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Abstract 
Malmqvist, Cecilia (2017). Planting and survivability of Douglas fir (Pseudotsuga 
menziesii (Mirb.) Franco) in Sweden: Questions of seedling storability, site preparation, 
bud burst timing and freezing tolerance, Linnaeus University Dissertation No 275/2017, 
ISBN: 978-91-88357-57-1. Written in English. 
The non-native Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) has been 
grown to a limited extent in the southern part of Sweden since the early 1900s. A 
more extensive use has probably been curtailed by its known susceptibility to 
damage by frost, pine weevil and other pests. Limited access to vital seedlings of 
suitable provenances has also restricted its more widespread growth. The need for 
valuable species that will grow well through ongoing climate change has increased 
the interest for Douglas fir in Sweden. 
 
This thesis addresses a number of important questions relating to the planting of 
Douglas fir in Sweden: seedling storability, freezing tolerance, timing of bud burst, 
frost damage and seedling response to site preparation. Seven Douglas fir 
provenances originating from British Columbia, Canada were used in the 
experiments and where applicable, compared with a local provenance of Norway 
spruce (Picea abies (L.) Karst.). The early bud burst of interior Douglas fir 
provenances, observed both in greenhouse tests and in the field, results in a high 
risk of damage by late spring frost. This type of damage does not seem, however, 
to be fatal and does not obviously retard the early growth of seedlings. The 
difference in growth between coastal and interior provenances was insignificant, 
but survival was greater for interior than for coastal provenances. All the 
provenances of Douglas fir studied showed a later development of freezing 
tolerance of shoots and roots in the autumn than Norway spruce, with the coastal 
provenances developing such tolerance even later than interior provenances. This 
could be a contributory cause for the severe damage by winter desiccation observed 
on seedlings of coastal origin. A thorough site preparation proved to be an 
effective way to increase survival and root growth. Interior provenances of Douglas 
fir became ready for storage earlier in autumn than coastal provenances. When 
freezing tolerance of shoots had increased sufficiently, Douglas fir seedlings could 
safely be kept in frozen storage using the same procedures used for Norway spruce. 
The results emphasise the need to gain further knowledge about how the 
remaining obstacles to establishment of Douglas fir could be reduced with 
different silviculture methods. 
 
Keywords: regeneration, provenances, coastal, interior, frost damage 
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tidigare på våren än kustprovenienserna. Den tidiga skottskjutningen leder till 
att de i högre utsträckning riskerar att drabbas av försommarfrost. Skadorna 
orsakade av försommarfrost påverkade dock inte dödligheten i 
proveniensförsöket på Tönnersjöhedens försökspark i Halland. Tvärtom var 
överlevnaden högre bland inlandsprovenienserna än kustprovenienserna. Det 
fanns inte någon signifikant skillnad i tillväxt efter sex växtsäsonger mellan 
inlands- och kustprovenienserna. Dödligheten hos kustprovenienserna 
orsakades troligen av den svåra frosttorka som drabbade plantorna den tredje 
våren efter plantering. Fryståligheten hos skott och rötter utvecklades senare 
på hösten hos alla douglasgranprovenienser jämfört med den lokala granen i 
växthusförsök i Dalarna. Skottens frystolerans hos kustprovenienserna 
utvecklades senare än för inlandsprovenienserna. Rötternas uppvisade 
generellt svag tolerans mot kyla och utvecklingen av rötternas frystolerans 
startade sent på hösten jämfört med skotten. Sen och/eller ofullständig 
utveckling av fryståligheten på hösten kan vara en bidragande orsak till de 
skador av frosttorka som observerades hos kustprovenienserna av douglasgran 
i proveniensförsöket på Tönnersjöhedens försökspark på våren.  

Markberedning är en väl beprövad metod för att förbättra förutsättningarna 
för plantan vid plantering. För douglasgranen visade sig markberedning vara 
en förutsättning för hög överlevnad. Douglasgranen dog i betydligt högre 
utsträckning än granen om den planterades utan markberedning. Däremot hade 
inte typen av markberedning så stor betydelse för överlevnaden. Den mest 
radikala markberedningen, där humus och mineraljord blandats om bidrog 
dock till att douglasgranens rottillväxt ökade.  

Vid undersökning av lagringsbarheten av douglasgranplantor visade det sig 
att de tål fryslagring i en vanlig plantfrys i ca fyra månader och bör därför 
kunna behandlas på ungefär samma sätt som vanlig gran och tall i plantskolan. 
Dock tyder den sena utvecklingen av frystolerans jämfört med vanlig gran på 
att inlagringen inte kan göras förrän senare på hösten.  

 
Några rekommendationer för det praktiska skogsbruket kan göras: 

⋅ välj en inlandsproveniens för att minska risken för att plantorna 
ska drabbas av höstfrost eller frosttorka.  

⋅ markbered före plantering 
⋅ välj en ståndort med liten risk för vårfrost alternativt plantera 

under skärm 
⋅ ställ krav på vitala plantor av önskad proveniens från plantskolan. 

Fryslagring möjliggör senare planteringstidpunkt, vilket kan vara 
ett sätt att undvika vårfrostskador första året. 

 
Resultaten visar samtidigt på behovet av fortsatt forskning och 

förädlingsarbete för svenska förhållanden. Det direktimporterade materialet 
uppvisar olika svagheter och risker vid användning i vårt klimat. Vissa 
ogynnsamma klimathändelser riskerar dessutom att bli mer frekventa i ett 

4 

Sammanfattning 

Douglasgran (Pseudotsuga menziesii (Mirb.) Franco), som ursprungligen 
kommer från västra Nordamerika, har odlats i Sverige i mindre skala under 
drygt 100 år. Det finns troligen flera orsaker till den begränsade omfattningen 
på odlingen, till exempel osäkerhet kring proveniens- och plantval samt 
befarad risk för skador av frost och snytbagge i föryngringsfasen. Den 
pågående klimatförändringen påverkar odlingsförutsättningarna för flera 
trädslag i Sverige. Vår inhemska gran (Picea abies (L.) Karst), som är det 
vanligaste trädslaget i södra Sverige, riskerar i framtiden att drabbas av 
skadegörare i större utsträckning än idag, särskilt med tanke på 
klimatförändringarna. Douglasgranen, är ett av de trädslag som diskuteras som 
ett alternativ. Douglasgranen är huvudsakligen intressant tack vare sitt 
kommersiellt värdefulla och användbara virke samt förmågan att i hög grad 
anpassa sig till nya förhållanden. Den odlas i stor skala i vissa delar av 
Europa, som till exempel i Tyskland och Frankrike. Om douglasgranen ska 
kunna odlas i något större omfattning i Sverige, behöver en del av de 
osäkerhetsmoment som nämnts ovan klarläggas.  

 
Denna avhandling behandlar några frågor av vikt för föryngring av 

douglasgran under svenska förhållanden:  
⋅ unga plantors frystolerans på hösten och skottskjutning på våren 
⋅ överlevnad och förekomst av frostskador i fält 
⋅ plantors lagringsbarhet i plantskolan 
⋅ markberedningens påverkan på plantors överlevnad och tillväxt  

 
Proveniensvalet är en central fråga vid odling av främmande trädslag. I 

dessa studier har sju provenienser från British Columbia (Kanada) använts. Av 
de testade provenienserna var tre inlandsprovenienser och fyra är 
kustprovenienser. I de fall det varit möjligt har även jämförelse med vår 
inhemska gran gjorts. 

Resultaten, från ett fältförsök utanför Asa i Småland och ett växthusförsök 
i Vassbo i Dalarna, visar att inlandsprovenienserna påbörjar sin skottskjutning 
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framtida klimat. Vi behöver även öka kunskapen om hur olika skötselåtgärder 
kan motverka skador orsakade av frost i föryngringsfasen. För att kunna 
producera fler plantor effektivt i befintliga plantskolor behöver utformning 
och effekter av t.ex. långnattsbehandling och fryslagringens längd undersökas 
närmare. Dessutom bör tröskelvärden och testmetoder för 
douglasgranplantornas härdighet och vitalitet konfirmeras. 
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Introduction 

According to the Intergovernmental Panel on Climate Change, ongoing 
global warming is occurring because of anthropogenic factors (IPCC 2014). 
Forestry and the use of harvested wood can mitigate climate change as forest 
and wood products form a considerable carbon sink (Werner et al. 2010; 
Lundmark et al. 2014). In Sweden, the changes in climate are predicted to 
move the climatologically established vegetation zones northward (Bradshaw 
et al. 2000), allowing and indeed, needing, other species to become 
established. Norway spruce (Picea abies L. Karst) is the most common tree 
species in Sweden, comprising as much as 42 % of the total standing volume 
(Skogsdata 2016). It is one of the species that will have difficulty coping with 
higher temperatures and the increased risk of wind damage due to climate 
change. An alternative to Norway spruce in some places may be the non-
native Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) (Spiecker et al. 
1996; Commission on Climate and Vulnerability 2007; Eriksson et al. 2016). 
Douglas fir is geographically the most wide-spread exotic species in Europe, 
present in 19 countries (Carrillo-Gavilán & Vilà 2010). The interest in 
Douglas fir has increased in Sweden because of its capacity to adapt to 
changing environmental conditions (Isaac-Renton et al. 2014), but also due to 
its potentially fast growth (Karlberg 1961; Nord-Larsen et al. 2009) and 
commercially valuable wood (Hermann & Lavender 1999; Hansson 2014). 
According to Zobel et al. (1987) exotics can only be used if the species, apart 
from providing the benefits mentioned above, also can grow well in 
plantations without shelter and is environmentally acceptable. Whether 
Douglas fir is environmentally acceptable lies outside the scope of this thesis, 
but it is appropriate to point out the need for its consideration. Very few 
scientists perceive exotic conifers in Europe as problematic. Only a few 
studies have investigated aspects related to biological invasions related to 
exotic species (Carrillo-Gavilán & Vilà 2010). Felton et al. (2013) highlighted 
the risks of increased use of Douglas fir in Sweden, with special attention to 
invasiveness, pests, pathogens and biodiversity. 
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Figure 1. The natural range of Douglas fir (Pseudotsuga menziesii (Mirb.) 
Franco). Green: coastal Douglas fir; turquoise: interior Douglas fir (U.S. 
Geological Survey 1999). 
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 Douglas fir has been grown to a limited extent in the southern part of 
Sweden since the early 1900s (Martinsson & Winsa 1986; Lemoine & Wirtén 
1988). A more extensive use has probably been curtailed by its known 
susceptibility to damage by spring and autumn frosts, pine weevils, browsing 
and other pests. Limited access to vital seedlings of suitable provenances has 
also restricted its more widespread growth (Witte 1948; Kardell 2013; 
Wallertz et al. 2014).  

 
 

Geographical distribution 
The genus Pseudotsuga (Carr.), a member of the Pinacaeae family, 

includes approximately five species of trees found in North America and Asia 
(Colangeli 1982; Strauss & Doerksen 1990). All species except Douglas fir, P. 
menziesii, have restricted ranges: P. macrocarpa (Torr.) grows in southern 
California at 200 - 2700 m elevation, P. sinensis (Dode) is scattered in central 
China at elevations between 800 and 1200 m, P. wilsoniana (Hayata) grows in 
Taiwan at 800 - 1500 m elevation and P. japonica (Shiras.) Beissn. is confined 
to southeast Japan at elevations from 300 to 1000 m.  

The natural distributions of Douglas fir stretch from central British 
Columbia in Canada in the north to Mexico in the south, and from the Rocky 
Mountains in the east to the Pacific coast in the west (Fig. 1). It also occurs at 
a wide range of elevations, from sea level to 1800 m in coastal areas and 
between 600 m and 3000 m in the inland areas (Hardin et al. 2001). In its 
natural range, Douglas fir grows under various climatic conditions, from 
maritime climates in the coastal regions to continental climates in 
mountainous areas (Larson 2010). Two varieties have been identified: the 
coastal Douglas fir (var. menziesii) and the interior Douglas fir (var. glauca).   
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provenances. Provenances from Washington and British Columbia, for 
example, have shown advantageous performance regarding stem form and 
resistance to fungi. The interior provenances were not even included in the 
later provenance trials because of poor performance in both health and growth 
in the earlier trials (Larsen & Kromann 1983; Lundberg 1957). In West 
Norway on the other hand, results from a provenance experiment indicate that 
the most interesting areas for collecting seeds are the interior of British 
Columbia, the Coast Mountains of British Columbia and the Cascade Range in 
Washington and northern Oregon. Survival rate was distinctly higher for the 
interior provenances (Magnesen 1987). According to Kurkela (1981), the 
coastal Douglas fir is unsuitable for growing in Finland due to poor frost 
tolerance.  

In Sweden, a combined provenance and progeny trial was established at 
seven locations in 1990 - 91 (Fig. 2).  
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Douglas fir has been successfully introduced to many countries in Europe.  
France, Germany and Great Britain are among those with the largest share of 
plantations (Hermann & Lavender 1999). In France, Douglas fir has been the 
main species used for reforesting since the 1970s (Curt et al. 2001). Douglas 
fir stands cover about 400 000 ha in France (Ferron 2010), about 180 000 ha 
in Germany (Bastien et al. 2013) and more than 45 000 ha in Great Britain 
(Anon 2016). In Sweden over the last century, Douglas fir has been planted, 
but on a very small scale. In the late 1980s, Lemoine and Wirtén (1988) 
estimated there were 100 ha of productive forest land containing Douglas fir 
in Sweden. The total area of productive forest land in Sweden is 23 400 000 
ha (Skogsdata 2016). At present, the extent of Douglas fir stands in Sweden, 
still estimated, is slightly more than 500 ha (Wallertz et al. 2013).  

The climate in the Pacific Northwest America is very different in the 
separate regions (Hermann & Lavender 1990). In the coastal areas, the climate 
is extremely maritime. In the Rocky Mountains, the climate is continental; 
between the Coastal Range and the Rocky Mountains it is intermediate. In 
Sweden the climate is semi-maritime, with relatively mild winters considering 
the northerly latitudes (SMHI 2016). According to the Köppen-Geiger climate 
classification (Geiger 1961), the coastal areas in the south of Sweden are 
considered to be in the warm temperate zone, while the rest of Sweden is 
within the cold temperate zone, apart from the bare mountain region in the 
north that is in the polar zone (SMHI 2016).  

Provenances 
Natural selection results in tree populations adapted to their growing site. 

However, there are opportunities to increase both yield and performance of 
trees through an active choice of seed origin, partly because the rate of climate 
change currently appears to be outpacing that of evolution (O’Neill et al. 
2008). When planting a species outside its natural range, the seed origin, its 
provenance, is apparently important. In order to evaluate differences among 
trees from different geographic areas, provenance trials have often been 
among the earliest research carried out when a new species is introduced to a 
country. This type of trial makes it possible to separate genetic differences 
from environmental variation (Aitken & Hannerz 2001). Provenance trials 
with Douglas fir have been carried out throughout Europe. Results from 
provenance trials in the Czech Republic confirmed high variability between 
provenances regarding growth, mortality and resistance to adverse factors. 
Also, within some provenances, the variability was high (Cafourek 2001). 
Provenances of coastal origin are regarded most suitable for planting in the 
Czech Republic, the Netherlands and Germany (Veen 1951; Cafourek 2001; 
Konnert & Ruetz 2006). In Denmark, where the breeding programme started 
in the early 1900s (Hansen et al. 2016), the priority is also coastal 
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trial have been set up in southern Sweden, including both interior and coastal 
provenances (Wallertz et al. 2013). The provenance trial was located at 
Tönnersjöheden Experimental Forest (56°43’N, 13°08’E), southwest Sweden. 
The results are included in this thesis (Paper III). Establishment tests were at 
the same time carried out in privately-owned plantations, including the same 
provenances as in the new provenance trial at Tönnersjöheden Experimental 
Forest (Wallertz et al. 2013).  
  

16 

Figure 2. Seed zones (I - II: interior zone, III: transition zone, IV: coastal 

zone) and collection sites of seeds in British Columbia, Canada and 

Washington, USA for the experimental material (the map to the left) and sites 

for field trials in Sweden (the map to the right) performed by Martinsson and 

Kollenmark (2001).  

 
When measured at nine years old, the interior provenances proved healthier 

at all locations (Martinsson & Kollenmark 2001). On the basis of the results in 
the study performed by Martinsson and Kollenmark (2001), a new provenance 
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parts. Norway spruce show a similar pattern, where the northern provenances 
burst bud earlier than the southern provenances. In Sweden, this pattern is 
used to reduce risk for late spring frost by transferring provenances 
northwards (Wennström et al. 2016).  

 

Damage to seedlings 
Insects and vertebrates 
Insects do not generally pose a severe problem for Douglas fir regeneration in 
Canada (Hermann & Lavender 1990; Vyse et al 1990). However Hermann and 
Lavender (1990) described damage by rain beetles (Pieocoma spp) and 
weevils (Steremnius carinatus) in plantations, and strawberry root weevil 
(Otiorhyncus oratus) and cranberry cirdler (Chyrsoteuchia topiaria) in 
nurseries. Observations from Germany and France have revealed that the 
indigenous insects and fungus detect the Douglas fir, which is why the longer 
the exotic species is grown in the country, the more infected it becomes 
(Bussler & Blaschke 2004; Bertheau et al. 2009). The aphid Adelges cooleyi 
was observed in Sweden in the 1930s (Witte 1948). Pine weevil (Hylobius 
abietis) is a critically important pest that causes damage to conifer seedlings in 
northern Europe when regenerating stands after clearcutting. When Wallertz et 
al. (2014) compared feeding by pine weevil on exotic and native conifer 
seedlings, Douglas fir was, together with Sitka spruce, initially more debarked 
than Norway spruce and Scots pine. In Paper I, pine weevil showed a clear 
preference for feeding on Douglas fir compared to Norway spruce.  

Ungulate browsing greatly influences regeneration dynamics in terms of 
survival and growth of seedlings (Cole & Newton 2009; Burney & Jacobs 
2011). Rooting by wild boar had no effect on the regeneration of Douglas fir 
in the Netherlands (Groot Bruindering & Hazebroek 1996).  

 

Fungi 
There are several fungi that can infect Douglas fir. Rhabdocline needle cast 

(Rhabdocline spp.) and Swiss needle cast (Phaeocryptopus gaeumannii) have 
been reported as the most severe in countries such as Finland, Germany and 
New Zealand (Kurkela 1981; Bussler & Blaschke 2004; Watt et al. 2010), 
although they did not attack young seedlings. Rhabdocline needle cast is 
however one of the reasons for choosing only costal provenances in Germany, 
because the interior provenances are more susceptible (Bussler & Blaschke 
2004). Infection by the root rot Pytium undulatum resulted in foliage losses, 
instability and death in Christmas tree plantations of Douglas fir in northern 
Germany (Weber et al. 2004). Douglas fir has shown susceptibility to root rot 
caused by Heterobasidion annosum in its early years in Europe (Rönnberg et 
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Phenology 
The sequence of morphological changes does not vary with environment 
according to Allen & Owens (1972), but the time at which the different events 
occur (the phenology) does. A combination of environmental factors, such as 
photoperiod and thermoperiod has been shown to affect growth cessation, bud 
development and frost tolerance of conifers (Wareing 1956; Ekberg et al. 
1979; Lavender 1981; Dormling 1993; Hannerz 1999; Hannerz & Westin 
2000).  

Increased night length is the most important factor for initiating bud set 
and starting the process of cold acclimation in conifers. The “critical night 
length” (when 50 % of a population starts to set bud) depends on the origin or 
provenance of the trees (Ekberg et al. 1979; Dormling & Lundkvist 1983; 
Grossnickle 2000). Differences in growth cessation have shown to be 
substantial between interior Douglas fir, having early growth cessation, and 
coastal Douglas fir with much later cessation (Rehfeldt 1977). After the 
seedlings have set bud and entered dormancy (Dormling et al. 1968; Ekberg et 
al.1979; Fushigami and Nee 1987), they start to build up their cold hardiness 
(Bigras & Colombo 2001). During dormancy, no apical shoot growth occurs. 
The thermoperiod is especially important during the hardening phase and 
exposure to low temperatures is needed in order to obtain maximum freezing 
tolerance (Sakai & Larcher 1987). The freezing tolerance of Norway spruce 
increased rapidly when the daily mean temperature fell below 0ºC, and the 
dehardening was likewise rapid when the temperature rose several degrees 
above zero in spring (Repo 1992).  

A period of about 50 days of chilling (at 0 - 5 °C) is required for Douglas 
fir seedlings to break the dormancy state (Campbell 1974). Interior 
provenances of Douglas fir have a lower chilling requirement than coastal 
provenances according to Campbell and Sugano (1979). Norway spruce has a 
chilling requirement of about 15 - 30 days (Hannerz et al. 2003). Once 
dormancy is broken, bud development can start if the seedling is exposed to 
warm temperatures (Hannerz et al. 2003; Bailey & Harrington 2006). The sum 
of accumulated temperature is commonly used for describing the difference in 
timing of bud burst among different tree species (Cannel & Smith 1983) as 
well as between provenances of, for example, Norway spruce (Hannerz 1994; 
Morén & Perttu 1994; Hannerz 1999). The time of bud burst is highly 
correlated with spring frost hardiness (Sögaard et al. 2008), which is why it is 
a useful indicator of species suitability for a particular location (Howe et al. 
2003; Anekonda et al. 2004; Gould et al. 2011). The time of bud burst is 
sometimes considered to be correlated with latitude, longitude or altitude 
(Christophe & Birot 1979; Edman 1997; Howe et al. 2003; St Clair et al. 
2005; Coops et al. 2010). Edman (1997) found a strong correlation between 
longitude and time of bud burst for families from the most eastern parts of 
British Columbia that burst bud earlier in spring than those from the western 



19 

parts. Norway spruce show a similar pattern, where the northern provenances 
burst bud earlier than the southern provenances. In Sweden, this pattern is 
used to reduce risk for late spring frost by transferring provenances 
northwards (Wennström et al. 2016).  

 

Damage to seedlings 
Insects and vertebrates 
Insects do not generally pose a severe problem for Douglas fir regeneration in 
Canada (Hermann & Lavender 1990; Vyse et al 1990). However Hermann and 
Lavender (1990) described damage by rain beetles (Pieocoma spp) and 
weevils (Steremnius carinatus) in plantations, and strawberry root weevil 
(Otiorhyncus oratus) and cranberry cirdler (Chyrsoteuchia topiaria) in 
nurseries. Observations from Germany and France have revealed that the 
indigenous insects and fungus detect the Douglas fir, which is why the longer 
the exotic species is grown in the country, the more infected it becomes 
(Bussler & Blaschke 2004; Bertheau et al. 2009). The aphid Adelges cooleyi 
was observed in Sweden in the 1930s (Witte 1948). Pine weevil (Hylobius 
abietis) is a critically important pest that causes damage to conifer seedlings in 
northern Europe when regenerating stands after clearcutting. When Wallertz et 
al. (2014) compared feeding by pine weevil on exotic and native conifer 
seedlings, Douglas fir was, together with Sitka spruce, initially more debarked 
than Norway spruce and Scots pine. In Paper I, pine weevil showed a clear 
preference for feeding on Douglas fir compared to Norway spruce.  

Ungulate browsing greatly influences regeneration dynamics in terms of 
survival and growth of seedlings (Cole & Newton 2009; Burney & Jacobs 
2011). Rooting by wild boar had no effect on the regeneration of Douglas fir 
in the Netherlands (Groot Bruindering & Hazebroek 1996).  

 

Fungi 
There are several fungi that can infect Douglas fir. Rhabdocline needle cast 

(Rhabdocline spp.) and Swiss needle cast (Phaeocryptopus gaeumannii) have 
been reported as the most severe in countries such as Finland, Germany and 
New Zealand (Kurkela 1981; Bussler & Blaschke 2004; Watt et al. 2010), 
although they did not attack young seedlings. Rhabdocline needle cast is 
however one of the reasons for choosing only costal provenances in Germany, 
because the interior provenances are more susceptible (Bussler & Blaschke 
2004). Infection by the root rot Pytium undulatum resulted in foliage losses, 
instability and death in Christmas tree plantations of Douglas fir in northern 
Germany (Weber et al. 2004). Douglas fir has shown susceptibility to root rot 
caused by Heterobasidion annosum in its early years in Europe (Rönnberg et 

18 

Phenology 
The sequence of morphological changes does not vary with environment 
according to Allen & Owens (1972), but the time at which the different events 
occur (the phenology) does. A combination of environmental factors, such as 
photoperiod and thermoperiod has been shown to affect growth cessation, bud 
development and frost tolerance of conifers (Wareing 1956; Ekberg et al. 
1979; Lavender 1981; Dormling 1993; Hannerz 1999; Hannerz & Westin 
2000).  

Increased night length is the most important factor for initiating bud set 
and starting the process of cold acclimation in conifers. The “critical night 
length” (when 50 % of a population starts to set bud) depends on the origin or 
provenance of the trees (Ekberg et al. 1979; Dormling & Lundkvist 1983; 
Grossnickle 2000). Differences in growth cessation have shown to be 
substantial between interior Douglas fir, having early growth cessation, and 
coastal Douglas fir with much later cessation (Rehfeldt 1977). After the 
seedlings have set bud and entered dormancy (Dormling et al. 1968; Ekberg et 
al.1979; Fushigami and Nee 1987), they start to build up their cold hardiness 
(Bigras & Colombo 2001). During dormancy, no apical shoot growth occurs. 
The thermoperiod is especially important during the hardening phase and 
exposure to low temperatures is needed in order to obtain maximum freezing 
tolerance (Sakai & Larcher 1987). The freezing tolerance of Norway spruce 
increased rapidly when the daily mean temperature fell below 0ºC, and the 
dehardening was likewise rapid when the temperature rose several degrees 
above zero in spring (Repo 1992).  

A period of about 50 days of chilling (at 0 - 5 °C) is required for Douglas 
fir seedlings to break the dormancy state (Campbell 1974). Interior 
provenances of Douglas fir have a lower chilling requirement than coastal 
provenances according to Campbell and Sugano (1979). Norway spruce has a 
chilling requirement of about 15 - 30 days (Hannerz et al. 2003). Once 
dormancy is broken, bud development can start if the seedling is exposed to 
warm temperatures (Hannerz et al. 2003; Bailey & Harrington 2006). The sum 
of accumulated temperature is commonly used for describing the difference in 
timing of bud burst among different tree species (Cannel & Smith 1983) as 
well as between provenances of, for example, Norway spruce (Hannerz 1994; 
Morén & Perttu 1994; Hannerz 1999). The time of bud burst is highly 
correlated with spring frost hardiness (Sögaard et al. 2008), which is why it is 
a useful indicator of species suitability for a particular location (Howe et al. 
2003; Anekonda et al. 2004; Gould et al. 2011). The time of bud burst is 
sometimes considered to be correlated with latitude, longitude or altitude 
(Christophe & Birot 1979; Edman 1997; Howe et al. 2003; St Clair et al. 
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moderate fertility. It will not thrive on poorly drained or compact soils 
(Hermann & Lavender 1990; McCarthy & Horgan 2003).  

 

Site preparation and planting 
Mechanical site preparation is widely used in Sweden to improve seedling 

establishment (Nilsson et al. 2010). Its purpose is to modify the micro-
environment for the seedlings by, for example, reducing frost occurrence and 
vegetation competition and increasing available moisture and nutrients 
(Newsome et al. 1990). At northern latitudes, increased soil temperature is 
essential (Landhäusser et al. 2001). There are several methods of mechanical 
site preparation. Patch scarification increases soil temperature and reduces 
competition from vegetation, but may reduce access to nutrients due to 
removal of the humus layer (Hallsby 1995). Mounding creates elevated spots 
with increased soil temperatures and good quality planting locations (Sharpe 
et al. 1990); however, it also increases the risk of drought and low root 
temperature exposure during snow-free cold winters (Lindström & Troeng 
1995). The warmer spring and early summer soil temperatures after a 
clearcutting may be advantageous for early seedling development (Ares et al. 
2007). Irrespective of the method used, seedlings exhibited the greatest growth 
with treatments that either reduced soil surface evaporation or vegetation 
competition in a study performed by Flint and Child (1987). The pure mineral 
soil surrounding the seedling will also reduce damage caused by pine weevils 
(Peterson et al. 2005). In British Columbia, the recommended reproduction 
method for Douglas fir in the coastal region is clearcutting with planting for 
both dry and wet sites (Arnott & Beddows 1985). Bareroot and container 
stocktypes have different characteristic that influence their ability to survive 
and become established at the planting site. Grossnickle and El-Kassaby 
(2016) reviewed literature within the subject and found somewhat ambiguous 
results regarding Douglas fir. Both stocktypes can result in a successful 
regeneration and which type to choose depends on site properties. 
Containerised seedlings seem, however, in many cases to be preferable 
because of enhanced root growth and reduced risk of root damage when lifted. 
Containerised seedlings also seem to cope better with frozen storage. In 
Sweden, both barerooted and containerised seedlings are used commercially, 
as well as in this thesis. We did not study the influence of stocktype though, as 
in each of the studies only one of either barerooted or containerised seedlings 
was used.  
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al. 1999; Greig et al. 2001) and caused by Armillaria in Canada (Cruickshank 
et al. 2011). When infecting the roots of young trees, Armillaria ostoyae has 
been observed to advance freely through the tree, unhindered by any host 
resistance and proving fatal (Robinson et al. 2001). In frost-prone areas, some 
fungi forming as small branch cankers, caused dieback together with frost 
damage during the growing season (Reich & van der Kamp 1993). Phacidium 
coniferarum, that cause canker, was observed on plants in an experimental 
plantation in Bulgaria (Petkova 2008). 

 

Freezing damage 
Freezing damage is among the most common and severe type of damage 

that occurs to Douglas fir in British Columbia as well as when moved from its 
natural range (Veen 1951; Newsome et al. 1990; Wallertz et al. 2013). 
Freezing damage can occur in spring, autumn and winter and can vary, not 
only with the severity of frosts relative to the hardiness of a plant’s organs and 
tissues, but also with a plant’s size, health and robustness (Krasowski & 
Simpson 2001). The damage can either be direct, to vegetative buds, stems, 
shoots, foliage and roots, or indirect through desiccation, photo-injury and 
photo-inhibition. It is not always immediately recognisable for what it is, if it 
cannot be connected with a particular frost event, such as a late spring frost 
(Sakai & Larcher 1987). Free growth or lammas growth in the autumn often 
makes the seedlings more susceptible to frost (Anekonda et al. 1998). Indirect 
frost damage due to winter desiccation occurs when there are low night 
temperature and frozen soil combined with very high irradiation and low wind 
speed (Christersson & von Fircks 1988). Winter desiccation includes red 
colouring of the foliage and root death. Livingston (1995) drew attention to 
the complex interaction of minimum temperature, number of freeze and thaw 
cycles, cooling rate and thawing rate that together can cause severe damage. 
Sakai and Larcher (1987) highlighted the combination of large short-term 
fluctuations of shoot and soil surface temperatures on sunny sites, which may 
explain why more winter desiccation damage seems to occur when the 
seedlings are exposed to sunlight.  

Depending on the extent and importance of the damage, partial repair is 
possible, although such damage weakens the plant and may reduce its 
competitive vigour (Sakai & Larcher 1987).  

Silviculture during the establishment phase 
Site requirements 

Choosing a suitable site is an important decision to make when growing 
Douglas fir. There is a consensus among researchers and practicing foresters 
that Douglas fir is best suited to well drained soils of good depth with 
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Paper II 
The objective of this study was to investigate the autumn freezing 

tolerance of seven Douglas fir provenances and to evaluate how Douglas fir 
seedlings cope with long-term frozen storage. A comparison with the native 
Norway spruce was included. Interior provenances of Douglas fir became 
ready for storage earlier in autumn than the costal provenances due to a more 
rapid development of freezing tolerance. When freezing tolerance had 
increased sufficiently all Douglas fir provenances could safely be stored in 
frozen storage for about four months. It should therefore be possible to use the 
same processes and equipment as currently used for Norway spruce in 
Sweden. However, freezing tolerance of shoots and roots occurred later in the 
autumn for the Douglas fir provenances, especially the coastal provenances, 
than for Norway spruce. 

 
Paper III 

The objective was to investigate early growth and survival of seven 
Douglas fir provenances in a provenance trial at the Tönnersjö experimental 
forest, and to estimate the impact of late spring frost and winter desiccation. 
Although the interior Douglas fir provenances suffered from late spring frost, 
the survival rate was higher than for the coastal provenances. The mortality 
was high among the seedlings, mostly of coastal origin, damaged by winter 
desiccation.  

 
Paper IV 

The objective of this study was to investigate the timing of bud burst of 
seven Douglas fir provenances and compare with one local provenance of the 
native Norway spruce. The study comprised one field trial and one 
greenhouse-based trial. In addition, freezing tolerance of buds at different 
development stages was investigated. The interior Douglas fir provenances 
exhibited an earlier bud burst than coastal provenances, both in the greenhouse 
and in the field trial. The Norway spruce, showed an intermediate bud 
development.  
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Objectives 
The overall objective of this work was to investigate a number of factors that 
are important for successful regeneration of Douglas fir in Sweden. Among 
the questions addressed were access to vital seedlings, effect of site 
preparation and damage from frost, specifically late spring frost and winter 
desiccation. When Södra (the forest-owner association in southern Sweden) 
and Skogforsk (the Forestry Research Institute of Sweden) launched seven 
new provenances in 2007, see Table 1, for use in research and commercial 
plantations there was an opportunity to investigate some of these topics. This 
thesis comprises studies of a provenance trial at the Tönnersjöheden 
experimental forest (paper III), a greenhouse experiment at the Vassbo 
research station (paper II and IV), an experimental trial at the Asa 
experimental forest and research station (paper I) and a trial in a privately-
owned commercial plantation of Douglas fir (paper IV), all using the same 
seed sources. 
 
Table 1. The origin of Douglas fir seeds collected in British Columbia, Canada 
Provenance Latitude Longitude Elevation Specification 

Caycuse River 48°50’N 124°29’W 550 m Coastal1 

Ladysmith 48°57’N 123°58’W 549 m Coastal1 

Bella Coola 52°25’N 126°15’W 150 m Coastal1 

Bowser Heaman 49°26’N 124°41’W unknown Coastal2 

Three Valley 50°55’N 118°27’W 710 m Interior1 

Anstey Arm 50°58’N 118°58’W 610 m Interior1 

Larch Hills 50°48’N 119°00’W 670 m Interior1 

1 Seeds collected from stands; 2 Seeds collected from a seed orchard 

 

Short summary of objectives and results presented in the papers 
Paper I 

The aim of the study was to investigate the effects of different mechanical 
site preparation methods on the survival, growth and biomass of newly planted 
Douglas fir and Norway spruce seedlings on a fertile site in southern Sweden. 
The results show that mechanical site preparation significantly increased the 
survival of Douglas fir seedlings. Some 89 - 94% of the seedlings planted on 
mechanically-prepared sites survived compared to only 60% of the seedlings 
planted on unprepared sites. 
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conditions. Coastal provenances suffered severe damage caused by winter 
desiccation in 2013.  

 

Frost damage and freezing tolerance 
The risk of damage from late spring frost is closely connected to the timing of 
bud burst. Bud burst started earlier for the interior Douglas fir provenances 
than the coastal provenances, both in the greenhouse environment and in the 
field (Paper IV), which agreed with earlier findings (Campbell & Sugano 
1979; Edman 1997). The local Norway spruce showed a similar, but slightly 
later, bud development compared to the interior Douglas fir provenances in 
the greenhouse environment in mid-Sweden (Paper IV). As expected, the 
interior provenances suffered greater damage from late spring frost compared 
to the coastal provenances in the provenance trial at the Tönnersjöheden 
experimental forest (Paper III). The damage proved not to be fatal though, 
according to the survival rates measured two and four years later. The risk of 
serious damage from late spring frost will, however, diminish with time. At a 
tree height taller than 1 – 2 m, the apical shoot and upper branches are above 
the coldest air (Morén & Perttu 1994) and bud burst occurs later in the spring 
as trees age (Irgens –Moller 1967). Furthermore, measures such as 
shelterwood, planting on slopes and mechanical site preparation can reduce 
the damage from late spring frost and increase seedling survival (Newsome et 
al. 1990; Langvall 2000; Langvall & Örlander 2001). Climate change might, 
on the other hand, increase the frequency of temperature backlashes causing 
frost damage in spring (Jönsson et al. 2004; Langvall 2011).  

Since the amplitudes and frequencies of short-term fluctuations of shoot 
and soil surface temperatures influence the risk of winter damage (Livingston 
1995; Sakai & Larcher 1987), shelterwood might limit the occurrence of this 
kind of damage as well. Coastal Douglas fir provenances have a much later 
growth cessation than interior Douglas fir provenances (Rehfeldt 1977). They 
develop freezing tolerance later in the autumn, especially in the roots (Paper 
II). This could be a contributory cause of the severe damage from winter 
desiccation observed on seedlings of coastal origin in the provenance trial at 
the Tönnersjöheden experimental forest (paper III). The main environmental 
factor enhancing cold acclimation of roots is decreasing soil temperature 
(Ryyppö et al. 1998; Stattin & Lindström 1999). As climate change may 
contribute to warmer autumns, there is a risk that the seedlings will develop 
freezing tolerance even later in the autumn, and also be less prepared for tough 
climatic conditions during late winter and early spring.  

It seems difficult, from choice of provenance, to avoid damage from 
stresses during both winter and late spring.  

24 

Discussion 

Provenances 
The choice of provenance for a particular location is often a balance 

between survival and growth capacity. If the annual rhythm of the tree is not 
suited for the photoperiod and climatic conditions, there is a risk of either 
damage from frost or yield reduction. In the case of Douglas fir, the two 
varieties behave differently, but both have an annual rhythm that is 
mismatched to Swedish conditions. The interior provenances start bud 
development early in spring, earlier than the Norway spruce, and are therefore 
exposed to late spring frost (Paper IV). The coastal provenances show a later 
spring bud development but, on the other hand, they have a late growth 
cessation and development of freezing tolerance in the autumn, much later 
than the Norway spruce (Paper II). The risk of autumn and winter damage is 
therefore higher. The European provenance trials and practical experience 
cover mostly coastal provenances and in a future with a changing climate, we 
would presumably be able to take advantage of this knowledge (Eilmann et al. 
2013; Isaac-Renton et al. 2014; Chakraborty et al. 2016). There are also 
lessons to be learned from the assisted migration programmes in Canada 
where southern provenances are being moved northwards and northeast due to 
climate change (O’Neill et al. 2008). In the present climate however, damage 
from frost cannot be ignored. Danish studies have revealed that landraces 
produced from a breeding program can possess higher freezing tolerances than 
the original provenances (Hansen 2007). In Sweden, most seedlings used in 
commercial plantations are of coastal origin (Svensson 2011), partly because 
most plantations are situated in the far south of Sweden. The provenance trial 
at the Tönnersjöheden experimental forest (Paper III), however, shows that as 
far south as latitude 56, the interior provenances have a higher survival rate 
and similar growth compared to the coastal provenances. The same pattern 
was recorded in the earlier Swedish provenance trials (Martinsson & 
Kollenmark 2001; Karlsson et al. 2010). Paper III also highlights the 
importance of adapting the choice of provenance to extra-ordinary climatic 
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one third of the mortality was due to damage by pine weevil, this is most 
likely one reason for the better survival after site preparation. Another 
important factor for seedling establishment and root growth in northern 
latitudes is soil temperature. A good way to increase soil temperature is to 
plant in elevated areas called mounds (Örlander et al. 1990). In our study, the 
type of site preparation had little influence on the survival rate. The only 
treatment that resulted in increased root growth and total biomass compared to 
the control treatment was the most intense site preparation with mixing of 
mineral soil and humus. Higher temperature during spring and early summer 
could still explain some of the increased growth, but probably not all of it. 
Root growth is also dependent on the levels of photosynthesis which is why 
the early bud burst of Douglas fir could contribute to the early start of root 
growth (Philipson 1988). For the site preparation study (Paper I) we used the 
provenance Larch Hills that showed an early bud development in both the 
greenhouse experiment and the field compared to the other Douglas fir 
provenances (Paper IV). Mounds should probably be used with some care, 
because of the risk of low root temperature exposure, especially during snow-
free cold winters (Lindström & Troeng 1995). The Douglas fir seedlings 
exhibited a low freezing tolerance of their roots as late as December and 
January (Paper II). 
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Seedling storability 
In our study (Paper II) all Douglas fir provenances coped with long-term 

(about four months) frozen storage, if stored late in the season (December and 
January). This indicates that it should be possible to store Douglas fir 
seedlings using the same routines as for Norway spruce in Sweden. The point 
in time when all Douglas fir seedlings were sufficiently freezing tolerant to 
survive frozen storage was about six weeks later than for the Norway spruce 
seedlings. In our case we decided to use freezing tolerance tests to assess 
storability and sampled shoots were frozen to – 20oC. If no injury occurred at 
this temperature the results from long term storage showed that the seedlings 
were storable. Freezing tests is known to be a method more reliable to 
measure storability than e.g. the commonly used measurements of dry matter 
content (DMC) in the upper part of the shoot (for references see Lindström et 
al. 2014). An option in this study would have been to use the ColdNSure test 
to determine storability as this test based on the activity level of a set of genes 
that are involved in frost hardiness development was launched on the market 
in 2006 for Douglas fir, Scots pine and Norway spruce (for references see 
Stattin et al. 2012). As this test usually provides general samples and we for 
statistics needed replicates the method was not an option for this study. The 
late development of freezing tolerance means that the Douglas fir seedlings 
are at risk of suffering from autumn frost before being put into frozen storage. 
The Three Valley provenance was the only one of the six tested Douglas fir 
provenances that showed similar results as the Norway spruce. Since 
genotypes at higher elevations have adapted to the harsh climate by early 
growth cessation and early development of frost hardiness (Heide 1974; 
Dormling & Lundkvist 1983; Rehfeldt 1989), this may be an explanation for 
this provenance’s good storage results. Short-day treatments are an effective 
means to initiate bud set and prepare seedlings for storage earlier (Jacobs et al. 
2008, Turner & Mitchell 2003). However, short-day treated seedlings show 
earlier bud burst, and hence a higher risk of damage by late spring frost in the 
field (Grossnickle 2000; Konttinen et al. 2003; MacDonald & Owens 2006; 
Fløistad & Granhus 2010). This could be partly mitigated by late planting in 
spring. On the other hand, that would result in a long storage period, which 
might reduce the vitality of seedlings (Paper II). This argument highlights the 
importance of assessing seedling vitality prior to planting, especially in respect 
of roots (Davis & Jacobs 2005).  
 

Site preparation 
Mechanical site preparation significantly increased the survival of Douglas 

fir seedlings (Paper I). Since site preparation has proved to be one way of 
protecting seedlings from damage by pine weevil (Petersson 2004), and almost 



27 

one third of the mortality was due to damage by pine weevil, this is most 
likely one reason for the better survival after site preparation. Another 
important factor for seedling establishment and root growth in northern 
latitudes is soil temperature. A good way to increase soil temperature is to 
plant in elevated areas called mounds (Örlander et al. 1990). In our study, the 
type of site preparation had little influence on the survival rate. The only 
treatment that resulted in increased root growth and total biomass compared to 
the control treatment was the most intense site preparation with mixing of 
mineral soil and humus. Higher temperature during spring and early summer 
could still explain some of the increased growth, but probably not all of it. 
Root growth is also dependent on the levels of photosynthesis which is why 
the early bud burst of Douglas fir could contribute to the early start of root 
growth (Philipson 1988). For the site preparation study (Paper I) we used the 
provenance Larch Hills that showed an early bud development in both the 
greenhouse experiment and the field compared to the other Douglas fir 
provenances (Paper IV). Mounds should probably be used with some care, 
because of the risk of low root temperature exposure, especially during snow-
free cold winters (Lindström & Troeng 1995). The Douglas fir seedlings 
exhibited a low freezing tolerance of their roots as late as December and 
January (Paper II). 
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Practical implications and further 
research 

With respect to the conclusions drawn in this thesis, some of the practical 
implications and recommendations when planting Douglas fir in Sweden 
would be: 

⋅ Choose an interior Douglas fir provenance to minimise the risk of 
autumn frost and winter desiccation 

⋅ Carry out a thorough site preparation 
⋅ Choose a site which has a low risk of late spring frost or plant beneath 

shelterwood 
⋅ Demand vitality controlled seedlings of the required provenance or 

variety from your nursery. If the seedlings are frozen stored, you can 
postpone the planting later in the spring when the risk of late spring 
frost is lower.  

 
The results emphasise the need to continue research and breeding activities 

under Swedish conditions. We also need to gain further knowledge about 
silvicultural processes that can reduce frost damage. How these processes 
affect growth and survival also needs to be determined. In order to produce 
more viable seedlings in our nurseries, the design and effect of, for example, 
short-day treatment and length of frozen storage both need to be analysed. 
Furthermore, we need to confirm thresholds and test methods for Douglas fir 
seedling vitality prior to planting in Sweden. 
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Conclusions  

This thesis illustrates some of the risks when planting Douglas fir in 
Sweden, but it also highlights some ways of limiting the risks and regenerating 
successfully.  

There are several significant differences in phenology, response to freezing 
and occurrence of damage between coastal and interior Douglas fir. 
Differences within each group of provenance, however, are less frequent and 
distinct. Therefore, the following conclusions are limited to describing 
similarities and differences between the groups.  

The early bud burst of interior Douglas fir provenances results in a high 
risk of damage by late spring frost. However, it seems that damage by late 
spring frost is not fatal and does not obviously retard the early growth of 
seedlings. The difference in growth between coastal and interior provenances 
was insignificant, but the survival rate was higher for interior than for coastal 
provenances. All the provenances of Douglas fir studied showed later 
development of freezing tolerance of shoots and roots in the autumn than 
Norway spruce, with the coastal provenances developing even later than 
interior provenances and the roots later than the shoots. This could be a 
contributory cause of the severe damage by winter desiccation observed on 
seedlings of coastal origin in the provenance trial at the Tönnersjöheden 
experimental forest. A thorough site preparation proved to be an effective way 
of increasing survival and root growth of Douglas fir. The higher survival rate 
was to some extent because of less damage by pine weevil, but also probably 
because of better conditions for the roots. A prerequisite for successful 
planting of Douglas fir in Sweden is access to vital seedlings. The results in 
this thesis indicate that it would be possible for nurseries to produce seedlings 
with the same frozen storage processes as for Norway spruce. Compared to 
Norway spruce, the Douglas fir seedlings attain similar freezing tolerance, but 
later in the autumn. This could most likely be managed in the nursery, but may 
cause trouble for seedlings in the field, especially for those of coastal origin. 
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