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Abstract
& Key message Species interactions implicate a complex balance of facilitation and competition, which may shift during
community development, thus structuring the subalpine ecotone of Mediterranean mountain ranges through time and
space. This study highlights that encroachment of grasslands and simultaneous downward/upward movement of forest
tree species involve species interferences and environmental feedbacks, with differential effects on mountain pine and
European beech, and the grassland communities of the Majella Massif.
& Context The transitional ecotone from the European beech closed forest to the mountain pine krummholz vegetation in the
Majella Massif (Apennines, Italy) is a sensitive area to climate and land-use changes. Vegetation shifts in these ecotonal zones
may cause a negative impact on the spatial distribution and survival of rare or endemic herbaceous species, thus influencing the
appearance, structure, and productivity of the subalpine ecotone of the Majella National Park.
& Aims We focused on determining the structures and dynamics of this Mediterranean tree line, and the climate–growth rela-
tionships of European beech and mountain pine. We investigated the upward and downward movement of pine into areas
potentially suitable for beech expansion, and the concurrent beech encroachment upward.
& Methods Growth dynamics and canopy cover of European beech closed forest and mountain pine krummholz vegetation were
analyzed in relation to disturbances at four different sites.
& Results Spring and summer temperatures and summer precipitation affected stem radial growth of both species. In details, spring and
summer temperatures negatively affected tree ring width (TRW) of European beech, except for the highest site, whereas spring
temperatures affected positively and summer temperatures negatively TRW of mountain pine. Mountain pine expanded upward,
encroaching formerly grazed pastures and harvested areas, especially where the soil is shallow and rocky; downward expansion is
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also occurring, following progressive abandonment of forest management practices. At the same time, European beech recruitment is
moving upward, interspersed within mountain pine krummholz, taking advantage from canopy shelter and higher temperature.
&Conclusion Climate and land-cover simultaneous changes induce species interactions and a complex balance of facilitation and
competition, which may shift during community development and structure the subalpine European beech-mountain pine
ecotone of the Majella Massif through time and space.

Keywords Disturbance indicators . European beech . Land cover .Mountain pine . Vegetation shift . Tree line

1 Introduction

The average global temperature on Earth has increased by
about 0.8 °C since 1880 (NOAA 2019). Climate change sce-
narios predict an increase in the mean global temperature in
the range of 0.3–4.8 °C in 2100 relative to mean values in
1986–2005 (IPCC 2013). Warming temperatures have a sub-
stantial effect on montane forest ecosystems (Rangwala and
Miller 2012). Indeed, temperature in the growing season
broadly drives the position of upper tree and forest lines
(Körner and Paulsen 2004). Since the upper altitudinal limit
of tree establishment occurs at elevation, where the mean tem-
perature of the growing season is about 6.4 °C, rising temper-
atures will potentially enable many tree species to establish at
higher elevations (Walther et al. 2005; Lenoir et al. 2008).
High-altitude forests provide proxy records for climatic
changes at various temporal and spatial scales, and are inves-
tigated to determine the influence of climate variability and
the sensitivity to warming temperature on tree growth and
forest productivity (Cazzolla Gatti et al. 2019; Alvites et al.
2019).

On a local scale, many mountain regions have experienced
agricultural land abandonment, adding to warming and leading
to enhanced seedling survival and decreasedmortality from graz-
ing (Speed et al. 2010; Cudlín et al. 2017). The impact of land-
cover changes on altitudinal tree line dynamics has been partic-
ularly important in areas with a long history of intense anthropo-
genic influence, such as the European mountains (Batllori et al.
2010; Palombo et al. 2014a; Améztegui et al. 2016; Treml et al.
2016). Besides, environmental disturbance interrelates with tem-
perature trend and land use, driving regeneration dynamics of
forests by creating opportunities for the establishment of new tree
individuals (Chauchard et al. 2010; Tognetti and Palombo 2013).
This may cause variability in the direction and rate of shifts in
composition and functioning of contiguous communities, facing
environmental changes. Indeed, whether the variability in re-
sponse results in species exclusion or coexistence will depend
upon how species differ in their ability to adapt to environmental
changes. Unfortunately, the relative importance of species resil-
ience and sensitivity to changes in environmental conditions at
the tree line is poorly understood, particularly in Mediterranean
mountains.

At the tree line ecotone, in the Swiss Alps, Gehrig-Fasel
et al. (2007) observed that land abandonment was the most

dominant driver for the establishment of new forest areas,
though some of the upward shift was attributed to warming
temperatures. In these Alpine environments, European beech
(Fagus sylvatica L.) reaches the tree line, in the southernmost
parts, whereas, the dominant tree line species are conifers,
including mountain pine (Pinus mugo Turra ssp. mugo) in
some regions in the East. The latter species dominates the tree
line of the north-eastern Calcareous Alps in Austria, forming a
shrubby krummholz belt (Dullinger et al. 2005). Larix decidua
Mill., Pinus cembra L., and Picea abies (L.) Karst., and local-
ly mountain pine, are also the dominant species in the Italian
Alps. Conversely, in the Italian Apennines, the European
beech timber line has a compact frame due to anthropogenic
origin (e.g., grazing, burning, logging) (Pezzi et al. 2007),
while the krummholz belt dominated by mountain pine is an
exception (Stanisci et al. 2005). In Mediterranean mountains,
overall, our understanding of how climate and land-cover
changes influence vegetation shifts along the altitudinal gra-
dient, from the closed forest to the meadow zone, is still poor
(Camarero et al. 2006; Piermattei et al. 2012).

In central Apennines, where the chain reaches its maximum
elevation, predicted climate warming is likely to shift range
margins of European beech upslope, but only if populations of
European beech are resilient to the harsh environment and
able to invade the resident krummholz belt. European beech
is a late-successional shade-tolerant species, to which the pi-
oneer light-demanding mountain pine may provide shelter
against frost temperatures, strong winds, and browsing herbi-
vores. However, late spring frost may cause a decrease in
European beech productivity, particularly at elevations in the
range 1500–1700m a.s.l., on steep slopes and north aspects of
the central Apennines (Bascietto et al. 2018). Therefore, a
question arises on whether environmental changes may
trigger differences between these two species in communi-
ty feedbacks and range dynamics (Dullinger et al. 2005).
Since global warming may interact locally with land-use
changes, shifts in tree line and changes in tree growth at
high elevation mountain forests may act as early indicators
of landscape and ecosystem responses to environmental
changes in sensitive areas, such as the Mediterranean re-
gion. Therefore, these ecotonal indicators may add insights
on regional-specific sensitivity to climatic variation and
species-specific movement in bordering communities
(Harsch et al. 2009; Gottfried et al. 2012).
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In the Majella Massif (central Apennines), mountain pine
reaches the southern edge of its latitudinal distribution range.
Growth of mountain pine in this area is particularly affected
by temperature at the start and end of the growing season, but
also by summer precipitation (Palombo et al. 2014b).
Nevertheless, summer pastoralism legacy and seed dispersal
trend, more than climate factors, have influenced mountain
pine krummholz dynamics (Dai et al. 2017). In the same area,
the canopy cover of European beech has increased from 1975
to 2003, as detected by mid-resolution satellite imagery (van
Gils et al. 2008). Nevertheless, minimum temperatures and the
phenological stage of the trees may impact European beech
productivity in the Apennines, depending on both altitude and
exposure of the stands (Nolè et al. 2018; Allevato et al. 2019).
Therefore, it is not clear whether the cessation of grazing
activities and the increase of air temperature are favoring
mountain pine, expanding it toward both higher and/or lower
altitudes in areas suitable for the development of European
beech (competitive effects), or if the nursing protection of
krummholz patches provides benefit on growth performance
of European beech (facilitative effects), for moving upward.

In this study, we focused on vegetation dynamics and
growth rates of pine and beech across the subalpine ecotone
between the closed forest (European beech) and the
krummholz zone (mountain pine) in the Majella Massif.
Based on the above considerations, we derived the following
hypotheses: (i) environmental changes increase spatial and
temporal dynamics of mountain pine with facilitation effects
on European beech, mainly at higher elevation; (ii) competi-
tion effects of mountain pine on European beech may prevail,
enhanced by earlier onset of the growing season and increas-
ing risk of late frost damage, and warming temperature, par-
ticularly at lower elevation. To test these hypotheses, we an-
alyzed the effects of climate and disturbance on the radial
growth of mountain pine and European beech at the transition
from the beech closed forest to the pine krummholz zone.
Vegetation dynamics were also determined in four different
sites through aerial photographs from 1954 to 2017. The ob-
jectives of this study were as follows: (i) to analyze the cli-
matic response of European beech and mountain pine in this
ecotone, (ii) to reconstruct the disturbance history of the stud-
ied forest ecotone, (iii) to disentangle the influence of climate
and disturbance on radial growth patterns and tree vegetation
dynamics of the European beech and mountain pine tree-line
system.

2 Materials and methods

2.1 Study area

The Majella Massif is located in the Majella National Park
(MNP) in central Italy, about 30 km inland from the Adriatic

Sea. The Majella Massif has an overall area of 11 km2 above
2500 m a.s.l., with 27 peaks over 2000 m and the highest
summit (Monte Amaro) reaching 2794 m a.s.l. (Stanisci
et al. 2005). Quaternary glaciations in theMajella Massif were
typified by an extended ice cap (about 30 km2), which covered
the higher portion of the chain (Catonica and Manzi 2002).
This high-altitude plateau, broadly sharing the main vegeta-
tion of the high-altitude central Apennines, exhibits some pe-
culiar floristic characteristics, suggesting a different back-
ground to the Quaternary development of its vegetation
(Blasi et al. 2005). The research area has a montane climate,
with snowy winters and relatively moist summers (Van Gils
et al. 2008). Mean annual temperature in the period 1932–
2010 was 10.2 °C, and mean total annual precipitation in the
period 1920–2010 was 1140 mm (Palombo et al. 2014a). The
elevational bioclimatic gradient of the Majella Massif ranges
from Mediterranean through sub-Mediterranean biome to
temperate-montane and arctic-alpine biome.

2.2 Sampling sites

Temporal and spatial evolution of mountain pine krummholz
and European beech forest was studied in four different sites
from 1954 to 2017 (Fig. 1), mapping sites in geographic in-
formation system (GIS) (Fig. 2). Themost representative areas
of the transition zone between the two communities were se-
lected in 1954, by aerial images of the “Volo Base IGM
1954/56,” Geographical Military Institute (Italy); in 1996, by
aerial images of “Volo Parco Scientifico e Tecnologico
d’Abruzzo 1996” (available on Geoportal of Abruzzo region);
and in 2017, by web platform at international level (Google
Earth).

To study land-cover changes, a circular area of 200 m in
diameter was marked in each site, with the center established
between pine krummholz and beech forest, considering the
shifting of 3 m year−1 of mountain pine (Palombo et al.
2013) and the time span between 1954 and 2017 (to include
the ecotone in the area of photointerpretation) (Fig. 2). The
four study sites were located at different altitudes and expo-
sures at the subalpine ecotone, and they represent stands with
different age structures and without recent human impacts.
The site Pescofalcone (PE—E 14° 04′ 45.3426; N 42° 07′
26.8507) is located on the northeastern slope of Monte
Pescofalcone, in the Oriented Natural Reserve of Orfento
Valley, at 2127 m a.s.l.; the site Ugni (UG—E 14° 9′ 35.02;
N 42° 09′ 10.4618) is located on the northern slope of Monte
Ugni, in the Oriented Natural Reserve of Feudo Ugni, at 1935
m a.s.l.; the site Piana Grande (PG—E 14° 06′ 17.7145.32; N
42° 08′ 49.5394) is located on the southwestern slope of the
uplands of “Majelletta,” in the Oriented Natural Reserve of
Orfento Valley at 1895 m a.s.l.; the site Blockhaus (BK—E
14° 07′ 34.2510; N 42° 09′ 10.4618) is located along the

Page 3 of 15     63Annals of Forest Science (2020) 77: 63



southeastern slope of the large pastures of “Majelletta” at 1770
m a.s.l.

To study tree growth patterns, sampling was performed in
four different circular areas, with a 40-m diameter and the
geometric center established on the transition zone between
beech closed forest and pine krummholz zone. In each site,
trees were selected to maximize the temporal and spatial ex-
tent of the time series and georeferenced in GIS environment
(Fig. 2; contour lines visually represent changes over time in
the spatial patterns of forest vegetation and species
composition within the sampling areas). Their positions in
the four sampling sites were recorded to show vegetation shift
and temporal evolution of the two forest types.

In temperate Europe, European beech is one of the most
important and widespread broadleaved species (Houston
Durrant et al. 2016), particularly sensitive to changes in spring
temperature regimes. In Alpine environment, mountain pine is
the most tolerant species to cold temperature and bedrock li-
thology among the European pines (Ballian et al. 2016). In the
Majella National Park, mountain pine grows at the southern
limit of its distribution range and krummholz patches represent
differentially permeable barriers to European beech.
Accordingly, we shed light on the interactive effects of simul-
taneous spatial and temporal factors on community structure
and vegetation dynamics of the transitional subalpine ecotone
between European beech forest and mountain pine krummholz.

2.3 Tree rings

The age classes of trees were determined through dendrochro-
nological analysis. Two woody cores were collected at 120°
from each other, using a 0.5-cm diameter increment borer, on
20 co-dominant or dominant trees of each species. The pros-
trate habit of mountain pine results in a dense and impenetra-
ble cover mat over the whole area; the main difficulty was to
distinguish individual stems from the branches. Mountain
pine trees were cored close to the base of the trunk and on
the cross-slope side of the trunk to avoid sampling on
branches and compression wood (Palombo et al. 2018).
European beech trees were sampled at breast height (1.3 m).
Diameter at breast height (DBH) and tree height were mea-
sured only for European beech trees with a DBH > 9 cm
(Table 1). Tree cores were mounted on woody supports, air
dried and sanded, following standard dendrochronological
procedures (Schweingruber 1988). Tree-ring widths (TRW)
were measured with a 0.01-mm resolution with LINTAB
measurement equipment, coupled to a stereomicroscope (×
60 magnification; Leica, Germany) and time series analysis
program TSAP Win (Frank Rinn, Heidelberg, Germany).
Raw TRW chronologies of each tree were statistically cross-
dated using COFECHA program (Holmes 1983). Eight raw
TRW chronologies, two for each site, were obtained: four for
European beech and four for mountain pine.

Fig. 1 Location and altitude of four study sites (PE-Pescofalcone, UG-Ugni, PG-Piana Grande, BK-Blockhaus—white dots) in the Majella National
Park
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The individual chronologies were standardized in R envi-
ronment (R Foundation for Statistical Computing, Vienna,
Austria), producing ring width index chronologies of each tree
species in each study site. In order to remove age-related
trends and non-climatic noise in raw TRW chronologies,
individual-based detrending model, using a spline function
with a 30% frequency variability cut-off at 15 years, was ap-
plied to all trees of both species, producing standardized chro-
nologies (RWI).

Descriptive statistics were used to compare chronolo-
gies: mean ring width (MRW); standard deviation (SD),
which estimates the variability of measurements for the

whole series; mean sensitivity (MS), which is an indicator
of the mean relative change between consecutive ring
widths and calculated as the absolute difference between
consecutive indices divided by their mean value; mean
inter-series correlation (Rbar), which is a measure of the
common variance between the single series in a chronol-
ogy and series (Briffa 1995); first-order serial autocorre-
lation (AC), which quantifies the temporal persistence in
growth among consecutive years, measuring the persis-
tence retained before and after standardization; expressed
population signal (EPS), which measures the signal
strength, such as the amount of climatic information

1954 1996 2017

PE

UG

PG

BK

Fig. 2 The transitional ecotone from the European beech closed forest to
the mountain pine krummholz vegetation in the Majella Massif.
Diachronic analysis on aerial photos carried out in 1954, 1996, and
2017 originated from aerial images of the “Volo Base IGM 1954/56,”
Geographical Military Institute (Italy), aerial images of “Volo Parco
Scientifico e Tecnologico d'Abruzzo 1996” and 2017 available from
WEB platforms at international level (Google Earth). Because
environmental conditions change with increasing elevation, the

variation in spatial patterns between beech forest and pine krummholz
in the circular areas of 200 m in diameter marked in each site (with the
center established between pine krummholz and beech forest) can be
visually represented. The transition from beech forest (light color) to
pine krummholz (dark color) is determined by changing growing
conditions, resulting in in spatial separation between the two vegetation
types
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included in the developed chronologies (Wigley et al.
1984). The EPS quantifies the degree to which a particu-
lar sample chronology portrays a hypothetically perfect
chronology and, considering the inter-series correlation
and the sample size, estimates how well a finite number
of samples represent the theoretical population mean. An
EPS > 0.85 is considered an acceptable threshold for sta-
tistically reliable chronologies (Wigley et al. 1984).
Higher values of MS and higher SD are indicative of
climatic effects on the chronologies. Mean standardized
chronologies were used to analyze climate–growth
relationships.

2.4 Climate–growth relationships

Climatic data (maximum and minimum monthly temperature
and total monthly precipitation) of the period 1901–2013 were
derived from the CRU TS 3.1 gridded data set, with 0.5°
spatial resolution (Mitchell and Jones 2005), and used for
comparison with tree-ring records. Significant correlation co-
efficients were obtained between monthly observations of the
CRU data set and monthly climatic data recorded by the three
local meteorological stations in the study area (Pescocostanzo,
Sant’Eufemia a Majella, and Caramanico) (Palombo et al.
2014b). Averaged climatic data from the four grid points in
the study area were selected.

Climate–growth relationships were assessed using the
treeclim package (Zang and Biondi 2013) in the R environ-
ment (R Foundation for Statistical Computing, Vienna,
Austria). A linear model was fitted to seasonal temperature
and summer precipitation. The climate–growth relation-
ships (tree-ring chronologies and monthly climatic data)
were examined using correlation function (CF) analysis,
and moving CF (MCF) analysis was performed to detect
the stationarity and consistency of CFs over time. The CFs
were separately calculated in eachmonth, fromMarch of the
previous year to October of the current year, in the period
1901–2013. Climatic data from March of the previous year
(t–1) to October of the current year (t) were used as inde-
pendent variables, whereas standardized mean RWI in the

four sampling sites were used as dependent variables. The
MCF analysis was repeatedly performed for consecutive
time windows of chronologies to investigate the temporal
stability of their main climatic signals. Correlation coeffi-
cients were always between − 0.5 and 0.5. Coefficients of
0.5 and − 0.5 indicate positive and negative correlation be-
tween x- and y-values, respectively. Treeclim assessed the
statistical significance of the correlation coefficients
through a bootstrap process (Guiot 1991).

3 Results

3.1 Land-cover changes

Land cover (%) in 1954, 1996, and 2017 was extracted in the
four sampling sites (Table 2). Overall, forest cover varied over
time and across sites (Fig. 2). In PE, the highest site, land
cover varied from 2 to 13% for European beech and from 98
to 87% for mountain pine, between 1954 and 2017. Mountain
pine formed a dense krummholz. Beech trees grew above their
altitudinal limit (2127 m a.s.l.), within the pine krummholz. In
UG, land cover remained relatively constant, between 1954
and 2017, with a percentage of about 40% for European beech
and 60% for mountain pine. Mountain pine is currently suf-
fering from fungal disease that causes treemortality. European
beech took advantage from the sheltering canopy of mountain
pine and expanded toward higher elevation. PG is character-
ized by an abundant recolonization of mountain pine, espe-
cially in those clearings, where grazing was once practiced.
Mountain pine and European beech stands are distant from
each other. Young European beech trees established within
the pine krummholz; land cover varied from 37 to 49% for
beech and from 26 to 41% for pine, between 1954 and 2017.
The open area is characterized by beech recruitment and abun-
dant pine seedlings, especially on rocky and sunny soils. In
BL, in the 1950s, mountain pine was completely cut to pro-
duce charcoal. Here, abundant mountain pine recruitment is
present in abandoned grazing areas. European beech expand-
ed upward, but only to a certain extent; land cover varied from

Table 1 Age structure (including
medium and maximum age of
European beech and mountain
pine) and time span in PE-
Pescofalcone, UG-Ugni, PG-
Piana Grande, BK-Blockhaus

Site Pescofalcone Ugni Piana Grande Blockhaus

Medium age beech (years) 72 84 71 68

Maximum age beech (years) 95 102 118 92

Time span (beech) 1918–2012 1911–2012 1896–2013 1921–2012

Medium age pine (years) 69 68 50 54

Maximum age pine (years) 100 98 83 75

Time span (pine) 1914–2013 1916–2013 1931–2013 1940–2014
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26 to 32% for beech and from 74 to 68% for pine (between
1954 and 2017).

3.2 Tree-ring chronologies and age structure

European beech stands in PE, PG, and BK include uneven
aged and unthinned stands (the national park was established
in 1991). In UG, even aged and old coppice structures were
confirmed by the high number of stumps (31) and trees (247)
per ha (Table 3). In PG, low numbers of stumps (5) and trees
(8) per ha were evident (Table 3). The mean height of
European beech ranged between 11.5 and 14.5 m in UG,
PG, and BK, whereas it reached 4 m in PE, where extreme
climatic conditions influence tree growth (Table 3). In PE,
European beech trees showed an average age similar to BK,
withMRW increment of 0.5 mm year−1 and a maximumDBH
of only 8 cm.

The maximum age of European beech was 95, 102, 118,
and 92 years in PE, UG, PG, and BK, respectively (Table 4).
In European beech, increasing TRW trend generally occurred
at all sites, except PE, where decreasing TRW trend appeared.
European beech showed values of MRW of 1.274, 1.228, and
1.072 in BK, UG, and PG, respectively, whereas MRW was
0.468 in PE, the site at the highest altitude. European beech
showed mean inter-series correlations of standardized chro-
nologies with r = 0.454 (PE), r = 0.487 (UG), r = 0.558
(PG), and r = 0.497 (BK). Statistical cross-dating between
standard chronologies showed high EPS values (> 0.85) in
each site (Table 4). The highest values of MS were found in
PE and BK (0.400 and 0.385, respectively).

In mountain pine, several cores presented missing rings or
density fluctuations. Mountain pine showed the longest chro-
nologies in PE and UG (100 and 98 years) (Table 4), since
1914 and 1916, respectively; the shortest chronologies were in
PG and BK (83 and 75 years), since 1931 and 1940, respec-
tively. MRW spanned from 0.621 mm year−1 in PE, the min-
imum values, to 0.820 mm year−1 in PG, the maximum value,

with common trends. EPS values close to the threshold value
of 0.85, except for UG, were obtained (Table 4). Mountain
pine exhibited significant mean correlation coefficients (P <
0.001) in all plots and mean inter-series correlations in stan-
dardized chronologies (Table 4). TheMS varied less in moun-
tain pine than in European beech, from 0.304 (UG) to 0.365
(PG). The minimum values of MS were found in UG and PE
(0.274 and 0.304, respectively) (Table 4).

In European beech and mountain pine, raw TRW chronol-
ogies showed the typical negative exponential trend. Mean
standardized chronologies showed similar pattern and syn-
chronization, in both species (Fig. 3). European beech reached
MRW increment greater than 1 mm year−1, while mountain
pine reached MRW increment of 0.5 mm year−1.

3.3 Tree growth response to climate

Climate influenced tree growth, in both species (Fig. 4).
In European beech, correlation functions showed positive

associations between RWI and precipitation in April and May
of the current year, in PE, and in August of the previous year,
in PG (Fig. 4). Stem radial growth was negatively correlated
with maximum temperatures in September and July of the
previous and current year and July of the current year, respec-
tively, in UG, whereas it was positively correlated with max-
imum temperatures in March of the previous year. Stem radial
growth was positively influenced by maximum temperatures,
in PE, at the end of the growing season (October of the pre-
vious and current year) (Fig. 4). Moving correlation functions
confirmed the effect of precipitation on stem radial growth, in
European beech (Fig. 5). In the last 30 years, precipitation in
July of the current year positively influenced stem radial
growth, in UG, and precipitation in July of previous year
influenced stem radial growth, in PE. Stem radial growth
was positively correlated with maximum temperatures in
May of the current year, in UG, PG, and BK, but not in PE,
between 1988 and 2013 (Fig. 5). In European beech, moving
correlation functions also showed positive correlation be-
tween RWI and the minimum temperature of August, in PE
and UG, in the last 30 years (not shown).

In mountain pine, stem radial growth positively correlated
with maximum temperatures in April of the previous year, in
UG, and negatively with maximum temperatures in
September of current year, in BK (Fig. 4). Stem radial growth
was positively correlated with minimum temperatures in April
and June of the current year, in UG (Fig. 4). Moving correla-
tion functions did not show positive correlations between
RWI and the water availability of the current year, in recent
decades, except in August of the previous year, in PG (Fig. 5).
Moving correlation functions showed positive correlations be-
tween RWI and maximum temperatures in March of the cur-
rent year (from 1984 until 2013) and of the previous year, in
BK (Fig. 5).

Table 2 Geoportal of Abruzzo region and orthophotos of 2017
available on WEB platforms at international level (Google Earth). Land
cover (%) in 1954, 1996, and 2017 in PE-Pescofalcone, UG-Ugni, PG-
Piana Grande, BK-Blockhaus

Site Species 1954 1996 2017

PE F. sylvatica 2% 15% 13%

P. mugo 98% 85% 87%

UG F. sylvatica 40% 44% 40%

P. mugo 60% 56% 60%

PG F. sylvatica 37% 50% 49%

P. mugo 26% 23% 41%

BK F. sylvatica 26% 34% 32%

P. mugo 74% 66% 68%
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4 Discussion

Climatic variables affected the growth of mountain pine and
European beech at the transitional ecotone between closed
forest and pine krummholz of the Majella Massif. Results re-
vealed that the combination of climate and land-cover changes
had an impact on tree growth and vegetation shift. However,
this effect was species-specific. Species-specific seed produc-
tion and dispersal agents (wind vs. vertebrates) and the inter-
action with slope aspect and disturbance legacy (past logging)
help explain the spatial and temporal variability in the estab-
lishment of European beech and mountain pine across sites.
Previous studies revealed krummholz movement upward,
which was mainly attributed to land use change, since higher
temperature did not elicit increased stem radial growth
(Palombo et al. 2014b; Dai et al. 2017), although mountain
pine demonstrated to be particularly sensitive to spring tem-
perature. Results confirmed the effects of land use legacies on
mountain pine growth dynamics, leading to an upward shift of
krummholz vegetation in several mountain ranges across
Europe (Jodłowski 2006; Gehrig-Fasel et al. 2007; Mihai
et al. 2007; Améztegui et al. 2010; Svajda et al. 2011).
Considerable expansion of European beech occurred both into
sub-alpine pastures and into the valley (more rapidly) (Van
Gils et al. 2008). Bonanomi et al. 2018observed a strong cor-
relation between the European beech tree line, along the
Apennines, and with winter and spring temperatures, and

summer precipitation, in addition to the association with hu-
man disturbance. Yet, this correlation became stronger con-
sidering colder sites (high elevation, north face).

In the specific case of Majella Massif, Bonanomi et al.
(2018) found both sites with tree lines above 2000 m a.s.l
and sites where the tree line lies below 1200 m a.s.l., which
can hardly be explained by climatic factors and rather points to
the legacy of past human activities. Variation in disturbance
regime and land cover, related to climate (summer became
increasingly drier in the period 1954–2013, in the study area)
and land-cover changes (human pressure decreased in the
same period), impacted the ecotonal boundaries, creating fa-
vorable conditions for the establishment of European beech at
higher altitude and of mountain pine at lower altitude.
Potential elevation limit of European beech in central
Apennines was previously set at 1900 m a.s.l. (Blasi 2010),
thus lower than the locally observed maximum elevation
reached by European beech tree line. Indeed, the dense moun-
tain pine krummholz had a facilitative effect on European
beech at higher elevation, providing shelter against distur-
bance and allowing this species to exploit warming tempera-
ture. Facilitation has been demonstrated in harsh abiotic con-
ditions and high mountain habitats (Callaway 1998; Callaway
et al. 2002; Choler et al. 2001). The protective role of moun-
tain pine on European beech seedlings against biotic and abi-
otic constraints (e.g., browsing, frost, abrasion) vs. the com-
petition for resources between pine and beech and with

Table 4 Descriptive statistics of tree-ring width for European beech and
mountain pine in PE-Pescofalcone, UG-Ugni, PG-Piana Grande, BK-
Blockhaus. Chronology time span (total years), mean ring width
(MRW, mm year−1), and standard deviation (SD), first-order serial auto-
correlation (AC), mean inter-series correlation (Rbar), mean sensitivity

(MS), standard deviation (SD), mean expressed population signal (EPS)
(number of years > 0.85). MRW and SD were computed on the raw tree
ring chronologies; MS, AC, Rbar, and EPS were computed on the
indexed tree ring series (RWI). (EPS = obtained for 30 years with 15
years overlapping; (mean) = average of all values ≥ 0.85).

Descriptive statistics Total years MRW AC Rbar EPS SD MS

Species Beech Pine Beech Pine Beech Pine Beech Pine Beech Pine Beech Pine Beech Pine

PE 95 100 0.468 0.621 0.617 0.598 0.454 0.394 0.847 0.856 0.246 0.180 0.400 0.304

UG 102 98 1.228 0.645 0.568 0.700 0.487 0.270 0.912 0.535 0.211 0.176 0.274 0.323

PG 118 83 1.072 0.820 0.523 0.458 0.558 0.633 0.918 0.757 0.222 0.249 0.312 0.341

BK 92 75 1.274 0.725 0.450 0.612 0.497 0.419 0.930 0.730 0.180 0.212 0.385 0.365

Table 3 Principal structural traits
referred to European beech stands
in PE-Pescofalcone, UG-Ugni,
PG-Piana Grande, BK-Blockhaus

Site PE UG PG BK

No. of stumps 17 31 8 16

No. of stems/individuals 1.23 4 5 6

No. of trees ha-1 135 247 64 127

Max diameter (cm) 13 34 32 31

Mean diameter ± SD (cm) 8.5 ± 1.7 15.4 ± 5.2 15.3 ± 6.1 17.3 ± 6.1

Average height (m) 4 14.25 11.5 12.5
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herbaceous vegetation warrants further studies. For instance, a
deep snow cover may limit seedling establishment of moun-
tain pine, because soil may thaw before snowmelt (Camarero
et al. 2000), though providing shelter against abrasion and
desiccation by wind and adequate soil moisture at the start
of the growing season to drought-sensitive species.

As expected, the effect of precipitation on tree growth was
noticeable for European beech. For instance, in UG, the site at
the lowest altitude, higher evaporative demand and lower wa-
ter supply, especially in July, negatively influenced stem ra-
dial growth, in the last 30 years. We may speculate that, at
lower elevation, a harsher climate, with greater evaporative
demand, would favor the downward shift of mountain pine
at the expense of European beech. In these southern popula-
tions, soil water supply (early autumn of the current year) and
atmospheric evaporative demand (late spring of the current
year) are the dominant factors limiting the stem radial growth
of European beech (Tognetti et al. 2019). However, the struc-
ture of European beech stands in the Majella Massif highlight-
ed a wide intraspecific variability in response to environmen-
tal conditions in these altitudinal gradients. European beech
grew slowly at the highest elevation, in PE, where climatic

and environmental conditions related to the altitude, limited
plant growth (2127 m a.s.l.). As observed by Bonanomi et al.
(2020), the highest tree line, found in remote areas without
evident anthropogenic disturbance, highlights the general de-
pression of the tree line in central Apennines. Currently, in the
Apennines, the average tree line occurs several hundred me-
ters below the potential climatic limit of European beech.
Nevertheless, European beech took advantage from the nurse
effect exerted by mountain pine and expanded in density. The
eldest mountain pines were in PE, where anthropogenic prac-
tices were absent because the topography makes it difficult to
access the site; yet, mountain pine decreased in density. On
the contrary, the youngest mountain pines were in BK, which
suffered continuous forest cutting for production of charcoal
in the 1950s (low values of MS in Table 2); nevertheless, in
BK species-specific density fluctuation followed a pattern
similar to that in PE, mountain pine still being the dominant
species, whereas, in UG, density fluctuations were stable over
time.

An implication of warming temperature and growth re-
sponse is the simultaneous range expansion of pine shrublands
and beech forests upward, which may trigger woodland

Fig. 3 Mean standardized
chronologies of European beech
(upper graph) and mountain pine
(lower graph) in PE-
Pescofalcone, UG-Ugni, PG-
Piana Grande, BK-Blockhaus.
Chronologies were built using the
30 years splined data

Page 9 of 15     63Annals of Forest Science (2020) 77: 63



encroachment into subalpine pastures (e.g., Dullinger et al.
2004), threatening overall biodiversity. A significant in-
crease of newly established forests in mountain environ-
ments has been observed in the Alps and the Apennines
(e.g., Bebi et al. 2017; Vacchiano et al. 2017). However,
regardless of the absolute changes in elevation of local tree
line, downward and upward shifts may occur due to con-
curring land abandonment and warming temperature, and
depending upon species-specific range dynamics. Indeed,
warming may induce phenological shifts, potentially
impacting European beech at lower elevation (negative ef-
fect) and higher elevation (positive effect). Hurdebise et al.
(2019), in Belgium, found that increasing temperatures
over an 18-year period accelerated plant development and
shortened growth duration of European beech. Yet, the
start of the dry season in the present Mediterranean moun-
tain forests, anticipating when moving downward, and its
relevance may variably affect European beech productivity
(Maselli et al. 2014), depending on the elevation. Martinez
del Castillo et al. (2018) observed shortening growth dura-
tion in drier and warmer environments, with a consequent
reduction in the plasticity of European beech, whereas

growing over a longer period might allow co-occurring
conifers, namely Scots pine, to compensate drought
constraints.

Under higher evaporative demand and lower soil moisture,
and consequently shorter growing season, maturation and lig-
nification processes can be impaired, thus affecting the resis-
tance to harsh environmental conditions of the following win-
ter. Again, an earlier onset of leaf unfolding may result in
higher sensitivity to spring frost damage in European beech
(Bascietto et al. 2018), particularly if compared with mountain
pine, because of its vulnerability to winter embolism as a
result of freeze–thaw cycles (Borghetti et al. 1993).
Nevertheless, Čufar et al. (2015) observed poor relationship
between year to year variability in leaf phenology and radial
growth, suggesting that earlier leaf unfolding probably does
not necessarily increase tree growth rates in European beech.
Conversely, when water availability is not limiting European
beech development, the duration of the growing season may
increase with warming climate, resulting in consistently wider
xylem increments (Prislan et al. 2019). In general, RWI was
negatively correlated with maximum temperatures in
European beech, e.g. during summer months in UG, the site
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Fig. 4 Bootstrapped response function relating tree-ring growth to pre-
cipitation (Prec) and maximum temperature (Tmax), from previous
March to current October, for European beech (top-left and top-right,
respectively), and to maximum temperature and minimum temperature

(Tmin), for mountain pine (down-left and down-right, respectively), in
the period 1901–2013. Months of the previous year are reported in low-
ercase letters, months of the current year in uppercase letters
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at the lowest altitude. Nevertheless, at the highest elevation in
PE, the positive correlation between RWI and maximum tem-
peratures in October of the current and previous year would
suggest that an elongation of the growing season may occur,
with consequent increase in stem radial growth. Palombo et al.
(2018), at the tree line on theMajella Massif, observed that the
growing season can be consistently longer compared with
Alpine environment, lasting from May to October. Dolschak
et al. (2019), modeling the water balance of European beech
stands, along a gradient of declining annual precipitation, ob-
served that an increase in stand productivity, caused by longer
assimilation periods under optimal conditions, could be
counterbalanced by soil moisture deficit in the middle of
summer.

In PE, anthropic disturbance was less relevant than climatic
constraint (accessibility hypothesis). Precipitation influenced
tree growth of European beech at the beginning of the growing
season (May) and in July (in the last 30 years). This positive
correlation can be related to the high altitude of this site, where
the species grows at 2127 m of altitude, under extreme life
conditions. European beech has European-wide natural area
of distribution, yet ecophysiological and dendroecological

studies revealed that populations at the southern margin of
its distribution range are sensitive to drought (Peñuelas et al.
2008; Piovesan et al. 2008; Fotelli et al. 2009; Di Filippo et al.
2012; Tognetti et al. 2014). Direct evidence of the impact of
summer drought on European beech growth was here provid-
ed by the positive correlation between RWI and precipitation
in July, even at high elevation. Conversely, in BK, European
beech suffered mostly from anthropogenic disturbance, espe-
cially during the 1950s, when the forest was completely har-
vested. In addition to the relevance of the start of dry season
on European beech growth (Maselli et al. 2014), increasing
damage from late spring frost in recent years may control
inter-annual productivity variation of this species at mid ele-
vation, in these Mediterranean mountain environments (e.g.,
Bascietto et al. 2018; Allevato et al. 2019).

Precipitation did not affect tree growth of mountain pine in
the last decades. In PE, the late start of the growing season can
be related to the high elevation of the site. Palombo et al.
(2014a) observed that temperature and precipitation in April
and May played a key role in stem radial growth of mountain
pine on the Majella Massif. The evolution of the subalpine
ecotone on the Majella Massif was mainly related to spring
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Fig. 5 Moving correlation functions, relating tree-ring growth of
European beech, precipitation (Prec) and maximum temperature (Tmax)
from previous March to current October (PE-Pescofalcone, UG-Ugni,
PG-Piana Grande, BK-Blockhaus). Moving correlation was carried out
in windows of 35 years, offset by 5 years. Significant correlations are

denoted by asterisks. Month of the current year is in capital letters, and
that of the previous year is in small letters. The majority of coefficients
(coef) display temporal fluctuations. Asterisks indicate windows with
significant correlations, positive or negative, for the given variable
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and autumn climatic conditions, whereas, on the Italian Alps,
the stem radial growth of mountain pine and its expansion
over the current climatic tree line were attributed to the strong
influence exerted by high temperatures in May and July and
precipitation in June (Pelfini et al. 2006). High temperatures
(positive correlation between stem radial growth and maxi-
mum temperatures in April of the previous year, in UG, and
in March of the previous and current year, in BK, from 1984
to 2013) and significant climate–growth relationships may
explain the amelioration of growing conditions for mountain
pine over the current climatic situation of the subalpine eco-
tone, contributing to an increase in the range distribution of
this conifer species. Mountain pine is expanding toward
higher and lower altitude, re-colonizing large areas formerly
grazed and logged, especially where the soil is shallow and
rocky. Mountain pine is a pioneer species of avalanche chutes
and abandoned pasturelands, threatening endemic herbaceous
species and influencing local resource management (Dai et al.
2017). Nevertheless, the balance of competition and facilita-
tion of mountain pine and European beech at the transitional
ecotone from the beech closed forest to the pine krummholz
vegetation in the Majella Massif is complex, and the effect of
one species on another, either positive or negative, can be
mediated by other factors (biotic or abiotic). The response of
this forest community and ecotonal vegetation to environmen-
tal change can, indeed, be influenced by interactions of single
climatic and land-cover components with tree species, there-
fore, impacting biodiversity refugia at high elevation (Stanisci
et al. 2005).

Land cover in the middle of the twentieth century showed
closed mountain pine krummholz and European beech forest
with scattered vegetation. The upward shifts of the pine
krummholz above the current tree line appear to be driven by
both climate and land-use changes (Palombo et al. 2013; Dai
et al. 2017), whereas encroachment of mountain pine down-
ward into the beech forest can be mainly related to the pro-
gressive abandonment of traditional forest management.
Indeed, the effect of land-cover changes was more important
in the zone of transition between European beech closed forest
and mountain pine krummholz vegetation than in the upper
tree line ecotone (e.g., Treml et al. 2016). Yet, over the last 60
years, European beech forest recovered from clear-cutting
during the postwar period. Nowadays, the upward shifts in
recruitment of European beech, in contact withmountain pine,
take advantage of sheltering from disturbance, disease of
mountain pine, and warming temperature.

In the Majella Massif, since 1975, European beech forest
cover has expanded into abandoned farm lands and subalpine
pastures at a rate of 1.2% year−1 (van Gils et al. 2008), from
the contiguous, mid-altitudinal European beech stands. This is
consistent with observation on forest expansion at the tree line
in the Alps during the twentieth century (Gehrig-Fasel et al.
2007). Forest cover is currently expanding in many mountain

areas of the Italian peninsula (Motta et al. 2006; Piermattei
et al. 2012; Malandra et al. 2019). Transient forest expansion,
due to the process of natural succession causing tree encroach-
ment into abandoned farmland, represents a major land-cover
change with tremendous impacts on the mountain landscape.
Under climate warming pressure and increasing growing
stock, extreme events and associated disturbances (i.e., heat
waves, forest fires, wind storms, pest outbreaks) will pose
major challenges for climate-smart forest management in de-
cades to come, affecting the stability and productivity of ma-
turing secondary forests in the Apennines.

5 Conclusions

The Majella Massif is affected by increasing temperature
and land abandonment, in turn determining ecotone dy-
namics. Climate and land-use changes during the past
century prompted a double effect on this Mediterranean
mountain environment, facilitating the upward shift of
mountain pine and European beech, and creating the op-
portunity for the encroachment of pine trees into the
beech forest, as well as the upward movement of beech
trees into the pine krummholz. Results confirmed our first
hypothesis that environmental changes increased spatial
and temporal dynamics of mountain pine, with facilitation
effects on European beech at higher elevation, whereas
the competition effects of mountain pine on European
beech prevailed at lower elevation, in relation with earlier
onset of the growing season and higher risk of late frost
damage, confirming our second hypothesis.

With increasing temperature, drought stress might become
more common and mountain pine may gain in competitive-
ness relative to European beech. Different resource use strat-
egies between evergreen and deciduous tree species may re-
sult in distinct adaptation potentials to growth-limiting tem-
peratures of high elevation tree lines (e.g., Cong et al. 2018).
These species interactions implicate a complex balance of
facilitation and competition, which may shift during commu-
nity development, thus structuring this ecotone through time
and space.

This study adds to current knowledge about the evolu-
tion of subalpine ecotone of mountain pine and European
beech in central Apennines. Encroachment of grasslands
and simultaneous downward/upward movement of forest
tree species involve species interferences (fine scale) and
environmental feedbacks (broad scale) (e.g., Elliott 2011),
with differential effects on mountain pine and European
beech, and the grassland communities, depending on the
ecology of the species. Managing these forests and related
changes will require to consider this complexity and an
ecosystem-based approach, in practice, the development
of a resilient landscape mosaic in this fragile and
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threatened mountain environment, as well as the imple-
mentation of effective adaptation strategies.
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