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Abstract

:

Fire is an ecological and disturbance factor with a significant historical role in shaping the landscape of fire-prone environments. Despite the large amount of literature regarding post-fire vegetation dynamics, the north-east Mediterranean region is rather underrepresented in the literature. Studies that refer to the early post fire years and long term research are rather scarce. The current study is conducted in the socially and geographically isolated peninsula of Mount Athos (Holly Mountain) in northern Greece, and it studies vegetation dynamics over a period of 30 years since the last fire. Field data were collected 11 years since the event and were used to identify the present plant communities in the area, using TWINSPAN, and the factors affecting their distribution using CART. Four Landsat (TM, ETM, OLI) images are employed for the calculation of NDVI, which was found effective in detecting the intercommunity variation in the study area, and it is used for long term monitoring. The study includes four communities, from maquis to forest which are common in the Mediterranean region covering a wide altitudinal range. The results suggest that fire affects the various communities in a different way and their recovery differs significantly. While forest communities recover quickly after fire, maintaining their composition and structure, the maquis communities may need several years before reaching the pre-fire characteristics. The dry climatic conditions of the study area are probably the reason for the slow recovery of the most fire prone communities. Given that climate change is expected to make the conditions even drier in the region, studies like this emphasize the need to adopt measures for controlling wildfires and preventing ecosystem degradation.
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1. Introduction


Fire is an important ecological factor that affects both the structure and distribution of many plant communities throughout the world. Fire probably first appeared, as a natural disturbance factor as soon as there was any existing terrestrial vegetation [1,2,3]. Prior to human influence the main ignition sources were lightning, volcanic and earthquake activity [4,5,6]. Fire was a periodical ecological process in the vegetation cycle of succession, causing the continued rejuvenation and promoting the productivity of many plant communities and ecosystems [3]. Later, fire became an important human tool, widely used for the improvement of living conditions. The fire characteristic most altered due to human presence is fire frequency, mainly due to the increase of ignition sources. It is worth noting that in the Mediterranean region 98% of the occurring fires are of an anthropogenic origin [7]. The increased frequency and extent of wildfires constitute a major global issue due to their high contribution on atmospheric pollution [8], and their subsequent effect on ecosystem properties and human health [9]. Projection of wildfire activity across the globe under the foreseen global changes in climate patterns, anthropogenic activities and land uses indicate a significant increase in fire frequency by 2050 affecting many regions of the world [10].



In the Mediterranean region, fire has had a significant role in shaping the landscape and determining ecosystems and species distribution and is considered one of the most fire-prone regions in the world [11,12,13,14,15]. After the establishment of the characteristic Mediterranean climate in the region, approximately 2.8 million years ago [16], fire has become one of the major selection forces for the Mediterranean flora, and it is the adaptation of many species to recurrent fires which ensures their persistence [12]. The two main reasons for the frequency of fire in Mediterranean ecosystems are the summer drought and the long human presence in the area [12].



The responses of vegetation to fire and the post-fire succession have been widely studied and there is large literature describing species survival strategies and the post-fire succession. The common denominator in most of these studies is that the post-fire succession does not follow a typical secondary succession pattern in which different species or functional groups succeed one another towards a climax community. Instead, an auto-succession model is followed in which the species that occurred prior to the fire reoccupy their space and regain their pre-fire role in the community quite soon after the event [3,17,18,19,20,21]. The most important survival strategies are vegetative regeneration and resprouting from surviving buds [22,23], or through the establishment of seedlings from seeds stored in the soil [24,25] or on the plant [26]. Resprouting, perhaps the most common survival strategy in most fire-prone environments, appears to be an ancestral trait allowing survival of plants after removal of above ground parts by fire or grazing and cutting [27]. The establishment of seedlings after germination of stored seeds in response to a fire related cue, i.e., high temperature, smoke or burned wood, appears to be a survival strategy selected under the pressure of fire allowing survival of plants after a fire event [24,25]. Both survival strategies are important and they both play a role in the re-establishment of the dynamic equilibrium.



Mediterranean ecosystems and especially maquis communities dominated primarily by Quercus coccifera L. have been studied in relation to their response to fire and the majority of these studies have been carried out in the western part of the Mediterranean region and, more specifically, in France [3,19,20,28,29,30,31], Spain [32,33,34,35] and Portugal [36]. In the eastern part of Mediterranean region most of the fire ecology literature refers to phryganic ecosystems or dwarf shrub ecosystems in Greece [37,38,39,40] or in Israel [41,42]. Similar studies on Mediterranean conifers also exist for the eastern Mediterranean region [18,43,44,45,46,47,48]. Despite the number of studies conducted on the post fire vegetation succession, the north-east Mediterranean region remains rather underrepresented in the literature.



The auto-succession theory states that the time required for the vegetation to regain its pre-fire floristic composition is short, because all species respond promptly to the destructive role of fire. Apart from some changes in species richness which occur during the first 3–4 post-fire years, the pre-fire community re-establishes within a period which, for Q. coccifera dominated communities, can be as low as 3.5 years [32]. It is unlikely, however, that this rapid recovery is the case in all communities in fire-prone environments, even in areas which belong to the same climatic zone. For instance, the eastern Mediterranean region is more arid than the western one, and, although similar plant communities are present in both areas, it would be expected that differences, not in the fundamental principles of the auto-succession but in the relative species abundances in the post-fire environment, would be found. The current study examines the similarities and differences between the established theory of post-fire vegetation succession with results from a more arid environment than in the western Mediterranean region.



The study is conducted in the peninsula of Mount Athos in northern Greece and the aim is to examine the effects of fire in multiple communities ranging from maquis of the lowest altitudes to deciduous forests at higher altitudes over a period of 30 years since the last fire. The objectives of the study are (a) to identify all plant communities present in the study area, (b) to identify the role of fire in shaping their distribution and (c) to determine the period required for a community to recover from fire




2. Materials and Methods


2.1. Study Area


The study is conducted in the geographically and socially isolated peninsula of Mount Athos in northern Greece (40°11′40.01′′ N, 24°13′55.95′′ E; Figure 1), where a monastic life was established more than a thousand years ago and it is now inhabited only by monks and hermits who live either in the 20 monasteries or in isolated cells and hermitages. According to Rackham [49], the social conditions have remained the same for over 1000 years and the absence of domestic animals allowed to avoid the browsing and cultivation activities which have ravaged the rest of the Mediterranean region.



The area has a long history of wildfires which, according to the existing records, occur at relatively large intervals of more than 40 years. In the wider region fires occur during the fire season which coincides with the summer draught period lasting between April and October and most commonly between June and August. The last two known wildfires were in 1945 and in August of 1990 and no fire has occurred in the area since 1990. The current study focuses on these wildfires, and it monitors the vegetation changes and succession over a period of 30 years since the last one. The total size of the study area is 2014 ha. The fire of 1945, according to a visual interpretation of aerial photographs obtained by the Hellenik Military Geographical Service, burned 773 ha of the study area while this of 1990 burned 1,305 ha, including the entire area of 1945. Approximately 710 ha of the site escaped both fires and there are no written or oral records of a fire from the last century until today. As a result, sites located at the unburned part are considered as mature sites and provide the controls for the investigation of the effects of fire on vegetation. Figure 1 shows the parts of the study area under the different fire regimes.



The general orientation of the site is southwest, however, due to the complex and sharp relief, one can find all different aspects from north to south and east to west. The altitudinal range is from the sea level to 889 m; however, the study is confined to up to approximately 500 m which is the part of the area affected by the wildfire of 1990. The climate is Mediterranean with pronounced biseasonality in annual precipitation and a summer drought period. According to the existing data the climate in the areas below 500 m has an annual precipitation of less than 500 mm, mean annual temperature of 15.7 °C, mean annual atmospheric moisture of 70% and 2800 hrs of sunshine per year. Based on those data as well as on the vegetation characteristics of the study area the climate was classified as Csa type according to Koppen which is characterised by hot and dry summers and mild winters [50].




2.2. In Situ Sampling and Data Collection


Field sampling was performed between April and October 2001 for the collection of vegetation and environmental parameters data that will aid the process of understanding the patterns of vegetation distribution. The study area was divided into three zones based on the fire regime with the first zone including the area burned both in 1945 and 1990, the second the area burned only in 1990 and the third the area which has not been burned for more than 60 years. The target was to sample approximately 150 points in total and this number was divided accordingly to the extent of three zones. The 150 points ensure a minimum average sample density of one sample per 25 hectares which according to Tzanopoulos et al. [51] is sufficient to capture the heterogeneity of the Mediterranean landscape. Within each zone, the corresponding number of points was randomly located. The random location of sampled points and the large variation in topographic conditions ensures that the variation in environmental factors and vegetation structure and composition will be sufficiently represented in the dataset.



During sampling, the exact location of the sampled quadrat was adjusted by a few meters if necessary in order to ensure homogeneity in environmental conditions and vegetation characteristics. Their size varied between 300 and 500 m2 depending on vegetation type [52] with smaller-sized quadrats being used to sample maquis vegetation and larger sized for forest vegetation. The four corners and the centre of each quadrat were marked using a GARMIN eTrex Vista GPS with a spatial accuracy of 4 m. In each quadrat the cover of all woody species was visually estimated using a 20-point cover scale. The 20-point cover scale was based on the 9-point Braun-Blanquet cover-abundance scale [53], which was further divided in order to achieve a much more accurate recording of the vegetation composition. For the purposes of data analysis, a smoothing operation was applied where the 20-class scale was converted into percentage cover values using a power regression formula [54]:


Cover (%) = 0.1165 × (Class midpoint)2.2457 (p < 0.0001, R2 = 0.99)











Fifty woody species in total were recorded during the survey. The identification of species was done using [55,56] and the nomenclature follows Flora Europaea (1964–1993).



In addition to species cover, the height of the vegetation was measured as well as the presence of mature individuals on burned sites which had escaped fire. In each quadrat a number of topographical factors were recorded including aspect, slope and altitude using a compass, a clinometer and an altimeter, respectively. From each quadrat five soil samples were taken in a W shape to the depth of 10 cm into the inorganic soil layers. The five samples were air dried for 48 h and then mixed in equal quantities to produce one bulk sample representative for the whole quadrat.



The following physical and chemical soil properties were determined with the aim of investigating their effect on vegetation distribution and composition: Total Organic Nitrogen (N), Total Phosphorus (P), Total Potassium (K), Available Phosphorus (Phosphate), Available Calcium (Ca), Available Magnesium (Mg) Available Potassium, Available Sodium (Na), Organic matter content (OM), pH and soil particle size distribution. Total N, P and K were determined from the same extract produced using the Kjeldahl procedure [57]. For available phosphorus the molybdenum blue method [57,58] was employed after extracting the phosphorus from soil using an 0.5 M sodium bicarbonate reagent (pH = 8.5). Available potassium and magnesium were estimated from the same soil extract using ammonium nitrate as the extraction agent [58]. Available Ca and Na were extracted from the soil using ammonium acetate as the extraction agent [58]. A pH meter [58] was used for pH estimation. The loss-on-ignition method [59] was employed for organic matter content after drying both the porcelain crucibles for 12 h at 105 °C and the soil for another 12 h at 105 °C and then placing the samples in a furnace at 550 °C for 15 h. Soil particle size distribution was determined by using a Buyoucos hydrometer in a water-soil suspension.




2.3. Plant Community Identification


A number of different plant communities are present in the study area. The aim of this analysis is to identify these communities and to explore their main floristic properties as a necessary first step. A sound understanding of the plant community composition is essential to provide a baseline for comparing sites with similar pre-fire vegetation for the study of the plant community patterns in relation to fire. The analysis of vegetation data for the identification of the plant communities and the investigation of some of their main floristic characteristics is carried out in two steps. The plant communities are identified using classification analysis and second an indirect ordination analysis is applied to provide a better insight into their floristic composition as well as information on the floristic relationships between the communities.



The hierarchical polythetic divisive method Two Way INdicator SPecies ANalysis (TWINSPAN) [60,61] was employed in the current study. TWINSPAN is preferred over other hierarchical methods because it uses the whole range of information included in a data matrix and not just the presence or absence of a single species, while it is more robust and less prone to misclassification errors [62]. Compared to traditional table rearrangement methods it is considered much more objective [63]. A disadvantage of TWINSPAN is that it is based on an ordination of samples and species on a single axis and that’s why it is recommended to be followed by an ordination using Detrended Correspondence Analysis (DCA) [62].



TWINSPAN employs the concept of pseudospecies which is a technique for converting quantitative data into qualitative [61]. According to this concept, any species is represented in the classification process by a series of pseudospecies the number of which depends on the species abundance in a particular sample and the applied cut levels which are abundance thresholds. In the current study the six cut levels used by Rodwell [64] for the Natural Vegetation Classification (NVC) of Great Britain were used for the derivation of pseudospecies. These are: 0.1, 4.1, 10.1, 25.1, 33.1 and 50.1. The range of abundances represented by each of the six pseudospecies (in brackets) are: 0.1–4% (1), 4.1–10% (2), 10.1–25% (3), 25.1–33% (4), 33.1–50% (5), >50.1% (6). For the identification of plant communities and their lower divisions the scheme employed by Rodwell [64] was applied where the “community” is the basic unit (without higher hierarchical levels) and it can be divided at lower hierarchical levels into “sub-communities” and “variants”.



For the denomination of communities and sub-communities up to three of the most frequent and abundant species were used. Hence, for every identified group a table of species frequencies and a table of preferential pseudospecies were produced. The latter represents the abundance of the most characteristic species within each group. The term frequency describes how often a species is found among the samples comprising a group regardless of how much of the species is present in a sample. Five frequency classes were identified and each of them is denoted by a Roman numeral: I= 1–20% frequency; II = 21–40%; III = 41–60%; IV = 61–80% and V= more than 80%. Species with frequency classes of IV and V in a particular group are referred as constants; those with frequency class III as common or frequent; those with frequency class II as occasional and those with frequency class I as scarce. On the other hand, the term abundance describes how much of a species is present in a sample. Six abundance levels were identified which are the same as the pseudospecies levels.



The classification process was assisted by a DCA [65] which resulted in two dimensional diagrams along the two axes which summarises the variation in the data. In these diagrams the samples are represented by points which are arranged in such a manner that samples with similar species composition are close to each other and those which are far apart have dissimilar species composition [66]. The ordination analysis was done using the CANOCO for Windows software [67,68].




2.4. Identification of the Factors Determining Community Distribution-Hypothesis Generation


Fire is one of several factors that are expected to have a significant role in shaping community distribution in the study area. The preliminary hypothesis is that fire affects the distribution of communities not in the same way and probably some of them are affected more than others. In order to test this hypothesis and perhaps generate additional ones, classification trees were employed to identify the most important factors determining the distribution of the plant communities. The classification tree approach [69,70] is a powerful method which can deal effectively with the complexity often inherent in ecological data [71]. Classification trees repeatedly divide the data into two mutually exclusive groups on the basis of a single explanatory variable until a set of homogenous groups, in terms of the response variables, is achieved [71], or until the data cannot be divided any further based on the explanatory variables available. At each division the variable that best divides the data is used. Hence, instead of estimating the mean value of a range of environmental factors associated with the communities, classification trees identify specific thresholds of environmental variables above or below which a vegetation type can be found [72].



The classification of each sample into one of the plant communities and sub-communities was used as the response variable. The explanatory variables comprised all of the environmental variables recorded during the fieldwork and in the laboratory such as slope, aspect, altitude, fire regime and soil physical and chemical properties. Among more than 30 different classification trees the most suitable was selected based on two criteria. First, the selected tree should have the lowest misclassification rate and highest kappa statistic which should exceed 0.4 [73,74]. An “honest” misclassification rate was achieved by using 10-fold cross validation [71]. Accordingly, the dataset of 134 samples was split into 10 approximately equal partitions, each of which in turn was used for testing while the remainder was used for training the classifier. The validation procedure was repeated ten times and consequently each sample was used nine times for training the classifier and once for testing it [69]. The second criterion was based on the comparison between the misclassification rate of the tree and the misclassification rate of a tree, built based on the “go with the majority” rule [71]. The “go with the majority” tree (termed the “null model” in the current study) classifies all the data in the group with the highest number of instances and because in this study 54 out of 134 samples belong to the sub-community MQ1a, the misclassification rate of the null model is 60% and the correct classification rate is 40%. Hence, the selected classification tree should have a correct classification rate higher than 40%.




2.5. Remote Sensing Data


Four Landsat images were obtained both for testing the hypotheses built in the analysis of the environmental factors that affect the community distribution as well as for monitoring the vegetation changes in the following 20 years. The first image was a Landsat 4-TM, sensed on the 23 June 1989, one year before the 1990 fire event. The second and third image was Landsat a 7-ETM, sensed on the 11 August 2001, the year in which the vegetation sampling took place, and on the 23rd of August 2011, respectively. The fourth image was a Landsat 8 OLI image, sensed on the 25 July 2021. All images were processed at level 2A (geometrically and atmospherically corrected to BoA reflectance). The Landsat series provides earth observation data since 1972 at varying spectral and spatial resolutions (Table 1). Since 1982, when Landsat 4 was launched, the spatial resolution is stable at 30 m for the multispectral products. Due to the long timespan of Landsat data availability they are quite extensively used to build time series datasets for long term monitoring of post fire succession and vegetation dynamics, both at the green cover level and at the community level [75,76,77,78,79,80].




2.6. Remote Sensing Methods


For each image a Normalized Difference Vegetation Index (NDVI) was generated using the formula:


  NDVI =   NIR − R   NIR + R    








where:




	
NIR = Reflective Near infrared band



	
R = Red band.








NDVI is one of the vegetation indices that combines the two opposite properties of canopy, NIR which covers the spectral wavelength reflected the most by the canopy and R which covers the spectral wavelength reflected the least by the canopy [81]. As a result of this property, NDVI is considered an appropriate vegetation index to study vegetation patterns across temporal or spatial scales and it has been extensively used to study post-fire landscape patterns and vegetation dynamics [79,81,82,83,84]. Although other indices are also reported in the literature as suitable to monitor post-fire vegetation recovery, such us the Normalised Burn Ration (NBR) [77,78,85], NDVI was the first one tried in this study and gave excellent results. The NDVI values theoretically range between -1 and 1 but this range is never achieved since a given pixel will always have some reflectance in both the IR and R bands.



The sampled quadrats were marked using a GPS of a 4 m spatial accuracy, such that the pixels on the NDVI layer corresponding to the exact location of the vegetation sample (quadrat) were easy to identify. When a particular quadrat fell within one pixel, only the NDVI value of that pixel was recorded as representative for the quadrat. When the quadrat covered more than one pixel the average NDVI value was calculated taking into account the percentage of each pixel covered by the quadrat. Once the NDVI values for each vegetation sample had been recorded, one-way Analysis of Variance (ANOVA) followed by a Tukey-HSD test was employed to identify differences in the NDVI between the various communities before and after the 1990 fire. Hence, the NDVI values were used as the response variable, while the classification of each vegetation sample to one of the communities was used as the grouping factor.



To evaluate the pattern of vegetation changes between the two time slots representing the year before and the year after fire (1989 and 2001), a change index was calculated, which helped on the testing of two hypotheses generated from the CART analysis and the analysis based on NDVI. The change index is based on a selective Principal Components Analysis (PCA) which is applied to the two Landsat images of 1989 and 2001. The technique was introduced by Chavez & Kwarteng [86] and refined later by Weiers [87] and the main principles are outlined below and shown in Figure 2. From a pair of images, a set of comparable layers are selected which can also include spectral ratios such as NDVI. Bands 2, 3, 4, 5, 7 of the two Landsat images were used in this analysis as well as the respective NDVI layers. A selective PCA analysis is performed for each pair of comparable layers to obtain two principal components in the two dimensional feature space, where the first (PC1) expresses the information common to both pictures and the second (PC2) expresses changes between the two images or noise (Figure 2a). The change intensity increases towards the margins of PC2. To convert the PC2 values into change index values and to separate between actual change (increasing towards the margins of PC2) and noise (central part of PC2; Figure 2b) the absolute difference values of a bidirectional normalized sum function are calculated [88]. This fuzzy membership function assigns values around 0 to the pixels that occupy the central part of PC2 and increased values towards 1 as the pixel’s location approaches the margins of PC2. The closer the values are to 1 the higher the possibility of change [88]. Six fussy layers were generated from this process (one for each pair) and the mean value of those for each pixel represents the change index of the pixel. The whole process was automated in an ERDAS 8.6 extension by Michael Wissen, DLR Germany (Personal communication).



Following the same procedure as for the NDVI values above, the CI values for each vegetation sample were recorded and a one-way ANOVA was used to identify which of the plant communities had undergone the greatest change.



Once the pattern of vegetation changes due to fire and the accuracy of the NDVI in detecting the identified communities were established then the two images of 2011 and 2021 were used to calculate the respective NDVI layers and monitor the changes in the community distribution for an additional two decades following the year where in situ measurements were made. Due to the data gaps in Landsat 7 ETM after May 2003, for the analysis of 2011 only 124 samples were used.





3. Results


From the initial target of 150 locations 134 were finally visited and quadrats were located for sampling since the rest 16 locations were inaccessible. Fifty taxa were identified including tree species, short and tall shrubs and climbers.



3.1. Plant Community Identification


A division to five levels was performed, identifying 22 groups. The third level of division produced ecologically meaningful sub-groups for only one of the groups identified in the previous level while the fourth and fifth levels produced groups with no apparent ecological meaning. Five groups were considered to form distinctive ecological entities (Figure 3; Table 2).



Group *0 is dominated by the maquis species (in parenthesis the main regeneration strategy of the species after fire is shown): Q. coccifera (resprouter), Phillyrea latifolia L. (resprouter), Olea europaea L. (resprouter), Arbutus unedo L. (resprouter), Spartium junceum L. (seeder), Cistus creticus L. (seeder), Calicotome villosa (Poir.) Link (seeder), Quercus ilex L. (resprouter) and Fraxinus ornus L. (mixed). On the other hand, group *1 is dominated by the forest species Castanea sativa Mill. (resprouter) and Quercus petraea (Mattuschka) Liebl. (resprouter), accompanied by species such as Quercus frainetto Ten. (resprouter) and Abies borisii-regis Mattf. (seeder).



At the second level the maquis vegetation (group *0) was further divided into two groups: group *00 and *01. While there are similarities in species composition between the two groups, such as the high frequency of Q. coccifera, P. latifolia and Asparagus acutifolious L., (seeder) there are also important differences with F. ornus, Q. ilex, Laurus nobilis L. (resprouter) and Cytisus villosus Pourr. (seeder) being constant species in group *01 but only frequent or absent in group *00. On the other hand, species like C. villosa, O. europaea, S. junceum and Pistacia terebinthus L. (resprouter) which are constants in group *00 have lower frequencies in group *01.



The species that are preferential to group *00 and have also both high frequency and abundance are: C. villosa, O. europaea, P. latifolia and Q. coccifera. C. villosa exhibits a wide range of abundance among the samples comprising the group. It occurs at a very high abundance and dominates a big part of the group while it is just sparse in the rest. For this reason, C. villosa, though characteristic, is not appropriate for the definition of the whole group. More appropriate species are Q. coccifera, P. latifolia and O. europaea which are constants, highly preferential and are more consistent in their abundance within the group. Hence, this group is defined as the Q. coccifera-P. latifolia-O. europaea plant community (henceforth MQ1).



Q. ilex and F. ornus, which are both preferential to group *01, are the most characteristic species of this group. Both species are constants and have high abundances in the group, as indicated in Table 2. The species L. nobilis and A. unedo are also preferential to this group, occurring with relatively lower frequency and abundance than Q. ilex and F. ornus. C. villosus exhibits variable abundance among the samples comprising the group and despite the fact that it is a preferential of this group, as opposed to group *00, it is also present at the same frequency and abundance in the two groups of deciduous forest vege-tation. The rest of the preferential species of this group have relatively low frequency (Smi-lax aspera L.) or abundance (Ruscus aculeatus L. (resprouter)). Therefore, the most characteristic species are Q. ilex and F. ornus and group *01 is defined as the Q. ilex-F. ornus plant community (hence-forth MQ2).



At the second level the division of the group representing the deciduous forest vegetation (group *1) resulted in two groups: *10 and *11. There are similarities in species composition between the two groups, where the five most frequent species maintain high frequencies in both groups. However, the maquis species Q. ilex, F. ornus, Q. coccifera and C. creticus are more frequent in group *10 than in group *11. The species Ruscus hypoglossum L. and A. borisii-regis are constants for group *11 but are less frequent in group *10. Apart from the differences in species composition, the two groups differ significantly in species abundance. Group *10 is characterized by the high abundance of Q. petraea (up to 80%). Hence, the species which defines group *10 is Q. petraea and it is defined as the forest plant community of Q. petraea (henceforth FC1). Group *11 is characterized by the high abundance of C. sativa (up to 80%). The species A. borisii-regis is a characteristic species of this group but has low abundance in the majority of the samples comprising the group, while the remaining preferential species occur at low abundance or, as in the case of C. villosus, they are not consistent among the samples. Hence, this group is defined as a forest plant community of C. sativa (Henceforth FC2).



The third level of division produced consistent groups, which merited interpretation only for the MQ1 plant community. The sub-groups of the MQ2 plant community were, therefore, merged as being artificial and without any apparent ecological meaning.



MQ1 was divided into two sub-groups: *000 and *001. There are strong similarities between the two sub-groups, with the constant species maintaining high frequencies in both. The most pronounced differences are in the frequencies of Q. ilex, F. ornus, R. alaternus, S. aspera and L. nobilis which are at least frequent in group *001 while they are, in most cases absent, from group *000. The sub-group *000 is characterized by the very high abundance of C. villosa (up to 75% in more than half of the samples comprising that sub-group). The same species is also present in the sub-group *001 with much lower abundance (mainly less than 4%). C. creticus is the second characteristic species of this sub-group but has low abundance, seldom exceeding 10%, and is not suitable for the definition of the sub-group. The best species for the definition of sub-group *000 is C. villosa and is defined here as the sub-community of C. villosa (Henceforth MQ1a), which is part of the broader community Q. coccifera-P. latifolia-O. europaea (MQ1).



The second sub-group *001 is characterized by the very high abundance of species Q. coccifera and P. latifolia often exceeding 50%. Both species can be used to define this sub-group. R. alaternus is also a strongly preferential and characteristic species of this sub-group with high consistency among the samples but low abundance. The preferential species Q. ilex, F. ornus and L. nobilis are characteristic of the MQ2 plant community and, therefore, cannot be used as differential and characteristic species of this sub-group. The remaining preferential species are not suitable to define the sub-group due to their low frequency and/or abundance. O. europaea maintains its high frequency and relatively high abundance in both sub-groups. As a result, the sub-group *001 is defined as the typical sub-community (MQ1b) of the community Q. coccifera-P. latifolia-O. europaea (MQ1).



TWINSPAN classification is based on a single axis ordination for the differentiation of the groups and provides relatively little information on the floristic relationships between the groups and the degree of floristic overlapping between them [89]. Ordination on the other hand uses all the information contained in the samples by species data matrix and in a two-dimensional samples-species ordination diagram it is much easier to perceive both the floristic consistency of the identified groups as well as the floristic relationships between groups. Furthermore, the plotting of species in the same diagram as samples allows the identification of the relative position of species in relation to all samples. Hence, indirect ordination provides a useful tool for exploring the vegetation data further as well as a tool for verifying the classification results.



Detrended Correspondence Analysis (DCA) was performed on all samples and applying equal weights to all species (Table 3). The eigenvalue is a measure of the importance of each ordination axis in summarising the total variation of data which is represented by the total inertia. The length of the longest gradient, which is 5.481 and is much higher than 3, justifies the use of DCA, which is an ordination method assuming unimodal response of species to environmental gradients, rather than the use of a linear ordination method such as PCA [90].



Both Figure 4 and Figure 5 indicate that the three communities and the two sub-communities identified by TWINSPAN are represented in the DCA ordination. The two forest communities occur on the right part of the diagrams while the maquis communities and sub-communities occur on the left. The DCA analysis confirms that the plant communities identified from the classification are floristically distinctive groups reflecting environmental gradients. Given that forest communities occur at higher altitudes, the first axis may be correlated with altitude. It shouldn’t, however, be considered as an altitudinal gradient since the maquis communities which occur at similar altitudinal range are also separated along the first axis.



The first axis mainly summarises the intercommunity variation since the communities and sub-communities occupy distinctive parts along the axis while the second axis appears to be representing an environmental gradient responsible for the floristic variation observed within the two forest communities. The third axis represents an environmental gradient responsible for the intercommunity variation between the sub-communities MQ1a and MQ1b as well as the intracommunity variation in those two sub communities and in the MQ2 community. At the same time the third axis has a minimum effect on the intracommunity variation of the two forest communities. Given that sub-community MQ1a is dominated by the opportunistic species C. villosa a possible relationship between the third axis and disturbance can be inferred.



The species used to characterise the various communities and sub-communities occupy positions in the graph close to the samples that constitute the respective communities so their use for characterising and denominating the communities is justified. The maquis sub-comunity MQ1a seems to be floristically the most homogenous with very high abundance of C. villosa. The sub- community MQ1b is also homogenous, with Q. coccifera and P. latifolia being more abundant in this sub-community than in any other community. These two sub communities exhibit a high degree of floristic overlap and they represent variation of the main community characterised by Q. coccifera, P. latifolia and O. europaea. The reason for the dominance of C. villosa in the first sub-community could be related to different disturbance regimes. The Maquis community MQ2 is more floristically heterogeneous than the other maquis groups which is partly attributable to the variations in the relative abundance of its two characteristic species; Q. ilex and F. ornus. The two deciduous forest communities are the most floristically heterogeneous among the five groups. The heterogeneity of the community FC2 is, at least partly attributable to the presence of A. borisii-regis in some of the samples constituting the community. Disturbance may well be the reason for the variation in A. borisii-regis distribution given that the species only regenerates under the canopy of existing stands. The heterogeneity of the FC1 forest community is explained by the fact that it is mainly present in the transition zone between maquis and deciduous forest vegetation and subsequently has elements of both vegetation types. Table 4 gives some descriptive statistics for all species which are frequent or constant in at least one of the identified communities and sub-communities.




3.2. Identification of the Factors Determining Community Distribution-Hypothesis Generation


The classification tree analysis resulted in a model with 36 nodes and 20 leaves (Figure 6). The overall classification accuracy of the model was 70.1%, exceeding the classification accuracy of the null model (40%). The kappa statistic was 0.58 and the model is characterised as good [74]. The model performed very well for almost all classes apart from the community FC1. The precision was 0.81, 0.75, 0.60, 0.3 and 0.78 for the classes MQ1a, MQ1b, MQ2, FC1 and FC2, respectively. The poor performance for the FC1 community was considered to be the high level of human impact at higher altitudes where for centuries chestnut stands have been favoured over all other stands growing in the same altitudinal zone [91]. As a result, the distribution of FC1 community does not follow natural patterns but is, to a great extent, a human artefact.



The classification tree model shows that the current distribution of plant communities is a function of a number of different factors, with altitude being the most important. The areas below 400 m are dominated by the maquis sub-communities MQ1a and MQ1b and the community MQ2. The sites above 400 m are dominated by the two forest communities FC1 and FC2 but with the maquis community MQ2 also common. While several factors are involved in determining the distribution of the various plant communities in the study area, the current study focuses on the role of fire so this is where we will pay particular attention.



The results of the classification tree suggest that fire has a more significant ecological effect below 400 m altitude, the maquis dominated sites, than at higher altitudes, the deciduous forest dominated sites. Sub-communities MQ1a and MQ1b occur mainly at low altitudes and the most important factor discriminating between them is the fire of 1990 (Figure 5). The section of plant community identification emphasized the high floristic similarity between these two sub-communities and the combined results provides strong evidence for the hypothesis that the separation of MQ1 community into the sub-communities MQ1a and MQ1b is associated with fire alone. The species C. villosa occurs in the MQ1b sub-community with a mean cover of less than 5%, and gains dominance on burned sites reaching 70% cover in the MQ1a sub-community (mean of 48%). Two of the dominant species of the MQ1b sub-community: Q. coccifera and P. latifolia, on the other hand, are suppressed on burned areas and occur in the MQ1a sub-community with much lower cover. The role of fire at higher altitudes appears to be less dramatic, and other factors are more important in determining the vegetation distribution. Only in one case does fire seem to be restricting the presence of FC1, and this is on sites with sandy soils, relatively low total N, relatively high pH and low available K where MQ2 community dominates the burned sites. However, the fact that this effect appears late in the environmental factors-based community discrimination process (lower order in the classification tree) does not allow the development of hypothesis about the interactions of FC1 and MQ2 communities in relation to fire.




3.3. Distribution of Plant Communities and Sub-Communities before and after the Fire of 1990


In order to test the hypothesis that the two sub-communities of MQ1 are determined by fire, remote sensing data were acquired and analysed to determine the nature of the vegetation in these areas before the fire and for three decades after the fire. One-way ANOVA for the differences in NDVI values between the various communities and sub-communities in the year 2001 revealed that NDVI differs significantly between the communities and sub-communities of the study area (F = 70.790, p < 0.001) and all of them differ significantly to each other (Table 5 and Figure 7b). This result suggests that NDVI can successfully identify the intercommunity variation in the study area and thus it can be applied to all the time slots analysed in the study.



The one-way ANOVA results revealed significant differences in the NDVI between the identified vegetation types in 1989 (F = 53.178, p < 0.001). The post-hoc comparisons revealed that the two sub-communities MQ1a and b do not differ significantly in NDVI for the year 1989, while all other combinations differ significantly (Table 5, Figure 7a). This result suggests that sites which were occupied by sub-communities MQ1a or b in 2001, one year before the fire they were occupied by the same vegetation type. The relatively low, but still significant, difference between the two maquis communities (MQ1 and MQ2) before the fire is probably explained by the floristic and structural similarities between the two, which consists of evergreen broadleaved species and both have high presence of the species Q. coccifera (Table 4).



While it is clear that in 1989, one year before the fire, sub-communities MQ1a and MQ1b were identical and one of them did not exist, what remains open to question is whether the pre-fire vegetation type was more similar to the MQ1a or to the MQ1b sub-community. There are two possible hypotheses:



Hypothesis 1. 

The vegetation type that existed before the fire was dominated by C. villosa, similar to the MQ1a sub-community and was maintained by fire while the unburned sites of MQ1a, through the process of succession, became dominated by Q. coccifera and P. latifolia while O. europaea maintained the same abundance.





Hypothesis 2. 

The vegetation type that existed before the fire was similar to the MQ1b sub-community, dominated by Q. coccifera, P. latifolia and O. europaea. Given that MQ1b is the typical sub-community of MQ1, this hypothesis states that, before the fire, the MQ1 community was present without sub-divisions at lower levels. Under this hypothesis fire resulted in the degradation of MQ1 and the dominant species were replaced by the opportunistic legume species C. villosa.





In order to test these two hypotheses, a change index was calculated. The results of the one-way ANOVA on the differences of the change index values between the communities and sub-communities show that the degree of change in the two time slots differed between the communities (F = 11.46, p < 0.001). The post-hoc comparison (Table 6, Figure 8) show that it is only the sub-community MQ1a which has a change index significantly different than the rest of the vegetation formations, so sites currently occupied by this sub-community have experienced the greatest degree of change between 1989 and 2001. At the same time the sites currently occupied by the MQ1b sub-community were the most stable of all communities. Hence, Hypothesis 2 is accepted: before the fire only the MQ1 community occurred, without further divisions, with the same floristic characteristics as sub-community MQ1b. For the other communities, the automatic change index analysis reveals that during the period 1989 and 2001 they remained more or less stable, with change index values similar to the MQ1b community. This does not mean that those communities were unaffected by fire, but that they maintained their overall visual character although there may have been some minor changes in intracommunity variation as a result of fire.



The analysis performed for the year 2011 using the same approach as for the years 1989 and 2001 shows that the NDVI differs significantly between the various communities and subcommunities in the area (F = 34.596, p < 0.001). However, the post-hoc comparison (Table 7, Figure 9a) reveals that while all communities differ significantly in the NDVI values between each other, the two sub-communities MQ1a and MQ1b have no longer significant differences in NDVI. Thus after 20 years the two sub-communities have come to a convergence forming together the MQ1 community.



A similar pattern is also observed in 2021 with significant difference between the various communities (F = 22.73. p < 0.001) and the two sub-communities continue not to differ significantly (Table 6, Figure 9b). However, the two forest communities FC1 and FC2 have no significant differences in the NDVI values despite the fact that FC2 continues to have a slightly higher mean NDVI. This either means that the two communities 30 years after the fire have more similar floristic properties or that the cover of A. borisi regiis, which is present in the FC2 community, has increased its cover both in burned and unburned sites. Given that conifers generally score lower values than broadleaves in the NDVI this may explain the no significant difference in the NDVI between the two forest communities. A likely third explanation for the non-significant difference between the two forest communities can be that Landsat 8 has different spectral resolution than Landsat TM and ETM especially in the NIR band (Table 1). This may result in an inability of the sensor to capture differences between these two vegetation types which both consist, to a great extent, of deciduous forest species. A third possible explanation is the sites occupied by these two communities are managed for timber production. Some of the stands that were burned in 1989 may have recently been logged and this changes their spectral signature in NDVI.





4. Discussion


The results presented above indicate that the effects of fire on vegetation varies between the different communities. Some communities undergo greater changes including degradation to a different vegetation formation which lasts for more than a decade, while others experience only ephemeral changes without significantly changing their composition and structure as shown by the long-term monitoring of their NDVI.



Community MQ1 is the most widespread community in the study area and in its mature form it is dominated by Q. coccifera, P. latifolia and to a lesser extent by O. europaea. All studies on post-fire recovery in Q. coccifera dominated communities in the western Mediterranean emphasize their high resilience and rapid recovery of the pre-fire vegetation composition and structure. The time required for the community to recover and for Q. coccifera to regain its pre-fire abundance has been reported to be as low as 3.5 years, even under extremely frequent fire regime of three fires within 16 years [32]. As far as species turnover is concerned, an initial increase in species richness over the first three years post-fire has been reported and from the fifth year onwards the species richness stabilises to the pre-fire species richness [19,20,29]. The rapid recovery of the community after fire has been attributed to the high resilience and the vigorous resprouting of Q. coccifera from the first year following fire, from buds protected in the underground parts of the plant. By mobilising carbohydrates stored in the underground roots, this species has an advantage over obligate seeders such as Cistus sp which allows it to dominate the burned area quite rapidly [36]. Furthermore, the improvement of water status resulting from the increased root/shoot ratio, which is an inevitable result of fire, may also contribute to the rapid recovery of resprouting species [36].



The results of the current study, however, present a different story. Eleven years after fire the cover of the dominant species Q. coccifera was still only half of that on the mature sites and a similar trend is observed for the second most abundant species of the community in its typical form, P. latifolia (Table 4). Several factors may explain this divergence from the established literature. Firstly, the climatic conditions of the study area may have both direct and indirect effects on the recovery of the dominant species. One common denominator of studies of post-fire recovery of Q. coccifera, in the western Mediterranean, is the more favourable conditions in terms of soil moisture compared with the current study area. The mean annual precipitation in those published studies varies between 591 and 1100 mm and the mean annual temperature varies between 13.2 and 14 °C (Table 8). However, conditions in the current study area are much drier and this could have a negative effect on the vigour of resprouting and the growth rate of the resprouts (Table 8).



Climatic conditions and water availability during and after the fire can have profound effects on the post-fire ecosystem recovery. Delitti et al. [32] attributed the slower recovery of the pre-fire biomass of Q. coccifera stands, compared with similar studies in southern France, to the drier conditions prevailing in the area of Spain where the study was undertaken. Pausas et al. [35] also found differences in the recovery of Q. coccifera between sites with different rainfall conditions in the post-fire years in eastern Iberian Peninsula. On sites with relatively wet conditions following fire, Q. coccifera recovered more rapidly during the first three post-fire years than on sites where rainfall was lower. Lopez-Soria & Castell [92], found that the capacity of species to resprout is affected by soil depth and they attributed this effect to the more favourable soil water conditions in deeper soils. Similar results were reported by Cruz et al. and Cruz et al. [93,94] who suggested that plants growing on sites with better soil water availability resprout more vigorously and have a faster growth rate than plants on drier sites. Castel & Terradas and Castel et al. [95,96] also pointed out that water availability is more crucial than availability of soil nutrients in determining vigour and growth of resprouts.



Apart from the direct effect that climate has on the post-fire recovery of the main species of the MQ1 community, there can also be some indirect effects. Trabaud [28] reported that fire intensity is reduced on sites with favourable soil water conditions and plant water content than fires on drier sites. According to the weather data from the weather station of Thessaloniki, which maintains records for a longer period than the weather station closest to the study area, 1990 was a dry year with an annual rainfall slightly above 300 mm (Figure 10). MQ1 sites, must have been burned with the highest intensity compared to the other communities also because of the fact that they have primarily a southern orientation and, as suggested by Keeley et al. [97], sunnier more exposed stands burn at higher intensity. Fire intensity affects both ecosystem recovery and the vigour and capability of resprouting [98,99,100,101,102,103]. Lloret & Lopez-Soria [102] suggested that fire intensity is the most important factor determining the post-fire survival of plants, since intense fires may destroy meristematic tissues from which the resprouts would normally arise. Higher mortality of resprouting plants under more intense fires was also reported by Moreno & Oechel and Moreno & Oechel [100,101] who also found that under high intensity fires plants show a temporal delay in resprouting. Plants resprouting after high intensity fire have fewer resprouts which may not be enough to provide the necessary photosynthesizing surface to produce sufficient carbohydrates to meet underground respiratory demands after the initial exploitation of stored carbohydrates resulting in increased post-fire mortality.



The same factors responsible for the slow recovery of Q. coccifera may also be responsible for the slow recovery of the next most abundant species in the pre-fire community, P. latifolia. The latter has not been studied as extensively as Q. coccifera but it is known that it is an obligate resprouter [104] and it has been reported in a study from the west coast of Italy that it can regain its pre-fire cover within eight years [105]. Yet in the current study cover of P. latifolia eleven years after the fire was approximately 50% of that on mature sites (Table 4).



An additional line of evidence for the assumption that climatic restrictions are responsible for the slow recovery of the MQ1 community is the fact that both Q. coccifera and P. latifolia recover very well when they are present on the sites dominated by the MQ2 community. Those sites have more favourable soil water conditions because they occur mainly on northern aspects and close to water sources. Broncano & Retana, [106] suggested that on north facing aspects the fire intensity is higher due to the higher biomass accumulation. However, using the same criteria of these authors to assess the intensity of the fire, the opposite appears to be true in the current study. On northern aspects some individual trees survived the fire, showing only fire scars close to the ground and leaving the crown virtually intact, indicating that those, more humid, sites burned with lower intensity. On the sites dominated by the MQ1 community, not a single tree survived the fire in this way. Furthermore, before the 1990 fire there was a fire-free period of at least 45 years for much of the study area and within this period it is fair to assume that the accumulation of biomass, even on southern aspects, was adequate to support an severe fire.



The relatively poor recovery of the resprouting species does not mean that the areas burned 11 years before have a lot of bare ground. The space that the resprouters do not occupy becomes occupied primarily by the legume species C. villosa and to a lesser extent by S. junceum, while C. creticus also occupies part of the area. All these species have greater abundance on burned sites compared with mature by 1500% for C. villosa, 500% for S. junceum and 300% for C. creticus.



Community MQ2 covers a smaller extent than MQ1 in the study area. The two most characteristic species are Q. ilex and F. ornus accompanied by C. villosus, L. nobilis, Q. coccifera, P. latifolia and Q. petraea. The community is restricted to the most favourable sites in terms of soil water. Terradas [107] considered Q. ilex-dominated stands to be transitional between typical maquis stands dominated by Q. coccifera or other evergreen oak shrubs, and the deciduous oak (e.g., Q. petraea) stands at the higher altitudes. In the current study MQ2 does not form an altitudinal zone of distribution but is found on favourable sites from an altitude of 100 m, where the MQ1 community generally dominates, to an altitude of 400 and 500 m where the deciduous forest communities become dominant.



The MQ2 community was not so affected by fire as the MQ1 community. The mature and burned sites maintained a similar character with two dominant species, namely: Q. ilex and F. ornus. Unlike F. ornus, however, which has similar abundance on burned and mature sites, Q. ilex cover was reduced from 50% on the mature sites to 25% on the burned sites. Studies on post-fire resprouting of Q. ilex are more limited compared with Q. coccifera and again these have been conducted in the western Mediterranean region which is considered its main distribution area [107]. Q. ilex is a vigorous resprouter after fire, more vigorous and with higher survival rates (80%) than other resprouting species such as P. latifolia, A. unedo and E. arborea [92,108]. The vigour of resprouting and the rapid growth of resprouts is determined especially by disturbance intensity and soil water availability [108]. Site observations suggest that sites occupied by the MQ2 community were not burned as intensely as those occupied by the MQ1 community because some individual trees in MQ2 stands survived the fire with their crowns intact. Thus, the main reason for the relatively poor recovery of Q. ilex is probably the climatic limitations imposed by low rainfall in the study area [92,108].



F. ornus is the second most abundant species in the MQ2 community. Although there are no studies of the ecology of F. ornus in relation to fire, it is known that this species regenerates by resprouting as well as by seed. In the present study, on burned sites F. ornus individuals were single stemmed, which leads to the conclusion that the predominant survival strategy of the species was through the establishment of seedlings. Whether these seedlings established from seeds stored in the soil or by seeds dispersed from nearby unburned areas or surviving individuals cannot be answered with accuracy from the available data. However, the seeds of F. ornus lack the hard seed coat of some legume and Cistus species which would allow them to survive the high temperatures of fire. Further, the seeds are light and winged which allows them to be dispersed by wind. Hence, it is more likely that seedling establishment occurred from seeds dispersed into the sites from nearby mature areas or from surviving individuals on the site. This dispersal, in combination with the relatively high growth rate of the species during the first years, probably allowed it to recover its pre-fire cover in the community.



The FC1 is the first of the two deciduous forest communities identified in the area, dominated by Q. petraea with Q. ilex, Q. frainetto, C. sativa, F. ornus and I. aquifolium also occurring. Fire had no major impact on the structure of the stands or on the abundance of the main species and after eleven years the cover of Q. petraea was similar between burned and mature sites. The most noticeable difference between burned and mature sites was the increased abundance of the legume Genista tinctoria on the former. Although there are no studies regarding the responses of G. tinctoria to fire it is reasonable to assume that it follows the general trends of other Genista species for which there is more information. Genista spp are known to regenerate after fire both by resprouting and seedling establishment from seeds stored in the soil [109]. G. florida seed germination was stimulated after exposure to high temperature [109,110] up to 150 °C for a limited period of time.



The FC2 community is the most abundant deciduous forest community in the study area and also in the whole peninsula of Mount Athos. This community is dominated by C. sativa, which reaches 90–100% cover. Other species are Q. petraea, Q. frainetto, I. aquifolium and A. borisii-regis. C. sativa forests are rarely subject to recurrent fires so the literature is rather limited in this respect [111,112]. In the current study area, FC2 stands were burned by a surface fire which did not reach the canopy layer due to the absence of understorey vegetation and the tall tree canopy. Despite this, however, the FC2 community experienced very high tree mortality according to the local forest managers, possibly due to the high temperatures developed close to the ground as a result of the presence of the thick litter layer. Such high temperatures could kill a tree by overheating the cambium under the bark [113,114] especially in species like Castanea which has a thin bark.



During the first months after the fire all dead and living trees were clear cut and the timber which was utilizable was collected. Eleven years since fire this community had fully recovered, with the dominant species showing similar abundance between burned and mature sites. C. sativa regenerated after fire exclusively by resprouting, a property which is very vigorous in this species and is enhanced when the dead above ground plant part is removed immediately after fire [112]. The most noticeable changes in the abundance of the species in the community is C. villosus which is 300% more abundant in burned compared with mature sites and the almost complete absence of A. borisii-regis on burned sites. A. borisii-regis has been suppressed for many years in the area in favour of C. sativa and it has only recently been left to colonise some areas. A. borisii-regis is shade tolerant, especially during the first years of its life and can successfully germinate and survive under the C. sativa canopy. As it does not resprout and has no soil seed bank, its only method of recolonising an area is by the dispersal of seeds from nearby mature plants. The fact that this species has been suppressed for so long means that its distribution is rather limited and seed sources are scarce, and it is likely that it will be many years before the first propagules arrive at the burned sites and re-establish some A. borisii-regis individuals.



In this study field observation and remote sensing data and methods are integrated for the long-term monitoring of post-fire vegetation recovery. NDVI was successful in capturing the intercommunity variation in the study area and the hypotheses examined are further validated using a change index, calculated from dual date Landsat images. However, the study would be benefited by a time series of field observation which would further validate the efficiency of the employed methods and approaches.




5. Conclusions


The results of the current study indicate that fire affects the various plant communities in different ways. While forest communities growing in more favorable environmental conditions in terms of soil moisture have a quick recovery of less than 11 years since fire, maquis communities and especially those of the lower altitudes and drier areas need up to 20 years to reach their pre-fire structure and composition. This slow recovery is due to the slow rates of resprouting species to regain their ground cover. The obligate seeders, on the other hand, quickly dominate the sites increasing their cover up to 1500% for the first 11 years while their dominance continuous even further. The dry conditions prevailing in the study area is probably the main reason for the slow recovery of these fire-prone communities. Given that climate is expecting to become even drier during the following decades (Figure 10), which may increase the fire frequency and deteriorate the post-fire environmental conditions [115], studies like this emphasise the need to adopt measures for controlling wild-fire distribution and severity.
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Figure 1. Location of the study area and burned area mapping. 
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Figure 2. Principles of automatic change detection based on selective PCA. (a) Scatterplot of pixel values (b) Frequency histogram of image pixels (Source: [87]). 
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Figure 3. TWINSPAN classification dendrogram. The number of samples in each group is shown within the corresponding box. The indicator pseudospecies for each group are also shown. Community codenames are given in bold for each of the identified communities and sub-communities for convenience in the description and further analysis. 
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Figure 4. DCA samples-species ordination diagram for axes 1 and 2. Only selected species are displayed. Species codes: Ab = A. borisii-regis, Cc = C. creticus, Cs = C. sativa, Cv = C. villosa, Fo = F. ornus, Oe = O. europaea, Pl = P. latifolia, Qc = Q. coccifera, Qi = Q. ilex, Qp = Q. petraea, Ra = R. alaternus. Samples are arranged into five groups that represent the final communities and sub-communities identified by TWINSPAN in the classification analysis. 
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Figure 5. DCA samples-species ordination diagram for axes 1 and 3. For species codes see Figure 4. 
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Figure 6. Classification tree showing the distribution of the three communities and two sub-communities in relation to environmental factors and fire regime. The terminal nodes are shown in rectangular blocks. Inside each of the non-terminal nodes (ellipsoid) the variable used to make the split is shown and the threshold values are shown along the branches. Inside each of the terminal nodes the predicted community or sub-community is shown. The three numbers under each of the terminal nodes indicate: number of instances/correct classification rate (%)/Percentage of the respective community found under the particular branch. Avail = Available, F90 = Fire in 1990, all total nutrients are in percentage (%) and all available nutrients in mg/kg. Clay and Sand are in percentage (%). 
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Figure 7. Mean NDVI values and 95% confidence intervals for the different communities in June 1989 (a) and August 2001 (b). 
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Figure 8. Mean Change Index values and 95% confidence intervals for the different communities in 2001. 
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Figure 9. Mean NDVI values and 95% confidence intervals for the different communities in August 2011 (a) and July 2021 (b). 
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Figure 10. Annual precipitation between 1960 and 2013. The trendline shows the decreasing trend in annual precipitation in the area. 
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Table 1. Spectral and Spatial characteristics of the Landsat images used in this study.
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Bands (Wavelength μm)-Spatial Resolution




	
Landsat 4-TM

	
Landsat 7-ETM

	
Landsat 8-OLI






	

	

	
B1-Coastal/Aerosol (0.435–0.451)–30 m




	
B1-Blue (0.45–0.52)–30 m

	
B1-Blue (0.441–0.514)–30 m

	
B2-Blue (0.452–0.512)–30 m




	
B2-Green (0.52–0.60)–30 m

	
B2-Green (0.519–0.601)–30 m

	
B3-Green (0.533–0.590)–30 m




	
B3- Red (0.63–0.69)–30 m

	
B3- Red (0.631–0.692)–30 m

	
B4- Red (0.636–0.673)–30 m




	
B4-NIR (0.76–0.90)–30 m

	
B4-NIR (0.772–0.898)–30 m

	
B5-NIR (0.851–0.879)–30 m




	
B5-SWIR 1 (1.55–1.75)—30 m

	
B5-SWIR 1 (1.547–1.749)–30 m

	
B6-SWIR 1 (1.566–1.651)–30 m




	
B7-SWIR 2 (2.08–2.35)–30 m

	
B7-SWIR 2 (2.064–2.345)–30 m

	
B7-SWIR 2 (2.107–2.294)–30 m




	
B6-TIR (10.40–12.50)–120 m

	
B6-TIR (10.31–12.36)–60 m

	
B10-TIR 1 (10.60–11.19)–30 m




	
B11-TIR 2 (11.50–12.51)–30 m




	

	

	
B9-Cirrus (1.363–1.384)–30 m




	

	
B8-Pan (0.515–0.896)–15 m

	
B8-Pan (0.503–0.676)–15 m
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Table 2. Species frequencies and abundance range for the groups identified to form communities or sub-communities. Only the constant and frequent species of each group are shown. For the explanation of frequencies and abundance symbols see Section 2.3.
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	Species
	Group *000

n = 55
	Group *001

n = 19
	Group *00

n = 55 + 19 = 74
	Group *01

n = 36
	Group *10

n = 12
	Group *11

n = 12
	Total

n = 134





	Quercus coccifera
	V (2–5)
	V (2–6)
	V (2–6)
	V (1–6)
	III (1)
	
	V



	Phillyrea latifolia
	V (1–5)
	V (1–6)
	V (1–6)
	V (1–4)
	
	
	V



	Ruscus aculeatus
	IV (1–2)
	V (1–2)
	IV (1–2)
	V (1–2)
	V (1–2)
	V (1–2)
	V



	Olea europaea
	V (1–5)
	IV (1–3)
	V (1–5)
	
	
	
	IV



	Fraxinus ornus
	III (1–2)
	IV (1–2)
	III (1–2)
	V (1–5)
	V (1–3)
	III (1–2)
	IV



	Cistus creticus
	V (1–4)
	V (1–3)
	V (1–4)
	IV (1–4)
	III (1–2)
	
	IV



	Arbutus unedo.
	IV (1–3)
	IV (1–3)
	IV (1–3)
	IV (1–3)
	
	
	IV



	Asparagus acutifolious
	V (1–2)
	V (1–2)
	V (1–2)
	V (1–2)
	
	
	IV



	Calicotome villosa
	V (2–6)
	IV (1–4)
	V (1–6)
	
	
	
	III



	Quercus ilex
	
	IV (1–5)
	
	V (1–6)
	V (1–6)
	III (1–3)
	III



	Erica arborea
	III (1–4)
	IV (1–3)
	III (1–4)
	III (1–3)
	
	
	III



	Spartium junceum
	V (1–6)
	IV (1–5)
	V (1–6)
	III (1–6)
	
	
	III



	Pistacia terebinthus
	III (1–2)
	IV (1–2)
	IV (1–2)
	
	
	
	III



	Cytisus villosus
	
	
	
	V (1–5)
	V (1–3)
	V (1–5)
	III



	Laurus nobilis
	
	III (1–3)
	
	IV (1–5)
	
	
	II



	Rhamnus alaternus L.
	
	IV (1–3)
	
	
	
	
	II



	Osyris alba L.
	III (1–2)
	III (1–3)
	III (1–3)
	
	
	
	II



	Smilax aspera
	
	IV (1–5)
	
	III (1–5)
	
	
	II



	Lonicera implexa Aiton.
	
	III (1)
	
	III (1)
	
	
	II



	Quercus petraea
	
	
	
	III (1–6)
	V (2–6)
	V (1–3)
	II



	Sorbus domestica L.
	
	
	
	
	
	III (1)
	I



	Rubus sp L.
	
	
	
	
	III (1)
	III (1)
	I



	Hedera helix L.
	
	
	
	
	IV (1)
	V (1–2)
	I



	Acer monspessulanum L.
	
	
	
	
	IV (1–2)
	
	I



	Abies borisii–regis
	
	
	
	
	III (1–2)
	IV (1–6)
	I



	Sorbus torminalis (L.) Crantz
	
	
	
	
	III (1)
	
	I



	Castanea sativa
	
	
	
	
	IV (2–3)
	V (3–6)
	I



	Ruscus hypoglossum
	
	
	
	
	
	IV (1–2)
	I



	Ilex aquifolium L.
	
	
	
	
	III (1–2)
	III (1–2)
	I



	Quercus frainetto
	
	
	
	
	
	III (2–6)
	I



	Genista tinctoria L.
	
	
	
	
	V (1–3)
	III (1–3)
	I



	Rosa sp L.
	
	
	
	
	III (1)
	
	I



	Comm. Codenames 1
	MQ1a
	MQ1b
	MQ1
	MQ2
	FC1
	FC2
	







1 Codenames were given to the communities and sub-communities resulting by the interpretation of the classification results for convenience in the description and further analysis (see Section 3.1 for full community names).
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Table 3. Summary of DCA results for all samples and all species.






Table 3. Summary of DCA results for all samples and all species.













	Axes
	1
	2
	3
	4
	Total Inertia





	Eigenvalues:
	0.805
	0.270
	0.157
	0.121
	3.865



	Cumulative percentage variance

of species data:
	20.8
	27.8
	31.9
	35.0
	



	Sum of all eigenvalues
	
	
	
	
	3.865
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Table 4. Mean (Mn), Standard Deviation (SD) and Median (Md) cover for all constant and frequent species in each community and sub-community.






Table 4. Mean (Mn), Standard Deviation (SD) and Median (Md) cover for all constant and frequent species in each community and sub-community.





	
Species

	
MQ1a

	
MQ1b

	
MQ2

	
FC1

	
FC2




	
Mn

	
SD

	
Md

	
Mn

	
SD

	
Md

	
Mn

	
SD

	
Md

	
Mn

	
SD

	
Md

	
Mn

	
SD

	
Md






	
Quercus coccifera

	
19.0

	
7.5

	
20.5

	
41.0

	
17.6

	
37.0

	
13.9

	
16.1

	
9.2

	
1.5

	
3.5

	
0.3

	
0.1

	
0.4

	
0.0




	
Phillyrea latifolia

	
12.7

	
8.2

	
12.4

	
25.4

	
17.4

	
30.9

	
6.9

	
6.3

	
5.4

	
0.7

	
1.3

	
0.0

	
0.0

	
0.0

	
0.0




	
Ruscus aculeatus

	
0.9

	
1.2

	
0.6

	
2.7

	
1.6

	
2.6

	
3.7

	
2.5

	
4.3

	
2.9

	
1.7

	
3.5

	
1.6

	
1.6

	
1.4




	
Olea europaea

	
7.1

	
7.9

	
4.3

	
7.1

	
7.0

	
6.5

	
0.2

	
0.5

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Fraxinus ornus

	
1.6

	
2.8

	
0.0

	
3.8

	
3.8

	
2.6

	
18.4

	
9.6

	
20.5

	
14.9

	
7.1

	
14.3

	
1.4

	
2.8

	
0.0




	
Cistus creticus

	
10.0

	
8.4

	
9.2

	
3.4

	
3.7

	
1.4

	
6.6

	
7.6

	
3.5

	
0.9

	
1.8

	
0.3

	
0.0

	
0.0

	
0.0




	
Arbutus unedo

	
2.2

	
3.2

	
0.6

	
2.4

	
3.5

	
1.4

	
4.6

	
5.6

	
2.0

	
0.1

	
0.2

	
0.0

	
0.0

	
0.0

	
0.0




	
Asparagus acutifolious

	
1.4

	
1.3

	
0.6

	
1.8

	
1.3

	
1.4

	
2.0

	
1.9

	
1.4

	
0.4

	
0.7

	
0.1

	
0.0

	
0.0

	
0.0




	
Calicotome villosa

	
48.0

	
16.0

	
51.0

	
5.0

	
7.5

	
1.4

	
0.8

	
3.1

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Quercus ilex

	
1.1

	
2.4

	
0.0

	
7.5

	
10.8

	
2.6

	
29.8

	
22.0

	
28.2

	
16.6

	
22.2

	
6.8

	
1.4

	
3.5

	
0.1




	
Erica arborea

	
2.6

	
4.9

	
0.0

	
4.0

	
5.5

	
1.4

	
2.0

	
4.0

	
0.3

	
0.3

	
0.8

	
0.0

	
0.0

	
0.0

	
0.0




	
Spartium junceum

	
10.9

	
13.3

	
4.3

	
6.8

	
11.9

	
1.4

	
11.2

	
15.9

	
1.4

	
0.4

	
1.2

	
0.0

	
0.0

	
0.0

	
0.0




	
Pistacia terebinthus

	
0.8

	
1.5

	
0.1

	
1.3

	
1.4

	
0.6

	
0.3

	
0.6

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Cytisus villosus

	
0.0

	
0.0

	
0.0

	
0.3

	
1.0

	
0.0

	
14.5

	
13.3

	
12.4

	
6.0

	
6.4

	
4.3

	
13.3

	
13.8

	
9.2




	
Laurus nobilis

	
0.3

	
1.2

	
0.0

	
1.8

	
3.4

	
0.1

	
7.5

	
10.6

	
1.4

	
0.1

	
0.2

	
0.0

	
0.0

	
0.0

	
0.0




	
Rhamnus alaternus

	
0.0

	
0.1

	
0.0

	
2.1

	
3.8

	
0.6

	
0.5

	
1.3

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Osyris alba

	
0.8

	
1.2

	
0.0

	
1.4

	
3.0

	
0.0

	
0.6

	
1.7

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Smilax aspera

	
1.2

	
4.4

	
0.0

	
3.7

	
9.9

	
1.4

	
7.3

	
13.3

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Euphorbia characias

	
0.6

	
0.8

	
0.0

	
0.3

	
0.5

	
0.0

	
0.3

	
0.5

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Lonicera implexa

	
0.3

	
0.9

	
0.0

	
0.3

	
0.4

	
0.0

	
0.5

	
0.6

	
0.6

	
0.2

	
0.3

	
0.0

	
0.0

	
0.0

	
0.0




	
Quercus petraea

	
0.5

	
3.4

	
0.0

	
0.2

	
1.0

	
0.0

	
7.9

	
13.0

	
2.6

	
53.4

	
25.5

	
58.9

	
7.1

	
5.2

	
7.9




	
Sorbus domestica

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.9

	
3.5

	
0.0

	
1.1

	
3.6

	
0.0

	
0.2

	
0.3

	
0.0




	
Rubus sp

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.4

	
1.6

	
0.0

	
1.2

	
1.4

	
1.0

	
0.4

	
0.7

	
0.0




	
Hedera helix

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.1

	
0.3

	
0.0

	
0.8

	
1.0

	
0.6

	
2.9

	
1.9

	
2.6




	
Acer monspessulanum

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.8

	
1.9

	
0.0

	
1.3

	
1.6

	
0.6

	
0.0

	
0.0

	
0.0




	
Abies borisii-regis

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.2

	
0.0

	
1.0

	
1.7

	
0.0

	
15.9

	
20.1

	
3.5




	
Sorbus torminalis

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.2

	
0.0

	
0.4

	
0.5

	
0.0

	
0.1

	
0.2

	
0.0




	
Castanea sativa

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
7.0

	
5.4

	
7.9

	
74.9

	
31.5

	
97.3




	
Ruscus hypoglossum

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.2

	
0.3

	
0.0

	
1.0

	
1.3

	
0.6




	
Ilex aquifolium

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
1.5

	
2.6

	
0.7

	
1.4

	
2.6

	
0.6




	
Quercus frainetto

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
7.9

	
18.5

	
0.0

	
13.3

	
19.9

	
0.0




	
Genista trinctoria

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.2

	
0.5

	
0.0

	
4.3

	
6.8

	
1.4

	
2.1

	
3.8

	
0.3




	
Rosa sp

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.2

	
0.3

	
0.0

	
0.1

	
0.2

	
0.0
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Table 5. Post Hoc pair-wise comparisons on the NDVI differences between the communities for August 2001 and June 1989. ns = Not significant, * = Significant, ** = Very significant, *** = Extremely significant.






Table 5. Post Hoc pair-wise comparisons on the NDVI differences between the communities for August 2001 and June 1989. ns = Not significant, * = Significant, ** = Very significant, *** = Extremely significant.





	

	
1989

	
2001




	
Community

	
MQ1a

	
MQ1b

	
MQ2

	
FC1

	
MQ1a

	
MQ1b

	
MQ2

	
FC1






	
MQ1b

	
0.84 ns

	

	

	

	
<0.001 ***

	

	

	




	
MQ2

	
<0.001 ***

	
0.032 *

	

	

	
<0.001 ***

	
0.012 *

	

	




	
FC1

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	

	
<0.001 ***

	
<0.001 ***

	
0.009 **

	




	
FC2

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	
0.003 **
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Table 6. Post Hoc pair-wise comparisons on the Change Index values between the communities 1989–2001. ns = Not significant, * = Significant, *** = Extremely significant.






Table 6. Post Hoc pair-wise comparisons on the Change Index values between the communities 1989–2001. ns = Not significant, * = Significant, *** = Extremely significant.












	Community
	MQ1a
	MQ1b
	MQ2
	FC1





	MQ1b
	<0.001 ***
	
	
	



	MQ2
	<0.001 ***
	0.066 ns
	
	



	FC1
	<0.043 *
	0.324 ns
	0.999 ns
	



	FC2
	<0.001 ***
	0.893 ns
	0.737 ns
	0.904 ns
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Table 7. Post Hoc pair-wise comparisons on the NDVI differences between the communities for August 2011 and July 2021. ns = Not significant, * = Significant, ** = Very significant, *** = Extremely significant.






Table 7. Post Hoc pair-wise comparisons on the NDVI differences between the communities for August 2011 and July 2021. ns = Not significant, * = Significant, ** = Very significant, *** = Extremely significant.





	

	
2011

	
2021




	
Community

	
MQ1a

	
MQ1b

	
MQ2

	
FC1

	
MQ1a

	
MQ1b

	
MQ2

	
FC1






	
MQ1b

	
1 ns

	

	

	

	
0.907 ns

	

	

	




	
MQ2

	
<0.001 ***

	
0.020 *

	

	

	
<0.001 ***

	
0.001 **

	

	




	
FC1

	
<0.001 ***

	
<0.001 ***

	
0.009 **

	

	
<0.001 ***

	
<0.001 ***

	
0.029 *

	




	
FC2

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	
0.010 **

	
<0.001 ***

	
<0.001 ***

	
<0.001 ***

	
0.741 ns
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Table 8. Mean annual precipitation and temperature values reported in studies of Q. coccifera recovery after fire in the western Mediterranean.






Table 8. Mean annual precipitation and temperature values reported in studies of Q. coccifera recovery after fire in the western Mediterranean.





	Country
	Mean Annual Precipitation (mm)
	Mean Annual Temperature (°C)





	France (Trabaud, 1990)
	800–1000
	-



	France (Trabaud & Lepart, 1981)
	1100
	14.4



	France (Trabaud, 1991)
	919
	13.2



	France (Malanson & Trabaud, 1988)
	980
	-



	Spain (Delitti et al., 2005)
	600
	14



	Spain (Lloret & Vila, 1997)
	591
	-



	Portugal (Clemente et al., 1996)
	1080
	-



	Current Study
	470
	15.7
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