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Abstract: Non-native forest tree species have been introduced in Europe since the 16th century,
but only in the second half of the 20th century the significance of the seed source origin for their
economic use was recognized, resulting in the establishment of numerous provenance trials at a
national, regional, European and International level, as those led by IUFRO. Breeding programs
have also been launched in the continent for the most economically important species. Aim of
this work is the formulation of provenance recommendations for planting of five non-native tree
species in Europe (Douglas fir, grand fir, Sitka spruce, lodgepole pine and black locust), based on the
information obtained from twenty countries, in the frame of the EU FP-1403 NNEXT Cost Action.
The survey revealed that official and non-official national recommendations, based on provenance
research results, have been elaborated and followed at a different level and extend for the above
five species, but only for Douglas fir recommendations exist in almost all the participating to the
survey countries. The compilation of provenance recommendations across Europe for each species is
presented in the current work. Besides the recommended introduced seed sources, European seed
sources are also preferred for planting, due to ease of access and high availability of forest reproductive
material. European breeding programs yielding genetic material of high productivity and quality
constitute currently the seed source of choice for several species and countries. Consolidation of trial
data obtained across countries will allow the joint analysis that is urgently needed to draw solid
conclusions, and will facilitate the development of ‘Universal-Response-Functions’ for the species
of interest, rendering possible the identification of the genetic material suitable for global change.
New provenance trial series that will test seed sources from the entire climatic range of the species,
established in sites falling within and outside the environmental envelopes of their natural ranges,
are urgently needed to pinpoint and understand the species-specific climate constraints, as well as to
correlate functional traits to the seed origin and the environmental conditions of the test sites, so that
the selection of suitable forest reproductive material of non-native tree species in the face of climate
change can be feasible.

Keywords: provenance recommendations; provenance testing; breeding programs; adaptation; exotic
tree species; Douglas fir; Sitka spruce; grand fir; lodgepole pine; black locust

1. Introduction

Following the CBD [1] definition, the term ‘non-native species’ refers to “a species,
subspecies or lower taxon, introduced (i.e., by human action) outside its natural past or
present distribution; the term includes any part, gametes, seeds, eggs, or propagules of
such species that might survive and subsequently reproduce”, while according to FAO
Global Forest Resources Assessment [2], and as accepted by Forest Europe (Indicator 4.4),
the above definition is extended also to those species having a potential to spread (i.e.,
outside the range they occupy naturally or being able to occupy sites without direct or
indirect introduction or care by humans).

In Europe, the first introductions of non-native tree species from other continents were
carried out between the 16th and 18th century, mainly by botanists motivated by curiosity
and botanical interest [3], in a time when knowledge on genetics and local adaptation
was lacking. Some species, like northern red oak (Quercus rubra L.), black locust (Robinia
pseudoacacia L.), black cherry (Prunus serotina Ehrh.) and boxelder maple (Acer negundo
L.), introduced during the above period were used for both ornamental and forestry
purposes and are still of economic value [4]. In the late 18th and the 19th century, the
introduction of fast-growing non-native tree species was promoted in the frame of an
extensive reforestation effort to counterbalance the overexploitation of autochthonous
timber resources that largely powered industrialization [3]. During the same period, only



Forests 2022, 13, 273 3 of 22

small trial plantations were established, testing introduced species like Pinus strobus L. [5].
Only at the beginning of the 20th century was it recognized that variation among trees
may be partly inherited [6]. The underlying processes or mechanisms that caused the
observed variation were still unknown at that time and the introduction of non-native tree
species reproductive material was not based on gene-ecological knowledge and genetic
criteria. Consequently, the use of reproductive material maladapted to the planting sites
often resulted in extensive failures, as for example that of the interior variety of Douglas-fir
in Central Europe [7]. Following such failures, the significant role of the seed origin for
a successful introduction was increasingly recognized, resulting in the introduction of
non-native species in a more organized way which considered also the existing ecological
and genetic knowledge (e.g., [8–10]). Ever since, non-native tree species have been utilized
in Europe as an important timber [11], pulp [12] and biomass/energy [13] resource, as well
as a source of non-timber wood products [14].

From a genetic point of view, and according to [15], the term ‘provenance’ refers
to the geographic location of the native population where the plant material originated,
while the term ‘seed source’ to the geographic location from which the seed was obtained
regardless of whether or not the parent trees were located in their native and autochthonous
habitat. Most of the non-native forest tree species introduced in Europe display vast
geographic variation within their native range. Hence, the performance and survival
of different provenances may differ significantly when they are planted outside their
natural distribution area [10,16–18]. The assessment though of the genetic differences
among provenances and the characterization of the genetic patterns of adaptive geographic
variation can only be succeeded following planting/testing of provenances in common
gardens, i.e., provenance tests, which are established across the environmental range of the
intended planting regions [15]. In this way, the most suitable provenances can be identified
for each region. Provenance tests are of the utmost importance for species of high economic
or ecological value, as they provide information on the plasticity, adaptive/growth potential
and tolerance to insects, diseases and cumulative environmental stress [6].

In the second half of the 20th century, numerous provenance trials were established in
Europe for economically important non-native tree species, which included provenances
covering almost the entire natural range of those species, e.g., the International Union of
Forest Research Organizations (IUFRO) trial series, initiated in 1966 for Douglas fir [19,20],
and in 1968 for Sitka spruce [13,21]. Such trials provide, even today, valuable insights
into adaptive and growth traits of different provenances. Studied traits included bud
phenology [10,22–24], frost hardiness [10,25], drought tolerance [16,26,27], height and
volume growth [28,29], wood density [30], as well as branching patterns [28,31]. In addition
to the provenances originating from the native range, European seed sources/local land
races have also been tested in provenance trials. A ‘local land race’ is formed when a species
is introduced into an exotic environment and adapts through natural, and sometimes
artificial, selection to the environmental conditions of the new planting zone [15]. In
several cases, the European land races outperformed the provenances introduced from the
places of origin, e.g., Sitka spruce [21] and Douglas fir [32,33] land races. However, not all
species with potential economic value were equally represented in such field trials. For
instance, while different cultivated varieties are available for black locust [34], no extensive
provenance trials including native origins have been established so far in Europe.

The most widely used non-native species in Europe are fast growing ones, like Sitka
spruce (Picea sitchensis (Bong.) Carr.), Douglas-fir (Pseudotsuga menziesii (Mirb). Franco),
grand fir (Abies grandis (Douglas ex D. Don) Lindley), black locust (Robinia pseudoacacia),
lodgepole pine (Pinus contorta Douglas), eucalypts (Eucalyptus spp.), northern red oak
(Quercus rubra L.) and tree of heaven (Ailanthus altissima (Mill.) Swingle) [3].

The results from the provenance tests established in the continent for non-native tree
species (i.e., the Douglas fir trials initiated in 1966 by IUFRO [35]) are already being used
to formulate recommendations regarding the most suitable provenances for planting in
operational plantations across European ecoregions. In addition to provenance testing,
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breeding programs have also been launched for several economically important species
(i.e., Sitka spruce in Britain and Ireland, Douglas fir in France [36]. In the framework of the
breeding effort, seed orchards and progeny tests have been established for the production
of improved Forest Reproductive Material (FRM), i.e., the case of Douglas fir [20]. Such
sources have already been included into the FRM recommendations proposed by several
countries (e.g., [20,37]).

Aim of the current paper is to present, for the first time, provenance recommendations
for planting of five selected non-native tree species in Europe, based on the results of a
survey that was carried out in the frame of the FP-1403 NNEXT Cost Action (Non-native tree
species for European forests: experiences, risks and opportunities) and its Working Group
2—‘Pathways’. Twenty participating countries responded to the survey. From the obtained
responses, it was revealed that national recommendations and results from experimental
trials established at a pan-European, regional or national level exist for only five non-native
tree species, used in five or more European countries. The five selected species of interest
in the current work are: (1) Douglas fir (Pseudotsuga menziesii (Mirb). Franco); the species
with the broader network of provenance trials, being established in twenty countries and
with already formulated provenance recommendations at the national scale in several
countries-for this reason it has been selected as a ‘model species’ for European provenance
recommendations in this work, (2) grand fir (Abies grandis (Douglas ex D. Don) Lindley);
a species reported by seven countries, with limited occurrence in Central Europe, but
with existing information on provenance performance; (3) Sitka spruce (Picea sitchensis
(Bong.) Carr.); a species reported by five countries, extensively bred and with high economic
importance for North-Western Europe; (4) lodgepole pine (Pinus contorta Douglas); a species
reported by eight countries, mainly introduced into the Nordic countries, and (5) black
locust (Robinia pseudoacacia L.); a species reported by thirteen countries that is distributed
all over Europe and for which only European local land races or selected clonal lines are
planted.

2. Methods

For the current review, a survey was carried out in the framework of the FP-1403
NNEXT Cost Action (Non-native tree species for European forests: experiences, risks
and opportunities) activities, aiming towards the collection of information on the: (i) the
status-quo of non-native tree species provenance research and of the research carried out on
other genetic tests, and (ii) the formulated provenance recommendations and the existing
guidelines on transfer of non-native tree species FRM in Europe. For this purpose, an
extensive questionnaire was disseminated to the representatives of the FP 1403- NNEXT
Cost Action partner countries, addressing the following topics (Supplementary Table S1):
(i) Information on existing genetic tests: type of genetic test (provenance/clonal/progeny
test), location, type of trial (IUFRO international/regional/national), number and origin of
provenances or genetic material tested, important results; (ii) Information on provenance
recommendations: existence or not, status of recommendations (official/unofficial, manda-
tory or not) at the national level, scientific connection of recommendations to genetic tests
or not, and specific recommendations formulated at the national level for each one of the
non-native tree species planted in each country.

The responses obtained from twenty-six partner countries indicated that five non-
native tree species were the ones that attracted an extensive interest for testing and planting
and were reported from five or more countries, namely Douglas fir, grand fir, Sitka spruce,
lodgepole pine and black locust. Species that were reported by only one, two or three
countries (i.e., eastern white pine, Japanese larch) were not considered as being of pan-
European interest and were not included in the current study.

Information on the geographic coordinates (latitude and longitude and in some cases
altitude) of the genetic trials established in Europe, as well as on the origin of the genetic
materials tested within those genetic trials was provided by the representatives of the
NNEXT Cost Action partner countries. The coordinates were checked for their consistency
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and were converted to the World Geodetic System (WGS 84), which is the reference coor-
dinate system used by the Global Positioning System (GPS). The coordinates were used
to extract values of mean annual temperature (MAT) and annual precipitation (MAP) for
the period 1970–2000 from the Worldclim database, version2 [38]. The extracted MAT and
MAP were plotted to visualize the bioclimatic envelope of genetic trials and the origin of
the genetic materials of five non-native species with respect to their native distribution and
introduced range in Europe (Figure 1).

The information obtained from the NNEXT Cost Action partner countries on the
genetic tests, tested genetic material, existing recommendations for planting and available
literature at the national level were compiled to provide a pan-European overview on the
research activities, the provenance/genetic testing carried out, and the results obtained, in
order to formulate recommendations for planting provenances/seed sources (including
European land races and material from breeding programs) of the five above mentioned
species in different regions of the continent.

Figure 1. Cont.
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Figure 1. Geographic location of established genetic trials in Europe for the five non-native tree
species of interest is indicated (map), together with their display within the bioclimatic parameter
space represented by mean annual temperature and mean annual precipitation of the regions where
each non-native tree species grows naturally (blue dots: bioclimatic plot of the establishment sites of
genetic trials in Europe, grey dots: bioclimatic space of each species in its natural distribution).

3. Results
3.1. Provenance Testing in Europe

As mentioned earlier, the necessity of establishing genetic tests for assessing the
adaptive and growth potential of FRM of non-native species was realized during the
second half of the 20th century. Since then, the provenance testing efforts for the most
important, from a reforestation and production point of view non-native tree species,
were mostly initiated and coordinated by the IUFRO Working Groups and Networks and
took place in two periods for the species of interest in the current work. The first period
(1966–1968) focused on Douglas fir, Sitka spruce and lodgepole pine, while the later one
focused on grand fir.

Douglas fir is the species that attracted a lot of interest in Europe since the late 19th,
due to the success of its first plantations, which originated most probably from the region
close to mouth of Columbia River (between Washington and Oregon). The first provenance
trial has been established in Chorin (east of Berlin) in 1910, triggered by the failures that
followed the first period of the successful planting of the species and were due to imports
from the interior part of its natural distribution [20]. In 1923, another provenance test
involving 35 seed lots from British Columbia, Washington and Oregon was established in
the Netherlands, followed by a multi-environment provenance trial across nine locations
planted in 1932 in Germany [20]. In 1966, the IUFRO initiated a trial series for Douglas
fir [19,20] by performing, during the period 1966–1968, a systematic collection of 182 prove-
nances covering the whole natural range of the species, the so-called ‘IUFRO Douglas fir
collection’. The seed of the 124 provenances was distributed to 59 Institutions in 36 coun-
tries, among which 16 were European; namely Austria, Belgium, former Czechoslovakia,
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Denmark, Finland, France, former East and West Germany, Hungary, Ireland, Italy, Norway,
Spain, the Netherlands, the United Kingdom and the former Yugoslavia [19,20,39,40].

IUFRO initiated also the seed collection from 41 grand fir seed lots, originating from
British Columbia, Washington, Oregon, Idaho and Montana, and elevations ranging from 0
to 1500 m., during the period 1974 to 1976 (Fletcher 1986). The above genetic material was
used in 1980/1981 for the establishment of an IUFRO network of provenance trials in several
European countries; i.e., France [41], Austria [42,43], Germany [44–46], the Netherlands [47],
the United Kingdom [48], the Czech Republic [49] and Poland (e.g., [50,51]). Another
extensive provenance trial was also established at a national scale in Germany with seed
collected in 1976 along a west-east transect in Oregon, from the Pacific to the Cascades
crest.

Sitka spruce also attracted an interest for forestry in Europe quite early, due to its high
yield potential and high tolerance to adverse site conditions. For this reason, it has been
tested in field trials since the first half of the 20th century. The first provenance trials though
were established in Norway during the period 1915–1928, the United Kingdom in 1929,
Germany in 1930, and Denmark [13,37,52,53], but were based mainly on commercial seed
collections that covered only a small part of the species natural range. In 1968, and due to
the species interest, IUFRO (International Union of Forest Research Organizations) initiated
the activities for the establishment of a series of provenance tests for the species. During the
period 1968 to 1970, the IUFRO teams collected FRM (seed) from 81 origins covering the
entire natural distribution of the species [54]. The collection was carried out in two phases:
the Washington-Oregon distribution in 1968 (by J. Turnbull and B. Hansen), and the British
Columbia-Alaska distribution in 1970 (by A. Fletcher and N. Danby). The FRM of the
81 provenances collected (19 from Alaska, 41 from British Columbia, 11 from Washington,
8 from Oregon and 2 from California) was then distributed in an unbalanced pattern to
18 Institutes in 14 countries, out of which 11 were European (Belgium, Bulgaria, Denmark,
France, Germany, Ireland, Latvia, the Netherlands, Norway, the United Kingdom and the
former Yugoslavia) [55]. Due to the different number (3 to 81) of provenances obtained by
the 18 Institutes of the 14 countries and the different requirements of each Institute’s plan,
it was decided from IUFRO in 1973 to organize an international provenance testing experi-
ment involving ten common provenances, the so called ‘IUFRO Sitka Spruce International
Ten Provenance Experiments’ [54]. The seed material from the ten provenances (two from
Washington, one from Oregon, two from Alaska, four from British Columbia and one from
Queen Charlotte Island) was sown in all 18 institutes in 1973, while the nursery phase was
completed by during the autumn 1974 or 1975, allowing the establishment of the trials the
following year [37,54,56].

Lodgepole pine captured an interest for introduction to Europe due to its wide range
of environmental tolerance (growing in maritime, continental, subalpine conditions and in
any type of site, including wet and dry soils, bearing characteristics of a pioneer species),
and its high growth potential [57]. The species has been introduced in 1910 in Finland and
its success was the reason behind the interest of the whole Fennoscandia in it [57]. The first
plantations in Sweden were established in 1928, while in 1967 six provenance tests were
established following an expedition and seed collection in 1963 [57]. Following the high
interest of the northern European countries in the species, IUFRO coordinated in 1966–1968
the collection of 158 seed lots from the natural distribution of the species, which were then
distributed to more than 20 (mostly European) countries, resulting to the establishment of
a network of trials known as ‘the IUFRO 70/71 experiments’ [58–60].

Provenance testing on black locust in Europe is quite recent, following the also recent
breeding efforts on the species. The recorded high presence of the species in Europe
though is not analogous to the level of its provenance testing. In Hungary, the leading
country in Europe in selection and breeding of black locust, only eight genetic trials
exist focusing either on provenance or clone testing (e.g., [61–63]). In France a clonal test
was planted in 2015 to compare Hungarian versus 250 French clones for their form and
superior growth. Moreover, France together with Portugal, Spain, the United Kingdom
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and Ireland launched in 2009 a transnational project and set up a network of 38 arboreta
(known as REINFFORCE Arboretum & Demonstration Sites Network). Within this network,
provenances of black locust growing in Bulgaria, Romania, Slovakia, North Macedonia and
Turkey, along with other tree species were planted in 32 environmentally different sites (i.e.,
arboreta), distributed across all the countries participating in the REINFORCE Project [64],
except for Ireland. Genetic trials (provenance or clonal tests) were established in many
European countries; i.e., Italy [65], Bulgaria [66], Poland [67] and Austria [68].

Figure 1 indicates the geographic location of established genetic trials in Europe for the
five non-native tree species of interest and their display within the bioclimatic parameter
space, represented by mean annual temperature and mean annual precipitation of the
natural distribution regions. The findings presented in Figure 1, suggest that genetic testing
effort took place in specific European regions for most of the species, except for Douglas fir
which is the only species tested across the whole continent in numerous trials, indicating
the pan-European interest for the species, triggered by its high productivity, great genetic
variation, adaptive plasticity and lack of potential to hybridize with other tree species
growing in Europe and especially the autochthonous ones.

3.2. Provenance Recommendations for Planting in Europe

Results from field trials (provenance and progeny tests) often provide a good basis for
the formulation of recommendations on FRM transfer, and this was attempted in the current
work for the five non-native tree species of interest. However, as mentioned above, the
distribution of provenance and progeny trials varies strongly across the continent, reflecting
the importance of the five species for European forestry. Therefore, the recommended seed
sources and the criteria used to formulate those recommendations may vary strongly in
different cases and from country to country. For example, in some cases, there is a good
knowledge on the growth performance of the seed sources (based on provenance research
results) and detailed recommendations for the use of seed originating from specific seed
zones in the native range are given in certain European countries. In other cases, European
(non-native) seed sources are preferred, due to lack of information on the performance
of native provenances, the ease of access, and their high availability. Finally, breeding
programs may also comprise an important source of high-quality reproductive material
and constitute the source of choice for some species and countries (e.g., lodgepole pine in
Sweden). In Figure 2 the different options concerning the origin, selection criteria and type
of recommended basic material are presented.

The scheme of FRM transfer rules is not common across European countries, while it
may or may not be compulsory to follow those rules depending upon the country. Laws
and regulations may require traceability and identifiability of FRM, but use of certain
seed sources is not obligatory by law. However, compliance with FRM transfer guide-
lines is, in some cases, a criterion for receiving funding for afforestation (e.g., Germany,
United Kingdom; [69]). In other cases, afforestation must be performed according to such
guidelines in state forests (e.g., Baden-Württemberg in Germany; [70]). Also, the form of
such recommendations can vary greatly from country to country. In the current work, we
distinguish the official from the non-official recommendations. Official recommendations
are defined as those issued by official authorities and can be mandatory or optional. If
they are included in legal acts they are mandatory, but if they are part of official advices
they are optional. Non-official recommendations refer to those stemming from research
results included in scientific publications and reports from provenance trials. Based on the
information collected from the Cost Action FP 1403-WP2 questionnaire responses and the
above mentioned criteria, the availability and the type of provenance recommendations
per species and country are presented in Table 1.
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Figure 2. Forest reproductive material (FRM) transfer guidelines for non-native tree species in Europe.
The flow chart presents different options of origin, basis for the guidelines, base populations and
categories of recommended basic material.

Table 1. Availability and type of provenance recommendations in different European countries based
on the questionnaire responses.

Non Native Tree Species

Country
Douglas fir

(Pseudotsuga
menziesii)

Grand fir¥
(Abies

grandis)

Sitka spruce
(Picea

sitchensis)

Lodgepole
pine¥ (Pinus

contorta)

Black locust
(Robinia

pseudoacacia)

Austria O U n n -
Bosnia U - - - -

Bulgaria U - - - -
Croatia - - - - -
Estonia - - - U -
Finland - - - - -
France - - - - -

Germany - - - - -
Greece U - - - -

Hungary - - - - O
Italy U n 1 n 1 n 1 U

North Macedonia U O - - -
Norway - - O O -
Poland U U n n -

Romania U - - - -
Slovenia - - - - -

Spain O n n n -
Sweden - n n O -
Ukraine - - - - -

United Kingdom O O O O -

(O): official recommendations available, (U): unofficial recommendations, (n): no recommendations, (n 1): no
specific recommendations, but general FRM legal rules apply, (-): no response.
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3.2.1. Douglas fir

For Douglas fir (Pseudotsuga menziesii), and until the last quarter of the 20th century,
seed transfers to Europe were based on an empirical assessment of ecological similarities
between the native range and the plantation sites in Europe. Seed transfer rules for Europe
took a new perspective given the numerous provenance tests, planted under the aegis of
IUFRO in more 30 countries of the northern and southern hemispheres [71]. The IUFRO
collection was planted in more than 110 sites in Europe and results of those provenance
tests manifested the good adaptability and growth of the coastal variety and the poor
performance of the interior variety [72]. Due to its much slower growth, when compared
to the coastal variety, and its strong sensitivity to Rhabdocline needle cast, the interior type
was found unsuitable for reforestation in Europe [20].

All the Douglas-fir seed sources recommended for reforestation in Europe, originate
from the part of the range between 40◦ and 50◦ latitude, west of the Cascade Range and
below 600 m of elevation [20,40]. Recommendations are based on a compromise between
growth and survival.

In Central and Eastern Europe, tolerance to fall and winter frosts should be considered.
Therefore, in this area, provenances from the middle elevation zone of the Cascade range
in Washington and from northern Oregon seem to be best suited [29,73–76]. Provenances
from this area that are widely recommended in many European countries include, among
others, Newhalem (seed zone 402) and Darrington (seed zone 403) from the Northwest
Washington Cascades, Bremerton (seed zone 222) from the East Slope of the Olympic
Peninsula and Idanha (seed zone 452) from the Northwest Oregon Cascades [74,76–78]
(Seed zone numbers and their relative location in the United States and Canada for the
five non-native tree species reported here can be as found in the webpages http://www.
forestseedlingnetwork.com/resources.aspx, last accessed 10 December 2021 and https:
//www2.gov.bc.ca/gov/content/industry/forestry, last accessed 10 December 2021).

In Oceanic Europe, where frost is less likely, coastal provenances from Washington
and Vancouver Island are recommended mainly because of their excellent branching
architecture and superior growth [40,79]. For example, in Ireland and Great Britain, coastal
Washington provenances are the first choice for general use [40,80]. Seed sources from
South West Cascades are recommended only for southern and eastern areas of Great Britain
with a less pronounced oceanic climate [40].

In northern and high elevation areas of the Mediterranean Europe, similar provenances
as the ones recommended above could be used, as well as provenances originating from
Northern Oregon (Cascades and coastal) [77,81,82]. In southern or low elevation areas
provenances from coastal southern Oregon and northern California (coastal and northern
Sierra Nevada) could be recommended due to their better survival in comparatively harsher
and drier sites of the Mediterranean region [39,83–87].

Provenance tests planted at high elevation (above 900m) are rare in Europe. Never-
theless, these few tests indicate that seed sources originating from a higher elevation in
the natural range (above 600 m) and from a higher latitude (British Columbia) may have
an advantage in growth and survival [88]. Thus, the altitude and latitude of FRM origin
should be considered when reforestation is planned and carried out in mountainous sites
of Europe.

Besides native provenances, basic material from Europe is also an important seed
source for Douglas fir. A large number of selected and tested seed stands in Europe, as well
as qualified and tested seed orchards and clones are available for harvesting across the con-
tinent [89]. Often, selected stands or qualified seed orchards are recommended as sources
of FRM for use within a European seed zone [76,78,80]. European land races have also
been recommended for use outside their area of origin, based on their good performance
in provenance tests; as for example the land race of South West Baden (Germany) which
is recommended as seed source in Austria, based on its performance in field trials [76].
Breeding programs offer an additional source of high quality FRM. The European Douglas-
fir Improvement Research Cooperative (EUDIREC) established by collaborating research

http://www.forestseedlingnetwork.com/resources.aspx
http://www.forestseedlingnetwork.com/resources.aspx
https://www2.gov.bc.ca/gov/content/industry/forestry
https://www2.gov.bc.ca/gov/content/industry/forestry
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organizations across Europe focuses mainly on building common breeding populations,
improving seed production methods, ex-situ conservation and development of a database
for European genetic resources [71]. In France, Douglas fir seed orchards established with
native (North American) genetic material consist an important seed source. Backward
selection of parents already took place in these seed orchards, based on results of progeny
testing. Target traits for selection were height growth, stem straightness and forking [20,90].
The rogued seed orchards are recommended as FRM source also outside France [78].

3.2.2. Grand fir

Concerning Grand fir (Abies grandis), guidelines for FRM transfer have been mainly
issued by countries with established provenance trials, i.e., most of the central European
countries, the United Kingdom to the West, Norway to the North and North Macedonia
in south-eastern Europe. In most cases, recommendations are based on the results of
provenance research, whereas, sometimes, use of European seed sources is also advised.
In general, the most recommended provenances are located within the coastal part of the
native range.

In particular, low and medium elevation provenances from the native range, beginning
at the north-eastern tip of the Olympic Peninsula and stretching south to Southern Puget
Trough and the eastern slope of the Coastal Range in Washington are highly recommended
in most of the countries which reported guidelines (seed zones number 221, 222, 231, 232
and 241, but also seed zone 030 from the western slope of the Olympic Peninsula). This area
includes the best performing provenances, e.g., Bear Mountain (Louella-Blyn), which uni-
formly displays superior growth across sites in Europe [91–94] and in the native range [95].
The most recommended seed zone 221, is included in the provenance recommendations of
Ireland, the United Kingdom, the Netherlands, Germany, the Czech Republic, Poland, as
well as North Macedonia.

Other areas within the coastal part of the native range that are recommended in two
or more countries are: (i) The western slope of the Cascades: In particular, seed zone 403
including is recommended in Germany and Czechia. Provenance Buck Creek (Darring-
ton), from this area, showed superior height growth and lower frost sensitivity across
many test sites in both countries [46,94], (ii) Eastern Vancouver Island in British Columbia:
Seed zone 1020 (Courtenay) is recommended for low to medium elevation sites in cen-
tral and (north-)western (sub-atlantic) Europe (Ireland, Great Britain, the Netherlands,
Germany, Czechia and Poland), as well as for warmer regions in the Southeast of the
continent (North Macedonia). This provenance is characterized by early flushing and good
growth [22,48,51,77,91,93], (iii) The Crest of the Cascades stretching south to Northern
Oregon: Seed zones from this region (e.g., seed zones 251, 621 and 622) are recommended
in the Netherlands and in Czechia under some restrictions [49]. Based on field trials, these
provenances might be suitable for dry climates of Europe [93,96], (iv) The eastern slope of
the Washington Cascades: Provenances from there are included in unofficial recommen-
dations in Austria and North Macedonia since they perform better under warmer and
drier conditions of central-eastern and south-eastern Europe [43,77], (v) The northernmost
parts of the Vancouver Island and the Western Cascades of Washington include suitable
provenances for Scandinavian countries [97].

Due to their higher frost resistance, the interior provenances from northern Idaho
might be an option for Scandinavian countries [97] and areas of high elevation with a more
continental climate [49,92]. However, it should be kept in mind that they display an overall
inferior growth performance (e.g., [43,93]).

In addition to native provenances, basic material from Europe constitutes also an
important source of FRM for grand fir. A number of identified seed sources, selected
stands, as well as qualified seed orchards and clones are available in Ireland, Great Britain,
Belgium, the Netherlands, Sweden, Germany, the Czech Republic, Poland and Slovakia [89].
These sources are included in the FRM transfer guidelines of several countries, including
Ireland and Germany (e.g., Baden-Württemberg-Germany, [70]). In particular, a series of
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“special provenances”, which are assumed to represent local land races are recommended
in north-western Germany [98]. In other cases, selected stands within a European seed
zone are recommended (e.g., in Bavaria-Germany, [78]). To our knowledge, European
seed sources have never been field tested, fact that increases uncertainty when FRM from
these sources is used, while the existing breeding efforts are at the level of qualified seed
orchards.

3.2.3. Sitka spruce

Regarding Sitka spruce (Picea sitchensis), the experience of European countries in breed-
ing programs is very diverse. Ireland, Great Britain, Denmark and the Scandinavian
countries though are beyond any doubt the ones who developed the most advanced breed-
ing programs for the species. The different intensity of provenance research and breeding
activities on Sitka spruce among European countries resulted in various forms of FRM
transfer guidelines. Current guidelines span from general suggestions about the most
suitable indigenous material (seed zones or provenances), to recommendations on native
origins, local land races and improved genetic material produced through intensive se-
lection and controlled crossings in breeding programs. Undoubtedly, the significance of
inter-provenance variation for the adaptation of Sitka spruce FRM to European conditions
is a well-studied and known topic, in the context of using Sitka spruce seed sources for
planting in Europe.

According to official and unofficial national recommendations, the main provenances
recommended in selected European countries are originating from British Columbia;
namely Haida Gwaii (seed zone 1110), Vancouver Island (seed zones 1010, 1020), Oregon
(seed zones 041, 051, 052, 053, 061, 062, 071, 072, 081, 082, 090) and Washington (seed zones
012, 030). Depending on the harshness of site conditions, Haida Gwaii provenances are
suggested as more cold hardy, whereas provenances from Oregon and Washington are con-
sidered to be more appropriate for milder conditions, however, the southern provenances
when compared to the Haida Gwaii and Vancouver Island ones, provide significantly
higher productivity [13,99–101]. For the extremely harsh conditions of western Norway,
material originating from Seward, Alaska is recommended [13,53]. Still, Haida Gwaii
provenances can be planted even in Scandinavia, and specifically in southwestern Norway
and southern Sweden [52,53]. Nevertheless, results obtained from plus tree progeny testing
indicate that the use of genetically improved FRM may be preferred over the indigenous
seed sources for future use in Europe.

In the case of countries with advanced breeding programs such as the United Kingdom,
Ireland or Denmark, the use of improved genetic material can be strongly recommended.
Tested progenies, obtained from controlled crosses among selected parents, are vegetatively
propagated and are the first choice for deployment in commercial plantations [102]. Ac-
cording to Samuel et al. [37], the use of improved forest reproductive material, on average,
allows for 15–20% additional profit compared to the one obtained from unimproved mate-
rial originating from Haida Gwaii. However, due to relatively rare mast seed years, the use
of improved seed from seed orchards may not be sufficient to cover the needs, requiring
also the use of seed from non-improved local stands of the species.

3.2.4. Lodgepole pine

For lodgepole pine (Pinus contorta) the afforestation interest is currently limited to the
northern European countries–especially Sweden–and, to a lesser extent in Great Britain.
This is due to the good growth performance of the species in the Nordic countries [57,103]
and to its lower susceptibility to insects (especially Rhyacionia buoliana; [104–106], compared
to that recorded in more southern latitudes. Therefore, countries that issued FRM transfer
guidelines and responded to our questionnaire are limited to the North-Northwest of the
continent. In particular, official guidelines are available in Ireland, the United Kingdom,
Norway and Sweden, while non official ones exist in Estonia.
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In the above mentioned European regions and countries, provenance research and
practical experience led to the recommendation of different varieties and provenances
depending on the climatic conditions. In general, the Pinus contorta var. latifolia variety is
better suited to regions with more continental climate, like Sweden and the inland sites
of Norway, while the Pinus contorta var. contorta variety displays superior performance in
areas under strong oceanic influence, like the British Isles and coastal areas of Norway.

In particular, coastal Alaskan provenances of the contorta variety have been recom-
mended for growing in nursing mixtures with Sitka spruce, while north coastal origins of the
same variety, including the Vancouver Island and Haida Gwaii seed sources, are considered
suitable, as being hardy in general, in Great Britain [106] and in Ireland, especially for the
infertile upland sites of the country [107]. South coastal provenances should be preferred
in less exposed mineral sites of Ireland [107], whereas Skeena River seed source, which
represents a transition zone between the varieties contorta and latifolia, has been recom-
mended for less exposed mineral soils in the United Kingdom [106]. In Norway, coastal
Alaskan provenances are also recommended for the coastal areas of the country, with the
coastal provenance Skagway being recommended for the harsher coastal sites [108–110].
Along the Norwegian coast, an increase of survival was observed when the latitude of the
seed origin was increasing [111]. Contrariwise, moving the latifolia variety provenances
to the North, by two to five degrees (compared to the latitude of the seed origin), has
been suggested in Sweden. Such a transfer enhances frost hardiness and, in contrast to
an altitudinal transfer, is not connected with significant height losses [112–115]. Apart
from Sweden, the latifolia variety, and particularly the provenances originating from the
northern half of British Columbia and southern Yukon are recommended for south-eastern
Norway [108–110]. Finally, provenances of the same variety from British Columbia and
Montana are unofficially recommended in Estonia [116].

In addition to provenance research, breeding programs have been launched in order
to provide forest reproductive material of high quality in two of the aforementioned
countries. In Sweden, breeding has mainly focused on improving growth, survival and
form traits [117,118]. Base material for breeding was initially collected for the latifolia variety
from more than 100 native stands growing in Yukon, British Columbia and partly in Alberta,
Canada. The current collection of plus trees mainly consists of young individuals selected
from the best open pollinated families, that were OP progenies of the initially selected plus
trees in the 100 native stands of the species (see [118] and citations therein). Seed orchards
of the above mentioned breeding program are the preferred lodgpole pine seed source
for the Swedish Forestry [119]. In Great Britain, a particular focus of a former breeding
program was the identification of inter-provenance hybrids, combining the good vigor of
the south coastal material with the good form of the interior provenances. However, due to
changing trends in afforestation [120], environmental concerns and insect outbreaks there
has been a major decline in afforestations with lodgepole pine and the breeding program
has been terminated.

3.2.5. Black locust

Regarding Black locust (Robinia pseudoacacia), and given the recent extensive experience
obtained from the breeding programs carried out in specific European countries, the
recommendations on FRM mainly refer to European basic material (seed sources, stands,
orchards, clone/clonal mixtures). The species naturalization in Europe’s conditions after
its introduction led to the testing of local land races, and not of indigenous FRM material,
in eight European countries (i.e., Hungary, Croatia, Germany, Austria, Belgium, Poland,
France and Spain).

In Western and Central Europe, the use of FRM from seed sources, seed stands and
orchards is country-specific. Mostly seed from Hungarian, Romanian and Bulgarian
qualified seed orchards and selected seed stands is recommended in Western European
countries, although according to the official national recommendations also local genetic
material (collected from qualified seed orchards, or selected seed stands) can be planted.
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Concerning FRM of clones and clonal mixtures, only specific clones are recommended in
more than two countries. While Hungary is the leading country in selection and breeding of
black locust, the majority of cultivars included in the national recommendations were field
tested but not produced in the country. For Central and Western Europe the three tested
clones Appalachia (Eppelecsi), Jáseed zonskiséri and Nyireségi are recommended, however
four other clones (i.e., Kiskunsági, Üllôi, Zalai and Rózsaseed zonesìn) seem to be also
appropriate. For countries with advanced black locust breeding programs, locally tested
clones of good performance may be a promising alternative to the commonly recommended
ones [63,66,68,121,122].

4. Discussion

The present review on non-native tree species provenance recommendations across
Europe summarizes the huge efforts of several generations of forest scientists to assess the
quantitative and adaptive genetic variation of non-native trees in Europe and to utilize
this knowledge for successful, stable and productive reforestation programs. Although
many trial series were established under the aegis of IUFRO in transnational cooperation,
which included common seed harvests in the species’ native range, common experimental
designs, common standards and measurement periods, our analysis shows that little efforts
were made to consolidate the measured trial data across countries and to provide results
from joint data analysis, publications and provenance recommendations for the whole
continent.

Instead, the majority of trials were analyzed at a national level providing field guide-
lines for nurseries and practitioners. So far, this “nationalizing” of international trials made
it very difficult to draw common conclusions and to establish European breeding programs.
Moreover, the lack of transnational analysis concealed the fact that many trials across
Europe showed very comparable results and recommendations. For example, the most
well-adapted and productive provenances of Douglas-fir for many European countries
originate from the western Cascade Range in Oregon, Washington and British Columbia,
and the exact order of ranks within a given trial rather depends on which provenances were
tested at a certain test site and not necessarily on the origin of the provenances. Thus, our
review confirmed North American studies on the adaptive landscape of these conifers in
relation to traits such as growth, bud burst or cold resistant (e.g., [123–126]). These adaptive
landscapes can be considered a result of population history, demography (e.g., [127]) and
local adaptation [128], where population differentiation can mostly be linked to climate
variables (e.g., mean temperatures, coldest month temperatures, etc.) along gradients from
South-to-North and West-to-East. The amount of variation explained by climate variables
differs among species and subspecies [126]. Across species, the European recommendations
widely fit to these findings and suggest that plantations in Northern Europe or at higher
elevation should rather include provenances that originate from higher altitudes or more
northern areas of the species natural ranges, whereas plantations with lower frost risk
should rather use genetic materials originating from coastal regions (not to confuse with
the coastal subspecies) and lower elevations. The comparable recommendations among Eu-
ropean countries and the high congruence to range-wide North American studies indicate
that future experiments might not need to cover many different countries, but the most
important ecoregions and bioclimatic zones. Moreover, existing models for quantitative and
adaptive traits developed in North America [124,126] could be transferred to the European
landscape to preselect the most promising seed sources. Recently, a similar transfer, but
in the opposite direction, demonstrated the applicability of provenance-specific growth
models of Douglas-fir from Central Europe to the species native range in Western North
America [129]. For Sitka spruce and lodgepole pine such models are already available and
should be applied for the European landscape for provenance preselection [123,130–132].
Similar accurate data are missing for grand fir, however similar geographic variation of
traits was identified in European [133] and North American trials [134]. For black locust,
so far no geographic variation among provenances was detected [135]. Overall, our review
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highlights the need for better transnational (within Europe) and transcontinental exchange
of data, models and seed sources, to select appropriate seed material for future plantations.
In particular, such data exchange will be needed if new and so far not used or tested
tree species need to be transferred in the light of climate change to Europe or vice versa.
For example, North American conifers such as ponderosa pine (Pinus ponderosa), interior
spruce (Picea glauca, Picea engelmannii, and their hybrids) are well studied species within
their native range, fact that could potentially allow easy model transfers for provenance
preselection to Europe [125,126,136–138].

Present provenance recommendations of non-native tree species in Europe are mainly
based on seed collections within the 1960ties and 1970ties and on trials established within
the 1970ties and 1980ties. These decades can be described as the most significant era of
provenance research, with wide-ranging cooperation among countries and continents,
which even allowed cooperation among political systems (e.g., see [139] for results on
IUFRO-trials in Eastern Germany). By the end of the 1980ties, the most important inter-
national and national provenance trial series on Douglas-fir, grand fir, Sitka spruce and
lodgepole pine were already established and the interest in new trial series was limited.
And although non-native deciduous trees, such a black locust or red oak, are of similar
importance as conifers, the provenance research community in most European countries
lacked interest until the end of the 1990ties to establish single trials or trial series across
several countries. Only recently, a number of European countries started transnational
activities to establish arboreta with different black locust varieties.

Given that present provenance recommendations are based on measurements made
in past climate on trees that were grown out of seed harvested more than 50 years ago,
a growing number of scientists questioned the role of old provenance experiments for
recommending future reforestation stock [140,141]. And indeed, comparisons of current
temperature change to paleoclimatic variations suggest that new climates, substantially
different from current conditions might evolve in the future and give rise to new ecosys-
tems [142,143]. On the other hand, provenance trials were identified to be most valuable
tools to identify the breadth of species climatic niches and to develop seed transfer and as-
sisted migration schemes (e.g., [123,138,144]). For example, Chakraborty et al. [17,145] used
a comprehensive dataset of provenance trials located in Austria and southern Germany to
model tree height and basal area of Douglas-fir in relation to the climate of the plantation
trial site and the climate of provenance origin. This model, a so-called ‘Universal-Response-
Function’ Wang et al. [131] allowed to identify the most important climatic drivers for tree
growth and to calculate the response of individual provenances to climate change. For
Douglas-fir, Chakraborty et al. [17,145] found that populations originating from regions
with average annual temperatures ranging among 6–8 ◦C perform best in the current
climate, while future reforestations should make use of seed material from slightly warmer
climatic origins whose mean temperature is between 7–9 ◦C. Such new seed sources might
be either obtained from lower altitudes or from more southerly located seed zones in North-
west America. However, climate change might not only require adapted seed material,
but will enable additional plantations on further forest sites: in particular high elevation
sites (above 1000 m a.s.l.) will become more suitable for Douglas-fir [17]. ‘Universal-
Response-Functions’, as done for Douglas-fir [145] or lodgepole pine [131], should also
be developed for other non-native species to better utilize existing provenance data and
to allow predictions for global change. But even existing models have limitations when
applied for climate change because most trials series miss provenances from climatically
extreme locations in the native range, as such provenances were not considered in previous
trials due to practical reasons. For example, Douglas-fir trials in Europe rarely contain
southern provenances from California or Mexico and northern provenances from northern
British Columbia. Moreover, past common garden series miss trials at climatically extreme
sites, and did not tested non-native species and their provenances consistently towards the
species range limits [144,146]. Instead, past trials were established under optimal climate
conditions to select the most productive planting stock for foresters. This constrains the
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applicability of provenance recommendations and climate response models to climate
change scenarios beyond the limit of the past trial climate. For example, Chakraborty
et al. [17] estimated an increasing model uncertainty for trial locations with mean annual
temperatures above 9 ◦C, a temperature which is predicted to occur frequently in many
parts of Europe in the face of climate change. Thus, new trial series are urgently needed
either within the species native or non-native range, which should rather aim at achieving
a better understanding of the species-specific climate constraints and the correlations be-
tween functional trait variation and the environmental conditions of trial sites and origins
of the tested seed sources. Carefully designed with provenances from the entire climatic
range, and trial sites established within and outside of the species climatic range, such trial
series would push our understanding of the species local adaptations and would allow
identifying suitable future reforestation stock. Due to the availability of gridded climate
data and multivariate climate response models such as the universal response functions or
multivariate regression tree approach [126], such trial series can be achieved with fewer
provenances planted on fewer trial sites without affecting the prediction accuracy of the
models [131]. Thus, in 15–20 years new data for improved models allowing predictions for
wider climate spaces could become available.

While the scientific interest in provenance research across Europe decreased in the
late 1980ties, several countries increased their tree breeding activities which were ongoing
since the 1970ties (e.g., [37]). Such activities were either based on the results of the previ-
ous provenance experiments or on selecting superior plus trees growing in commercial
plantations, by subjecting them to intensive selection. For example, within the British tree
breeding program for Sitka spruce, selection intensity among plus trees of commercial plan-
tations was around 1:75,000 for the first ten years [147]. Another example is the Douglas-fir
breeding program in France, where more than 500 provenances were tested in 62 trials
to identify the best seed sources. This provenance testing was accompanied by progeny
testing on 500 plus trees from France and IUFRO collections [20]. Similar programs exist
for lodgepole pine in Sweden [57] and to a smaller extent for black locus in Hungary [121].
Successful breeding programs with significant improvements in productivity and quality
already contribute to the national reforestation activities by providing seed materials from
seed orchards and vegetative propagation [13]. Given (i) the regulatory frameworks on
forest reproductive material in the EU (European Union) and OECD (Organisation for
Economic Co-operation and Development), (ii) the decline of old forests for seed harvest,
and (iii) the ongoing tree improvement programs in the species’ native ranges, it can be
expected that seed imports into the EU might further decline in the long-term. Thus, the
European breeding programs are the promising perspective for future seed procurement.
However, the various national programs need to be strongly promoted across the country
borders and develop further into European breeding programs for transnational breeding
zones [36].

5. Conclusions

Consolidation of trial data obtained across countries will render possible the joint
analysis that is urgently needed, and will facilitate the development of ‘Universal-Response-
Functions’ for the species of interest, rendering possible the identification the genetic
material suitable for global change. New provenance trial series testing seed sources from
the entire climatic range of the species, established in sites falling within and outside their
ranges, are urgently needed for understanding the species-specific climate constraints and
for correlating functional traits to the seed origin and the environmental conditions of the
test sites, so that the selection of suitable forest reproductive material of non-native tree
species in the face of climate change can be feasible.
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of their FRM in the participating countries.
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