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Abstract

:

Given the significance of national carbon inventories, the importance of large-scale estimates of carbon stocks is increasing. Accurate biomass estimates are essential for tracking changes in the carbon stock through repeated assessment of carbon stock, widely used for both vegetation and soil, to estimate carbon sequestration. Objectives: The aim of our study was to determine the variability of several aspects of the carbon stock value when the input matrix was (1) expressed either as a vector or as a raster; (2) expressed as in local (1:10,000) or regional (1:100,000) scale data; and (3) rasterized with different pixel sizes of 1, 10, 100, and 1000 m. Method: The look-up table method, where expert carbon content values are attached to the mapped landscape matrix. Results: Different formats of input matrix did not show fundamental differences with exceptions of the biggest raster of size 1000 m for the local level. At the regional level, no differences were notable. Conclusions: The results contribute to the specification of best practices for the evaluation of carbon storage as a mitigation measure, as well as the implementation of national carbon inventories.






Keywords:


carbon stock; degree of data detail; different space resolution; rasterization












1. Introduction


Ecosystems regulate the global climate by storing greenhouse gases. The process of carbon sequestration decreases the concentration of CO2 during photosynthesis; although the majority of carbon is returned to the atmosphere through autotrophic and heterotrophic respiration [1,2], part of it becomes effectively locked in plant tissues during the growth of biomass [3,4] and in soil complexes [1]. Carbon sequestration mitigates climate change only if there is a net additional transfer of carbon from atmospheric CO2 to the terrestrial biosphere (vegetation or soil), which can be achieved by (i) increasing net photosynthesis, for example, by planting new areas of trees or grass, or (ii) slowing the rate of decomposition of soil organic carbon through changes in land management, for example, reducing intensity of tillage or altering management of water [5].



Carbon stock is the quantity of carbon at a given time and therefore does not provide information about trends, which is necessary for sequestration assessment [5]. However, accurate biomass estimates are essential for tracking changes in the carbon stock through repeated assessment of carbon stock [6], widely used for both vegetation [7] and soil [5,8], to estimate carbon sequestration.



Aboveground biomass constitutes a crucial portion of the carbon pool, according to the Intergovernmental Panel on Climate Change (IPCC) [9]. Carbon-stock estimation is a basis for modeling carbon productivity and sequestration [10,11]. These are mainly for regional-scale carbon models [12,13] or for models assessing trajectories in biomass trends such as LandTredr [14,15], or large-scale sequestration models such as the InVest model [4], which is widely used for regional or national studies [16,17,18]. Carbon-stock assessment is also necessary for the creation of stored carbon and carbon-sequestration maps, which are useful tools for providing decision-making support [19] to prevent carbon-rich ecosystems from becoming carbon sources [20] as a consequence of inappropriate management or land-cover changes, e.g., deforestation [9].



1.1. The Importance of Carbon Sequestration as an Ecosystem Service


Carbon sequestration and carbon storage belong to the regulating service categories called carbon sequestration and storage or carbon sequestration by terrestrial ecosystems, according to The Economics of Ecosystems and Biodiversity [21] and The Common International Classification of Ecosystem Services (CICES), respectively. They are perhaps the most recognized among all ecosystem services [22,23,24].



The concept of ecosystem services was designed to help solve complex socio-ecological problems [25] and to support decision making and governance of the entire range of assets in nature upon which humans depend [26,27,28]. Ecosystem functions (EFs) are closely related to ecosystem processes and have been described by various definitions, for example, as interactions within and among ecosystems [29] and, in a broader context, as energy and matter transfer [30,31]. However, these definitions do not separate EFs from ecosystem or ecological processes [32].



Ecosystem functions become ecosystem services when humans consider them useful in terms of material (goods) and nonmaterial (services) benefits. The term “ecosystem service” is defined as a benefit delivered by an ecosystem to humans that influences human quality of life, according to Millennium Ecosystem Assessment (MEA). The distinction between ecosystem functions and services is not consistent. Ecosystem functions are perceived as a precondition for final ecosystem services production [33,34,35]; they can be described as the capacity of an ecosystem to deliver ecosystem goods and services that fulfill human needs [36]. Often, ecosystem functions are considered a service when they can be ascribed an economical value [29], but this approach fails to establish the distinction between ecosystem functions and ecosystem services. Petter et al. [37] noted that functions can have both intrinsic and potential anthropocentric value, whereas services are defined only in terms of their benefits to people. The definition provided by Meyer et al. [38] states that ecosystem services are those functions and products of an ecosystem that directly or indirectly benefit humans.



Based on the definition of global climate regulation, which consists of the reduction in greenhouse-gas concentrations, distinct indicators such as carbon stored in vegetation and soils [39,40,41] and carbon sequestration [42,43] have been recommended. Tools combining biophysical quantification with economical valuation into maps, facilitating spatially explicit assessment and modeling, are available for general use [44,45,46,47].



Forests, meadows and grasslands, bogs, peatlands, and other terrestrial ecosystems together store almost three times as much carbon as there is in the atmosphere [48]. Forests were identified to be the key category of land use and land-use change in the forestry sector of the Kyoto protocol, deserving the most attention [22]. The maintenance of these carbon reservoirs is among the highest priorities because their potential to reduce deforestation and degradation far exceeds the importance of afforestation activities in climate-change mitigation [49]. Nabuurs et al. [50] characterized different options of forest management to maintain or maximize forest carbon pools and carbon sequestration. Nonforest ecosystems also stock significant amounts of carbon, mainly in soils [51]. To prevent excessive carbon release, inappropriate management such as an intensification [52,53] or conversion of grasslands into arable land [54] should be avoided.




1.2. Methods of Collecting Data on Carbon Sequestration


Methods for determining carbon stocks can be divided into two basic groups: contact and contactless methods. Methods based on contact measurements provide the most accurate results but are highly costly and time consuming [55,56,57]. Contactless methods, based on the remote sensing (RS) acquisition of image data (multispectral or radar), show considerable potential for determining the carbon content of vegetation biomass. In inaccessible areas, they are the only method available to determine the carbon content of the vegetation cover [58,59,60].



The basic methods of the contact approach are the forestry inventory, production tables, and eddy covariance methods. Forestry inventory, or national forest inventory (NFI), is a common approach to assessing biomass and carbon stocks based on parameters implemented during ground exploration [61,62,63]. Ponce-Hernandez [64] described the principle of tree allometry in detail in connection with the measurement of carbon in biomass. Allometry, namely the biomass expansion factor (BEF) and biomass equations, is often one of main challenges in NFI use [62,65]. This is partly due to the expansion factors and equations being based on local studies [62], which may also be affected by the biomass growth in spruce forests that are recently significantly accelerating [66]. Cienciala et al. [6] used a database of forest management plans to estimate carbon-stock changes using species-specific, age-dependent, biomass conversion-expansion factors. The authors compared the results with estimates based on NFI, finding that NFI provided slight underestimation, and stressed the importance of input data accuracy and the recalculation factors used. Main-Knorn et al. [10] compared carbon stocks assessed using forest inventories with estimates derived from satellite data analysis.



The production-tables method (look-up table method) is based on the link between individual categories and the prepared values of carbon stock or production. This method was derived from previous contact measurements and literature knowledge and is implemented in several models, e.g., InVEST and NLLUF-KP10 [16,67,68]. Another method is the eddy covariance method, which is based on the direct measurement of CO2 flux, which is very accurate but measures direct CO2 flux only over small areas [63,69].




1.3. Differences between Methods and the Level of Uncertainty


Methods used for carbon-stock assessment also vary according to the applied scale: harvest methods for the plot/local scale [70], the combination of measured data and allometric equations for the local to semi-regional scale, and remote-sensing methods for the regional, national or global scale [71]. Within large-scale biomass mapping, differences in expert data and allometric equations used, either empirical [61,72] or modeled [73,74], may lead to large uncertainties [75]. The models of productivity further use biomass expansion factors, which are another source of uncertainty in carbon accounting on the national level [76]. Several studies comparing forest above-ground biomass using two or more assessment methods demonstrated a certain variability in the results [10,73,77], and variability was also detected within assessments of soil carbon [78]. The calibration and validation of remote sensing data based on accurate ground (plot) reference measurements of biomass are therefore recommended [79,80].



Land-cover change is one driver of carbon sequestration [81]. Considering the change rates and time required for ground-based monitoring, it is appropriate to use remote sensing methods, which are still being improved [82] and provide important advantages (speed, repeatability, coverage width, non-destructive approach) [83]. Inventory methods naturally differ in the scale and size of the evaluated area, amongst others [84,85]. One method of transmitting information from different temporal and spatial levels is scaling. Scaling is the process that describes objects and phenomena based on the changing scale of geographical data and comprises two important components: grain and extent [86]. Zhao et al. [81] quantified and evaluated the impact of land-cover-change databases on various spatial resolutions (250 m, 500 m, 1 km, 2 km, and 4 km pixel edges) on the magnitude and spatial patterns of regional carbon sequestration. The results supported the use of a threshold of 1 km in the land-cover-change databases and for the estimated regional terrestrial-carbon sequestration. Muñoz-Rojas et al. [87] assessed the temporal and spatial variability in the carbon stored in vegetation by comparing accurate spatial datasets adapted to the Corine land-cover nomenclature. This methodology allows the analysis of carbon-sequestration trends associated with land-use changes.




1.4. Data Processing into the Resulting Map


The obtained input data are heterogeneous both in terms of the format of the transmitted data and in spatial distribution. Therefore, geographic information system (GIS) resources are often used today for their processing in the form of carbon-stock maps [18,88,89]. The most suitable method is chosen based on the scale used and the area of interest. Landscape matrices are one of the dominant methods used for determining reserves at the landscape (habitat) level, based on expert valuation. However, the choice of matrix form and detail is an important aspect that affects the final carbon stock [81].



In terms of data format (for expressing the landscape matrix), we have the choice of vector or raster. The vector format is characterized by the possibility of much more accurately capturing details of the border and attribute tables with useful information. The ability to capture the exact course of the boundaries is a trade-off with a larger volume of data and greater complexity in computational operations. The raster border does not completely cover the defined shape, and it is necessary to choose whether to use a raster that will contain only fully contained pixels, or to use the part that touches the border. In both cases, however, the area of interest and/or the analyzed matrix changes, and the boundaries are simplified. Another disadvantage of the raster is the elimination of small segments; conversely, its advantage is good compression properties. An important parameter that affects the resulting representation of the area of interest is the size of the cell. In general, the smaller the cell, the more accurately are the course of the boundaries of the studied area captured, and the smaller the cell size, the greater are the memory space requirements [90]. The different representations of the results depending on the cell size are shown in Figure 1.



Some questions remain: how big of a difference is the carbon stock when using a vector or raster matrix, and how does this ratio change depend on the size of the studied area?



The aims of our study were (i) to demonstrate the variability in carbon stocks between two measurement scales (differently detailed land-use matrices) and three different extents of the area of interest (representing the local, regional, and national scales) and (ii) to determine the variability in carbon stocks on the same scales when using two different methods for assessment. The evaluated results contribute to the determination of the optimal degree of data detail for the analysis of ecosystem services (especially carbon sequestration) at the landscape level.





2. Materials and Methods


The whole data processing was carried out in ArcGIS Pro 2.6.2 software (Esri Inc. Redlands, CA, USA) in the national coordinate system (epsg: 5514). All monitored factors were analyzed in three study areas of various sizes (Table 1). At the highest level, the area of interest was the entire country (the Czech Republic). A description of the natural conditions in the country was given by Pechanec et al. [91]. The Dřevnice catchment area is located in the southeastern part of the Czech Republic (Figure 2), and the Všemina catchment area is located in the northwestern part of the Dřevnice River basin. For a more detailed description, see Pechanec et al. [92].



Look-Up Table Method


In the present study, the fundamental methodological approach for carbon-stock estimation was based on the currently widely used look-up table (LUT) method (Figure 3), where expertly determined values are attached to the mapped landscape matrix to quantify the carbon stocks.



To describe the landscape matrix, two layers delineating the current land cover were used (Table 2).



As the Corine land-cover classes are relatively broadly defined, mapped in coarse grain, and most classes usually consist of a variety of different habitats [93], we needed to know characteristics of particular CLC classes more in detail. For this, we used the habitat mapping layer (NCA CR 2015) and CzechTerra land-cover data from the landscape inventory system [94] and conducted spatial analysis of these two datasets for each class of CLC layer in ArcGIS. An additional classification of randomly selected 10 × 10 m squares over aerial photographs was used in the case of missing data, using the same classification as in Šímová et al. [94]. Afterwards, all the land-use classes of the CzechTerra landscape inventory system, as well as habitats of the habitat-mapping layer, were expressed as 127 natural habitats, according to Chytrý et al. [95] and 38 unnatural habitats, according to Seják et al. [96]. We obtained the detailed composition of each individual CLC class, expressed as a proportion of particular habitats [96]. We had to solve a similar problem for the rather broadly defined unnatural habitat classes in the detailed combined layer, defined previously in the consolidated layer of ecosystems of the Czech Republic [97]. Proportions of particular habitats according to Seják et al. [98] were obtained using a set of randomly distributed points spread throughout the whole Czech Republic for any single class and classified over aerial photographs.



The carbon stocks for the most frequently occurring habitats (from natural to unnatural habitats), according to Seják et al. [98], were assessed using literature research and our own experimental measurements [99]. From the results of the first and second cycles of the Czech Terra landscape inventory project [100,101] (http://www.czechterra.cz, accessed on 1 November 2021), we derived the annual increase in tree biomass, along with annual harvested wood volume in the period 2010–2019 [102], which was used to estimate the actual total aboveground biomass of forests. The harvested wood volume for August/September 2020 was hypothesized to be the same amount as in 2019. The harvested area and per-hectare yield of grain green, and silage maize provided by Czech Statistical Office (https://www.czso.cz/csu/czso/zem_cr, accessed on 1 November 2021) were used to calculate the aboveground biomass on arable land. Practically all other crops are harvested in July and September, so they were not considered. The net carbon storage was calculated by multiplying the biomass dry weight values by a coefficient of 0.46 or 0.5 for tree biomass [22]. Only living aboveground biomass in tons of carbon per hectare was used to compare the LUT and RS methods [16]. The biomass of forest understory vegetation and dead wood mass were not included in the aboveground biomass.



For each segment of landscape matrix, the dominant habitat type/land cover category was determined, and the corresponding carbon-stock value from the expert table was attached to it. This value was multiplied by the segment area to produce the carbon stock in the given segment. In the end, the carbon stocks of individual segments were summed for the whole study area. Following this method, the carbon stock was estimated in the (base) vector form of both matrices.



Next, the matrix data were rasterized into defined resolutions (pixel sizes of 1, 10, 100, and 1000 m). The rasterization was conducted separately for each study area from the original vector matrix with the already-attached carbon values from the expert table. The maximum combined area algorithm was applied; if there is more than one feature in a cell with the same value, the areas of these features are combined. The combined feature with the largest area within the cell determines the value to assign to the cell [103]. The coefficients were multiplied by the pixel area, and the individual values were summed for the whole study area.



The carbon values were multiplied by pixel area and summed for the whole study area. Finally, we calculated the absolute relative change of a carbon sequestration metric δi:


   δ i  =    C i  −  C  v e c t o r      C  v e c t o r      



(1)




where Ci is the maximum of the annual carbon sequestration rates at spatial resolution i (i = 1, 10, 100, or 1000 m), Cvector is stock found in primary (vector) data.



To facilitate comparison across different statistics, we normalized δi:


  d e l t  a i  =    δ i    m a x  δ i    × 100  



(2)




where max δi is the maximum absolute value for each spatial resolution i (i = 1, 10, 100, or 1000 m).





3. Results


3.1. Comparison of Carbon Stock, Assessed on the Basis of Local- or Regional-Scale Data in Vector Form


Comparing the carbon stock in the same area, with the Detailed Combined Layer used on the local scale, the assessed carbon stock was higher than with the Corine Land Cover vector data used on the regional scale, namely by 6.1% in the Všemina catchment, by 6.6% in the Dřevnice catchment, and by 5.7% in the Czech Republic.




3.2. Comparison of Carbon Stock Assessed on the Basis of Vector and Raster Data with a Pixel Size of 1 m


Comparing the results of carbon-stock assessment based on data from the vector and raster forms with a 1 m pixel size with the Detailed Combined Layer, almost no difference was found in all study areas (Table 3). At the local and regional scales, there were only negligible distinctions at the level of 0.01%.



To better explain the determined differences in carbon stocks computed for individual studied areas, the contribution of forests to total aboveground carbon stock was assessed (Table 4). The average carbon stock of the aboveground biomass per hectare was higher in both catchment areas compared to the Czech Republic (Všemina catchment 61.5%, Dřevnice catchment 50%, and Czech Republic 41.7%) and corresponded to the percentage of forests from the whole territory (Všemina catchment 54.1%, Dřevnice catchment 44.1%, and Czech Republic 35.7%). As the contribution of forests to total aboveground carbon stock was very high in all three areas and ranged between 96.1% and 97.4%, the percentage of forests in the studied area can be identified as the main factor influencing the carbon stock in the area.



The use of different land-cover matrices and experimenting with rasterization caused large differences in the number of segments of the individual tested layers (Table 5). The comparison of the number of segments composing a landscape matrix revealed that the number of landscape-matrix segments in vector form at the regional level (38 in Všemina, 391 in Dřevnice, and 45,982 in the Czech Republic) was closest to the number of segments in raster form with a 1000 m pixel size (21 in Všemina catchment, 429 in Dřevnice catchment, and 78,713 in the Czech Republic).




3.3. Effect of Data of Various Pixel Sizes on the Carbon-Stock Assessment at the Local Level


The comparison of carbon stocks calculated using the raster dataset of the Detailed Combined Layer with different pixel sizes showed very small differences in carbon-stock estimations for all study areas using pixel sizes of 1, 10, and 100 m, with 2.16% representing the highest difference. The largest carbon stock was detected using a pixel size of 1 m with the exception of the whole Czech Republic, where the largest value was calculated using 10 m pixels; however, the difference was only 0.32%. The only significant differences were found for the 1000 m pixel size; they decreased with the increase in study area (Všemina catchment 32.28%, Dřevnice catchment 9.64%). For the whole Czech Republic, the difference was again negligible (0.52%) compared to the 1 m pixel size.




3.4. Effect of Data with Different Pixel Sizes on the Carbon Estimation at the Regional Scale


When comparing the carbon-stock estimations at the regional level, differences no larger than 4% were found in the monitored areas. Interestingly, the largest carbon stock was estimated based on the data set with a 100 m (Všemina catchment and the Czech Republic) or 1000 m (Dřevnice catchment) pixel size.





4. Discussion


The comparison of carbon-stock estimation based on local-scale data (1:10,000) and regional-scale data (1:100,000) in vector form showed lower carbon stock in all three study areas calculated using regional CLC data than carbon stock based on local data from the detailed combined layer. This can be explained by the more precise delineation of segments and a more accurate area determination of individual rarer, natural, or seminatural habitats that are less widely represented in the study area and therefore not present in regional maps [90,93]. However, these habitats can have a larger carbon stock compared to the most widespread habitats; the variability in carbon stock in different forest species and forest habitats was reported, for example [99,100,101,104].



The differences between the vector and raster form of the same input layer can be explained by the vector layer rasterization algorithm, which manifests in the smoothing of perimeter lines; as a result, the areas of some habitats decrease, thereby also decreasing the carbon stock. After rasterization of the vector layer with a clearly defined boundary, the produced pixels fill only the inner space of the polygon [4]. If a created pixel crosses the polygon boundary and most of its area is in the polygon surroundings, it would not be created. As a result, the number of valid polygons and their areas that are included in the total area decrease [47,90]. The rasterization process creates homogenized square cells (pixels); as the pixel edge size increases, the area it covers also increases, with a resulting decrease in the number of pixels needed to cover the entire area [103]. In this case, the probability of the carbon-stock values not being reflected in the resulting pixel value, given by the value of the pixel with the predominant area, increases. If these small habitats contain shrubs or trees, which usually have a higher carbon-stock value, the total calculated stock decreases with increasing raster size. When applied to a larger area with a higher number of segments, this inaccuracy probably decreases due to error compensation while assigning carbon-stock values to individual pixels [32,35]. Based on a comparison of carbon-stock estimates at the local level using rasterized data with different pixel sizes, we found that increasing the pixel size can remarkably decrease the calculated carbon-stock estimates depending on the size and shape of the study area.



When using the LUT method, the smaller area is multiplied by expert values. The more the shape of the rasterized polygon differs from a square, the more the number of valid pixels (which form the rasterized image of the area) decreases [105]. The smaller the area and, concurrently, the larger the pixel requirement in the rasterization process, the more pronounced is the deviation from the reference value computed from the studied area in vector format [64].



The results of comparing carbon stocks from rasterized data with different pixel sizes at the local level further showed that increasing pixel size can significantly reduce the calculated carbon stocks depending on the size and shape of the area of interest. Only the largest pixel size from the tested raster (1000 m) had a stronger effect on the carbon-stock results in both Dřevnice catchment—the difference from results computed from vector data was 10%—and, particularly, in Všemina catchment, the smallest catchment area, where the difference was 32% (Table 3). The carbon stock calculated using raster format with a 100 m pixel size decreased in both catchments by only 2%. At the scale of the whole Czech Republic, practically no difference was found, even when the raster with a 1000 m pixel size was applied. Unfortunately, the analysis was limited to three study areas with sizes of 21.5, 435, and 78, 866 km2; therefore, it was not possible to determine the size of the area where this phenomenon no longer manifests. Zhao et al. [81] monitored the effect of spatial resolution on the carbon sequestration at the regional level (3852 km2). The carbon sequestration rate remained relatively stable (changes within 10%) when the resolution changed from 250 to 10,000 m. We detected a considerable decrease of 33% when the resolution was further degraded to 2000 m. The suitability of the spatial grain of 1 km2 is also recommended by the work of Hoskins et al. [84], in which it is more relevant to ecological processes at the local and regional scale.



The carbon stock estimated on the basis of rasterized data at the regional level from CLC data with various pixel sizes had similar trends in both the Všemina catchment and the Czech Republic. In both cases, the calculated carbon stock was highest in the raster with 100 m pixels and lowest in the raster with 1000 m pixels; in the Dřevnice catchment, the highest carbon-stock value was in the raster with 1000 m pixels and lowest in the raster with 100 m pixels. However, the differences were slight between the carbon-stock values estimated on the basis of various rasters, with the largest reaching only 3.75%. The accuracy and reliability of vegetation carbon-stock estimates relies also on the quality of the land-cover mapping process. Muñoz-Rojas et al. [87] studied approximately the same size territory at the regional scale, used CLC mapping, and noted that phenomenon too. In our study, we solved the problem of broadly defined CLC categories by a detailed analysis of habitat content in all CLC categories [94,95].



Considering the differences in the number of segments of the individual tested layers (Table 5), which could theoretically lead to large divergence in accuracy, the relatively low differentiation (up to 10%) of carbon-stock values, calculated on the basis of various landscape matrices, was rather surprising. The only exception was the smallest area, the Všemina catchment, using the largest raster with a 1000 m pixel size, as mentioned above. This contradicted the general assumption that such differences in the number of segments, and therefore in their average size, affect landscape structures and thus the associated ecosystem functions of the landscape [106]. Comparing the number of segments composing a landscape matrix revealed that the number of landscape matrix segments in vector form at the regional level (38 in Všemina catchment, 391 in Dřevnice catchment, and 45,982 in the Czech Republic) was closest to the number of segments in raster form with the 1000 m pixel size (21 in Všemina catchment, 429 in Dřevnice catchment, and 78,637 in the Czech Republic). Perhaps this was related to the approximation of the values of carbon stocks from the raster form at the regional level to the results obtained on the basis of the landscape matrix in vector form at the regional level.



Expert estimations of carbon values in habitats have been conducted since 2010, which were determined as the average maximum biomass value. For the forest carbon stock estimation in this study, we used data from the CzechTerra landscape inventory system [69]. This system is based on data collected from a systematic grid with 7 × 7 km cells, providing 1599 randomly distributed plot locations (within each cell) across the entire Czech Republic, which was carried out in two cycles, 2008–2009 and 2014–2015. Data from this system enabled the determination of changes in forest carbon stock in this 6-year period and showed an increase in aboveground tree biomass from 102 to 111 tC × ha−1, amongst other things [101]. From the annual increase in tree biomass based on these data, together with the annual timber harvesting data, we arrived at an estimate of C stocks in forests for 2020: 112.4 tC × ha−1, mainly due to bark beetle calamity, leading to higher logging in past years. For example, in 2019, twice as much wood was felled as the average for 2009–2015 [102]. However, this estimate can be affected by uncertainties resulting from the input data, mainly by estimated biomass growth derived from a previous survey of the CzechTerra landscape inventory system, which was performed in the period prior to the bark-beetle infestation and applied to 2016–2020, which was influenced by the bark-beetle disaster [75].



Another source of uncertainty may be data on logging, reported in official sources [102], which could be underestimated as reported, for example, by Černý et al. [101]. In addition, data on logging from 2020 are not yet available, so we used data from 2019 in our estimates. Lastly, carbon stock estimates in forests are influenced by mathematical models for calculating the tree volume used in the CzechTerra landscape inventory system [107]. As noted by Černý et al. [101], if, for example, older tree volume tables are used for the forest carbon stock estimate, the estimate would be approximately 6.7% higher compared to results using the Czech Terra landscape inventory. According to our estimate of forest carbon-stock development, the trend in increasing carbon stock in forests began to reverse in 2019, and carbon stock began to decline mainly due to record high harvests caused by the bark-beetle infestation. However, the Ministry of Agriculture reported an increase in wood stocks in forests in 2019 [102]. If the trend in forest carbon-stock increase continues despite ongoing bark-beetle infestation and the rapidly increasing logging in past three years, the carbon stock could be approximately 4% higher compared to our estimate.



Future studies must focus on using at least one method of aboveground biomass assessment that is independent of the remote-sensing approach [26]; an average estimate and its deviation should be reported. However, the coupling of three current methodologies, e.g., field techniques, using forest inventory data, and satellite data in several areas and gradients within areas, would be desirable [7,14,62]. Although the combination of these techniques requires costly resources, a wide range of professional skills, and improved technologies, more precise approximations of the aboveground biomass could reduce the costs of regional biomass assessments [10].




5. Conclusions


This choice of the form of expression and scale of input data plays a key role in the assessment of carbon stocks, as it defines the basic matrix for expressing the heterogeneity of the environment, the quality (naturalness) of habitats, and the expression of detail (in the geometric and descriptive parts). The uncertainty of this determination is influenced by many factors, especially by the quality of the input data and the method of determining the captured carbon. The comparison of carbon stocks using different input matrices at various scales did not produce differences greater than 6%. The subsequent rasterization of the vector landscape matrix changed the results only with the largest raster size of 1000 m applied at the local scale, especially for the smallest studied area—Všemina catchment, with an area of 22 km2. The results confirmed the need to use similar sources of input data and the same input matrix for their implementation at the landscape level when calculating carbon stocks for national inventories.
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Figure 1. Influence of raster cell size on the resulting representation of the region of interest. 
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Figure 2. Location of studied areas. All data were used in the national coordinate system EPSG: 5514. In order to preserve the principle of downscaling and the possibility of comparing and controlling values, the studied areas are overlapped. 
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Figure 3. Overview of the used methodology (detailed description in the text). 
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Table 1. Characteristics of the study areas.
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Scale

	
Local

	
Regional

	
National






	
Name

	
Všemina

	
Dřevnice

	
Czech Republic




	
Area (hectare)

	
2153.28

	
43,519.10

	
7,886,680.71




	
Method of delimitation

	
Natural borders: small-size d catchment

	
Natural borders: medium-sized catchment

	
Administrative boundaries: state




	
Elevation min (m a.s.l.)

	
275

	
200

	
120




	
Elevation max (m a.s.l.)

	
575

	
725

	
1603




	
Elevation mean (m a.s.l.)

	
407

	
352

	
447




	
Elevation median (m a.s.l.)

	
400

	
336

	
435




	
Geological subsoil

	
flysch layers with calcareous claystones and glauconitic sandstones

	
flysch layers with calcareous claystones and glauconitic sandstones

	
-




	
Predominant soil types

	
Mesobasic Cambisol

	
dominated lightly gley Eutric Cambisol and Stagno-gleyic Cambisol

	
-




	
Annual average daily temperature (°C)

	
8.6

	
8.5

	
7.9




	
Annual average total precipitation (mm)

	
772

	
776

	
681




	
Land cover category (According CLC 2018) (ha)

	
Artificial surfaces

	
223.79

	
5014.17

	
525,428.92




	
Agricultural area

	
772.17

	
19,761.68

	
4,480,658.16




	
Forest and seminatural areas

	
1157.32

	
18,629.28

	
2,811,715.24




	
Wetlands

	
0.0

	
0.0

	
10,666.11




	
Water bodies

	
0.0

	
113.98

	
58,212.27
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Table 2. Characteristics of GIS layers used to determine the actual land cover.
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	Name
	Corine Land Cover (CLC)
	Detailed Combined Layer (DCL)





	Updated to (year)
	2018
	2018



	Scale
	1:100,000
	1:10,000



	Max. number of categories
	20 natural and 8 unnatural
	154 natural and 38 unnatural habitats



	Data availability
	Free, without limitations, https://land.copernicus.eu/pan-european/corine-land-cover, accessed on 1 November 2021
	Non-public layer



	Format
	Vector, ESRI geodatabase
	Vector, ESRI geodatabase



	Data owner
	ESA©
	Czechglobe ©



	Notes
	-
	The layer is composed of (1) habitat mapping layer (NCA CR ©, 2015) for natural and near-nature habitats and (2) modified Consolidated layer of ecosystems of the Czech Republic (© CzechGlobe © NCA CR, 2013) for unnatural habitats.
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Table 3. Aboveground carbon stock (tons of Carbon; tC) estimated on the basis of vector and raster data in all three studied areas.
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Všemina Catchment

	
Dřevnice Catchment

	
The Czech Republic






	
DCL (local level)

	
t C

	
deltai *

	
t C

	
deltai

	
t C

	
deltai




	
vector

	
132,311

	
100.00

	
2,174,717

	
100.00

	
328,959,273

	
100.00




	
raster (px_1 m)

	
132,308

	
100.00

	
2,174,696

	
100.00

	
328,944,499

	
99.99




	
raster (px_10 m)

	
131,881

	
99.67

	
2,168,092

	
99.70

	
330,010,591

	
100.32




	
raster (px_100 m)

	
129,576

	
97.93

	
2,127,636

	
97.84

	
327,003,892

	
99.41




	
raster (px_1000 m)

	
89,597

	
67.72

	
1,965,140

	
90.36

	
327,261,780

	
99.48




	
CLC (regional level)

	




	
vector

	
124,238

	
100.00

	
2,030,350

	
100.00

	
310,156,013

	
100.00




	
raster (px_1 m)

	
124,238

	
100.00

	
2,030,348

	
99.99

	
310,142,056

	
99.99




	
raster (px_10 m)

	
124,248

	
100.01

	
2,030,402

	
100.00

	
310,154,681

	
100.00




	
raster (px_100 m)

	
124,399

	
100.13

	
2,027,924

	
99.88

	
310,172,172

	
100.01




	
raster (px_1000 m)

	
119,580

	
96.25

	
2,074,358

	
102.17

	
302,717,755

	
97.60








* Values were calculated according to Equations (1) and (2).
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Table 4. Contribution of forests’ total aboveground carbon stock (according to Detailed Combined Layer).
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	Všemina Catchment
	Dřevnice Catchment
	The Czech Republic





	Average carbon stock of aboveground biomass (tC × ha−1)
	61.5
	50.0
	41.7



	Forest coverage (%)
	54.1
	44.1
	35.7



	Forests % of total aboveground carbon stock
	97.4
	97.1
	96.1
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Table 5. Number of segments in individual landscape matrices on the basis of vector and raster data for all studied areas.
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Number of Segments

	
Všemina Catchment

	
Dřevnice Catchment

	
The Czech Republic






	
DCL (local level)

	

	

	




	
vector

	
1496

	
24,531

	
3,397,878




	
raster (px_1 m)

	
21,532,725

	
435,190,835

	
78,868,865,357




	
raster (px_10 m)

	
215,324

	
4,351,803

	
788,681,413




	
raster (px_100 m)

	
2142

	
43,454

	
7,885,708




	
raster (px_1000 m)

	
20

	
424

	
78,637




	
CLC (regional level)

	




	
vector

	
38

	
391

	
45,982




	
raster (px_1 m)

	
21,532,741

	
435,190,903

	
78,866,788,417




	
raster (px_10 m)

	
215,331

	
4,351,897

	
788,667,223




	
raster (px_100 m)

	
2149

	
43,493

	
7,886,305




	
raster (px_1000 m)

	
21

	
429

	
78,713
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