing image classification has been developed since the late twentieth century, many scholars have conducted extensive and in-depth research on the use of remote sensing imagery for forest cover monitoring, and the combination of vegetation indices and classification algorithms can effectively extract forested and non-forested land, broadleaf forests, and coniferous forests [22,23,24]. Moreover, with the development of the cloud platform Google Earth Engine (GEE) and satellites, the efficiency of long time-series forest change monitoring has been greatly improved in recent years and can be programmed online to accomplish natural and anthropogenic changes in an area over decades. It is also easier to study the response mechanisms between forests and climate factors [25,26].



Currently, some results have been obtained in the qualitative monitoring of overall forest changes, but there is less monitoring and quantitative analysis of dynamic changes in boreal forests at large scales, high spatial and temporal resolutions, and spatial and temporal scales at different latitudes, and there are fewer studies of changes in coniferous and broadleaf forests. In this work, a spectral feature set was constructed based on multitemporal geodetic remote sensing imagery and geographic data, and a random forest algorithm was utilized in conjunction with local data analysis for the quantitative analysis of changes in forest cover and different forest types in the Finland boreal forest during the last four decades, as well as the patterns of spatial change at different latitudes. The aim was to reveal which latitudinal band is more sensitive to forest changes and to provide information for studying the response of boreal forest areas to global climate change.




2. Materials and Methods


2.1. Study Area


Finland’s forests are predominantly coniferous, with 81% spruce and red pine, 15% birch, and only 4% broadleaf trees [27], making it one of the most typical boreal forest regions in the world (Figure 1). Boreal forest ecosystems are relatively intact and stable, but the trend of change in the context of global climate change is more drastic than that of the rest of the world. In Finland, human activities are concentrated in the area from 60° N to 64° N, and there is less human activity at higher latitudes. In this paper, the spatial and temporal dynamics of forests in Finland are investigated in relation to latitude in the context of climate change. Therefore, the Arctic Circle is used as a criterion for classifying and analyzing forests, with the forests being divided into latitudinal bands at two-degree intervals within the Finland study area.



In recent decades, Finland has suffered fewer natural disasters than any other European country, including Sweden. However, as the climate warms, the risk of forest destruction is expected to increase both in summer and in winter [28,29]. Such disturbances may affect extensive coniferous forests in northern Europe, especially in the boreal cold zone. A comprehensive understanding of how climate change affects the environment at different spatial and temporal scales is needed in order to ensure sustainable multifunctional forest management and to utilize the prerequisites of different ecosystem services. Therefore, it is important to study the dynamics of typical boreal forests in Finland at different latitudes.




2.2. Data Acquisition and Processing


According to Finnish climate characteristics, satellite images from Landsat5 TM and Landsat8 OLI, which were provided by the GEE platform, were mainly utilized for the analysis of five periods of June–September remote sensing images in the years 1980, 1990, 2000, 2010, and 2020. The selected images are Landsat T1 products, i.e., they have been radiometrically and geometrically corrected. The overall cloudiness of the image is reduced to less than 5% by masking the cloud snow pixels. Finally, multiple images were medianized and mosaicked to obtain complete image data for the study area. The missing images were supplemented with data from adjacent years to obtain the full coverage of images in the study area. Data in shp format for Finnish administrative districts, the Global 30 m surface coverage product dataset, and Google Earth high-resolution imagery were collected to facilitate the selection of classification samples. Gaofen-2 (GF-2) and Gaofen-7 (GF-7) satellite images in 2015 and the Esri|Sentinel-2 10 m Land Cover forest category dataset were used for accuracy assessment.




2.3. Forest Classification Methods


The GEE platform was used to select time series image data, complete image preprocessing, and construct a spectral classification feature set based on the characteristics of forest and vegetation cover in Finland. By combining the spatial distribution of vegetation data with the platform’s forest reality map, uniform sample points covering the whole country of Finland were selected to form a five-phase sample set, which was then trained and classified using the random forest algorithm. First, the classification of forested and non-forested land was completed; then, the forested land was pruned to complete the classification of coniferous and broadleaved forests. Finally, accuracy and algorithms were evaluated, and mapping and data analysis were completed. (Figure 2).



The vegetation index is a simple and effective measure of surface vegetation, it is also an effective means of distinguishing between vegetated and non-vegetated features [30], and a variety of vegetation indices are obtained by combining different bands of imagery to form a classified feature set. In this paper, the following combinations of vegetation indices were selected to construct a feature classification set based on the north–south characteristics of Finnish vegetation. The normalized difference vegetation index (NDVI), the most commonly used vegetation index [31], is designed to detect vegetation growth status and vegetation cover and to eliminate some of the radiometric errors, etc. The enhanced vegetation index (EVI) can attenuate the effects of atmospheric and soil noise [32], improving the ability to detect sparsely vegetated areas. The modified soil adjustment vegetation index (MSAVI) mitigates the influence of soil on crop monitoring results [33] and is very suitable for situations where the NDVI is not effective in providing accurate values, especially where there is a high proportion of bare soil and sparse vegetation. The modified normalized difference water index (MNDWI) largely improves the effect of shadows such as buildings in water extraction [34], and the differentiation effect is good. The normalized difference built-up index (NDBI) is used to distinguish vegetation from buildings and urban areas [35]. It is worth stating that when classifying the study area, NDBI was found to be effective in extracting man-made surfaces, bare ground, snow, and ice and integrating them into the unforested land samples. The inclusion of MSAVI improved the classification accuracy of grassland and broadleaf forest.



Tasseled cap transform (TCT), also known as Kauth–Thomas transform (K-T transform), is a special principal component analysis (PCA) transform with the transfer matrix fixed to serve a single image. For the TM image, the information of the six bands of visible light and infrared light is mainly reflected in the three feature vectors of greenness, brightness, and wetness after the K-T transform, which compresses the number of features and focuses on the image information, and it can more fully express the information of the vegetation, water bodies, and rocky bare soil. The transformation matrix coefficients are related to image sensors, and different satellite sensor images have different transformation matrix coefficients. In this paper, Landsat5 TM and Landsat8 OLI satellite images are used, along with the transformation matrix that was proposed by Crist et al. [36] and Baig et al. [37]. Based on the band information and matrix coefficients, the encoding is completed to achieve the computation and construction of tasseled cap transformation features on the GEE platform.





3. Results


3.1. Random Forest Classification and Accuracy Assessment


In this study, the Global 30 m surface coverage product dataset and Google Earth high-resolution imagery were chosen for the uniform selection of sample points along the north–south longitudinal direction of Finland, and a training set was formed with the above-mentioned feature set. To ensure the classification accuracy and reliability, the sample points were disrupted and randomly arranged, and 70% of the sample points were randomly selected for training, while 30% of the sample points were used as test validation. After the random forest algorithm completed the classification, the confusion matrix was automatically generated by coding, while the Esri|Sentinel-2 10 m Land Cover forest category dataset was selected, and the GF-2 and GF-7 satellite images were used to validate the classification results. The overall classification accuracy and Kappa coefficient were selected as the validation indices.



The random forest algorithm was used to classify Finnish images from 1980, 1990, 2000, 2010, and 2020. The accuracy validation of the test sample points in the GEE platform showed that the overall classification accuracy of the random forest algorithm for Finnish forested land classification was 97.17%, with a Kappa coefficient of 95.17%. Using the Esri|Sentinel-2 10 m Land Cover forest data and forested land classification results for spatial superposition analysis, spatial cross-validation results show that the spatial overlap between Sentinel-2 10 m Land Cover and 2010 forested land classification results is 82.70%, and the overlap with the 2020 results is 79.50%, which indicates that the classification feature set and the random forest algorithm are reliable and can meet the needs of vegetation monitoring in large-scale and topographically complex areas.



Meanwhile, in total, 1240 sample points of coniferous forests, broadleaf forests, and unforested land were randomly and uniformly selected using the three-scene data of GF-2 and GF-7 imagery to validate the accuracy. The validation was completed by randomly selecting various types of validation points in the three high-resolution images to compare with the regions and some pixel points in the classification results. The overall classification accuracy was 88.9%, with a Kappa coefficient of 82.67%. Among the sample points, the F1-scores of the above three land types were 0.91, 0.86, and 0.87. The results are shown in Table 1. Considering the consistency of national imagery over the years, the validation results are also considered valid for the period 1980–2000. An example of the classification is presented in Figure 3. It can be noticed that broadleaf forests have the highest number of misclassifications, which may be due to the fact that broadleaf forests tend to grow in urban areas, on the borders of cultivated land, and intermixed with coniferous forests.




3.2. Spatial Change in Boreal Forest Cover


The random forest algorithm was used to classify the 1980, 1990, 2000, 2010, and 2020 images of Finland, and Figure 4a shows the spatial distribution of Finnish forests in 1980 and 2020. The five periods of Finnish forest cover information were analyzed by image meta-stacking to obtain the results of monitoring changes in the dynamics of the Finnish boreal forest cover from 1980 to 2020, as shown in Figure 4b. It can clearly be seen that the forest area in Finland has changed over the four decades. Overall, the forest coverage in the Finnish study area was 75.79% in 1980. Finland’s forest cover was 65.36% in 2020. From 1980 to 2020, Finland had a net loss of 37,615.15 km2 of forest area and a net decrease in coverage of 10.43%, and the overall trend of forest area and cover area is decreasing.



In view of Finland’s geographical location and climatic characteristics, to better analyze and study the dynamics of boreal forests, the Finnish study area was divided into 2° latitudinal bands at intervals and information on forest cover in each latitudinal band was counted, as shown in Figure 5 and Figure 6. To enable a more accurate analysis of the differences in forest types’ cover across latitudinal bands, the regions of 58–60° N and 70–72° N, which are smaller in total area, were integrated into the 60–62° N and 68–70° N regions, respectively. This integration permitted the concentration of the northernmost and southernmost regions of Finland into a single latitudinal band.



From a spatial point of view, the area and coverage of forested land in different latitudinal zones also showed a decreasing trend, with the area converted from forested to non-forested land being larger than the area converted from non-forested to forested land in all latitudinal zones, and the coverage of forested land in all latitudinal zones decreased by an average of 10.95 percent, which was a significant change. Among these zones, the study area has changed the most in the last 40 years in the region from 62° N to 64° N, with a decrease of 11,582.29 km2 and a 10.24 percent reduction in cover; the area in the region from 68° N to 72° N had the greatest rate of change, with a reduction of 14.78 percent in forest cover, which suggests that forests are more affected by climate change in these latitudinal belts and are more sensitive to the climate.



Analyzed from a temporal perspective, it can be seen that changes in forests in each time interval over the past 40 years are consistent with the overall changes. The highest changes in forested areas between 1980 and 1990 and between 2000 and 2020 were in the latitudinal belt from 58° N to 64° N, with an average decrease in cover of 10.01 percent. In the region of 68° N to 72° N, where the highest change in forest area occurred between 1990 and 2000, there was a 9.73 percent reduction in cover.



In the region of the Arctic Circle, 66° N to 72° N, where there is less human activity, the change in area over the past 40 years has been reflected mainly in the reduction of 10,331.96 km2 of forested land in the high-elevation mountainous region and the reduction in forest cover by 10.5 percent. In the eastern mountains, where there is perennially bare ground and rocky soils from 68° N to 72° N, there has been a significant increase in new forested areas, which is a clear departure from the trend of decreasing forested areas in the north-western part of the same latitudinal belt over the past 40 years. This is in contrast to the decreasing trend in forest area in the north-western study area of the same latitudinal belt over the last 40 years and suggests that climate change is having different effects on boreal forests in different regions of Finland.



In Finland, anthropogenic areas are concentrated below 64° N, and the changes in area are shown in Table 2. The analyses show that in the study area, the extent of change in area and the percentage reduction in cover were higher in areas above 64° N than in areas below 64° N during the period 1980–2000 and that the extent of change in area and the percentage reduction in cover were higher in areas below 64° N than in areas above 64° N during the period 2000–2020. This indicates that the high latitudes were more affected by climate change than the low latitudes in the period 1980–2000 and that the area and cover of Finland’s boreal forests declined to a certain extent across the latitudinal bands in this period; the low latitudes were more affected by climate change in the period 2000–2020, and the trend of decreasing area and cover is still present. However, in the high latitudes, the reduction in forest area and cover has eased, and some degraded areas are regrowing forests, with a tendency to recover or increase. Consequently, in general, high latitudes, especially above the North Frigid Zone, are more suitable for boreal forests in Finland. The environment for growing forests in the lower latitudes is deteriorating and still shows a decreasing trend.




3.3. Spatial and Temporal Changes in Boreal Forest Types


Within the extent of forested land, coniferous and broadleaf forests were categorized. Over the last four decades, the total area of coniferous forests in the study area decreased by 30,646.54 km2, and that of broadleaf forests decreased by 2280.08 km2. Overall, both broadleaf and coniferous forest cover decreased in the study area. First, the Rbl of broadleaf forest area to total land area and Rcl of coniferous forest area to total land area were calculated; these two ratios can reflect the absolute cover of both forest types to total land. Figure 7 shows a line graph of changes in forest cover and forest types. The broadleaf forest cover in the study area decreased from 3.74% to 3.1%, a decrease of 0.64%; the coniferous forest cover decreased from 72.77% to 64.48%, a decrease of 8.29%. Coniferous forests remained dominant over the forty-year period but decreased much faster than broadleaf forests. The broadleaf forest cover has decreased slightly but was stable overall, which is consistent with the local climate and vegetation characteristics of Finland.



Since the samples of coniferous and broadleaf forests were re-selected for classification and the number of image element statistics was changed, there was a small error in the statistics of coverage and other information, but the results were proved to be still valid by the accuracy assessment and trend comparison. The coverage of coniferous forests and broadleaf forests in each latitude in the last forty years is shown in Figure 8.



Spatially, Rcl is basically decreasing in all latitudinal zones. Rbl is decreasing in the 58° N–68° N and increasing in the 68° N–72° N region. In 1980, Rcl was the highest in the 66° N–68° N region, and Rbl was the highest in the 68° N–72° N region. In 2000, Rcl was the highest in the 66° N–68° N region, and Rbl was the highest in the 68° N–72° N region. In 2020, Rcl was the highest at 64° N–66° N and Rbl was the highest at 68° N–72° N.



From 1980 to 2020, the largest decreases in Rcl were in the 66° N–68° N and 68° N–72° N regions, with decreases of 21.16% and 15.98%, respectively. Rbl decreased the most in the 58° N–62° N region by 1.14%. It can be seen that in southern Finland, although human activity has been more frequent, changes in the natural forests of the northern boreal zone have been more prominent and have been mainly reflected in changes in the coniferous forests. The prominent decrease in coniferous forests and the increase in broadleaf forests in northern Finland also show that climate change has a strong impact on the boreal forests in the high latitudes of Finland.



Analyzed from a temporal perspective, the degree of change in cover is higher in the high-latitude areas of the study area than in the low-latitude areas for all time periods in the last four decades. Coniferous forests show the highest degree of change over four decades in the 68° N–72° N region, with an average decrease in cover of 8.01% per decade from 1980 to 2010 and an increase in cover of 8.05% from 2010 to 2020. The 66° N–68° N region with the highest Rcl reductions had the most dramatic change between 1990 and 2010, with a 15.29% reduction in Rcl during this period. The degree of change in Rbl in broadleaf forests was very small in all phases over the four decades and remained in a relatively stable state. It is interesting to note that the increase in Rbl was at its highest level of 0.62% in 2010–2020 in the 68° N–72° N region, which is the coldest part of Finland. The degree of change in Rbl per decade is also higher in the 64° N–66° N region. From 2010 to 2020, Rcl and Rbl increased in the 68° N–72° N region slightly.




3.4. Conversion between Forest Types


In order to further investigate the changes in forest types, the interconversion between coniferous forest (C), broadleaf forest (B), and unforested land (N) was counted using image element superposition and raster computation methods. The data were categorized into three phases, 1980–2000, 2000–2020, and 1980–2020, for the convenience of information statistics. Figure 9 shows the transformation of coniferous forests in two periods.



From the graphs, it can be seen that the changes in the boreal forest in the study area are mainly concentrated in the conversion between coniferous forests and unforested land, and the conversion of broadleaf forests accounts for a relatively small proportion. It can also be seen that, in 1980–2000, the area of all six types of conversion was highest within the 62° N–64° N latitudinal band. The interconversion of coniferous and broadleaf forests and their degradation or reduction in 2000–2020 are also highest within the 62° N–64° N latitudinal band, but the area of conversion of forest-free land to coniferous and broadleaf forests is higher in the 58° N–62° N region. It is interesting to note that Finland’s forests are spread all over the country, and tree conversions are relatively evenly distributed in the central region, but in the north and south, there are areas of concentrated conversions in both coniferous and broadleaf forests. It can clearly be seen that in the 68° N–72° N region, which is also the highest-altitude region in Finland, forest reduction mainly occurs in the central and western regions, while forest increase mainly occurs in the central and eastern regions. Based on the geographical characteristics of Finland, it can be inferred that tree conversion in the southern region is influenced by human activities and climate, climate also greatly affects tree conversion in high-altitude mountain forests in the northern region, and the impact is not consistent across different regions. The study area was still divided into upper and lower parts based on the 64° N latitude for the analysis of the degree of the conversion of forest types, and the distribution of statistics by the type of conversion is shown in Figure 10. The conversion of coniferous forests to unforested land was the highest in all three different time intervals and was most dramatic in the region below 64° N. The interconversion of coniferous and broadleaf forests is more frequent at higher latitudes. Overall, the degree of forest degradation is lower in high latitudes than in low latitudes, and the area of conversion between forest types and the area of new forest growth are higher than in low latitudes. Overall, the effects of climate change on coniferous forests are outstanding. Coniferous forests are the dominant forest types in Finland, and the degradation of coniferous forests in the south is likely to become more severe, whereas the boreal zone and above is likely to become more coniferous-friendly. Broadleaf forests have changed little, but the general trend is in line with that of coniferous forests.





4. Discussion


Commonly used vegetation indices are effective in identifying water bodies, buildings, and extensive forests. It is also due to the fact that Finland has such a high forest cover that simple identification with only the commonly used vegetation indices will have very low accuracy. One reason for this is that these vegetation indices do not easily distinguish between low-density vegetation, cultivated land, grassland, and bare land. The second reason is that coniferous forests are extremely dominant in Finland. Broadleaf forests are scattered and mostly mixed with coniferous forests, and this is one of the most easily misidentified samples. Different commonly used vegetation index values for different feature types were extracted. However, for low-density vegetation, broadleaf forests, cropland, grassland, and bare ground, the unit of measurement for the interval difference in their vegetation indices is only 0.1 or 0.01. This leads to a very high number of misclassifications. The homogenization of forests is significant in Finland [11]. It has been found that when texture features are included in classifiers, they do not perform well and instead result in side effects. Moreover, the classification accuracy with texture features included is, on average, 10% lower than when texture features are not included.



The use of tasseled cap transformation and MSAVI is very helpful in vegetation identification in the study area. They make the intervals of vegetation indices for different feature types more distinct, which is reflected in the classification results in terms of improved classification accuracy and more distinct boundaries for different feature types. Not only can the five-phase data effectively differentiate between unforested and forested land, but the identification of broadleaf forests in the southern city, northern broadleaf forest clusters, and dispersed broadleaf forests is also very effective. When analyzing the differences in vegetation indices in different regions within the study area, it was found that the values of vegetation indices for different land cover types were significantly higher in northern Finland than in the south, which indicates that the classification could not be completed uniformly for the entire study area. This difference in values can be precisely bounded by the Arctic Circle. Categorizing the study area into two parts according to this principle gave good classification results. Therefore, too many indices and feature sets did not significantly improve classification accuracy. This also suggests that the rational application of vegetation indices according to the characteristics of different regions should be a key step in the classification of large-scale regional features.



The boreal forests of Siberia tend to increase in varying degrees from the temperate to the boreal zone [38]. In the same geographical location, forest growing conditions are deteriorating in southern Finland, and forests in the north have only begun to increase in the last decade. Studies show that Finland’s forests are suffering from climate change and bioerosion risks [39,40,41,42]. In comparison to the boreal forest fires in Siberia and Canada, the Nordic forests seem much gentler [43]. Boreal forests in different regions do not reflect a very high degree of uniformity, but they share the common feature of expanding into the Arctic Ocean. The jury is also still out on the merits of this phenomenon [44]. The study demonstrated the significant impact of climate change on forest cover, as well as the impact of other factors on forest cover. In southern Finland, the interconversion of forests and arable land is the most pronounced. Land development also influences changes in forest cover. The forests of southern Finland are affected by climatic and anthropogenic factors, as well as other factors, and the situation is not optimistic.



The main role of forest management in Europe in the coming decades is not to protect the climate but to adapt the forest cover to changing climatic conditions [45]. In this study, the dynamics of forests at different latitudes in Finland were analyzed. The results of the analysis are a good representation of some of the characteristics of boreal forests. In this study, although we only analyzed the dynamics of Finnish forests at different latitudes, the results are clearly a good representation of some of the characteristics of boreal forests and are also relevant on a global scale. The consistency of the characteristics of the Nordic forests, the contrast with the boreal forests of Asia and the Americas, and the influence of climate on the forests will be the focus of the next studies. It is also necessary to improve the algorithm model to improve the large-scale forest recognition accuracy.




5. Conclusions


Remote sensing and GEE provide an ideal and fast method for monitoring the spatial and temporal dynamics of boreal forests. Using multiscene Landsat time-series images, a classified feature set was constructed based on the combination of spectral and tasseled cap transformations in a large-scale area. This feature set was then used with a random forest algorithm to complete the classification of forested land and forest types in a typical boreal forest area of Finland for the period 1980–2020, achieving a classification accuracy of about 90%. The results of this study show that Finland’s boreal forest cover has changed significantly over the last 40 years, with a general downward trend, which has been dominated by changes in coniferous forests.



The long-term declining trend in forest area and cover in Finland is indicative of possible environmental pressures such as urbanization, industrialization, agricultural expansion, or deforestation. Latitudinal differences in forest decline may indicate different environmental and climatic pressures or anthropogenic effects. The rebound of forests in the northern part of the study area between 2000 and 2020 may indicate that climate change is positively affecting forest growth conditions, especially at higher elevations. This may be related to higher temperatures, changes in precipitation patterns, or increased carbon dioxide concentrations, which may have facilitated forest growth. The intensification of the declining trend in the southern forests and the rebound in the northern forests may signal that Finnish forest ecosystems are undergoing structural and compositional changes. Such a shift may affect the ecological functions of forests, such as carbon storage, the water cycle, and biodiversity. These observations point to the need for further research to better understand the interactions between climate change, human activities, and forest ecosystems and how to develop effective forest management and conservation strategies. Consideration needs to be given to how to adapt to and mitigate the effects of climate change while conserving biodiversity and maintaining ecological services. Finland’s coniferous forests consist mainly of red pine and spruce, and the broadleaf forests consist of birch and other broadleaf species. In this paper, only the overall variation between coniferous and broadleaf forests has been investigated, and in future work, the variation between specific tree species should be studied in depth. More research is needed to determine which climatic factors are the main drivers of forest change in order to deepen the understanding of the mechanisms of response between forest vegetation and climatic factors in the context of global warming.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Research workflow. 
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Figure 3. Regional classification results (a,c) in 2010 and (b,d) in 2020. 
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Figure 4. Forest and non-forested land classification (a) in 1980 and 2020; (b) the spatial change in forested land and non-forested land from 1980 to 2020. 
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Figure 5. Statistics of forest cover information from 1980 to 2020. 
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Figure 6. Changes in the area of forested land: (a) overall trends; (b) spatial and temporal changes in forests in the various latitudinal zones. 
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Figure 7. Changes in coniferous and broadleaf forests: (a) area change; (b) change in coverage. 
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Figure 8. Regional coverage information of coniferous (a) and broadleaf (b) forests. 






Figure 8. Regional coverage information of coniferous (a) and broadleaf (b) forests.



[image: Forests 15 00786 g008]







[image: Forests 15 00786 g009] 





Figure 9. Information on the conversion of coniferous forest in 1980–2000 and 2000–2020. 
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Figure 10. Comparison of area (km2) conversions in different regions: (a) 1980–2000 period; (b) 2000–2020 period; (c) 1980–2020 period. 
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Table 1. Accuracy assessment using GF-2 and GF-7 images.
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Land Classification

	
Coniferous Forest

	
Broadleaved Forest

	
Non-Forest Land

	
Total






	
Coniferous forest

	
525

	
3

	
34

	
562




	
Broadleaved forest

	
43

	
266

	
35

	
344




	
Non-forest Land

	
15

	
8

	
311

	
334




	
Total

	
583

	
277

	
380

	
1240




	
F1-score

	
0.91

	
0.86

	
0.87

	




	

	
overall accuracy = 88.9%

	

	











 





Table 2. Statistics of regional area changes.
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Longitude

	
1980–1990

	
1990–2000

	
2000–2010

	
2010–2020

	
1980–2020




	
Change in Area/km2

	
Reduction in Coverage/%

	
Change in Area/km2

	
Reduction in Coverage/%

	
Change in Area/km2

	
Reduction in Coverage/%

	
Change in Area/km2

	
Reduction in Coverage/%

	
Change in Area/km2

	
Reduction in Coverage/%






	
Below 64° N

	
−4930.58

	
2.46

	
−1894.88

	
1.03

	
−7309.94

	
3.62

	
−6030.72

	
2.90

	
−20,166.12

	
10.01




	
Above 64° N

	
−5155.10

	
2.66

	
−7326.34

	
5.08

	
−3633.72

	
2.23

	
−1333.87

	
0.98

	
−17,449.03

	
10.95
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