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1. Summary (Duncan RAY) 

Trees4Future is an integrative European Research Infrastructure project. Its main purpose 

is to highlight and open research facilities dealing with tree breeding, forest genetics, and 

modelling. In addition to providing access to research infrastructures the project has 

undertaken modelling activities to begin to highlight the combined current knowledge on 

species, provenance and phenological models that might help tree breeding activities in 

the future. Data gathering and modelling activities were the main focus of WP8, in which 

four major objectives were envisaged:  

1) develop a web-based tool to help forest policy makers, tree-breeders, tree nursery 

managers, forest planners, forest managers, and forest owners understand the impact and 

consequences of climate change (see Deliverable 8.1) 

2) assemble the results from assessments made in European wide provenance trials of 2-3 

tree species (see Deliverable 8.2) 

3) model areas of Europe well suited to provenances of each assessed tree species, using 

trial results, climate data and site data (this Deliverable) 

4) recommend the use of provenance data, model approaches, adaptation methods, and 

the deployment of species, provenances and genotypes (see Deliverable 8.4) 

In this Deliverable Report 8.3 we describe the modelling used on two species: Douglas-fir, 

and European beech. One an exotic species and the other a native species in Europe. We 

used climatic niche models, and general linear mixed models on Douglas-fir and European 

beech provenance trial data, to try and better understand how European Tree Breeders, 

and also forestry practitioners may need to choose genotypes based on phenotypic traits 

expressed in provenance trials.  

Environmental change is a theme through the project and through this deliverable. In 

forestry particularly, climate change uncertainty must be managed by conducting novel 

research to understand the potential of species, provenances and genotypes expressed as 

phenotypic traits to select the best material for different forest functions in Europe, for 

the future of the industry, and for the benefits a thriving industry and resilient forest will 

provide to society. 

 

Sections 3 to 5 are devoted to Douglas-fir and section 6 is devoted to Beech. 

 

Remark: because the dissemination level of this WP is “public” and because a scientific 

paper is currently under review, some results in section 3.3 are not showed yet. They will 

be available as soon as the related publication will be accepted. 
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2. Introduction (Juliette BOIFFIN & Vincent BADEAU) 

By the end of the century, global surface temperatures are predicted to rise between 1 to 

4°C, with more frequent, severe and extended drought episodes (IPCC 2014). Forests are 

particularly sensitive to climate change, because tree longevity precludes rapid genetic 

adaptation to environmental changes under natural selection pressures (Lindner et al. 

2010). Impacts of elevated temperature and water stress have already been reported in a 

large variety of forested biomes and include growth limitation (Ciais et al. 2005, Jump et 

al. 2006), disruption in the timing of phenological events (Cleland et al. 2007), decrease in 

reproductive success, persistent increase in background mortality rates (VanMantgem and 

Stephenson 2009) and abrupt dieback episodes (Bréda et al. 2006, Allen et al. 2010). 

Management strategies are thus needed to anticipate and mitigate the impacts of climate 

change in order to maintain healthy and productive forests. An important lever of action 

for forest managers is the choice of appropriate species and seed material during 

reforestation. The latter should be adapted to future conditions at the planting site in 

order to enhance forest resilience to climate change.  

The objective of tree breeders is to provide foresters with seeds that are genetically 

adapted to the environment, and that will grow into trees with desirable commercial 

characteristics. Tree improvement takes advantage of the natural genetic variation which 

exists within the natural range of a species. Indeed, most tree species exhibits genetic 

clines that are correlated with local environmental gradients (Morgenstern 2011, Joyce and 

Rehfeldt 2013). As a result, populations originating from contrasting climatic zones can 

exhibit different traits related to growth, morphology, development, survival and 

reproductive success (Morgenstern 2011). From these different populations, tree breeders 

need to identify the “plus individuals” that possess the most advantageous phenotypes in 

order to collect their seeds and to grow their offspring. Therefore, an essential 

prerequisite of tree improvement is to investigate intra-specific genetic variation in 

performance traits. This can be done by comparing range-wide collections of material in 

provenance tests planted at several trial sites.  

One major hypothesis that these provenance tests attempt to verify is that the 

performance is maximum when the climate of the seed origin closely matches that of the 

plantation site. Under this hypothesis, simple models of climate envelops could be used to 

choose the most interesting seeds for breeding or planting at given sites. Models of climate 

envelops, or climatic niche models, statistically relate the occurrence (or performance) of 

species and populations to climatic descriptors. They have proven very powerful tools for 

predictions within natural ranges, and are commonly used for determining areas that are 

climatically suitable for a given species or population (Elith et al. 2006, Araújo and 

Peterson 2012). However, criticisms have arisen regarding the transferability of niche 

model predictions into new geographical or temporal frameworks (Loehle and LeBlanc 

1996, Randin et al. 2009). Indeed, for niche model predictions to be valid, the climatic 

requirements of the species have to remain constant across time and space, as well as 

climatic optima for population growth. Yet phenotypic plasticity, silviculture and new 

species assemblages are all examples of ecological mechanisms susceptible to invalidate 

this assumption of niche conservatism (Pearman et al. 2008).  
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One of the objectives of WP8 was to provide guidelines to foresters and tree breeders in 

the choice of provenances adapted to future climates in Europe, by making use of 

extensive data from provenance tests and varying niche modelling techniques. We used 

two very different species as case-studies: 

(i) Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) a North American conifer that 

was introduced into Europe in the nineteenth century, and has become the most planted 

exotic species ever since. 

(ii) European beech (Fagus sylvatica L.), a native broadleaved species of economic 

importance. 

We calibrated niche models at the species level in order to investigate niche conservatism. 

Then, the performance of different provenances among multiple European sites was 

assessed. Climate matching between current and future climates in Europe was also 

explored. 

 

 

3. Prediction of Douglas-fir occurrences using species 

distribution models (Juliette BOIFFIN & Vincent BADEAU) 

3.1 Introduction 

We used Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco) as a case-study for testing the 
reliability of correlative niche model projections into exotic climatic conditions. Douglas-
fir is native from the western coast of North America and has been introduced in Europe 
during the mid-19th century, where it has become one of the most important non-native 
timber species, in terms of area planted and volume harvested (Hermann & Lavender 
1999).  In the introduction range, Douglas-fir has coped relatively well with moderate 
water deficits (Eilmann and Rigling 2012). However, important diebacks have been 
reported after the severe drought and heat wave that affected Western and Central 
Europe in 2003, revealing Douglas-fir vulnerability to cumulated or severe soil water deficit 
(Sergent et al. 2014b). This has led to an increasing demand from forest managers for 
accurate predictions of current and future climatic suitability of Douglas-fir populations in 
Europe.  

We started at the species-level, and examined niche conservatism for Douglas-fir by 
comparing the climatic niches in the native and the introduction range. Then we modeled 
and compared the distribution of the coastal (P. menziesii var. menziesii) and (P. 
menziesii var. glauca) interior Douglas-fir separately, in both North America and Europe. 
Finally, we worked at the seed-zone level and projected North-American climates of seed 
zones into Europe. 

 

 



  D8.3 Modelling with the results from provenance trials  

9 

 

3.2 Materials & methods 

Species datasets in North America 

Two main sources of data were used to qualify the current distribution of Douglas-fir in 

North America. 

The first one was the map of Little (1971) in its digital version by the U.S. Geological 

Survey (esp.cr.usgs.gov/data/little). The maps provided by Little give the range 

boundaries of tree species according to ancient forest surveys, field observations and 

herbarium collections (Fig. 3.1). They were hand-drawn in the early 70s for the whole 

territories of Canada, United States and Mexico then they were digitized by USGS in the 

late 90s. Therefore there is no guarantee about the accuracy of these maps, especially at 

the trailing edges (see for example Fig. 3.2). 

 

The Douglas-fir map (ESRI shapefile) was converted into binary raster files. The first one at 

a 30 second arc resolution (~1km grid) and the second one at a 2.5 minute resolution 

(~4km grid) in accordance with the available climatic grids. 

 

The Douglas-fir rasters (Pseudotsuga menziesii) where then divided into two subsets 

according to Snajberk & Zavarin (1976): Pseudotsuga menziesii var. menziesii (so-called 

Douglas-fir) and Pseudotsuga menziesii var. glauca (so-called Rocky Mountain Douglas-fir). 

At the north of the range map, the boundary between the two varieties has been 

empirically defined using the boundaries of the Canadian seed zones; approximately from 

Skihist Mountain (British Columbia, Canada) to Grimface Mountain (Okanagan-Similkameen, 

Canada) (Fig. 3.3). Further analysis showed that the delineation of the two varieties in this 

little geographical area does not matter. 

 

 

Fig. 3.1: Digital representations of Douglas-fir (Pseudotsuga menziesii) range map 
from U.S. Geological Survey 
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Fig. 3.2: Douglas-fir range map in Utah (grey) plotted on a 1-km gridded Digital Elevation Model.  
It is obvious that Douglas-fir is more present in altitude but the accuracy of the range map is 
much lower than that of the Digital Elevation Model. 

 

 

Fig. 3.3: Range map of Pseudotsuga menziesii var. menziesii (green) and 
Pseudotsuga menziesii var. glauca  (blue). 

 

The second set of information about the occurrences of Douglas-fir was the National Forest 

Inventories from Canada, United States and Mexico.  

For the North American native range, we assembled Douglas-fir occurrence data from 

forest inventories and ecological research plots provided by organizations in Canada, USA 
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and Mexico. We classified as presence data the plots and polygons where presence of 

Douglas-fir had been recorded; whereas absence data were selected as vegetated (both 

with and without trees) areas where Douglas-fir has not been observed. We rasterized 

these vector data sets to the 2.5 arc-min resolution, to ensure consistency with the 

climatic data rasters. The Canadian and Mexican rasters were then resampled so that their 

origin matched that of the US raster. Finally, the presence and absence layers from the 

three countries were merged to obtain a presence raster of 24,599 cells and an absence 

raster of 47,664 cells for the whole North American range. Presence-absence data from the 

European introduction range were then used to validate the projections of the “native” 

Douglas-fir niche model in Europe. 

 

British Columbia 

We collected data from the Vegetation Resource Inventory (VRI, Ministry of Forest Land 

and Natural Resources Operations of the Province of British Columbia 2015). The VRI was 

initiated in 1993. It consists in photo-interpreted polygons which represent homogeneous 

land cover types. Land characteristics are associated with each polygon, including 

biophysical attributes, vegetated and non-vegetated status, disturbance history and main 

characteristics of tree cover whenever applicable: species composition, crown closure, 

age, height, basal area and density (among others). 

Randomly-located ground sampling plots complement the VRI photo-interpreted polygons 

with detailed measurements of ecological and timber attributes: topography, site index, 

tree species, core-estimated age, diameter at breast height, height, basal area and 

volume. The British Columbia dataset comprised 381,629 VRI units (polygons or ground 

sampling plots) where Douglas-fir was observed, for 3,812,977 vegetated VRI units where 

Douglas-fir was noted absent. 

 

Alberta 

Interior Douglas-fir reaches the easternmost edge of its range in Alberta. In order to get 

presence locations for Alberta, we used GIS data from Alberta’s Vegetation Inventory (AVI, 

Ministry of Environment and Sustainable Resources Development 2014). The AVI provides 

information on composition, density and condition of vegetation interpreted from aerial 

photographs taken between 1987 and 2008. The AVI polygons represent homogeneous 

cover types. All vegetated plots were checked for Douglas-fir occurrence including non-

forested vegetated lands and recent cuts. We identified 8,521 and 518,517 AVI polygons 

with presence and absence of Douglas-fir, respectively.  

 

USA 

Occurrence of Douglas-fir in the USA was derived from the Forest Inventory and Analysis 

database (FIA, Phase-2, version 6.0.1, US. Forest Service, Smith et al. 2004). The FIA 

research program has been initiated in 1929 and it has been collecting, analyzing and 

publishing data on USA forest lands ever since. Data collection for the FIA consists of a 

three-phase sampling scheme. In the first phase, interpretation of remote sensing imagery 
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is used to stratify the US land into distinct cover classes. In the second phase, ground 

sampling plots are pooled from the different strata defined in phase-I. These one-acre 

plots are further divided into macroplots (58.9-feet radius), subplots (24.0 feet radius) and 

microplots (6.8 feet radius), following a nested design which is consistent across all US 

states. Trees smaller and greater than 5.0 inches in diameter are identified and measured 

in subplots and microplots, respectively. We sorted the plots where Douglas-fir had been 

identified from the other inventory plots. Therefore, absence plots were inventory plots 

with no Douglas-fir that were forested or that had been forested and had experienced a 

change of land use between two successive inventories. We used the FIDO tool (Forest 

Inventory Data Online) of the US-Forest service to generate synthetic reports at the state-

scale, in order to identify the states where Douglas-fir was present. On this basis we 

collected FIA data from Washington, Oregon, California, Idaho, Nevada, Arizona, Montana, 

Wyoming, Utah, Colorado and New Mexico.  A notable characteristic of US FIA plots is that 

their locations are fuzzed or swapped for the purpose of preserving the privacy of land 

owners. All the plots coordinates are fuzzed: within 0.5 miles for most of them and up to 

1-mile for a small subset of them. Moreover, up to 20% of the privately-owned plots are 

swapped with other similar plots within the same country. Only the geographic coordinates 

are swapped, while the other plot characteristics remain the same.  

Nevertheless, these imprecise locations were used in the analysis, because we assumed 

that the buffer distance around plot locations was small enough compared to the extent of 

the Douglas-fir geographic range in North America and to the resolution of the climatic 

data we used (2.5 arc-min corresponding to approximatively 4 km2 pixels). The attributes 

of the plots that were swapped, including forest cover composition, were preserved in the 

switching process. Therefore, it seemed reasonable to assume that if Douglas-fir was 

present in a swapped plot, it was also present in the plot with which it was switched in the 

same county.  

Mexico 

For the occurrence of Mexican populations, we used the same data as in Rehfeldt et al. 

(2014a) The latter comes from unpublished records and personal knowledge of Douglas-fir 

presences provided by Javier López-Upton (Colegio de Postgraduados, México), Jesús 

Vargas-Hernández (Conservemos México y sus Recursos Genéticos, México), Celestino 

Flores (Universidad Autónoma Agraria Antonio Narro, Coahuila), Christian Wehenkel 

(Universidad Juárez, Durango), and Antonio Plancarte-Barrera (Alen del Norte, Oaxaca). 

We also explored data from the National Mexican Forest Inventory (NMFI), which was 

launched in 2000 by the Institute of Geography of the National University of Mexico in 

order to produce a general overview of forest resource. Inspired by the other North-

American inventory programs, the NFI in Mexico builds on the land cover classification 

scheme produced by the INEGUI, which is itself based on the interpretation of remotely-

sensed images. In a second phase, control ground sampling plots were established to 

complete the database with more detailed field measurements on vegetation cover and 

composition, agricultural activities, topography, landslides, forest commercial value and 

floristic composition. We added four NMFI ground plots where Douglas-fir had been 

identified to the above-mentioned presence database, adding up to a total of 133 presence 

plots. The absence data base was derived from ground ground plots with floristic 

inventories where Douglas-fir had not been recorded (2,161 plots).  
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Species datasets in Europe 

Since JRC databases were not available for the project, we used an European forest 

inventory database compiled as part of the European FunDiv research project (Functional 

significance of forest diversity, UE collaborative project reference 265171, FP7-

Environment). This research project started in October 2010, and gathers scientists from 

15 European countries. It aims at quantifying the influence of biodiversity on forest 

ecosystem function and goods and services provision. Data from national forest inventories 

from Finland (provided by Aleksi Lehtonen), Sweden (provided by Jonas Dahlgren), 

Germany (provided by Gerald Kändler), Spain (provided by Paloma Ruiz-Benito), Wallonia 

(provided by Hugues Lecomte), France and Romania were assembled by Sofia Ratcliffe and 

David Wirth. This database was made available through the FunDivEurope data portal 

(http://fundiv.befdata.biow.uni-leipzig.de/). It includes information on species 

composition, size and status of trees greater than 75 mm in diameter, as well as plot 

characteristics, elevation and climate. Plot latitudes and longitudes are fuzzed up to 500 

m. The data base contains 3,788 plots where Douglas-fir is present for 227,671 plots where 

Douglas-fir is absent.  

The FunDiv dataset is, to our knowledge, the most comprehensive (and freely available) 

data set merging national forest inventories at the European scale. However, several 

European countries where Douglas-fir is present are not covered by its extent, for example 

the United Kingdom, the Netherlands, Italy, most of the countries in central Europe and in 

the Balkans. To make up for this lack of presence data in European countries, we used 

growth data from Douglas-fir provenance trials that were set by the IUFRO in Europe 

(Kleinschmit & Bastien 1992) for a complementary visual validation of model predictions. 

The IUFRO database consists in growth measurements and survival data for 176 

provenances at 108 trial sites in British Columbia and 30 European countries (from Ireland 

to Turkey). 

 

Climatic datasets 

For modelling the distribution of Douglas-fir we needed uniform and homogeneous climatic 

datasets for the whole northern hemisphere (i.e. same variables and same mapping and 

dowscaling methods for North America and Europe). In addition, these datasets had to be 

at a fine enough spatial resolution in order to work at the scale of seed zones. 

 

Three datasets were used: 

 The WordClim Global Climate Database (version 1.4, release 3, www.worldclim.org) 

at 2.5 arc-minutes resolution (~4 km). This resolution is fine enough for the modelling 

purposes; not too related to orography like the 30sec one (Bedia et al. 2013); and not too 

resource-intensive in computing. Worldclim (Hijmans et al. 2005) is a global climatic 

dataset that has been widely used in species distribution models which consists in mean, 

minimum and maximum temperature and precipitation means derived from 1950-2000 

weather records. Data from distant weather stations are interpolated using a thin-plate 

smoothing spline with latitudes, longitudes and elevation as independent variables. 

Elevation data comes from a 3 arcsecond (~90 m) spatial resolution hole-filled SRTM layer 

(Shuttle Radar Topo Mission) that was aggregated to a 30 arcsecond resolution using the 
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median value (Hijmans et al. 2005). We pre-selected an initial set of 23 climatic variables 

derived from temperature and precipitation in order to obtain a general overview of 

regional climates while maintaing a balance between “temperature” and “precipitation” 

variables (Table 3.1). 

 

BIO1 Annual Mean Temperature 

BIO2 Mean Diurnal Range (Mean of monthly (max temp - min temp)) 

BIO3 Isothermality (BIO2/BIO7) (* 100) 

BIO4 Temperature Seasonality (standard deviation *100) 

BIO5 Max Temperature of Warmest Month 

BIO6 Min Temperature of Coldest Month 

BIO7 Temperature Annual Range (BIO5-BIO6) 

BIO8 Mean Temperature of Wettest Quarter 

BIO9 Mean Temperature of Driest Quarter 

BIO10 Mean Temperature of Warmest Quarter 

BIO11 Mean Temperature of Coldest Quarter 

BIO12 Annual Precipitation 

BIO13 Precipitation of Wettest Month 

BIO14 Precipitation of Driest Month 

BIO15 Precipitation Seasonality (Coefficient of Variation) 

BIO16 Precipitation of Wettest Quarter 

BIO17 Precipitation of Driest Quarter 

BIO18 Precipitation of Warmest Quarter 

BIO19 Precipitation of Coldest Quarter 

PETPGrSeas April to September Precipitation – Hargreaves’ PET  

Kc Kira coldness index (Kira 1991) 

Kw Kira warmness index (Kira 1991) 

CONc Conrad’s continentality index (Conrad 1946) 

Table 3.1: Initial set of 23 pre-selected bioclimatic variables 

 

 The CRU-TS-3.22 database (released 4 July 2014, covers the period 1901-2013, 

https://crudata.uea.ac.uk/cru/data/hrg/), a gridded time-series dataset covering all land 

areas at 0.5° resolution (Harris et al. 2014). Available variables are precipitation, daily 

mean temperature, monthly average daily maximum temperature, monthly average daily 

minimum temperature, diurnal temperature range, vapour pressure, cloud cover, wet day 

frequency, frost day frequency, potential evapotranspiration. These datasets give many 

interesting climatic variables for the project but the resolution was too coarse for 

modelling the species distribution. This dataset was used as a ‘model sensitivity test’. 

 

 Climate EU is a free software, downloadable from the University of Alberta website 

(www.ualberta.ca/~ahamann/data/climateeu.html). It can be used to estimate more than 

50 monthly, seasonal, and annual variables, including many economically or biologically 

relevant variables such as growing and chilling degree days, heating and cooling degree 

days, Heargrave's moisture deficit and reference evaporation, beginning and end of the 

frost-free period, etc. 

The reference climate grids are based on the Parameter Regression of Independent Slopes 

Model (PRISM) interpolation method for precipitation, and ANUSplin for temperature. 

Historical data from 1901-2009 are based on the CRU-TS 3.1 dataset and has been recently 

updated to 2013 with CRU-TS 3.22. 

Future projections are based on 15 Global Circulation Models chosen to represent all major 

clusters of similar of the CMIP5 multimodel dataset corresponding to the IPCC Assessment 

Report 5 for two emission scenarios (RCP4.5 and RCP8.5) and three standard time-slices 

(2020s, 2050s, 2080s). Average projected global warming increase and likely range for 
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RCP4.5 are: +1.4°C (±0.5) by the 2050s; +1.8°C (±0.7) by the 2080s. For RCP8.5 they are: 

+2.0°C (±0.6) by the 2050s; +3.7°C (±0.9) by the 2080s. The software has been used to 

create raster maps for the European countries with 1 km spatial resolution for the current 

and the 2050 situations. Two emission scenarios were computed (RCP4.5 and RCP8.5) using 

the ensemble projection. The ensemble is developed from these 15 GCMs: CanESM2, 

ACCESS1.0, IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, CCSM4, HadGEM2-ES, CNRM-CM5, CSIRO 

Mk 3.6, GFDL-CM3, INM-CM4, MRI-CGCM3, MIROC-ESM, CESM1-CAM5, GISS-E2R. 

 

Modelling framework 

Logistic Regressions 

Logistic regressions were computed for Pseudotsuga menziesii grp; Pseudotsuga menziesii 
var. menziesii and Pseudotsuga menziesii var. glauca. (the USGS distribution map, 2.5 arc-
minutes resolution raster) using raw climatic data or the factorial axis of a Principal 
Component Analysis of the climatic data. Because of the autocorrelations between climatic 
factors, monthly climatic variables were converted into seasonal climatic variables. 
 
Models were calibrated over the North America (latitude ranging from -130° to -95°, 
longitude ranging from +14° to +60°) using a subset of points of Douglas-fir presence (75% 
of the original dataset, i.e. 58 292 points) and a subset of points of Douglas-fir absence (58 
292 points). The 25% remaining points were used for validation (AUC, confusion matrix). 
Probabilities of presence were then converted into presence/absence values (1/0) using 
the True Skill Statistic (Allouche et al. 2006). This process was repeated 10 times and the 
10 presence/absence maps were averaged. Raw climatic variables or PCA axes were 
selected with a classical stepwise method (probability for the variable to enter & stay in 
the model = 0.0001). 
 
Because the results obtained with this classical method were not ‘as expected’, two other 
approaches were used. 
 

Random Forest algorithm  

The random forest algorithm is an unsupervised machine learning technique constructed 

from classification and/or regression trees (Breiman 2001). Random forest consists of an 

aggregation of multiple regression trees derived from bootstrap samples of the original 

data. Each node of each decision tree is obtained by splitting the data according to a 

randomly selected explanatory variable. This recent method has shown strong results for 

mapping individual species (Evans and Cushman 2009) and has rapidly grown in popularity. 

The strength of the approach lies in the fact that it is non-parametric, and hence flexible 

in terms of the explanatory variables that it can handle. It can also represent non-linear 

relationships between response and explanatory variables and also hierarchical 

interactions of explanatory variables. We used the RandomForest 4.6-10 R package (Liaw 

and Wiener 2002).  

 

Sampling protocol for presence-absence data 

To prepare the presence-absence dataset for the bioclimatic niche model, we followed the 

sampling protocol from Worrall et al. (2013) and Rehfeldt et al. (2014a). The objective was 

to obtain 20 datasets, each of which containing 100,000 observations, in order to construct 

20 ‘forests’ with the Random Forest algorithm. The 100,000 observations in each data set 
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comprised 40% of Douglas-fir presence cells and 60% of absence cells. The sampling was 

arranged such that, in the data set: 

 20% of observations were locations where Douglas-fir was present. The latter were 

weighted by a factor 2, and therefore represented a total of 40% of all 

observations. 

 40% of observations were locations where Douglas-fir was absent, but climates were 

relatively similar to those where Douglas-fir occurred 

 20 % of observations were locations where Douglas-fir was absent and climates were 

dissimilar to those where Douglas-fir occurred. 

Climate dissimilarity among presence and absence locations was estimated based on the 

distance on the three first axes of a Principal Component Analysis run on climatic variables 

for North American presence and absence locations (Worrall et al. 2013). 

 

Choice of climatic variables to include in the model 

The PCA analysis on climate variables for North American locations and a Spearman 

correlation matrix were computed as preliminary analyses to remove the most strongly 

correlated variables. Variables were also eliminated according to importance values 

averaged across 20 ‘forests’ using the mean decrease in accuracy as the measure of 

importance. A total of ten variables were so removed from our initial set, leaving 14 

variables to be included in further analyses (Table 3.2). 

 

 
Short name Definition Importance  

BIO11 Mean Temperature of Coldest Quarter 0.173 

PETPGrSeas April to September Precipitation – Hargreaves’ PET  0.171 

CONc Conrad’s continentality index (Conrad 1946) 0.159 

BIO4 Temperature Seasonality  0.147 

BIO19 Precipitation of Coldest Quarter 0.134 

BIO18 Precipitation of Warmest Quarter 0.128 

BIO8 Mean Temperature of Wettest Quarter 0.124 

BIO2 Mean Diurnal Range  0.120 

BIO10 Mean Temperature of Warmest Quarter 0.118 

BIO16 Precipitation of Wettest Quarter 0.116 

BIO12 Annual Precipitation 0.114 

BIO17 Precipitation of Driest Quarter 0.113 

BIO15 Precipitation Seasonality (Coefficient of Variation) 0.098 

 

Table 3.2: Random-Forest modelling; subset of selected Bioclimatic variables sorted by importance 
(mean decrease in accuracy) 

 
 

Evaluation of the model and projections in Europe 

The Random Forest algorithm was run in the classification mode to produce an ensemble of 

20 ‘forests’, each with 500 trees. The categorical response variable was presence-absence 

of Douglas-fir in its native North American range and explanatory variables that were used 

to split each trees in different nodes were the subset of 14 climatic descriptors described 

above. Each of the 20 forests was built using a training dataset which comprised 75% of 

randomly sampled observations, and tested using the remaining 25% of observations. AUC 

(Area under the receiver operating curve, McPherson et al. 2004) and TSS (True Skill 

Statistics, Allouche et al. 2006) were computed for each of the 20 forests and further 

averaged using R package ROCR 1.0-7 (Sing et al. 2005). Each of the 20 forests was used to 
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predict presence-absence probabilities for the whole of the North American and European 

ranges. The resulting 20 rasters of predicted probabilities were then averaged. 

Performance of the model was re-evaluated in the European introduction range with the 

FunDiv European presence-absence data set. Average ingrowth from the IUFRO trial sites 

was used for further visual validation of model predictions. 

 

Biomod2  

Recent studies have demonstrated that different modeling techniques could lead to 

divergent predictions of species niches, even with similar inputs of climatic variables and 

identical data sources (Araújo et al. 2005, Cheaib et al. 2012). To alleviate the uncertainty 

associated with the choice of a modeling technique, some authors suggest the use of 

ensemble modeling (Araújo and New 2007). The BIOMOD framework (Thuiller et al. 2009) 

allows for predictions to be made by a combination of different niche models, the outputs 

of which can be weighted according to their respective predictive power. We implemented 

BIOMOD within the biomod2 R package (Thuiller et al. 2014). Nine different niche models 

were included: 

 GLM: Generalized Linear Model, i.e a logistic regression with quadratic terms 

included and interaction terms excluded, 

 GBM: Generalized Boosted Regression Trees, 

 SRE: Surface Range Envelopes, 

 GAM: Generalized Additive Models, 

 CTA: Classification Trees Analyses, 

 ANN: Artificial Neural Networks, 

 RF: Random Forests, 

 MARS: Multivariate Adaptive Regression Spline, 

 FDA: Flexible Discriminant Analysis. 

GLM, GAM, CTA and ANN have been described and discussed by Thuiller (2003). Elith et al. 

(2006) compared modeling performance of GBM, MARS, GLM, GAM and CTA. FDA has been 

introduced by Hastie et al. (1994), Random Forest by Breiman (2001) and SRE is similar to 

BIOCLIM that has been described by Busby (1991). No pseudo-absences were generated, as 

we had collected true absences from Forest Inventories. To evaluate the quality of 

predictions delivered by BIOMOD, the data set was randomly split into training data (75% of 

observations) and testing data (25% of observations). Presence/absence of Douglas-fir were 

related to the above-mentioned subset of 13 climatic variables (Table 3.2). The whole 

procedure of ensemble modeling was repeated 100 times using different randomly-sampled 

training and testing data sets at each iteration to produce AUC and TSS. The latter model 

performance metric was used to weight model predictions for both the native and 

introduction ranges. The quality of ensemble-modeling predictions was then assessed with 

the independent FunDiV European dataset, and visually controlled with average growth 

from the IUFRO trial sites. 
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3.3  Results 

Testing for climatic niche conservatism 
 

The results of this paragraph will be available as soon as the related publication will be 

accepted (see “Peer-reviewed publication” in Third Periodic Technical Report, Period 3: 

from 1st November 2014 to 30th April 2016) 

 

Modeling the bioclimatic niche in the native range 

Using the basic Logistic regressions 

In North America, the model accuracies were very good with an Area Under the Curve 
(AUC) ranging between 0.930 and 0.998 (Table 3.3). 
 

Species AUC (7 climatic 
variables) 

AUC (7 PCA factors) 

P. menziesii grp 0.962 (±0.001) 0.951 (±0.001) 

P. menziesii var. 
menziesii 

0.998 (±0.000) 0.997 (±0.001) 

P. menziesii var. glauca. 0.962 (±0.001) 0.930 (±0.001) 
 

Table 3.3: Area Under the Curve (AUC) and standard error for the logistic 
regression computed for Pseudotsuga menziessi using raw climatic predictors or 
PCA factors. 

 
The results obtained with the raw climate variables or the PCA axes are very similar but 
we consider that the “PCA method” is more robust from a statistical point of view. Only 
these results are presented here (Fig. 3.7, 3.8, 3.9). For the whole Douglas-fir and 
especially for the subspecies P. menziesii var. menziesii, the models fit very well with the 
USGS maps. It seems easy to delineate the P. menziesii var. menziesii area with a small 
number of climate variables (or PCA axes). For the P. menziesii var. glauca, the models are 
less accurate because of the geographical extent of the sub-species, the climate variability 
and the low precision of the USGS maps at the southern trailing edge. 
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Fig. 3.7: Probabilities of Douglas-fir presence predicted by logistic regression with the first seven axis of the 
principal component analysis of the climatic  dataset. Left, average of the 10 reps; right,  average of the 10 
reps + USGS range map. 

AUC = 0.951 (±0.001) 
Sensitivity: 0.897 (±0.002) for the training set / 0.932 (±0.001) for the testing set 
Specificity: 0.897 (±0.001) for the training set / 0.877 (±0.001) for the testing set 
Overall goodness of fit: = 0.897 (±0.001) for the training set / 0.879 (±0.001) for the testing set 

 
 
 

         
Fig. 3.8: Probabilities of P. menziesii var. menziesii presence predicted by logistic regression with the first 
seven axis of the principal component analysis of the climatic  dataset. Left, average of the 10 reps; right, 
average of the 10 reps + USGS range map. 

AUC = 0.997 (±0.001) 
Sensitivity: 0.981 (±0.002) for the training set / 0.987 (±0.001) for the testing set 
Specificity: 0.981 (±0.001) for the training set / 0.977 (±0.002) for the testing set 
Overall goodness of fit: = 0.981 (±0.001) for the training set / 0.977 (±0.001) for the testing set 



  D8.3 Modelling with the results from provenance trials  

20 
 

         

Fig. 3.9: Probabilities of P. menziesii var. glauca presence predicted by logistic regression with the first seven 
axis of the principal component analysis of the climatic  dataset. Left, average of the 10 reps; right,  average 
of the 10 reps + USGS range map. 

AUC = 0.930 (±0.001) 
Sensitivity: 0.874 (±0.003) for the training set / 0.915 (±0.005) for the testing set 
Specificity: 0.874 (±0.001) for the training set / 0.843 (±0.004) for the testing set 
Overall goodness of fit: = 0.874 (±0.001) for the training set / 0.845 (±0.003) for the testing set 

 

 

Modeling the bioclimatic niche in the introduction range 

The main climatic gradient discriminating native occurrences of American interior Douglas-

fir (P. Menziesii var. glauca) from occurrences of Douglas-fir in Europe was one of 

temperature annual range. The second climatic gradient sorting occurrences of American 

coastal Douglas-fir (P. menziesii var. menziesii) from those of the European Douglas-fir was 

one of seasonality in precipitation, with a more uneven distribution of precipitation across 

the year in the Pacific North West. These two climatic gradients were for a large part 

captured by variations of two climatic descriptors: Conrad’s continentality index and 

precipitation-PET of the growing season. The latter were in fact two of the most important 

bioclimatic descriptors for modeling the distribution of Douglas-fir in North America.  For 

this reason, in spite of the very high predictive power of the model in the native range, 

model performance was very low in the European introduction range. 

 

Using the basic Logistic regressions 

Despite the strong performance of the logistic models in North America, their projections 

over the European territory is rather upsetting: only P. menziesii var. glauca might suit the 

European climate, which is nonsense (Figure 3.12). 
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Fig. 3.12: Suitability of Douglas-fir in Europe according to logistic niche modelling. Top, Pseudotsuga menziesii 

grp; left P. menziesii var. menziesii; right, P. menziesii var. glauca. 

 

 

Modeling the bioclimatic niche in the native range and in the introduction 

range using the Random Forest algorithm and Biomod2 
 

The results of this paragraph will be available as soon as the related publication will be 

accepted (see “Peer-reviewed publication” in Third Periodic Technical Report, Period 3: 

from 1st November 2014 to 30th April 2016) 
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3.4 Discussion 

The results obtained in the section 3 tend to demonstrate that Douglas-fir occupies distinct 

realized niches in both its native and in its introduced range. Two different sources of 

climate data were used to test for niche conservatism, in order to ensure that the shift 

observed was not an artifact related to the choice of a particular climatic data set. For 

western North America, analyses were based on a comprehensive dataset of Douglas-fir 

occurrences. For Europe, results were derived from the most extended available 

compilation of national forest inventories and provenance tests. Data from several 

European countries were lacking. Nevertheless, we observed a very large number of 

records in Europe indicating presence of Douglas-fir outside of the climatic conditions 

characterizing the native climatic niche. 

We propose two non-mutually exclusive hypotheses to explain the lack of overlap between 

the realized niches in Europe and in North America: (1) the fundamental niche has changed 

as a result of changes in genotypes (under natural or human-driven selection) (2) the 

constraints defining the realized niche (sensu. Colwell and Rangel 2009) have changed. 

 

Hypothese 1: a change in the fundamental niche caused by different 

genotypes 

Important shifts of bioclimatic niche, similar to those observed for Douglas-fir in the 

present study, have been previously reported for invasive species (Broennimann et al. 

2007, Whitney and Gabler 2008). In these studies, rapid genetic adaptation after invasion, 

sometimes occurring at rates faster than 20 years, was identified as the dominant 

mechanism underlying range expansion of the invader (Whitney and Gabler 2008). It could 

be argued that rapid genetic adaptation has occurred since Douglas-fir was introduced in 

Europe in 1827, based on potential invasiveness of the species in Europe. (Richardson and 

Rejmánek 2004, Broncano et al. 2005, Carrillo-Gavilán and Vilà 2010, Felton et al. 2013). 

Moreover, evidence of natural genetic adaptation has been reported in Douglas-fir’s native 

range where multiple populations have differentiated under the selection of local 

climates, allowing them to grow in suboptimal climates and to cope with weather hazards 

(Leites et al. 2012, Rehfeldt et al. 2014b, Bansal et al. 2015). Indeed, genetic clines in 

growth (Rehfeldt et al. 2014b), phenology (Gould et al. 2011), resistance to cold and 

resistance to drought (Bansal et al. 2015) have been related to latitudinal and elevational 

gradients. 

However, a large proportion of the European Douglas-fir forests that are recorded as 

species presences in the FundivEurope dataset were planted and subjected to silvicultural 

management intended to ensure the initiation of a productive stand. Because of these 

silvicultural practices, the major opportunities for natural selection that occur during 

germination and establishment were largely circumvented (Aitken et al. 2008). Therefore, 

it is unlikely that rapid genetic adaptation of Douglas-fir under natural selection would 

alone explain the niche shift observed in the introduction range. On the other hand, 

genetic improvement and selection for vigor, shape, and flushing lateness could have 

played an important role in widening the range of environmental conditions suitable for 

Douglas-fir (Bastien et al. 2013). For example, in France, most of the Douglas-fir seeds 

used for plantation originate from the seed orchard “La Luzette” which was planted more 
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than 30 years ago with 40 American populations and 20 second-generation French 

populations. Because of this large genetic basis, seeds from La Luzette (Sousceyrac, Lot, 

France) are recommended for plantation of individuals able to withstand very diverse 

environmental conditions. Moreover, Douglas-fir trees from La Luzette have shown to grow 

12% taller (height at 6 years) and to flush 4 days later than controls from a Washington 

population (France Douglas, web). 

 

Hypothese 2: a change in the realized niche 

The second hypothesis is that the results can be explained by a shift in Douglas-fir realized 

niche, caused by the release of abiotic and biotic constraints that exist in the North 

American range but are absent in Europe. 

No-analog climates and compensating factors.  

The observed presence of a species captures its realized niche. In the case of Douglas-fir, 

the realized niche in the native range is a truncated portion of the fundamental niche, i.e 

the whole diversity of climatic conditions suitable for Douglas-fir is not entirely available 

in North America. SDMs calibrated on observed presence and North American climates 

predicted low suitability for most parts of Europe because of the absence of climate 

analogs, yet Douglas-fir was able to survive and grow in this new set of environmental 

conditions. Introduction into no-analog climates in Europe opened portions of the 

fundamental niche that were inaccessible in North America. 

Douglas-fir copes well with drought compared to other conifer species, maintaining higher 

productivity when exposed to comparable levels of water shortage (Eilmann and Rigling 

2012). Annual growth and survival are nevertheless highly dependent upon water 

availability during the growing season (Littell et al. 2008, Chen et al. 2010, Sergent et al. 

2014 a,b). Therefore, the generally higher levels of P-PET between April and September 

and the more even distribution of precipitation across the year that prevails in Europe 

represents more favorable conditions for Douglas-fir growth. In Europe, discrepancies 

between predicted and observed presence and performance of Douglas-fir were the largest 

in Scotland, on the western coasts of UK, as well as in the south–western part of Germany 

and on the mid-altitude slopes of the French Massif Central.  In these regions where very 

high growth rates and abundant presence of Douglas-fir have been recorded, very low 

suitability for Douglas-fir was wrongly predicted by the SDMs, because P-PET of the 

growing season greatly exceeded those encountered in most parts of the native range of 

Douglas-fir. Even though annual precipitation is generally higher in British Columbia, 

Washington and Oregon, it is less evenly distributed across the year and much more 

abundant in winter compared to most of Europe. Moreover, in the Pacific North West, 

Douglas-fir might be excluded from areas with the highest April-September P-PET (such as 

the western coast of British Columbia above 49°N of latitude) because of cold 

temperatures at high-elevation sites and high frequency of severe frosts. This correlation 

between growing season P-PET and high elevation / cold temperatures has no analogues in 

Europe, which explains why models fail to predict high climatic suitability in the western 

UK, mid-altitude Massif Central and south-western Germany.  

The higher winter temperatures that prevail in Europe could actually favor Douglas-fir, 

especially through winter photosynthesis (Choisnel et al. 1990). Indeed, common garden 

http://www.france-douglas.com/nos-publications/vergers-a-graines
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experiments revealed that seedlings of several interior Douglas-fir populations occupied 

suboptimal climates. These populations reached their growth optima where the mean 

winter temperature was several degrees higher than that of their provenance in North 

America (Leites et al. 2012).  

Biased SDM predictions can also be caused by local compensating factors that are 

undetected because of the coarse-resolution at which SDMs are calibrated (Randin et al. 

2009). The niche model calibrated in the native range predicted the highest climatic 

suitability on the southern slopes of the Cantabrian Cordillera in northern Spain. The 

particular climatic conditions in this area match very closely those of Pacific and interior 

valleys of western Washington, western Oregon and Northern California (Toval Hernandez 

et al. 1993) with mild temperatures, high levels of precipitation and marked seasonality. 

However, annual growth measured at the 10 IUFRO provenance tests in northern Spain was 

low compared to that measured at other European trial sites. These relatively low growth 

rates have been related to site fertility, which was low to moderate at the 10 planting 

locations, characterized by shallow soils and steep slopes (Zas Arregui et al. 2003). At the 

regional-scale, soil nutrient status and water holding capacity rather than climatic 

variables are the main drivers of stand productivity, with important decreases of site index 

on dry and nutrient-depleted soils (Curt et al. 2001). Low nutrient availability can also 

impede growth recovery after extreme drought events in Douglas-fir stands (Sergent et al. 

2014b).  

In France and Wallonia, recommendations to forest managers are mainly based on climate. 

Indeed, foresters are advised to refrain from planting Douglas-fir on sites where annual 

rainfall is lower than 700 mm, and where summer precipitation are lower than 250 mm (de 

Champs et al. 1997, Angelier 2007). Such advice ignores climatic conditions in the native 

range, where summers are usually drier (Broennimann et al. 2007), and does not account 

for PET and local compensating factors like soil available water capacity, which exert a 

dominant control on productivity. 

If local factors can explain poor Douglas-fir performance in areas of suitable climate, they 

could also have enhanced performance where climate suitability was lower. For example, 

former land-use of plantations has a strong influence on Douglas-fir growth (Curt et al. 

2001). In France, Douglas-fir stands are often planted on former cultivated lands (de 

Champs et al. 1997) that have been subjected to repeated fertilizations with presumably 

long lasting legacies on site fertility.  

 

Change in disturbance regimes and sylvicultural practices  

The realized niche of Douglas-fir results from the species’ climatic requirements and is 

further restricted or increased by biotic interactions, disturbances and management 

(Pearman et al. 2008, Colwell and Rangel 2009). The latter are not explicitly taken into 

account in SDMs. Therefore, differences in biotic agents, disturbance regimes and 

management between the native and the introduction ranges could cause the realized 

niche in Europe to diverge from the realized niche in North America, even if climatic 

requirements of the species remained identical between the two continents. 

In large parts of the native range, Douglas-fir forests are subjected to recurrent wildfires. 

However, in Pacific North West, British Columbia and Alberta, vigorous fire suppression 
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over the last 60 years has led to an increase in old and late-successional forest stands with 

very high stockings. Such conditions have favoured the occurrence of catastrophic 

outbreaks of Douglas-fir bark beetle. This biotic agent, that causes great damage to 

Douglas-fir stands in North America, is absent in Europe (Oneil 1998, Hermann and 

Lavender 1999). 

In Europe, Douglas-fir forests are more intensively managed and monitored than in North 

America, which results in very different age-class frequencies, regeneration successes and 

growth rates between the introduction and the native ranges. Indeed, in Europe, the large 

majority of Douglas-fir stands are planted with two to three-year old seedlings that have 

been grown and selected in nurseries beforehand (de Champs et al. 1997, Angelier 2007). 

Douglas-fir varieties for plantation were genetically improved in seed-orchards for two or 

three generations, and are adapted to a large range of site conditions (Philippe et al. 

2012). Plantation is commonly preceded by site preparation such as stump removal or 

tillage. Seedlings are planted with local inputs of fertilizers and most of seedlings benefit 

from ectomycorrhizal inoculation in a nursery, which stimulates initial growth after 

outplanting (Guehl and Garbaye 1990, Garbaye 1994). Subsequent weed control, brushing, 

and protection from browsing are frequently implemented to ensure the initiation of a 

productive stand. Successive commercial thinnings are performed every 5 to 10 years, and 

the final harvest generally occurs between 40 and 60 years (de Champs et al. 1997, 

Angelier 2007). As a result, European Douglas-fir forests are younger and more productive 

than those of the native range.  

Most forest lands in the native range were managed in order to maximize timber harvest 

with extensive clearcuttings until the 1990s. In the early 1990s, under public pressure, 

laws and guidelines were implemented to promote conservation and alternative 

management strategies. In the Pacific North West, policies for public and private forest 

lands diverged drastically with the North West Forest Plan which aimed at protecting 

critical wildlife habitats, especially late-successional or old-growth forests. Timber harvest 

from federal lands was reduced by 90% with 84% of land allocated to reserves (Thomas et 

al. 2006, Spies et al. 2007). In British Columbia, the protected area coverage doubled 

under a major provincial program (Land Use Coordination Office 1992). Protected areas 

reached 14% of total forested land in the province in 2008. Even though initial 

management practices importantly reduced the proportion of natural old-growth forests in 

the native range, the mean age of Douglas-fir forests in Canada and in PNW is higher than 

the usual rotation time in Europe (95 years in British Columbia, 101 years in Alberta, 78 

years in Oregon, 79 years in Washington and 73 years in Idaho, source: NACP Forest Age 

Maps at 1-km Resolution for Canada (2004) and the U.S.A. (2006), Pan et al. 2012). 

Younger stands are less likely to face an infestation by biotic agents or an extreme climatic 

event before harvest. Therefore, the realized niche of Douglas-fir could be artificially 

widened in Europe. 

Interventionist sylvicultural practices have been implemented recently in the natural range 

of Douglas-fir, and are mostly restricted to the most accessible territories owned by forest 

industries in Washington and Oregon (Hermann and Lavender 1999, Talbert and Marshall 

2005). The latter represent 20.9%, 19% and 14% of forest lands in Washington, Oregon and 

California, respectively, and tend to be concentrated on the coastal zone of Douglas-fir’s 

native range. In these territories managed by forest companies, pre-commercial and 

commercial thinnings as well as short rotation-harvests have gained in popularity but are 
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not commonplace yet. This is partly because the historical logging of natural late-

successional forests with large-diameter boles has reduced the attractiveness and the price 

of small-diameter logs. Broad–scale genetic amelioration, fertilization, and sustained 

monitoring of competition have been implemented too recently to translate into 

significant regional growth benefits (Talbert and Marshall 2005). Mean annual growth 

increment in PNW is actually significantly lower (13 m2.ha-1.yr-1) than that recorded for 

Douglas-fir stands in European countries (for example, 15-23 m2.ha-1.yr-1 in France, 15-20 

m2.ha-1.yr-1 in Belgium, 10-24 m2.ha-1.yr-1 in Great Britain, Rondeux et al. 1996).  

The use of interventionist silvicultural techniques increases but remains infrequent in 

British Columbia. A Forest Practices Code was introduced in 1994 to limit the extent and 

the impacts of clearcutting, and to encourage testing and implementation of partial 

harvesting. The latter is now more common in the Interior (Vyse 1998), even though 

clearcutting and salvage logging of bark-beetle-infested stands is frequent (Oneil 1998). 

Over the 52 million ha of provincial or state forests in British Columbia, 22 million ha are 

considered suitable for timber harvest. Between 1976 and 2007, 260 000 ha (1.2%) were 

subjected to fertilization, 605 000 ha (2.8 %) were subjected to planting of selected seeds, 

55 000 ha (0.3 %) were subjected to pruning and 667 000 ha (3.0 %) were subjected to 

spacing (The state of British Columbia’s Forests 2010). 

Interventionist management such as sylvicultural techniques implemented in Europe can 

potentially make up for poor climatic suitability at a given site; thereby contributing to 

maintain Douglas-fir presence outside of its native climatic niche, or artificially flattening 

response curves to several climatic variables in the introduction range  (Aitken et al. 

2008). 
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4. Assessing intraspecific variability of Douglas-fir in 

response to climate using provenance tests (Juliette 

BOIFFIN & Vincent BADEAU) 

4.1 Douglas-fir Introduction 

In 1967, IUFRO started a collection of seeds originating from more than 180 locations 

covering the whole native range of Douglas-fir in North America. The latter were 

distributed to 36 countries in Europe and Canada in order to establish an extensive 

network of provenance tests (Kleinschmit and Bastien 1992). 

Growth and survival data measured at the IUFRO plantations in Europe can be used to test 

for genetic adaptation and phenotypic plasticity. Indeed, significant variations of 

performance among provenances can be interpreted as genetic adaptation, while 

significant variations of performance among groups of sites can be interpreted as 

phenotypic plasticity (Benito Garzón et al. 2011).  

4.2 Materials & Methods 

Bioclimatic classification of seed sources and trial sites 

The IUFRO dataset used in this section contains data from 108 trial sites where seeds from 

176 geographic origins were planted, with unequal representation of provenances across 

sites (see deliverable 8.2).  

In order to make up for this unbalanced design, while analyzing the influence of 

provenance and site climates on performance, we classified seed zones and trial sites into 

bioclimatic groups. We followed the method described in Metzger et al. (2005), who 

constructed an Environmental Stratification of the European climate. Our approach 

entailed the following steps: (i) the selection of the relevant environmental variables; (ii) 

the identification of the main environmental gradients using principal components analysis 

(PCA) (iii) statistical clustering on the most explanative PCA axes in order to define 

bioclimatic groups of seed zones / plantation sites. 

Climate data 

The same set of 23 climatic variables mentioned in section 3 was used to characterize 

climates of seed sources and plantation sites. The PCA was run on the correlation matrix, 

as required when variables are expressed in different units. This operation implicitly 

centers and standardizes the input variables. The most explanative axes were selected 

according to the Broken stick model (De Vita 1979), and complete linkage clustering was 

subsequently performed in order to stratify the climatic gradients represented by these 

principal components into bioclimatic groups of seed zones or trial sites, respectively. 

Complete linkage clustering was preferred to other clustering methods because it has 

proven to be an interesting method to search discontinuities in ecological data (Borcard et 

al. 2011b). 
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Clustering is a heuristic method rather than a statistical test: the process of choosing the 

appropriate level at which a dendrogram should be cut for defining relevant clusters is 

subjective. The cutting level was selected according to a plot of the fusion level values, 

which represent the dissimilarities where a fusion between two branches of a dendrogram 

occurs (Borcard et al. 2011). The groups thus obtained were plotted in both geographic and 

climatic spaces (delimitated by the PCA axes) to ensure that discontinuities in environment 

were adequately captured by the chosen level of clustering. A seed zone in Arizona and a 

trial site in Norway were discarded from the PCA and clustering processes, because they 

were outliers with very particular climates. 

Simulations of the soil water balance for European forest ecosystems were done using a 

robust water balance model: Biljou© (Granier et al. 1999, web). Biljou© simulates the 

dynamics of soil water depletion and recharge in forest ecosystems, and estimates the 

daily relative extractable soil water (REW). Water stress for most tree species is assumed 

to occur when REW drops below 40% of maximum extractable water. Outputs of the model 

include the yearly intensity of drought stress which is dimensionless. The latter was 

averaged across the 1979-2013 period in order to obtain a mean deficit index. Mean Deficit 

Index was included as an additional descriptor for clustering of the European trial sites into 

several bioclimatic groups. Biljou requires daily climatic data as input parameters [15]. We 

used the meteorological interpolated database Agri4cast (Mars Unit, Institute for 

Environment and Sustainability (IES), web). The resolution of this climatic dataset is 25 × 

25 km. 

 

Comparison of performance among provenances and groups of trial sites 

Mixed models were used in order to evaluate the influence of climate of the provenance 

and of climate at the plantation site on tree performance. In these models, the response 

variables were the indicators of tree performance:  survival and height growth. Annual 

height growth was calculated in sites where several measurement of height had been 

performed at different ages. Fixed effects were either provenances (i.e. climatic groups of 

seed zones) or climatic groups of trial sites. Seed zones nested in trial sites were included 

in models as random effects. Post-hoc Tukey tests were performed to assess the 

significance of differences in performance among groups. Finally, performances of 

different provenances were compared within each group of trial site, in order to identify 

the best performing provenance for each group.  

The age of the trial site can influence annual growth increment independently of a 

“provenance” or “trial site” effect. However, height has shown to increase linearly with 

age after seven years in Douglas-fir (Bastien personal communication). Age could also 

impact survival: the older the trial site, the longer the period during which trees were 

exposed to the local climate with higher probabilities of facing extreme events. On the 

other hand, younger trees might be more vulnerable to weather hazards.  

Different data sets were used: 

(i) A “complete” data set with all the trial sites  

(ii) A subset  with trial sites where maximum age of measurement was strictly greater 

than 7 yrs old 

http://mars.jrc.ec.europa.eu/mars/About-us/AGRI4CAST


  D8.3 Modelling with the results from provenance trials  

35 
 

(iii) A subset  with trial sites where maximum age of measurement was strictly greater 

than 10 yrs old 

The ranking of provenances within sites did not change when different datasets were used. 

However, for trial sites in British Columbia the maximum age of measurement were 8 and 9 

years old. Therefore, in order to compare performances in Europe with a reference level in 

Canada, we will present the results obtained with the data set including all trial sites with 

maximum age >7 years old. This data set comprises a total of 82 and 87 sites were survival 

rates and annual growth were measured, respectively.  

Influence of the climatic distance between site and provenance on 

performance 

For each trial site / seed zone combination, the difference between climatic variables at 

the trial site and at the seed zone location was calculated. The result was an array of 23 

climatic-indices for each of the 23 climatic descriptors extracted from Worldclim at both 

seed zone and trial site locations.  Growth was expressed as a function of these climatic 

indices. The hypothesis was that the more similar the climate of trial site and the climate 

of the seed zone, the higher the performance would be. In other world, growth would be 

maximum when the climate index is null. Linear mixed models were constructed with 

annual growth as the response variable and climatic indices and their quadratic terms as 

fixed effects. The age of the trial site was included as a random effect. 

4.3 Results 

Groups of provenances 

Ten bioclimatic groups of Douglas-fir seed sources were chosen on the basis of PCA and 

complete clustering of the selected bioclimatic variables. These groups are referred to as 

“bioclimatic provenances” hereafter (Table 4.1; Figures 4.1 & 4.2) 

 

 

Provenance Elevation (m) MAT (°C) MAP (mm) 

Prov. 1: Fraser Plateau in BC 1068 [500-2500] 5.2 468 

Prov. 2: Vancouver Island and the Cascades foothills 284 [7-1000] 8.0 1874 

Prov. 3: Mountains in the northern part of the range  1019 [67-2667] 4.0 808 

Prov. 4: Interior Columbia River Basin 634 [17-634] 6.8 673 

Prov. 5: Puget Sound and coastal Oregon 139 [3-500] 9.5 1300 

Prov. 6: Willamette Valley and Kalmath Mountains 758 [67-1700] 9.6 1183 

Prov. 7: Coastal and Cascade Ranges 480 [50-1750] 8.1 2157 

Prov. 8: High altitudes in Mexico 2721 [2600-2800] 13.0 617 

Prov. 9: High altitudes in Arizona, Colorado and New 
Mexico 

2714 [2300-3000] 4.3 578 

Prov. 10: Outlier in Arizona 2000 11.6 474 

Table 4.1: Clusters of provenances and their climatic means. 
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Fig. 4.1: Ten bioclimatic groups of Douglas-fir seed sources computed on the basis of PCA 

and complete clustering of the bioclimatic variables. 

 

 

Group 1: Fraser Plateau in BC 

Group 1 is mainly composed of seed sources of central British Columbia, more precisely of 

the Northern part of the Interior Plateau, on the Fraser Plateau and in the Fraser River 
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Valley. Those seed sources are located at moderate to high elevations: 630 to 2500 meters 

(1068m on average). On its western side, the Interior Plateau is bordered by the Coast 

Mountains. The latter act as a barrier which intercepts the moist air from the Pacific 

Ocean. As a result, the climate of group 1 is markedly dry and continental, with relatively 

low mean annual temperature (5.2 °C), large differences between cold winters and mild 

summers. Group 1 has the smallest annual amount of precipitation (468 mm), which is 

evenly distributed throughout the year. 

 

Group 2: Vancouver Island and the Cascades foothills 

Group 2 comprises seed sources from the North-western part of the Vancouver Island, in 

the coast and mountains ecoprovince. Group 2 also includes seed sources from the North-

western area of the Washington state, between the Puget Sound and the Cascades 

foothills. Elevation of provenances in group 2 is low, from 7 to 1000 m (284 m on average). 

This region receives frontal systems from the Pacific Ocean and is characterized by an 

oceanic cool and very humid climate. The mean annual temperature of group 2 is low 

(8.0°C), with little seasonality, cool summers and cold winters. Group 2 represents the 

most humid bioclimatic provenance, since it has the highest P-PET during the growing 

season, and the highest amount of rainfall during the driest month. Nevertheless, the 

largest amount of precipitation occurs during winter, and is about three times higher than 

the amount of summer precipitation. 

 

Group 3: Mountains in the northern part of the range: BC, Northern Washington and 

Northern Idaho 

Group 3 comprises seed sources from the Coast and Wenatchee Mountains to the west, and 

from the Columbia and the Rocky Mountains to the east. Elevation of the seed sources 

included in group 3 ranges between 67 and 2667m (1020m on average). Group 3 is the 

bioclimatic provenance with the lowest mean annual temperature (4.0°C). Seasonality in 

temperatures is strong but to a lesser extent than that of group 1. Mean annual 

precipitation of group 3 reaches 808mm with highly variable precipitation seasonality 

among seed sources. 

Group 4: Interior Columbia River Basin 

Group 4 includes seed sources from the eastern part of the Columbia River Basin in South-

eastern BC, North-eastern Washington and North-western Idaho. Most of seed sources from 

group 4 are located in the southern part of the Interior Plateau, in the Salmon Arm region 

between Kamloops and Revelstoke, about 30 km north of the Okanagan Valley which is the 

warmest and driest region of British Columbia. Elevation of seed sources in group 4 is 

moderate and ranges between 17 and 1000 m (634 m on average). The climate of group 4 

is warmer than that of group 1 and 3, and P-PET of growing season is a little lower.  

Group 5: Puget Sound and coastal Oregon 

Group 5 is mainly composed of low-altitude seed sources located in the Pudget Sound. In 

this area, moist air flows from the Pacific Ocean converge after splitting on both sides of 

the Olympic Mountains, leading to mild temperatures (mean annual temperature of 9.4 

°C), low continentality and heavy rainfalls (1300 mm per year), which are more abundant 
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in winter. Moist climatic conditions resemble those of group 2, yet temperatures are a 

little milder, mean annual precipitation is a little lower and seasonality is more 

pronounced, resulting in a lower P-PET during growing season. Three seed sources from 

coastal Oregon and California with similar climates also belong to group 5. 

Group 6: Willamette Valley and Klath Mountains 

The large majority of seed sources included in group 6 are located in Oregon in the 

Willamette Valley bordered by the Coastal Range on its western side and by the Cascade 

Range on its eastern side, or on the Klamath Mountains north of the state of California. A 

few seed sources located in the eastern part of the Vancouver Island in the Georgia 

depression eco-province and in the Western part of the Washington state also belong to 

this group. Elevation is highly variable among seed sources of this provenance. Seed 

sources from BC, Washington and Oregon are located at low altitudes, but seed sources 

from the Klamath Mountains typically occupy 700 to 1200 m elevations. Climate in group 6 

is oceanic with Mediterranean features. Mean annual temperature reaches 9.6°C. Growing 

season is long with mild winters and rare freezing events. Group 6 is the bioclimatic 

provenance with the highest seasonality of precipitations, the lowest amount of 

precipitation during driest month, and the lowest P-PET during growing season. Indeed, in 

large parts of the Willamette Valley, little to no rainfall occur during summer, and half of 

annual precipitation (1184 mm) is falling between November and February. The Klamath 

Mountains region is characterized by sub-humid climate with occasional lengthy summer 

droughts. 

Group 7: Coastal and Cascade Ranges 

Group 7 is mainly composed of seed sources located in the regions of the Coastal Range 

and in the Cascade Range in Washington and Oregon. Several provenances from the 

southern part of the Vancouver Island, in the Georgia depression ecoprovince, also belong 

to this group. Seeds were for a large part collected at low-elevation locations (between 50 

and 1750 m, with an average elevation of 480 m). Mean annual temperature in group 7 is 

8.1 °C, lower than in group 6, with limited continentality.  Group 7 is the provenance with 

the highest amount of mean annual precipitation (2157 mm). Seasonality is relatively high 

and most precipitation occurs during winter. Nevertheless, the growing season P-PET is one 

of the highest among all groups. 

Group 8: High altitudes in Mexico 

Group 8 encompasses the Mexican seed sources located at very high elevations at the 

Northern and Southern extremities of the Sierra Madre Oriental, close to the city of Saltillo 

in Coahuila and in the puebla, respectively. Elevation of these seed sources range between 

2600 and 2800 m. Group 8 is the bioclimatic provenance with the highest mean annual 

temperatures (13.0°C) and the lowest continentality. Indeed, winters are particularly 

warm compared to other provenances. Climate is semi-arid, with low annual rainfall (617 

mm). Seasonality of precipitation is high, with rainfall being concentrated in summer.  

Group 9: High altitudes in Arizona, Colorado and New Mexico 

Group 9 includes seed sources located at very high elevations in the San Juan Mountains, 

the Sangre Cristo Range, in the Sierra Nacimiento and in the San Fransisco Peaks. Elevation 

ranges from 2300 to 3000 meters. Group 9 is one of the bioclimatic provenance with the 

lowest mean annual temperature (4.3 °C) and the coldest winters, with the highest 
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continentality. The amount of annual precipitation (578 mm) is also one of the lowest and 

seasonality in precipitation is limited. Trees at these locations face both freezing and 

drought stresses. 

Group 10: Outlier in Arizona 

One seed source located in the South-eastern part of the White Mountains, in Arizona, near 

the New-Mexico border, could not be included in any of the other groups.   This seed 

source is located at an elevation of 2000 m, and is characterized by a very large annual 

range in temperatures with hot summers and cold winters. Climate in this area is semi-arid 

with a mean annual amount of precipitation of 474 mm. P-PET of the growing season is 

very low as a result of hot temperatures and limited rainfall. 
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Fig. 4.2 (part 1/3): Bioclimatic groups of Douglas-fir seed sources and boxplot of climate variables  
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Fig. 4.2 (part 2/3): Bioclimatic groups of Douglas-fir seed sources and boxplot of climate variables 
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Fig. 4.2 (part 3/3): Bioclimatic groups of Douglas-fir seed sources and boxplot of climate variables 
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Groups of trial sites 

In Europe, the PCA on climatic descriptors followed by complete clustering of the principal 

components resulted in six bioclimatic groups besides the Norwegian outlier site (Table 

4.2; Figure 4.3 & 4.4).  

The variability in climate across trial sites was less important than that existing across 

provenances in North America. A notable difference between European and North-

American climates is the seasonality of precipitation which is much more pronounced in 

the native range of Douglas-fir. Indeed, all of the European trial sites experienced a 

seasonality of precipitation that was less important than that of sites in British Columbia 

 

Groups of trial site Elevation (m) MAT (°C) MAP (mm) 

Control: British Columbia 439 [54-1176] 7.3 1670 

Group 1: France, Belgium and northern Spain 369 [85-875]  10.7 886 

Group 2: Central Europe. 322 [13-1293] 8.8 770 

Group 3: Ireland and UK 371 45-1421] 8.1 1029 

Group 4: Galicia 580 [61-1128] 11.3 109 

Group 5: Southern Europe (Turkey, Spain, Italy) 564 [61-1208] 11.6 779 

Group 6: Poland and Latvia 119 [41-246] 7.3 571 

Group 7: Outlier in Norway 32 7.6 2048 

Table 4.2: Clusters of trial sites and their climatic means. 

 

 

Fig. 4.3: Bioclimatic groups of Douglas-fir seed trial sites in Europe. 
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Group 1: France, Belgium and northern Spain 

Group 1 comprised the majority of the French trial sites, including sites located in the 

Haute Normandie, Centre, Limousin, Aquitaine, Midi-Pyrenees, Rhône Alpes and Languedoc 

Roussillon regions. Sites located in eastern and central northern Spain were also included 

in group 1. Climate in this area is temperate oceanic with a mean annual temperature of 

10.7 °C across sites in group 1. It is characterized by low continentality, since the range of 

temperatures between mild winters and cool summers is small. Mean annual amount of 

precipitation reaches 886 mm, which is 300 to 1300 mm less than that of the coastal 

provenances of Douglas-fir in North America. Precipitation is evenly distributed across the 

year: group 1 displays the lowest seasonality in precipitation among all groups of European 

trial sites. Precipitation seasonality in group 1 is also 5 times lower than in Canadian trial 

sites. A welsh trial site and a Bosnian trial sites were also classified as group 1. The 

former, located in the forest of Dean, in the Herefordshire county of Wales, has a lower 

elevation and is consequently drier than the other Welsh, Irish and English trial sites. The 

latter is located near the town of Kozarac in north-western Bosnia and Herzegovina is a 

mid-elevation site which receives more precipitations and has milder winter temperatures 

than the other Bosnian trial sites.  

Group 2: Central Europe 

Group 2 was located to the east of group 1, in the transition zone between oceanic and 

continental climates. Trial sites in eastern France (Lorraine, Alsace and Mercantour areas), 

in the Netherlands, Denmark, in Croatia and Bosnia and most of German trial sites 

belonged to group 2. 

Trial sites in group 2 are marked by a cooler climate than trial sites in group 1. Mean 

annual temperature is 8.8°C, and continentality is more pronounced, with winters being 

colder in group 2 than in group 1. Precipitation is also less abundant (770 mm per year) 

and less evenly distributed throughout the year.  

Group 3: Ireland and UK 

Group 3 was located to the west of group 1, and was characterized by a humid and cool 

oceanic climate. It was mainly composed by trial sites from Ireland, Wales, Scotland and 

England, but also comprised four German sites in Westfalia and Hesse, as well as a trial 

site in the French Massif Central. The latter had higher elevations than the other German 

and French trial sites, respectively. The mean annual temperature (8.1 °C) is variable 

across the trial sites in group 3, but a common feature is the coolness in summer and the 

high level of rainfalls (1029 mm per year). Precipitation is relatively evenly distributed 

throughout the year, even though more important in winter. Group 3 has the lowest 

maximum temperature of warmest month, and the highest P-PET during growing season 

among groups of trial sites. 

Group 4: Galicia  

Most of the trial sites belonging to group 4 are located in Galicia. This region is subjected 

to a warm oceanic climate. With mean annual temperature reaching 11.3°C, group 4 is one 

of the warmest group of sites in Europe. A distinct feature of trial sites in group 4 is the 

mildness of winters. Indeed, group 4 has the highest minimum temperature of coldest 

month among all groups. Galicia is bordered by the Atlantic Ocean on both eastern and 

northern sides and by the edge of the Cantabrian Range on its western side. As a result, 
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precipitation is abundant (1090 mm per year). However, seasonality of precipitation is high 

compared to the other European trial sites. Heavy rainfalls occur during winters, but 

summers can occasionally be dry, especially in the inland part of Galicia, in the province of 

Ourense. Group 4 is one of the two groups with a mean deficit above the average, 

therefore, drought stresses are on average more important in this group than in others. 

Two trial sites of western France (in Normandy, in the Cotentin Peninsula and in Brittany) 

are attached to group 4, because of the heavy rainfall and mild temperatures they 

experience in winter. 

Group 5: Southern Europe (Turkey, Spain, Italy) 

Six trial sites in southern Europe were included in Group 5. Four of them were located in 

Turkey, on the shores of the Black sea near Düzce, Kocaeli, Zonguldak and Akkaya. Mean 

annual temperatures in sites of group 5 are in the same order of magnitude than that of 

sites in group 4. However, continentality is much higher in group 5, with warmer summers 

and colder winters. Indeed, group 5 has the highest maximum temperature of warmest 

month among all groups of trial sites in Europe. The climate of sites in group 5 is also 

drier, with an average amount of annual precipitation of 779 mm per year. Occasional 

droughts can occur in summer, and group 5 has the lowest P-PET during growing season. It 

is also one of the two groups with a mean deficit above the average. Therefore, trees 

planted in sites of group 5 are subjected to more intense drought stresses than trees from 

the other groups. 

One Italian site located in the region of Lombardy near the town of Crema also belongs to 

group 5. It is located at a lower elevation and has a warmer climate than the other trial 

sites in Northern Italy which belong to group 2. A Spannish trial site, planted on the 

southern slopes of the Cantabrian Cordillera, was also classified as a member of group 5. It 

was characterized by higher elevation and larger differences between winter and summer 

temperatures compared to other trial sites in Spain. 

Group 6: Poland and Latvia 

The six trial sites planted in Poland and Latvia formed the climatic group 6. Climate of 

group 6 is continental and subjected to cold fronts coming from Scandinavia and Siberia. As 

a result, group 6 has the lowest mean annual temperature (7.3 °C), the lowest winter 

temperature, and the highest continentality. The mean annual amount of precipitation is 

also lower than in the other groups (571 mm), the majority of it occurs as rainfall during 

summer months. Group 6 has the lowest level of winter precipitation among groups.  

Group 7: Outlier in Norway 

One trial site located on the coast in southern Norway had a very particular climate and 

could not be included in any of the climatic groups in Europe. The climate of this area is 

under the influence of the Gulf Stream and warm air currents.  Mean annual temperatures 

(7.6 °C) are mild compared to that of other locations of the same latitudes such as 

Greenland, Siberia, or Alaska. Winter temperatures are mild, in the same order of 

magnitude as winter temperature of group 2 and 3 (central Europe and Irelande-UK). 

Summers are particularly cool, and continentality is low. The amount of annual 

precipitation (2048 mm) greatly exceeds that of the other trial sites, and is comparable 

with that of the rainiest provenances from North America. Most of precipitation occur 

during winter, nevertheless, seasonality of precipitation is lower than in North America, 
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and summer precipitation are also abundant. As a result of cool temperatures and heavy 

rainfall, P-PET of Growing season is much higher than that of the other trial sites. 
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Fig. 4.4 (part 1/3): Bioclimatic groups of Douglas-fir trial sites and environmental parameters. Values for British Columbia (BC) are 

reported as control. 
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Fig. 4.4 (part 2/3): Bioclimatic groups of Douglas-fir trial sites and environmental parameters (median, xxx). Values for British Columbia 

(BC) are reported as control. 
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Fig. 4.4 (part 3/3): Bioclimatic groups of Douglas-fir trial sites and environmental parameters. Values for British Columbia (BC) are 

reported as control. 
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Comparison of performance among bioclimatic groups: annual growth 

For all provenances taken together (Figure 4.5), annual growth after 7 years in the 

Canadian trial sites reached 29cm per year on average. Growth in trial sites of groups 1 

and 2 was in the same order of magnitude with 32 and 27 cm per year, respectively. Group 

1 and 2 included the large majority of European trial sites (France, Belgium, Northern 

Spain and Central Europe). In groups 3 and 5, growth was surprisingly higher than in British 

Columbia. In group 3 (with Irish, Welsh, English and Scottish trial sites) annual growth 

reached 39 cm per year, while in group 5 (sites from Southern Europe), growth amounted 

to 35 cm per year. On the contrary, growth rates measured at sites of group 6 (Poland, 

Latvia) and group 7 (Norway) were significantly lower than in trial sites of the natural 

range with 20 and 18 cm per year, respectively. Finally, very poor growth rates were 

measured in sites of group 4 (10 cm per year), most of which were located in Galicia. 

 

 

Fig. 4.5: Comparison of mean annual growth (cm/year) among trial sites across 

provenances. Letters represent groups that are significantly different according 

to the post-hoc Tukey test.  
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. 

When growth was compared among provenances across all (European and Canadian) trial 

sites, seed zones from provenance 2 (Vancouver Island and the Cascades foothills) came 

top with an average of 34 cm per year, ahead of provenances 7 (Coastal and Cascade 

Ranges) with 33 cm per year and 5 (Puget Sound and coastal Oregon) with 32 cm per year 

(Figure 4.6). 

 

 

Fig. 4.6: Comparison of mean annual growth (cm/year) among provenances 

across trial sites. Letters represent groups that are significantly different 

according to the post-hoc Tukey test.  
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A striking pattern was that this ranking of provenances held true in the large majority of 

European sites (Figure 4.7). Indeed, these three provenances showed the highest growth 

rates in France and Northern Spain (Group 1), Central Europe (Group 2), Ireland and UK 

(Group 3), Southern Europe (Group 5), Poland and Latvia (Group 6) and Norway (Group 7). 

In the particular sites of group 4 (Galicia) where poor growth rates were measured, trees 

originating from the Willamette valley and the Kalmath mountains (provenance 6), where 

precipitation seasonality was the highest, performed a little better than the others.  

The Mexican Douglas-fir provenance was by far the least productive with only 12 cm per 

year on average, and performed poorly wherever it was planted (France and Northern 

Spain, including Galicia). Provenances in Arizona, Colorado and New Mexico (Group 2 and 

3) had the second lowest growth rates with an average of 22 cm per year. They performed 

better in Southern Europe (25 cm per year) than in France and Northern Spain (15 cm per 

year). 
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Fig. 4.7: Comparison of annual growth among provenances in trial sites. The dashed lines represent the site mean.
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Comparison of performance among bioclimatic groups: survival 

The highest survival rates after 7 years were recorded in the “control” trial sites of British 

Columbia with an average of 88%, all provenances taken together. Survival rates from 

Western and Southern Europe (Group 1, 3 and 5) did not significantly differ from those in 

Canada and reached 83%, 78% and 78% respectively. Survival was significantly lower at trial 

sites from group 4 (Galicia, Normandy, Britany) with 76%, and most importantly in Central 

Europe (65%) and Norway (42%). 

We did not take into account survival data from trial sites in Poland and Latvia, because 

we were not confident in the accuracy of the measurements included in the IUFRO data 

base. Indeed, the number of seed zones tested decreased between the ages of 2 and 3 

year-old and we could not determine if this was because of high mortality or because of a 

mistake during data compilation. Moreover, Birot and Burzynski (1981) have reported 

survival rates at 4 years of age, at the trial site of Dolice in Poland. The latter were 

different than those listed in the data set for the same site, same provenances and same 

age.  Birot and Burzynski indicated that survival rates at 4 years in Dolice were relatively 

low (from 48% to 74%, with an average of 69% all provenances taken together), presumably 

because of attacks from bark beetles or because of frost damages in autumn. The latter 

were important on late-flushing species from the coastal part of the range. In Norway, 

autumn frosts and cold winter temperatures also explained the low survival rates. Indeed, 

all provenances showed poor survival rates, but only interior provenances from British 

Columbia that flush earlier had survival rates greater than 50%. 

Most of provenances had survival rates between 74 and 78% when averaged across trial 

sites (Provenances 2,3,4,5,6,7 and 9). Interestingly, provenance 9 (Arizona, Colorado, New 

Mexico) showed survival rates higher than the average in several groups of trial sites in 

Europe (Groups 1, 2, and 4, France, Spain including Galicia, Belgium, Germany, Bosnia and 

Croatia). The Mexican provenance showed a notably lower survival rate with an average of 

54 % across sites. Performance of the Mexican provenance was low, regardless of the trial 

site. It was not planted at the Canadian trial sites, which may partly explain why the mean 

survival is a little higher in the control group.  

Provenance 1 (Fraser Plateau in Interior British Columbia) had also a lower mean survival 

rate (67 %) than most of the others, but great disparities were observed among trial sites. 

Indeed, provenance 1 displayed survival rates above the average in the Canadian sites, in 

France, North-eastern Spain and Norway. On the contrary, it survived very poorly in sites 

of group 4 (Galicia) and 5 (Turkey, Spain, Italy). 
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Fig. 4.8: Comparison of mean annual growth (cm/year) among provenances across trial sites. 
Letters represent groups that are significantly different according to the post-hoc Tukey test.
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Norway 

 

Fig. 4.9: Comparison of annual growth among provenances in trial sites. The dashed lines represent the site mean 
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Influence of the climatic distance between site and provenance on 

performance 

Annual growth was expressed as a function of the climatic distance between trial site and 

provenance. We observed that for most of the 23 climatic descriptors, the maximum 

annual growth was observed when the climatic distance was significantly different from 

zero. In other words, the optimal climate that maximized performance at the plantation 

site was different from that of the provenance, suggesting that Douglas-fir grew in 

suboptimal climates in the natural range. For example, annual growth measured at sites 

older than 10 years was maximum when the minimum temperature at trial site was 2.6°C 

higher than that prevailing at seed origin (Figure 4.9). Moreover, the optimum growth was 

reached when mean annual precipitation was 1,433 mm lower at trial site than at seed 

origin (Figure 4.9). Growth was also better when the seasonality of precipitation was 

decreased at trial sites. Table 4.3 shows the value and significance of the climatic distance 

between trial sites and provenances at which maximum growth is predicted, for the pre-

selected climatic descriptors, providing that the quadratic effect was significant and 

negative. 

 

      

Fig. 4.10: Maximum annual growth and climatic distances between trial site and provenance zone 

Climatic variable 
Quadratic term 
negative and 
significant 

Optimum value of 
climatic index 

Bio 1: Mean Annual Temperature (°C) yes 1.7 . 

Bio2: Mean Diurnal Range (°C) no  

Bio 3:  Isothermality yes -14.2 * 

Bio 4: Temperature Seasonality (standard deviation *100) yes 57.6 

Bio 5: Max Temperature of Warmest Month (°C) no  

Bio 6: Min Temperature of Coldest Month (°C) yes 2.64* 

Bio 7: Temperature Annual Range (°C) yes -2.38* 

Bio 8: Mean Temperature of Wettest Quarter (°C) yes -0.37 

Bio9 = Mean Temperature of Driest Quarter (°C) yes 2.22* 
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Bio10 = Mean Temperature of Warmest Quarter (°C) no  

Bio11 = Mean Temperature of Coldest Quarter (°C) yes 1.40* 

Bio12 = Annual Precipitation (mm) yes -1443.3* 

Bio13 = Precipitation of Wettest Month (mm) yes -272* 

Bio14 = Precipitation of Driest Month (mm) no  

Bio15 = Precipitation Seasonality (Coefficient of Variation) yes -37.18* 

Bio16 = Precipitation of Wettest Quarter (mm) yes -755.29* 

Bio17 = Precipitation of Driest Quarter (mm) yes -15.08 

Bio18 = Precipitation of Warmest Quarter (mm) no  

Bio19 = Precipitation of Coldest Quarter (mm) yes -675.81* 

CONc = continentality yes 1.76* 

Kc (°C) =  yes -8.88* 

Kw (°C) =  no  

PEGrSeas (mm) no  

Tab. 4.3: Optimum climatic distance between trial sites and provenances at which maximum growth is 

predicted. Models exclude trial sites younger than 10 years. * indicate values significantly different from zero. 

 

4.4  Discussion 

The analysis of the IUFRO data base revealed the existence of strong genetic adaptation 

and phenotypic plasticity in the response of Douglas fir to climate. Indeed, we observed 

significant differences among both provenances and trial sites (Benito Garzón et al. 2011).  

These findings are consistent with previous studies conducted in the native range where 

observations of genetic clines in growth (Leites et al. 2012, Rehfeldt et al. 2014b), 

phenology (Gould et al. 2011), resistance to cold and resistance to drought (Bansal et al. 

2015) have been made.  

A notable result is the broad adaptability of the best performing provenances. Indeed, the 

provenances 2, 7 and 5 (Vancouver Island and the Cascades foothills, the Coastal and 

Cascade Ranges, and the Puget Sound and coastal Oregon) showed superior growth in the 

very large majority of European sites, including sites from Eastern Europe, where the 

continental climate is quite far from the original cool oceanic one. This high capacity of 

environmental buffering could be related to the high level of heterozigosity observed in 

populations from coastal Vancouver Island, Washington, and Oregon (Kleinschmit and 

Bastien 1992). Our results confirm previous observations from trial sites of Austria and 

Germany (Chakraborty et al. 2015) where greater performance of coastal populations have 

been recorded. These results invalidate the use of a climate matching tool for selecting 

the most appropriate seed origin for breeding or planting. Indeed, a climate matching tool 

would wrongly identify the interior provenances as the best choice for central Europe 

(Isaac-Renton et al. 2014).  

Similarly, provenance 9 (High altitudes in Arizona, Colorado and New Mexico) showed 

survival rates higher than average in several groups of European trial sites. This could be 

related to the harsh climate that characterizes these seed origins. In these regions, 

Douglas fir trees are subjected to the highest level of continentality, with very low winter 

temperatures and low amount of annual precipitation. However, this finding must be 
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interpreted with caution because the trees were relatively young when survival was 

measured at the trial sites. The probability of facing an extreme climatic event is reduced 

by the shortness of the time elapsed since plantation, and the ranking of survival 

performance among provenances might have been different if measurements had been 

made at older ages. 

This can also explain why differences in survival among trial sites were much larger than 

differences among provenances. With the exception of the Mexican seed origins, all of the 

provenances showed very comparable survival rates. However, reliable information about 

topographic and edaphic site characteristics, as well as knowledge of sylvicultural 

operations conducted since plantation are lacking in the data base. This is unfortunate 

because these factors could have a strong influence on survival, of a magnitude that 

potentially exceeds that of the “climate” effect. 

The second important result is that Douglas fir populations grow in suboptimal climates in 

their native range. Indeed, all provenances taken together, annual growth rates recorded 

at the European sites of group 3 and 5 (Ireland, UK and Southern Europe) were much higher 

than that measured at the Canadian trial sites. Moreover, optimum growth was reached in 

sites where winter temperatures were warmer and precipitation seasonality was lower 

than at the seed origin. This is consistent with previous observations from tree seedlings of 

interior populations transplanted within the native range (Leites et al. 2012).These 

seedlings showed to grow better in environments where winter were milder than at their 

seed origin. This result should however be confirmed because all potential explanatory 

factors were not taken into account like available water capacity and soil fertility. This 

information is lacking in the databases. 

Douglas fir populations of the native range are characterized by a trade-off between 

annual growth and adaptation to cold and drought (St Clair and Howe 2007). Seedlings 

from interior populations, that flush earlier and grow less into the summer than coastal 

populations, are less productive but also less susceptible to early fall frosts and less likely 

to face the onset of drought at a critical growth stage. Coastal populations flush later and 

grow late into fall, with greater annual growth rates. These tradeoff in phenology and 

growth traits are observed along a geographic gradient from the northern and humid areas 

along the coast to the continental and dry areas of the southwestern part of the range 

(provenance 9). In Europe where the distribution of precipitation throughout the year is 

more even, and where winters are milder, this gradient, which exerted a strong selective 

pressure in the native range, no longer exists. Trees can take advantage of milder winters 

and longer and wetter growing season in most of Europe (Guehl and Gross 1982). 

The main conclusion that we can draw from this analysis is that it seems irrelevant to link 

seed transfer policy to the climate of the seed origins. Indeed, Douglas fir has shown to 

adjust to new climatic conditions with strong phenotypic plasticity and rapid genetic 

adaptation since its introduction into Europe. This was unpredictable with the traditional 

niche modelling approach. As a result, the extent to which it will adjust to future climatic 

conditions is also very likely unpredictable with correlative niche models.  

Based on the data and models that were available in the context of WP8, and without 

additional ecophysiological analyses, the use of local “artificial” provenances seems to be 

the safest recommendation for European tree breeders and foresters. Indeed, annual 

growth cycles are under strong genetic control, and phenological traits show high 
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heritability. Therefore, living populations in local seed orchards will presumably have 

growth cycles better adjusted to the European climates. In one generation, the progeny of 

trees from the PNW flushed earlier than their parents, suggesting the adaptation to longer 

growing season has occurred very quickly (Bastien, personal communication). 

Finally, individuals from provenances 2 (Vancouver Island and the Cascades foothills) and 9 

(High altitudes in Arizona, Colorado and New Mexico) have desirable characteristics in 

terms of broad adaptability. Therefore, seed material from these origins should be 

considered for tree breeding and conservation purposes. Nevertheless, additional 

information is needed. 
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5. Regional modelling case study for Douglas-fir 

breeding zones in Germany (Mirko LIESEBACH & Katherina 

LIEPE) 

5.1 Introduction  

Similar to other European countries, Douglas-fir is the most important introduced forest 

tree species in Germany. Seed deployment of this species is restricted by six regions of 

provenance that have been derived by a descriptive grouping of areas with ecologically 

similar conditions. The majority of the currently planted reproductive material is sourced 

from established forest stands that have been qualitatively evaluated and subsequently 

included in the national registry.  

In 2014 the project FitForClim was launched that aims to provide reproductive material of 

improved productivity and quality by establishing new breeding populations. In a 

collaborative effort including all forest research institutions, we are compiling the 

available data from provenance and progeny trials for a joint evaluation. One objective of 

this evaluation is the delineation of breeding zones for which suitable breeding populations 

are to be established. As an introduced species Douglas fir is a complicated candidate, 

with the climatic conditions of seed source origins in North America and the German 

planting environments being highly dissimilar. Therefore a direct approach based on 

climate similarity appears unsuitable, as described in section 3.  

Here, we provide a case study that extends the previously in section 4 described approach: 

instead of trial sites we use a climatically characterized raster grid for which we identify 

the main environmental gradients via Principal Component Analysis. In a subsequent 

clustering procedure the most explanatory PCA axis are grouped into zones of similar 

climatic conditions. These zones are currently under further evaluation, e.g. by comparing 

growth performance at different trial sites.  

5.2  Material and Methods 

We compiled a data set of German provenance trials that includes growth performance of 

different ages ranging from 10 to 46 years, as well as data on survival and frost resistance. 

Each North American provenance was climatically characterized using the freely available 

software package ClimateWNA (Hamann et al. 2013). European trial sites were 

characterized using the European equivalent ClimateEU 

(http://www.ualberta.ca/~ahamann/data/climateeu.html). Biologically relevant annual 

variables were extracted for the 1961-1990 normal period (Table 6.1). We further 

extracted the same climatic variables for a raster grid of 4,640 cells that were evenly 

distributed across Germany. Internal computing capacities when dealing with large 

distance matrices of the used statistical computing environment R restricted the use of a 

finer grid, however, despite being relatively coarse (approx. 8.5 x 8.5 km) the used grid is 

still representative for climatic differences on the landscape.  

 

http://www.ualberta.ca/~ahamann/data/climateeu.html
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MAT Mean annual temperature 
MWMT mean warmest month temperature 
MCMT mean coldest month temperature 
TD continentality (the temperature difference between MWMT and MCMT) 
MAP mean annual precipitation 
MSP mean May-to-September precipitation 
AHM annual heat-to-moisture index 
SHM summer heat-to-moisture index 
DD<0 degree-days below  0°C 
DD>5 degree-days above 5°C 
DD<18 degree-days below  18°C 
DD>18 degree-days above 18°C 
NFFD number of frost-free days 
FFP frost-free period 
bFFP beginning of FFP 
eFFP ending of FFP 
PAS proportion of precipitation as snow 
EMT extreme minimum temperature over a 30-yr normal period 
Eref reference atmospheric evaporative demand 
CMD climatic moisture deficit 

Table 6.1: Biologically relevant climate variables incorporated in the analysis 

 

To delineate zones of similar climate we first summarized climatic characteristics using a 

principal component analysis on the correlation matrix among climate variables as they are 

expressed in different units. A Euclidean distance matrix was calculated between the 

scores of the first three meaningful components. The resulting distances were grouped 

with a clustering procedure to obtain climatically relatively homogeneous areas on the 

landscape. As clustering method we specified  Ward’s Minimum Variance Clustering, which 

is based on the linear model criterion of least squares and aims to define groups by 

minimizing the within-group sum of squares (Borcard et al. 2011).  

 

5.3 Results & Discussion 

Each of the three main PCA axes accounted for 62% (PC1) 18% (PC2) and 11% (PC3), all 

together explaining 91% of the total variance. The subsequent clustering procedure was 

restricted to three groups (Figure 5.1), a number that appears operationally feasible when 

establishing breeding populations. The clustering separates the northwestern German 

lowlands with a more oceanic climate with high precipitation from the eastern lowlands 

that experience drier conditions. Warm and dry areas of the upper Rhine Valley and the 

south west are grouped together with the east, most part of southern Germany and the 

low mountain ranges are grouped together in the third climatic group. Allowing for more 

groups in the clustering procedure grid cells from areas of high elevation get assigned into 

one group. These grid cells are intentionally left as blank white areas on the map, as these 

high elevations are not suitable for growing Douglas fir. Reproductive material being 

selectively bred for a larger breeding zone will likewise be unsuitable.  
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Fig. 5.1: Zonation of Germany into three climatically relatively homogenous 
groups based on a climatic raster grid. Blank areas represent high elevations that 
are unsuitable for Douglas fir under current climatic conditions. These zones are 
still in a preliminary state and under further evaluation. 

 

Observations from provenance trials confirm that variable environmental conditions 

between the derived zonation influence growth and survival. Exemplarily, Figure 5.2 shows 

early growth and survival (age 12-13) at two sites that are located in the two zones of 

northern Germany: the more oceanic driven western zone with higher precipitation, less 

temperature extremes and overall diurnal variation in temperature, and the eastern zone 

with a continental climate influence, less precipitation, dry summers, lower winter 

temperatures and higher diurnal variation. The genetic composition at both sites overlaps 

by 139 provenances. Provenance means calculated based on a mixed model incorporating 

replicate within trial site as a random variable were standardized using a z-score 

transformation and are displayed graphically at the location of provenance origin (Figure 

6.1). Red colors represent negative deviations from the site mean, blue positive deviations 

and therefore superior growth performance. Performances close to the site mean are 

displayed in yellow. Survival is displayed as percentage of the initial number of planted 

individuals, white red indicating low survival and green high survival.  
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Fig. 5.2: Provenance differences in height growth (H, z-scores) and survival (surv, in %) at age 13 on 
the left and age 12 on the right indicate the effect on growth under different climatic conditions. 
Arrows indicate the location of the trial sites. The zonation of Germany in the center is based on a 
raster grid. These zones are still in a preliminary state and under further evaluation.  
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Early growth performance at a site with oceanic climate in the northwest of Germany are 

striking (Fig. 5.2, left half): provenances from interior BC show a superior performance. In 

terms of survival, conditions appear favorable for most provenances. Not much happened 

at this site until age 13, except for provenances at the southern edge of the coastal 

distribution in California. The better growth performance is likely linked to an earlier bud 

break that has been observed particularly for the good performers from interior British 

Columbia. However, with increasing age their superiority is leveled out. 

At age 45 these provenances perform poorly compared to provenances from coastal 

Washington (Figure 6.3). We therefore advise for caution when deriving recommendations 

for provenance suitability based on performance measures of early age alone. We observed 

similar changes in provenance ranking on other sites of atlantic climate influence and 

recommend to validate conclusions with measures of older age if available.  

 

The picture at the site located in eastern Germany is different (Fig. 5.2, right half): 

Starting from early age provenances from coastal Washington outperform provenances 

from the interior, a feature persisting with age. At this site we observe considerable 

differentiation in survival. Most provenances from the coastal variety experience severe 

mortality, while provenances from interior British Columbia cope considerably well with 

the conditions at this site.  

 

      

 

Fig. 5.3: Standardized average height growth performance at a trial site located in 
northwestern Germany at age 13 and age 45. While provenances from interior British 
Columbia perform best at early age they are outgrown by the coastal provenances at 
age 45.  
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The exemplarily shown differences between northwest and northeast confirm the 

sensibility of the separation of the flatlands in northern Germany into two zones. The 

grouping of warm and dry areas of the upper Rhine Valley and the south west, however, is 

questioned by forest practitioners. It may make sense from a climatically point of view 

particularly in terms of summer temperatures and precipitation, however, the current 

approach does, for example, not account for mechanisms that drive fall phenology. 

Typically, photoperiod sensing mechanisms control budset (e.g., Ekberg et al. 1979), which 

could be accounted for by using latitude as a proxy for variation in daylength. The here 

presented zonation, is therefore currently under further evaluation using observations 

from various provenance trials.  

 

5.4 References 
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6. Prediction of European beech provenance zones and 

the projected impact of climate change (Maurizio 

Marchi) 

6.1 Introduction 

It was explained in the section 3, how ecological niche modelling (or species distribution 

modelling, SDM) is an approach to study the spatial distribution of a target species (or 

envelope) in relation to its climatic drivers. Assuming niche conservatism through space 

and time, the future distribution can be predicted (with given uncertainty) according to 

global climate change effects for a future reference period. 

For Douglas-fir, section 3 showed it was impossible to predict, according to the current 

spatial distribution, possible changes in provenance required to maintain production in 

Europe under climate change and to support the future forest management. We tried here 

to develop a similar approach for European beech. 

 

The target species was divided into provenances using a cluster analysis with the aim to 

split the ecological niche into provenances according to climatic variability (bioclimatic 

groups). With this first procedure the realized ecological niche was divided to model these 

groups separately. The expected advantage was a better estimation of the ecological niche 

due to the reduced amount of ecological variation within each provenance but a high 

differentiation among them. 

 

The European beech (Fagus sylvatica L.) is a widely-distributed European species extending 

from Spain to Ukraine, and from Italy to Norway (Fig. 6.1). It is a typical “oceanic” 

species, mainly influenced by rainfall regimes and especially in southern regions (Rita et 

al., 2014). Many ecotypes and provenances have been detected and tested over the years 

(Konnert and Ruetz, 2001) resulting in different traits and genetic structures of 

populations. In addition, the better adaptation of some marginal populations of central 

Europe to drought stress has been documented (Rose et al., 2009). 

The main aim of this study was to assess the most likely effects of future climate change 

on the spatial distribution of the species, and so we used an ensemble species distribution 

model to do this for beech in Europe. 

 

6.2  Material & methods 

 

Presence of Beech in Europe 

The spatial distribution of forest species can be freely obtained by many different sources. 

The EUFORGEN portal is well known and provides shapefiles of 34 European species. 

However, layers were manually drawn according to literature and the knowledge of the 

authors. Consequently, no detailed spatial accuracy is available. A new source of 

information was published in 2012, in which 15 European species were mapped, according 

to ICP plots and National Forest Inventories, using the statistical method of ‘compositional 
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kriging’ (Brus et al., 2012). From these databases, the current spatial distribution of beech 

was used and analysed. A combination distribution using these two datasets was made in 

order to obtain the current distribution of beech across Europe (Fig. 6.2). 

 

 

 

 
Fig. 6.1: Natural distribution of European Beech according to EUFORGEN (2009) 

www.euforgen.org/distribution-maps 

 

 



  D8.3 Modelling with the results from provenance trials  

70 
 

 
Fig. 6.2: Spatial distribution of beech in Europe estimated from EUFORGEN map 

(2009) and Brus et al. (2012) 

 

 

Climatic dataset 

As in section 3, we used in a first step the WorldClim data (www.worldclim.org). 

But due to the low accuracy in mountainous zones, it lacked the precision expected for 

this study. To solve this problem an alternative and already available ‘local’ climatic 

dataset was created for Europe using the ClimateEU software unpublished but freely 

available at the University of Alberta’s website 

(www.ualberta.ca/~ahamann/data/climateeu.html). ClimateWNA and ClimateEU software 

allows the user for custom query at a spatial geographic level the calculation of many 

climatic variables (80 in total). This method was selected because of the possibility of 

accessing and using high-spatial resolution maps specifically for the European environment 

with the main advantage of local datasets (Bedia et al., 2013). From this database 36 

climatic variables (Tables 6.1, 6.2, 6.3) were considered for use in models to predict the 

current and future distribution of the species European beech and provenances for two 

future scenarios for 2050s according to RCP4.5 and RCP8.5 trajectories. 

http://www.worldclim.org/
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Acronym Description 

MAT mean annual temperature (°C) 
MWMT mean warmest month temperature (°C) 
MCMT mean coldest month temperature (°C) 

TD temperature difference between MWMT and MCMT, or continentality (°C) 
MAP mean annual precipitation (mm) 
MSP mean summer (May to Sept.) precipitation (mm) 
AHM annual heat moisture index (MAT+10)/(MAP/1000)) 
SHM summer heatmoisture index ((MWMT)/(MSP/1000)) 

Tab 6.1: Directly calculated annual variables (8) 

 

 

 

Acronym Description 

DD<0 degree-days below 0°C, chilling degree-days 
DD>5 degree-days above 5°C, growing degree-days 
DD<18 degree-days below 18°C, heating degree-days 
DD>18 degree-days above 18°C, cooling degree-days 
NFFD the number of frost-free days 
FFP frost-free period 
bFFP the Julian date on which FFP begins 
eFFP the Julian date on which FFP ends 
PAS precipitation as snow between August in previous year and July in current 

year 
EMT extreme minimum temperature over 30 years 
Eref Hargreaves reference evaporation 
CMD Hargreaves climatic moisture deficit 

Tab. 6.2: Derived (=calculated) annual variables (12) 

 

 

Acronym Description 

TAV_wt winter (Dec.(prev. yr) - Feb.) mean temperature (°C) 
TAV_sp spring (Mar. - May) mean temperature (°C) 
TAV_sm summer (Jun. - Aug.) mean temperature (°C) 
TAV_at autumn (Sep. - Nov.) mean temperature (°C) 

TMAX_wt winter mean maximum temperature (°C) 
TMAX_sp spring mean maximum temperature (°C) 
TMAX_sm summer mean maximum temperature (°C) 
TMAX_at autumn mean maximum temperature (°C) 
TMIN_wt winter mean minimum temperature (°C) 
TMIN_sp spring mean minimum temperature (°C) 
TMIN_sm summer mean minimum temperature (°C) 
TMIN_at autumn mean minimum temperature (°C) 
PPT_wt winter precipitation (mm) 
PPT_sp spring precipitation (mm) 
PPT_sm summer precipitation (mm) 
PPT_at autumn precipitation (mm) 

Tab. 6.3: Sixteen seasonal climatic variables used in the bioclimatic zone modelling of European 

beech 

 

 

Clustering method and statistical models 

These climatic variables for the baseline period (mean values for the period 1981-2010) 

were included within a Principal Component Analysis in addition to the soil map, obtained 

from the JRC database (http://eusoils.jrc.ec.europa.eu/data.html). Consequently, 37 non-

correlated explanatory variables were calculated centering and scaling the dataset to 

http://eusoils.jrc.ec.europa.eu/data.html
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avoid problems due to different scale of climatic variables (temperatures, rainfalls, 

indices). Then the value of each Principal Component was calculated for each pixel 

covered by the current distribution of the species with a spatial resolution of 1 Km. The 37 

PCA maps were calculated for both RCP scenarios 4.5 and 8.5 with the same centering and 

scaling, to maintain consistency between the time slices. 

 

 

Provenances definition: the modelling method 

First of all, the whole range of the species across Europe was split into sub-zones according 

to statistical clustering on climatic variability. All the climatic variables for the current 

period (mean values for the period 1981-2010) were included into a Principal Component 

Analysis to obtain 37 non-correlated explanatory variables. Then the value of each 

Principal Component was calculated (= extracted in GIS environment) for each location 

(=pixel) were the species was detected and the data were used for a cluster analysis 

(hclust, R environment). Then the spatial distribution of beech was classified according to 

this clustering procedure. 

Following the main idea to obtain a degree of matching between each provenance and the 

European environment, the BIOMOD2 package of R environment (Thuiller et al., 2014) was 

used to build a statistical species distribution model. The aim was to project the realised 

niche of each provenance group into the European environment according to two future 

scenarios for 2050s. Differently from many research groups which used a unique regressive 

model (e.g. GLM, GAM, Random Forest) to model the whole distribution of the species or 

to clip the classification map (Isaac-Renton et al., 2014), each provenance was modelled 

separately. In addition, the BIOMOD2 package has the advantage of being object-oriented 

and can be used to create an ensemble projection (Consensus map) as a weighted mean of 

the predictions of many algorithms (Marmion et al., 2009; Zhang et al., 2015). In this case 

5 algorithms were selected and the whole procedure consisted of the following 7 steps: 

 

1. Statistical clustering for provenance definition 

2. Selection of the provenance zone clusters 

3. Reduction from 37 to 11 predictors (Principal Components) to have a faster model, 

maintaining the 99% of the total variance of the environment 

4. Creation of 10 different datasets with the same number of presence and absence 

(pseudo-absence) points using the 'sre' method (Barbet-Massin et al., 2012) of 

BIOMOD2 

5. Calculation of the single models (5 models x 10 datasets) using: Generalized Linear 

Model, Generalized Additive Models, Artificial Neural Networks, Mutivariate 

Adaptive Regression Splines and Random Forest 

6. Calculation of the ensemble model as a weighted mean of all the models according 

to their predictive power, measured by the True Skill Statistic (Allouche et al., 

2006) 

7. Projection of the calculated model into the European continental region using three 

different time scales: baseline climate (1981-2010), situation at 2050s with the 

rcp4.5 and situation at 2050s with the rcp8.5. 
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Finally, the information about the field trials network was overlaid onto the model results 

with the aim to study the performances of each tested material under climate change 

effects. In this view, a bad performing provenance at a specific location could be useful in 

future in a warming climate. 

 

6.3  Results 

Clustering and groups definition 

Six clusters were considered to be a fair trade off between ecological accuracy and spatial 

fragmentation (Fig.6.4). The group number 3 (Central Europe) was the main group covering 

approximately 60% of the total range (Fig. 6.5 & Fig 6.6). These groups were not clearly 

differentiated by an altitudinal gradient (Fig.6.7) neither than geographical zones, 

underling a mismatching between ecological and geographical ecotypes. However both 

temperatures and precipitations were the driving factors for clustering and as 

demonstrated by the use of Hargreaves reference evaporation index (Fig.6.8). The low 

effect of elevation ranges was an expected results for this species which enforced the 

importance of altitudinal belts at different latitudes for native species. However, many 

variables were highly correlated with each other due to the interpolation method. This is 

evident into the PCA bi-plot where many factors (red arrows) were overlapped (Fig.6.9). 

 

 

Fig. 6.4: Definition of the cluster analysis of European beech bioclimatic zones 
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Fig. 6.5: Spatial distribution of European beech bioclimatic zones from a cluster 

analysis 
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Fig. 6.6: Histogram of the beech bioclimatic zones from cluster analysis across Europe 

 

 

Fig. 6.7: Elevational distribution of the bioclimatic groups of European beech 
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Fig. 6.8: Distribution of Hargreaves potential evaporation among the European beech bioclimatic 

groups 

 

 

Fig. 6.9 PCA bi-plot of the variables used in the cluster analysis of bioclimatic zones for European 

beech 
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Description of bioclimatic zones for European beech  

Mean values of the climatic variables used to define the bioclimatic groups for European 

beech are shown in Table 6.4. 

Group 1 – Medium elevations 

This group is mainly distributed around the relieves of Austria, Italy and Switzerland and 

also some populations from Slovenia and Croatia. It covers just the 1.4% of the total area 

of the beech distribution and it is characterised by an average elevation of 1,000 metres 

and a mean annual temperature of 7°C with high precipitation (1800 mm yr-1). 

 

Group 2 – High elevations with high rainfalls 

The population which belongs to this group occupy the higher part of mountains of France 

(both Pyrenees and Alps) Italy, Switzeland, Croatia, many parts across Carpathians in 

Hungary and Northern part of Europe such as Scotland or Northern Ireland. It represents 

the 9.2% of the total area and is the group with the higher values of mean elevation (1918 

m) the lower temperatures and the higher precipitation amount. The mean annual 

temperature is 1.59°C with the mean annual temperature of the coldest month of -5.14°C. 

The annual precipitation is above 2,000 yr-1  with intense snowing and a low amount of 

frost-free days (an average of 152 per year). 

 

Group 3 – Central and Southern Europe 

Ranging from Spain to Romania and from Italy and Greece to UK and Denmark, this is the 

biggest group covering the approximately the 55% of the whole analysed area. Due to its 

huge extension this group is characterized by a high intra-variability with Mediterranean 

and continental populations. Low elevations (average 566 m) and an high seasonality (TD = 

19.16 are among the main features of this group. The combination between the low 

amount of precipitation and the high seasonality make this group quite important for the 

future management of beech due to the high possibility of dry-adapted populations. 

 

Group 4 – Lowlands of Central and Eastern Europe 

With 27% of the total area this bioclimatic group covers the northern part of Spain, central 

France, internal parts of Italy, Germany, Czech Republic, Slovakia, Poland and Romania.  

 

Group 5 – High elevations with low rainfalls 

Similarly to group number 2 but lower elevations and with warmer and dryer climate (half 

precipitation) 

 

Group 6 – Low elevations and warm climate 

Very small group in Switzerland and Austria only. This is the warmest and driest provenance 

with a mean annual temperature of 12.8°C and also the one with the lowest amount of 

annual precipitations, around 680 mm yr-1 which means a high moisture deficit (CMD). The 

87% of days of the year are frost-free and the amount of precipitation in Summer is very 

low (around 220 mm). 
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Group_1 Group_2 Group_3 Group_4 Group_5 Group_6 

Elevation 1055 1918 566 522 1651 497 

MAT 7.03 1.59 8.38 10.43 3.47 12.82 

MWMT 16.07 9.97 17.88 19.52 12.54 22.33 

MCMT -1.64 -6.14 -1.29 1.47 -5.24 3.91 

TD 17.71 16.11 19.16 18.06 17.78 18.42 

MAP 1828.81 2018.91 789.98 1016.45 1109.50 679.05 

MSP 811.50 959.56 383.00 406.13 551.40 220.51 

AHM 9.48 5.80 24.67 20.88 12.78 34.64 

SHM 20.36 10.48 49.75 51.06 24.52 106.78 

NFFD 234.17 152.50 250.06 285.75 174.80 317.51 

bFFP 114.49 149.28 106.02 90.67 139.41 61.81 

eFFP 289.23 257.47 293.20 309.18 265.35 327.96 

FFP 174.74 108.19 187.18 218.51 125.94 266.14 

PAS 235.44 763.66 72.76 44.04 326.01 13.52 

EMT -26.25 -33.94 -25.13 -20.24 -32.61 -15.30 

Eref 587.23 360.19 664.41 756.50 479.21 862.10 

CMD 4.72 0.00 148.13 158.65 20.90 394.65 

DDbelow0 294 856 264 121 668 60 

DDabove5 1574 592 1948 2370 941 3077 

DDbelow18 4058 6003 3582 2921 5325 2286 

DDabove18 54.34 0.00 124.19 229.62 0.33 473.13 

Tmax_wt 2.20 -2.50 2.53 5.33 -1.39 7.82 

Tmax_sp 10.52 3.74 12.88 14.59 6.70 15.87 

Tmax_sm 19.88 12.83 22.38 24.03 16.29 26.59 

Tmax_at 11.47 5.76 13.13 15.29 8.11 18.15 

Tmin_wt -4.26 -8.73 -3.62 -1.02 -7.94 1.39 

Tmin_sp 1.95 -3.24 3.29 5.09 -1.68 6.98 

Tmin_sm 10.37 5.28 11.70 13.24 6.99 16.08 

Tmin_at 4.10 -0.38 4.78 6.87 0.68 9.73 

Tave_wt -1.03 -5.62 -0.54 2.16 -4.67 4.60 

Tave_sp 6.23 0.25 8.09 9.84 2.51 11.43 

Tave_sm 15.12 9.06 17.04 18.64 11.64 21.33 

Tave_at 7.78 2.69 8.95 11.08 4.39 13.94 

PPT_wt 393.26 408.55 166.67 247.87 216.59 191.05 

PPT_sp 436.85 470.19 184.51 242.91 267.99 167.47 

PPT_sm 486.92 605.28 239.73 228.77 344.57 109.60 

PPT_at 511.76 534.83 199.07 296.89 280.38 210.97 
 

Table 6.4: Mean values of the variables among the bioclimatic groups defined for European beech 

 

 

Modelling results 

In the modelling procedure, all the tested algorithms showed strong predictive power. 

Table 6.5 reports the averaged TSS values for each bioclimatic group and all models were 

highly suitable for predicting current species range with TSS values higher than 0.9. In 

addition, models performed much better in predicting the bioclimatic zones of beech 

compared to the whole species distribution. However a critical issue was represented by 

the GAM algorithm which had problems with Group II due to the small extension of the 

group composed by just 64 locations and distributed across the Alpine range between Italy, 
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Switzerland, Austria and Slovenia (0.6% of the total distribution). In fact GAM works poorly 

with small datasets and consequently failed. For this reason and to better balance all the 

ensemble models, the GAM prediction was not considered and the model removed. 

 
 

 GLM GAM ANN MARS RF 

Group Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd 

All_gr 0.760 0.012 0.820 0.024 0.852 0.010 0.808 0.012 0.890 0.005 

I 0.951 0.018 0.941 0.027 0.968 0.009 0.974 0.008 0.985 0.007 

II 0.994 0.020 NA NA 1.000 0.000 0.994 0.020 0.997 0.010 

III 0.838 0.002 0.865 0.003 0.888 0.008 0.840 0.009 0.906 0.003 

IV 0.920 0.006 0.932 0.006 0.938 0.007 0.904 0.008 0.941 0.006 

V 0.965 0.016 0.969 0.010 0.982 0.004 0.979 0.012 0.975 0.007 

VI 0.888 0.017 0.856 0.050 0.919 0.024 0.881 0.022 0.920 0.014 

Mean 0.926 0.013 0.913 0.019 0.949 0.009 0.929 0.013 0.954 0.008 

 

Tab. 6.5: Cross validation results of True Skill Statistics for each bioclimatic group compared 

to the classic species distribution model results (1st row All gr) 

 

 

Predicting changes in the bioclimatic zone with climate projections 

 

Group 2050 / RCP 4.5 2050 / RCP 8.5 

All_groups -20.1% -48.1% 

I +6.8% +11.4% 

II -23.4% -39.7% 

III +28.1% +24.9% 

IV -67.2% -85.1% 

V -44.1% -57.3% 

VI -43.8% -58.1% 

 

Tab. 6.6: Change in the area of each bioclimatic zone suitable for European beech  

between the between the baseline climate and two future climate projections 

(RCP4.5 & RCP 8.5) 

 

Differences in the area of bioclimatic zones between climate projections and the baseline 

are expressed as a percentage and shown in Table 6.6 and Figure 6.10. Bioclimatic zone 1 

is predicted to have a small increase in area, and zone 3 a slightly larger increase in area. 

However, these changes reflect a shift in a zone, and in all cases part of the baseline 

climate distribution is lost and new parts of Europe gain reflecting the warmer future 

climate causing a northward and increasing elevational shift in area. It is clear that the 

projected climate will cause a major loss of the bioclimatic zone 4 envelope and much of 

this area will be more similar to the bioclimatic zone 3 envelope.  
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Fig. 6.10 (1): Variation for BCG 1 (up), BDG 2 (middle) and BDG2 

(dowm) according to the rcp4.5 (left) and rcp8.5 (right) 
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Fig. 6.10 (2): Variation for BCG 4 (up), BDG 5 (middle) and BDG 6 

(dowm) according to the rcp4.5 (left) and rcp8.5 (right) 
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6.4 Discussion 

A general movement from north to south was detected. The predicted variations of 

suitable area are reported for each group and scenario in Table 6.6. The reference model 

created with the classical approach, i.e modelling the whole distribution of the target 

species, highlighted a general decrease of suitable land (-20.1% for rcp 4.5, -48.1% for rcp 

8.5) showing a contraction of the spatial distribution. However, the use of a provenance-

based model helped to predict how the climatic envelope of beech in a bioclimatic zone 

might shift in the future and where material that is currently growing in that bioclimatic 

envelope currently is located. The consequence here is that such material might be better 

suited to the future climate, and if so an assisted migration could help adapt the species to 

new climatic conditions. In fact, the values reported for the reference model can be seen 

as the result of the behaviour of each bioclimatic group. While bioclimatic groups I and III 

experienced an increase in the bioclimatic envelope, all the other bioclimatic zone 

envelopes decreased in area. This approach demonstrated, as expected, that the southern 

groups are less sensitive to climate change effects and could provide reproductive 

materials for more northern regions. The study also showed that some groups (e.g. 

bioclimatic group III, Fig. 6.9) could be promoted by future events, due to the inclusion of 

Mediterranean forests, currently growing in climatic condition similar to those predicted 

for continental countries.  

 

Continental groups (e.g bioclimatic group IV) were predicted to be benefit from projected 

climate change probably due to the absence of relief and a continental climate with 

extreme events (frost and heat extreme events). The effect of elevation was evident on 

group II. In fact, the elevation could help forest species to ‘migrate’ and survive in a 

warmer climate (e.g. Vacchiano and Motta, 2014). In any case, these results must be 

carefully considered and balanced according to results obtained by the provenance trial 

results. 

 

Provenance modelling could be considered a clear improvement for species distribution 

modelling. In case of global models (i.e. considering the whole distribution at the same 

time) many ecological skills can be masked and not considered in case of prediction of 

global change effects. 

 

In the case of Beech, a general movement from south to north and from west to east of the 

suitable envelope was detected enforcing the importance for eastern and northern 

countries of provenances already adapted to warmer climate. At the same time the 

suggested that the Mediterranean basin, a well-known hotspot of biodiversity, should be 

carefully managed and monitored also concerning beech forests. In fact, many rear-edge 

populations (Hampe & Petit, 2005; Provan & Maggs, 2012) are still facing the warming 

temperature. 

 

The prediction of performance of provenances still remain an unsolved issue. In fact, 

species distribution models can give us an idea about the degree of climate matching 

between a reference site (or group of them) and a target zone which can be just 

connected to survival rate. In any case, the use of data from test sites could add useful 

knowledge about the possible use of provenances across different bioclimatic groups. 
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7. General discussion & conclusions (V. Badeau & J. Boiffin) 

When the project was launched, building on a huge bibliography, we hoped that a climate 

matching approach combined with a SDM could be used to identify the most suitable 

provenance for seed deployment into Europe. For Douglas-fir, the main idea was to 

delineate current and future climatic areas in Europe, based on the current distribution of 

seed zones in the Pacific North West and the growth performances in the IUFRO trial sites. 

However, the results we obtained were rather unexpected. 

 

 Can the deployment of Douglas-fir in Europe to be guided by Douglas-fir data in its 

native range? 

Correlative niche models were computed for Douglas-fir, i) at the species level, ii) the 

subspecies levels (var menziesii & var glauca) and at the seed-zone or provenance level, 

using several current distribution maps, several current climatic maps, several modeling 

routines. In any cases niche modells were excellent in Pacific North-West but not reliable 

in Europe. In Europe, Douglas-fir seems to grow under climatic conditions that are 

different from its native range; there is no climate analogue between the Pacific North 

West and the European territories. 

The transferability of niche models is dependent upon the validity of the assumption of 

niche conservatism. We used the introduction of Douglas-fir to Europe as a case-study and 

we observed a shift in the climatic niche in the introduction range, which strongly 

decreased the accuracy of SDMs predictions (Veloz et al. 2012). Our results demonstrate 

that the transferability of correlative niche models is unwarranted, even for long-lived 

species and for recent introductions. We addressed the mechanisms susceptible to cause a 

niche shift in the light of the ecology of Douglas-fir. However, genetic adaptation, 

compensating factors at broad and local scales, as well as changes in disturbance regimes 

and sylvicultural practices are relevant to virtually any tree species. The introduction of 

Douglas-fir into a new geographic zone can be interpreted as a space-for-time substitution 

(Isaac-Renton et al. 2014). The above observations therefore apply to predictions of future 

species distribution under rapid climate change. Because the transferability of Douglas-fir 

niche models is unwarranted in space, it would be very dangerous to project these niche 

models in the future. 

As a matter of fact, in Europe, historical guidelines for the forestry of Douglas-fir often 

ignore the ecology of the species in its native range, and are mostly based on experience 

gained in the introduction range. Nevertheless, jumping to the conclusion that genetic 

selection and intensive forestry would allow foresters to neglect climatic suitability before 

planting would be erroneous. Indeed, important diebacks of Douglas-fir stands occurred 

after severe and repeated soil water deficits in the last decades (Sergent et al. 2014b), 

and the frequency and magnitude of such events is expected to increase in the coming 

decades (IPCC 2014). Important reddening of the crown frequently occur in young Douglas-

fir plantations in Europe, late-winter or early-spring weather conditions are involved in this 

phenomenon (Goudet 2009, Département de la Santé des Forêts 2014). Moreover, 

infestation of Douglas-fir plantations by bark beetles (Solytinae and Hylobius) or by fungi 

(Heterobasidion spp) in southern France are emerging concerns for European foresters, 
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because they are suspected to trigger important mortality in stands subjected to 

unfavorable weather (Bastien et al. 2015). 

The 2003 drought and heat wave in Europe generated a strong demand for SDMs 

predictions from forest managers who wanted to avoid the negative effects of such events. 

Correlative niche models and climate matching envelopes are attractive guiding tools for 

planning conservation and assisted migration because they are relatively easy to 

implement and to parametrize with freely available datasets. However, correlative niche 

models are generally calibrated with long-term climatic period averages which smooth the 

short-term variability in climate (Zimmermann et al. 2009). Therefore, the effects of 

climate extremes on species’ growth and survival are poorly represented, even more so 

because correlative models mostly include coarse-scale variables and ignore local factors 

that promote resilience at the stand scale (Wiens and Graham 2005, Sergent et al. 2014b).    

The exact current distribution of Douglas-fir in Europe remains unknown. This is because 

no EUFORGEN map is available for Douglas fir; only few national forest inventories are 

available through the Fundiv project (no data for central/eastern Europe and the British 

Isles); finally the EFI map is derived from niche model prediction (with no validation). 

Without a comprehensive database of Douglas-fir occurrences in Europe, the calibration 

and validation of niche models in Europe will remain incomplete and inaccurate. 

Therefore, it seems dangerous to base future Douglas-fir deployment in Europe on SDMs 

predictions or climate matching tools because they have a very limited predictive power 

and they will probably have the same low predictive power when projecting to new 

climates in the future. 

When we compare Douglas-fir SMD’s to the Fundiv data it’s amazing to see that Douglas-fir 

should not grow in the Massif Central, Southern Germany, Ireland ... Yet, it growths! So 

such a negative result for modelers is perhaps a positive one for foresters since it shows 

the large adaptability of Douglas-fir. 

 

 Can the deployment of Beech in Europe to be guided by SDMs? 

Unlike the Douglas-fir, niche models for Beech are easy to compute under current (and 

future climatic scenarios) because it’s an indigenous species and its distribution strongly 

depends on few and well known climatic variables (e.g. droughts and frosts) (Cheaib et al. 

2012). Nevertheless, in view of the results obtained for Douglas-fir, we can question of the 

reliability of Beech modelling. It seems possible to statistically delineate a few provenance 

zones for Beech in Europe (and to project them into future climates). However, are these 

“provenances zones” actually linked to any physiological adaptation of the species nor to 

growing capacities? We do not have any results to validate or invalidate this hypothesis. 

Furthermore we do not have any certainties about the current repartition of Beech in 

Europe: the EUFORGEN map is an expert drawing; the EFI map (Brus et al. 2012) is a map 

of modelled probabilities with no clear threshold between presences and absences; the 

availability of national forest inventory at the whole European scale is lacking. So, if SDMs 

can be computed they cannot be validated. 

Like for Douglas-fir, it seems dangerous to promote assisted migration from southern 

provenances to northern Europe in the absence of model validation. 
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 Are there any new results from the IUFRO test sites of Douglas-fir in Europe 

Our results are consistent with observations from Breidenstein et al. (1990) and 

Kleinschmit and Bastien (1992) who had previously analysed the IUFRO database. This new 

analysis, with more recent statistical methods highlights an interesting result: Douglas-fir 

seems to grow better in Europe than in its native range (especially Vancouver, NW 

Washington, Seattle zone, …), perhaps because winter temperature are higher and even if 

there is less precipitations, they are better distributed throughout the year (especially in 

summer).  

Whatever the climatic conditions in Europe, the best provenances remain those which had 

already been identified in the past. Douglas fir seems to adjust to new climatic conditions 

by the way of strong phenotypic plasticity and rapid genetic adaptation since its 

introduction into Europe. This counter-intuitive result should however be deepened. This 

observation could be rebutted if soil data (available water capacity, nutrition levels) 

where used in addition. Unfortunately such data are not available, incomplete or 

misleading 

The results obtained in Germany reveal that the tendencies depend on the age of the trees 

(while provenances from interior British Columbia perform best at age-13 they are 

outgrown by the coastal provenances at age 45). Selecting provenances on the basis of 

performances at early ages, such at the ones recorded in the IUFRO database, may be 

hazardous. 

Beyond the problems existing in the database (already highlighted by Jürgen Breidenstein 

in his 1990 report) it is important to remember that the IUFRO test sites and the 

provenances tested in each site, were not intended to answer questions about climate 

change. In consequence, we do not have currently enough data (combination of 

provenances and climates) to determine optimums or limits for Douglas-fir in Europe for all 

the available provenances (or seed zones). 

 

From a scientific point of view it would be interesting to develop a new network of test 

sites. Since Trees4Future is an infrastructure project and because we need to answer 

specifically these questions on climate, it would be important to point at least: 

 the importance of pooling data, including the performances of European origins 

(e.g. La Luzette or France 1, 2, 3 for the French territory); 

 the importance of long-term observation, as has been highlighted in section 6; 

 the importance of boosting the tests in Europe under few (but well known) climatic 

gradients and well selected soil conditions (like in the EFI - Reinfforce project for 

example). 
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