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Abstract

:

Fire can have negative effects on the ant community by reducing species abundance through direct mortality, changes in resource availability, or foraging activity. Fire can also have positive effects, especially for opportunistic species preferring open or disturbed habitats. We assessed the direct effects of a large-scale fire on ant communities in open habitats (grassland and Carex) and moist forested peatland (birch and alder) sites in Biebrza National Park, testing three hypotheses: (i) the large-scale fire had more significant effects on ant nest density in forests than in open habitats, (ii) the post-fire ant diversity changes within sites are stronger in forests than open habitats, and (iii) ant species preferring disturbed habitats are favoured by the fire event. The fire had negative effects on ant nest density only in the Carex and grassland sites but not in the birch and alder sites, suggesting that fire had a stronger impact in open habitats than in forests. Temporal post-fire ant diversity changes within sites were stronger in forests than in open habitats. We observed higher beta diversity changes between the first and second year of the study in the burned forest sites due to colonisation, indicating a greater fire impact on species community composition followed by a higher recolonisation rate. Ant species preferring disturbed habitats were favoured by the fire. The seed-eating ant species Tetramorium caespitum, a thermophilous and opportunistic species, dominated the burned grassland site. This contrasts with other species, e.g., Lasius alienus, for which nest density decreased after fire, underlining the importance of food resource availability as a major driver of community changes after fire. Our study also underlines the importance of periodic biodiversity monitoring in conservation areas for assessing the recovery of the original status after disturbances and revealing possible habitat changes endangering the survival of local biotic communities.
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1. Introduction


Disturbances in natural or anthropogenic environments are central incidents influencing the structuring of populations, communities, and ecosystems [1]. Globally, fire can be regarded both as a natural or anthropogenic source of disturbance in many ecosystems [2]. Fire can have a negative impact on wild arthropod communities through an immediate effect via direct mortality of individuals [3], leading to a reduction of species abundance [4,5,6] and indirectly by changes in resource availability [7,8] and foraging activity [9]. Fire, as an anthropogenic disturbance, changes competition between species from what it would naturally be, and one reason for these changes is altered resources [10].



Disturbances not only alter the ant community structure but also greatly reduce the number of species due to disturbances that affect the whole ecosystem functioning and ecosystem services. This is especially clear after the anthropogenic conversion of primary forest to agricultural land [11]. Although some authors state that ants can survive disturbance better than other soil animals [12,13,14], there is still a general controversy regarding the effect of fire on ant communities [15]. Fire can have positive effects, especially for species that prefer open or disturbed habitats for nesting, foraging, or reproduction [8,16]. Ant communities can be highly resilient when many species nest in the soil and are thus protected from fire [17,18], compared to ant communities with a high number of species linked to the vegetation [8,16,19]. In addition, the extent of habitat modification and the relationship between ant species and habitat characteristics can lead to a situation where some species benefit from post-fire habitat modification or homogenisation, and the modified habitat is not suitable for all original species [20,21]. Ant species that were previously present in the area may not be able to colonise the post-fire habitat in the short or medium term. Nevertheless, all species will be affected either in the short or long term since fire causes significant changes in vegetation structure and composition [8,22,23,24]. Therefore, if differences in vegetation structure between burned and unburned areas are small, the effects of fire are less pronounced [25,26].



To date, there are numerous studies addressing the fire effects on ants and the recovery or succession of ant communities after fire in a variety of open fire-prone environments, e.g., grasslands, shrublands, and heathlands, e.g., [4,25,27,28,29,30,31] and in forested environments [32,33,34,35,36,37,38,39,40]. Fire also results in greater spatial heterogeneity in soil moisture and burn severity in forests, whereas open areas, such as grasslands, show highly uniform patterns of soil moisture, vegetation, and burn severity after fire [41]. Thus, fire leads to more severe consequences in forests than in open habitats [27,42] and can result in two main scenarios in forests. The first one shows a highly resilient forest where the plant composition recovers very quickly, e.g., in forests that burn relatively frequently. Although ant species linked to wood or litter have high mortality in fires, fast recolonisation from the surrounding areas is possible, and the forest returns to its previous state in a relatively short time [42]. The second scenario can occur in more complex habitats, like tropical forests, that seldom burn and require a longer period to recover after fire [43], or the changes in soil properties even lead to the development of a different habitat type [44,45].



Open areas and forests offer different feeding and nesting resources to ants (e.g., trees vs. shrubs, higher temperature, and moisture variations in open areas), and thus, fire effects on ant communities are also different [46]. Forest ant species are more sensitive to the effects of fire than ants in open habitats, as structural complexity, productivity, and moist soil conditions might contribute to a higher proportion of ant species belonging to functional groups that are sensitive to environmental changes (e.g., cold-climate specialists) [47] and dependent on trees and arboreal aphids [48]. Therefore, fire may destroy the previous habitats and lead to drier and less productive vegetation (i.e., open habitats) that are less suitable for the original ant communities [26].



Compared with open areas, forest ecosystems are subject to longer and more complex succession processes. From the beginning of forest succession, species are continuously replaced across time until reaching maturity [49], which can be considered the most stable status. However, disturbances can happen at any time, changing the successional stage of the forest even by promoting the development of early successional species in the case of severe disturbances like hurricanes, drought, or fires [50]. Due to climate change and human activities, disturbances are becoming more frequent [51,52]. Fires are considered as one of the most destructive disturbances in forests due to the changes in habitat characteristics and ecosystem functioning [24,53]. Also, in wetlands, fire can play a significant role in modifying biotic communities and habitats of various plant and animal species [54]. These catastrophic consequences can be considered more harmful in natural habitats where the ecosystem functioning reaches a high ecological balance due to the well-established mature communities of plants and animals, such as some national parks.



Biebrza National Park is one of the 23 National Parks in Poland and was created to protect the wetlands of the Biebrza Basin. This National Park includes the largest complex of wetlands in Eastern and Central Europe, called the Biebrza Marshes [55,56]. Small-scale natural fires were present in Biebrza Valley prior to human settlement [57], but in recent decades, fires have started to be one of the major threats to the ecosystems of the National Park due to their increasing frequency and area covered [58]. Monitoring the communities in the park before and after fires is of crucial importance to evaluate the extent of the damages caused by the fires as well as to identify whether the post-fire succession process leads to the restoration of the original habitat or to its transformation into a new habitat type. Therefore, the post-fire monitoring of the biotic communities becomes a valuable tool to evaluate the impact of the disturbance and to assess long-term ecosystem changes [24,59].



In the present study, we focused on the direct effects of large-scale fire on ant communities in open (mineral soil grassland and organic soil Carex) and moist forested peatland (birch and alder) areas in Biebrza National Park and examined how ant communities changed after this disturbance in these areas, one year after the fire. We tested the following hypotheses: (1) the large-scale fire had more significant effects on ant nest density in forests than in open habitats, (2) the post-fire ant diversity changes within sites are stronger in forests than in open habitats, and (3) ant species preferring disturbed habitats are favoured by the fire event.




2. Materials and Methods


2.1. Study Area


The study was conducted in the Biebrza National Park in NE Poland (53°35′30.8″ N 22°53′32.4″ E) in the Biebrza River basin. Biebrza National Park is considered the best-preserved large complex of peatlands in Eastern and Central Europe [56]. The most important parts for bird and wetland protection are the non-forest ecosystems, such as aquatic and open wetland areas. The park covers almost 60,000 ha, dominated by wetland communities [60]. Regularly flooded bogs and wet meadows are dominated by sedges (Carex spp.), and oxbows are covered with reeds [61]. The forests covering the Biebrza National Park are dominated by pine, birch or alder, and dense willow forests and mixed forests can also be found in the area. The climate in this region is continental, with hemiboreal features [62]. The mean annual temperature is 6.6 °C [63], whereas the mean minimum temperature in January is −4.2 °C, and the mean maximum temperature is 17 °C in July [63]. The mean annual precipitation ranges between 536 mm and 610 mm [63].



From 19 to 26 of April 2020, the largest human-caused wildfire in the entire history of Biebrza National Park broke out and burned 5526 ha, mostly over-dried grassland with sedges and reeds of Biebrza marshes [64]. Before the fire, the water level in the Biebrza River was at its lowest April level for 20 years (Institute of Meteorology and Water Management, Poland). As a result of the fire in the open area, more than 90% of the surface vegetation (mainly dead biomass of reeds, tussocks, and grasses from the previous year, but also shrubs and small trees) burned. In the forest, the fire burned the litter and understory and slightly damaged the trees. Soon after the fire, the herbaceous layer began to resprout. By early May, vegetation was still sparse, and a distinct difference could be observed between burned and unburned areas [57]. However, within two months, the green cover had recovered [65]. During the field studies during the summer of 2020, the vegetation in the open burned areas was still sparse, and clear differences between burned and unburned areas could be observed, but in 2021, the differences in vegetation disappeared. In 2021, we observed a regeneration of litter, understory, and trees. The only visible impact of the fire compared to the unburned forested areas was the blackening of the roots and bark of the trees, as well as sporadically dead trees.




2.2. Sampling Methodology


We compared ant communities between burned and unburned control sites to determine the effects of large-scale fires on ant species abundance. Field studies in the area were conducted in July and August 2020 (the first year after the fire) and 2021 (the second year after the fire). The effects of fire on ant communities were studied in habitats representing four plant communities, two open areas: grassland (Sileno otitis-Festucetum) (G) (Figure 1), Carex (Caricetum appropinquatae) (C), and two moist forest types: alder forest (Ribeso nigri-Alnetum) (A) and birch forest (Salici-Betuletum) (B). Additionally, each of the plant communities had two experimental conditions: burned sites (F) and unburned control sites (CTRL, Figure 2). The classification and names of the plant communities’ characteristics of each habitat type are those of Matuszkiewicz [66]. The fieldwork was conducted in eight study sites, each 50 m × 25 m in size. The ant fauna was studied using the manual method of nest searching [67,68]. On each study site, 10 quadratic plots, each with an area of 10 m2 (approximately 3.16 m × 3.16 m; Figure 1), were established on a predefined grid of two lines (with a distance of approx. 10 m to each other) and five plots per line, rendering a total of 80 plots to be searched for ant nests. Nests were searched for in litter and topsoil, in wood fragments, under bark, in sedge tussocks, etc. (Figure 3). To determine the ant species, three to ten workers were taken from each nest, depending on its size. The ants were preserved in 99% ethanol and identified as species using identification keys by Radchenko and Elmes [69], Czechowski et al. [70] and Seifert [71]. We identified the functional groups (opportunistic, cold-climate specialists and cryptic species) according to Hoffman and Andersen [47] and ecological habitats and food preferences according to Radchenko and Elmes [69], Czechowski et al. [70] and Seifert [71]. Cold-climate specialists occur primarily at high latitudes or altitudes, tend to prefer cooler sites, and are sensitive to high levels of disturbance [47]. Note that in this context, the sensitivity to disturbance is of more importance than the climate preference, as we did not study any climatic transects. Opportunists are unspecialised species and well-distributed across environmental gradients and tend to dominate on disturbed sites [47], presumably because they can take advantage of changing resources [72]. Cryptic species are soil-dwelling species occurring widely across environmental gradients, foraging exclusively within soil and litter [47].




2.3. Statistical Analyses


The statistical analyses were conducted in several steps, and all statistical testing was conducted in R 4.2.1 [73]. First, we calculated general descriptive results, like nest densities or Shannon diversity indices of nests, separately for each plot and then averaged for each site. Since the Shapiro-Wilk’s test indicated non-normality both for nest density (W = 0.842, p < 0.001) and Shannon diversity (W = 0.840, p < 0.001), all values were sqrt transformed prior to the analyses. We used the ‘lme4’ package in R for conducting linear mixed model analyses and assessing the effects of the three factors site (n = 4), fire (n = 2), and year (n = 2) and their interactions on nest densities and Shannon diversity. The individual plots within each of the eight sites were identified as random effects of the models. Statistically significant interactions between site, fire or year were further analysed with pairwise comparisons using the ‘lsmeans’ command with the Tukey correction.



The temporal changes in beta diversity within a specific treatment (e.g., CTRL grassland in 2020 vs. CTRL grassland in 2021 or burned alder forest in 2020 vs. burned alder forest in 2021) were analysed with the R package ‘ecopart’. This package uses a novel numerical method that additively partitions the temporal changes in multi-site beta diversity into multiple components reflecting the dynamics of beta diversity resulting from local extinctions and colonisations of species [74,75]. We used the ’ecopart.multi’ command with the Whittaker index based on presence-absence data [76].



We then assessed the similarity of sites (habitat types and fire treatments) in terms of ant species assemblages, using the ‘adonis2’ command of the ‘vegan’ package in R and conducting The Nonmetric Multidimensional Scaling (NMDS) analyses of ant species composition intending to reveal differences between sites, separately for 2020 and 2021.



Next, we conducted indicator species analyses (using the ‘indicspecies’ package of R, [77,78]) to identify ant species that were specific for the different habitats and treatments (control and burned ones) separately for 2020 and 2021. The indicator species analysis uses an index called Indicator Value (IndVal), measuring the association between the species and each site group and then looks for the group corresponding to the highest association value and the statistical significance of this relationship is tested with a permutation test. We used the ‘multipatt’ function with 999 permutations without any restrictions for group combinations.





3. Results


3.1. Fire Effects on Changes in Ant Nest Density


A total of 644 nests belonging to 16 ant species were found in the studied areas in 2020 and 2021. In 2020, 372 nests belonging to 16 ant species were found, and in 2021, 272 nests belonging to 10 ant species were found (Table 1). The most abundant ant species in the burned grassland plots was Tetramorium caespitum (31 nests in 2020 and 39 nests in 2021). For the grassland control plots, we found a similar result in 2020 (37 nests of T. caespitum), whereas, in 2021, the largest number of nests belonged to Lasius alienus (67 nests). The burned Carex plots were dominated by Myrmica scabrinodis, whereas the dominant species in the control Carex plots was Myrmica rubra, both in 2020 and 2021. In burned and unburned birch forests, Lasius platythorax was the dominant ant species (Table 1). In the burned alder forest plots, Lasius niger was the predominant species in both years, while in the control alder plots, it was Myrmica rubra (Table 1). The average number of ant species per plot was lower or equal on the burned sites than on the respective control sites (Table 1).



The highest ant nest densities were observed in the control grassland site, being 0.7–1.2 nests per m2, followed by control Carex and control birch forests, where densities were approx. 0.8 and 0.6 nests per m2, respectively (Figure 4A). The lowest nest density was found on burned Carex, as well as birch and alder forests in 2021, being 0.2 nests per m2 or less.



In addition to significant effects of site (df = 3, 144, F = 3.891, p = 0.010) and year (df = 1, 144, F = 8.183, p = 0.005) for ant nest densities, we also found a significant interaction between site, fire, and year (df = 3, 144, F = 5.676, p = 0.001), although fire alone was not significant (df = 1, 144, F = 0.008, p = 929). More detailed post hoc comparisons revealed that the nest density in 2021 on the burned grassland plots was lower than on the respective control plots (p < 0.001). Furthermore, the nest density was lower on burned Carex plots in 2020 when compared to the respective control plots (p = 0.003, Figure 4A). In addition, the nest density on the control Carex plots was lower in 2021 than in 2020 (p < 0.001, Figure 4A).




3.2. Post-Fire ant Diversity Changes


On average, the highest Shannon diversity indices were found on control grassland and birch forests in 2020 (Figure 4B). We found significant effects of the main factors site (df = 3, 106.4 F = 4.042, p = 0.009) and year (df = 1, 108.5, F = 9.656, p = 0.002) and for the interactions site*year (df = 3, 106.3, F = 4.668, p = 0.004) and fire*year (df = 1, 106.1, F = 4.990, p = 0.034). Fire alone was not significant (df = 1, 106.7, F = 1.408, p = 0.238). Post hoc tests revealed a significant decrease in the Shannon index on burned grassland plots from 2020 to 2021 (p = 0.008, Figure 4B). The average Shannon index was zero for the burned alder forest site in 2021 since there were no plots with more than one ant species.



From 2020 to 2021, beta diversities increased in all burned and the control Carex sites, whereas they decreased in the rest of the control sites (Figure 5). Species extinction (mainly of Myrmica rubra, M. ruginodis and Lasius niger) added to the increases in beta diversities within the sites, except for the control grassland site. Colonisation (mainly of Myrmica ruginodis, Lasius platythorax, and Myrmica rubra) resulted in increased beta diversities within burned sites, whereas it resulted in lower beta diversity in control sites, except the control Carex site, where it also added to a higher diversity within site (Figure 5).




3.3. Effect of Fire on Ant Species


Similarity analyses for ant species assemblages in 2020 and 2021 suggested significant differences between sites for 2020 (df = 7, R2 = 0.541, F = 10.598, p < 0.001), as well as for 2021 (df = 7, R2 = 0.439, F = 5.687, p < 0.001). The NMDS analyses showed patterns between ant community compositions (Figure 6A,B). The NMDS analyses indicated that, in 2020 and 2021, burned and control grassland sites were overlapping with each other but were separated from all the other sites (Figure 6A,B). In 2020, ant species composition on burned alder and Carex sites was separated from unburned Carex and alder and birch forest sites (CC, AC, BC, and BF) (Figure 6A), but in 2021, they overlapped with the others (Figure 6B).



In total, ten ant species were found to be indicator species in 2020, six species in 2021, and six ant species were indicator species for both years (Table 2). Lasius brunneus was found only on control grassland plots in 2020, and it occurred on half of the plots (Table 2). Myrmica rubra was an indicator species on unburned control plots (CC, BC and AC, Table 2). Formica fusca and Myrmica ruginodis were indicator species for control birch forest plots, but only in 2020 (Table 2). Myrmica scabrinodis and Lasius niger were indicator species for burned Carex and alder forest plots (Table 2). Indicator species for grassland plots (GC and GF) in 2020 and 2021 were Tetramorium caespitum and Formica cinerea (Table 2). Lasius alienus was an indicator species for grassland plots in 2020 (GC and GF), but in 2021, it was an indicator species only for the unburned grassland plots (GC, Table 2). Lasius platythorax was an indicator species for forest habitats (BC, BF and AC, Table 2).





4. Discussion


4.1. Fire Effects on Ant Nest Density in Forests and in Open Habitats


In both the first and second year after the large-scale fire in Biebrza National Park, we found significantly lower ant nest densities on the open plots, i.e., burned grassland or Carex plots. Ants increase soil fertility and production [44,45] and can thus help to accelerate the recovery of the soil after fire disturbance. Therefore, the post-fire reduction of the number of nests themselves can lead to a slower recovery of the original habitat. Depending on the fire intensity, the disturbance might not result in a total loss of the ant population. Since only 2% of the total population of a mature ant colony is active above ground [79], direct mortality during fire might be limited to a small percentage of foragers, allowing the majority of the colony to survive [16]. At the same time, the insulating properties of the soil can protect most of the colony from high lethal temperatures [33]. These factors can result in situations when a fire has relatively small, although still significant, effects on ant abundance and diversity [16,33,72].



In our data, the difference in nest density between unburned and burned Carex sites was significant in 2020 but not in 2021, which may suggest that other factors, e.g., precipitation or periodic flooding, could have affected nest density. The drastic decrease in nest density in burned Carex plots was connected to one single species, Myrmica rubra. This species is the most hygrophilous Central-European Myrmica species [70], but it can still survive in drier habitats [70,71]. Therefore, the reduction of its population could be related to the fact that the fire reduced soil moisture, and therefore, more drastic density changes (loss of Myrmica rubra) occurred in 2020. In 2021, on the other hand, a high water level could be responsible for the decrease in nest density in the unburned Carex site. The nest density in 2021 on the burned grassland site was significantly lower than on the respective control site. These differences are probably due to the complete disappearance of the Lasius alienus nests in the burned grassland site and the increase in the density of this species in the control site. Altogether, we did not observe any significant fire effects on ant nest densities in forested areas, in contrast, to open habitats, which led us to reject our first hypothesis, stating that the fire had more significant effects on ant nest density in forests than in open habitats.




4.2. Post-Fire Ant Diversity Changes in Forests and in Open Habitats


We observed that in mainly all cases, fire increased beta diversities within sites from 2020 to 2021. Beta diversity defines “the extent of change in community composition, or degree of community differentiation, in relation to a complex gradient of environment, or a pattern of environments” [75]. Thus, beta diversity quantifies the number of different communities in the region or at a site. In our data, increases in beta diversities caused by extinction were mainly caused by the opportunistic species Myrmica rubra, M. ruginodis and the cold-climate specialist Lasius niger. Increases in beta diversity by colonisation occurred mainly in burned sites and were mostly caused by two opportunistic species, Myrmica rubra, M. ruginodis, and the cold-climate specialist, Lasius platythorax. We observed greater beta diversity changes in the burned forest sites due to colonisation, indicating a greater fire effect and, consequently, a higher recolonisation rate. Opportunistic species, unspecialised and occurring widely across environmental gradients and predominating at sites with high levels of disturbance, added both to species colonisation and extinction, whereas more specialised cold-climate species, sensitive to disturbances, added only either to extinction or colonisation. In the latter case, ant species could have escaped from burned sites to search for temporary habitats and food resources and then returned when the original sites were recovered.



The effects of fire on ant communities are not restricted to their abundance, but fire also affects the densities of their nests. However, most studies concentrated on the results of fire disturbance that are reflected in changes in the community composition, e.g., [22,25]. It must be stated that higher nest density does not necessarily mean more ant species. Our data showed that the fire effect on nest density varied, but the species number was always higher on control plots compared to burned plots, similar to the results of Fagundes et al. [80]. This could be due to the lower availability of food resources after the fire, leading to the coexistence of fewer ant species after disturbance [37].



Considering that ant species can differ in their function in the ecosystem (i.e., seed dispersion by seed-eating ants, wood decomposition by ants nesting in wood or pest control by predators), changes in species composition can play an essential role in the post-fire succession process. Many of the previous studies suggest that habitat changes during the succession after the fire are more important in rebuilding the ant community structure than the effects of fire immediately after its occurrence [27,38]. An immediate consequence of high-intensity fires is the complete removal of vegetation, resulting in the destruction of available food and nesting site resources [23,35,37,81], as well as an increase in temperature and a decrease in soil moisture [17,82]. Overall, our results suggest our second hypothesis, that temporal post-fire ant diversity changes are stronger in forests than in open habitats, to be confirmed.




4.3. Are Ant Species Preferring Disturbed Habitats Favoured by Fire?


The Nonmetric Multidimensional Scaling (NMDS) analyses showed clear patterns of the ant community composition and sites. Unburned and burned grassland habitats overlapped each other. The NMDS analyses suggest that grasslands have a distinctive ant community that is different from the other habitats studied. In the first year of monitoring, we found that after burning, Carex and alder forest sites were separated from the unburned ones. In the second year, all mentioned sites overlapped, but grasslands remained separated. All these changes could relate to the variation in ant composition across time. For example, the significantly higher nest density on unburned grassland than on the burned grassland site seems to be connected with the increase in nest density of Lasius alienus, an intensively trophobiotic species whose diet is highly dependent on aphid honeydew [70,71]. Considering that ants may move their colonies to more suitable places if their original habitat is perturbed [83], the reduction of available food sources due to the fire might be related to the forced migration of the colonies from burned habitats to others with better conditions for survival. Although we did not observe differences in ant nest density and diversity between burned and unburned control plots in the birch and alder forests of our study, changes in the habitat facilitated the colonisation by ant species that are not common in these habitat types. For example, Lasius niger and Myrmica rubra were present in both forests just after the fire. These species are typical for relatively open habitats (such as meadows or semi-dry grasslands [70]), which show a high density of nests during the first year of our study. In the second year after the fire, when the habitat had recovered to pre-fire characteristics, there was a drastic decline in their populations.



It is known that ants are strongly linked to habitat characteristics and could thus be used as bio-indicators for environmental changes [84,85]. We found the dendrophilous species and cold-climate specialist, Lasius brunneus, only in grasslands. Despite this, species mainly occur on sites with broad-leaved trees and dense forests; they can also be found in agricultural areas or human settlements where they can nest under bricks or stones [70,71]. Tetramorium caespitum, Formica cinerea and Lasius alienus are thermophilous species of open habitats or light pine forests [71], which is consistent with their occurrence on the xerothermic grasslands in our study. Nevertheless, the trends of their population change varied across time according to the differences in some functional traits. The population of T. caespitum, an opportunistic seed-eating species, dominated the burned grassland site. Similar results have been found in other studies, showing that the populations of seed-eating species seem to be favoured after fires in grasslands due to a higher availability of its food source [7,8,86]. The fire seems to affect the presence of seeds less than the existence of aphids and, thus, honeydew foraging. Andersen [87] reported that the increase of seed-eating ants increased rapidly after a fire and continued up to two years after the fire. This indicates that after a disturbance like fire, seed-eating ants are at an advantage over ants that are specialised in honeydew. The populations of Formica cinerea and Lasius alienus, the former an opportunistic species and the latter a cold-climate specialist, typically found in this habitat type, were reduced or even extinct. This seems to be related to a low availability of honeydew due to the destruction of surface vegetation and honeydew-producing arthropods, such as aphids. In our study, Formica fusca and Myrmica ruginodis, both opportunistic species, were indicator species for unburned birch forests (in 2020). Formica fusca, a species inhabiting a wide range of habitat types, is mainly found in xerothermous dry, open, or moderately shadowy habitats and generally avoids forests after canopy closure [71]. However, in Poland it can be also found in mid-forest glades, young forests, peatlands, and dense, moist forests with abundant understorey [70]. We observed that in unburned birch forests, Formica fusca built their nests on elevated terrain, e.g., clumps of sedges or grasses. Commonly, its nests are found in the soil, but they can also be found in rotten tree stumps and decaying litter. Myrmica ruginodis is found in all kinds of forests, like scrublands, woodland clearings, and peatlands [71], where nests are commonly found in rotten wood or under bark. Besides the nesting place, F. fusca and M. ruginodis share their nutritional traits, such as honeydew from aphids or floral nectaries [70]. Myrmica rubra, an opportunistic species, was an indicator species for unburned control Carex, birch, and alder forest plots, which is consistent with its occurrence reported by Seifert [71]. This species is typical for humid meadows, and its population suffered a reduction in the second year of our study in Carex and birch plots. As mentioned above, this decrease might not be a direct effect of fire but could be rather connected to the soil moisture level. Finally, two species were indicator species for burned plots, the opportunistic Myrmica scabrinodis for Carex plots and the cold-climate specialist Lasius niger for alder forest plots. Myrmica scabrinodis is typical for grasslands, bogs, and marshes but is also present in open forests and woodlands [69]. Lasius niger, showing more xerothermic preferences, is commonly present in moderately dry to mesophilous soils [71]. Therefore, the higher presence of L. niger in the forest habitats during the first year of study, as well as the reduction of the populations of both species during the second year, reflect the habitat changes due to the succession after the fire. We observed the cold-climate specialist Lasius platythorax to be an indicator species of forest habitats, which is consistent with its ecology and its occurrence in all kinds of forest types [71]. Altogether, our results supported our third hypothesis that ant species preferring disturbed habitats are favoured by fire. Generally, cold-climate specialists, sensitive to high levels of disturbance, occurred more often in control sites than opportunistic species, which occurred both on burned and unburned sites.





5. Conclusions


To conclude, the habitat disturbance in Biebrza National Park due to the fire in 2020 showed significant effects on ant nest density in open habitats, but already in the second year of our observations, the post-fire habitat changes led to a homogenisation of the ant communities. In burned habitats, the opportunistic, seed-eating species Tetramorium caespitum dominated the ant population, whereas in unburned habitats, the presence of those species increased, which most probably escaped from burned habitats, searching for more suitable conditions for survival. Our study suggested that the role of food source availability could be an important factor in the survival and resilience of the ant species after fire. The successional process of recovery to pre-fire characteristics can also be reflected in the substitution of opportunistic species by specialist species typical for these habitat types during the second year of study. Our study underlines the importance of periodic biodiversity monitoring in conservation areas to assess the recovery of its original status after disturbances. By biodiversity monitoring, it is possible to capture changes in the habitat characteristics that might endanger the survival of the local biotic communities.
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Figure 1. Spatial location of the study area in Biebrza National Park. Red dots indicate the locations of the study sites (GF: burned grassland, GC: unburned control grassland, CF: burned Carex, CC: unburned control Carex, BF: burned birch forest, BC: unburned control birch forest, AF: burned alder forest, AC: unburned control alder forest). Green areas in the subfigure indicate forest areas and yellowish areas are open areas. 






Figure 1. Spatial location of the study area in Biebrza National Park. Red dots indicate the locations of the study sites (GF: burned grassland, GC: unburned control grassland, CF: burned Carex, CC: unburned control Carex, BF: burned birch forest, BC: unburned control birch forest, AF: burned alder forest, AC: unburned control alder forest). Green areas in the subfigure indicate forest areas and yellowish areas are open areas.



[image: Forests 15 00123 g001]







[image: Forests 15 00123 g002] 





Figure 2. Example of study plots on grassland communities: the burned grassland site (GF) after 2 weeks (a), after 4 months, coinciding with our first inventory (b), after 16 months, at the time of our second inventory (c), and the unburned control site (GC) (d). The red ribbon delimits the area of one study plot of 10 m2. 
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Figure 3. Examples of ant nests on some study plots during the first inventory (4 months after the fire): burned Carex plot (a), burned birch forest plot (b), burned alder forest plot (c) and burned grassland plot (d) during ant sampling. 
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Figure 4. (A) Ant nest densities (nests per m2), and (B) Shannon diversity index of ant nests for each plot, indicating differences between 2020 and 2021 within the grassland, Carex, birch forest and alder forest sites. Different lowercase letters indicate a statistically significant difference between years and in the same site, and capital letters indicate a statistically significant difference between sites in the same year (p < 0.05). Values are averages of 10 plot-wise values. Note that the value for the Shannon diversity index for the burned alder forest in 2021 is zero (no plots with more than one species). 
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Figure 5. Temporal changes of beta diversities between 2020 and 2021 in the study sites (more details in Table 2), assessed by presence absence data of ant species (GC: unburned control grassland, GF: burned grassland, CC: unburned control Carex, CF: burned Carex, BC: unburned control birch forest, BF: burned birch forest, AC: unburned control alder forest, AF: burned alder forest). Total changes are additive effects of changes by extinction and colonisation of species. 
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Figure 6. NMDS plots for ant species compositions (A) for 2020 and (B) for 2021. Different sites are depicted with different symbols. Ant species and stress values are indicated. Stress values equal to or below 0.1 are considered as good, while values equal to or below 0.05 indicate a very good fit. A stress value around 0.2 could still be regarded as fair, but values approaching 0.3 indicate that the ordination is arbitrary. 
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Table 1. Number of nests and ant species found on the study sites in Biebrza National Park in 2020 and 2021 (burned grassland, unburned control grassland, burned Carex, unburned control Carex, burned birch forest, unburned control birch forest, burned alder forest, unburned control alder forest). Ant species are grouped into functional groups, according to Hoffmann and Andersen [47]. Sums of ten plots per site and plot averages are depicted.
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Species

	
2020

	
2021




	
Grassland

	
Carex

	
Birch

	
Alder

	
Grassland

	
Carex

	
Birch

	
Alder




	
Fire

	
CTRL

	
Fire

	
CTRL

	
Fire

	
CTRL

	
Fire

	
CTRL

	
Fire

	
CTRL

	
Fire

	
CTRL

	
Fire

	
CTRL

	
Fire

	
CTRL






	
Cold-climate specialists

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Formica rufa L.

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Lasius alienus Först.

	
14

	
27

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
67

	
-

	
-

	
-

	
-

	
-

	
-




	
Lasius brunneus Latr.

	
-

	
10

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
2




	
Lasius niger L.

	
-

	
2

	
-

	
-

	
2

	
4

	
17

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
2

	
-




	
Lasius platythorax Seifert

	
-

	
-

	
-

	
1

	
11

	
22

	
-

	
8

	
-

	
-

	
-

	
2

	
9

	
21

	
-

	
8




	
Lasius sabularum Bondr.

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Leptothorax muscorum Nyl.

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Opportunistic species

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Formica cinerea Mayr

	
19

	
12

	
-

	
-

	
-

	
-

	
-

	
-

	
8

	
7

	
-

	
-

	
-

	
-

	
-

	
-




	
Formica cunicularia Latr.

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Formica fusca L.

	
-

	
-

	
-

	
-

	
-

	
4

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
4

	
-

	
-




	
Myrmica gallienii Bondr.

	
-

	
-

	
2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Myrmica rubra L.

	
-

	
-

	
-

	
73

	
9

	
16

	
5

	
11

	
-

	
-

	
2

	
8

	
1

	
6

	
2

	
13




	
Myrmica ruginodis Nyl.

	
-

	
-

	
-

	
-

	
1

	
6

	
-

	
1

	
-

	
-

	
2

	
1

	
2

	
5

	
1

	
-




	
Myrmica scabrinodis Nyl.

	
-

	
-

	
18

	
-

	
3

	
-

	
-

	
-

	
-

	
-

	
10

	
-

	
1

	
-

	
-

	
-




	
Tetramorium caespitum L.

	
31

	
37

	
-

	
-

	
-

	
-

	
-

	
-

	
39

	
46

	
-

	
-

	
-

	
-

	
-

	
-




	
Cryptic species

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Lasius flavus F.

	
-

	
-

	
-

	
-

	
-

	
2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Total number of nests

	
64

	
91

	
20

	
74

	
26

	
55

	
22

	
20

	
48

	
121

	
14

	
11

	
13

	
37

	
5

	
23




	
Total number of species

	
3

	
8

	
2

	
2

	
5

	
7

	
2

	
3

	
3

	
4

	
3

	
3

	
4

	
5

	
3

	
3




	
Averge number of nests per plot

	
6.4

	
9.1

	
2.0

	
7.4

	
2.6

	
5.5

	
2.2

	
2.0

	
4.8

	
12.1

	
1.4

	
1.1

	
1.3

	
3.7

	
0.5

	
2.3




	
Average number of species per plot

	
2.1

	
2.9

	
0.7

	
1.1

	
1.7

	
2.6

	
1.0

	
1.1

	
1.1

	
2.2

	
0.7

	
0.8

	
0.7

	
1.9

	
0.5

	
1.4











 





Table 2. Results of indicator species analysis (ISA) for ant species in 2020 and 2021 in the study area (GF: burned grassland, GC: unburned control grassland, CF: burned Carex, CC: unburned control Carex, BF: burned birch forest, BC: unburned control birch forest, AF: burned alder forest, AC: unburned control alder forest). The table shows only significant indicator species. Generally, the higher the tabulated value (%), the more the species in question is restricted to the respective group: ‘A’ indicates the percentage of a site belonging to the target group given that the species has been found, ‘B’ indicates the percentage of a species occurring on a site belonging in the target group. For example, a value of A = 100 indicates that the species occurs only on the respective site, and a value of B = 100 indicates that the species occurs on all the sites in question. ‘P’ indicates the p-value. Statistical significances: *** < 0.001, ** < 0.01 and * < 0.05.
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2020

	
2021




	
Species

	
Site

	
A

	
B

	
P

	

	
Species

	
Site

	
A

	
B

	
P

	






	
Lasius brunneus

	
GC

	
100

	
50

	
0.001

	
***

	

	

	

	

	

	




	
Myrmica rubra

	
CC

	
64

	
100

	
0.001

	
***

	
Myrmica rubra

	
CC + BC + AC

	
84

	
53

	
0.002

	
**




	
Myrmica scabrinodis

	
CF

	
86

	
50

	
0.001

	
***

	
Myrmica scabrinodis

	
CF

	
91

	
40

	
0.002

	
**




	
Formica fusca

	
BC

	
100

	
40

	
0.003

	
**

	

	

	

	

	

	




	
Myrmica ruginodis

	
BC

	
75

	
40

	
0.011

	
*

	

	

	

	

	

	




	
Lasius niger

	
AF

	
68

	
70

	
0.001

	
***

	

	

	

	

	

	




	
Tetramorium caespitum

	
GC + GF

	
100

	
85

	
0.001

	
***

	
Tetramorium caespitum

	
GC + GF

	
100

	
70

	
0.001

	
***




	
Formica cinerea

	
GC + GF

	
100

	
60

	
0.001

	
***

	
Formica cinerea

	
GC + GF

	
100

	
45

	
0.001

	
***




	
Lasius alienus

	
GC + GF

	
100

	
60

	
0.001

	
***

	
Lasius alienus

	
GC

	
100

	
80

	
0.001

	
***




	
Lasius platythorax

	
BC + BF + AC

	
98

	
60

	
0.001

	
***

	
Lasius platythorax

	
BC + BF + AC

	
95

	
60

	
0.001

	
***
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