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Abstract

:

The identification of climatic relicts is seldom straightforward. These species are threatened owing to current climatic trends, which underlines the importance of carrying out ecological and biogeographic investigations of them. Here we introduce a novel approach to improve the identification of climatic relicts. We are focusing on thermophilic relict plants of the Pannonian biogeographic region from the Holocene Thermal Maximum (HTM). We argue that a minimal mean annual temperature difference (MATD) of the HTM compared to the recent climate allowed a continuous northward expansion for the taxa investigated. We measured latitudinal distances between the recent occurrences of relicts and those of the main distribution found further south. Regarding estimates for MATD (1.0–2.5 °C), we only consider species with a distribution which has a 150–350 km North-South gap, since a latitudinally directed distance can be translated into temperature, showing a poleward cooling trend. Of the 15 selected species, 12 were recorded with values of 1.0–1.7 °C MATD, and three with values of 1.8–2.5 °C, some of which are presumably interglacial species. Woody species are over-represented among them (four species), using the Hungarian flora as a reference. The proposed method allows the prediction of potential climate-related changes in the future distribution of species, constrained by the topographic features of their habitats.
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1. Introduction


Climatic relicts [1] are at risk, as a result of current climatic trends; some of their populations may disappear, while some may expand their ranges, underscoring the importance of ecological and biogeographical investigations of these taxa. Relicts can be either certain populations or all populations of species that are restricted in geographic range. Climatic relicts are typical biogeographic (and not taxonomic) relicts, which are descendants of once widespread taxa (or populations) that now have a narrow geographic distribution in refugia as a result of unfavourable climatic conditions acting on a significant part of their distribution. As regards species, the restriction holds true for all living populations. When there is an endangered population of a relict species (local relict), this does not necessarily mean that other populations of the species also have relict character [2]. Henceforth, we will consider climatic relict populations in this paper.



The use of the concept of climatic relicts has declined in biogeography over the past few decades [3], although the importance of the concept is evident in classical works [4]. This conceptual change is probably governed by the confusing classification of species as biogeographic relicts [5,6]: the older the supposed origin of a relict, the less clear its classification [5]. Identifying the character of a climatic relict in Central Europe [7], deciding whether it originated in an interglacial, glacial or postglacial period [2,8], or even whether it is a relict at all, is frequently problematic because of a lack of evidence. Widely distributed species in the middle of their range are not uncommonly treated as relicts, resulting in the overestimation of the proportion of relicts in the flora or fauna of a given region. Zahariev summarized the current knowledge of the Bulgarian vascular plant relicts [9], mentioning 183 taxa with a tertiary origin (before the Pleistocene), a number which seems to be far too high (approximately (ca.) 5% of the whole flora) in a country located in the temperate climatic zone, as compared to the 143 younger relicts on the list. Most of the mentioned species classified as Tertiary relicts are widespread in Europe, such as Cypripedium calceolus L., Fraxinus excelsior L., or widespread in Central and South Europe, such as Acer tataricum L., which makes their Bulgarian Tertiary relict status questionable.



Assuming an edge population of an investigated taxon to be a relict when it is in fact widespread and frequently occurring in the close neighbourhood casts doubt on its relict status. Kaplan and his colleagues [10,11] provided distribution maps of various species considered postglacial relicts in Bohemia, such as Achillea collina J. Becker ex Reichenb., Linum flavum L., Viola ambigua Waldst. & Kit. These species are sporadic in South-Bohemia and frequent in Northwest Hungary [12], only ca. 100 km to the South-East. Most of these species—such as Linum flavum [13] and Viola ambigua [14]—also occur in the region between Bohemia and Hungary, i.e., in Slovakia. Achillea collina is one of the most frequent generalist herbaceous species on dry grassland habitats in Hungary. These taxa can be relicts only if the Bohemian occurrences are in a proximal position or located in ecotonal microrefugia [15] in the proximity of their main distribution. Without topographic barriers, and considering their preferred habitats, this is not very likely [16].



Hájková and her colleagues considered a number of species with disjunct distributions on the hay-meadows of the Bílé Karpaty Mts. to be ancient relicts [17]. However, the authors do not provide references and specifying species or measurements of disjunctions. In contrast, Kaplan [10] claims that in the Bohemian flora, all relicts present in the area have a Quaternary origin—more precisely a Late Quaternary origin—suggesting the absence of ancient relicts in this region.



Over the past two decades, studies in molecular genetics have attempted to clarify unclear details of historical biogeography [18,19], in the process establishing the field of phylogeography [20], although the results are often no less confusing than those obtained by biogeographic approaches [21]. The revitalisation of the concept of relicts [15,22] has also begun with the application of other approaches such as those applied by Hájková and her colleagues [6], who used paleontological methods. To find species (vascular plants and snails), which are restricted to old, post-glacial fens, thus indicating post-glacial relict status, they aged fens and then compared plant and snail species lists of these different-aged fens. However, these types of paleontological methods are not always applicable [16], because the preferred habitats of the investigated species are dry and warm, which makes them unsuitable for fossilisation processes.



Our assumptions for considering populations as climatic relicts are:




	
An inner position in the continuous distribution of a species does not imply relict occurrence.



	
An edge position on a continuous distribution can imply relict occurrence, although with a very low probability.



	
An isolated occurrence from a large, continuous distribution but close to it can be regarded as a relict with a slightly higher probability.



	
An isolated occurrence far from a large, continuous distribution can be regarded as a relict occurrence with much a higher probability than in the former cases.








We outline here a historical biogeographic method which provides a panbiogeographic [23] approach, and we (i) identify relict status and (ii) estimate the age of the origin of plant species in the Pannonian region, focusing on thermophilic relict populations supposedly from the Holocene Thermal Maximum (HTM).



Besides thermal relicts, several other types of relicts are present in the Carpatho-Pannon region e.g., so-called steppe-relicts, such as Gagea szowitsii (A. F. Láng) Besser, whose range is located further east following a 600 km gap, in Dobrogea around the Black Sea, or Nepeta parviflora Bieb. with an 800 km wide disjunction in this direction. Similarly, Artemisia laciniata Willd., or Krascheninnikovia ceratoides (L.) Gueldenst. are probably cold mammoth-steppe relicts, showing hundreds of kilometres of east-west disjunction in their distribution. Regarding their status, some ancient endemic species of the region are between biogeographic and taxonomic relicts such as Syringa josikaea Jacq. fil. ex Reichenb. or Leucanthemella serotina (L.) Tzvelev.



We considered south-north orientated disjunctions to be the focus of our research, because it is widely accepted that the majority of the holothermic or thermal relicts of Europe derive mainly from Mediterranean refugial populations which later experienced range expansion northwards in the early post-glacial periods [24,25]. Our investigated species are not remnants of any drier or more humid climatic periods, and their habitats are neither extremely dry or nor extremely wet.



We suppose that the HTM with its temperature differences from recent values left characteristic fingerprints on the vegetation patterns as shown by distal or remote microrefugial occurrences [15]. We investigate horizontal distances between isolated occurrences and recent continuous distributions, emerging from the retreat of the HTM-distribution with poleward extensions in the past. The baseline is provided by the existence of area disjunctions which often indicate the relict status of species [15,26]. The latitudinally directed, North-South distance (N-SD) component of the disjunction can be translated into temperature differences, based on a poleward latitudinal cooling trend at global scales, calculated as 6.9 °C/1000 km [27,28]. The HTM was followed by a cooling period which resulted in the retreat of the area of the investigated thermophilic species. Established estimates for MATD (Mean Annual Temperature Difference) between the HTM and recent times range between 1 and 2.5 °C [29,30], thus a gap of 150–300 km satisfies the requirement of a distant, isolated occurrence with a potential HTM origin. If the regression left relict and patchy occurrences, the latitudinal component of the distance between the relict patch and the continuous regressed area indicates the minimal northern extent of the original distribution during the HTM. Thus, we suppose that isolated occurrences at great distances are attributable to the simple environmental factor of temperature. This might imply that the distribution ranged even further poleward, but that recently the examined isolated occurrences are the northernmost ones (Figure 1).



Our study questions are the following:




	(1)

	
Which species, as candidates for the status of an HTM (or postglacial) relict, satisfy the criteria of N-SD of 150–350 km in the Pannonian flora? We expect a limited number of such species.




	(2)

	
How is MATD distributed among these taxa? The distribution of N-SD values, if they are not evenly distributed, can be informative with respect to assessing the exact value of MATD within the wider range (of 1.0–2.5 °C) or with regard to judging whether some relicts originated from earlier interglacial periods.










2. Materials and Methods


The choice of MAT as an effective temperature parameter is justifiable on the basis of recent results of studies using species distribution models (SDM) which show that averages play an important role in these phenomena, often more important than the extremes themselves [31,32,33]. Furthermore, as the distributions of most vascular plant species are nested in certain vegetation types (e.g., Mediterranean woodland, temperate deciduous broad-leaved forest, etc.), and the climatic background of these vegetation types is described globally by climatic diagrams which use average and not extreme data [34], we also omit temperature-extremes. Temperature extremes themselves can be important in the limitation of certain species which are usually widely distributed. Some articles emphasize the importance of these extreme parameters, as in Woodward [35], but others such as [36,37,38] found averages of years or certain months to have greater or equal importance. On the other hand, climatic extremes are rarely independent from average values: within a range of the same continentality the relationship is usually linear: the warmer the MAT, the higher the yearly absolute and average maximum and minimum temperature values.



At middle latitudes, the northward decline of the MAT is measured as ca. 6.9 °C/1000 km [27,28]. For instance, when we calculate for a 500 km N-SD of a disjunction, this value indicates a minimum 0.69 × 5 = 3.45 °C MATD.



Our approach is macroecological [39], hence once a population has survived in a microrefugium, the fine-scale dynamics and habitat-heterogeneity [1] of the microrefugia is not the focus of our attention; only large scale habitat patterns of the recent distribution-gap are important. The estimations are based on the following assumptions:




	
The HTM-expansion was not a rapid process (anemochory and zoochory are excluded);



	
The area of the gap is flat or hilly, where micro- and mesoclimatic effects are weak, or, if the investigated species depends on habitats influenced by the micro- and mesoclimate, then their effect is evenly distributed;



	
The disjunction is not the result of human impacts and re-occupation was not limited by anthropogenic influences.








We identified Pannonian species (2200–2300 native species in Hungary and ca. 3000 altogether in the basin) likely to be early Holocene relicts according to our approach. In doing so, we selected taxa which have disjunctions of more than 150 km latitudinal gap-distance (ca. 1.4° latitude) to indicate a minimal MATD of the HTM (ca. 1 °C), and where the size of the gap is less than 350 km (ca. 3.0–3.5° latitude), indicating cooler conditions than a maximum of 2.5 °C MATD. As another important criterion we specified that the isolated occurrence should be the northernmost one at least on a regional scale (in Central Europe), as the supposed northernmost HTM-edge of the area is fundamentally important in our approach. Interglacial relicts (indicating a MATD greater than 2.5 °C) are not dealt with in our research, as an MATD value of 2.5 °C is the highest reliable paleontological estimation in most paleontological reconstructions [29,30,40,41] of the HTM. A higher MATD probably indicates an origin from a warmer, interglacial period.



We divided the interval of 1–2.5 °C into two equal subintervals: 1–1.7 °C, corresponding to the HTM MATD estimates of Feurdean et al. [40] and Molnár and Végvári [29], and 1.8–2.5 °C, corresponding to the HTM MATD estimates of Magyari et al. [41] and Tóth et al. [30], and compared the number of observations from the two intervals. The lack of observations from the second subinterval does not imply that the HTM MATD estimates with larger maximum values are necessarily wrong, because the MATD values in the current analysis are minimum values. If some observations fall within the second subinterval, but less so than in the first one, they may be either relicts from an earlier period (supposing that the lower HTM MATD estimates are correct), or HTM relicts (preserving the wider HTM MATD interval). If there are several observations in the second subinterval, i.e., as many as in the first one, those observations with MATD values between 1.8 and 2.5 °C are most probably HTM relicts, because the number of earlier relicts must be lower than those originating in the HTM, given that their survival must be accidental in the Pannonian region. In this case, the HTM MATD estimates with smaller maximum values can be questioned. In our study, we also considered those known occurrences of the investigated species which have disappeared over the past years or decades as a result of human impacts.



The Pannonian region is the largest basin in Europe and has global significance, covering ca. 250,000 km2, comparable in size with the Great Basin of North-America, and extending ca. 10° longitudinally and 4° latitudinally. Furthermore, most of the region is lowland or hills not higher than 400–500 m, hence the mesoclimatic influences are less diverse.



The latitudinal changing trends of the MAT are unambiguous in Eastern Europe but questionable further west. However, the extent and location of our region allows us to use East-West parallel isotherm lines as a starting point. This basin is located far from the Atlantic coast where the January isotherm-line runs entirely North-South around the European oceanic coast. The size of the Pannonian region, the weak climatic effect of the Atlantic Ocean and the moderately pronounced topography allow an almost parallel East-West isotherm structure for the basin on a large scale. Supplementary Table S1 illustrates differences in the MAT on a north-south gradient in the Pannonian region schematically. The approximately calculated northward decline of the MAT is estimated at 0.76 °C/100 km, while with the altitudinal correction of the MAT using the latitude-lapse rate value of 6.5 °C/1000 m [42] the decline amounts to 0.57 °C/100 km, which is similar to the cited value of 0.69 °C/100 km [27,28]. In our subsequent calculations we use the statistically established 0.69 °C/100 km value.



Firstly, we assessed the flora of Hungary, which occupies almost 50% of the area of the Pannonian biogeographic region. To search for a continuous area of the species to be selected we devoted special attention to the flora of Croatia, because most of the identified taxa are found in W-Hungary, and their continuous distribution can be located with a high probability further south. The orographic features of central and N-Croatia as well as W-Hungary are very similar: an even mixture of hills, lower mountains and smaller basins. When the continuous areas of some species occur further to the southeast in Bosnia and Herzegovina, in Serbia or in Romania, these floras were also considered.



The selection of species was based on the Hungarian flora [43], supplemented with the recently completed floral map of Hungary [12] and the open access floral map of Croatia (http://hirc.botanic.hr/fcd/). In the case of the eastern part of the Pannonian region, (the small basins and hills of Transylvania), we used the flora-monography of Romania [44,45,46,47,48] and the red data book of the Romanian flora [49]. Volumes of the Atlas Florae Europaeae [50,51,52,53,54] were also used. The specific literature items for the most important continuous occurrences in Bosnia and Herzegovina, in Serbia or in Romania are cited in the species list.



We selected species which have the expected N-SD value by examining the grid maps of the distribution of each species. Although some species show gaps inside Hungary and Romania, most of them show this gap only if we use the pooled distribution maps of the neighbouring countries.




3. Results


The following 15 species met our criteria (woody species are marked with an asterisk):




	
*Aethionema saxatile (L.) R. Br. [12,46,49]



	
Asplenium lepidum C, Persl [12,44,50]; http://hirc.botanic.hr/fcd/



	
*Carpinus orientalis Miller [12,51]; http://hirc.botanic.hr/fcd/



	
Cuscuta approximata Bab. [12,55,56]



	
Hypericum umbellatum A. Kerner [43,49,57]; http://hypericum.myspecies.info/file/1016



	
*Ilex aquifolium L. [58]



	
*Micromeria thymifolia (Scop.) Fritsch [12]; http://hirc.botanic.hr/fcd/



	
Onosma viridis (Borbás) Jáv. [12,48]



	
Physospermum cornubiense (L.) DC. [8,12,58,59]



	
Potentilla pedata Willd. ex Hornem. [12,47,54]



	
Ranunculus psilostachys Griseb. [12,53]



	
Saponaria bellidifolia Sm. [44,49,52]



	
Silene flavescens Waldst. & Kit. [12,45,52]



	
Trigonella gladiata Steven ex Bieb, [12,60]



	
Vincetoxicum pannonicum (Borhidi) J. Holub [12].








As regards their Raunkiaer life-form, four of the species are woody (two phanerophytes and two chamaephytes). In the Hungarian flora, the ratio of woody species is 9.3% (5.9% phanerophytes and 3.4% chamaephytes) [43]. This constitutes 65–70% of the Pannonian flora. Thus, woody species are overrepresented among the assumed HTM-relicts.



Most of the 15 species listed above occupy south facing rocky or grass-covered slopes and thermophylous Quercus pubescens Willd. woods. The lowlands of the Pannonian region are dominated by floodplains and cannot provide suitable habitats for them. Consequently, these species probably dispersed across landscapes dominated by the warm slopes of hills or low mountains, and not across lowlands. Members of our set are widespread further south in the Balkan Peninsula but absent or rare on the Mediterranean coast of the nearby Adriatic Sea.



As far as we know, Vincetoxicum pannonicum is strictly endemic, restricted to the Pannonian region, and to Hungary. Its closest living relative is V. fuscatum (Hornem.) Reichenb. fil., which is widespread in the Balkan Peninsula. Our distance data in this case indicate the N-SD between the only two, very local occurrences and no difference between a poleward patch and a larger continuous occurrence, as recently this species only has microrefugial occurrences [16].



Recent investigations show that the taxonomic status of the former Onosma tornensis Jáv. (treated as local endemic taxa) is correctly O. viridis [61]; therefore this species falls into the category of the Balkan floral elements.



We excluded maritime species (such as Schoenoplectus litoralis (Schrader) Palla) which occur on alkaline soils of the Pannonian lowlands as potential HTM relicts. Most of these species can disperse by intensive zoochory in jumps (dispersed by shorebirds, ducks and other waterbirds; see the first assumption in the Methods section). Although these taxa show 200–500 km gaps in their distribution, ancient colonisation processes can be excluded because these gaps are characterized by the absence of suitable habitats for them in the Balkan Mountains, such as shallow sodic lakes, or smaller lakes supplied by geothermal water and evaporites on the surface.



When quantifying N-SD accurately, we need to outline probable paths of dispersion (or tracks in a panbiogeographic approach). Ten species have one possible track. Five of these ten taxa (Carpinus orientalis, Cuscuta approximata, Physospermum cornubiense, Ranunculus psilostachys, Trigonella gladiata,) occur in West Hungary, west of the River Danube. For these plants, and for the NE-Hungarian Micromeria thymifolia, theroretical tracks from Croatia or from the Fruška Gora Mts. in Serbia are highly probable as suitable landscapes are continuous in this direction. Regarding the other four species of these ten, we suppose Vincetoxicum pannonicum has a similar simple path between the two occurrences in a south-to-north direction. Hypericum umbellatum, Ilex aquifolium and Saponaria bellidifolia are distributed in W-Transylvania and their tracks are directed towards the eastern part of the Balkan Peninsula.



When more than one track is likely (relevant for five species), the identification of probable paths requires a panbiogeographic approach [23], i.e., analyses of the topographical features of the area where the disjunction appears. Possible routes, shaped by barriers and distances to overcome around the connecting zone of the Balkan and the Pannonian region, should be analyzed. The theoretical types of the former migration-routes of these 5 species are introduced in Figure 2 (multiple track-structure). Four different types can be identified. (A) Two possible tracks are separated by an effective N-S directed barrier and two separated isolations have survived. In this case, both tracks had to function because the tracks were continuously separated by the N-S directed barrier and W-E directed crossings never occurred, that is why we select the track with the greater gap-distance as exemplified by Aspleniuim lepidum. (B) Two separated isolations have survived. As there is no barrier between them, it is very possible that the taxon moved through the shorter gap as this was easier. In our study, there is no example of this case. (C) Only one isolation survived and this could be reached via tracks from different directions. Therefore, we select the root which has the smallest gap-distance, exemplified by Aethionema saxatile and Silene flavescens. (D) The taxa in this group have special habitat-requirements, and track these habitats. The necessary habitat-type goes far beyond the recent isolation poleward, and the taxa had to reach the recent isolation through this point. Thus, we consider the gap between the northernmost point of the suitable habitat-belt and the southern distribution of the recently occupied habitats. Note, that all mentioned taxa in categories A or C also fall into category D.



Supplementary Figure S1 demonstrates types C and D for Silene flavescens in detail. The supplementary material also provides detailed information regarding all five species with multiple tracks.



Supplementary Table S2 shows the alternative tracks for these five species and the supplementary text before the table describes the tracks by names of geographical sites.



Table 1 shows the N-SD data with the respective MATD data for all of the 15 species. The rounding is set to 0.1° in latitude, because the relationship between the latitude and temperature is 0.1° ≈ 0.07 °C and so a more accurate distinction is not necessary.



Figure 3 shows the distribution of the ‘resource’ areas and the isolated occurrences of the 15 species of Table 1.




4. Discussion


We developed strict criteria for identifying a population as an HTM relict; thus the real number of HTM relicts in a certain flora may be higher. In the Pannonian flora, we identified 15 species fulfilling the HTM relict criteria. Twelve species have an MATD of between 1.0 and 1.7 °C. Three species (Hypericum umbellatum, Physospermum cornubiense and Silene flavescens) show MATD values between 1.8 and 2.5 °C (Figure 4).



We evaluated the distribution of the MATD values using a binomial test. The results show a significantly higher number of species (12) in the lower MATD sub-interval (1.0–1.7 °C), p = 0.04. There are no species with an MATD > 2.2 °C in the whole interval. These findings did not confirm that paleontological estimates with large maximum values of HTM MATD [30,41] were the only supported scenarios. Nevertheless, we could not exclude higher values. The three species indicating high MATD (Hypericum umbellatum, Physospermum cornubiense and Silene flavescens) are potential interglacial relicts in the case of low MATD estimations [29,40], or HTM relicts in the case of high values. This problem may call for the use of molecular genetic approaches.



When the number of plants with a potential HTM origin was high, further statistical analysis of the distribution of the data would be possible to provide additional information on the background of their origin and their recent biogeography. This characteristic could be more specifically measurable when investigating floras with many more relict species than the Pannonian flora, such as, for example, those in the southeastern part of North America, eastern China, Ukraine and SW-Russia or the southern part of the Balkan Peninsula.



Hungarian local botanical literature considers some species interglacial relicts, at least from the Eemian period. Most of them occur west of the River Danube and south of Lake Balaton, including Colchicum hungaricum Janka, Medicago orbicularis (L.) Bartal., Orobanche nana (Reuter) Noë ex G. Beck and Stipa bromoides (L.) Dörfler. The nearest occurrences of these plants are located on the Mediterranean coast of the Adriatic Sea further to the south (not in maritime habitats) or further south-southeast in the Balkan Peninsula but at a much larger distance. To reach the Pannonian region from the Mediterranean, it is necessary to cross the Dinarian Mountains, which are rich in warm rocky slopes. In these mountains, during the period when these species arrived in the Pannonian region, the sub-Mediterranean climate necessarily reached at least to an altitude of 1000–1200 m above sea level (the altitude of the lowest passes), compared to the recent 400–600 m height of the sub-Mediterranean zone in this area. The 400–800 m difference implies 3–5 °C as a minimum value of MATD (considering the adiabatic lapse rate) which is higher than the estimated MATD of the HTM in any formerly mentioned paleontological scenario, and clearly indicates an Eemian (or earlier interglacial) origin of these species. Because MATD estimates are minimum values in our approach, the fact that MATD values for the three species with potential Eemian origin (Hypericum umbellatum, Physospermum cornubiense and Silene flavescens) are lower than 3–5 °C classifying them as species with interglacial origin is still allowed.



Regarding applicability, our approach can be helpful in the selection of candidate taxa for phylogeographic research when various questions emerge, such as, for example, the question of whether it is more typical for Eemian-originated taxa in the Pannonian vascular flora to evolve to species, or, to a lesser extent, to subspecies, or only to irrelevant cladistic differences. In this case, we could propose that in Hungary, investigation of the most critical 4 + 3 taxa (the four interglacial-aged relicts and the three species with a high MATD-value from our list) could be systematically supplemented with interglacial-originated Pannonian endemics [8,62] and compared with those 12 species from our list that are remnants from the HTM with a high probability. On the other hand, the distance analysis can offer reference points in timing slowly evolving relicts, where molecular taxonomy cannot provide convincing results. Oeyen and his colleagues tested the “speciation by distance” (both in space and time) phylogeographic hypothesis in the Pannonian region by combining topographic and molecular genetic approaches on the Mediterranean Banded Centipede (Scolopendra cingulata Latreille) [63]. The authors studied the rediscovered Austrian and the already known Hungarian and Romanian occurrences as examples isolated by great distance, genetically comparing them to the populations of the continuous Mediterranean coastal areas. This study failed to detect a positive correlation between geographic and genetic distance. In this case, the distance variable was derived from the direct distance data between the locations of isolated and main population occurrences, and not from the N-SD values of the occurrences.



If Hypericum umbellatum, Physospermum cornubiense and Silene flavescens are Eemian relicts, they are Pannonian interglacial relicts with a southern continuous distribution not falling into the Mediterranean zone but into the warm-temperate, sub-Mediterranean vegetation and climatic zone. The four established Eemian relicts of the western part of the Pannonian region have distribution and habitats which are rather Mediterranean in character. Stipa bromoides is a Mediterranean grass, but rarely occurs in the sub-Mediterranean climatic zone too. The other three species, Colchicum hungaricum, Medicago orbicularis and Orobanche nana are unambiguously Mediterranean species. Considering current climatic trends, we predict that HTM relicts will expand their range faster than interglacial ones, as warming tendencies can fulfil the higher thermal optimum of the latter taxa only later. However, this process might be significantly altered by human disturbance of critical habitats, in our case, in Central Europe. Species which are less tolerant of disturbance, and prefer habitats, reduced by humans, can utilize the possibilities of the warming less effectively (even if they are younger, HTM-relicts) than disturbance-tolerating, habitat-generalist species (even if they are old, interglacial relicts). A scenario of a lose-lose outcome is also possible if the negative effect of growing climatic fluctuations, extremities and uncertainties overrides the direct impact of warming. The future tracks of expansions are limited by topographic constraints because the species examined are inhabitants of topographically determined, microclimatically affected habitats.




5. Conclusions


In our study, we revealed the importance of the North-South component of distance between northernmost, isolated occurrences of vascular plant species and their closest continuous distributional area, when identifying relict species and dating their origins. Using our method, we found 15 species in the Pannonian flora where there was a fairly high probability that they reached this region during the Holocene Thermal Maximum (HTM) period. Based on the extent of the disjunctions three out of these 15 species may have reached the Pannonian region during even an earlier, interglacial period. Compared to the whole Hungarian flora, woody species are over-represented among these 15 species.



In the near future several of these species may expand their range because of climate warming. HTM relicts are expected to follow this pattern with a higher probability than interglacial ones, as climatic trends are predicted to realize their thermal optimum sooner. The future tracks of expansion are limited by topographic constraints.








Supplementary Materials


The following are available online at www.mdpi.com/1999-4907/8/11/459/s1, Figure S1: Possible (simplified) migration routes (or tracks) for the Silene flavescens until the HTM (or an earlier warmer climatic period), Table S1: MAT values in the meteorological stations of the Pannonian region from north to south, Table S2: The 5 ‘more-than-one-way’ species with their potential migration routes.





Acknowledgments


Research was partly supported by OTKA K 116639 project.




Author Contributions


Attila Molnár, Béla Tóthmérész and Zsolt Végvári conceived and designed the study; Attila Molnár performed the study and analyzed the data. Attila Molnár, Zsolt Végvári and Béla Tóthmérész wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hampe, A.; Jump, A.S. Climate relicts: Past, present, future. Annu. Rev. Ecol. Evol. Syst. 2011, 42, 313–333. [Google Scholar] [CrossRef][Green Version]

	



Brown, J.H.; Lomolino, M.V. Biogeography; Cambridge University Press: Sunderland, MA, USA, 1998; p. 300. [Google Scholar]

	



Croizat, L. Manual of Phytogeography; Springer-Science + Business Media: Amsterdam, The Netherlands, 1952. [Google Scholar]

	



Cox, C.B.; Moore, P.D.; Marquardt, W.C.; Demaree, R.S.; Grieve, R.B. Biogeography: An Ecological and Evolutionary Approach, 6th ed.; Blackwell Publishing: Hoboken, NJ, USA, 2005. [Google Scholar]

	



Habel, J.C.; Assmann, T. (Eds.) Relict Species: Phylogeography and Conservation Biology; Springer Science & Business Media: New York, NY, USA, 2009; p. 324. [Google Scholar]

	



Hájková, P.; Horsák, M.; Hájek, M.; Jankovská, V.; Jamrichová, E.; Moutelíková, J. Using multi-proxy palaeoecology to test a relict status of refugial populations of calcareous-fen species in the Western Carpathians. Holocene 2015, 25, 702–715. [Google Scholar] [CrossRef]

	



Huggett, R.J. Fundamentals of Biogeography, 2nd ed.; Routledge: Abingdon-on-Thames, UK, 2004; pp. 62–63. [Google Scholar]

	



Soó, R. The history of the vegetation of Hungary. Collect. Bot. 1968, 7, 1109–1120. [Google Scholar]

	



Zahariev, D. Biodiversity of Relict Vascular Plants in Bulgaria. Int. J. Res. Stud. Biosci. 2016, 4, 38–51. [Google Scholar]

	



Kaplan, Z. Flora and phytogeography of the Czech Republic. Dedicated to the centenary of the Czech Botanical Society (1912–2012). Preslia 2012, 84, 505–573. [Google Scholar]
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Figure 1. Disjunction between an isolated poleward population and the indicated former climatic optimum, in the case of a gap of North-South distance (N-SD) = 165 km. 
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Figure 2. Multiple track structure of the supposed migration during the HTM-period; Explanation for subfigures (A–D) is provided in the main text. Symbols: square = closest recent southern occurrence to the recent isolation; circle = recent northernmost, isolated occurrence; solid line = northern edge of suitable habitats consisting of sporadic or continuous recent occurrences; broken line = hypothetic, supposed minimum of the northernmost expansion of the taxa during the HTM period (this could expand further north but without remnant occurrences poleward this cannot be judged); thin arrows with arrowheads on both ends = (N-SD), distance between the recent isolated and continuous occurrences, or distance between the continuous occurrences and the northernmost part of the suitable habitat-belt (D); thick, simple arrows = hypothetical tracks of the taxa during the HTM period; double solid lines = barrier of migration (A); double solid-broken line = added line (C). 
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Figure 3. Distribution of the northernmost and nearest southern occurrence-pairs of the selected 15 species (simplified to the supposed version in the case of more than one track). Numbers refer to species in Table 1. 
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Figure 4. Distribution of indicated MATD. Frequency = number of species in a certain 0.1 °C interval. 
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Table 1. Final list of the selected 15 species.
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	Species
	Southern, Continuous Occurrence 1

(Degree of Latitude)
	Northern, Isolated Occurrence 2

(Degree of Latitude)
	N-SD

(Distance in Degree of Latitude)
	Difference in Temperature as Derived from N-SD (°C)





	1. Aethionema saxatile
	47.5
	49.0
	1.5
	1.0



	2. Asplenium lepidum
	47.0
	49.0
	2.0
	1.4



	3. Carpinus orientalis
	45.6
	47.4
	1.8
	1.2



	4. Cuscuta approximata
	44.1
	46.1
	2.0
	1.4



	5. Hypericum umbellatum
	43.1
	46.3
	3.2
	2.2



	6. Ilex aquifolium
	44.5
	46.3
	1.8
	1.3



	7. Micromeria thymifolia
	46.1
	48.1
	2.0
	1.4



	8. Onosma viridis
	46.6
	49.0
	2.4
	1.7



	9. Physospermum cornubiense
	45.2
	47.8
	2.6
	1.8



	10. Potentilla pedata
	45.2
	46.9
	1.7
	1.2



	11. Ranunculus psilostachys
	44.1
	45.8
	1.7
	1.2



	12. Saponaria bellidifolia
	44.5
	46.5
	2.0
	1.4



	13. Silene flavescens
	44.8
	47.5
	2.7
	1.9



	14. Trigonella gladiata
	44.1
	45.8
	1.7
	1.2



	15. Vincetoxicum pannonicum
	45.8
	47.5
	1.7
	1.2







1 Northernmost edge of the large southern distribution, on the southern side of the gap of the distribution; 2 Isolated occurrence, on the northern side of the gap of the distribution or the northernmost point of the suitable habitat-belt required to be traversed.
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