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Abstract

:

The multiple-use approach to forestry applied in Germany aims to combine timber production and habitat management by preserving specific stand structures. We selected four forest stand types comprising (i) pure oak, (ii) equal oak–pine mixtures, (iii) single tree admixtures of oak in pine forest and (iv) pure pine. We analysed the effects of stand composition parameters on species representative of the larger carabid beetles (Carabus arvensis, C. coriaceus, C. hortensis, C. violaceus, Calosoma inquisitor). The main statistical methods used were correlation analyses and generalised linear mixed models. Cal. inquisitor was observed in pure oak forests exclusively. C. coriaceus and C. hortensis were absent from pure pine stands. High activity densities of C. arvensis and C. violaceus were observed in all four forest types. When assessed at the smaller scales of species crown cover proportions and spatial tree species effect zones, C. hortensis was found to be positively related to oak trees with a regular spatial distribution, whereas C. coriaceus preferred lower and more aggregated oak tree proportions. C. violaceus showed strong sex-specific tree species affinities. Information about preferences of carabid beetles is necessary for management activities targeting the adaptation of forest structures to habitat requirements.
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1. Introduction


The promotion and protection of mixed forests is considered a high priority in forest landscapes with large areas of artificially established, even-aged coniferous forests [1,2,3]. A typical example are the single-layered Scots pine (Pinus sylvestris L.) forests with naturally occurring admixed sessile oak (Quercus petraea (Matt.) Liebl.) trees found in the lowlands of central Europe [4,5,6]. Mixed forests are characterised by the presence of at least two different tree species [7]. Tree species mixtures can generate positive impacts in terms of the stability and resilience of forest ecosystems [8,9,10]. The specific traits of tree species, and the stand compositions, increase the potential range of habitat conditions and environmental niches that can be exploited of by different species of flora and fauna [11,12]. The effects of tree species mixtures depend on species proportions, spatial distribution and the patterns of mingling [2,3]. To understand the beneficial effects of mixtures, it is important to identify links between tree species and groups of faunal species [13]. This is all the more important in light of the fact that some studies have shown that greater structural diversity or tree species richness in forest ecosystems is not necessarily associated with an increase in faunal diversity [2,14,15].



Carabid beetles are one of the best investigated groups of beetles and are recognised for their high potential to act as indicator or model species for specific environmental conditions [16,17,18]. The importance of carabid beetles in forest ecosystems is due to their function as predators and antagonists of pest insects [19,20]. Generalised statements concerning the preferences of carabid beetles in relation to habitat or forest types can lead to misinterpretations or contradictory conclusions, because previous studies of Carabid beetles reported different or unspecific results concerning the beetles’ affinities to particular tree species and forest stand types. For example, Lindroth [21] characterised Carabus violaceus (L. 1758) as a “eurytopic” species, present in deciduous and coniferous forests. Skłodowski [22] recorded this species in poor coniferous forests only, whereas Dahl [23], by contrast, wrote that C. violaceus avoids poor coniferous forests. Another example is given by the following contrasting distributions claimed for C. hortensis (L. 1758), variously described as a “dominant species in moderately dry coniferous forests” [24], a species of fertile deciduous forest habitats [22] and a species of sparse deciduous and mixed forests in central Europe [21]. The differing distributions observed for the Carabus species can be explained by species-specific behavioural patterns and high locomotory activity [24,25,26]. Other explanations may derive from the consideration of superordinate spatial levels (e.g., landscape scale), local or regional differences in climate conditions, and the limited assessment of forest stand type characteristics, especially in tree species mixtures [27,28].



More detailed measurements of forest structures will almost certainly increase the value of information concerning the habitat preferences of Carabid beetles [15,29]. One way to increase our knowledge is through an approach to forest inventory that characterises mixed forests on the basis of basic components such as age, dimensions (stem or crown), proportions and the spatial arrangement of the tree species [30,31]. These forest parameters help to characterise forest conditions at smaller spatial scales, such as at the scale of single trees or small groups of trees [32,33]. It has been proven that in the case of single tree admixtures the spatial ecological effects are influenced in particular by individual tree age, diameter at breast height and crown dimension [34,35]. These tree species effects are spatially limited [36] and characterised by distance-dependent gradients or zones [37]. Tree species affect light availability, the microclimate and soil conditions in their surroundings, all of which are relevant for flora and fauna [38,39]. The resultant gradients and zones lead to small-scale edge effects [32]. Consequently, the habitat function of mixed forests as it pertains to Carabid beetles depends on the spatial manifestation of individual tree effects [40]. Soil surface-related tree zone effects are highly relevant for Carabid beetles; for example, humus forms, leaf litter distributions [27,41,42], pH values [39,43,44], topsoil moisture as a result of crown interception [45] and ground vegetation cover [37].



For the purposes of the study of pure and mixed oak and pine forests presented in this paper, we used detailed spatial information tied to oak and pine trees to describe the differences in forest stand types and to analyse related habitat effects for Carabid beetles [27]. The study excluded the effects of different climate regions and temporal aspects such as seasonality of climate conditions or species-specific metamorphic behavior of Carabid beetles [46]. Parameters pertaining to Carabid beetles, such as activity density, body size and sex ratios (number of males to females), can be used to assess the suitability of habitats and their quality [47,48]. The term “activity density” is used in pitfall trap studies (see methods) to record mobile species such as Carabids driven by, for example, intrinsic and extrinsic motivations [25,49]. The activity density represents the conceptual approach behind the pitfall trap method, which aims to provide mobility-related data pertaining to the species present in the context of defined temporal and spatial scales [24,50]. Carabid beetles exhibit strong sex-specific habitat preferences and benefit from the available resources [51,52]. To highlight the relevance of tree species effects within pure and mixed oak and pine forests for the distribution of Carabid beetles, the research was based on the following hypotheses:




	
Differences in activity density, body size and sex ratios can be expected at the level of forest stand types for the five Carabid species analysed (Carabus arvensis (Hbst. 1784), C. coriaceus (L. 1758), C. hortensis (L. 1758), C. violaceus (L. 1758), Calosoma inquisitor (L. 1758)).



	
Tree species-specific characteristics, such as proportions of crown cover, and the nature of the tree species spatial distribution (random, regular or aggregated) are suitable parameters to highlight the affinities of Carabid beetles, especially for the mixed oak and pine forest stand types.



	
Superordinate analyses are possible, where tree species effect zones (Z1—pure oak effect zone, Z2—mixed oak–pine effect zone, Z3—pure pine effect zone) are used to define small-scale habitat preferences and environmental niches of Carabid species.









2. Materials and Methods


2.1. Study Areas and Tree Species Parameters


All of the sites covered in the study are located to the south of the German Federal State Brandenburg, in the Neusorgefeld forest district (51°47′15.77″ N; 13°34′37.36″ E). The mean distance between the study areas is 1605 m (sd ± 1102 m). The soils typically found in this region of the German lowlands are poor and sandy. The local mean annual temperature during the sampling period in 2011 reached 9.2 °C, and the precipitation amounted to 516 mm [53]. The ground vegetation in the herb and shrub layers of all study sites is dominated by Deschampsia flexuosa (L.), Vaccinium myrtillus (L.), Vaccinium vitis-idaea (L.) and small patches of Calamagrostis epigejos ((L.) Roth). Hypnum spp. and Pleurozium schreberi (Brid.) have the highest abundance in the moss layer. Four different managed forest stand types were considered, characterised by different proportions of the tree species P. sylvestris and/or Q. petraea: (fst1) pure oak stands, (fst2) even mixtures of oak and pine trees, (fst3) admixtures of less than 10% of oak within a pine forest matrix and (fst4) pure pine stands. Each of the chosen forest stand types included four study areas, except for the third forest stand type, which was represented by three study areas. The total number of study areas was 15, and all study areas were oriented to the north. The tree species distributions of the study areas are shown as position maps in Figure 1, combined with the tree crown dimensions. The position maps are based on polar coordinates measured using a laser-dendrometer (type LEHDA-GEO 100) with a degree of precision of 0.5° for the direction and 0.1 m for the distance. The polar coordinates were transformed into x- and y-coordinates (Cartesian coordinates) for further statistical analyses (see Section 2.3). The study areas established within the forest stand types fst1, fst2 and fst4 were 30 m × 60 m in size. The larger study areas in the forest stand type fst3 covered areas of between 4900 m² and 6300 m². Diameter at breast height, tree height and crown diameter were recorded for all trees on the 15 study areas. These parameter measurements at the individual tree level were included in further calculations carried out on other spatial scales, for example, at the level of study area (Table 1) and at the level of the areas surrounding traps (e.g., calculation of oak crown cover within 225 m²), as used in the model approach (see Section 2.3). Stem densities per hectare were calculated per tree species, as were the relative proportions of the tree species and crown covers.




2.2. Trap Design and Beetle Parameters


The positions of the pitfall traps were recorded in the same way as the tree positions (Figure 1). A trap arrangement in a 15 m × 15 m grid was employed on all study areas, according to the body size of the Carabidae [54]. The use of pitfall traps is a common method to record ground-dwelling arthropods [50,55]. Eight pitfall traps were placed at each sampling site for the forest types fst1, fst2 and fst4 with an area of 1800 m². In the case of the lager areas (4900 m² and 6300 m²) for forest stand type fst3, the same grid was used for the pitfall traps, with four additional traps placed around one large oak tree. This produced trap numbers of between 29 and 34 per forest type (Table 2). The pitfall traps, made of glass, were 7.5 cm in diameter and 9 cm in depth. They were filled to 75% with a solution of saturated benzoic acid and detergent [56] and covered by a transparent plastic roof to exclude precipitation. The use of 5% benzoic acid has proven successful as a killing liquid and preservative to record Carabids within forest ecosystems. The solution of saturated benzoic acid has the following positive properties compared to other killing liquids and preservatives: (i) no toxicity, (ii) the preservative effect prevents disintegration by fungi or putrid bacteria, (iii) no discolouration, (iv) no odour development and (v) no hardening of recorded Carabids [50,57,58,59]. The control interval for the 190 pitfall traps was 14 days, synchronised for all study areas. The related activity densities of the Carabid beetles were calculated as a number of specimens per m². The control period for the pitfall traps extended from 16 March until 27 October 2011.



The spatial relations were established using the trap coordinates. The body length (cm), height (cm) and width (cm) of all sampled Carabid beetles (imagines) were measured to calculate the sex-specific (females versus males) individual body size (volume in cm³) by means of the ellipsoid formula [60]. The sex ratio for all Carabid species was determined by dividing the number of males by the number of females [61].




2.3. Aggregation Index and Statistical Analyses


The calculation of aggregation indices based on the method of nearest-neighbour distances is one possibility to get additional information about the spatial distribution of tree species, in particular within mixed forests [62,63]. We used the Clark–Evans aggregation index (R) including the “Donnelly” edge correction and a Monte Carlo test based on 999 simulations of CSR with fixed n [64]. The null hypothesis states a completely random spatial distribution of trees, whereas the alternative hypothesis describes a clustered or regular distribution pattern. The values of the aggregation index R can be interpreted as follows: R = 1 indicates completely random distribution, R > 1 regular or even distribution and R < 1 aggregated or clustered distribution.



Following a stepwise adaptation of the data analyses to the different hierarchies of spatial scale, we started with the forest stand type level, followed by individual forest areas and finally small-scale tree effect zones. At the level of forest stand type, analyses of variance (ANOVA) and additional multiple post-hoc tests (LSD, least significant difference) were used to test for differences in the mean species- and sex-specific densities, body sizes and sex ratios of Carabid beetles between the four different forest stand types (Figure 2). Bivariate correlation analyses (Pearson’s correlation coefficient, p-value ≤ 0.05) were carried out to test the strength of the relationships between the tree species-specific parameters (crown cover proportions and aggregation indices) and the species-specific parameters (density and body size) of the Carabid beetles at the forest stand level. The value of the correlation coefficient (r) ranged between +1 and −1 [65]. Distance-dependent single tree effect zones were calculated for each forest area for the small-scale analyses [66,67]. The following three spatial effect zones were defined according to Wehnert and Wagner [42]: Z1 describes the distance between the oak trunk and the crown edge projection (0 m to < 4 m), Z2 is the distance between ≥ 4 m to < 15 m characterised by mixed oak–pine conditions and Z3 is the distance ≥ 15 m representative for pure pine parts of the stands in the study areas. Table 2 gives an overview of numbers and proportions of zones for each study area. Unexpectedly, in forest stand type fst2, with a roughly even mixture of oak and pine trees, the resultant proportions of pure pine zones (Z3) were low. The opposite is true for the study areas of the forest stand type fst3 with less than 10% oak trees.



The detailed information obtained at the small-scale was integrated employing a generalised linear mixed model (GLMM) approach [68]. The use of GLMMs allowed for the inclusion of the spatially explicit small-scale data collated gathered in the immediate surroundings of the pitfall traps, such as the effect zones and the canopy cover proportions of the tree species differentiated by the defined forest stand types [69]. The model adopted “forest stand type” and “tree effect zone” or “proportion of oak crowns” as fixed effects and “forest area” as a random effect to explain the species- and sex-specific densities of Carabid beetles. GLMMs were fitted by means of a negative-binomial error distribution and a logarithmic link. The applied GLMM structure was:


  r  v  i , k   =  β 0  +  β 1  f o r e s t . s t a n d . t y p  e i  +  β 2  o a k . c r o w n . c o v e  r i  +  μ k  + ε  



(1)




taken the oak effect as a metric covariate or


  r  v  i , k   =  β 0  +  β 1  f o r e s t . s t a n d . t y p  e i  +  β 2  f o r e s t . z o n  e i  +  μ k  + ε  



(2)




taken the oak effect as a categorical covariate with


  f o r e s t . z o n  e i  =  {     0 ,   o a k   d i s t a n c e < 4   m     1 ,   4 ≤ o a k   d i s t a n c e < 15   m     2 ,   o a k   d i s t a n c e ≥ 15   m       



(3)




with rvi as the response variable (i.e., species- or sex-specific number of beetles) of the ith trap and μk as the random effect parameter of the kth stand. We tested model residuals (qq-plots), heteroscedasticity in the residuals, and we checked for spatial autocorrelation by semi-variograms. Therefore, it was not necessary to adjust the original model.



The GLMM outputs were used for predictions of species- and sex-specific beetle activity densities differentiated by forest stand types and zones (Figure 3). The R package “lmmTMB” was used in combination with the package “lme4” for the calculations [70]. The models were fitted using maximum likelihood estimation via “TMB” (Template Model Builder). All calculations were conducted using R software version 4.0.3 (10 October 2020).





3. Results


3.1. Effects of Forest Stand Types, Tree Species Proportions and Effect Zones


The total numbers of adult specimens recorded per Carabid species over the whole sampling period of 7.5 months and across all of the study areas were as follows: 337 C. arvensis, 70 C. coriaceus, 75 C. hortensis, 144 C. violaceus and 102 Cal. inquisitor. C. arvensis and C. violaceus were present in all four forest stand types. C. arvensis exhibited the highest activity densities of individuals across all forest stand types. Cal. inquisitor was also present at high activity densities but occurred only in the pure oak forest stand type (fst1). The activity densities of males of Cal. inquisitor were significantly higher than of females (Figure 2). C. coriaceus and C. hortensis were completely absent from pure pine stands (fst4). The body sizes differed between the sexes of all Carabid species, females generally being larger.



For both sexes of C. arvensis the highest activity densities were observed in the forest stand type with <10% oak trees (fst3). The activity densities of females were higher in forest stand types where oaks were present, while C. arvensis males responded to higher proportions of pine trees with higher activity densities. Forest stand type had no effect on the body size of C. arvensis females. However, an increase in the proportions of pine in the different forest stand types was associated with a slight increase in the size of C. arvensis males. Indeed, a significant difference (p-value = 0.01) in male body size was observed between the pure oak and pure pine stands. The sex ratio increased to values above 1, representing the dominance of males, with an increase in the pine tree proportions across the forest stand types.



The activity densities of C. coriaceus were comparatively low but exhibited a positive trend towards the forest stand type with <10% of oak. The activity densities were low in pure oak, whereas individuals of both sexes were missing in pure pine stands. The forest stand types revealed sex-specific effects on C. coriaceus body sizes. The body size of the females was largest in pure oak stands. Males were largest in the oak–pine mixed stands (fst2). The sex ratio of C. coriaceus approached a balanced value (approx. 1) with an increasing proportion of pines in the forest stand types.



The activity density of C. hortensis was comparable to that of C. coriaceus. Females and males (imagines) of C. hortensis were missing in pure pine stands. The activity densities of females were similar across the studied forest stand types. The activity densities of males differed significantly between the mixed oak–pine stand type and the stand type with <10% oak (p-value = 0.05). The sexes of C. hortensis exhibited comparable body sizes across the different forest stand types, except the forest stand type with <10% oak. In the latter case, a significant difference between the body sizes of the sexes was observed (p-value = 0.05). In the mixed oak–pine forest stand type females predominated (sex ratio < 1), but the sex ratio of the other forest stand types highlighted a predominance of males.



The activity densities of C. violaceus females differed significantly between the forest stand types (p-value = 0.05). For both sexes the highest activity densities occurred in the forest stand types with pure oak (fst1) and with <10% oak (fst3). The sex-specific body sizes were comparable for each of the different forest stand types. Significant differences in body sizes between the sexes were observed for each forest stand type (p-value = 0.01). In forest stand types with higher proportions of pine the predominance of males increased continuously up to ratios of above 1. C. violaceus females were predominant in the pure oak stands (fst1). This resulted in significant differences in the sex ratios between the pure oak and pure pine forest stands (p-value = 0.05).



Cal. inquisitor was only observed in pure oak stands, except for one male that was recorded in the oak–pine mixed forest stand type. The significant differences (p-value = 0.01) between the sexes were reflected by a sex ratio of 3.97, which is representative of a strongly male-dominated distribution.



The relationship (Table 3) between oak crown cover proportions and the activity density of females was positively correlated for C. hortensis (r = 0.508, p-value = 0.05), C. violaceus (r = 0.676, p = 0.01) and Cal. inquisitor (r = 0.814, p = 0.001). This correlation was also positive for C. coriaceus (r = 0.236, n.s.) but not significantly so. A strongly positive correlation between the crown cover of oaks and the activity density of both sexes was determined only for Cal. inquisitor (r = 0.811, p-value = 0.001). All female activity densities (except C. arvensis) were significantly negatively correlated with the proportion of pine crown cover.



Very strong positive relationships existed between oak crown cover proportions and body sizes of Cal. inquisitor (r = 0.880, p-value = 0.001). The positive correlations between oak crown proportions and the body size of Carabids were also identified as being significant for C. hortensis (r = 0.566, p-value = 0.05), but this relationship was significantly negative with regard to the crown proportion of pine trees (r = −0.636, p-value = 0.01). Negative tendencies for the relationships between the pine crown proportion and the body size of beetles were determined for C. coriaceus imagines (r = −0.466, p-value = 0.1). Positive effects of the pine crown cover proportion were identified for the body size of males of C. arvensis (r = 0.492, p-value = 0.1) and C. violaceus (r = 0.501, p-value = 0.05). The effect of the proportion of pine crown cover was negative for the body size of females of both species.



The correlation coefficients between the aggregation indices of tree species and parameters of Carabid beetles (Table 3) revealed positive effects of more regular oak tree distributions on the activity densities of C. coriaceus (r = 0.454, p-value = 0.1) and C. hortensis (r = 0.671, p-value = 0.01). Greater regularity of spatial pine tree distribution caused significantly higher activity densities of both sexes of C. violaceus (p-value = 0.05). The negative correlation coefficients indicated higher activity densities, especially of females, of C. coriaceus (r = −0.436, p-value = 0.1), C. hortensis (r = −0.510, p-value = 0.1) and Cal. inquisitor (r = −0.782, p-value = 0.01) where the pine trees were more aggregated. The spatial distributions of tree species were less related to body sizes of Carabid beetles (Table 3).



Only the body size of C. arvensis (r = 0.811, p-value = 0.001) and C. coriaceus (r = 0.784, p-value = 0.05) males were positively correlated with the aggregation index of pine trees, which means that a more regular distribution of pine trees was linked to an increase in body sizes. The negative correlation between the oak tree aggregation index and the body sizes of Cal. inquisitor females was representative of a positive effect on body size of a greater aggregation of oak trees.



Table 4 shows additional information on the smaller spatial scale represented by the effect zones and their effects on the beetle species and sexes. The activity densities of both sexes of Cal. inquisitor (r = 0.920, p-value = 0.001) and of females of C. violaceus (r = 0.654, p-value = 0.05) were positively correlated with the proportion of the oak zone (Z1). The density of C. coriaceus imagines showed the strongest positive correlation (r = 0.502, p-value = 0.1) with the mixed oak–pine zone (Z2). A tendency towards a positive correlation was also observed for C. hortensis imagines (r = 0.273, n.s.) and the males of C. arvensis (r = 0.124, n.s.). Significantly negative correlations with Z3 were determined for C. hortensis females (r = −0.520, p-value = 0.05) and imagines (r = −0.507, p-value = 0.05) and males of C. coriaceus (r = −0.490, p-value = 0.1).



Positive correlation coefficients were determined for the body sizes of C. coriaceus females (r = 0.541, p-value = 0.1) and both sexes of C. hortensis (r = 0.537, p-value = 0.05) within the pure oak zone. Positive correlations were also found between the body sizes of males of both C. arvensis (r = 0.575, p-value = 0.05) and C. coriaceus (r = 0.593, p-value = 0.1) with an increasing proportion of pine zone (Z3), whereas the sizes of males of C. hortensis were negatively correlated with increasing pine zone (r = −0.630, p-value = 0.1).




3.2. Model-Based Effects of Forest Stand Types and Different Structural Attributes


3.2.1. Modelling the Effects of Forest Stand Types and Oak Crown Cover


The first generalised linear mixed model combined the effect of forest stand types and the proportion of oak crown cover (see formula 1). Cal. inquisitor was excluded from the following analyses, because this species was only present in the forest stand type with pure oak. This first model (Table 5) revealed no significant effects on the activity density of C. arvensis. For C. violaceus a significant effect (p-value ≤ 0.05) of the mixed oak–pine stand type (fst2) was only estimated by the model.



Forest stand type effects linked to the proportions of oak crown cover were identified for the presence of C. coriaceus and C. hortensis. The results of this GLMM revealed a significant effect of oak crown cover on the imagines of C. coriaceus (p-value ≤ 0.01) and C. hortensis (p-value ≤ 0.001). Sex-specific differences were evident. For example, the forest stand types with oak tree admixtures and higher oak crown cover proportions had a more significant effect on females of C. hortensis than on males. The opposite was observed for C. coriaceus, where the effect of forest stand type was greater for males, in particular in the pine forests with less than 10% oak (p-value = 0.01).




3.2.2. Modelling the Effects of Forest Stand Types and Effect Zones


The second GLMM (see formula 2) included the four different forest stand types and the ecological effect zones (Z1 to Z3). The GLMM components again provided no significant explanation for the number of C. arvensis individuals (Table 6). However, this model better explained the number of C. violaceus imagines, which were influenced significantly by the different forest stand types. The combination of forest stand type and tree species-related effect zones resulted once again in significant model estimations for C. coriaceus and C. hortensis. The tree effect zones were determined to be highly significant in terms of estimating the number of imagines and males of C. coriaceus and C. hortensis (p-value ≤ 0.001). The mixed forest stand type (fst2), with roughly equal proportions of oak and pine, revealed lower (C. coriaceus) to no (C. hortensis) relevance as a means to predict the number of beetles.



Finally, the model parameters were used to predict the species- and sex-specific activity densities of the Carabid species (except Cal. inquisitor). This procedure allowed predictions for combination of the different effects occurring at the level of forest stand type and the smaller-scale effects of the tree zones. The heatmaps created (Figure 3) revealed higher activity densities of C. arvensis predicted for the evenly mixed oak–pine stands (fst2) and the pine stands with oak proportions of <10% (fst3), including a low affinity to the oak effect zone. The model predictions for C. coriaceus and C. hortensis revealed clear activity density gradients. Higher densities were shown for the pine stands with <10% oak (fst3), declining towards the pure oak stand type (fst1). The higher activity densities of C. coriaceus and C. hortensis occurred in combination with a concentration of individuals within the oak tree effect zone (Z1). The activity density gradients were more pronounced for C. coriaceus and C. hortensis than for C. arvensis. In the case of C. violaceus, higher activity densities of imagines and females were predicted for the pure oak forest stand type in combination with the oak effect zone, with males possessing a higher affinity to the pine-related effect zones (Z3) across all forest stand types.
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Figure 3. Carabus species- and sex-specific density (n/m²) model predictions separated by forest stand type (fst1—pure oak, fst2—oak-pine mixture, fst3—<10% oak, fst4—pure pine) and tree species effect zone (Z1—oak, Z2—oak–pine mixture, Z3—pine). Note the differences between the density scales for the various Carabid species. 
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4. Discussion


4.1. Spatial Scale of Pure and Mixed Forest Stand Types


Regarding the aforementioned importance of carabids’ role as indicators, as well as their model function, [18,25] referred to at the beginning of the paper, most of the relevant studies to date were concerned with structural diversity within the landscape [29,71]. Forests, as carabid habitats, have often been studied in comparison with open field conditions and forest patches [72,73]. The edge conditions lead to a highly selective categorisation of carabid species, given the considerable differences in habitat conditions between open fields and forest patches [74,75,76,77,78]. In forest ecosystems with less pronounced environmental gradients (e.g., transition zones) between structural elements, it is considerably more difficult to find clear differences in habitat conditions and in the resultant preferences of carabid species [79,80,81]. In order to develop multiple-use forest management with integrative conservation strategies, e.g., for carabids in central European forests, it is necessary to identify relevant spatial units or effect distances [36,40,82]. The definition of relevant structural elements (e.g., tree species compositions, dead wood, canopy gaps) as small-scale units within forests also applies to the characterisation of the habitat preferences of the different carabid species associated with forest ecosystems [22,28,83]. The distinction between pure and mixed forest stand types, as used in this study, is a first simple step, with a high degree of practical relevance, towards differentiating between the forest habitats of carabids [2,33,84,85]. It is worth noting here that traditional forest inventories classify forest stands with a proportion of <10% admixed tree species as pure stands [86]. This would be the case for the pine-dominated stand type with a low oak proportion (fst3) considered as part of this study and the ecological effects of the admixed old oak trees would be neglected as a result.



The assessment of forest types for carabids appears complex, given the importance of combining beetle parameters like activity density, body size and sex ratio, all of which provide indications of the habitat suitability and the vitality and the composition of the carabid species populations [87,88,89]. The species-specific comparison of carabids on the basis of forest stand type undertaken here revealed no significant effects on activity densities or on body sizes, although Skłodowski [22] observed increasing body sizes of carabids with an increasing proportion of deciduous tree species in forest stands. Previous studies also documented species-specific sex ratios as a function of different habitat conditions and seasonality [61,90]. The appreciably higher activity density (Figure 2) of the otherwise more immobile females (e.g., C. violaceus in pure oak) can be interpreted as a sign of suitable habitat conditions (oviposition site) [91]. Other studies, for example of Pterostichus oblongopunctatus (Fabricius, 1787), assumed a predominance of females to be indicative of better habitat quality [84]. However, other authors regarded a female-biased sex ratio to be a sign of unsuitable or disturbed habitats and increasing activity of females caused by hunger [47,61]. Focusing only on a single beetle parameter (density, body size or sex ratio) may lead to contrary assumptions for habitat derivation in carabids (e.g., C. violaceus).



The habitat preference of Cal. inquisitor was clear, being present exclusively in pure oak stands, where it occurred in high activity densities and with a high proportion of males. Although Cal. inquisitor is known as a species with a good capacity for flight, no individuals were recorded within the mixed oak–pine forest type with oak crown cover proportions of >30%. Similar results depicting the close affinity of Cal. inquisitor for oak trees were documented by du Bus de Warnaffe and Dufrêne [14]. In contrast to most ground beetles, Cal. inquisitor and Cal. sycophanta (L., 1758) have a strong affinity to deciduous trees as habitat [92]. The complete absence of C. coriaceus and C. hortensis in pure pine stands confirmed for both carabid species the basic assumption that forest stand types with an admixture of deciduous tree species such as sessile oak are preferable [21,84,93]. Moreover, the scarcity of carabid species within very homogenous, single-layered and pure pine stands was demonstrated by the fact that three (Cal. inquisitor, C. coriaceus, C. hortensis) of the five carabid species were absent (Figure 4). Contradictory findings presented by Barsoum et al. [33] indicated that the proportion of admixed oak trees in pine stands has no effect on the diversity of carabid species. Comparable activity densities of C. coriaceus and C. hortensis were recorded in pure oak stands and within mixed forest stand types. Only minor differences were revealed for the body sizes and the sex ratios of both species, with the exception of a higher female proportion of C. hortensis in the oak–pine forest stand type. No differences in the habitat preferences could be described for C. coriaceus and C. hortensis at the level of forest stand type without including smaller scale forest stand parameters such as tree effect zones (Figure 4). Interspecific competition between C. coriaceus and C. hortensis can be ruled out in spite of their similar forest type preferences, because of the relatively low activity densities [25,94]. C. arvensis and C. violaceus reached high activity densities within all four forest stand types. The use of such a broad range of forest habitats was already proven for C. arvensis, a species highly abundant in coniferous as well as deciduous forests, whereas C. violaceus is dominant in pure pine forests, subdominant in mixed coniferous forests and only an accessory species in oak–lime–hornbeam [84]. However, Magura et al. [95] found C. violaceus to be more pronounced in deciduous forests [95]. The differences in body sizes, related to forest stand type and sex-specific, was recorded for both species (females > males) [96]. This was also true for the sex ratios, which described increasing predominance of males with increasing proportions of pine. Females of both species were associated more with higher proportions of oak trees. As previously stated, the significance of the role of stand type in relation to sex ratios is debated [61,88]. No conclusive statements in relation to the habitat preferences of C. arvensis or C. violaceus were possible based on the forest stand type and the beetle parameters recorded.




4.2. Spatial Scale of Single Trees and their Ecological Effect Zones


In order to improve the reliability of the information on the habitat preferences of carabid species in forests, additional data beyond the level of mere forest stand type (Figure 4) are necessary [14,27,33,79,97]. Structural heterogeneity within single-layered forest stands is mainly influenced by the proportions and spatial distributions of the different tree species present [30,32,56,98,99,100]. In this study, the pure oak and pine forest stand types were characterised by aggregation indices above 1, indicating a regular tree species distribution. Often small-scale structures of particular relevance for different carabid species, such as dead wood aggregations [101,102], habitat/retention trees [103,104] and canopy gaps [105,106] are absent from the pure stands which are managed primarily for wood production [83,107]. Cal. inquisitor was the only carabid species in a pure stand type to benefit from a more regular spatial distribution of oak trees, showing an increase in the activity density of individuals. The added value of adopting single tree-based effect zones is that it provided a more precise definition of potential niches for carabids, characterised by pure oak, mixed oak–pine and pure pine conditions within mixed forest stand types [33]. The results obtained for the mixed forest stand types revealed that the spatial heterogeneity of these zones is a decisive factor influencing the presence of carabids (Figure 4). As was shown in Table 2, the transition zone (proportion of oak–pine zone approx. 70%) was dominant within the oak–pine forest stand type (fst2), whereas Z2 attained a proportion of only 15% to 48% in the forest stand type with <10% oak (fst3). The proportion of niches was less balanced than is actually implied by the number of oak and pine trees within the mixed forest stand types, because the spatial manifestation of individual tree effect zones depends on tree traits [42,108,109]. In forest stand types with an equal number of oak and pine trees mixed amongst each other, the effect exerted by oak can be more intense for carabids, because of the greater impact of the high quantities of litter deposited seasonally on the soil surface [94,110]. Using spatial effect zones, more detailed niche differentiations are possible. C. hortensis responded more strongly to an increase in oak crown cover and oak effect zones. This manifested itself in higher individual densities and larger body sizes compared to C. coriaceus. The site preference of C. hortensis, identified at a microscale, may be explained by a greater affinity for more humid places [111] covered by mosses [112]. These microsites exist along the drip line between oak crown edges and pine trees [113]. The negative response to higher pine proportions and related effects is also stronger for C. hortensis. Effects of the spatial distribution of tree species and effect zones could be shown for both C. hortensis and C. coriaceus but in different ways. C. hortensis benefitted from a more regular distribution of oak trees, but this was less relevant for C. coriaceus.



No differences were observed between the sexes of C. arvensis in terms of forest stand type preference—in spite of the integration of smaller spatial units such as single tree effect zones. The reason for this was that this species is highly variable in its responses to different habitat conditions. This is reflected, for example, by the colour and metallic lustre of the beetle’s body, a positive adaptation to differences in light availability [96]. The more shaded surroundings of oak trees situated within the oak–pine mixed stands had no obvious effect on the small-scale presence of C. arvensis. This may have been due to the relatively high light availability under the mixed oak–pine forest canopies and the slight zone-dependent light gradient between oak and pine trees [114,115]. To test for a potential affinity of C. arvensis to variable light conditions as affected by oak–pine mixtures in a forest stand, it would be useful to include the time of bud burst of oak trees as an additional seasonality aspect in future studies incorporating this spring-active carabid species [22,116].



Sex-specific responses to habitat conditions have been documented for various insect species [61,72]. In this study, C. violaceus showed the greatest sex-specific response in relation to single trees and effect zones, expressed in the activity density of individuals and in body size [25,51,117]. The females of C. violaceus revealed a high affinity for oak tree effects and avoided pine trees. The males, by contrast, were positively correlated with pine trees and the related effect zones, whereas oak trees were only preferred as spatial aggregates [98]. Only with an increase in the proportion of the oak–pine mixed zone (Z2) was a decrease observed in the activity density of individuals of both sexes of C. violaceus. Previous studies testing the effects of beech litter in spruce forests found only weak differences in the activity density of C. violaceus individuals [95], but the importance of sex-specific substrate preferences was also described for Carabus hungaricus (Fabricius, 1792) [52] and Carabus clathratus (L., 1761) [51]. The question of the temporal continuity of habitat uses in small-scale forest habitats, as described for the sexes of C. violaceus, can only be answered by including life cycle aspects for example, sex-specific behaviour during the reproductive period [47,91,118,119]. The importance of considering sex-specific smaller-scale habitat preferences to assess the suitability of forests is highlighted by the case of C. violaceus.





5. Conclusions


The derivation of the habitat preferences of carabid beetles in managed, pure, and mixed oak and pine forest stand types was successfully demonstrated in the study. The more unambiguous results of species- and sex-specific carabid parameters as responses to tree species effect zones illustrated the particular importance of small-scale spatial analyses, especially in mixed forests. Spatial information about tree species effect zones increases the accuracy of the identification of the habitat conditions in mixed forests preferred by carabid beetles. This approach represents an option to identify spatially optimal habitats [72] but also the limits to the extent that tree species combinations in mixed forests are suited to creating high variation of suitable habitat conditions for particular target species, for example, carabid beetles. Traditional silvicultural management activities, such as the targeted aggregation of oak trees in pine stands for the favourable impact this has on timber quality, can be evaluated on the basis of their impact on the different carabid species [98,120,121,122].



For carabid beetles to serve effectively as indicators or model species in spatially complex systems such as mixed forests, additional information about the continuity of environmental conditions within the corresponding microhabitats is required [15]. This applies in particular to species- and sex-specific analyses of carabid beetles. Additional research is also necessary to include the responses to tree species-related seasonality (deciduous versus evergreen coniferous trees) in mixed forests and life cycle aspects for carabid beetles [123]. Consideration should also be given to whether the more immobile and less chitinised larvae of carabids might be more suitable as environmental indicators [17,18,91,124].



While the results presented here are valid for pure and mixed forests consisting of oak and pine, our findings cannot be directly applied to other tree species constellations, because the spatial effect zones are strictly linked to the tree species and individual tree traits. Further research focusing explicitly on spatio-temporal interactions between tree species constellations in mixed forests and the effect on carabid species would be beneficial.
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Figure 1. Maps of tree and pitfall trap positions maps (white circles—pine trees, dark grey circles—oak trees, black squares—pitfall traps). 
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Figure 2. Overview of the parameters for C. arvensis, C. coriaceus, C. hortensis, C. violaceus and Cal. inquisitor (left column: densities (n/m²), central column: body size (cm³), right column: sex ratio (males to females)) related to the four different forest stand types and including the results of the following statistical tests: (a) ANOVA for males versus females, all forest stand types included, (b) separate ANOVA for females and males across all forest stand types, and (c) multiple post-hoc tests (LSD) across all forest stand types and for both sexes (The levels of significance: ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05). 
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Figure 4. A schematic summary of the results depicting the effects of the combination of different scales (forest stand types and spatial effect zones) for C. arvensis, C. coriaceus, C. hortensis, C. violaceus and Cal. inquisitor separated by sex. The size of the circles represents the activity density of females and males. The relative body sizes of the beetles are described by the pictograms. 
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Table 1. Forest stand parameters characterising the study sites representing the four different forest types (fst1—pure oak, fst2—mixed oak-pine, fst3—<10% oak, fst4—pure pine), namely age (years), number of trees per ha (n/ha) and species, proportion of trees per species, relative crown cover (%) per tree species, mean diameter at breast height—dbh (cm), mean height (m), mean crown diameter (m) and aggregation index (R) according to Clark and Evans (R = 1 random distribution, R < 1 clustered/aggregated distribution, R > 1 regular/even distribution) with CSR test, p-value ≤ 0.05 *).






Table 1. Forest stand parameters characterising the study sites representing the four different forest types (fst1—pure oak, fst2—mixed oak-pine, fst3—<10% oak, fst4—pure pine), namely age (years), number of trees per ha (n/ha) and species, proportion of trees per species, relative crown cover (%) per tree species, mean diameter at breast height—dbh (cm), mean height (m), mean crown diameter (m) and aggregation index (R) according to Clark and Evans (R = 1 random distribution, R < 1 clustered/aggregated distribution, R > 1 regular/even distribution) with CSR test, p-value ≤ 0.05 *).





	

	
Forest Area

	
No. 1.11

	
No. 1.12

	
No. 1.13

	
No. 1.14

	

	
No. 2.15

	
No. 2.16

	
No. 2.17

	
No. 2.18




	
Parameters

	
Units

	

	
Pine

	
Oak

	
Pine

	
Oak

	
Pine

	
Oak

	
Pine

	
Oak

	

	
Pine

	
Oak

	
Pine

	
Oak

	
Pine

	
Oak

	
Pine

	
Oak




	
age

	
(years)

	
fst 1

	

	
122

	
57

	
111

	
37

	
144

	
49

	
197

	
fst 2

	
62

	
94

	
99

	
59

	
139

	
104

	
81

	
92




	
no. of trees

	
(n/ha)

	

	
372

	
28

	
371

	
11

	
167

	
11

	
122

	
600

	
106

	
483

	
67

	
206

	
217

	
194

	
256




	
prop. of trees

	
(%)

	

	
100

	
7

	
93

	
6

	
94

	
8

	
92

	
85

	
15

	
88

	
12

	
49

	
51

	
43

	
57




	
crown cover

	
(%)

	

	
62.4

	
1.0

	
53.9

	
0.2

	
61.7

	
0.2

	
57.4

	
20.0

	
30.5

	
22.1

	
10.9

	
18.6

	
41.0

	
14.3

	
36.8




	
dbh (mean)

	
(cm)

	

	
30.92

	
16.44

	
28.25

	
17.10

	
47.26

	
24.08

	
49.93

	
23.48

	
31.50

	
25.68

	
29.78

	
38.86

	
19.34

	
32.55

	
23.21




	
height (mean)

	
(m)

	

	
17.67

	
14.21

	
16.55

	
10.80

	
21.76

	
17.70

	
20.29

	
19.37

	
19.35

	
19.78

	
17.99

	
24.40

	
14.53

	
22.67

	
19.16




	
crown diameter (mean)

	
(m)

	

	
6.05

	
3.62

	
5.12

	
3.59

	
8.49

	
3.27

	
8.41

	
3.69

	
6.53

	
4.22

	
6.36

	
5.04

	
5.89

	
4.66

	
4.75




	
aggregation index (R)

	

	

	
1.095

	
0.877

	
1.010

	
0.450

	
1.146

	
0.856

	
1.295 *

	
1.190 *

	
0.925

	
1.281 *

	
1.147

	
1.238 *

	
1.079

	
1.359 *

	
1.008




	
Forest Area

	
No. 3.4

	
No. 3.5

	
No. 3.6

	

	

	

	
No. 4.7

	
No. 4.8

	
No. 4.9

	

	
No. 4.10

	




	
Parameters

	
Units

	

	
Pine

	
Oak

	
Pine

	
Oak

	
Pine

	
Oak

	

	

	

	
Pine

	

	
Pine

	

	
Pine

	

	
Pine

	




	
age

	
(years)

	
fst 3

	
53

	
150

	
57

	
150

	
60

	
150

	

	

	
fst 4

	
57

	

	
60

	

	
87

	

	
104

	




	
no. of trees

	
(n/ha)

	
645

	
5

	
547

	
13

	
526

	
5

	

	

	
817

	

	
544

	

	
433

	

	
456

	




	
prop. of trees

	
(%)

	
99

	
1

	
98

	
2

	
99

	
1

	

	

	
100

	

	
100

	

	
100

	

	
100

	




	
crown cover

	
(%)

	
24.0

	
1.8

	
19.3

	
5.8

	
24.1

	
3.6

	

	

	
61.5

	

	
60.9

	

	
26.4

	

	
34.5

	




	
dbh (mean)

	
(cm)

	
24.05

	
38.02

	
24.36

	
44.03

	
25.69

	
48.32

	

	

	
24.09

	

	
24.71

	

	
30.41

	

	
29.74

	




	
height (mean)

	
(m)

	
20.45

	
16.07

	
20.12

	
18.66

	
21.18

	
17.87

	

	

	
21.58

	

	
19.63

	

	
20.93

	

	
22.71

	




	
crown diameter (mean)

	
(m)

	
2.97

	
8.13

	
2.84

	
10.33

	
3.34

	
12.84

	

	

	
3.10

	

	
3.15

	

	
2.35

	

	
2.65

	




	
aggregation index (R)

	

	
1.116 *

	
0.635

	
1.196 *

	
1.029

	
1.249 *

	
0.220

	

	

	
1.158 *

	

	
1.360 *

	

	
1.225 *

	

	
1.316 *
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Table 2. Number of traps per zone (i) and proportions of zones (ii) per study site and specific to the particular forest stand type (fst).
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No. of Traps per Zone

	
Proportion of Zones (%)




	
Forest Stand Type

	
Stand No.

	
Z1

(oak)

	
Z2

(oak-pine)

	
Z3

(pine)

	
Z1

(oak)

	
Z2

(oak-pine)

	
Z3

(pine)






	
fst1

	
pure oak

	
1.11

	
8

	
0

	
0

	
100

	
0

	
0




	
1.12

	
8

	
0

	
0

	
100

	
0

	
0




	
1.13

	
8

	
0

	
0

	
100

	
0

	
0




	
1.14

	
8

	
0

	
0

	
100

	
0

	
0




	
fst2

	
oak–pine mix.

	
2.15

	
3

	
5

	
0

	
34

	
66

	
0




	
2.16

	
3

	
5

	
0

	
26

	
68

	
6




	
2.17

	
3

	
5

	
0

	
30

	
69

	
2




	
2.18

	
2

	
6

	
0

	
26

	
74

	
0




	
fst 3

	
pine with

<10% oak

	
3.4

	
2

	
6

	
23

	
2

	
14

	
84




	
3.5

	
1

	
19

	
14

	
6

	
48

	
45




	
3.6

	
1

	
8

	
20

	
2

	
15

	
83




	
fst 4

	
pure pine

	
4.7

	
0

	
0

	
8

	
0

	
0

	
100




	
4.8

	
0

	
0

	
8

	
0

	
0

	
100




	
4.9

	
0

	
0

	
8

	
0

	
0

	
100




	
4.10

	
0

	
0

	
8

	
0

	
0

	
100
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Table 3. Correlations (Pearson’s correlation coefficient r) between the proportion of species-specific canopy cover (oak and pine trees) and beetle activity density and body size. (The levels of significance: ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, ‘.’ 0.1; significant results are indicated by bold font).
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Forest Stand Parameters

	
Carabid Parameters

	
Carabid Species

	
Oaks

	
Pines




	
Females

	
p

	
Males

	
p

	
Imagines

	
p

	
Females

	
p

	
Males

	
p

	
Imagines

	
p






	
crown cover (%)

	
beetle density

	
C. arvensis

	
0.018

	
n.s.

	
−0.277

	
n.s.

	
−0.122

	
n.s.

	
−0.179

	
n.s.

	
0.098

	
n.s.

	
−0.046

	
n.s.




	
C. coriaceus

	
0.294

	
n.s.

	
0.407

	
n.s.

	
0.236

	
n.s.

	
−0.412

	
.

	
−0.466

	
.

	
−0.420

	
.




	
C. hortensis

	
0.508

	
*

	
0.259

	
n.s.

	
0.462

	
.

	
−0.516

	
*

	
−0.394

	
n.s.

	
−0.548

	
*




	
C. violaceus

	
0.676

	
**

	
−0.054

	
n.s.

	
0.485

	
.

	
−0.526

	
*

	
0.191

	
n.s.

	
−0.441

	
.




	
Cal. inquisitor

	
0.814

	
***

	
0.806

	
***

	
0.811

	
***

	
−0.668

	
**

	
−0.670

	
**

	
−0.670

	
**




	
body size

	
C. arvensis

	
0.165

	
n.s.

	
−0.649

	
**

	
−0.335

	
n.s.

	
−0.340

	
n.s.

	
0.492

	
.

	
0.100

	
n.s.




	
C. coriaceus

	
0.080

	
n.s.

	
0.330

	
n.s.

	
0.204

	
n.s.

	
−0.360

	
n.s.

	
−0.487

	
.

	
−0.466

	
.




	
C. hortensis

	
0.446

	
.

	
0.560

	
*

	
0.566

	
*

	
−0.552

	
*

	
−0.565

	
*

	
−0.636

	
**




	
C. violaceus

	
0.286

	
n.s.

	
−0.479

	
.

	
0.034

	
n.s.

	
−0.132

	
n.s.

	
0.501

	
*

	
0.207

	
n.s.




	
Cal. inquisitor

	
0.872

	
***

	
0.830

	
***

	
0.880

	
***

	
NA

	
-

	
NA

	
-

	
NA

	
-




	
aggregation index trees (R)

	
beetle density

	
C. arvensis

	
0.231

	
n.s.

	
0.132

	
n.s.

	
0.193

	
n.s.

	
−0.291

	
n.s.

	
0.135

	
n.s.

	
−0.060

	
n.s.




	
C. coriaceus

	
0.435

	
.

	
0.540

	
*

	
0.454

	
.

	
−0.436

	
.

	
−0.287

	
n.s.

	
−0.268

	
n.s.




	
C. hortensis

	
0.610

	
.

	
0.468

	
.

	
0.671

	
**

	
−0.510

	
.

	
−0.380

	
n.s.

	
−0.506

	
*




	
C. violaceus

	
0.423

	
n.s.

	
−0.145

	
n.s.

	
0.274

	
n.s.

	
0.507

	
*

	
0.492

	
*

	
0.497

	
*




	
Cal. inquisitor

	
0.436

	
n.s.

	
0.396

	
n.s.

	
0.406

	
n.s.

	
−0.782

	
**

	
−0.737

	
*

	
−0.752

	
**




	
body size

	
C. arvensis

	
0.189

	
n.s.

	
−0.159

	
n.s.

	
0.007

	
n.s.

	
−0.217

	
n.s.

	
0.811

	
***

	
0.452

	
.




	
C. coriaceus

	
0.293

	
n.s.

	
−0.105

	
n.s.

	
0.118

	
n.s.

	
−0.415

	
n.s.

	
0.784

	
*

	
0.297

	
n.s.




	
C. hortensis

	
−0.003

	
n.s.

	
0.424

	
n.s.

	
−0.007

	
n.s.

	
0.264

	
n.s.

	
0.130

	
n.s.

	
0.130

	
n.s.




	
C. violaceus

	
0.258

	
n.s.

	
−0.119

	
n.s.

	
−0.039

	
n.s.

	
−0.114

	
n.s.

	
0.387

	
n.s.

	
0.155

	
n.s.




	
Cal. inquisitor

	
−0.961

	
*

	
0.749

	
n.s.

	
−0.059

	
n.s.

	
NA

	
-

	
NA

	
-

	
NA

	
-
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Table 4. Correlations (Pearson’s correlation coefficient r) between proportions of zones (Z1—oak, Z2—oak–pine mixture, Z3—pine) and activity densities and body sizes of carabid beetles. (The levels of significance: ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, ‘.’ 0.1; significant results are indicated by bold font).
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Carabid Species

	
Oak Zone (Z1)

	
Oak–Pine Zone (Z2)

	
Pine Zone (Z3)




	
Fem

	
p

	
Mal

	
p

	
Imag

	
p

	
Fem

	
p

	
Mal

	
p

	
Imag

	
p

	
Fem

	
p

	
Mal

	
p

	
Imag

	
p






	
beetle density

	
C. arv.

	
0.051

	
n.s.

	
−0.250

	
n.s.

	
−0.099

	
n.s.

	
0.009

	
n.s.

	
0.215

	
n.s.

	
0.124

	
n.s.

	
−0.052

	
n.s.

	
0.084

	
n.s.

	
0.007

	
n.s.




	
C. cor.

	
0.180

	
n.s.

	
0.214

	
n.s.

	
0.074

	
n.s.

	
0.341

	
n.s.

	
0.443

	
.

	
0.501

	
.

	
−0.390

	
n.s.

	
−0.490

	
.

	
−0.401

	
n.s.




	
C. hort.

	
0.375

	
n.s.

	
0.220

	
n.s.

	
0.358

	
n.s.

	
0.269

	
n.s.

	
0.105

	
n.s.

	
0.273

	
n.s.

	
−0.520

	
*

	
−0.269

	
n.s.

	
−0.507

	
*




	
C. viol.

	
0.654

	
*

	
0.004

	
n.s.

	
0.497

	
*

	
−0.277

	
n.s.

	
−0.305

	
n.s.

	
−0.339

	
n.s.

	
−0.408

	
n.s.

	
0.201

	
n.s.

	
−0.225

	
n.s.




	
Cal. in.

	
0.925

	
***

	
0.915

	
***

	
0.920

	
***

	
NA

	
-

	
NA

	
-

	
NA

	
-

	
NA

	
-

	
NA

	
-

	
NA

	
-




	
body size

	
C. arv.

	
0.254

	
n.s.

	
−0.639

	
**

	
−0.265

	
n.s.

	
−0.100

	
n.s.

	
0.007

	
n.s.

	
−0.065

	
n.s.

	
−0.164

	
n.s.

	
0.575

	
*

	
0.284

	
n.s.




	
C. cor.

	
0.541

	
.

	
0.366

	
n.s.

	
0.475

	
n.s.

	
−0.077

	
n.s.

	
0.593

	
.

	
0.404

	
n.s.

	
−0.240

	
n.s.

	
0.593

	
.

	
0.023

	
n.s.




	
C. hort.

	
0.502

	
.

	
0.631

	
*

	
0.537

	
*

	
−0.004

	
n.s.

	
0.041

	
n.s.

	
−0.096

	
n.s.

	
−0.002

	
n.s.

	
−0.630

	
.

	
−0.035

	
n.s.




	
C. viol.

	
0.196

	
n.s.

	
−0.352

	
n.s.

	
−0.059

	
n.s.

	
0.269

	
n.s.

	
−0.142

	
n.s.

	
−0.012

	
n.s.

	
−0.088

	
n.s.

	
0.414

	
n.s.

	
0.062

	
n.s.




	
Cal. in.

	
NA

	
-

	
0.688

	
n.s.

	
0.819

	
.

	
NA

	
-

	
NA

	
-

	
NA

	
-

	
NA

	
-

	
NA

	
-

	
NA

	
-
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Table 5. Parameters for the number of carabid beetles (C. arvensis, C. coriaceus, C. hortensis, C. violaceus) using the generalised linear mixed model (GLMM) differentiated by the forest stand types (fst 1—pure oak, fst 2—oak–pine mixture, fst 3—<10% oak, fst 4—pure pine) and combined with the proportion of oak crown cover (cc in%) around each trap position. The levels of significance are indicated by: ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, ‘.’ 0.1.
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No. of Beetles

	
Females

	
Males

	
Imagines




	
Estimate

	
std. Error

	
p-Value

	
Estimate

	
std. Error

	
p-Value

	
Estimate

	
std. Error

	
p-Value






	
C. arvensis

	
interc.

	
−0.3486

	
0.6861

	
0.611

	

	
−0.9919

	
0.6883

	
0.150

	

	
−0.0281

	
0.5520

	
0.959

	




	
fst 2

	
−0.0135

	
0.6499

	
0.983

	

	
0.8178

	
0.5915

	
0.167

	

	
0.4309

	
0.5255

	
0.421

	




	
fst 3

	
−0.0336

	
0.7484

	
0.964

	

	
0.8762

	
0.6981

	
0.209

	

	
0.4549

	
0.6162

	
0.460

	




	
fst 4

	
−0.5006

	
0.8035

	
0.533

	

	
0.3924

	
0.7666

	
0.609

	

	
0.0271

	
0.6484

	
0.967

	




	
oak cc

	
0.0006

	
0.0079

	
0.944

	

	
0.0036

	
0.0079

	
0.651

	

	
0.0031

	
0.0060

	
0.608

	




	
C. coriaceus

	
interc.

	
−3.2320

	
0.9403

	
0.001

	
***

	
−4.7730

	
1.0460

	
0.000

	
***

	
−3.0466

	
0.7934

	
0.000

	
***




	
fst 2

	
1.2420

	
0.7370

	
0.092

	
.

	
1.7040

	
0.8671

	
0.049

	
*

	
1.4339

	
0.6162

	
0.020

	
*




	
fst 3

	
1.5810

	
0.8680

	
0.068

	
.

	
3.0240

	
0.9322

	
0.002

	
**

	
2.1183

	
0.7173

	
0.003

	
**




	
fst 4

	
−18.7500

	
10,760.00

	
0.999

	

	
−17.6800

	
1383.00

	
0.999

	

	
−18.4916

	
9404.59

	
0.999

	




	
oak cc

	
0.0214

	
0.0114

	
0.060

	
.

	
0.0344

	
0.0114

	
0.003

	
**

	
0.0243

	
0.0092

	
0.008

	
**




	
C. hortensis

	
interc.

	
−5.4180

	
1.3420

	
0.000

	
***

	
−3.8935

	
1.5625

	
0.013

	
*

	
−3.9899

	
1.1684

	
0.001

	
***




	
fst 2

	
1.9110

	
0.9020

	
0.034

	
*

	
0.5937

	
1.0665

	
0.578

	

	
1.3733

	
0.7862

	
0.081

	
.




	
fst 3

	
3.0090

	
1.1146

	
0.009

	
**

	
1.8370

	
1.3474

	
0.173

	

	
2.4921

	
1.2026

	
0.015

	
*




	
fst 4

	
−16.6500

	
10,720.00

	
0.999

	

	
−17.6840

	
9896.70

	
0.999

	

	
−17.5303

	
9620.49

	
0.999

	




	
oak cc

	
0.0548

	
0.0151

	
0.000

	
***

	
0.0359

	
0.0185

	
0.053

	
.

	
0.0461

	
0.0134

	
0.001

	
***




	
C. violaceus

	
interc.

	
−0.6633

	
0.6856

	
0.333

	

	
0.2344

	
0.7949

	
0.768

	

	
0.3961

	
0.5529

	
0.474

	




	
fst 2

	
−0.7316

	
0.5462

	
0.180

	

	
−0.9195

	
0.6441

	
0.153

	

	
−0.9192

	
0.4485

	
0.040

	
*




	
fst 3

	
−0.3481

	
0.6424

	
0.588

	

	
−1.1208

	
0.7760

	
0.149

	

	
−0.6468

	
0.5300

	
0.220

	




	
fst 4

	
−0.9944

	
0.8048

	
0.217

	

	
−1.1232

	
0.8556

	
0.189

	

	
−0.8987

	
0.6131

	
0.143

	




	
oak cc

	
0.0039

	
0.0092

	
0.668

	

	
−0.0515

	
0.0109

	
0.169

	

	
−0.0040

	
0.0075

	
0.592
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Table 6. Parameters for the number of carabid beetles (C. arvensis, C. coriaceus, C. hortensis, C. violaceus) using the generalised linear mixed model (GLMM) differentiated by the forest stand types (fst 1—pure oak, fst 2—oak–pine mixture, fst 3—less than 10% oak, fst 4—pure pine) and combined with the three tree species-related effect zones (Z1—oak, Z2—oak–pine mixture, Z3—pine). The levels of significance are indicated by: ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, ‘.’ 0.1.
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No. of Beetles

	
Females

	
Males

	
Imagines




	
Estimate

	
Std. Error

	
p-Value

	
Estimate

	
Std. Error

	
p-Value

	
Estimate

	
Std. Error

	
p-Value






	
C. arvensis

	
interc.

	
−0.3108

	
0.3914

	
0.427

	

	
−0.7406

	
0.3767

	
0.049

	
*

	
0.1922

	
0.3400

	
0.572

	




	
fst 2

	
−0.3304

	
0.6209

	
0.595

	

	
0.4308

	
0.5528

	
0.436

	

	
0.0119

	
0.5114

	
0.981

	




	
fst 3

	
−0.4359

	
0.6658

	
0.513

	

	
0.5275

	
0.5902

	
0.371

	

	
−0.0104

	
0.5490

	
0.985

	




	
fst 4

	
−0.8993

	
0.7052

	
0.202

	

	
0.1446

	
0.6511

	
0.824

	

	
−0.3969

	
0.5691

	
0.486

	




	
Z2

	
0.4232

	
0.3779

	
0.263

	

	
0.3400

	
0.3576

	
0.342

	

	
0.4111

	
0.2743

	
0.134

	




	
Z3

	
0.3594

	
0.4061

	
0.376

	

	
−0.0076

	
0.3961

	
0.985

	

	
0.2010

	
0.2986

	
0.501

	




	
C. coriaceus

	
interc.

	
−1.7804

	
0.5022

	
0.000

	
***

	
−2.3671

	
0.5774

	
0.000

	
***

	
−1.3491

	
0.3950

	
0.001

	
***




	
fst 2

	
1.1268

	
0.6541

	
0.085

	
.

	
1.3251

	
0.7374

	
0.072

	
.

	
1.3132

	
0.5043

	
0.009

	
**




	
fst 3

	
1.7444

	
0.7056

	
0.013

	
*

	
2.0437

	
0.6780

	
0.000

	
***

	
2.3143

	
0.5064

	
0.000

	
***




	
fst 4

	
−18.3099

	
9565.85

	
0.998

	

	
−15.0008

	
3718.91

	
0.997

	

	
−18.0114

	
8434.89

	
0.998

	




	
Z2

	
−1.3491

	
0.4878

	
0.006

	
**

	
−1.8893

	
0.4555

	
0.000

	
***

	
−1.6282

	
0.3704

	
0.000

	
***




	
Z3

	
−1.7433

	
0.5535

	
0.002

	
**

	
−2.5402

	
0.5014

	
0.000

	
***

	
−2.0328

	
0.4078

	
0.000

	
***




	
C. hortensis

	
interc.

	
−1.2211

	
0.4309

	
0.005

	
**

	
−1.5070

	
0.0513

	
0.006

	
**

	
−0.6934

	
0.4057

	
0.087

	
.




	
fst 2

	
0.3203

	
0.6390

	
0.616

	

	
−0.0189

	
0.0858

	
0.982

	

	
0.2843

	
0.5953

	
0.633

	




	
fst 3

	
1.2173

	
0.6624

	
0.066

	
.

	
2.0460

	
0.7610

	
0.007

	
**

	
1.6898

	
0.5911

	
0.004

	
**




	
fst 4

	
−16.5116

	
9282.76

	
0.999

	

	
−15.7900

	
10,690.00

	
0.999

	

	
−16.7419

	
9698.62

	
0.999

	




	
Z2

	
−0.8988

	
0.5207

	
0.084

	
.

	
−1.6910

	
0.5020

	
0.001

	
***

	
−1.2569

	
0.3776

	
0.001

	
***




	
Z3

	
−3.8908

	
1.1116

	
0.000

	
***

	
−4.6770

	
1.0710

	
0.000

	
***

	
−4.2323

	
0.7833

	
0.000

	
***




	
C. violaceus

	
interc.

	
−0.3880

	
0.2243

	
0.083

	
.

	
−0.7902

	
0.2895

	
0.006

	
**

	
0.1213

	
0.1835

	
0.509

	




	
fst 2

	
−0.8097

	
0.5280

	
0.125

	

	
−0.8244

	
0.7313

	
0.260

	

	
−1.0273

	
0.4775

	
0.032

	
*




	
fst 3

	
−0.4747

	
0.5967

	
0.426

	

	
−1.2281

	
0.8164

	
0.133

	

	
−0.9516

	
0.5377

	
0.077

	
.




	
fst 4

	
−1.1461

	
0.7571

	
0.130

	

	
−1.3330

	
0.8914

	
0.135

	

	
−1.2776

	
0.6122

	
0.037

	
*




	
Z2

	
−0.1240

	
0.5418

	
0.819

	

	
0.7072

	
0.7213

	
0.327

	

	
0.3956

	
0.4871

	
0.417

	




	
Z3

	
−0.1228

	
0.5913

	
0.835

	

	
1.2444

	
0.7907

	
0.116

	

	
0.6598

	
0.5298

	
0.213
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