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Abstract

:

Forest fires represent a natural element in the dynamics of forest ecosystems. This study investigated the impact of a large-scale forest fire in 2022 (ca. 1300 ha) on epigeic ground beetles (Coleoptera: Carabidae). The research was conducted in coniferous forests at six pairwise study sites: burnt and unburnt dead spruce from bark beetles, burnt and unburnt clear cut, and burnt and unburnt healthy sites. Each site was replicated in four plots, with two pitfall traps deployed within each plot. In total, 48 pitfall traps (6 × 4 × 2) were installed in April 2023. It was tested how individual sites affected the similarity of ground beetle communities, whether they contained similar life guilds, and how significantly large-scale fire affects the abundance of pyrophilous ground beetles. A total of 5952 individuals and 63 species were recorded. We observed a significant decline in abundance at clear-cut and dead spruce burnt sites (73% and 77.5%, respectively) compared to the unburnt sites. Conversely, abundance increased by 88% at the burnt healthy site compared to the unburnt healthy site. Additionally, significant differences in the number of species per trap and species richness diversity (q = 0, q = 1, q = 2) were found only between burnt and unburnt healthy sites. In general, the highest species richness in the comparison of all study sites was at unburnt clear-cut and burnt healthy sites. Communities of ground beetles responded considerably to the fire, differing significantly from unburnt sites, and demonstrating a high degree of similarity. The original healthy spruce stands had highly homogeneous communities. On the contrary, any disturbance (bark beetle calamity, clear-cut) resulted in an increase in the alpha, beta, and gamma diversities of the ground beetle communities. Burnt sites attracted pyrophilous species (Sericoda quadripunctata, Pterostichus quadrifoveolatus) at very low abundances, with the highest activity in the second half of the season. In conclusion, ground beetles demonstrated a strong short-term response to large-scale fire, forming specific communities. However, pyrophilous ground beetles were unable to occupy a large-scale fire area due to the initial low abundance. Understanding post-fire processes can provide important guidance for management in areas designated for biodiversity enhancement.
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1. Introduction


Wildfires are a common part of the natural dynamics of forest ecosystems [1]. The main forest biomes regulated by wildfires are Siberian and North American boreal forests [2]. Drier and warmer periods contribute to wildfires [3] due to the weakened health of forest stands [2,4], making them more susceptible to wind disturbances and bark beetle gradations. Although permanently present dead wood is essential for forest biodiversity [5,6,7] and provides numerous ecosystem services [8,9,10,11], it also creates fuel for the spread of fires [12,13]. In Europe, forest fires are relatively infrequent, yet historically, they constituted a significant aspect of landscape settlement [14]. However, presently, human carelessness is the primary factor in initiating forest fires, with the season, time of day, and working or non-working days further influencing their occurrence [15]. The impact of forest fires extends to various components of both living and non-living ecosystems, including soil chemistry [16], vertebrates [17], invertebrates [18], and plants [19,20]. Pyroentomological research, examining relationships between fire and invertebrates, in Europe has predominantly focused on Fennoscandia and Russia [21,22,23,24,25,26], as well as the Mediterranean region [27,28]. Similar pyroentomological studies are rare in Central European regions [29,30,31,32,33], which is also related to the importance given to the fire protection of forests in Central Europe [13].



Ground beetles (Carabidae) are a frequently studied bioindicator group among epigeic beetles in various research domains. Their examination includes, e.g., the impact of tree composition in forest stands [34], the effect of forestry and agricultural management [35,36,37], and the effect of different disturbances, such as fire and wind, on their species assemblages [18,38,39]. Ground beetles, along with butterflies, represent the most extensively studied group of insects in relation to forest fires [18]. Burnt forests play a crucial role as an essential habitat for the pyrophilous species of ground beetles and other beetle species [33,40], as well as hymenopterans [30]. The reproduction of “fire-loving” (pyrophilous) beetles depends on forest fires [41]. Pyrophilous insects represent a highly specialized and endangered group of insects [40]. Pyrophilous beetles have evolved specific adaptations to thrive in extreme fire-related conditions, including exceptional olfactory abilities to detect smoke over long distances [42], infrared sensors for identifying excessively hot surfaces [43], and high dispersal and reproductive capabilities [40,44,45]. Pyrophilous ground beetles primarily use the sterility of their post-fire environment to reproduce without facing predatory competition [45]. According to the Catalogue of Palaearctic Coleoptera in Central Europe [46] there are three species of pyrophilous carabids: Sericoda quadripunctata (De Geer, 1774) and Pterostichus quadrifoveolatus (Letzner, 1852) and a species not yet recorded in the Czech Republic, Sericoda bogemannii (Gyllenhal, 1813). In contrast, pyrosaproxylic beetles, such as Buprestidae and Cerambycidae, are closely associated with burnt wood [42]. Smaller patches of wildfires and their impact on ground beetles in the Central European region have been studied, as exemplified by Blažej [33]. However, large-scale fires in forest cultural landscapes and the responses of ground beetles are not well understood and have been only partially addressed, for instance, in [31]. While fires can cause substantial damage and are generally undesirable, prescribed burning and leaving unburnt patches can be a viable management tool in open landscapes, because it supports plant diversity and does not threaten arthropods [20].



The aim of this study was to present the results of the research aimed at assessing the impact of large-scale fires on ground beetle communities in the first year after a fire in the Bohemian and Saxon Switzerland National Park. The aim was also to evaluate the potential impact of previous management in the area with respect to the approach applied to bark beetle gradation. In fact, two management approaches to bark beetle degradation have been applied in the national park: active management against bark beetle, which was based on felling and debarking of infested trees, and passive management, where trees dead after the bark beetle attack were left standing in stands. This resulted in characteristically distinct sites that were subsequently burnt. Therefore, the study area encompassed sites affected by extensive bark beetle outbreaks without logging, as well as logged clearings resulting from bark beetle infestations. Unburnt sites with a similar character served as controls for comparison. In addition, the fire also affected stands not damaged by bark beetles; therefore, burnt healthy stands were investigated and compared to the healthy spruce stands beyond the forest fire boundary, serving as controls. The following hypotheses were tested: (i) post-fire sites exhibit similar communities of ground beetles to unburnt sites; (ii) the individual site type does not affect the communities of ground beetles; (iii) individual site types contain similar life guilds; and (iv) a large-scale fire significantly impacts the abundance of pyrophilous ground beetles. The findings from this investigation may have implications for recommending potential actively controlled burning, particularly in national park areas.




2. Materials and Methods


2.1. Study Area and Design of Study


The study was primarily conducted in the Bohemian Switzerland National Park (Czech Republic), covering an area of 80 km2. Additionally, two study plots were situated in the neighboring Saxon Switzerland National Park (Germany) with an area of 93 km2, (Figure 1; centroid coordinates: 50.88 N, 14.28 E). These protected areas were designated relatively recently, in 2000 and 1990, respectively. Characterized by a relief of cobble sandstone, the study area exhibited specific ecological conditions that play a key role in determining biodiversity. The long-term mean annual temperature ranges from 6 to 8 °C, and the area is characterized by an oceanic climate with a mean annual precipitation of approximately 800 mm [47]. The majority of the forest area (60%) in these parks consists of non-native Norway spruce (Picea Abies L.) monocultures, replacing the native acidophilous European beech (Fagus sylvatica L.) forests of the Luzulo-Fagion association [48]. In the years 2018–2021, a massive bark beetle (Ips typhographus Linnaeus, 1758) gradation affected the area, causing extensive damage to spruce stands. Until 2017, forest protection measures against bark beetle gradations were implemented in the park [47]. In response, numerous stands were logged, while many others remained unlogged. On 23 July 2022, a fire was started by human activity in the territory of the NP Bohemian Switzerland, impacting a total of 1060 ha and around 250 ha of forest area in the territory of the Saxon Switzerland NP. The fire was successfully extinguished on 12 August 2022 and 19 August 2022, respectively. This incident marked the largest fire ever recorded in all of the Czech Republic and Saxony. In 2021, a total of 1517 forest fires were documented (sum 411 ha), with an average size of 0.3 ha. The vast majority of these fires were caused by human carelessness [49]. The scale of the studied fire area is shown in Figure 1. The burning was extremely spatially variable in the forest stands. The fire passed through all vegetation and vegetation types present. The highest burn severity was achieved in mature spruce forests that had died as a result of the recent bark beetle gradation, while the lowest burn severity was achieved in mature beech forests. Clear-cuts were also burnt intensively. Burning was highly variable at all spatial scales. Significant sources of variability were individual logs at the local level, and the vegetation types and topography at the landscape level. Lying logs and standing dead trees on plateaus and valley bottoms with intense burning also acted as burn centers, and therefore, the complete burning of overburden horizons to mineral soils occurred in their close proximity [50].



Three types of coniferous forest sites affected by fire were selected (burnt sites), each with a corresponding control site of the same character (unburnt). Altogether, six sites were sampled in this study: (i) a burnt and (ii) unburnt dead spruce site after a bark beetle calamity (unlogged); (iii) a burnt and (iv) unburnt clear-cut spruce site; and (v) a burnt and (vi) unburnt healthy spruce site. As there were no fire-affected spruce stands in the area, we selected pine stand (Pinus sylvestris L.) as (v) a burnt healthy site. Healthy unburnt spruce stands (=vi) that did not show signs of decline or other severe defoliation and were not affected by fire were located outside the national park near the border within common even-aged managed forests. They had a similar structure to that found in the national park. Each site was replicated in four plots (Figure 1), with two traps deployed within each plot and placed 20 m apart. In total, 48 pitfall traps (6 × 4 × 2) were installed in April 2023.




2.2. Beetle Sampling and Identification


Epigeic ground beetles were collected using pitfall traps, which is a common and successful method for capturing these insect [51]. Each trap was mounted with a roof to prevent the evaporation of conservation liquid and washout by rain (Figure 2). Due to high temperatures on the bare dark surfaces of the burnt sites, the roofs were non-transparent to serve as a good measure against evaporation. However, this measure does not bias the species assemblages of the ground beetles [52]. The trap consisted of a larger container (1020 mL) housing a smaller container (450 mL) within it, with a funnel placed inside (Figure 2). The composition scheme of the pitfall trap used is recommended for the collection of ground beetles and for making correct conclusions [53,54]. The edge of the trap was carefully aligned with the ground to ensure the capture of even small beetles. The conservation liquid used was an 8% acetic acid solution, using commonly available vinegar. Vinegar has slightly attractive properties, mainly for the family Nitidulidae. However, the species data obtained were nearly unbiased using vinegar [55]. Vinegar was used mainly to eliminate the risk of trap destruction by wild game. Traps were installed between 19 April and 14 September 2023, and collected every three weeks. At each collection, the traps were replenished with a new 250 mL of conservation liquid. Each trap remained in the field for 147 days, resulting in a cumulative total of 7056 trap days (147 × 48). The dimensions of the trap are illustrated in Figure 2. Individuals of the family Carabidae were identified by a specialist and co-author of this paper, Oto Nakládal, as demonstrated in several faunistic studies [56,57,58,59]. Species databases were used to categorize the ground beetles into life guilds, as presented in Table 1. The taxonomy and nomenclature of the species corresponded to the concept outlined by Zicha [60] (http://www.biolib.cz, accessed on 15 December 2023). Furthermore, the species were classified based on their conservation statuses according to the IUCN Red List of Endangered Species of the Czech Republic, Invertebrates [61].




2.3. Data Analysis


In this study, the following software were used for the analyses: R 4.3.1 [65], Canoco 5 [66].



To evaluate differences in the numbers of individuals and species per trap between sites, a generalized linear effect model was employed, with study plots as random effect. We used a Poisson distribution for the number of species, and a negative binomial distribution was applied for abundance data. For this analysis, the glmmTMB package was used [67]. The carabid communities among study sites were evaluated using non-metric multidimensional scaling (NMDS) based on the abundance data. For this analytic approach, we used the “vegan” package, employing the metaMDS function with “bray, two dimensions” [68]. The difference calculation between carabid communities was analyzed using the “adonis2” function included in the “vegan” package with 9999 randomizations. Preferences of individual carabid species to the study site were analyzed with the use of the Indicator Species Analysis (IndVal) approach [69]. For this analysis, the “indicspecies” package was employed with the “multipatt” function [70]. Sample-based rarefaction, following the methodology outlined in [71] and focusing on Hill numbers q = 0 (species richness) and q = 1 (the exponential of Shannon’s entropy index) and q = 2 (the inverse of Simpson’s concentration index), using package "iNEXT" [72], was used to evaluate gamma diversity through species richness curves. The incidence data approach, commonly employed in entomology studies, e.g., [7,73], was applied, utilizing 200 bootstrap replicates. Multivariate analysis was employed to evaluate the preference of the individual life guilds of carabid among the studied sites. We used constrained linear redundancy analysis RDA (log transformed) to calculate species preferences assigned to the surveyed life guilds. An analysis was performed with all canonical axis tests, with a research plot as a covariate. Ordination analyses were computed with 4999 unrestricted Monte Carlo permutations.





3. Results


3.1. Communities of Ground Beetles


A total of 5952 ground beetles were recorded, representing 63 species. The most abundant species was Carabus violaceus, with 852 individuals. At the same time, the ten most abundant species accounted for 82% of the entire captured assemblage of ground beetles. None of the species recorded were red-listed. The specific numbers of beetles captured at each site are detailed in Table 2. Additionally, the numbers of individuals and species per trap are shown in Figure 3. Significant differences in abundance were observed between the studied sites, particularly in the comparison of clear-cut burnt vs. unburnt sites and dead spruce burnt vs. unburnt sites. On the contrary, the difference in the number of species per trap was recorded only between healthy burnt vs. unburnt sites (Figure 3). The mean abundance of ground beetles decreased by 73% at clear-cut burnt sites and by 77.5% at dead spruce sites in comparison to their unburnt controls. On the other hand, abundance increased by 88% at burnt healthy sites compared to unburnt healthy sites. Ground beetle communities were significantly different between sites (Adonis2: R2 0.42; p < 0.001). Notably, the communities on fire-affected sites (dead spruce burnt, clear-cut burnt, healthy burnt) demonstrated a high degree of similarity among each other. In contrast, the healthy spruce sites hosted the most distinct communities (Figure 4). The gamma diversity was very similar across all sites, except for the healthy sites, which showed the lowest values (Figure 5). The highest levels of species richness (q = 0) and Shannon diversity (q = 1) were observed at the burnt healthy sites and unburnt clear-cut sites (Figure 5). Indicator species analyses revealed site preferences for 28 species, with most species (16 species) having significant preference for unburnt dead spruce sites (8 species) and burnt healthy sites (8 species) (Table 2).




3.2. Ground Beetle Guilds


Different preferences of life guilds were recorded between study sites (Figure 6; RDA: 50.2%, pF 10.8, p < 0.0001). The numbers of ground beetle individuals and species categorized by guilds are shown in Table 3. The unburnt sites attracted the group of large ground beetles, flightless (brachypteran) species, forest (F) and cold forest (FC) species. Small-body size species and macropterans showed a preference for burnt healthy sites, while the groups with affinity to open landscapes (MM, MO) showed a preference for the unburnt clear-cut site. Pyrophilous species and two guilds of ground beetles (O = open landscape, FL = light forest) were attracted to burnt sites. The activity of all the ground beetles varied throughout the season and across study sites (Figure 7). The lowest activity was recorded at burnt sites (dead spruce, clear-cut), showing a slight increase in abundance in the second half of the season. Conversely, the highest activity was found at burnt healthy sites. A consistent decreasing trend was observed at unburnt clear-cut sites (Figure 7). In pyrophilous ground beetles (S. quadripunctata, P. quadrifoveolatus), the overwintering generation exhibited low activity based on the abundance in the trap exposition intervals, resulting in the low numbers of these species recorded in the first third of the season. However, higher activity was observed in the second half of the season (Figure 7).





4. Discussion


This study evaluated the effect of a forest fire on ground beetles at different study sites with different managements in the past. The evaluation of individual management methods (clear-cut, unlogged dead spruce) after a large-scale fire was insufficiently researched. Two studies in northern Europe assessed sites similarly, however, on a low-scale prescribed-fire forest plot [23,74]. Overall, interest in the study of ground beetles and the fire relationship is decreasing in recent years compared to those in butterflies and bees [18]. Below, we discuss the ground beetle response by grouping units, abundance, richness, communities, guilds, and pyrophilous ground beetles.



4.1. Ground Beetle Abundance


The impact was significant, particularly in the abundance of ground beetles on fire-affected sites, showing a substantial decrease in the mean abundance per trap of 73–77.5%. Such a decline in the abundance of ground beetles following fire is consistent with other studies [18,75]. However, an increase in abundance was observed for small-scale prescribe fires [23,74]. In contrast, on burnt healthy sites, the mean abundance of the ground beetles increased by 88% compared to unburnt healthy sites. This may be due to the severity of the fire, as healthy stands do not have as suitable conditions for burning as clearings and dead spruce where there is sufficient fuel for burning (dead wood or dry grass growth). Thus, in healthy stands, there could be fire with lower severity. Although we did not directly assess fire severity in our study, a lower fire intensity in healthy stands in the area was confirmed by Hruška et al. [50]. Such an environment emerges as highly diverse, providing niches for both pyrophilous species and those adapted to open habitats, or to sandy soils, which occupy niches formed after the litter burn caused by fire, e.g., Calathus erratus [33]. Remarkably, the P. quadrifoveolatus, N. brevicolis, and C. erratus species were significantly associated with the burnt healthy site where these species were captured in high numbers compared to the other sites. Moreover, P. quadrifoveolatus and C. erratus were captured exclusively on burnt sites. The observed increases in carabid activity and abundance in the second part of the season suggests that abundance may increase in the second year after a fire, as shown in [27]. Furthermore, Gongalsky, Persson [21] noted a significant increase in phytophagous invertebrate abundances two years after a fire. At the same time, increasing trap captures in the second half of the season may indicate that former or surviving individuals have reproduced and established the next generation of ground beetles or the recolonization of burnt sites.




4.2. Ground Beetle Richness and Communities


The ground beetle communities of the unburnt healthy site showed the lowest alpha, beta and gamma diversities and were significantly different from all the other five sites (the burnt and unburnt clear-cut sites, burnt and unburnt dead spruce sites, and burnt healthy site), which, in contrast, represented localities after a disturbation. The communities on the unburnt healthy site were also characterized by high homogeneity and minimal variations. This finding generally corresponds with the idea that homogeneous spruce stands tend to homogenize beetle communities [76,77]. Consequently, any disturbance in the forest or a mosaic of different landscape management practices can alter and enhance regional beetle diversity [78,79]. The ground beetle communities responded similarly to the fire, significantly differing from the corresponding unburnt sites. This suggests that ground beetles demonstrate a similar response to fire-affected areas regardless of the original stand conditions. Mason et al. [80] stated that fire severity can also affect ground beetle communities. In our study, ground beetles did not show significantly higher species richness (gamma) or Shannon diversity on fire-affected sites than at unburnt sites. This result contradicts the findings of [23] and the response observed in saproxylic beetles [32,79]. On the other hand, the stands studied in [23,32] were similar in character to our studied burnt healthy site. We evaluated these sites as high in species richness. Additionally, the study site in [23] had a minimal extent of the fire-affected area. The unburnt clear-cut site exhibited comparable species richness to the burnt healthy site. The high level of all assessed parameters of beetle biodiversity on clear-cuts corresponds to the high conservation value of this type of forest habitat [39,81]. This may correspond to the earlier landscape character of open forest-steppe formations regulated by, e.g., large herbivores [82]. The next potential suitability of both the burnt healthy and unburnt clear-cut sites may be attributed to the missing suction of water through the vegetation at these sites. Consequently, these sites could maintain higher humidity levels, facilitated by the shading effect of the parent stand or the growth of vegetation in the clear-cut area, in contrast to the burnt open areas exposed to full sun. Elevated humidity is known to be crucial for the richness of carabid beetles [25,83].




4.3. Pyrophilous Ground Beetle


As pyrophilous species, Sericoda quadripunctata (5 individuals) and Pterostichus quadrifoveolatus (392 individuals) were identified, the first one being the primary pyrophilous species colonizing freshly burnt areas and the second one representing a secondary pyrophilous species [33,45]. The Catalogue of Palaearctic Coleoptera in Central Europe [46] mentions another pyrophilous species in Europe, S. bogemannii, but this species has not been recorded in our study. The pyrophilous species strictly preferred post-fire sites, consistent with findings in other studies, such as Wikars’ [84]. The low abundance of pyrophilous species may be because these sites may already show characteristics of a more advanced stage of epigeic succession in the first year after the fire, or it may correspond to a low-intensity fire. Koivula et al. [85] found that S. quadripunctata seeks out and responds positively in abundance to higher fire severity. It may also be related to fire type, e.g., ref. [44] reported that S. quadripunctata is more common in sites after a crown fire. A similar structure of pyrophilous ground beetles with our study was observed two- and three years post fire [33,75]. S. quadripunctata is sensitive to predation pressure on its eggs and therefore prefers fresh burnt areas only [45]. The sensitivity to environmental sterility for S. quadripuntata is evident in the relatively slow recovery of soil arthropod groups after a fire [21,22]. Based on the ground beetle activity results, it is possible to argue that pyrophilous ground beetle species may not have reproduced in the large study area. Since the first moments after the fire, the area has been colonized by individuals from distant locations [40], allowing them to spread effectively over the large area with limited trap captures. The activity of pyrophilous ground beetles concentrated in the second half of the sampling season suggests that these are likely the next generations of the initial pyrophilous colonizers that arrived from more distant sites. The studies by Koivula et al. [85] and Blažej [33] noted that S. quadripunctata was most abundant only in the first year after a fire, suggesting that their abundance might decrease in our study sites. This may illustrate that even areas after extensive fire do not host large numbers of pyrophilous species, supporting the idea proposed in [86] that pyrophilous communities are highly fluctuating and unstable.




4.4. Ground Beetle Guilds


Large ground beetles (>10 mm) constituted the largest part of the ground beetle abundance. However, these beetles showed a notably strong negative response to the fire, resulting in a significant decrease in their abundance compared to those at unburnt sites. The genus Carabus accounted for the majority of ground beetle individuals. As a brachypteran genus without the ability to fly, it was probably negatively affected and burnt by the fire, hence the very low abundances recorded at the post-fire sites. In general, our observations indicate a clear association of large ground beetles, brachypteran species, and forest specialists with unburnt sites. The recolonization of the large-scale fire area could be hindered particularly for species such as Carabus, which has very low dispersal abilities [87]. Moreover, after a large-area fire, forest edges are less important for invertebrate movement [21]. Large ground beetles mostly preferred unburnt dead spruce sites (after a bark beetle calamity), likely due to the resemblance of these sites to an undisturbed forest environment. Additionally, the availability of better feeding opportunities in the herbaceous understory and presence of dead wood could contribute to this preference [88]. On the other hand, burnt sites contained mainly small macropteran species that are associated with open landscape biotopes. These traits play in favor of these ground beetles, and they are better able to recolonize burnt areas. This finding is consistent with those of other studies, e.g., [74].





5. Conclusions


The results of the study provide insights into the behaviors of the ground beetles after a large-scale fire in Central Europe, an event of rare occurrence at this scale in the region. The fire primarily affected allochthonous non-native spruce stands and their logged and unlogged sites. This illustrates the importance of bark beetle gradation and the accumulation of large amounts of dead wood in unmanaged stands as potential fuel for the spread of fires [13], despite the vital role dead wood plays as an irreplaceable component of biodiversity [89]. While fire is a natural phenomenon inherent in forest development [1], its occurrence is often influenced by human activities. Indeed, fires are mostly started due to human carelessness [15]. The findings of our study emphasize the crucial role of fire in enhancing the regional diversity of ground beetles, highlighting its strong impact on their abundance. Specifically, (i) ground beetle communities significantly differed between burnt and unburnt sites. (ii) Similarly, all disturbed sites (both the burnt/unburnt dead spruce/clear-cut sites and burnt healthy site) were significantly different from the unburnt healthy site (green spruce stands). Thus, these disturbances (natural as well as artificial) significantly increase regional biodiversity. (iii) Individual study sites influenced beetle life trait guilds, particularly affecting the large and brachypteran ground beetles that were burnt by the fire and their abundances were very low at all the burnt sites. Also, species associated with open habitats were more prevalent at burnt sites. (iv) Contrary to expectations, the large-scale fire did not confirm the anticipated high abundances of pyrophilous ground beetles, such as the primary pyrophilous species S. quadripunctata. Further research is needed in these large fire-affected areas to find recommendations for nature conservation and the promotion of biodiversity.
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Figure 1. The locations of the study area and research plots with fire borders indicated. Each study site is shown in a different color, and a photo of its typical appearance is attached. 
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Figure 2. Pitfall trap in the field (A), components forming the whole trap system (B), and dimensions of the trap components in cm (C). 
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Figure 3. Numbers of individuals and numbers of species of ground beetles per trap. Boxes indicate the interquartile 1–3Q, the solid line in the box represents the median, and the error lines are min–max values. The stars above the bars show differences analyzed using the generalized mixed effect model (*** p < 0.001; ** p < 0.01; * p < 0.05, n.s., non-significant). 
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Figure 4. Non-metric multidimensional scaling (NMDS) showing differences in the ground beetle communities of individual study sites. Each site is enclosed in an ellipse of the 95% confidence interval. Solid points are centroids. 
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Figure 5. Sample size-based rarefaction and extrapolation sampling of the gamma diversity, showing the Hill numbers q = 0 (species richness) and q = 1 (the exponential of Shannon’s entropy index) and q = 2 (the inverse of Simpson’s concentration index). The colored shaded areas represent 95% confidence intervals. Solid symbols depict the total number of species, and extrapolation is represented by dashed lines, extended up to double the reference sample size. 
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Figure 6. Preferences of ground beetle guilds to the studied sites, redundancy analysis (RDA). Cl = clear-cut, DS = dead spruce, H = healthy. 
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Figure 7. Ground beetle activity over time at individual study sites (represented by colored lines): (A) all ground beetles (B) pyrophilous ground beetles. Date indicates the intervals of traps exposition in 2023. 
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Table 1. Classification of the studied life-trait guilds of ground beetles.
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Habitats

Schneider et al. [62]

	
mainly found in forests, without preference for light or closed forests

	
F




	
mainly found in forests, with strong affinity to closed forest habitats

	
FC




	
mainly found in forests, with strong affinity to light forests, forest edges, or glades

	
FL




	
occurring equally in open landscapes and forest habitats

	
MM




	
strong affinity to open landscapes, but also regularly occurring in forests, at forest edges, or in glades

	
MO




	
only occurring in open landscapes or other habitats without forest cover like caves or buildings

	
O




	
Body size

Lompe [63]

	
small < 10 mm; large > 10 mm

	




	
Flight ability

Hůrka [64]

	
(1) flight capable and predominantly flight capable (macropterous); (2) flight incapable or predominantly flightless (brachypterous); (3) for species exhibiting variations within their population, such as combinations where part of the population can fly and part cannot, these were classified as flight/non-flight (both).

	











 





Table 2. List of recorded ground beetle species at the individual study sites. Indicator species values (InVal) are included by Dufrêne & Legendre, [69]. The results of the InVal approach are indicated by bold symbols (*** p < 0.001; ** p < 0.01; * p < 0.05; . p < 0.20).
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	Species
	Clear-Cut Unburnt
	Clear-Cut Burnt
	Dead Spruce Unburnt
	Dead Spruce Burnt
	Healthy Burnt
	Healthy Unburnt
	Sum





	Carabus violaceus (Linnaeus, 1758)
	156
	16
	538 ***
	29
	37
	76
	852



	Carabus hortensis (Linnaeus, 1758)
	54
	2
	226
	12
	40
	492 ***
	826



	Poecilus versicolor (Sturm, 1824)
	544 ***
	19
	158
	15
	49
	
	785



	Nebria brevicollis (Fabricius, 1792)
	1
	2
	2
	3
	644 ***
	
	652



	Carabus problematicus (Herbst, 1786)
	131
	27
	87
	27
	54
	97
	423



	Pterostichus quadrifoveolatus (Letzner, 1852)
	
	89
	
	51
	253 ***
	
	393



	Carabus intricatus (Linnaeus, 1761)
	38
	7
	205 *
	28
	16
	
	294



	Bembidion lampros (Herbst, 1784)
	59
	39
	23
	65
	93
	
	279



	Pterostichus niger (Schaller, 1783)
	49
	1
	105 ***
	28
	8
	12
	203



	Amara lunicollis (Schiödte, 1837)
	62
	7
	58
	7
	37
	
	171



	Notiophilus biguttatus (Fabricius, 1779)
	2
	11
	16
	27
	58 ***
	11
	125



	Harpalus rufipes (DeGeer, 1774)
	5
	11
	14
	17
	65 .
	
	112



	Pterostichus oblongopunctatus (Fabr., 1787)
	10
	
	74 **
	2
	14
	5
	105



	Calathus erratus (C.R. Sahlberg, 1827)
	
	22
	
	1
	77 .
	
	100



	Harpalus latus (Linnaeus, 1758)
	47 ***
	2
	8
	3
	4
	
	64



	Abax parallelepipedus (Pill & Mitt, 1783)
	1
	3
	41 .
	1
	6
	11
	63



	Cychrus attenuatus (Fabricius, 1792)
	
	
	2
	
	
	60 ***
	62



	Harpalus solitaris (Dejean, 1829)
	12
	26 .
	1
	3
	7
	
	48



	Carabus coriaceus (Linnaeus, 1758)
	
	
	
	
	
	38 ***
	38



	Amara plebeja (Gyllenhal, 1810)
	3
	1
	1
	2
	25 *
	
	32



	Poecilus cupreus (Linnaeus, 1758)
	23 ***
	3
	
	5
	1
	
	32



	Cicindela campestris (Linnaeus, 1758)
	10
	8
	2
	8
	
	
	28



	Poecilus lepidus (Leske, 1787)
	
	5
	
	
	22 .
	
	27



	Microlestes minutulus (Goeze, 1777)
	1
	11 .
	2
	5
	5
	
	24



	Carabus arvensis (Herbst, 1784)
	5
	1
	11 .
	3
	2
	
	22



	Abax ovalis (Duftschmid, 1812)
	
	
	
	
	
	20 ***
	20



	Harpalus affinis (Schrank, 1781)
	
	7
	
	7
	4
	
	18



	Calathus fuscipes (Goeze, 1777)
	3
	
	2
	
	9
	2
	16



	Notiophilus palustris (Duftschmid, 1812)
	6
	1
	3
	2
	2
	
	14



	Harpalus rufipalpis (Sturm, 1818)
	
	1
	
	1
	10 .
	
	12



	Amara bifrons (Gyllenhal, 1810)
	
	
	
	
	10
	
	10



	Agonum sexpunctatum (Linnaeus, 1758)
	6
	
	
	
	3
	
	9



	Leistus rufomarginatus (Duftschmid, 1812)
	2
	
	1
	
	6
	
	9



	Carabus auronitens (Fabricius, 1792)
	
	
	7 *
	1
	
	
	8



	Carabus linnei (Panzer, 1810)
	1
	
	4
	
	
	3
	8



	Cymindis cingulata (Dejean, 1825)
	4
	
	1
	1
	2
	
	8



	Cychrus caraboides (Linnaeus, 1758)
	
	
	4 .
	
	
	1
	5



	Notiophilus aestuans (Dejean, 1826)
	1
	
	
	2
	2
	
	5



	Sericoda quadripunctata (De Geer, 1774)
	
	4 .
	
	
	1
	
	5



	Trechus quadristriatus (Schrank, 1781)
	
	3
	
	
	2
	
	5



	Carabus nemoralis (O.F. Müller, 1821)
	
	
	
	
	
	4
	4



	Bembidion properans (Stephens, 1828)
	1
	
	
	
	2
	
	3



	Pterostichus aethiops (Panzer, 1797)
	
	
	2
	
	
	1
	3



	Pterostichus burmeisteri (Heer, 1841)
	
	1
	
	
	1
	1
	3



	Amara curta (Dejean, 1828)
	
	
	
	2 .
	
	
	2



	Amara equestris (Duftschmid, 1812)
	1
	
	
	
	1
	
	2



	Bembidion quadrimaculatum (Linnaeus, 1761)
	
	1
	
	1
	
	
	2



	Dromius agilis (Fabricius, 1787)
	
	
	
	
	
	2 .
	2



	Harpalus rubripes (Duftschmid, 1812)
	
	1
	
	
	1
	
	2



	Pterostichus nigrita (Paykull, 1790)
	2
	
	
	
	
	
	2



	Tachyta nana (Gyllenhal, 1810)
	1
	1
	
	
	
	
	2



	Acupalpus flavicollis (Sturm, 1825)
	
	1
	
	
	
	
	1



	Amara ovata (Fabricius, 1792)
	
	
	
	
	1
	
	1



	Asaphidion flavipes (Linnaeus, 1761)
	
	
	
	
	
	1
	1



	Bembidion guttula (Fabricius, 1792)
	1
	
	
	
	
	
	1



	Bembidion mannerheimii (C.R. Sahlberg, 1827)
	1
	
	
	
	
	
	1



	Bradycellus harpalinus (Audinet-Serv, 1821)
	
	1
	
	
	
	
	1



	Harpalus laevipes (Zetterstedt, 1828)
	
	
	1
	
	
	
	1



	Pterostichus melanarius (Illiger, 1798)
	1
	
	
	
	
	
	1



	Pterostichus minor (Gyllenhal, 1827)
	1
	
	
	
	
	
	1



	Stomis pumicatus (Panzer, 1796)
	1
	
	
	
	
	
	1



	Syntomus truncatellus (Linnaeus, 1761)
	1
	
	
	
	
	
	1



	Synuchus vivalis (Illiger, 1798)
	1
	
	
	
	
	
	1



	SUM
	1248
	335
	1599
	359
	1574
	837
	5972










 





Table 3. Numbers of ground beetle individuals and species categorized by life trait guilds. In the category of flight ability, “both” represents the species exhibiting variations within their population, such as combinations of macropterous and brachypterous individuals.
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Guilds

	
Flight Ability

	
Body Size

	
Pyrophilous

	
Habitat




	

	
Yes

	
No

	
Both

	
Small

	
Large

	
Yes

	
No

	
F

	
FC

	
FL

	
MM

	
MO

	
O






	
No. of Species

	
34

	
24

	
5

	
31

	
32

	
2

	
61

	
9

	
6

	
6

	
9

	
12

	
21




	
No. of Indivs.

	
2737

	
3052

	
163

	
1628

	
4324

	
398

	
5554

	
1703

	
129

	
461

	
1904

	
558

	
1197
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