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A B S T R A C T   

Norway spruce is a major industrial tree species in Fennoscandia and future productivity of the species must be secured by matching the variation in adaptation of the 
species with suitable sites for optimized performance. An appropriate transfer model for forest reproductive material (FRM) is crucial for regeneration of productive 
forests in the changing climatic conditions that are predicted to occur in Fennoscandia. We have developed a transfer model for prediction of height of Norway spruce 
in Norway, Sweden, and Finland, using data acquired from 438 progeny and provenance trials with 1919 genetic entries of local and transferred origins. Transfer of 
genetic material at a given site was expressed in terms of the difference in daylength (photoperiod) between the site and its origin. This variable best reflected the 
nonlinear response to transfer that has been commonly reported in previous studies. Apart from the transfer variable, the height prediction model included the age of 
material when height measurements were acquired, annual temperature sum over 5 ◦C, precipitation during the vegetation period, and interaction terms between 
test site and transfer variables. The results show that long northward transfers (4-5◦ latitude) seem to be optimal for relatively mild sites in southern parts of the 
countries where growing season is longer, and shorter northward transfers (2-4◦ latitude) for harsher northern sites with shorter growing seasons. The transfer model 
also predicts that southward transfers of Norway spruce would result in height growth reductions. The developed model provides foundations for development of 
common or national recommendations for genetically improving Norway spruce material in Fennoscandia.   

1. Introduction 

Climate and site properties, genetic background and phenotypic 
plasticity are major factors affecting growth of forest trees in their nat-
ural ranges (Kjær, 1996; Wang et al., 2010). Ongoing climate changes 
are very likely to affect trees’ performance by changing growing con-
ditions generally and increasing frequencies of sudden and extreme 
climatic events that might abruptly change the conditions, e.g., droughts 
(Alverson, 2000; Bergh et al., 2007; Bradshaw et al., 2000; Mann et al., 
1998). Climatic changes are known to affect species’ range boundaries, 
community compositions in ecosystems and biological phenomena 
affecting trees’ growth, e.g., phenological patterns of both their own 
growth and development and those of associated organisms (Gömöry 
et al., 2012). Thus, to survive in their natural ranges, tree populations 
must adapt to climatic changes through phenotypic plasticity and ge-
netic selection to the changes (Bradshaw et al., 2000; Gömöry et al., 
2012). 

Planned transfer of plants to new environments has been practiced in 
forestry for more than a 100 years (Aitken et al., 2008; Sáenz-Romero 
et al., 2021). This has been done to increase stand productivity, secure 
the availability of raw material for industry and in recent years to avoid 
problems caused by slow adaptation of local provenances to climatic 
changes i.e. assisted migration. Currently, assisted migration is advo-
cated as a method to respond to rapid human-caused climate change in 
cases where local material might be suboptimal or threatened in the 
future. 

Optimization of assisted migration has involved use of mathematical 
functions that predict phenotypes’ performance using site or climatic 
variables related to planting sites and origins of transferred material at 
those sites (ecodistance- Matyas, 1994). The phenotypic performance has 
then been represented by measurement of trees’ heights and survival in 
early rotation stages, up to ages of ca. 20 years. Measurements of height 
in genetic trials are almost always available as the trait has been used as 
a selection variable in most breeding programs intended to improve 

* Corresponding author. 
E-mail address: mateusz.liziniewicz@skogforsk.se (M. Liziniewicz).  

Contents lists available at ScienceDirect 

Forest Ecology and Management 

journal homepage: www.elsevier.com/locate/foreco 

https://doi.org/10.1016/j.foreco.2022.120628 
Received 16 May 2022; Received in revised form 28 October 2022; Accepted 1 November 2022   

mailto:mateusz.liziniewicz@skogforsk.se
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2022.120628
https://doi.org/10.1016/j.foreco.2022.120628
https://doi.org/10.1016/j.foreco.2022.120628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2022.120628&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Forest Ecology and Management 528 (2023) 120628

2

productivity. Strong correlations have been found between early mea-
surements of height of Norway spruce and its productivity (Liziniewicz 
and Berlin, 2019; Liziniewicz et al., 2018). Another major advantage of 
height measurements is that they are often acquired using very similar 
techniques in trials all around the world. Important for productivity are 
also site characteristics such as soil and moisture properties, but they 
have rarely been possible to include in models because it is more chal-
lenging to gather consequent information describing them across larger 
regions. 

The approach outlined above has been commonly applied, despite 
the ‘equal response to transfer’ limitation, i.e., the assumption that the 
responses of specific provenances will be the same at different sites (cf. 
Wang et al., 2010). Wang et al. (2010) overcame the drawbacks of the 
earlier approaches by modelling phenotypic performance with variables 
describing the planting site and origin of the genetic material simulta-
neously. In this solution, known as a universal response function (URF), 
variables used to describe the location of the planting site and genetic 
origin are sometimes replaced by the difference between these, e.g., the 
difference in latitude (Berlin et al., 2016). The models constructed in 
such a way are more flexible and can overcome the issue of the equal site 
response. 

The developed transfer functions are often used to formulate species- 
specific guidelines for transfer of forest reproductive material (FRM). 
The guidelines are essential tools for optimizing the decisions of seed 
allocation in operational forestry concerning, i.e., delineation of 
deployment zones and seed transfer. The best seed sources are limited as 
there is substantial annual variation in seed production and intervals 
between mast years of most tree species, including Norway spruce 
(Lundströmer et al., 2020; Pukkala et al., 2010). Appropriate FRM 
transfer guidelines facilitate effective use of seed resources through the 
identification of optimally adapted seed sources for specific sites (Berlin, 
2021; Lundströmer et al., 2020). However, ongoing and future climatic 
changes in Fennoscandia (and elsewhere) will have complex effects on 
forests, which will depend on relationships between local site conditions 
and origins of planted material, which in some cases will lead to sub- 
optimal adaptation, even if (for instance) the latitudinal transfer is 
close to ideal. At some forest sites, new climate conditions are predicted 
to improve growing conditions by, for example, increasing the length of 
vegetation periods through increases in temperature (Bergh et al., 
2007). However, in other regions where spring frosts are an issue such 
increases in vegetation periods may exacerbate frost damage, causing 
quality defects and impairing tree growth (Langvall, 2011; Svystun 
et al., 2021). Thus, appropriate matching of seed sources and sites is 
important for supporting sustainable wood production (Ledig and 
Kitzmiller, 1992). 

Norway spruce (Picea abies L. Karst) is an essential source of raw 
material for the forest based industry in Norway, Sweden, and Finland, 
with a growing stock of ca. 2800 mln m3 (Rytter et al. 2016). The 
growing conditions are favourable for spruce, and the species is more 
productive than other native species on a large proportion of the area 
(Ekö et al., 2008). There is a long tradition of transfer of Norway spruce 
provenances in Fennoscandia due to seed deficits and attempts to in-
crease stand productivity (Myking et al. 2016). Stands planted with 
south-eastern European material are known to produce on average 6–10 
% more volume than local material and are well adapted to conditions in 
southern Sweden (Persson and Persson, 1992). Large quantities of 
Norway spruce seeds from central and south-eastern Europe have 
traditionally been imported into southern parts of Norway and Sweden 
(Hannerz and Almäng, 1997; Jansen et al., 2017; Koskela et al., 2014; 
Myking et al., 2016) while smaller quantities of Swedish and Estonian 
seeds have been imported to southern Finland. The current guidelines in 
all three countries allow longer northward transfer to sites in southern 
than to northern regions. The recommended transfer distance declines 
with increases in latitude of the planting site. However, the recom-
mendations have usually been based on limited evidence (Äijälä et al., 
2019; Heikinheimo, 1949; Kroon and Rosvall, 2004; Persson and 

Persson, 1992; Werner and Karlsson, 1982,) or practical experience. 
Thus, these models cannot incorporate data derived from new climate 
scenarios e.g., representative concentration pathway (RCP) scenarios. In 
older models climate variables, were often obtained by transformations 
of latitude and altitude rather than from currently available highly 
gridded climatic indices with a high temporal resolution (Kroon and 
Rosvall, 2004). 

In the future, Norway spruce will probably remain an important 
source of raw material for the forest industry in the region. However, 
allocation of suitable genetic resources to specific sites (or sets of sites 
with specific conditions) is necessary to secure sustainable volume 
production and stand stability. Currently, the national recommenda-
tions for Norway spruce transfer have been developed separately using 
country-specific materials. The aim of this study is to develop common 
transfer response models for height and survival for the entire Fenno-
scandia by gathering all the available phenotypic information. The 
developed models are also first steps towards formulation of climate- 
adapted deployment recommendations for Norway spruce for the 
countries and the region. The models are based on extensive data from 
provenance and progeny trials planted between 1930 and 2009 in 
Sweden, Norway, and Finland, and climate datasets with high spatial 
and temporal resolution. 

2. Materials and methods 

2.1. Field trial data 

The data applied in the modelling reported here were collected 
during the last 80 years from 438 provenance and progeny trials of 115 
experimental series located in Sweden, Finland, and Norway (Fig. 1, 
Table 1). From the progeny trials, neither data of tested plus-trees 
progenies nor clones were used, only unimproved check-lots. The 
planted material included various remotely transferred provenance 
material and local seed-lots (in both cases regarded as autochthonous 
material at source sites). The overlap of the material between the 
countries and series within the countries was generally very low. 

The trials were established in different time periods and using 
different experimental designs, including both single- and multi-tree 
plots. The height of individual trees (H) was measured in each trial at 
different ages (Table 2). Tree height was measured in different years and 
not explicitly for the purpose of this study. In most cases measurements 
of individual trees were available, thus also enabling evaluation of tree 
survival rates (S) for each combination of genetic entry and field trial. 
However, for an experimental series with 158 multiple-tree plot trials 
established from 1930 to 1970 and compiled by Dietrichson (1977), 
neither individual tree height data nor numbers of trees representing 
each combination of entry and trial used to calculate mean values were 
available. 

2.2. Data aggregation 

Field trial data were analyzed in two steps. In the first step, single- 
tree data were aggregated and standardized due to their heterogeneity 
(e.g., different trial designs) This was done to homogenize the data and 
secure their quality. The aggregation and standardization were done by 
deriving least-squares (LS) means from the linear or linear mixed models 
fitted to the measurement data. In the second step, the URF models were 
developed based on the LS values obtained in step one. 

In the step one, for the sites where individual measurements were 
available, raw data were analysed. In this analysis, the goal was to 
obtain a LS mean of height (Hij) or survival (Sij) for each genetic entry (j) 
within each genetic trial (i). 

The following linear model was used for trials with replicated single 
plots: 

Ykjl = μ + Bk + Gj + εkjl 
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The following linear mixed model was used for trials with multiple- 
tree plots: 

Ykjl = μ+Bk +Gj + pkj + εkjl 

In these models, Y is a dependent variable (height or survival), μ is a 
general trial mean, B is the fixed effect of the block k, G is a fixed effect of 
the genetic entry j, p is a random effect of the plot in block k for the 
genetic entry j, and ε is the residual error of the individual tree l within 
genetic entry j and block k. For height, single tree measurements were 
used according to the models above while for survival a results for a 
genetic entry at block/plot level was used and the l factor disappeared 
from the model. The models were fitted by either the GLM or MIXED 
procedures of the SAS STAT package (SAS Institute Inc. 2011). 

The LS means of the genetic entries obtained in the step one were 

used for URF model development and the general distributions and 
characteristics of these means are shown in Fig. 2. The analysis in the 
step one resulted in 6709 unique observations for height and 4095 ob-
servations for survival. The difference is due to the fact that,the data 
collected in the trials compiled by Dietrichson (1977) could not be used 
in the calculation of LS means for survival as single tree measurements 
were not available. For this material, available mean height values for 
each entry and trial combination were used directly. These trials 
couldn’t be used in a development of survival model. 

2.3. Climate data 

Two climate datasets were used to describe the climate of sites and 
genetic entries. Initially, 16 climatic indices describing the trial and 
genetic entry were derived from the climate dataset E-OBS (SMHI, 
Supplementary Table 1), a daily gridded land-only observational dataset 
over Europe. The dataset combines meteorological observations inter-
polated into high resolution (0.05̊) gridded data. The variables used to 
derive the indices were daily mean temperature, daily minimum tem-
perature, daily maximum temperature, daily precipitation sum, daily 
averaged sea level air pressure and daily mean global radiation. The 
temporal resolution was six hours, and the dataset covered the years 
1961–2017. The climatic data covered the whole range of trials and 
genetic entries included in the dataset used in the study. The E-OBS data 
set was initially used to identify variables that showed the strongest 
association with the effects of Norway spruce transfer. 

The other climate dataset used in this study was derived from 
Version 4 of the CRU-TS monthly gridded multivariate climate dataset 
using a grid with the original resolution of ~ 0.5̊ (Harris et al., 2020). In 

Fig. 1. Maps of a) available field trials and b) available genetic entries for the height model over current natural distribution (green) (Caudullo et al., 2017). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Summary of the geographic distribution of the sites and tested material used in 
the study.  

Country N Mean 
lat. 

Min. 
lat. 

Max. 
lat. 

Mean 
long. 

Min. 
long. 

Max. 
long.  

Trials  
Sweden 142  60.9 55.8  67.0  16.1 11.7 23.6 
Norway 169  60.6 58.2  69.7  10.8 7.1 19.5 
Finland 127  62.1 59.9  67.9  25.7 19.8 31.4  

Genetic entries  
Sweden 461  56.3 42  67.7  18.2 5.8 35.2 
Norway 1003  53.6 41.8  66.4  13.7 4 39 
Finland 455  58.4 43.8  68.4  24.0 8.3 30.7  

Table 2 
Summary of arithmetic means describing the collected data used for modelling, where N is the total number of measured trees and ranges are given in brackets.   

Entries per trial Trials per Entry Establishment year N* Survival (%) Height (m) Age at survival assessment Age at height assessment 

Sweden 17 (4–98) 7.3 (2–71) 1977 (1941–2002) 196,772 79 (5–100) 2.7 (0.32 – 10.2) 15.4 (8 – 25) 14.2 (7–30) 
Norway 16 (2–95) 7.7 (2–42) 1968 (1947–2009) 44,103 84 (10 – 100) 3.7 (0.25 – 10.0) 15.8 (6 – 33) 15.5 (6–33) 
Finland 12 (2–36) 6.7 (2–35) 1971 (1930–2007) 161,124 79 (1–100) 3.45 (0.44 – 20.8) 16.4 (9 – 26) 16.8 (8–44) 

*N – This is the number of stems monitored to acquire the survival data, the number of stems used to acquire the height data was even higher as tree number data were 
not available for 158 trials. 
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this study, the data were downscaled following procedures developed by 
Marchi et al. (2020). The developed system is an online version of the 
ClimateEU (Marchi et al., 2020) and ClimateNA (Wang et al., 2016) 
software and implements a scale-free dynamic downscaling (‘delta’) 
method (Ramirez-Villegas and Jarvis, 2010), involving use of topo-
graphic data of the site (primarily altitude) to facilitate the process 
(Fréjaville and Benito Garzón, 2018; Moreno and Hasenauer, 2016). 
This can provide more than 100 climatic variables and indices for 
different research purposes. The CRU-TS dataset was limited to variables 
that were identified as significant in the model based on the EOBS 
climate dataset: the accumulated annual temperature sum above 5̊C (TS) 
and precipitation during the growing season, April-to-October (PREC). 
Again, the 1961–2017 period was used for deriving CRU-TS variables. 
Eventually, the scale-free CRU-TS dataset was used in the evaluation and 
selection of the final height model as the grid resolution of the E-OBS 
dataset was too coarse to properly simulate the climatic conditions in 
terrain with highly varying topography, e.g., the Norwegian alpine re-
gion where climatic conditions change quite rapidly with changes in 
altitude. 

2.4. Model development 

2.4.1. General model development 
During the model development we followed the conceptualization 

proposed by Wang et al. (2010) of a universal response function (URF) 
that integrates individual response functions (environmental effect of 
test site) and genecology functions (genetic effect of provenance) into a 
single model. In this study, the genetic effect was represented by the 
transfer distance of a genetic entry, which was the difference between 
test site and then origin of the genetic entry (Berlin et al., 2016). 
Initially, field trials and genetic entries were associated with climate 
variables according to their geographical positions. Such a dataset was 
used to develop the models. 

The general structure of the models was: 

Y = Test site effect + Transfer effect + Interaction + error 

The dependent variable (Y) was height (H), or survival (S) of a 
specific genetic origin recorded in a specific field trial at a specific age. 
The dependent variables were transformed with the natural logarithm 
and the logit transformation for height and survival models, respec-
tively, to secure the homoscedasticity of the residuals. 

The models were fitted with the lme function of the nlme package 

Fig. 2. Scatterplots (left panels) and distribution densities (right panels) of least-squares means estimates of the dependent variables of height (upper panels) and 
survival (lower panels) across tree age and countries: Finland (blue), Norway (red) and Sweden (yellow). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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(Pinheiro et al., 2016) in the R software (R Core Team 2016). In each 
case the error term was split into the random variation between sites 
(random error due to the experiment) and within sites (random error). 
For comparisons, the models were fitted with the ML argument, i.e., 
maximization of log-likelihood. In contrast, the REML argument 
(maximization of the restricted log-likelihood) was used for the final 
estimation of coefficients. To account for each genetic entry’s varying 
number of information, a square-root of the tree number count 
measured at each experiment was used as a weight in the survival model 
but not for the height model (for which numbers of trees representing 
each combination of entry and trial used to calculate mean values were 
not available for all experiments). 

The independent variables were selected based on: (i) their signifi-
cance in the model, (ii) improvement of marginal R2 (R2

marginal, consid-
ering only fixed effects) calculated by the piecewiseSEM package of the R 
software (Lefcheck, 2019) when added to the model and the Akaike 
Information Criterion – AIC (Sakamoto et al., 1986), (iii) residuals’ 
behaviour, (iv) model parsimony, (v) biological soundness and reli-
ability in terms of correspondence with previous findings (Kroon and 
Rosvall, 2004; Persson and Persson, 1992). Such a strategy has been 
previously used in assessment of responses to transfers of Scots pine in 
northern Sweden and Finland by Berlin et al. (2016). 

2.4.2. Choice of environmental variables 
In the first step in the selection of environmental variables to include 

in the modelling, the 16 climatic indices from the E-OBS dataset (Sup-
plementary Table 1) were tested to identify those with the strongest 
effects on height growth and survival of Norway spruce at the analysed 
sites. The accumulated annual temperature sum above 5̊C (TS) and 
precipitation during the growing season, defined as the months from 
April to October (PREC) were selected for further investigation as they 
met the described selection criteria. The reciprocal of measurement age 
(1/AGE) was used together with the climate variables at this stage of 
development. The transfer variable (ΔTRANS) was defined as the dif-
ference between specific site value and specific genetic origin value, so 
northward and southward transfers had positive and negative values, 
respectively.Initially, the difference in latitude between a planting site 
and the origin of genetic material (the ΔLAT variable) was used was 
used to represent the transfer. 

Interactions between test site and transfer variables were only 
included for site variables found to be significant for the model without 
interaction (to limit the large numbers of available variables for testing). 
The final models were fitted with the data from the CRU-TS climatic 
dataset. 

2.4.3. Choice of transfer variable 
Several variables representing transfer of genetic material that were 

previously used in other studies were tested in the model in efforts to 
find a variable that accounts for the dynamic effects of transfer (Berlin 
et al., 2016; O’Neill et al., 2014; Ying and Yanchuk, 2006). In the model 
development, four transfer variables were tested and the models were 
compared with consideration of the criteria used in selection of the best 
initial model. The transfer variables were: 

transfer in latitude (Model 1 - ΔLAT), transfer in terms of daylength 
(Model 2 - ΔDL), distance between locations of the trial and a genetic 
entry’s origins defined by their latitude and longitude (Model 3 - ΔEUC) 
and transfer in terms of temperature sum (Model 4 - ΔTS). ΔDL was 
inferred from the latitudes of the field trials and genetic entries’ origins, 
according to Forsythe et al. (1995) as implemented in the R package 
geosphere (Hijmans et al., 2017). Daylength has not been used in any 
previous efforts to develop transfer functions for FRM. However, the 
photoperiodic control of adaptive traits in Norway spruce has been well 
described, with clear demonstration that seedlings’ bud set in late 
summer is controlled by night length (Dormling, 1973; Dormling et al., 
1968; Heide, 1974). This direct control seems to diminish with age as the 
annual growth potential becomes predetermined and dependent on the 

number of needle primordia developed in the preceding year, but the 
effect of photoperiod remains significant as it influences the period of 
primordia development (Ekberg et al., 1979). The optimal time of year 
for determining the variable ΔDL was assessed by testing ΔDL on Julian 
days in 17 five-day intervals from day 175 in a year (23rd of June) to day 
230 (18th of August). 

2.4.4. Other considerations 
A categorical variable indicating the country (Norway, Sweden, 

Finland) of the field trial location was used to test whether there was a 
country effect in the final models. A significant country effect could, for 
instance, reflect problems in modelling, discrepancies in measurement 
methods across countries or bona fide differences in silvicultural prac-
tices. We did not expect to detect a significant country effect (which 
would have negated the possibility of developing a common model for 
the three Fennoscandian countries). 

2.5. Model evaluation 

To illustrate and evaluate the derived models’ behaviour they were 
used to predict the optimal transfer distance for six hypothetical sites 
with defined latitude, altitude, temperature sum and precipitation sum 
in the vegetation period. The values represented averages for one degree 
latitude and longitude grid cells for the dataset used for model devel-
opment e.g., latitude 59◦N represented all field trials included in the 
dataset located between latitude 59◦N and 59◦99́N. Two grid cells with 
the highest numbers of observations per cell were selected for each 
country, one in the southern part (latitude ≤ 63◦N) and one in the 
northern part (latitude > 63◦N). The southern site represented sites with 
mild and climatically favourable growth conditions while the northern 
site represented sites with harsher conditions (Table 3). A common stand 
age of 20 years was used for predictions for all sites. 

3. Results 

3.1. Final height model 

The final height model was Model 2 and it included the reciprocal of 
age (1/AGE), the daylength transfer variable in linear (ΔDL) and 
quadratic (ΔDL2) forms and its quadratic interaction with the temper-
ature sum (ΔDL2 × TS), precipitation in linear (PREC) and quadratic 
(PREC2) forms, and TS in a linear form (Table 4). The R2

marginal value of 
the final model was 0.62 (Table 4). The effect of country was not sig-
nificant (p > 0.05) when added to the final model (result not shown). 

3.2. Transfer effect variable 

The test of transfer variables showed that transfer expressed as the 
difference in daylength (ΔDL – Model 2), in hours on the 205th Julian 
day of the year, resulted in a slightly higher marginal R2 (Table 4) and 
more negative AIC than models with ΔLAT (Model 1). The Model 4 with 
ΔTS as a transfer variable provided opposite signs for the transfer 

Table 3 
Typical values of accumulated annual temperature sum above 5̊C (TS) and 
precipitation sum during the growing period from April to October (PREC) for 
southern (mild) and northern (harsh) sites in Norway, Sweden, and Finland 
(1961–2017).  

Country Site Latitude (◦) Altitude (m) TS (day ◦C) PREC (mm) 

Norway Mild 59 165 1321 568  
Harsh 64 82 832 573 

Sweden Mild 58 107 1500 406  
Harsh 64 408 770 396 

Finland Mild 61 40 1305 391  
Harsh 65 100 965 346  
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coefficients (ΔTRANS) and significantly lower negative AIC. The Model 
3 with ΔEUC had slightly lower prediction capacity defined by the 
marginal R2 and AIC fit statistics (Table 4). 

3.3. Model biological performance 

The optimal transfer distances calculated with the final model 
(Model 2) using daylength as the transfer variable (Table 5) differed 
substantially between mild southern sites and harsh northern sites. The 
optimal transfer distances, in terms of latitude, decreased with 
increasing latitude and for both site types a northward transfer was 
optimal, i.e., improved height growth. The average optimum transfers 
for southern and northern sites were ranged from 4.8◦ to 3.7◦ and 3.7◦ to 
3.4◦ latitude, respectively, (Table 5, Fig. 3). 

The Model 2 including ΔDL also indicated shorter optimum transfers 
to all the typical planting sites than the second-best model, with ΔLAT – 
Model 1 (Table 5). This pattern was particularly clear for harsh northern 
sites, where the optimum transfer distance was on average 2.6̊ shorter 
for ΔDL than for ΔLAT. The difference between models including ΔDL 
and ΔLAT was greatest at harsh sites in Finland with a 3.1̊ latitude op-
timum transfer difference between ΔLAT and ΔDL. At milder southern 
sites this difference in optimum transfer was only 1.8̊ on average. Ac-
cording to the final model, an optimal transfer of genetic materials will 
increase height growth by ca. 3.2 % at southern fertile sites while the 
gain at harsher sites will be ca 3.6 % (Table 5). 

3.4. Survival model 

The analytical approach used to develop the height model was also 
used to develop a survival rate model. Despite extensive analytical work, 
the best model developed for the gathered material had poor predictive 
quality (the marginal R2 never exceeded 0.13). The model did not 
behave in an ecologically sound way for southern sites in any of the 
countries, i.e., curves derived from the model were flat for long transfers 
both northward and southward. In addition, the survival model did not 
perform well for either the whole available dataset or parts of the dataset 
defined by different minimum heights and different latitudes. Finally, 
both model predictions and the underlying dataset (Fig. 2) indicated 
that the survival rate was generally high (>75 %), implying that even a 
robust survival model would have limited practical value. The best 
survival model is presented in the supplementary material (Supple-
mentary material 2). 

Table 4 
Comparison of the height model performance with indicated transfer effect variables (ΔTRANS, the difference in values between locations of trials and genetic entries’ 
origins) and: difference in daylength on the 205th Julian day of the year (ΔDL – Model 1), latitudinal distance (ΔLAT – Model 2), Euclidean distance in coordinate 
degrees (ΔEUC – Model 3), and difference in temperature sum (ΔTS – Model 4) between the locations. Standard errors of coefficient estimates are given in brackets just 
for selected model (Model 2).  

Variable1 Term type2 Model 1 (ΔLAT) Model 2 (ΔDL)3 Model 3 (ΔEUC) Model 4 (ΔTS) 

Intercept   4.4384 4.4830 (0.32)4  4.5043  4.4173 
1/AGE S  − 22.7365 –22.7952 (0.96)  –22.6002  –22.6241 
ΔTRANS T  0.0272 0.0637 (0.002)  0.0022  − 0.0001 
ΔTRANS2 T  − 0.0026 − 0.0210 (0.002)  − 0.0016  − 2.30 × 10− 7 

PREC S  0.0052 0.0053 (0.0011)  0.0052  0.0053 
PREC2 S  − 4.23 × 10− 6 − 4.28 × 10− 6 (1.12 × 10− 6)  − 4.16 × 10− 6  − 4.27 × 10− 6 

TS S  0.0011 0.001071 (0.000091)  0.001063 0.001110 
ΔTRANS2 × TS I  2.83 × 10− 7 − 8.51 × 10− 6 (3.05 × 10− 6)  1.11 × 10− 6  1.36 × 10− 10 

R2
marginal   0.617 0.621  0.616  0.607 

AIC   − 7243.85 − 7262.24  − 6409.01  − 6488.21  

1 AGE – stand age, DL – daylength, PREC – sum of precipitation during the vegetation period, TS – sum of daily temperatures over 5̊C during the vegetation period, 
ΔTRANS indicates the difference between locations of a field trial location and origin of a genetic entry in the trial. 

2 S – site variables, T – transfer variables, I – interactions. 
3 MODEL 2 (ΔDL) is a best and recommended model of the effect of Norway spruce transfer in Scandinavia with the natural logarithm of height as the dependent 

variable. Fitted to maximise the restricted maximum likelihood (“REML”). 
4 Values in italics are significant at 0.05 level. 

Table 5 
Optimal origin of forest reproductive material in terms of latitude for planting at 
typical sites in Norway, Sweden and Finland based on the height model with the 
transfer variables ΔLAT (latitude transfer – Model 1) or ΔDL (daylength transfer 
– Model 2). The optimal transfer distance (difference between optimal latitude of 
site latitude and genetic origin) in each case is shown in brackets in the optimal 
origin columns. Relative gain in height (Gain H) predicted with the height model 
including ΔDL at the age of 20 years.  

Country Site Latitude Optimal origin – 
Model 1 (ΔLAT) 

Optimal origin – 
Model 2 (ΔDL) 

Gain H 
(%) 

Norway Mild 59 52.9 (6.1) 54.2 (4.8)  3.2  
Harsh 64 58.3 (5.7) 60.7 (3.3)  3.7 

Sweden Mild 58 51.8 (6.2) 54.5 (4.5)  3.1  
Harsh 64 58.3 (5.7) 60.6 (3.4)  3.8 

Finland Mild 62 56.0 (6.0) 58.3 (3.7)  3.2  
Harsh 65 59.2 (5.8) 62.3 (2.7)  3.5  

Fig. 3. Tree height in cm at age 20 years as a function of transfer in daylength 
(Model 2) described in terms of latitude for six typical sites in Norway (red), 
Sweden (yellow) and blue (Finland). The solid lines represent heights at mild 
sites (Table 3), and dashed lines represent heights at harsh sites. Black circles 
indicate site locations while black crosses indicate optimal choices of genetic 
origins for the sites. Each curve was drawn for a daylength transfer range be-
tween − 4.6 and 3 h. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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4. Discussion 

4.1. Data 

The developed height model is a first attempt to develop a universal 
response function (URF) for Norway spruce for a specific but 
geographically large European region. Previously, different provenance- 
specific response functions or site-specific transfer functions have been 
reported for growth-related traits in Europe (Beuker et al., 1998; 
Gömöry et al., 2012; Kapeller et al., 2012; Kroon and Rosvall, 2004; 
Schueler et al., 2013), but no function integrating both has been 
developed. The previous functions have been based on common garden 
experiments which have generally been established with small numbers 
of replicated experiments and limited variety of genetic materials. Kroon 
and Rosvall (2004) developed transfer functions for northern Sweden 
based on data obtained from eight common garden experiments con-
taining material from eight Swedish breeding populations. Persson and 
Persson (1992) used only three IUFRO provenance trials located in 
Sweden with 1100 provenances. The use of a single progeny or prove-
nance trial series has also been a common feature of models developed in 
North America (Farjat et al., 2015; Wang et al., 2010). 

The greatest novelty of this study was use of a large dataset to 
develop a URF jointly for three Nordic countries, including data on ge-
netic entries from a large part of the Norway spruce distribution in 
Europe transferred to 438 experimental trials in Fennoscandia. The 
experimental trials include both provenance trials and unimproved 
stand checklots in progeny trials from several series that have been 
prepared and aggregated for a joint analysis (cf. Berlin et al., 2016). The 
experimental trials were located across Norway spruce’s range in Nor-
way, Sweden, and Finland. Use of such a dataset provides a high degree 
of confidence that the derived URF models will correctly predict heights 
of transferred Norway spruce. A possible limitation is underrepresen-
tation of long transfer from the south to extremely northern sites, as 
transfers to southern sites were performed from a greater span of 
geographical areas than transfers to the northern sites. Long transfers 
from north to south were also underrepresented in the analysed dataset. 

In the study, climate indices obtained from two climatic datasets 
(EOBS and CRU-TS) were used to model the height and survival rate of 
Norway spruce. Two important differences between the datasets lie in 
their temporal and spatial resolution. The CRU-TS dataset featured 
monthly data with the original grid resolution of ~ 0.5̊ but could be 
freely downscaled to any given spatial point as topographic data (e.g., 
altitude) were used to facilitate the process (Ramirez-Villegas and Jar-
vis, 2010; Moreno and Hasenauer, 2016; Fréjaville and Benito Garzón, 
2018). In contrast, the E-OBS dataset was based on daily observations at 
a coarser spatial resolution (5.5 × 5.5 km) and did not account for the 
variation in topography and local climate as well as the CRU-TS dataset, 
especially in Norway. Furthermore, the CRU-TS climatic dataset has 
been used as a baseline for the development of several future climate 
scenarios using the CMIP5 datasets (see, for example, Hallingbäck et al., 
2021) that will allow further studies on Norway spruce performance 
under expected future global climate change. There were indications 
that the E-OBS dataset could provide better estimations of certain cli-
matic variables, like temperature sum, due to its higher temporal reso-
lution. Nevertheless, for this study the overall advantages of using the 
CRU-TS climatic dataset outweighed those of E-OBS and CRU-TS was 
ultimately chosen for the final development of the presented URF 
models. 

As the data were collected over a considerable time span, and by 
different scientific institutes, it was not possible to obtain additional 
standardised and objectively assessed site characteristics, that could 
have improved the models’ quality. For instance, site variables such as 
soil type, depth, moisture, and local microsite variation are known to 
affect Norway spruce growth, but they were not included as it was not 
possible to obtain such data in a systematic way. However, there is 
considerable potential for improving the estimation of site quality with 

respect to Norway spruce in Sweden using climatic and site variables 
that could be obtained from the national GIS models (Mason et al., 
2018). Further improvements of digital tools for measuring terrain pa-
rameters, such as slope, exposure, and soil humidity, might also enhance 
the models. Standardised and objective assessments of abiotic or biotic 
induced defects could not be included in the models for the same reason. 

4.2. The developed model 

The general form of the model, i.e., universal response function 
conceptualised on lodgepole pine by Wang et al (2010), has been used in 
similar study for Scots pine (Berlin et al., 2016;. This is a convenient 
approach for predicting consequences of genetic material transfers that 
allows the formulation of FRM deployment recommendations with 
consideration of anticipated climatic changes. The final model included 
site-specific variables represented by climatic parameters, i.e., annual 
temperature sum (TS) and growing season precipitation (PREC), an in-
dicator of transfer distance (represented as the difference in daylength 
between locations of a planting site and origins of a genetic entry at that 
site) and interaction terms that introduced additional dynamic proper-
ties to improve model performance. 

Changes in variables that are expected to influence Norway spruce 
growth in coming decades most strongly include increases in tempera-
tures and changes in precipitation patterns (Lévesque et al., 2013; van 
der Maaten-Theunissen et al., 2013). Hence, both variables were 
included in the developed models, which will allow us to study Norway 
spruce responses to climatic changes. The temperature sum (TS) variable 
has been used as a driver in models of height growth and mortality of 
Norway spruce in northern Sweden (Kroon and Rosvall, 2004), and 
Scots pine in northern Sweden and Finland (Berlin et al., 2016). In 
addition, Mason et al. (2018) found that use of a cumulative modified 
radiation sum significantly improved site index prediction for Norway 
spruce in Sweden. Precipitation is also well-recognised as a key climatic 
factor for Norway spruce growth (Munster-Swendsen, 1987; Rybníček 
et al., 2012). However, the effect of precipitation has not been previ-
ously considered in Norway spruce transfer modelling. 

4.3. Selection of transfer variable 

The environmental variable selected for indication of the FRM 
transfer (the difference in a daylength on the 205th Julian day of the 
year) differed from the variables used in other studies concerning esti-
mation of transfer limits. In other studies, the transfer distance was 
commonly represented by a difference in latitude (Berlin et al., 2016), 
difference in temperature sum (Beuker et al., 1998; Gömöry et al., 2012, 
O’Neill et al., 2014) or transformations of latitude and longitude. The 
effect of latitudinal transfer is supposed to be strengthened by testing, 
and ultimately the inclusion of influential interaction terms should 
ensure the flexibility of the functions over different latitudes, according 
to Berlin et al. (2016). However, the differences in optimal transfer 
between mild southern sites and harsh northern sites were small (ca. 
0.3̊) when difference in latitude was used as the transfer variable. So, the 
predicted optimal transfers for northern harsh sites were almost as long 
as for the southern mild sites, which conflicts with practical experience 
and several previous studies of material in Sweden and Norway (Kroon 
and Rosvall, 2004; Persson and Persson, 1992; Skrøppa and Steffenrem 
2019; Skrøppa and Steffenrem 2020). For example, Kroon and Rosvall 
(2004) found that local material provided outstanding performance at 
the harsh sites in northern Sweden, while for northern coastal sites with 
a slightly milder climate, the optimal latitudinal transfer for height was 
4.3̊. The height models based on latitudinal transfers (ΔLAT) developed 
in this study indicate that long northward transfers of 5.7–5.8̊ would be 
optimal, even for target sites in northern Fennoscandia. The lack of a 
shortening of the optimal transfer distance with increasing latitude in 
this study appears to be associated with the essentially linear relation-
ship between latitude and distances in the north–south direction. 
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As an alternative to latitude, solar daylength (and thus night length) 
has highly non-linear relationships with north–south distances and 
latitude. Thus, daylength cannot be properly represented by latitude and 
its quadratic transformation in URF models. When the difference in 
daylength between locations of a field trial and origin of a genetic entry 
was used as the transfer variable instead of latitude, the non-linear dy-
namic properties of the model were improved as well as the overall 
statistical fit. The predicted optimal transfer distances differed signifi-
cantly between southern milder sites (4.4–4.8̊ northward transfer) and 
northern harsher sites (2.7–3.4̊ northward transfer), as expected from 
practice. The night length also has proven importance for the timing of 
several adaptive traits related to growth and performance of Norway 
spruce, particularly growth cessation and bud set in late summer, in 
controlled experimental conditions (Dormling, 1973; Dormling et al., 
1968; Heide, 1974). The seedlings of provenances originating from 
central Europe cease growth and develop buds when the night length 
reaches 6–7 h in late summer, while provenances from northern Sweden 
reach the same developmental stage when night lengths are 2–3 h. There 
is also a coastal-continental trend as Norwegian provenances at the same 
latitude as Northern Sweden need a 4–5-hour night to reach the same 
developmental stage (Ekberg, et al. 1979, Heide 1974, Kohmann 1996). 
Thus, to reach 21 h daylength at latitude 69◦ the upper geographic limit 
of the dataset used in this study, a Julian day around day 211 (30th of 
July) should be reasonable. For the final models, Julian day 205 (24 
July) was selected as it provided the highest significance over the tested 
variables and fit statistics used. 

4.4. Model performance 

The developed transfer models provide predictions for the perfor-
mance of both domestic seed sources and imported European prove-
nances in the three Fennoscandic countries. Such functions are essential 
to fully exploit the existing genetic diversity in operational seed or-
chards without developing a separate function for each of the material 
types. Most of the seed orchards in Norway, Finland and northern 
Sweden have been established with domestic Norway spruce trees 
selected in natural forests. However, in southern and central Sweden 
most of the seed-orchards that have been developed from the ongoing 
breeding program contain material with a mixture of genetic origins as 
there has been a long-term tradition of importing seeds (Hannerz and 
Almäng, 1997; Myking et al., 2016). The plus-trees were selected in 
operational plantations with little or no prior knowledge of their genetic 
backgrounds. More recently, however, genomic analysis of the Swedish 
Norway spruce breeding population has revealed that it has high genetic 
diversity with individuals from seven population clusters originating 
from various regions throughout Europe (Chen et al., 2019). 

For height, the final model developed in this study followed earlier 
observed patterns, indicating that height increases in response to a 
northward transfer in Sweden and this effect decreases with increasing 
latitude of the planting site (Heikinheimo, 1949; Kroon and Rosvall, 
2004; Oleksyn et al., 2001; Persson and Persson, 1992). The transfer 
patterns in these studies were mostly presumed as they were based on 
analysis of significantly less material (Persson and Persson, 1992) or 
covered a limited geographical area (Kroon and Rosvall, 2004). The 
statistically best model developed in the study presented here fully 
agrees with these indications. 

The material transferred from optimal locations to representative 
sites performed ca. 3 % better in terms of height growth than local 
material in southern, milder sites in all countries. As height and diam-
eter growth are usually well correlated, due to allometric relations, as 
described for example by Hallingbäck et al. (2010), this gain could be 
extrapolated in all three dimensions, which would then correspond to a 
gain in volume growth of ~ 9 %. Although speculative, such an 
extrapolation roughly agrees with the 6–10 % gain in volume per 
hectare over rotations that has been commonly used as an average effect 
of FRM transfer of non-local (Eastern European) seed sources to Sweden 

(Jansson et al., 2013; Rosvall et al., 2001). It should also be mentioned 
that the height model predicts losses in height with southward transfer 
of Norway spruce (of ca. 3 % to mild sites and ca. 7 % to harsh sites) that 
should be treated with care in development of FRM guidelines. 

The tested survival rate models had poor predictive ability and 
cannot be recommended for practical use. The raw data showed that 
survival rates were high at sites in the southern parts of all countries and 
most of the northern sites. Moreover, the few recorded cases of high 
mortality were likely due to other factors, not with provenance transfer 
and adaptation per se (pine-weevil, drought, competition with weeds, 
poor planting positions, or waterlogging). With the available data it was 
not possible to reliably associate any mortality with a specific material 
transfer to an experimental site. This is consistent with findings and 
claims that Norway spruce has highly plastic responses to changes in 
various environmental factors and indicates that future climate change 
will not necessarily cause Norway spruce mortality in the regeneration 
phase but rather later when the stands become fully closed and ready for 
other management treatments, such as thinnings (Berlin et al. 2015, 
Liepe, 2022). 

4.5. Comparisons with current transfer regulations 

The optimal transfers predicted by the height model deviate from the 
current recommendations for FRM transfer in Norway and Finland but 
are largely in line with available recommendations for Sweden. In 
Sweden, transfers of material from Baltic countries, Belarus and western 
Russia have been recommended up to latitude 62̊N (Regeringkansliet, 
1979). However, the origin of transferred material is limited to no 
further north than latitude 56̊N. Transfers from the central Belarus area 
(e.g., the Minsk and Vitebsk region, latitude ~ 54̊N) that have been more 
productive than local southern Swedish provenances are allowed for 
sites located south of latitude 60̊N. South of this latitude, transfers up to 
8̊ of latitude are allowed with consideration of changes of local eleva-
tion. The optimum transfer for a mild southern site in southern Sweden 
is ca. 4.5̊ according to the developed height model, which partly con-
firms that the previously developed recommendations have not caused 
maladaptation in the Swedish Norway spruce stands and rather sup-
ported their high productivity. However, extreme transfer distances 
need to be more carefully considered. 

According to regulations for reforestation within the natural range of 
Norway spruce in Norway, a transfer of up to 200 km is allowed. This 
corresponds to ca. 2̊ latitudinal transfer and there is practically no use of 
continental provenances within the natural range of Norway spruce 
today. According to the new model presented here, production could be 
potentially increased in the mild southern sites by using provenances 
from Eastern regions of Europe, central Poland, and central Germany. 
However, such long transfers have only been recommended into the 
oceanic climatic region on the west coast, as summarized by Øyen 
(2007). In Eastern Norway, the experiences with the adaptation and 
stem quality of provenances from central Europe have been negative 
(Skrøppa et al. 1993), while improved FRM selected from provenances 
of Eastern European origin has shown very promising development 
(Skrøppa and Steffenrem 2016). According to regulations for Finland, 
transfers from Estonia are allowed to the southernmost part of the 
country, approximately to 61 ◦N. This transfer limit is quite short 
compared with the Swedish recommendations and is due to observa-
tions of spring frost damage in Finland. 

The lack of consistency between the developed functions and na-
tional recommendations is at least partially due to a more restrictive 
management practice to reduce late-summer frost risk and drought 
occurrence, that were not explicitly considered in development of the 
models as a landscape coverage of data does not exists. In addition, it is 
challenging to include such phenomena in predictive models because of 
their stochastic nature (Seidel et al., 2019). 
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4.6. Future challenges 

The presented height model was developed for unimproved seed lots 
transferred to and within Fennoscandia. Formal validation procedure of 
the model on the improved material currently used in all the concerned 
countries is needed. Hayatgheibi et al. (2020) found that transfer models 
for height and survival rate of Scots pine in northern Sweden and 
Finland can predict these parameters very well for improved genetic 
material in 1.5 generation Scots pine seed orchards, i.e. orchards with 
only selected and tested plus trees. However, there are considerable 
differences in the biology of Norway spruce and Scots pine e.g., light 
demand, suitability of different soil types, growth rhythm and damaging 
agents. Therefore, our model should be subjected to similar validation 
procedures before they are implemented for improved FRM. 

Spring frost is known to have negative effects on the growth and 
development of Norway spruce (Langvall et al. 2001; Langvall, 2011; 
Lundströmer, 2021; Svystun et al., 2021; Skrøppa and Steffenrem 2016). 
Some frost indicators in the original 16 climatic variables (Supplemen-
tary Table 1) were tested but none of them were significant. There are 
predictions that frequencies of frosts in spring will decrease as average 
temperatures are predicted to increase, but the increases in temperature 
might also cause the trees to initiate growth earlier in the spring. If so, 
the trees may be more vulnerable to damage by frosts, which are more 
likely to occur at earlier dates in the year. The potential scale of effects of 
frost damage on height performance of the analysed material is also 
unknown, and such effects could not have been explicitly included in the 
modelling presented here. However, there are evidence that Norway 
spruce populations from warmer origins are flushing later than local or 
more northern materials (Beuker, 1994; Skrøppa and Steffenrem, 2019, 
2020; Solvin and Steffenrem, 2019; Svystun et al., 2021). Nevertheless, 
it is known that frost damage impairs the growth and quality of the 
plants, rather than killing them (Langvall et al. 2001; Svystun et al., 
2021), thus risks associated with frost have been considered in further 
recommendations in each of the countries. 

Factors other than frost affecting Norway spruce growth are much 
more poorly recognised. Fungal diseases related to transfer of plant 
material have been threatening Scots pine (Uotila, 1985) and broadleaf 
species, e.g., European ash (Fraxinus excelsior). In addition, Norway 
spruce populations originating from areas that are appropriate and 
recommended sources of material for southern Sweden (Belarus and 
Ukraine) has been regarded as susceptible to fungal attacks in Finland 
(Napola, 2014). However, no evidence of increases in fungal threats due 
to transfer has been observed for Norway spruce in either Sweden or 
Norway. 

There are observations indicating that some Norway spruce prove-
nances might be more prone to stem cracks, spike knot occurrence. 
However, there is no systematic evidence about genetic background of 
the problem and major setbacks associated with transfer (Myking et al. 
2016). The provenances tested in Fennoscandia have not been distin-
guished in respect to such damage. 

Extensive drought periods during the vegetation period have affected 
Fennoscandia several times in the last five years, causing substantial 
mortality in young Norway spruce plantations and impairing the vitality 
of older stands, thereby fostering outbreaks of the bark beetle (Ips 
typographus). Due to climate change, such calamitous events are pre-
dicted to occur more often in this region (IPCC 2021). The developed 
height model will not be able to account for effects of such abrupt events 
as it has been based on long-term observations of climatic variables and 
consider just first half of a rotation for a typical Norway spruce stand in 
Fennoscandia which is usually between 60 and 100 years long. Thus, 
additional constraints for sites that are particularly prone to drought 
events must be implemented in the practical recommendations and 
decision support systems. 

Careful analysis of the prediction uncertainties under different 
climate scenarios is necessary before implementation of the model in 
practice. For Scots pine models (Berlin et al., 2016), Hallingbäck et al. 

(2021) developed a framework that can be used to analyse effects of 
climate change and quantify uncertainties that will be helpful for 
development of robust recommendations for Norway spruce in 
Fennoscandia. 

5. Conclusions 

The developed transfer functions are based on large amounts of 
diverse and widely planted empirical material and provide the best 
currently possible predictions of height for all Norway spruce prove-
nances in Fennoscandia. They provide good foundations for formulation 
of common deployment recommendations in the region, which might 
ultimately lead to development of a common market for seeds and 
seedlings. The developed functions can differentiate provenances only in 
respect to their growth. Other aspects related for example to flushing 
time and frost risk, growth rhythm and quality properties need to be 
additionally considered. 

Measurement age, annual temperature sum, precipitation during the 
vegetation period, genetic material transfer and altitude were identified 
as the most important variables influencing height performance of 
young Norway spruce in Fennoscandia. It should be noted that the 
analysed stands’ were much younger than practical rotation ages of 
Norway spruce stands, so the effects of transfer on stand productivity at 
other ages warrant attention, although height is known to be a good 
indicator of stand productivity. 

The transfer variable based on the difference in daylength between 
locations of planting sites and origins of planted material provided the 
best representation of the growth of the transferred genetic material, 
both statistically and biologically. The non-linear nature of daylength as 
a transfer variable is consistent with the reduction in optimal transfer 
length with increasing latitude that has been frequently observed in 
practice, and patterns observed in previous physiological studies. 

The results indicate that long northward transfers to southern milder 
sites in Fennoscandia can have positive effects on height growth of 
Norway spruce, while for harsher northern harsher sites, the optimum 
northward transfer is shorter. Northward transfers are predicted to 
provide greater height growth than use of local material but the pre-
dicted gain in height growth was relatively small (ca. 3 %). Findings and 
observations in other studies, e.g., the outstanding performance of 
certain Belarusian provenances in southern Sweden, must be considered 
for development of practical recommendations. 
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van der Maaten-Theunissen, M., Kahle, H.-P., van der Maaten, E., 2013. Drought 
sensitivity of Norway spruce is higher than that of silver fir along an altitudinal 
gradient in southwestern Germany. Ann. For. Sci. 70 (2), 185–193. 

Wang, T., O’Neill, G.A., Aitken, S.N., 2010. Integrating environmental and genetic effects 
to predict responses of tree populations to climate. Ecol. Appl. 20 (1), 153–163. 

Wang, T., Hamann, A., Spittlehouse, D., Carroll, C., 2016. Locally downscaled and 
spatially customizable climate data for historical and future periods for North 
America. PLoS ONE 11 (6), e0156720. 

Werner, M., Karlsson, B., 1982. Resultat fran 1969 ars granproveniensserie i syd-och 
mellansverige. Arsbok-Foreningen skogstradsforadling.  

Ying, C.C., Yanchuk, A.D., 2006. The development of British Columbia’s tree seed 
transfer guidelines: Purpose, concept, methodology, and implementation. For. Ecol. 
Manage. 227 (1–2), 1–13. 

M. Liziniewicz et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0378-1127(22)00622-3/h0315
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0315
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0315
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0320
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0320
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0320
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0325
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0325
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0325
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0330
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0330
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0330
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0335
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0335
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0340
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0340
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0340
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0345
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0345
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0345
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0355
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0355
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0355
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0360
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0360
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0360
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0365
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0365
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0365
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0365
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0370
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0370
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0370
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0375
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0375
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0375
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0380
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0380
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0380
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0385
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0385
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0385
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0390
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0390
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0395
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0395
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0395
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0400
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0400
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0405
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0405
http://refhub.elsevier.com/S0378-1127(22)00622-3/h0405

	Development of a universal height response model for transfer of Norway spruce (Picea abies L. Karst) in Fennoscandia
	1 Introduction
	2 Materials and methods
	2.1 Field trial data
	2.2 Data aggregation
	2.3 Climate data
	2.4 Model development
	2.4.1 General model development
	2.4.2 Choice of environmental variables
	2.4.3 Choice of transfer variable
	2.4.4 Other considerations

	2.5 Model evaluation

	3 Results
	3.1 Final height model
	3.2 Transfer effect variable
	3.3 Model biological performance
	3.4 Survival model

	4 Discussion
	4.1 Data
	4.2 The developed model
	4.3 Selection of transfer variable
	4.4 Model performance
	4.5 Comparisons with current transfer regulations
	4.6 Future challenges

	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


