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Abstract

:

Currently, there is little information regarding the recent spatiotemporal dynamics of upper timberline in the Carpathian Mountains. We reconstructed the temporal (1887–2018) and spatial dynamics of upper timberline in the Rodna Mountains (Eastern Carpathians) based on seven sets of maps and aerial photographs and explained its variability in relation to three main drivers: air temperature, land morphometry and anthropogenic pressure. The impact of natural drivers (temperature, morphometry) on timberline position was evaluated using a high-resolution digital elevation model, local and regional instrumental and modelled climate databases. The impact of anthropogenic factors on timberline position was documented from published sources such as local paleolimnological studies and historical documents. Results show that timberline rose on average with 113 ± 2 m on the northern slope of the Rodna Mts (currently reaching 1640 m above sea level (a.s.l.)) and with 182 ± 2 m on the southern slope (up to an elevation of 1539 m a.s.l.). Our results suggest that this pattern might be connected with the rising temperature over the recent decades. On the northern slope where land morphometry restricts anthropogenic activities, timberline reached the highest elevation. On the more accessible southern slope, anthropogenic land-use changes likely moderated timberline elevational rise under increasing temperatures.
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1. Introduction


Rising temperatures over the last decades are among the main scientific concerns related to global climate change [1]. It is estimated that the impacts of temperature rise on different regional and local ecosystems will be critical in high-elevation mountain areas, which are home to unique habitats with well-defined tolerance limits [2,3]. The Carpathian Mountains are a biogeographically unique region in Europe, where unmanaged old-growth forests and subalpine and alpine habitats with many endemic and relict species are found which are vulnerable to thermal developments forecast for the 21st century [4,5].



High-elevation timberline and treeline environments are highly sensitive to the impact of climate change [6,7,8] due to the narrow tolerance limits of the component vegetation assemblages [2,9,10,11,12]. Timberline is defined as the line below which trees form a forest with a closed canopy, whereas treeline refers to the higher elevation ecotone located between timberline and subalpine/lpine belt, which can sustain tree growth [13]. Accordingly, the position and structure of the timberline and treeline ecotone are climatically determined and therefore strongly dependent on the temperature regime [8,14,15]. The upper forest limit is mainly controlled by largescale temperature, but is influenced locally by other natural, morphometric factors such as slope gradients, aspect or curvature [16,17,18].



A significant number of studies have highlighted a recent rise in timberlines (and treelines) in different mountain regions around the world [7,19,20,21,22] and even more studies predict a continuation of this pattern due to climate warming [14,23,24,25,26]. Other studies have shown that timberline and treeline advance is not a global phenomenon explained by the elevational increase in temperature [8,15,27]. This is because the asynchronous response of tree species to rising temperature [24] and the interaction with other natural factors influence this process locally or regionally [28,29,30]. Fires (natural or anthropogenic) and changes in land use (grazing, logging, mining activities, etc.) may mask or even lead in the opposite direction the altitudinal dynamics of timberline and treeline [12,31,32]. Anthropogenic treelines are much more common than climatic ones (at least in Europe) [33,34].



For Europe, [35] showed that strong warming signals have been present in the Alps since 1980, associated with an advance of the elevation limit below which tree species can grow in the subalpine belt. Other studies [14,36] provided additional evidence regarding the responses already observed in timberline and treeline dynamics to global temperature changes in the Scandinavian Alps and the Alps. A clear timberline and treeline advance, unprecedented in the Holocene vegetation history of the area was found in the Scandinavian Alps [36]. Subsequent research, however, suggested that the vegetation changes over the last decades in the subalpine and alpine belts of the European mountains could have been triggered mainly by the reduction or cessation of human impact (pastoral activities and mining) and not by climate warming itself [14,26,37,38,39,40,41,42,43,44,45,46,47,48,49,50].



Fewer studies on upper timberline dynamics are available for Central and Eastern Europe. For the Carpathian Mountains, these also show an increase in timberline and treeline position over the recent decades [32,51,52,53,54,55,56,57,58]. This increase was attributed either to climate warming [32,57,59] or to land use changes [32,60,61], but in most cases, the distinction between the two types of drivers was difficult to achieve [55,56,58]. This is particularly true for Europe where human impact on environment (mostly fire and grazing) has been and sometimes still is very strong.



Rodna Mountains represent a key ecological area in the Romanian Carpathians [2,62]. Although for this area studies reconstructing timberline dynamics at the Holocene scale are available [11,12], there are currently few studies assessing timberline dynamics in the recent period (131 years) in relation to potential drivers such as temperature, land morphometry and anthropogenic impact [63]. Such a knowledge gap may critically hamper constructing sustainable strategies for ecological and economic management of the area on the short and medium term [64].



The purpose of this paper is to identify precisely and through quantitative and sufficiently detailed information, the altitudinal landmarks of timberline positioning in the Rodna Mountains in the last 131 years (1887–2018). Then, through pertinent and detailed arguments, we will relate this positioning, by the factors that, through their spatio-temporal variability, impose the timberline position: the natural and the anthropic factors.



The present study has the following objectives: to reconstruct timberline dynamics for the period 1887–2018; to quantify the influence of natural factors (temperature, land morphometry) on timberline dynamics; to assess the impact of anthropogenic factors (grazing, deforestation, management of subalpine pastures through burning), on the elevational fluctuations of timberline.




2. Materials and Methods


2.1. Study Area


Rodna Mountains National Park and Biosphere Reserve is part of Rodna Mountains, with the limits located on the following coordinates: in the west 47°37′36.819″ N/24°35′4.133″ E, in the north 47°37′34.262″ N/24°35′7.955″ E, in the east 47°33′50.73″ N/25°1′48.422″ E, and in the south 47°25′50.675″ N/24°38′30.394″ E. Rodna Mountains National Park has an area of 472.07 km2 and a maximum elevation of 2303 m a.s.l. (Figure 1a–c).



Rodna Mts are predominantly composed of crystalline schists with strong metamorphism, whilst sedimentary and calcareous rock layers are a secondary occurrence [65].



Rodna Mts display a pronounced asymmetry, with a steeper, less extended northern slope compared to the southern one (Figure 1b). The difference between the two slopes favors morphological (mostly glacial) processes on the northern slope and higher land fragmentation on the southern slope caused by human activities [65].



Studies show that, in the Carpathian region, the average annual temperature in the 21st century increased by 2 °C [5], twice the global average (1.0 °C) [1]. According to the data from the Iezer weather station, located in the subalpine vegetation belt on the Pietrosul Rodnei Peak (1774 m a.s.l), the multiannual average temperature is 1.3 °C, and the weather phenomena specific to the cold season lasts approx. 9 months a year; the average annual precipitation sums are 803 mm, and the average annual wind speed exceeds the 8 m/s threshold.



Forests cover 60.2% of the park area (284.1 km2) and are the main type of land cover [66]. In terms of forest composition, conifer species (spruce or spruce mixed with pine and/or fir) dominate at higher elevation and conifer-deciduous assemblages (spruce mixed with beech) at lower elevation [67]. Meadows and areas covered by shrubs (mainly juniper) amount to 38.1%, whilst bare rocks have a share of 1.1% [66].



Current timberline has many convolutions (Figure 1d) and is composed of spruce (Picea abies), mixed with pine (Pinus cembra) on the eastern part of the massif, and with beech (Fagus sylvatica) on the southern slope. Along with spruce and beech, mountain ash (Sorbus aucuparia) and birch (Betula pendula) are also found on southern and southwestern slopes [67,68]. Treeline generally forms a broader belt with distinct local discrepancies, from abrupt transition—mostly seen on the southern slope, to an ecotone consisting of subalpine herbs and shrubs, isolated trees and krummholz. In addition, tree height sometimes reaches 8–10 m [67], which might indicate that the current treeline position in those areas is not natural.



For this study, we used five sets of topographic maps indicating vegetation cover (1887, 1921, 1944, 1961, 1984) and two sets of aerial photographs (orthophotoplans from 2012, 2018), coupled with field observations, to reconstruct recent timberline dynamics. To distinguish between the natural factors that influenced timberline dynamics, we used a high-resolution digital elevation model (10 m) and local and regional meteorological data. To evaluate the influence of anthropogenic factors on timberline dynamics, we used paleoecological and historical information extracted from published sources, aerial photographs and the resources of the National Institute of Statistics [69]. In order to enable the comparison between the information derived from aerial photographs and from historical maps, we considered only the position of timberline, i.e., upper limit of the closed forest, and not of treeline. This is because historical maps record only the former, according to the definition of the forest used in that period, and not the position of isolated trees.




2.2. Data and Methods


An accurate analysis of past, present and future timberline dynamics depends on the definition of a closed or open forest area. In order to enable a comparison between current timberline position and the information extracted from historical maps, our reconstruction does not focus on treeline dynamics, because the sets of historical maps available for our study area generally mark the position of alpine timberline and not of the treeline ecotone or isolated trees. On these cartographic resources, upper forest limit is represented according to the definition of the forestry standards of that time (which includes both open and closed forest areas), with limited or no information related to the extension of treeline ecosystem as defined by [8] and others [70,71]. Upper timberline therefore coincides in our study area with treeline when the transition to the alpine meadows is abrupt, and may include portions of the treeline ecotone where minimum tree height is at least 2 m and tree cover exceeds 40%.



2.2.1. Cartographic and Morphometric Analysis


Cartographic analysis for reconstructing historical timberline dynamics and the influence of land morphometry on the former was performed based on 5 sets of topographic maps with scales between 1: 20,000 and 1: 100,000 (published in 1887, 1921, 1944, 1961 and 1984) and two sets of high-resolution aerial photographs (2012 and 2018) [72,73,74,75,76,77,78]. The maps and aerial photographs were georeferenced in the Stereographical projection 70 (Datum Dealul Piscului). Cartographic analysis also involved the identification and mapping on the 2018 aerial photographs of traces of human activity, particularly sheepfolds (which have several common elements, such as circular folds surrounded by wooden fences for the protection of sheep flocks) and cattle stables (larger, built on two levels, the upper used for hay storage). This was done to capture their position and density, in order to assess the potential impact of pastoral activities on timberline dynamics. Furthermore, the 2018 aerial photographs were also used to map the recently deforested areas (1–2 year old deforested areas, where stumps of felled trees are still visible, tree branches are still stored in piles of dry vegetation and the dirt roads used for forest exploitation are still usable) and the recently reforested areas (2 to 6 years old reforestations, where seedlings and young shrubs cover the ground entirely or partly).



Morphometric analysis was performed by extracting the land morphometry data from a digital elevation model with a 10 × 10 m spatial resolution, obtained by interpolating the contour lines vectorized from the Topographic maps of Romania, Scale 1:25,000 (1984). Quantification of spatial errors was achieved by identifying three common reference points (P1, P2, P3) on all sets of maps and aerial photographs. The overlap of all sets of cartographic materials has a spatial error of 1.5–2 m.



The elevation of timberline position in 2018 was extracted from the aerial images based on a number of 31,302 points on the southern slope of Rodna Mountains. For the northern slope, 14,676 points were used to determine timberline position. We used 3D TREND modeling (available as an extension on the ArcGIS platform) to show the spatial variability in timberline position in 2018 (Figure 2). We then extended the reconstruction of timberline dynamics on the two slopes of the massif to 1887.



To assess the recent, i.e., 2001–2018 potential impact of fires on timberline dynamics in Rodna Mts, MODIS satellite data was used [79]. Given that MODIS fire data have a spatial resolution of 1 km2, they were used qualitatively, to mark local fire occurrence.




2.2.2. Meteorological Data


To assess climatic conditions in the study area, we used meteorological data on air temperature recorded at Iezer meteorological station (located on the northern slope of the massif, 1774 m a.s.l) which spans the 1961–2017 period. To determine trends in air temperature on the monthly, seasonal and annual time series, we used a nonparametric approach, i.e., Mann-Kendall test combined with Sen slope test [80]. For this, the MAKESENS software [81] was used, as follows: first, the presence of a positive or negative monotonic tendency was tested by using the nonparametric Mann-Kendall test and, secondly, the linear estimated trend slope was calculated using Sen’s nonparametric method. Since average temperature does not technically exist in nature, this parameter should be considered an indicator of the physical state of the air and not a causal factor [8]. Therefore, in addition to average temperature, other complementary climatic indices were included in the weather-climate analysis, such as length of the growing season, growing season air temperature, extreme weather events during the growing season, etc.



Due to the diametrically opposite orientation of the two slopes of the Rodna Mountains, temperature at the Iezer weather station may not be relevant for the whole massif. For this reason, we also used the CRU TS4.02 data [82], to estimate average temperature on both slopes.




2.2.3. Anthropic Data Sources


In our approach, the main sources of anthropogenic information were historical maps and satellite images. The information was processed cartographically and statistically on them, which allowed us a detailed analysis of the positioning in time of the upper limit of the forest in the Rodna Mountains. In addition to these data, we also used information that gave details about the pastoral activity carried out in the Rodna Mountains, about how the fire influenced the forest over time and about the exploitation of vegetation in this massif.





2.3. Timberline Dynamics over the Last 131 Years Reconstructed from Old Maps and Aerial Photographs


Timberline elevational variability was reconstructed by marking its successive positions on the 5 sets of maps (1887, 1921, 1944, 1961 and 1984) and two sets of aerial images (2012, 2018). The reconstructed dynamics in the 1887–2018 period is different for the two slopes of the massif, with a higher temporal and spatial variability on the southern slopes (Figure 2).



Statistical analysis of the data derived from cartographic resources showed that in 2018 timberline position was on average 1640 ± 2 m on the northern slope and 1539 ± 2 m on the southern slope. For the entire 1887 to 2018 time interval, timberline increased on average with 113 ± 2 m on the northern slope (at an average rate of 0.8 m yr−1) and with 116 ± 2 m on the southern slope (at an average rate of 1.3 m yr−1), respectively (Figure 3). For the northern slope, the maximum elevational position reached by timberline was 2017 m in 2012, and the minimum position 921 m in 2018. For the southern slope, the maximum elevational position reached by timberline was 1929 m in 2018, and the minimum 678 m in 1887 (Figure 3). The difference in average timberline position on the two slopes decreased progressively from 170 m in 1887 to 101 m in 2018 (Figure 3).



Between 1944 and 1961 there was a marked upward shift in average timberline position (Figure 3). This shift may be related to a strong reduction in anthropogenic pressure in the upland area, while adjacent lowlands were undergoing an incipient process of communist collectivization. Furthermore, meteorological records show that the extremely dry period 1945–1947 was followed by several years more favorable for forest growth, which might have accelerated the upward movement of timberline in the area, on the background of lower human pressure.



Analysis of highest and lowest elevations reached by timberline in the 1887–2018 time interval shows a lower amplitude elevational change on the southern slope compared to the northern slope (Figure 3). On the northern slope, the highest positions are reached after 1990, when the high elevations in Rodna Mts received protected status [64]. Cartographic data also shows that the subalpine and alpine areas above timberline gradually reduced with 84 km2 between 1887 and 2018, from 249 km2 in 1887, to 189 km2 in 1961 and to 165 km2 in 2018 (Figure 1). The results also show the existence of a west-east spatial differentiation in the altitudinal position of the upper forest limit. For example, for 2018 a decrease of 23 m in average timberline position can be observed on the west–east direction, over the entire 32.5 km length of the main mountain ridge.





3. Results


3.1. Natural Drivers of Timberline Dynamics over the Last 131 Years


3.1.1. Air Temperature


Meteorological data derived from instrumental observations at Iezer and Pietrosu Rodnei peak weather stations show that the average annual temperature is 1.5 °C at 1774 m a.s.l. (Table 1) and −1.2 °C at 2303 m a.s.l. We calculated the average vertical temperature gradients for the two slopes (report at 100 m altitude) based on the annual average temperature and elevation differences between the weather stations Vișeu de Sus (478 m a.s.l.), Ocna Șugatag (490 m a.s.l.) and Iezer for the northern slope, and Bistrița (358 m a.s.l.)—Pietrosul Rodnei weather stations for the southern slope, respectively. We obtained average vertical temperature gradients equal to 0.48 °C for the northern slope and 0.53°C for the southern slope. Taking into account these values, the average annual temperature at timberline is 1.76 °C on the northern slope (1640 m a.s.l.) and 2.16 °C on the southern slope—1539 m a.s.l.



Statistical analysis of the instrumental time series at Iezer meteorological station (1961–2017) shows that between 14 December and 10 March (86 days) the average daily temperature dropped below −5 °C, and between 10 March–14 April and 5 November–14 December (73 days) the average daily temperature was between −5 and 0 °C. Between 14 April–13 May and 25 September–5 November (73 days) the average daily temperature was between 0 and 5 °C. The average frost-free period at timberline around Iezer station for the analyzed interval generally occurs between 14 April and 5 November (206 days), during which time air temperature remains above the critical threshold (0 °C). This threshold is very important for trees growing at the upper forest limit [83]. However, the occurrence of frost days was occasionally reported in the interval where these should not typically be present (e.g., 8 frost days in June 1962 and 1976, 3 days in July 1996, 4 days in August 1981).



On average, the growing season at timberline in Rodna Mts for the 1961–2017 interval was statistically placed between 13 May and 25 September (133 days), with daily average temperature exceeding the 5°C threshold. The importance of the 5 °C threshold over which the growing season of the trees starts is underlined by [84]. However, during this period there were days when the temperature dropped to negative values (e.g., −16.6 °C in September 1977, −10.1 °C in May 1976, −4.1 °C in June 1973, −1,5 °C in June 1978 or −1,9 °C in August 1981), with consequences on tree growth (Table 1). For our study area, the instrumental data show a general trend of increasing air temperature for the entire 1961–2017 period (Table 2).



For the 57 years of instrumental data (1961–2017), average annual temperature increased with 0.29 °C/decade; for the period 1976–2017, however, this trend is more evident, i.e., 0.4 °C/decade, which shows an acceleration of atmosphere heating (Table 2). The year 1976 marks the beginning of a warmer period at the regional scale according to several studies [58,59]. Table 2 shows that for the warm seasons, summers but also the months of August, trends in air temperature for the period 1961–2017 were of increase, more evident in the period 1976–2017. The statistical significance of the increase in air temperature is higher than 0.001 (Table 2).



By comparing the standardized instrumental data recorded at the Iezer weather station with those derived from the CRU TS4.02 dataset for the entire summer (June–August), we can extend the meteorological data time series back to the year 1900. The 1900–2010 period was characterized by a succession of intervals with contrasting summer temperature anomalies. Based on the variability of summer temperature anomalies, four main intervals can be separated: two colder, i.e., 1887–1910 and 1947–1976 and two warmer, i.e., 1911–1946 and 1977–2010.



The last three decades of the 1900–2010 period show the most pronounced warming trend, and this trend was visible since 1976 (Figure 4, Table 2).



Comparing summer temperature variability with upper timberline dynamics between 1887 and 2018 and also taking into account that forest response to temperature variability has a time lag of approx. 10 years (but may be subject to other controlling factors at the same time) [8], we note that timberline dynamics generally followed temperature trends on both slopes of the massif (Figure 4). This may be reflective of the influence of summer temperature variability on timberline elevational position. However, during the period 1947–1976 which appears slightly colder, timberline ascent may have been influenced by other factors. We suggest that longer periods with increased summer temperature (e.g. 40–50 years such as 1977 to present) had a larger influence on timberline upward shift, while shorter cool periods (e.g., 30 years or less, such as between 1887–1910 and 1947–1976) likely contributed less to timberline dynamics. This is likely due to other climatic elements (high humidity, cloudiness and precipitation) and/or reduction in anthropogenic activities which may have favored timberline upslope shift. Our analysis therefore shows that longer intervals with summer temperature above the average had a greater influence on timberline rise compared to shorter intervals with summer temperature below the average.




3.1.2. Land Morphometry


To assess the influence of local topography on timberline position, we performed a graphical representation of timberline distribution (expressed as percentages) for different categories of land morphometry, i.e., elevation, slope, aspect and curvature (Figure 5).



For the entire analyzed period (1887–2018), timberline was mostly located in the 1400–1600 elevation interval on both northern and southern slopes, in proportion of 40 to 70% on the northern slope and 40 to 60% on the southern slope (Figure 5a,b). The highest variability in timberline dynamics was observed on the northern slope in the 1600–1800 m elevation interval, when the position of timberline increased after 1961 from around 20% to 40–50% (Figure 5a). Conversely, on the southern slope timberline dynamics were characterized by high variability in all the main elevation intervals, i.e., 1200–1400 m (timberline percentages reduced after 1984 from 40–50% to 20–30%), 1400–1600 (60% of timberline was located in this elevation interval in 1961) and 1600–1800 m a.s.l. (timberline percentages increased after 1961 from <5% to 10–20%) (Figure 5b). These changes may be a result of increasing summer air temperature, but may also be caused by anthropogenic activities, particularly on the southern slope.



Regarding timberline temporal distribution on declivity intervals, it was mostly distributed in the 20–30° declivity interval for both slopes, with 35–40% on the northern slope and 45–55% on the southern (Figure 5c,d). On the northern slope, timberline percentual distribution increased in the 10–20° declivity interval from ~20% in 1921 to ~30% in 2018, and declined with 5–10% in 2018 in the 20–30° and 30–40° intervals compared to the previous years (Figure 5c). On the southern slope, timberline distribution remained constant in the 10–30° interval, increased by 10% in the 20–30° interval and decreased by 10% in the 30–40° declivity interval (Figure 5c). The decrease in timberline percentages in the 30–40° interval on both slopes may reflect timberline lowering due an increase in precipitation torrentiality and the intensity of slope processes.



Regarding aspect, timberline was mostly distributed spatially on slopes facing N, NE, E, NW and W on the northern slope, and E, SE, S, SW and W on the southern slope, respectively (Figure 5e,f). This difference is given by the dominant W-E orientation of the two main slopes. As for the temporal dynamics, on the northern slope timberline position was more dynamic and mostly varied on slopes with E, W and NW aspects (12–20%); on the southern slope a similar 12–20% variation was encountered on slopes with a SE aspect. Timberline distribution increased in 2018 by >5% on slopes with E, SE and NW aspects on the northern slope (Figure 5e), and SE and SW aspects on the southern slope, respectively (Figure 5f). This increase may have resulted from an enhancement of the local atmosphere dynamics on the background of rising warm season temperature, which likely amplified convective-orographic processes and moisture availability, thus favoring subalpine grassland encroachment and better conditions for tree growth.



For slope curvature, it can be observed that timberline position was mostly distributed on concave areas on the northern slope, and on convex areas on the southern slope (Figure 5g,h). However, there is a higher variability in this distribution on the northern slope, with timberline predominantly located on convex areas in 1944 and 1984 (Figure 5g). Over the recent years (2012 and 2018), a trend of increasing proportion of timberline distribution on concave surfaces can be observed on both slopes (Figure 5g,h).



By analyzing slope curvature, we can deduce that, under the same substrate, soil moisture is usually higher on concave topography than on flat or convex surfaces. However, variations in exposure to solar radiation can generate local particularities in timberline distribution and dynamics. Moreover, concave topographies of the narrow valleys may have favored a gradual timberline advance, as the amount of snow accumulating each year reduced as a result of atmosphere warming. Visual observations showed that, in the Rodna Mts, timberline usually reaches its highest position in small valleys and rills (concave surfaces), which provide better humidity conditions and strong wind shelters. In the sectors with large declivity gradients, slope curvature is less important in influencing timberline position, as these areas are affected by avalanches and other slope processes which considerably limit timberline and treeline advance. In contrast, on convex topography (prolonged peaks of different height), vegetation generally occurs spontaneously [16]. Such topography is predominantly developed on the southern slope, which may explain the preferential distribution of timberline on convex surfaces (Figure 5h).





3.2. Anthropogenic Factors (Grazing, Fire, Clearance)


3.2.1. Pastoral Activities


Grazing was shown as one of the major anthropogenic factors that controlled timberline advance in the Carpathian Mountains [16,58]. For Rodna Mountains, published information and field observations have shown that subalpine and alpine meadows were used for pastoral activities from centuries ago to the present [85]. Data on pastoral activities in the Rodna Mts is available only starting with 1989 [64,69]. Despite data scarcity, some general aspects regarding the intensity of grazing on the two slopes of the massif can be derived (Figure 6). We analyzed land-use in three localities on the northern slope (Maramureș county) and eight localities on the southern slope (Bistrița Năsăud county) for the period 1990–2014 [69]. The absolute data (ha) was transformed into relative values (%) to effectively compare land-use categories on the two slopes. We found that the smallest changes in land-use structure occurred on the northern slope (the agricultural area increased by only 1%, pastures and meadows increased by 2.2%, forested areas by 0.3%). On the southern slope, land-use changes were more prominent (agricultural area increased by 29.2%, pastures and meadows increased by 36.7%, and the forested area decreased by 5.5%). The data therefore show a more intense anthropogenic impact on the southern slope of the mountains.



The dynamics of the total number of sheep and cattle in the same localities was also analyzed for the 1990–2003 period, based on the resources provided by the National Institute of Statistics [69]. The data were transformed into relative values (%). On the northern slope, between 1990 and 2003 there was a decrease in livestock numbers by 29.8% in sheep and by 12.5% in cattle. In comparison, on the southern slope the livestock decrease was more pronounced (42% in sheep and 34.6% in cattle) [69]. In 1990, there were more than 89,000 sheep and cattle in the localities adjacent to the Rodna Mts, whilst in 2003 their number was approx. 33% lower, of around 61,000. As shown before, agricultural changes were more ample on the southern slope, and the forest was more affected by anthropogenic activities. The 1990–2003 dataset also shows uncommon situations, such as the decrease in livestock on the southern slope, coincident with an increase in agricultural land, pastures and meadows; this may also be explained by structural agricultural changes unrelated to timberline position. Therefore, to assess the potential impact of pastoral activity on timberline dynamics, we performed a detailed cartographic analysis based on the high-resolution aerial photographs from 2018. We thus identified 1829 sheepfolds and cattle stables in Rodna Mts that were still functional in 2018. Of these, 183 sheepfolds and shelters were located at ± 250 m distance above and/or below the timberline (Figure 6). These data show the presence of pastoral activity in the vicinity of timberline, despite statistical data [69] showing a reduction in livestock number in the area over the recent two decades.




3.2.2. Fire Activity


Over the last 18 years, fire activity in the Rodna Mts has been generally characterized by frequent, small, local fires and only three larger fires. This data does not exclude the occurrence of very large wildfires with a probability of occurrence >18 years. The analysis of the MODIS database from 2001–2018 revealed the occurrence of 21 wildfires within the park limits, of which only three were located near the timberline. These three fires occurred on 6 November 2011 and in each case, the burnt area was over 1 ha.




3.2.3. Clearance


Recent field observations have shown that illegal logging occurs very close to upper timberline on protected areas located in the proximity of human settlements. Illegal forest exploitation by clear cutting is a critical problem in the Rodna Mts National Park, which has generated wide debate over the last years [64].



On the 2018 aerial photographs, we mapped 12.7 km2 of cleared forest near the upper forest limit, and the age of the clearings was estimated at one or two (at most) years, as many of these parcels had trees felled and not yet removed; furthermore, we mapped 33.21 km2 additional areas that were cleared over the last three–six years, where forest is presently regenerating (Figure 7).



Forest clearance near the timberline causes the formation of forest gaps and may thus indirectly alter the microclimate at the timberline and promote forest fires [11].






4. Discussion


4.1. Timberline Dynamics in Rodna Mountains between 1850 and 2018


Upper timberline dynamics in the period 1887–2018 is a result of a complex interaction between natural and anthropogenic factors. Timberline response to climate change can occur only if land-use is favorable for tree establishment and expansion [16]. In general, anthropogenic timberline exhibits the greatest elevational changes after cessation of pastoral activities and other types of human activities [26]. We suggest that such a situation also occurred in Rodna Mts when timberline advanced rapidly between 1944 and 1961. We believe that the forest recovered from the major 1945–1947 drought and, due to a lower grazing pressure given by the drastic decline in livestock during the Second World War, its elevational movement was enhanced. Regarding the two intervals characterized by timberline upslope advance (1945–1961 and 1990–2018), human pressure was lower in both cases; however, temperature slightly decreased between 1945 and 1961, and rapidly rose between 1990 and 2018. Thus, timberline upslope movement was likely the result of the two combined factors in both cases (Figure 8).



A comparison of timberline dynamics between Rodna Mts and other parts of the Carpathians reveals similar, but also contrasting trends. As such, remote sensing research has showed an upslope movement of timberline in the Tatra Mountains (Polish Western Carpathians) [54], while in the Bieszczady Mountains National Park (Polish Eastern Carpathians) timberline has remained relatively stable since the mid-19th century [32]. Timberline in the western Chornohora Mts (Ukrainian Carpathians) advanced by 80 m on average between 1933 and 2001 [32]. The fastest timberline advance resulted from the expansion of coniferous forests (dominant species: Picea abies) and was recorded in remote areas, affected little or not at all by livestock grazing. In the Southern Carpathians (Iezer Mountains), remote sensing showed an increase of 25–50 m of average timberline elevation during the last two decades (1986–2005), paralleled by a gradual replacement of coniferous forests: spruce (Picea abies), common fir (Abies sp.), silver fir (Abies alba), with mixed forests: spruce (Picea abies), common fir (Abies sp.), silver fir (Abies alba), beech (Fagus silvatica), birch (Betula pendula), hornbeam (Carpinus betulus), and the natural regeneration of beech (Fagus silvatica) on debris cones and along old paths [55]. Similarly, in the Rodna Mts after 1850, the forest extended locally on more remote areas, but also reduced in the vicinity of human settlements (bottom-up direction), and in the areas more affected by livestock grazing (top-down direction). The interaction between the climatic and geomorphological factors, on the one hand, and the anthropogenic factor, on the other hand, resulted in an average timberline upslope advance by 147.5 ± 2 m on both slopes, between 1887 and 2018. This average value cannot be solely attributed to regional warming, as overall human pressure and fire occurrence were also shown to decrease.



In the mountains of the temperate latitudes timberline is higher on sunny slopes than on shaded slopes, provided that no orographic or anthropogenic factors prevent upper timberline from reaching the climatic limit [8]. In the European Alps, the elevational position of timberline differs on sunny and shaded slopes by about 100 m [8]. Kucsicsa [67] established for Rodna Mts an average timberline position of 1600–1650 m for the northern slope and 1550–1600 m for the southern slope. Our results showed an average timberline position of 1640 ± 2 m on the northern slope and at 1539 ± 2 m on the southern slope, respectively. Therefore, this situation is not in agreement with natural factors more favorable for timberline ascent on the southern slope. We suggest that this difference is related to higher and longer-time anthropogenic pressure on the more accessible southern slope.



Considering the above-mentioned information, we believe that timberline dynamics in the Rodna Mts over the last 150 years can be considered a positive recovery after the general timberline descent during the Little Ice Age [86,87,88,89,90]. On the background of the general positive trend in temperature in the period 1887–2018 (fragmented in four subperiods), a trend that coincided with upper timberline advance, a shorter phase of timberline descent occurred in 1887–1921, when timberline position descended by 11–29 m on average, followed by a longer, more prominent phase of timberline advance by approx. 137–176 m, from 1921 onward. These changes in timberline position were likely strongly modulated by changes in land-use (clearance, industrial activities, grazing and arson) and other natural disturbances (drought, windthrows).




4.2. Timberline Dynamics in Relation to Natural Factors


According to Kucsicsa [67], upper timberline in the Romanian Carpathians is generally climate-limited, but also varies according to latitude, elevation, aspect, slope gradients, curvature and other morphometric features. The instances where timberline ascent can be solely and explicitly attributed to temperature rise are rare. In certain intervals, decreasing temperatures could not decisively influence timberline dynamics, as other climatic or non-climatic factors were overall more important in shaping timberline position. For example, during the cold period 1960–1980, timberlines declined in the Scandinavian Alps [36]. In Rodna, this cold interval was offset to 1947–1976 and could not influence timberline descent. Our data show that between 1947 and 1976, average timberline elevation actually increased, by ~55 m on the northern slope and ~105 m on the southern slope). We discuss this situation in detail in Section 4.3.



A temperature feature characteristic of the high elevations in the Rodna Mountains is that, based on the average temperature values, winters extend far outside the calendar timeframe (November to end of March), and minimum temperatures recorded in our study area indicate the possibility of occurrence of frost intervals, with temperature minima that can decrease below the −10 °C threshold from September to end of May (Table 1). Therefore, the role of temperature as a conditioning factor for timberline advance increases, due to its relationship with tree resistance, particularly with regard to seedlings, which are key elements in forest survival and extension. Due to the fact that the upper forest belt of the Rodna Mountains is generally composed of spruce, which is less frost-tolerant compared to pine (Pinus cembra), but more resistant compared to some fir species [86], timberline is expected to be more sensitive to low temperatures which generally occur in the cold season, but also to temperature increases during the warm season. Therefore, we suggest that temperature variability could be more accurately reflected in the dynamics of maximum elevations reached by timberline during the analyzed period.



Meteorological data (Figure 4) indicate for the analyzed interval the succession of two warm periods (1911–1946; 1977–2018), a cold period (1947–1976) and a moderately cold period (1880–1910). Similar periods were identified for summer temperature in the Carpathian region [58,59]. Summer temperature showed two notable warming intervals (1911–1946 and 1977–2018), separated by an interval of considerable cooling (1947–1976). According to the authors mentioned previously, the most important temperature increase was recorded after 1977. Cartographic reconstruction of the timberline dynamics in the Rodna Mts showed that timberline reached the maximum positions on both sides of the massif during the cold period 1947–1976 (illustrated by the 1961 map) or immediately after, given the effect of the 10-year temperature lag on forest dynamics (illustrated by the 1984 map), and after 1990, when temperature was more favorable (Figure 4). This increase on both slopes of the massif demonstrates that temperature is the main factor determining the maximum elevation reached by upper timberline. A decrease in temperature is not, however, equally reflected in the mean and minimum timberline positions, these being most likely influenced by other factors such as land morphometry or human impact. The trends in temperature are, however, shaped by local differences in the active surface.



Among the climatic factors, air-mass dynamics can influence the position and physiognomy of timberline, through a combination of wind speed (which in Rodna frequently exceeds 40 m/s), frequency (many years with wind frequency higher than 90% of the time: 1966, 1967, 1970–1972 etc.) and structure (turbulent and gust wind prevails at high elevation), orientation of the main ridge relative to the prevailing wind directions and local topography (aspect, curvature, declivity and elevation). One such example of wind disturbances in the Rodna Mts was the 1970–1979 interval, when calm conditions had a multi-annual average of only 14.5%, based on the data recorded at Iezer weather station. This interval was characterized by massive windthrows, which likely contributed to timberline decline on the more exposed topography. The degree of impact by wind on timberline position is currently visible on the northern slope on the slopes facing west, where timberline includes many flag-shaped trees. Popa [87] identified two other intervals with intense wind activity in Rodna Mountains (1880–1890 and 1915–1920), by using information derived from tree radial growth. He showed that these strong wind intervals had a strong impact on tree growth at and immediately below timberline between 1500 and 1650 m a.s.l. The intense wind activity between 1880 and 1920 also seems to have contributed to a lowering of the average timberline elevation on both slopes, and that between 1970 and 1979 appears to have influenced timberline position predominantly on the southern slope.



Another category of factors playing an important role in shaping the physiognomy and structure of timberline is represented by topography and land morphometry, respectively [8,26]. Unlike air temperature which varies temporally and spatially, local topography is the only relatively constant environmental factor. Local topography not only modulates temperature by creating microclimates, but the effects of local topography on timberline position show clear spatial patterns and are therefore relatively predictable. We noticed that, in the Rodna Mountains, the forest advanced mostly in the 1600–1800 m elevation interval and on slopes facing NW on the northern slope, and on slopes with 20–30° declivity, facing SE and on convex landforms of the southern slope (Figure 5a–h). Field observations (2018) showed signs of recent timberline advance on both slopes. On many areas previously covered by subalpine and alpine pastures, we observed a natural invasion of tree seedlings (Picea abies and Pinus cembra), especially on concave topography. Field observations also showed that timberline position is lower in torrential valleys and avalanche paths (Figure 1d). Rock falls, creep or surface erosion occur locally and may prevent timberline from reaching its upper climatic limit (orographic limit). However, such cases are restricted to few areas on the northern slope of the Rodna Mountains.




4.3. Timberline Dynamics in Relation to Anthropogenic Factors


Treeline advance over the last 100–150 years has been documented in the Ukrainian Carpathians [59], Poland, Slovakia and Hungary [88] and has been largely attributed to land-use changes, such as land abandonment and pasture encroachment at high elevation.



People largely influenced the dynamics of vegetation belts in the Rodna Mts [89]. Recent studies suggested that this influence is also reflected in timberline dynamics [67], through the local control performed by grazing and logging activities. In areas where upper timberline is subject to anthropogenic pressure, it is generally below the potential limit (which should be on average 1740 m on the northern slope and 1890 m on the southern slope, compared to 1640 m on the northern slope and 1539 m on the southern, as it is today). Contrary to situations described in the literature for other European mountains, where timberline is found at lower elevation on the northern slopes compared to the southern, in the Rodna Mts average timberline position is higher on the northern compared to the southern slope. While in the case of the former, timberline position might be more climatically influenced, in Rodna Mts the difference in timberline position between the two main slopes may be a result of anthropogenic activities, particularly livestock grazing.



4.3.1. The Impact of Pastoral Activities


In the last half of the 19th century, forest was removed from all accessible topographies to extend subalpine and alpine pastures [64]. In the twentieth century, a massive deforestation of the subalpine association Rhododendro myrtifolii—Pinus mugo occurred, for a further extension of high-elevation pastures [64]. This deforestation, which removed shrubs and trees in the treeline ecotone almost completely, also affected open spruce forests neighboring subalpine dwarf pine associations, so that open forest was also cleared on large, compact areas [67]. At the same time, pastoral activities mainly resulted in local forest destruction and timberline decline, as grazing on subalpine and alpine meadows negatively affected the growth of seedlings. In addition, grazing activities were associated with large amounts of cut wood to build and support temporary high elevation settlements such as sheepfolds and cattle stables, and meet the need for firewood (heating, cheese production). Pastoral activity decreased drastically in the years following the fall of communism (1990), with a reduction by a third in livestock numbers in the settlements adjacent to the park between 1990 and 2003 [69]. This decrease coincided both with a sharp increase in local temperature (Figure 4) and with an increase in the average timberline elevation (Figure 3). For example, timberline in 2018 reached its highest elevation in the last 150 years. Only in the period 1984–2018 (marked by enhanced warming) did timberline increase on average by 62 m on the northern slope and by 87 m on the southern slope, respectively (Figure 3). It is therefore difficult to separate the influence of the temperature rise from the decrease in anthropogenic pressure in the Rodna Mts after 1990. Most likely, these two factors acted simultaneously, with reduction of human impact probably enhancing timberline upslope movement, already favored by the temperature rise. It is notable that during the cold period 1947–1976, the average and minimum positions of timberline increased on both sides of the massif (Figure 3). This is probably due to a reduction in anthropogenic impact as a result of the lower temperatures and consequently of a shorter pastoral season. To conclude, the rise in the average and minimum timberline positions between 1944 and 1984 is a direct consequence of the reduction in human impact and an indirect consequence of decreasing temperatures.




4.3.2. Fire Activity at Timberline and Potential Impacts on Tree Growth


Fire regime in the subalpine and alpine vegetation belts of the Carpathians is generally shaped by both climate and biomass availability [12,90]. In the Rodna Mts, colder intervals increased the need for firewood in the settlements adjacent to the park; however, this likely did not influence timberline dynamics. A shorter growing season during the colder intervals likely allowed forest to regenerate and timberline to rise, determining a faster rate in the encroachment of subalpine pastures, which required the use of fire to maintain open pastures. This may explain the recent increase in fire activity during the colder intervals at high elevation, as derived from published charcoal records [11,12,90]. The use of fire to manage high elevation pasture was prevalent in the study area since the Bronze Age, based on the quantification of pollen and charcoal data in lake sediments [11,12,90]. Paleoecological indicators (charcoal, pollen) showed that the colder periods (1887–1925; 1944–1976) were associated with higher fire activity in the treeline ecotone and at timberline, as a result of increased biomass availability and reduction of pastoral activities [11,90]. This confirms our hypothesis that the rise in minimum timberline positions during the colder periods (Figure 3) was caused by decreasing anthropogenic pressure, as timberline was located below its potential limit.



The change in political regime and property since 1990 was marked in the sedimentary indicators by an episode with maximum fire activity in the study area, parallel to a marked regional decrease in forest cover [91]. At the same time, after 1990 the sedimentation rates at both lacustrine sites (Stiol and Buhăescu) increased rapidly, due to an increase in either human impact or rainfall torrentiality in the area [12,92]. Nevertheless, cartographic information indicates an increase in the mean and maximum timberline elevations, as timberlines reached their maximum levels for the entire studied interval (Figure 3). The dynamics follow the temperature trend; minimum timberline position declined on the northern slope to the lowest position in the entire analyzed interval (1222 m in 1961, 921 m in 2018). Although we do not dispute the direct role of temperature in driving timberline upward shift, we suggest that there might also be an indirect role, through an intensification of rainfall torrentiality and frequency of avalanches, which might have physically limited timberline rise on the northern slope. We should also note that both datasets (2012 and 2018), based on which post-1990 timberline dynamics was reconstructed, reflect the situation after 2004, when large parts of the Rodna Mts were included in the Rodna Mts National Park and Biosphere Reserve, particularly after 2007 when Romania was integrated in the European Union [64], as both events limited anthropogenic activities in the area.



Studies showed that timberline dynamics are strongly influenced by proximity to human settlements, and by the decline or development of some economic activities. MacDonald et al. [93] showed that the decline in agro pastoral activities at lower and especially upper timberline was a widespread phenomenon in the European mountains, which led to an increase in the elevational position of timberline [94,95,96,97]. Abandonment of mountain pastures (mainly due to the reduction of pastoralism and the livestock numbers), initiated the development of new, secondary forest and subalpine shrubs on the formerly grazed areas of Chornohora, the highest mountain in the Ukrainian Carpathians [32]. In the High Tatra Mountains, overgrazing and use of the Pinus cembra and Larix decidua species as firewood lowered the upper timberline by 120 to 150 m in the last 400–500 years [98].



On the northern slope of the Rodna Mts, human impact controlled forest dynamics on the more accessible slopes, while on the more isolated and remote surfaces, the upward shift in timberline was regulated mainly by the natural factors (temperature and topography). Land morphometry controlled the intensity of human impact at high elevation, particularly on the northern slope, where slope gradients are steep, which resulted in a higher position of the timberline compared to the southern slope. However, very steep slopes, avalanche paths and rock falls create scree deposits at the base of cirque walls, which limit tree growth and forests upward movement. Consequently, on the northern slope, topography is one of the key factors controlling timberline position and structure, when timberline is below its climatic limit. On the southern slope, anthropogenic activities are the dominant factor shaping timberline dynamics, through grazing and other land-uses. The alpine and subalpine meadows cover a considerably larger area on the southern slope, and the contact between subalpine meadow and forest is mostly abrupt, without a transitional ecotone between these two types of vegetation. Thus, given that present timberlines are well below their potential limit on the southern slope, and given that topography is less restrictive, temporal fluctuations in anthropogenic pressure were likely reflected in timberline dynamics, which explains why these dynamics are more ample on the southern slope.




4.3.3. Forest Clearance—Direct and Indirect Impacts


Our results show that, for 2018, a higher accessibility of the southern slope likely favored more widespread deforestation over recent decades (Figure 7). Kucsicsa [67] also found that the southern slope has the largest deforested areas (70%), of which 35% were located between 1600 and 1800 m a.s.l., and 31% between 1400 and 1600 m a.s.l. Immediately after the abrupt change in the political regime in 1989, forest clearance intensified. Massive deforestation in the area occurred between 1989 and 1993, which increased forest openness above 1500 m elevation [64]. The creation of gaps in the compact, old-growth forest, at high elevation, likely influenced the local timberline environment, by changes in the microclimate and forest resistance/resilience to disturbances such as fire. This was also demonstrated by the auxologic changes observed in the tree growth rings in the area [87].





4.4. Future Perspectives in Timberline Dynamics and the Potential Ecological Consequences


Studies showed that changes in temperature can lead to biogeographic changes after a decade or more [8]. This may explain why timberline dynamics in our study area does not clearly follow the trends in temperature. The end of the Little Ice Age (LIA), which corresponds to the mid-19th century in Europe [99,100], coincided with a lower position of upper timberline due to conditions unfavorable for tree survival, especially at high elevations. In the Rodna Mts, timberline dynamics after the LIA indicates a relative stabilization until around 1944. In accordance with climate trends, average timberline elevation increased after 1944 on both slopes (Figure 8). Published palaeoecological information shows that the subalpine and alpine ecosystems in the study area were significantly impacted by anthropogenic activities starting 200 years ago [12], when an intensive change in land-use occurred, with clearance of subalpine and treeline/timberline tree and shrub assemblages for the extension of high elevation pastures [64]. Given the recent reduction in grazing activities and in response to the current and predicted warming, the alpine and subalpine plant communities presently colonizing the open, high elevation areas would likely face a restriction of their habitats due to meadow encroachment and the upward shift in tree/timberlines. The effects of recent warming on treeline/timberline dynamics in the study area are not clearly visible in the local paleoecological records [12].



Kucsicsa [67] showed that current timberline in Rodna Mts is 500–600 m lower than the potential timberline on both slopes. Several studies concluded that upper climatic timberline should coincide approximately with the position of the 5–7.5 °C isotherm representing the average temperature of the growing season [101], or with the position of the 10 °C isotherm representative of average July temperature [25,102]. Based on these parameters, the climatic limit for timberline in the Rodna Mts is located at an average elevation of 1750 m on the northern slope and 1890 m on the southern slope.



Our results show that for the period 1887–2018 timberline shifted upwards on average by 0.86 m yr−1 on the northern slope and by 1.39 m yr−1 on the southern slope. Taking into account this rate of timberline ascent, as well as similar findings from published studies [16,55,103], we estimate that upper timberline advance will be slower on the northern slope compared to the southern (Figure 8). On the northern slope, less affected by anthropogenic impact, average timberline is currently 150–160 m lower than natural timberline. Conversely, on the southern slope, more affected by anthropogenic activities, upper timberline is 400–415 m below its potential position.



The rise in timberlines in our study area will drastically reduce the grazing areas and might result in an increased grazing pressure on the remaining high elevation meadows. Furthermore, the reduction in subalpine and alpine meadows, which are biodiversity hotspots, and encroachment of former grazing areas will likely shrink the habitat of many endemic and relict subalpine and alpine plant species (e.g., Lychnis nivalis, Fritillaria Meleagris, Leontopodium alpinum, Trollius europaeus, Hepatica transsilvanica, Gentiana lutea) and likely reduce the diversity of high-elevation fauna (e.g., M. marmota, Rupicapra rupicapra, Aquila chrysaetos) with critical ecological consequences.





5. Conclusions


Regional climate warming creates ecological effects that are still insufficiently known and assessed, particularly in the Romanian Carpathians. Upper timberline is an environment very sensitive to temperature variability, but also to anthropogenic pressure, and its continuous dynamics can carry important information about the intensity, duration and impacts of these drivers. Results show that upper timberline dynamics in Rodna Mts between 1887 and 2018 were shaped mostly by the thermal factor and the rhythm of human activities but separating the impact of these drivers was difficult to achieve. The increase in the weight of the temperature and the rhythmic fluctuations of the anthropic activity and in the balance of the determinant factors constituted the key of the general ascent in altitude of the timberline in the Rodna Mts. Our study shows that after the Little Ice Age climate warming trends (marked by a series of fluctuations) and the accelerated warming after 1975 were more clearly reflected in upper timberline ascent in Rodna Mts. The cartographic analysis results show an unexpected situation, with a higher timberline position on the colder and shaded northern slope, and a lower position on the warmer and sunnier southern slope. This difference is likely due to anthropogenic land-use change, more prevalent on the more accessible southern slope. Rising temperature likely pushed timberline to higher elevation; however, land morphometry locally constrained timberline advance. Furthermore, the differences in anthropogenic impact on the two main slopes of the massif, i.e., more limited on the steeper, shaded northern slope, further enhanced local differences in timberline dynamics. Due to these factors, upper timberline rose on average between 1887 and 2018 by 113 ± 2 m on the northern slope (reaching 1640 ± 2 m a.s.l.) and by 182 ± 2 m on the southern slope (reaching 1539 ± 2 m a.s.l.). Changing the weight of temperature and anthropogenic influence in the balance of determinants was the key to the oscillating rise of timberline. Quantifying the real influence of the weight of factors (thermal versus anthropogenic) that influence timberline, especially in mountain ranges with strong human pressure, becomes a necessity in the context of profile research in Rodna, Carpathians or elsewhere.
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Figure 1. Details of the study area: (a) geographic location of the study area in Europe and Romania; (b) north-south elevation profile between Borșa and Cormaia localities—the profile shows the asymmetry between northern and southern slopes of the massif; (c) geographical position and topography of Rodna Mountains and of Rodna Mountains National Park and Biosphere Reserve—location of the sites for which meteorological information is available; (d) timberline position (red line) on the southwestern side of Rodna Mts as recorded on 31 March 2019. 
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Figure 2. Timberline dynamics in the Rodna Mountains between 1887 and 2018. 
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Figure 3. Boxplot representation of timberline elevation on the northern and southern slopes of Rodna Mts during 1887–2018 (gray color—northern slope, white color—southern slope). 
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Figure 4. Comparison between the average timberline upper elevation and the average temperature of summer months: timberline dynamics on the northern and southern slopes (1887–2018) as reconstructed from old maps and aerial photographs—up; summer temperature variability in Rodna Mountains based on CRU TS4.02 data (range 1900–2008) and instrumental data from the Iezer weather station (1962–2010)—bottom. 
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Figure 5. Timberline percentage distribution for intervals of elevation (a) and (b), declivity (c) and (d), aspect (e) and (f) and curvature (g) and (h). 
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Figure 6. Distribution of sheepfolds and cattle stables in the Rodna Mountains National Park and its Scheme 2018. 
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Figure 7. Cleared areas located in the Rodna Mountains/Rodna Mountains National that were mapped on the 2018 aerial photographs; orange—forest areas that were cleared 1–2 years before; green—forest areas that were cleared 3–6 years before, where forest is currently regenerating. 
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Figure 8. Past trends in average timberline dynamics on the northern and southern slope in the Rodna Mountains. 
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Table 1. Parameters indicating the temporal distribution of air temperature indices (°C) at Iezer meteorological station (1961–2017).
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	J
	F
	M
	A
	M
	J
	J
	A
	S
	O
	N
	D
	Annual





	Average monthly temperature
	−6.9
	−7.0
	−4.5
	0.2
	5.5
	8.3
	10.1
	9.9
	6.1
	2.7
	−1.3
	−5.3
	1.5



	Average minimum temperature
	−12.7
	−14.3
	−10.1
	−3.8
	1.9
	5.5
	7.0
	5.9
	−2.1
	−1.1
	−7.7
	−9.4
	−14.3



	Measured monthly minima
	−27.5
	−29.0
	−27.3
	−17.4
	−10.1
	−4.1
	−1.5
	−1.9
	−16.6
	−16.5
	−21.0
	−22.4
	−29.0
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Table 2. Trends in air temperature (°C/decade) at the Iezer weather station—1774 m a.s.l. (1961–2017/1976–2017) based on the Mann-Kendall test.
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1961–2017

	
1976–2017




	
Time Series

	
Signific.

	
Sen’s Slope

Estimate

	
°C/

Decade

	
Signific.

	
Sen’s Slope

Estimate

	
°C/

Decade






	
J

	

	
0.024

	
0.24

	

	
0.016

	
0.16




	
F

	
*

	
0.050

	
0.5

	

	
0.059

	
0.59




	
M

	

	
0.020

	
0.2

	

	
0.000

	
0




	
A

	
*

	
0.030

	
0.3

	
*

	
0.057

	
0.57




	
M

	
+

	
0.030

	
0.3

	
+

	
0.047

	
0.47




	
J

	
**

	
0.045

	
0.45

	
***

	
0.075

	
0.75




	
J

	
***

	
0.054

	
0.54

	
***

	
0.086

	
0.86




	
A

	
***

	
0.064

	
0.64

	
***

	
0.094

	
0.94




	
S

	

	
0.017

	
0.17

	
*

	
0.056

	
0.56




	
O

	

	
0.020

	
0.2

	

	
0.000

	
0




	
N

	
+

	
0.036

	
0.36

	

	
0.025

	
0.25




	
D

	

	
0.018

	
0.18

	

	
0.018

	
0.18




	
Annual

	
***

	
0.029

	
0.29

	
***

	
0.040

	
0.4




	
W

	
*

	
0.027

	
0.27

	

	
0.019

	
0.19




	
S

	
*

	
0.025

	
0.25

	
*

	
0.032

	
0.32




	
S

	
***

	
0.051

	
0.51

	
***

	
0.085

	
0.85




	
A

	
+

	
0.021

	
0.21

	

	
0.029

	
0.29




	
Oct-Mar

	
*

	
0.019

	
0.19

	

	
0.012

	
0.12




	
Apr-Sep

	
***

	
0.040

	
0.4

	
***

	
0.068

	
0.68








* Significant at the 0.05 level. ** Significant at the 0.01 level. *** Significant at the 0.001 level. + Significant at the 0.1 level.
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