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Abstract
Foresters from many countries are seeking for tree species or provenances able to cope with expected climate change. While 
it becomes clear that some temperate tree species will increasingly suffer from climate warming, the fate of the ecologically 
and economically important silver fir (Abies alba Mill.) remains uncertain and debated because the ecological requirements 
of this species, as well as its resilience to drought, are still unclear. On the one hand, paleoecological studies reveal that this 
species was widely distributed under much warmer climate, suggesting a high potential to cope with ongoing and future 
climate warming. On the other hand, species distribution models generally predict a strong decline of its climatic suitability 
in the future. This paper aims to clarify the potential of this species to thrive in central and western Europe under predicted 
climate warming by reviewing the knowledge gained from different fields. Based on insight from different fields, we argue 
that silver fir has a great potential to thrive under warmer conditions in western and central Europe provided sufficient rainfall, 
as forecasted by climate models for most regions by 2100. For instance, dendroecological studies demonstrate that silver 
fir is more resistant and resilient to drought compared to co-occurring species such as Norway spruce, European beech and 
larch. The most prominent obstacle for increasing the proportion of fir in mixed forests nowadays is ungulate browsing that 
often prevents its upgrowth.
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Introduction

The effects of climate change-induced rapid warming and 
prolonged droughts are increasingly impacting forests in 
Europe (Stott 2016). Economically valuable tree species 

have been largely favoured and planted beyond their natural 
(realized) ecological niche, but are now under strong pres-
sure (Conedera et al. 2017). For example, drier and warmer 
climatic conditions increase the vulnerability of Norway 
spruce (Picea abies (L.) Karst.) to bark beetle outbreaks in 
central Europe (Jakoby et al. 2015), whereas sweet chestnut 
(Castanea sativa Mill.) in southern Europe is suffering from 
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repeated summer drought (Conedera et al. 2010). Silver fir 
(Abies alba Mill.) is a key species in Europe for social, eco-
nomic and ecological aspects. It is an ecologically valuable 
species in forests that contributes to recreation landscape 
and biodiversity and provides protection against gravita-
tional hazards and erosion in mountainous regions (Mauri 
et al. 2016). The wood of silver fir is commercially important 
and often sold in lots mixed with Norway spruce. However, 
because of quality issues or aesthetic values (e.g., smell, 
falling knots, Wolf 2003), silver fir is sometimes less used by 
modern timber industry than other conifers such as Norway 
spruce, pines or European larch.

The potential of silver fir under future warmer climate in 
western and central Europe is unclear due to a lack of shared 
knowledge regarding its ecological requirements. Yet, forest 
managers need to know to what degree and on which sites 
silver fir will be able to maintain viable populations for the 
next 100 years and in which cases they should consider or 
foster alternative species. On the one hand, the current dis-
tribution of silver fir and the widely used predictions from 
correlative species distribution models (SDMs) suggest that 
silver fir will not withstand climatic conditions that will pre-
vail in most regions of western and central Europe by the 
end of the century (Maiorano et al. 2013; Zimmermann et al. 
2014), though most recent SDMs predict range stability of 
the species under global warming (Dyderski et al. 2018). 
On the other hand, recent paleoecological studies, as well 
as process-based and dynamic models accounting for biotic 
and abiotic disturbances, suggest that this species has a high 
potential to cope with the expected climate change. Silver 
fir may even expand in regions with predicted low sum-
mer water deficit as in the forelands of the southern Alps 
and most areas of central and eastern Europe (Tinner et al. 
2013; Bugmann et al. 2015; Henne et al. 2015; Ruosch et al. 
2016), but possibly decline in the driest and warmest areas 
of Europe (Bosela et al. 2018). The purpose of this review 
is to clarify these contradictory results and to evaluate the 
potential of silver fir to thrive under expected warmer and 
drier conditions by evaluating the evidence so far acquired 
from paleoecological, genetic, dendroecological and eco-
physiological studies.

In the first part, we focus on the current distribution and 
autecology of silver fir. The second part summarizes how 
the growth and vitality of this species have evolved since the 
nineteenth century and which are the environmental drivers 
of the species’ growth variation and mortality. Finally, the 
last part considers the potential of silver fir to cope with cli-
mate change, highlighting silvicultural practices that would 
help to foster this emblematic species in European forests.

Distribution and autecology of silver fir

Refugia and survival dynamics during glacial 
and interglacial cycles of the Pleistocene

The genus Abies Mill. is thought to have appeared at high 
latitudes of the Northern hemisphere at the end of the 
late Cretaceous around 100 million years ago during a 
subtropical period, evolving in different species during 
its southwards migration during the Eocene (Xiang et al. 
2007). The genus Abies includes about 50 species world-
wide with 9 species inhabiting the Mediterranean region in 
southern Europe, and the other species being concentrated 
in North America and East Asia. The phylogenetic branch 
of firs from the Mediterranean region in southern Europe 
separated from the North America and East Asia branch 
during the late Eocene (Xiang et al. 2015) or the Miocene 
(Semerikova and Semerikov 2014).

Among Abies species native to Europe, Abies alba Mill. 
is the most widespread and tallest species (Mauri et al. 
2016). As for all other tree species in Europe, however, the 
current distribution of silver fir has been heavily shaped 
by the glaciations and the subsequent interglacial periods 
during the Quaternary, with the Alps constituting a large 
geographic barrier between the North and the South of 
Europe (Lang 1994). The Balkan peninsula, the Apen-
nine mountains and the Iberian peninsula were the three 
main refugia for numerous tree species during the glacial 
periods of the Quaternary (Bennett et al. 1991; Terhürne-
Berson et al. 2004). Palynology and genetic studies sup-
port the existence of four glacial refugia for A. alba dur-
ing the last glacial period (reviewed, e.g., in Dobrowolska 
et al. 2017):

1. The Calabrian region in southern Italy (Watts 1985; 
Konnert and Bergmann 1995; Cheddadi et al. 2014),

2. The northern Apennines and Euganean Hills in north-
ern Italy (Kaltenrieder et al. 2009; Samartin et al. 2016; 
Piotti et al. 2017; Gubler et al. 2018),

3. Northwestern Greece in the Southern Balkans massif 
(Konnert and Bergmann 1995; Terhürne-Berson et al. 
2004; Cheddadi et al. 2014),

4. The Pyrenees, northeastern Spain and southwestern 
France (Konnert and Bergmann 1995; Terhürne-Berson 
et al. 2004; Alba-Sánchez et al. 2010; Cheddadi et al. 
2014).

The postglacial recolonization of the continent by silver 
fir has been under intense debate over the last decades 
(Tinner and Lotter 2006), but recent investigations seem 
to confirm northern Italy and the southern Balkans as the 
two macrorefugia which have most effectively contributed 
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to its modern distribution and genetic patterns in central 
Europe (Muller et al. 2007; Cheddadi et al. 2014). How-
ever, we cannot exclude the presence of small refugia or 
even microrefugia that may have contributed to the rapid 
expansion of the species during the Late Glacial or early 
Holocene, as it was recently evidenced by the detection of 
a new refugium in the Euganean Hills (Kaltenrieder et al. 
2009; Samartin et al. 2016; Gubler et al. 2018).

Pleistocene glacial-interglacial cycles forced tree popula-
tions to survive in very small-sized refugia. Glacial popula-
tion contractions and interglacial expansions led to repeated 
contacts among fir species, e.g., the introgressions of A. 
alba with A. cephalonica in northern Greece, leading to the 
hybrid Abies x borisii-regis (Cheddadi et al. 2014). Finally, 
while the genus Abies has undergone significant morpho-
logical differentiation, this does not necessarily imply 
reproductive isolation (Klaehn and Winieski 1962; Linares 
2011), suggesting that a geographic, rather than a genetic 
or physiological separation of species has occurred as the 
genus evolved. This is probably why all fir species originat-
ing from southern Europe are able to hybridize (Greguss 
et al. 1994). Interestingly, as a rare case for European coni-
fers, but common among the subtropical to tropical conifer 
species of the southern and northern hemisphere, it has been 
hypothesized that the species A. alba has undergone evo-
lutionary adaptation to strong competition with evergreen 
and deciduous broadleaved species by arranging its needles 
horizontally (instead of originally radially) to reach higher 
light use efficiency (Pfadenhauer and Klötzli 2015). This 
special subtropical needle arrangement is possibly a legacy 
of the warm climatic conditions of the Eocene and Miocene 
ca. 5–5.3 millions of years ago (Birks and Tinner 2016).

Human influence on silver fir distribution

As for some other species such as sweet chestnut, European 
larch (Larix decidua Mill.) or walnut (Juglans regia L.), 
human activities have heavily shaped and fragmented the 
current distribution of silver fir. The increased fire frequency 
and browsing activity caused by the onset of farming pro-
duced a competitive disadvantage to silver fir with respect 

to other disturbance-indifferent tree species. In fact, silver 
fir is one of the most palatable woody species in European 
mixed forests (Fig. 1). Pollen and genetic data suggest that 
before human-induced disturbances silver fir was abundant 
in lowland forests south of the Alps, and even at the Mediter-
ranean coast competing with, e.g., subtropical Quercus ilex 
between 9000 and 7000 B.P. (Hussendörfer 1999; Tinner 
et al. 1999, 2013; Henne et al. 2013; Ruosch et al. 2016), 
reflecting a rapid recolonization of the area due to more 
favorable climatic conditions. Subsequently, silver fir dra-
matically declined between 7000 and 5000 B.P. in the warm 
lowlands (Tinner et al. 1999). Some authors even refer to this 
decline as the ‘Mid-Holocene extinction of silver fir’ (Wick 
and Möhl 2006). The development of farming (agriculture 
and grazing) along with human population increase, tim-
ber exploitation and fire disturbance have been proposed as 
major factors to explain the decline of silver fir during the 
period from 7000 and 2000 BP (Pons and Quezel 1985; Tin-
ner et al. 1999; Conedera et al. 2017), especially from 4000 
to 2000 years B.P. (Hussendörfer 1999; Colombaroli et al. 
2007). Later, intensive land-use changes such as convert-
ing forests into agricultural land as well as intensive forest 
utilization occurred from medieval times until ~ AD 1840. 
In addition, from the eighteenth century onwards, Norway 
spruce and fast growing pine (Pinus) species were largely 
planted and favoured over silver fir in central Europe to 
satisfy the rising need for wood supply (Bürgi and Schuler 
2003). Similarly, on-site charcoal production disfavored sil-
ver fir in mixed beech-fir stands during the Middle Ages, 
artificially turning many forests into pure beech coppice 
stands as for instance on the southern slope of the Alps 
(Valsecchi et al. 2010). Besides, the largely employed clear-
cutting silvicultural system in Europe during this period was 
also detrimental to silver fir (Eichenseer 1997). Although 
the vitality of silver fir has increased since the 1990s in 
many stands in central and western Europe (Büntgen et al. 
2014), silver fir populations have also locally declined in 
other areas such as the northern Carpathians, Slovenia and 
Croatia, mainly due to increasing competition with European 
beech and ungulate browsing (Vrska et al. 2009; Ficko et al. 
2011, 2016). The current expansion of its distribution toward 

Fig. 1  Young fir browsed by 
a chamois (left), and damage 
caused by ungulates that have 
injured terminal and lateral 
shoots (right). Photo credit: U. 
Wasem
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higher elevations in central and western Europe might be 
the result of increasing land-use abandonment (Carcaillet 
and Muller 2005; Chauchard et al. 2010), and of the natural 
spread of large predators such as the lynx or the wolf in the 
Alps and the Jura mountains, which have started limiting 
the browsing pressure by large herbivores (Schnyder et al. 
2016).

Current distribution

As a result of the glacial and interglacial range contrac-
tions and expansions as well as the recent impact of human 
activities described above, the current distribution of silver 
fir is confined to central and southern Europe from 38°N 
latitude at the southern frontier in Calabria to 52°N lati-
tude in eastern Poland (Fig. 2), with a higher concentration 
in mountain regions. From west to east, silver fir occurs 

from 1°W longitude in the Pyrenees to 27°E longitude in 
Romania and Bulgaria (Fig. 2). Silver fir covers a wide 
range of elevations from below 100 m a.s.l. in Tuscany 
(Cortini Pedrotti 1967) and 135 m a.s.l. in Poland to eleva-
tions slightly below treeline in the Swiss Alps, around 
2000 m a.s.l. (Vitasse et al. 2012). Its upper elevation limit 
is currently increasing mainly due to land-use change, and 
possibly climate warming (Chauchard et al. 2010). Silver 
fir is often mixed with European beech at lower elevations 
or latitudes, whereas it is frequently found with Norway 
spruce, Scots pine (Pinus sylvestris L.), and exception-
ally with Swiss stone pine (Pinus cembra L.) at higher 
elevations or latitudes. Within this large distribution range, 
silver fir becomes less abundant in the drier areas at low 
elevations as in the Hungarian plains (Fig. 2) and is rare 
in the most continental valleys of the Alps (Vitasse et al. 
2018a).

Fig. 2  Current distribution of silver fir. Adapted from EUFORGEN (2003)
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Autecology of silver fir based on its current 
distribution

Generally, silver fir thrives in a large range of temperature 
conditions (annual temperature from ~ 7 to 13 °C or sum-
mer temperature from 14 to 19 °C), and is mostly found 
in areas where annual precipitation exceeds 800–1000 mm 
(Aussenac 2002; Gomez 2012; Tinner et al. 2013). It can 
withstand low temperatures in winter, around − 30 °C (Savill 
et al. 2016), whereas it is considered sensitive to late frost 
in spring (Ellenberg 2009), which reduces seedling sur-
vival (Aussenac 2002). Fir is sensitive to low air humid-
ity (Guicherd 1994; Rohner and Thürig 2015; Etzold and 
Zweifel 2018) and prefers oceanic rather than continental 
climates. A powerful taproot allows the species at its adult 
stage to cope with dry conditions by accessing deepwater 
reserves. Juvenile trees are more sensitive to drought, espe-
cially air dryness (Aussenac 2002, see next paragraph), and 
therefore better develop under a canopy that buffers tempera-
ture variations and increases air humidity.

Fir can grow in an array of soil types, from acidic to neu-
tral pH, and from poor to rich nutrient availability, but pre-
fers humid and deep soils that do not dry out easily (Mauri 
et al. 2016; Savill et al. 2016). Where these conditions are 
lacking (on soils having poor water retention and/or on south 
facing slopes with high solar radiation) silver fir becomes 
sensitive to drought (Cailleret and Davi 2011; Gomez 2012). 
The species is also sensitive to atmospheric pollution, in 
particular to sulfur dioxide, which has caused its decline in 
many parts of Europe during the period 1950–1990 (Elling 
et al. 2009, 2012) when unprecedented concentrations of 
 SO2 in the air were reached (Hoesly et al. 2018).

Silver fir is very shade tolerant (Ellenberg 2009) and 
unlike Scots pine, and to a lesser extent Norway spruce, 
it is favoured by a dense canopy during its recruitment 
phase as shade limits the competition of other species (de 
Andrés et al. 2014; Mauri et al. 2016; Savill et al. 2016). 
However, fir seedlings are very susceptible to browsing by 
large herbivores, which can jeopardize or heavily reduce the 
regeneration success of the species, in particular under deep 
shade where its capacity for compensatory growth is lim-
ited (Ammer 1996; Motta 1996; Kupferschmid et al. 2013). 
Regarding insects, it is occasionally attacked, in particular 
during extended drought, by the fir engraver beetle (Pityok-
teines curvidens), which leads to yellowing, reddening and 
finally the death of older or weakened trees (Maksymov 
1950). Another insect affecting young trees is the silver fir 
adelges (Dreyfusia nordmannianae), an aphid that can cause 
important damage to young trees (Ravn et al. 2013). As for 
other tree species, damage by insect pests is expected to 
increase in the future as these insects develop faster under 
warmer conditions. Silver fir is also sensitive to the white 
mistletoe, which has been shown to significantly reduce its 

growth (Noetzli et al. 2003; Durand-Gillmann et al. 2014). 
Finally, the species does not display any adaptive traits to 
fire disturbance (thick bark, resprouting capacity, seroti-
nous cones) and is thus particularly disadvantaged in case 
of intense and repeated fires (Tinner et al. 2000; Caudullo 
and Tinner 2016).

Sensitivity of the species to mean 
and extreme climatic events

Insight from dendroecological studies

Dendroecological studies allow to improve our understand-
ing of the relationship between tree growth and climatic fac-
tors, as well as resistance (capacity to avoid growth reduc-
tion during extreme events or disturbances) and resilience 
(ability to regain pre-disturbance growth levels) of species 
to extreme climatic events, such as the exceptional drought 
that occurred in summer 2003 in Europe. Numerous dendro-
ecological studies have been conducted on silver fir attempt-
ing to identify the main environmental drivers of growth 
variation. Silver fir growth rates have overall substantially 
increased in many European regions during the period 
1880–1950, likely promoted by warmer climate with simi-
lar levels of summer precipitation, as well as fertilization 
by nitrogen deposition and human-induced  CO2 increase 
(Büntgen et al. 2014).

During the 1970s and the early 1980s, a marked growth 
decline and dieback was synchronously detected in many 
forests for several tree species in Europe, especially silver 
fir. Silver fir growth decline was observed in the central Pyr-
enees (Chéret et al. 1987), in the Vosges mountains (Becker 
et al. 1989), in Bavaria (Elling et al. 2009), in the Black 
Forest in southwest Germany (Elling et al. 2009; Vitali et al. 
2017), in Croatia (Čavlović et al. 2015), in the Swiss Jura 
mountains (Bloesch 1983) and in eastern Europe such as in 
Romania and Slovakia (Gazol et al. 2015; Bosela et al. 2016, 
2018), also visible in the examples of the average annual fir 
growth shown for three stations in southeastern Germany, 
Poland and Slovenia in Fig. 3 (panels d, e and f, respec-
tively). This growth decline and mortality were attributed to 
increased air pollution during the 1970s, in particular due to 
the strong increase in sulfur dioxide emissions  (SO2), which 
reached a maximum air concentration in the early 1980s 
in Europe (Hoesly et al. 2018), causing substantial dam-
age to conifer needles (Schütt and Cowling 1985; Kandler 
and Innes 1995; Elling et al. 2009; Čavlović et al. 2015). 
Sulfur dioxide in the air forms, together with  NH3, ammo-
nium sulfate, which then deposits on soil and trees, caus-
ing damage to the needles. Furthermore, sulfur deposition 
leads to soil acidification that reduces soil pH, and, below a 
pH of < 4.5, mobilizes Al, which is toxic for tree fine roots 
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Fig. 3  Examples of average annual fir growth (expressed as basal area 
increments, BAI,  cm2  year−1) in the Pyrenees (a, data from Camarero 
et al. 2011), Switzerland (b, data from ITRDB, Büntgen SWIT309), 
central Italy (c, data from Lombardi et  al. 2008), Germany (d, data 
from ITRDB, Wilson GERM060), Poland (e, data from ITRDB, Szy-
mura POLA021), Slovenia (f, data from ITRDB, Levanic SLOV002) 

and Bosnia and Herzegovina (g, data from Ducić et al. 2014). Eleva-
tion (in m a.s.l.) and sample size are reported in each panel. Note that 
different sampling designs used in dendroclimatological studies can 
bias population growth rate estimates (Nehrbass-Ahles et  al. 2014) 
but these examples are used here to show the general growth pattern 
observed in Europe since 1900
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(Van Breemen et al. 1982; Gruber 1994). The lower vitality 
of silver fir during the 1970s due to high concentrations of 
sulfur dioxide in the air has largely affected the analyses on 
its growth responses to other stressors occurring during the 
same period (e.g., the severe drought 1976, Uhl et al. 2013), 
hence overestimating the effects of such stressors.

Finally, since the 1980s contrasting growth responses 
have been observed for silver fir across Europe (Gazol et al. 
2015; Bosela et al. 2018). On the one hand, silver fir has 
grown exceptionally fast since the mid-1980s in central and 
northern Europe, but also in central and northern Italy, and 
this trend has been even enhanced since 2000 (Büntgen et al. 
2014; Bosela et al. 2018, also visible in the few examples 
displayed in Fig. 3). This growth improvement was presum-
ably the consequence of the decline of atmospheric  SO2, 
air warming with constant precipitation and/or the further 
increase in nitrogen deposition (acting as fertilizer) observed 
in most parts of western and central Europe (Elling et al. 
2009; Büntgen et al. 2014). However, for the latter factor, 
the results of the National Forest Inventory in Switzerland 
show that high nitrogen depositions can lead to reduced fir 
growth (Rohner et al. 2018), which was also observed in 
intensive monitoring plots (Etzold and Zweifel 2018). Nev-
ertheless, radial growth has been reported to decline since 
the 1980s toward its southwestern distribution limit such as 
in the Spanish Pyrenees (Camarero et al. 2011; Linares and 
Camarero 2012; Camarero et al. 2015; Gazol et al. 2015, 
see example shown in Fig. 3b) or in southeastern France 
(Cailleret et al. 2014). In Spain, the recent growth decline 
of silver fir and dieback observed locally is the likely conse-
quence of the cumulative effect of very dry years that have 
followed the exceptionally warm and dry summer of 2003 
(Macias et al. 2006; Peguero-Pina et al. 2007; Camarero 
et al. 2011; Linares and Camarero 2012; Büntgen et al. 2014; 
Gazol et al. 2015; Davi and Cailleret 2017; Latreille et al. 
2017). However, the different growth patterns observed in 
the Spanish Pyrenees could also be related to the different 
lineage of this population and its possible lower genetic 
diversity caused by genetic drift.

Not surprisingly, the climatic effect over the growth of 
silver fir varies within its distribution area. Typically, at 
lower elevations in the central part of its range, growth is 
positively related to precipitation, such as in the Black Forest 
in southwestern Germany (van der Maaten-Theunissen et al. 
2012; Vitali et al. 2018), in the Vosges and Jura Mountains 
in eastern France and northwestern Switzerland (Rolland 
et al. 1999), in southeastern France (Latreille et al. 2017) 
or in central Italy (Mazza et al. 2014), whereas at mid- and 
high elevations, it responds positively to increased win-
ter, spring and early summer temperature, but is not sig-
nificantly affected by variation in precipitation (van der 
Maaten-Theunissen et al. 2012; Vitali et al. 2018). Although 
summer droughts reduce silver fir growth, the impact is less 

pronounced than for other co-existing tree species. For 
example, the often co-occurring Norway spruce displays a 
higher sensitivity to summer droughts, regardless of eleva-
tion, in southwestern Germany (van der Maaten-Theunissen 
et al. 2012; Vitali et al. 2017) or in the French Alps (Despl-
anque et al. 1998). Similarly, long-term monitoring of tree 
growth and tree-ring analyses conducted in Switzerland, in 
southern Germany and southern France show that silver fir 
is more resistant to drought than Norway spruce, larch and 
European beech (Zingg and Bürgi 2008; Cailleret and Davi 
2011; Rothe et al. 2011; Zang et al. 2014), and as resistant 
as Douglas fir (Pseudotsuga menziesii; Vitali et al. 2017).

Three elements could explain the relatively high resist-
ance of silver fir to drought. First, silver fir’s primary growth 
cessation occurs early in the season, usually in early July, 
while the strongest droughts generally occur in July and 
August (Aussenac 2002). Second, fir often grows on deep 
soils and its pivotal root system allows it to access water in 
deeper layers, in contrast to Norway spruce, and to a lesser 
extent European beech (Stokes et al. 2007). Third, this spe-
cies controls its transpiration efficiently via the rapid closure 
of its stomata in response to vapour-pressure deficit (VPD) 
increase (Guicherd 1994; Aussenac 2002; Nourtier et al. 
2014), even in deep and wetter soil (Nourtier et al. 2014). 
This rapid stomatal closure under dry air, starting when 
VPD exceeds ca. 0.3 kPa (Guicherd 1994), is referred to as 
‘avoidance strategy’ of drought for minimizing the risk of 
xylem embolism (Jones and Sutherland 1991). Thus, silver 
fir can potentially endure severe short occasional droughts, 
but needs in the long term a relatively high air humidity 
for photosynthesis, growth and nonstructural carbohydrate 
reserves to compete with the other species. It is probably for 
this reason that this species is particularly found on north-
exposed slopes and deep soils (Henne et al. 2013) with high 
atmospheric humidity, especially at the southern margin of 
its distribution.

Growth responses to climate: insights 
from warming experiments, transplant experiments 
and provenance trials

In contrast to other dominant tree species in Europe, such as 
Norway spruce or European beech, only a few studies have 
dealt with the sensitivity of silver fir to drought and warmer 
temperatures. Experimental measurements of the photo-
synthetic capacity of silver fir seedlings exposed to various 
temperatures (from 10 to 40 °C) in climate chambers dur-
ing 24 h showed a rather high tolerance to heat stress with 
irreversible injuries to the photosystem occurring only above 
47 °C for seedlings acclimatized to 10 °C (Robakowski et al. 
2002), with a photosynthetic optimum around 20 °C (only 
15 °C for Norway spruce, Gomez 2012). By contrast, numer-
ous provenance trials have been conducted during the second 
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half of the twentieth century to select provenances with high 
performance in terms of growth and stem quality, but also 
to detect provenances with high drought tolerance. Overall, 
most provenance trials highlighted little genetic differen-
tiation among provenances for adaptive traits such as frost 
resistance (Larsen 1986), growth (Larsen 1986; Commar-
mot 1997; Bourdenet 1998; Vitasse et al. 2009; Kerr et al. 
2015; Frank et al. 2017b), or drought resilience (Sindelar 
and Beran 2008; George et al. 2015), despite the very con-
trasting local climate conditions the investigated popula-
tions originate from (Herzog and Rotach 1990). Generally, 
provenances from the highest elevations are more resistant 
to frost and develop more slowly than those from lower alti-
tudes (Larsen 1986; Vitasse et al. 2009). However, genetic 
differentiation in silver fir is generally lower than in other 
species such as Norway spruce or European beech (Vitasse 
et al. 2009; Frank et al. 2017b), which reduces the risk that 
silver fir will suffer from maladaptation under warmer cli-
mate (Frank et al. 2017a).

The recolonization trajectories of silver fir populations 
during the last glacial-interglacial cycles seem to have pro-
duced two genetically distinct lineages in central Europe 
with different sensitivities to climatic variations (Bosela 
et al. 2016). For instance, a study based on tree-ring width 
series and genetic samples from 78 populations along the 
Carpathian Arc has shown that the Balkan lineage has 
higher genetic diversity and is more sensitive to drought at 
the beginning of the growing season than the western line-
age originating from northern Italy, which is more sensitive 
to summer drought (Bosela et al. 2016). Finally, successful 
silver fir plantations located at the warm edge of its distribu-
tion exist, demonstrating the high plasticity of this species. 
For example, the ~ 200-year-old fir plantation in Varramista, 
Tuscany, located only 30 m above sea level, as well as other 
lowland stands in Tuscany, show successful natural fir regen-
eration and relatively low to no dieback (Cortini Pedrotti 
1967; Birks and Tinner 2016; Tinner et al. 2016) (Fig. 4) 
where moisture availability is sufficiently high (e.g., deep 
soils at slope bottom, northern slopes).

Potential ability of silver fir to face climate 
warming in Europe

Divergences between model predictions 
and paleoecological studies

Most species distribution models (SDMs) based on cor-
relative approaches between current species occurrence 
and related climatic conditions predict dramatic losses of 
climatic suitable areas for silver fir in Europe by the end of 
the century, irrespective of the climate scenario considered 
(Badeau et al. 2007; Zimmermann et al. 2016). By contrast, 

paleoecology and genetic studies suggest that before strong 
human influence (i.e., about 5000 years ago), silver fir 
occurred abundantly under significantly warmer climates 
than today, likely exceeding the current temperature at the 
warm edge of its distribution by 5–9 °C (reviewed in Tin-
ner et al. 2013). These studies therefore suggest that sil-
ver fir has high potential to face climate warming, which is 
also supported by recent dynamic vegetation model results 
(Ruosch et al. 2016), provided browsing pressure and fire 
disturbance remain (naturally) low (Keller et  al. 2002; 
Henne et al. 2011, 2013; Ruosch et al. 2016). SDMs are 
based on correlations between today’s species occurrences 
and climatic parameters. This makes them unable to capture 
rare and past occurrences, as in the case of fir at the warm 
margins of its climatic niche. Consequently, SDMs may fail 
to attribute climate suitability to extant silver fir forests in 
southern Europe (Maiorano et al. 2013; Tinner et al. 2013). 
Even when paleoecological data were included at the Euro-
pean scale to refine the models, SDM results still suggested 
dramatic losses of future climate suitability of silver fir in 
about 40% of its current range by 2100 based on scenario 
B1 (Maiorano et al. 2013). This failure might be caused by 
the rarity of pollen records and modern occurrences from the 
warmest areas of the Mediterranean, resulting in a modest 
overall spatial resolution and coverage that impedes SDM 
to deliver reliable local assessments. In contrast, SDMs that 
used highly resolved spatial data were able to accurately 
simulate the extant range of Abies alba including the south-
ernmost populations (Tinner et al. 2013), and do not predict 

Fig. 4  Plain lowland A. alba forest at Varramista, Tuscany, close to 
the Mediterranean Sea. Species co-occurring in the forest with A. 
alba are Quercus ilex, Fraxinus ornus, Ilex aquifolium, Hedera helix, 
Vitis sylvestris, Castanea sativa, Quercus petraea, Ficus carica, Acer 
campestre, Corylus avellana, Ruscus aculeatus. Mean temperatures 
at the site are ca. 24  °C in July, 7  °C for January, and 15.5  °C for 
the whole year. Annual mean precipitation in the area reaches ca. 
850 mm with a pronounced summer drought in July and August (ca. 
25 mm mean precipitation each). However, the trees may have access 
to ground water on this site. Source of climatic data: Cortini Pedrotti 
(1967); vegetation survey and picture: W. Tinner (20 May 2014)
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a dramatic decrease of suitable climate of this species under 
moderate climate change scenarios (Dyderski et al. 2018). 
For instance, by using occurrence data from the Global Bio-
diversity Information Facility and EUFORGEN in addition 
to occurrence data provided from national forest inventories 
(typically used in SDMs), Dyderski et al. (2018) showed 
also the lowest proportion of threatened area (12.8%) for 
silver fir in the future under a moderate climatic scenario 
compared to the other 11 European forest tree species stud-
ied. Similarly, recent dendroecological studies suggest that 
growth of silver fir will likely be enhanced in future decades 
in the Black Forest in southwestern Germany, even under 
the most extreme climatic scenario (RCP8.5) because the 
species could benefit from warmer winters and springs com-
pensating for drier summers (Vitali et al. 2018).

The crucial role of water availability

Ecophysiological and dendroecological studies suggest that 
silver fir is rather tolerant to warm temperatures (often quali-
fied as a thermophilous or warm-temperate species), and 
can cope to a certain extent with severe summer drought, 
being similarly resistant as Douglas fir, but more than Nor-
way spruce or European beech (Zang et al. 2014; Vitali et al. 
2017). The analysis of climate data from its current distri-
bution and bioclimatic models allow to estimate that silver 
fir requires rainfall greater than 600–700 mm per year and 
greater than 90–120 mm during the three warmest summer 
months (Tinner et al. 2013). These climatic conditions are 
currently present in most parts of its fragmented distribution 
and beyond (Panagos et al. 2015). We surmise that silver fir 
can thrive under such low limits of precipitation provided 
that the soil can store sufficient water, air humidity is suf-
ficient, or that deep water can be accessed by the taproots 
(Aussenac 2002; Henne et al. 2013; Tinner et al. 2013). 
Thus, with sufficient precipitation or air humidity during the 
growing season, and limited fire and browsing disturbance, 
silver fir may thrive in most parts of central and western 
Europe. This may apply even in southern Europe in lowlands 
near the Mediterranean coast, as revealed by the existence of 
mixed cryptic Abies alba–Quercus ilex stands that regener-
ate spontaneously in central and southern Italy on suitable 
soils (Cortini Pedrotti 1967; Tinner et al. 2013; Birks and 
Tinner 2016). However, these conditions may no longer be 
present in the lowlands of the Mediterranean region in the 
future (Ruosch et al. 2016), where summer precipitation is 
predicted to significantly decrease by 2100, such as in Spain, 
southern France and Italy (IPCC 2013).

Promoting silver fir in European forests

Silvicultural practices and wildlife management will strongly 
influence the future occurrence of silver fir in European 

forests. As a pronounced late-successional species, silver 
fir is particularly sensitive to silvicultural practices. In stands 
with fir presence, practices which cause abrupt environmen-
tal changes such as clear-cutting negatively affect silver fir 
(Eichenseer 1997) as it was the case in the past in regions 
such as the Carpathians (Vrska et al. 2009). In contrast, sil-
ver fir regeneration profits from long regeneration periods 
and slow removal of shelter trees. Uneven-aged silvicultural 
systems providing low light conditions such as the single-
tree or the group selection system allow the regeneration of 
silver fir to outcompete other species, which is not the case 
under elevated light intensity (Grassi et al. 2004). Moreo-
ver, even with the most appropriate silvicultural system, fir 
recruitment often fails if browsing pressure is not sufficiently 
limited by wildlife management (Ficko et al. 2016) or appro-
priate protective measures, such as individual protections 
or fences.

Promoting silver fir in future European forests means 
introducing it in stands where it is currently absent. This 
can be best achieved by underplanting silver fir seedlings 
in adult stands of other species, at any time in uneven-aged 
stands, or one to two decades before the final cut in regular 
(mono-layered) stands, to allow the seedlings of silver fir 
to benefit from a competitive advantage over the regenera-
tion of other species. In most cases, such underplanting will 
require protective measures against browsing (Kupferschmid 
et al. 2013).

Genetic pool and other fir species

Beyond silvicultural interventions, sustainable management 
requires some thoughts to promote the genetic diversity of 
the species (guarantor of a high potential for adaptation) and 
to consider the use of other Mediterranean fir species. As 
previously mentioned, silver fir seems to have a less diversi-
fied genetic variation between populations than other forest 
species such as Norway spruce. This low genetic variability 
among populations may somewhat paradoxically be benefi-
cial as it allows for a more generalist behavior in the face of 
climatic hazards, reducing the risk of ‘maladaptation’ under 
future climate (Frank et al. 2017a). Such an interpretation 
is supported by new paleogenetic results from warm areas 
where the species went locally extinct as a consequence of 
excessive anthropogenic disturbance (Schmid et al. 2017). 
Nevertheless, although the genetic diversity among popula-
tions seems low, genetic diversity within populations is high, 
even in marginal populations (Brousseau et al. 2016), which 
is an asset for the species to adapt to climate warming. This 
high genetic diversity can also be promoted using silvicul-
tural practices that foster pollination over long distances, 
for example by reducing the stem density of reproducing 
trees (see synthesis of the different methods in Lefèvre et al. 
2014).
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Besides, silver fir resistance to weather extremes has 
probably been underestimated within extant populations. 
Some marginal populations are currently growing in sites 
with a much warmer and drier climate than the climatic lim-
its commonly found in the literature. For example, popula-
tions growing in central and southern Italy, at only 30 m of 
elevation, are accompanied by an array of typically Medi-
terranean species (Tinner et al. 2016). It is, however, not 
advisable to rely only on such marginal populations as seed 
sources since they are isolated and therefore possibly prone 
to genetic erosion (Belletti et al. 2017). More investigations 
should be conducted on these marginal populations to assess 
whether they have genetically evolved to better tolerate sum-
mer drought and could therefore potentially be used as seed 
source.

Other Mediterranean fir species could also be considered 
as alternatives to Norway spruce or European beech in a 
warmer-than-today Europe, such as A. cephalonica or A. 
borisii-regis, which share physical properties of wood and 
similar ecological requirements to those of silver fir, but with 
a higher resistance to prolonged droughts. Provenance tests 
using these species were conducted in southern France at 
various altitudes and showed a high potential for both spe-
cies to grow in drier climates and to cope with long periods 
of summer drought (Fady 1993). This strong resilience to 
drought can be explained by their early spring phenology 
and short growing season, with both species ending their 
annual growth only within 30–45 days after the emergence 
of new needles, well before the occurrence of summer 
droughts (Fady 1993). However, the precocious phenology 
may put these two species at greater risk of frost, a risk 
that remains high in and north of the Alps despite climate 
warming (Vitasse et al. 2018b) and to which silver fir seems 
more adapted. Further investigations are needed to assess 
the potential of other fir species to thrive in the central and 
southern part of silver fir distribution.

Conclusions

The debate concerning the future suitability of silver fir 
to thrive under warmer and drier climates is still open and 
based on contradictory positions that derive from studies 
using markedly different approaches. However, this synthe-
sis unambiguously shows that it is possible to reconcile these 
positions. Despite recent progresses in SDM simulations that 
now predict range stability or moderate change of silver fir 
under strongly warming climates (Dyderski et al. 2018), the 
heavy impact of humans in restricting the current distribu-
tion of the species suggests caution when interpreting the 
outcomes of SDMs. Therefore, it is not surprising that paleo-
ecological and process-based modeling studies challenge 
SDM-inferred predictions that claim strong declines of the 

species in central Europe. Dendroecological studies support 
the paleoecological evidence, demonstrating that silver fir is 
more resistant and resilient to drought than Norway spruce, 
European beech, or larch, and similar to Douglas fir in this 
respect, especially since sulfur dioxide concentrations have 
decreased. Given the growing scientific evidence for the spe-
cies’ ability to cope with climate change, it seems reasonable 
to preserve and foster this emblematic species in European 
forests, particularly in mountainous areas where it plays a 
vital role for prevention against erosion and avalanches.

A concern is that silver fir may suffer more in the future 
from insect attacks such as the fir engraver beetle (Pityok-
teines curvidens), which is favored by rising temperatures 
and summer droughts. Rising temperature is expected 
to accelerate the development cycle of this beetle, while 
increasing summer drought may weaken fir trees, but this is 
also true for other host/pest pairs such as Norway spruce and 
the spruce bark beetle (Ips typographus). A cautious forest 
management, aimed at gradually increasing the presence of 
silver fir in mixed forests, is therefore justified. Such a pro-
cedure would mimic the natural conditions before the advent 
of agriculture, when Abies alba was growing in species rich 
and climatically resilient mixed forests in mediterranean and 
temperate Europe.
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