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Projektübersicht 
1 Kurzfassung 
Als alternative Wirtschaftsbaumart im Klimawandel wird von vielen Forstbetrieben die aus 
dem westlichen Nordamerika stammende Douglasie angesehen. Diese Baumart wird 
schon seit mehr als hundert Jahren von Forstleuten in Österreich erfolgreich 
bewirtschaftet und hat sich gerade im sommerwarmen Osten als sehr geeignet erwiesen. 
Allerdings zeigen die Erfahrungen, dass bei der Douglasie hoch signifikante Unterschiede 
in der Wuchsleistung und der Überlebensrate zwischen verschiedenen Samenherkünften 
bestehen. Das Institut für Waldgenetik des BFW beschäftigt sich seit mehr als 40 Jahren 
mit der Douglasie und hat in dieser Zeit mehr als 60 Anbauversuche mit 
unterschiedlichen Herkünften betreut, und daraus die heute gültigen 
Herkunftsempfehlungen abgeleitet. Die bisherigen Herkunftsempfehlungen können 
allerdings nur die derzeitigen Umweltbedingungen angewendet werden. Da für die 
nächsten 100 Jahre ein Temperaturanstieg von bis zu 4°C vorausgesagt wird, stellt sich 
für Waldbewirtschafter die Frage, ob die heutigen Douglasienbestände mit den 
erwarteten Klimaveränderungen umgehen können und inwieweit das heute empfohlene 
Saatgut auch für die Zukunft geeignet ist. Vor diesem Hintergrund waren die zentralen 
Ziele des Projekts DouglAS: 1) die Zusammenführung aller Daten von 
Douglasienherkunftsversuchen in Österreich und Verknüpfung mit historischen 
Klimainformationen; 2) die Berechnung des klimabedingten Anbaurisikos und die 
Definition kritischer Klimafaktoren; 3) die Berechnung der innerartlichen Variation der 
Klima-Reaktion der Douglasie: welche Herkünfte eignen sich für zukünftiges Klima am 
besten?; 4) die Integration der Versuchsergebnisse in das dynamische 
Waldwachstumsmodell PICUS; 5) die Simulation der Auswirkung verschiedener 
Herkünfte, Bewirtschaftungsszenarien und des Klimas auf die zukünftige 
Douglasienbewirtschaftung; 6) die Definition der klimatischen Nische der Douglasie und 
deren Anwendung auf Österreich; 7) die Entwicklung von Karten der 
Eignung/Nichteignung der Douglasie in Österreich für verschiedene Herkünfte auf Basis 
kritischer Klimafaktoren und der erwarteten Produktivität im Klimawandel.  
Die wichtigsten Ergebnisse von DouglAS beruhen auf den Ergebnisse von 50 
Herkunftsversuchen aus Österreich und Süddeutschland, auf welchen in den 
vergangenen Jahrzehnten 298 Herkünfte geprüft wurden. Diese Messdaten von 
Überlebensraten, Baumhöhen und Brusthöhendurchmessern wurden mit klimatischen 
Daten der Versuchsorte in Europa und der angepflanzten Samenherkünfte aus 
Nordamerika verknüpft. Dabei wurden sogenannte „Universal Response functions“ (URF) 
berechnet, das sind statistischen Modelle, die die Baumparameter mit dem Klima der 
Anbauorte und der Samenherkunft verknüpfen. Auf Basis der verfügbaren Daten konnten 
zwei URF-Modelle erstellt werden: eines für die Baumhöhe im Alter 24 (H24) und ein 
zweites für die Kreisgrundfläche des Bestandes pro ha (BA24). Diese Modelle wurden 
genutzt, um die besten Herkünfte für heutige und zukünftige Klimabedingungen zu 
identifizieren. Alternativ dazu wurde das heutige/zukünftige Klima in Mitteleuropa mit 
dem Klima in Nordamerika verglichen, und so klimatisch ähnliche Samenherkünfte für 
den Anbau in Europe identifiziert. Darüber hinaus wurden die URF-Modelle eingesetzt, um 
potentielle Anbaugebiete für Douglasie in Österreich und Europa abzuschätzen, sowie die 
Veränderungen im Klimawandel zu charakterisieren. Darüber hinaus wurden die Modelle 
für Nordamerika getestet. Die Ergebnisse der Modellvorhersagen wurden mit Daten 
anderer Herkunftsversuche aus ganz Europa verglichen, um die Zuverlässigkeit der 
Modelle und deren mögliche Generalisierung zu prüfen. Zudem wurde der Sensitivität der 
Modellparameter und der eingesetzten Klimaszenarien ermittelt. 
Zuletzt wurde das Waldökosystemmodell PICUS im Hinblick auf zwei Herkunftsgruppen 
(Inlandsherkünfte und Küstenherkünfte) kalibriert. Aufgrund fehlender Informationen zu 
den ökophysiologischen Merkmalen dieser Herkunftsgruppen wurde diese Kalibrierung 
nur für das Bestandeshöhenwachstum und die Bodenfeuchte durchgeführt. Anschließend 
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wurde getestet, wie gut das Waldökosystemmodell die beobachteten 
Höhenentwicklungen wiedergeben konnte. 
In beiden URF-Modellen hatte das Klima der Anbauorte (in Europa) einen größeren 
Einfluss auf das Wuchsverhalten als das Klima der Samenherkünfte (aus Nordamerika). 
Besonders bemerkenswert war, dass in beiden Modelle nur eine Variable des Klimas in 
Nordamerika einen signifikanten Einfluss hatte, nämlich die mittlere Jahrestemperatur 
der Samenherkunft. Das ist insofern verwunderlich, als die Niederschlagsverhältnisse der 
Herkünfte eine sehr große Schwankungsbreite aufweisen (von 300/400 mm östlich der 
Kaskaden bis zu knapp 4000 mm auf der Halbinsel Olympia). Insgesamt konnten die 
URF-Modelle bis zu 88% der beobachteten Variation der Wuchsleistung erklären.  
Am wuchsfreudigsten zeigten sich Herkünfte aus den Regionen westlich des 
Kaskadenhauptkammes und aus den Küstenregionen Washingtons und Oregons und zwar 
sowohl unter heutigem als auch unter zukünftigen Klimabedingungen. Nutzt man 
dagegen ausschließlich die klimatische Ähnlichkeit der europäischen Anbaubedingungen 
zu den nordamerikanischen Samenherkünften, so ist mit deutlichen 
Produktivitätsverlusten zu rechnen. Insgesamt zeigt sich, dass die derzeitigen 
Herkunftsempfehlungen des BFW für die Forstpraxis und Baumschulwirtschaft nur sehr 
geringfügig adaptiert werden sollte. In Zukunft sollten verstärkt Herkünfte aus tieferen 
Lagen und aus dem näheren Küstenbereich für die Verwendung in Österreich 
herangezogen werden. In dieser Region gibt es zahlreiche Saatguterntebestände, die auf 
Basis der Regeln der Organisation für wirtschaftliche Zusammenarbeit (OECD) für den 
Import nach Europa zertifiziert werden. 
Der Vergleich der URF-Modelle mit Ergebnissen von Herkunftsversuchen aus ganz Europa 
zeigt, dass die Modelle in Mittel- und Südosteuropa die höchste Treffsicherheit besitzen.  
Von den in den Modellen enthaltenen Klimavariablen sind die mittlere Jahrestemperatur 
und die Sommertrockenheit der Anbauorte die wichtigsten und im Hinblick auf die 
Modellunsicherheit die sensitivsten Faktoren. Insgesamt ist die Unsicherheit der URF-
Modelle aber geringer zu bewerten, als die Unsicherheit der eingesetzten Klimaszenarien.  
Im Verlauf der nächsten 100 Jahre werden sich die optimalen Anbaubedingen für 
Douglasie aus den tieferen Lagen in höhere Lagen verschieben. In tiefere Lagen, 
insbesondere im pannonischen Osten Österreichs, ist dagegen mit geringeren Zuwächsen 
zu rechnen.  
Die Nutzung der URF-Modelle als Baumartenverbreitungsmodelle zeigte, dass die in 
Europa gemessen Bäume und Herkünfte auch genutzt werden können, um das 
Verbreitungsgebiet der Douglasie in Nordamerika besser zu verstehen. Die Genauigkeit 
der Vorhersagen der mitteleuropäischen URF-Modelle für Nordamerika ist vergleichbar 
mit Studien auf Basis nordamerikanischer Baumartenverbreitungsmodelle, welche mit 
physiologischen und Präsenz/Absenz Modellen erstellt wurden. Diese Übertragbarkeit 
zeigt, dass die Methode der URF-Modelle in Europe und Nordamerika und ggf. sogar 
weltweit angewendet werden kann.   
 

2 Executive Summary 
Planting of alternative and also non-native tree species or different provenances better 
adapted or having a higher potential for adaptation to expected climate conditions has 
been discussed as an important silvicultural measure to adapt forests to climate change. 
The North American Douglas-fir (Pseudotsuga menziesii [Mirbel] Franco) is globally one 
of the economically most attractive conifers and has been introduced in over 30 
countries, mainly due to its growth performance, excellent wood quality and resistance 
against drought and insect attacks. In Europe as well, these characteristics have made 
Douglas-fir one of the preferred non-native tree species and provenance trials have been 
established beginning in the early 1900s. Particularly, it grows well within the warm and 
dry pannonic east of Austria where currently most native conifers are considered as high 
risk species or unsuitable. For planting Douglas fir, detailed knowledge on the necessary 
climatic site conditions and on the provenances/populations to be planted is crucial.  
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Overall, the project aims to define and understand the ecological role of the exotic 
Douglas fir in Austria’s climate adaptation strategy. The objectives of the project are: 1) 
to utilize Douglas fir provenance trial data together with historical climate data to 
understand the main climate-related risk factors for cultivation; 2) to define critical 
climate factors for the survival & growth of Douglas fir provenances; 3) to develop 
universal response functions (including climate response and transfer functions); 4) to 
integrate Douglas fir provenances into the dynamic forest ecosystem model PICUS; 5) to 
simulate various forest management strategies for different sites and provenances to 
extend provenance recommendations with sound silvicultural information on behaviour of 
Douglas fir provenances in mixtures with native species; 6) to define the “suitability 
niche” of Douglas fir provenances for different parts of Austria, and 7) to draw maps of 
suitability/non-suitability of Douglas fir in Austria for various provenances on basis of the 
critical climate factors and the potential growth performance.  
With data from 50 common garden trials, we developed Universal Response Functions 
(URF) for dominant height at age 24 (H24) and mean basal area at age 24(BA24).The 
URF approach integrates both environmental and genetic factors into an integrated 
function. We optimized the URF functions with respect to climate variable of provenance 
origin to determine the climatic location of the best performing provenances and 
compared that with the best provenances identified with a climate envelope approach. 
We applied the URFs to predict growth performance (H24 and BA24) in our study area of 
Austria and Germany. 
We evaluated the URFs by comparing the predicted height growth performances with 
observations from independent provenance trial data across Europe. Also, the sensitivity 
of the URF variables and the overall model uncertainty was estimated and compared to 
the uncertainty due to climate change projections. In order to validate the applicability of 
the URFs as habitat suitability models and also to incorporate intra-specific variations in 
species distribution models, we applied the URFs at 71182 observed location of Douglas-
fir in North America. We converted the growth response (H24 and BA24 into presence/ 
absence by truncating the URFs with two thresholds of presence as H24 >=3m; or BA24 
>=2m2ha-1 and applied the resulting species occurrences for two seed sources scenario. 
Lastly we calibrated a hybrid ecosystem model PICUS v1.4 with respect to two 
provenance groups of Douglas-fir (Coastal and Interior). Due to absence of detailed eco-
physiological data, the calibration was confined to only dominant height development and 
response to soil moisture Index (SMI). We tested the model performance by comparing 
observed and predicted height growth performances. 
Climate variables of the trial location were found to be stronger predictors of growth 
performance than climate variables of the provenance origin. Although the precipitation 
regime of the provenance origin varied strongly, none of the precipitation related climate 
variables of provenance origin was found to be significant within the models. Overall, the 
URFs explained more than 88 % of variation in growth performance. Populations 
identified by the URF models originate from western Cascades and coastal areas of 
Washington and Oregon and show significantly higher growth performance than 
populations identified by the climate envelope approach under both current and climate 
change scenarios.  
Model evaluation suggests that the URFs perform better in Central and Southeastern 
Europe compared to maritime Western Europe. Summer drought and mean annual 
temperature of planting sites were the most sensitive variables of the models, whereas 
the mean annual temperature of seed origin was the least sensitive. Uncertainty due to 
projected future climate was found to be higher than the model uncertainty. The URFs 
predicted that provenance regions of southwest Germany and southeast Austria below 
1500 m altitude will be suitable whereas Pannonian east of Austria will become less 
suitable for growing Douglas-fir in future. Current seed stands in North America providing 
planting materials for Europe under the legal framework of the Organization for Economic 
Cooperation and Development (OECD) shall continue to provide the most suitable seed 
material also in the future. 
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The URFs predicts the observed occurrence of Douglas-fir with reasonably good precision 
compared to contemporary studies based on sophisticated process based models. This 
validates the applicability of the URFs as habitat suitability models in both Europe and 
North America and provides for a novel approach for incorporating intraspecific variations 
in species distribution model.  
 

3 Background and Objectives 

Climate change poses serious threats to the ability of forests to provide multiple 
ecosystem services (Lindner et al. 2014). In many forests, trees possibly will not be able 
to tolerate increasing climate stress (e.g. drought severity and frequency) and new 
disturbance factors may occur and result in increased and abrupt tree mortality( e.g. 
Bréda et al. 2006; Allen et al. 2010). Although tree species are known to adjust 
physiologically and morphologically to changing environmental conditions (Midgley 2001; 
Hamrick 2004; Abrams 2011), climate change is expected to result in a mismatch 
between the new environment and the environment to which a species is adapted to 
(Aitken et al. 2008). 
Among different silvicultural measures, planting of alternative and also non-native tree 
species or different provenances better adapted or having a higher potential for 
adaptation to expected climate conditions has been discussed (e.g. Matyas 1996, Berry 
et al. 2002, Wang et al. 2006, Bolte et al. 2009). From the various exotic tree species 
that are currently considered as alternatives to migitate climate change effects (e.g. 
Schmiedinger et al. 2009) Douglas fir is considered as one of the most promising species 
in Austria (e.g. Jasser 2008, Kristöfel 2008, Kospach 2009), as well as Central Europe in 
general (Kölling et al. 2008; Bachmann et al. 2010). According to earlier experiences 
Douglas fir shows superior productivity and low risks for storm damage. Particularly it 
grows well within the warm and dry pannonic east of Austria where currently most native 
conifers are considered as high risk species or unsuitable. Despite these benefits Douglas 
fir at present stocks on less than 0.2 % of the forested area in Austria, whereas in other 
Central European countries the species has been planted more extensively (e.g. 
Germany. 1.7%, France: 2.9%). 
The current provenance recommendations were drawn from more than 60 provenance 
tests with Douglas fir that were established and measured by the BFW within the last 40 
years on a wide range of sites conditions in Austria. They focus strongly on site 
conditions of current forest plantations which are located mainly in the east of Austria 
(Weissenbacher 2008). For changing climatic conditions, these recommendations will – 
very likely - not be sufficient, because on the one hand the plantation area will be 
extended also to western and more mountainous areas of Austria (e.g. Jasser 2008, 
Diwold and Jasser, 2011), and on the other hand in the current cultivation area strong 
shifts in temperature and precipitation are expected, suggesting also changes in the 
provenance selection. To extend the temporal scope and to evaluate the behaviour of 
Douglas fir in mixtures with, for instance, native broadleaved species ex ante Douglas fir 
also need to be included in dynamic forest ecosystem models. 
Objectives of the project 
• to utilize Douglas fir provenance trial data together with historical climate data to 

understand the main climate-related risk factors for cultivation;  
• to define critical climate factors for the survival & growth of Douglas fir provenances; 
• to develop universal response functions (including climate response and transfer 

functions);  
• to integrate Douglas fir provenances into the dynamic forest ecosystem model 

PICUS in order to simulate various forest management strategies for different sites 
and provenances to extend provenance recommendations with sound silvicultural 
information on behaviour of Douglas fir provenances in mixtures with native species;  



 

Endbericht_KLIEN_DOUGLAS_B175092  6 

• to define the “suitability niche” of Douglas fir provenances based on ecophysiological 
literature, findings from the provenance trials and the dynamic ecosystem modelling 
and provenance recommendations for different parts of Austria; 

• to draw maps of suitability/non-suitability of Douglas fir in Austria for various 
provenances on basis of the critical climate factors and the potential growth 
performance. 

 

4 Project Contents and Results 

4.1. Project Contents 
The project was implemented within five work packages: WP1 Project coordination; WP2 
Compiling and collecting provenance test and field data; WP3 Compiling climate data 
sets; WP4 Climate response of survival and growth; WP5 Ecosystem modelling. 

WP 1 Project Coordination 

Project coordination included the following activities 
• Coordinating with Bavarian Office for Forest Seeding and Planting (ASP), Teisendorf, 

Germany to obtain additional provenance trials data and ascertaining origin of 
common provenances. 

• Coordination with ZAMG, Vienna for obtaining climate data  
• Coordinating with University of British Columbia for research stay of project 

personnel in the group of Dr. Tongli Wang (UBC) and also for the Douglas-fir 
Workshop for sharing current knowledge on Douglas-fir in both Europe and North 
America. 

• Coordinating with BOKU, Vienna for project activities related with Ecosystem 
Modelling. 

• Coordinating between different partner Institutes for publication of scientific papers. 
• Project meeting for forest practitioners 
• Douglas-fir workshop with experts from various countries 

WP 2 Compiling and collecting provenance test and field data 

Within the current project, large amount of data from existing provenance trials 
established and maintained by BFW were screened. Majority of the data from old 
provenance trials were in paper format. Moreover there were duplication/ uncertainty 
regarding provenance names, provenance coordinate and provenance origin. These 
inconsistencies were checked, corrected wherever required and brought into a digital 
database. This database is now available in both MS excel and MS access format. In 
total, the database now includes 58 trial sites where 298 provenances have been tested 
within the last 40 years. 

WP 3 Compiling climate data sets 

Climate data was compiled by the Central Institute of Meteorology and Geodynamics 
(ZAMG) from the network of weather stations maintained by ZAMG and for trials located 
in southern Germany from gridded climate data. The climate of both data sets were used 
for interpolations to the coordinates of the trial sites resulting in time series data of daily 
(mean, minimum and maximum) temperature and precipitation covering the period from 
installation of each trial until the most recent measurements. For climate data of 
provenance origin in North America, values of the same climate variables (Table 1) were 
generated for each population origin location using the high-resolution climate model 
Climate WNA v4.72 (Wang et al. 2012).  
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WP 4 Climate response of survival and growth  

The individual tree measures compiled within WP2 was related to the various sets of 
climate data from WP3. The main objectives of WP4 are:  
• to understand the relation between climatic stress factors and the survival of 

seedlings and young trees 
• to develop the Universal Response Functions (URFs) according to Wang et al. (2010) 

by combining the relation between growth performance of the provenances and the 
climate conditions of the trials sites, i.e. the “Climate-response function” and climate 
condition of the provenance origin i.e. “Transfer functions”  

Details of the methodology can be found in section 7 Methodology. 

WP 5 Ecosystem modelling 

In this part of the project we set out to calibrate Douglas fir provenances within the 
climate sensitive dynamic vegetation model PICUS v1.43 (Lexer & Hönninger 2001; Seidl 
et al. 2005) using existing literature on eco-physiological limits of Douglas fir 
provenances. 
 

4.2 Project results 
Relation between climatic stress factors and the survival of 
seedlings and young trees 

The mean survival rate across all the 19 provenance trials selected for studying the 
effects of climatic stress factors on survival rate of young Douglas-fir is 74% (Fig. 2). 
Large variation in survival rate exists both between and within trials (Fig. 1). No 
significant correlation between frost variables and mean survival rate of the provenance 
trials. Therefore we focused on provenance trials with below average (<74%) survival 
rates for further analysis. We found that “Lowest Tmin ” during spring and  “Heat sum 
>10°C till frost event” during autumn were the most important climate stress factor 
influencing the survival rate of those trials where the mean survival rate is below 
average. In the “below average sites”, provenances originating from regions with cold 
winter have higher survival rates. In trials with above average survival rate survival rates 
either do not depend on provenance origin or shows higher survival of provenance with 
warmer origin. Generalizations of these results are difficult because of the randomness of 
frost events and also due to the incomplete nature of the provenance trials. 

 
Fig. 2. Distribution of Survival rate of young Douglas-fir in Austria 
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Climate predictors of growth performance  

From the ten climate variables (Table 1) tested, three variables of the trial location: a 
temperature variable (MATs), a moisture as well as temperature variable (SHMs) and the 
continentality (TDs), and one variable of the population origin (MATp) as well as the 
interaction of the trial location and population origin variables MATs* MATp were found to 
be significant predictors of H24 and BA24 (Table 3). The only significant climate variable 
of the population origin is the mean annual temperature (MATp). All precipitation and 
moisture variables of the population origin were found to be not significant. Overall the 
two URF models explained more than 88% of the variation in dominant height and basal 
area (Table 3). 
 
Table 3. Results of multiple regression analysis predicting dominant height at age 24 (H24) and 
basal area at age 24 (BA24) of Douglas-fir populations from site and population origin climate as 
independent variables in a Universal response function (URF). For explanation of acronyms see 
Table 1. Partial R2 refers to the change in the adjusted model R² when the respective variable is 
removed from the URF. The percent contribution of a particular explanatory variable is calculated 
as the percentage of its partial R2 over the sum of partial R2 of all explanatory variables  
 
    URF for H24 [m]       

Independent 
variables 

Parameter 
estimate 

Confidence 
interval 

p-
value 

Partial 
R2 

Contribution 
to sum of 
partial 
R2[%] 

    5% 95%       

Intercept 45.14           

MATs 5.973 5.92 6.03 <0.001 0.078 28.05 

MATs
2 -0.457 -0.461 -0.453 <0.001 0.089 32.09 

TDs 1.133 1.106 1.159 <0.001 0.013 4.86 

SHMs 0.529 0.519 0.539 <0.001 0.021 7.65 

SHMs
2 -0.0053 -0.0054 -0.0052 <0.001 0.022 7.96 

MATp 1.494 1.459 1.527 <0.001 0.014 4.99 

MATp
2 -0.1318 -0.133 -0.1299 <0.001 0.035 12.77 

MATs*MATp 0.0675 0.064 0.0702 <0.01 0.004 1.59 

R2 of full model 0.88 

  URF for BA24 [m2ha-1]   

Intercept 23.25           

MATs 10.86 10.48 11.24 <0.001 0.099 37.73 

MATs
2 -0.6 -0.63 -0.58 <0.001 0.056 21.27 

TDs -0.81 -0.93 -0.71 <0.001 0.007 2.55 

SHMs 0.39 0.33 0.46 <0.001 0.004 1.66 

SHMs
2 -0.005 -0.005 0.004 <0.001 0.008 3.09 

MATp 3.81 3.603 4.02 <0.001 0.04 15.47 

MATp
2 -0.24 -0.25 -0.23 <0.001 0.047 18.08 

MATs*MATp -0.02 -0.04 -0.01 <0.001 0.0003 0.11 

R2 of full model 0.89 
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Comparison of population recommendation approaches 

Under current climate (Fig. 3) and for all three altitudinal zones of our case study region 
(low, mid and high) the populations drawn from the climate envelope approach originate 
from significantly (Wilcoxon signed rank test; p < 0.01) colder regions of northwestern 
North America (MATp 3-5°C) than the optimum populations inferred with the URF model 
(MATp 6-8 °C) in terms of both H24 and BA24. Generally, the variation between the 
populations recommended by the climate envelope approach is considerably higher than 
the variation among populations recommended by the URF approach (Fig. 3) both within 
and among altitudinal zones and for all climate scenarios. 
Under climate change scenarios (2050 and 2070), the envelope populations originate 
from significantly warmer regions (MATp 8-14°C) in all altitudinal zones, while the 
recommendations of the URFs do not change significantly (Fig. 3B, C, E, F). According to 
the recommendations of the UFR model, the optimum populations for future climate 
originate from regions in northwestern North America with MATp 7-9.5°C.Generally, the 
population recommendations of both URF models are highly correlated with respect to 
MATp (Pearson’s correlation coefficient r = 0.95).  

 
Fig. 3. Recommended provenance origin (as given by MAT of provenance origin) for H24 (A, B, C) 
and BA24 (D, E, F).Populations to be planted at three altitudinal zones (Low: 0-500m; Mid: 500-
1000m; and High > 1000m) of the case study region under current climate (A, D) and two time 
slices of a transient climate change scenario (B, E) 2050 and (C, F) 2070. The populations to be 
planted were either selected to have optimum tree height (H24) or basal area (BA24) as drawn 
from the URF model (= ‘opt’ populations) or drawn from the climate envelope approach which is 
based on similarity of climate between the study region and the natural distribution of Douglas-fir 
in Northwest America (= ‘en’ populations). 
 
Under current climate and within both time slices of climate change (2050 and 2070) the 
growth performance of optimum populations recommended by the URFs was predicted to 
be significantly higher (Wilcoxon signed rank test; p < 0.01) than the performance of 
populations selected by the climate envelope approach. Under future warm and dry 
conditions of 2050 and 2070 growth performance of both optimum and envelope 
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populations are predicted to decline in low (0-500 m) and mid (500-1000 m) altitudes of 
the case study area (Fig. 4B, C, E, F).  

 
Fig. 4. Estimated growth performance. Estimated growth performance (as given by dominant tree 
height H24 or basal area BA24) for populations to be planted at three altitudinal zones (Low: 0-
500m; Mid: 500-1000m; and High >1000m) of the case study region under current climate (A, D) 
and two time slices of a transient climate change scenario (B, E) 2050 and (C, F) 2070.The 
populations with optimum height and basal area respectively were either drawn from the URF 
model (= ‘opt’ populations) or drawn from the climate envelope approach which is based on 
similarity of climate between the study region and the natural distribution of Douglas-fir in 
Northwest America (= ‘en’ populations). 

 

Model Evaluation 
Model evaluation with independent data revealed the highest hit rates (Fig. 5) at trial 
sites located in southeastern Europe (up to 100%) and central Europe (14 - 59%), 
whereas lower hit rates were obtained for trials at the Apennine peninsula (13-33%) and 
at maritime western European sites (0-33%). Spearman’s rank correlation between 
predicted and observed population height provided a similar picture (Fig. 5) with positive 
correlations (0.18 < r < 0.59) for trials located in Belgium, Bosnia, Bulgaria, Croatia, 
Norway, and Germany. Negative correlations were observed for trials in Ireland, 
Netherlands, Italy and France (0.07 < r < -0.63).  
 



 

Endbericht_KLIEN_DOUGLAS_B175092  11 

 
Fig. 5. Evaluation of the URF model with independent data from 20 provenance trials across 
Europe. The pie charts within each of these locations represent the Hit rate which is the percentage 
of top ranking population (top 25 %) in terms of height growth performance that were identified as 
top ranking by both URF and observed data. The colors of the pie charts represent the Spearman’s 
rank correlation between URF predictions and observed data; red indicating low and green 
indicating high correlation. 

 
Fig. 6 The overall uncertainty in URFs prediction for (A) H24 (B) BA24 due to model parameters. 
The black dots depict predicted value and the error bars represent the respective 95% confidence 
intervals. The confidence intervals shown as gray band indicate the maximum width of the 95% 
confidence intervals resulting from a change in the regression coefficients of climate variables. The 
x-axis shows MAT of the provenance regions in Austria and Germany. The range of MATs enclosed 
within the gray vertical lines represents the MAT of trial locations used to calibrate the URFs. The 
figures in brackets represent the percentage deviation of the 95% confidence interval from 
predicted value at MATs of 2, 10 and 12 °C. 
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Model sensitivity and uncertainty 
Among the climate variables (Table 1), the URFs for both dominant height and basal area 
growth performance had the highest sensitivity for summer heat moisture index SHMs 
followed by MATs (Chakraborty et al. 2016 submitted). The sensitivity contributed by 
MATp and the interaction of MATs and MATp were comparably low for both H24 and BA24 
(Chakraborty et al. 2016 submitted). For all regression coefficients, the sensitivity 
increased with increasing mean annual temperature of the plantation site, in particular if 
interpolations were made beyond the range of trial locations from which the models have 
been developed (Fig.6). The overall model uncertainty of predicted height growth 
performance, calculated by summing up the sensitivities of individual regression 
coefficients ranged from 0.8 m (22%) at MATs of 2 °C and up to 5 m (55%) at MATs of 
12 °C (Fig. 6a). The model uncertainty of the URF for the basal area (BA24) was higher 
and ranged from 5 m² ha-1 (43%) at MATs of 2 °C up to 17 m² ha-1 (80%) at MATs of 12 
°C (Fig. 6b).  
Uncertainty due to the two climate change scenario expressed as the difference in 
predicted growth performance between RCP 4.5 and RCP 8.5 scenarios in 2070, 
compared to the mean of the prediction between the two scenarios, ranged from 0 to 
100% for both H24 and BA24 (Fig. 7). 

 
Fig. 7 Uncertainty in model predictions for H24 (A) and BA24 (B) due to climate change scenarios. 
The figures show the difference between the predictions for the scenarios RCP 8.5 and RCP 4.5 in 
2070 given in percentage of the mean of the two scenarios. 
 

Optimum seed sources of Douglas-fir for Austria and Germany 

We found that under both current climate and climate change, seeds originating from 
North American seed zones such as coastal British Columbia (BC), the western Cascade 
mountains and from coastal regions of Washington (WA) and Oregon (OR) with MATp 
ranging from 6 - 9.5 °C (Fig. 3) will be the most productive seed sources of Douglas-fir in 
terms of growth performance for the study region. Geographically, these optimum seed 
zones are located between 30 – 50° N latitude and 121 – 127°W longitude (Fig. 8B). The 
OECD seed stands from which seeds are sourced for plantation in central Europe are 
predicted to be suitable also under future climate conditions (Fig. 8B).  
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Fig. 8. (A) Natural distribution of Douglas-fir in NW America. (B) Seed origin of Douglas-fir shown 
by mean annual temperature [°C] in NW America, predicted to be optimum by the URFs in terms of 
height and basal area growth performance when planted in the study area under current and 
climate change scenarios. The location of the seed stands identified under OECD scheme is shown 
as blue dots. The red lines demarcate the recommended seed zones. 

Growth performance under current and future climate 

The average of the predicted dominant height (H24) and basal area (BA24) across all 
provenance regions of the study region are 17 m and 22 m2ha-1 respectively (Table S2, 
S3 in Appendix). Under current climate, the German provenance regions; North 
Germany, Northern lowlands, Middle and East Germany, and Southwest Germany, and 
the Austrian provenance regions in the south, east, and north of the Alps including the 
eastern continental regions are predicted to have above-average growth performance 
with up to 37% higher height and 45% higher basal area than the provenance regions in 
higher altitude Alpine (Table S2, S3 in Appendix). Under climate change, provenance 
regions with low growth performance at present (e.g. mainly intermediate and high 
elevation sites in the Alps), are predicted to undergo a 53% increase in height growth 
under RCP 4.5 scenario and 39% under RCP 8.5 scenario by 2070 on average (Table S2, 
S3 in Appendix). A similar trend is also observed for basal area growth performance 
where the current provenance regions with below-average growth performance are 



 

Endbericht_KLIEN_DOUGLAS_B175092  14 

predicted to have 81 to 93 % increase in basal area under RCP 4.5 and RCP 8.5 scenarios 
respectively by 2070 (Table S2, S3 in Appendix). However, the current provenance 
regions with above average growth performance are predicted to have 10 to 36% 
reduction in height and 12 to 40% reduction in basal area by 2070 under RCP 4.5 and 
RCP 8.5 scenarios respectively.  
 
 

 

Fig. 9. Height growth performance of seed sources predicted to be optimum for the provenance 
regions of the study region under (A) current climate and (B, C) under two climate change 
scenarios RCP4.5 and RCP 8.5 in 2070. D, E, and F depict the uncertainty in the prediction of URFs 
indicated by the percentage deviation from the predicted H24 due to change in regression 
coefficients. 
 
Under both climate change scenarios, the pannonical east of Austria and lower altitudinal 
regions (0-500m) of the north and middle Germany are predicted to experience the 
strongest decline in growth performance compared to current climate (Fig. 9, Table S2, 
S3, Fig. S1 in Appendix). The pannonical east of Austria and lower altitude regions of 
north and middle Germany also have maximum model uncertainty under climate change. 
The higher altitude alpine regions have lower model uncertainty under climate change 
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(Fig 9, Fig. S1).Uncertainty due to climate change scenarios is higher (40-100%) in north 
Germany, and low altitude regions of southwest and southeast Germany, and in the 
pannonical East of Austria (Fig. 7). Whereas, uncertainty due to climate change scenario 
is lower in the Alpine regions and mid and east Germany lowlands corresponding to 0-
40% (Fig. 7). Uncertainty due to the two climate change scenarios RCP 8.5 and RCP 4.5 
(Fig.8) is higher than the model uncertainty (Fig. 7, 9, S1). 

Habitat suitability of Douglas-fir in Europe habitat suitability of 
Douglas-fir in Europe 

Performance of URFs as distribution model in North America  
The model sensitivity, defined by the proportion of observed Douglas-fir’s presence 
correctly identified by the URFs range from 84% to 69% (Table 4). Whereas, the 
proportion of observed absences correctly identified by the URFs (i.e. model specificity) 
range from 48% to 68% (Table 4). The omission rate, which represents the proportion of 
observed presence locations predicted as absence by the model ranges from 15 to 30%. 
Most of these omitted locations lie on the trailing edge of the coastal range between 41- 
42°N Latitude (Fig. 10). For 51 to 31% of the locations where Douglas-fir was not 
observed, the URFs predict the presence of Douglas-fir (Table 4). These locations lie 
mostly in the south and southeast of the Rocky mountains between 41-51°N latitudes 
(Fig.10) and between latitudes 61-60°N in the northern BC and east of Rocky Mountains. 
(Fig.1). Overall, the accuracy of the two models ranged from 54 - 68% which defines the 
ability of the model to correctly predict observed presence and absences. The model 
performance ranged from 0.32 to 0.37 as indicated by the True skill statistics (Table 4). 
The predictions of the two models differ mainly in predicting presence: for example in 
24% of the locations, where the URF-H24 predicts presence of Douglas –fir, the URF-B24 
predicts absence. These points lie mostly in southeastern Alberta and southern British 
Columbia north of 50°N latitude and between 130- 120°W longitude (Fig.10). However, 
there is no difference between the two models in predicting absence i.e. for 100% of the 
points where URF-H24 predicts absence, the URF-BA24 also predicts absence (Table 4).  
 
Table  4. Accuracy of the two URF models expressed as percentage of the total number 
of locations where Douglas-fir was reported to be present or absent by Coops et al. 
(2011). True skill statistics or Hanssen- Kuipers discriminant is a measure of model 
performance which is independent of prevalence. TSS vale range from -1 to +1 where +1 
indicate perfect agreement and values <=0 indicate a performance equivalent to random 
guess (Allouche et al. 2006). 
 

 

 URF-
H24 

URF-BA24 

Accuracy  0.54 0.68 
Missclassification or Error rate 0.46 0.31 
Omission rate 0.15 0.30 
Sensitivity 0.84 0.69 
Specificity 0.48 0.68 
False positive rate 0.51 0.31 
True Skill statistics (Sensitivity+Specificity-1) 0.32 0.37 

URF-H24 predicts absent but URF-BA24 predicts present 0.00  
URF-H24 predicts present but URF-BA24 predicts absent 0.24 
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Fig. 10 A) Observed distribution of Douglas-fir in at 71182 locations in North America 
(Coops et al. 2011). (B) Distribution of Douglas-fir predicted by the URF for dominant 
height at age 24 (H24); and (C) Distribution of Douglas-fir predicted by the URF for 
mean basal area age 24 (BA24). 
 
Habitat suitability of Douglas-fir in Europe: Role of seed origin 
Under current climate 70% of the total geographic area of Europe was predicted by the 
URFs to be climatically suitable for Douglas-fir if optimum seed sources are planted 
(Table 5, Fig 11). Under current climate the percentage of climatically suitable area 
varies between the biogeographic regions, ranging from 17 % in Anatolian to 100% in 
the Pannonian region (Table 5, Fig. 11). Except Mediterranean and Anatolian regions all 
biogeographic regions are predicted to have more than 50% of the total geographic area 
suitable for planting optimum seed sources of Douglas-fir. 
Under climate change, and if optimum seed sources are planted, the suitable area 
reduces by 3% under RCP 4.5 and 6% under RCP 8.5 scenario in 2070, compared to the 
total geographic area found suitable under current climate (Table 5, Fig. 11).The suitable 
area is predicted to range from 5- 6% in Mediterranean to 99-100% in the Boreal region 
in 2070 under RCP 4.5 scenario and RCP8.5 respectively (Table 5). The Steppic region is 
predicted to experience strongest decline in climatically suitable area compared to 
current climate (75% under RCP4.5, and 90% under RCP 8.5) in 2070 (Table 5). The 
Boreal and Alpine regions of Europe are predicted to have strongest increase (40 to 50%) 
in climatically suitable area for Douglas fir under climate scenarios in 2070 (Table 5). 
If local seed sources planted only 48% of the total Geographic area is predicted to be 
suitable for Douglas-fir. This suitable area is 23% lower, compared to the scenario when 
optimum seed sources are planted (Fig. 11, Table 5). Under climate change the reduction 
in suitable habitat is predicted to be 22% under RCP 4.5 and 42% under RCP8.5 by 2070 
if local seed sources are planted (Table 5). This reduction is substantially larger than the 
reduction in suitable habitat under climate change is optimum seed sources are planted 
(Table 5) 
However the general trend of shift in suitable range towards north (Fig. 11) and ranks of 
the bioclimatic regions in order of climatic suitability (Table 5) does not differ irrespective 
of the seed sources planted (Table 5). 
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Fig. 11. Habitat suitability of Douglas fir seed sources local seed sources (shaded in dark green) 
and optimum seed sources (shaded in light green) under current climate (A) and (B, C, D, E) 
under two climate change scenarios RCP4.5 and RCP 8.5 in 2050 and 2070. 
 
Table 5. Climate suitability of Douglas-fir in Europe predicted by the URFs under two seed origin 
scenarios (optimum and local seed origin) and two climate change scenarios (RCP 4.5 and RCP 
8.5).  
 

 

 

Percentage of the total 
geographic area of the 
ecoregion climatically suitable 
for Douglas-fir [%] 

Change of suitable area 
from current climate 
[%] 

 
Region 

current 
RCP 4.5 
 in 2070 

RCP. 8.5 
 in 2070 

RCP 4.5 in 
2070 

RCP 8.5 in 
2070 

Optimum 
seed 
sources 

Alpine 55.46 78.62 79.69 41.77 43.69 
Anatolian 16.77 7.90 7.45 -52.91 -55.59 
Atlantic 98.24 79.90 76.16 -18.67 -22.47 
Black Sea 78.40 28.94 25.79 -63.09 -67.11 
Boreal 66.00 99.24 99.52 50.38 50.80 
Continental 99.24 89.01 85.97 -10.31 -13.37 
Mediterranean 22.99 6.15 5.11 -73.26 -77.77 
Pannonian 100.00 50.54 37.40 -49.46 -62.60 
Steppic 82.92 20.59 8.42 -75.17 -89.85 

 Total 71 67 65 -3 -6 
Local seed 
sources 

Alpine 38.78 46.50 64.51 19.91 66.36 
Anatolian 2.27 0.34 0.26 -85.23 -88.65 
Atlantic 79.06 47.11 38.99 -40.41 -50.68 
Black Sea 37.48 8.09 5.64 -78.41 -84.96 
Boreal 29.84 48.67 47.82 63.10 60.26 
Continental 88.64 61.28 24.58 -30.87 -72.27 
Mediterranean 10.04 1.53 0.37 -84.73 -96.34 
Pannonian 98.38 1.27 0.18 -98.70 -99.81 
Steppic 27.74 0.82 0.46 -97.05 -98.34 

 Total 48 38 28 -10 -11 
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Ecosystem modelling 
Observed variation in H24 cannot be explained by the PICUS model with the current 
calibration with respect to only potential height development and soil moisture index 
(Fig. 12). This is because the additional information on site & soil for the trial sites is not 
available. Even ecophysiological information to differentiate provenance groups with 
respect to temperature and soil moisture response is not readily available at the 
moment. 

 

Fig. 12. Residual plots (Observed – predicted) plotted against MAT [°C] and mean summer soil 
moisture index [°C]. 
 

Description of project “highlights” 

• Environmental effects play a stronger role in growth performance compared to 
genetic effects. 

• Precipitation plays minor role in defining the genetic superiority of Douglas-fir 
provenances 

• The successfully validation of the URFs in predicting the observed occurrences of 
Douglas-fir its native range supports the application of the URFs as habitat suitability 
model of Douglas-fir in both North America and Europe.  

• Uncertainty of the URF model increases with both temperature and summer drought. 
• Uncertainty due to the two climate change scenarios is higher than the model 

uncertainty 

5 Schlussfolgerungen und Empfehlungen 

Major conclusions of the project are: 
We conclude that populations of Douglas- fir originating from the western Cascade Range 
and coastal regions of Washington and Oregon have optimum growth performance in the 
central Europe under both current and future climate conditions. Our study also provides 
evidence that if the population source and plantation climate differ substantially as in our 
study, assisted migration schemes may not realize their targets if populations are 
selected based on climate envelope approach. Thus, whenever data from genetic field 
trials exist, empirical approaches like the URFs should be preferred. The URFs allow 
predicting performance of any population across a wide range of climate conditions and 

Mean SMI June-Aug MAT [°C] 
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thus overcomes the major limitation of single provenance trials that are limited to a 
specific environment.  
Model-based recommendations on developing adaptation measures for biological systems 
under likely future climate require an understanding of the modeled processes and 
uncertainty of the future conditions. The URF approach, based on a large dataset of 
growth performance (model for H24) and the combined effects of growth performance 
and initial mortality (BA24) throughout a wide range of climatic conditions (Chakraborty 
et al. 2015) allow reliable predictions for suitable seed sources and future productivity 
with respect to intraspecific variation. This provides a strong advantage compared to 1) 
climate envelope models (e.g. Kölling 2008; Isaac-Renton et al. 2014) that only evaluate 
general climate suitability or the suitability of provenances, and 2) forest growth models 
which do not account for provenance variation and often require detailed information on 
future soil and climate information (e.g. Eckart et al. 2014).  
Generally, a more explicit dealing with certain environmental risk for cultivation would be 
desirable, i.e. dealing with drought and frost resistance. However, incorporating such 
effects will ultimately increase the prediction uncertainty because climate change models 
do not allow a reasonable prediction of specific climate extremes on regional and local 
levels, so far. Our models resulted in a considerable model uncertainty, which is, 
however, still below the uncertainty of different climate change scenarios. Moreover, 
model evaluation across Europe suggests that our URFs are more suitable for expected 
conditions of climate change in Central Europe than for a more maritime climate and 
might thus be a valuable tool in adaptation management in Central Europe. 
The URFs provide a novel approach to integrate intra-specific variation into species 
distribution models (SDM). Lack of intraspecific variation is one of the major limitation of 
the traditional SDMs (Aitken et al. 2008; Oney et al. 2013) and the URF approach 
developed within this project overcomes this limitation. 
 
 

B Projektdetails  

6 Methodik 

Compiling and collecting provenance test and field data 

Within the current project, large amount of data from existing provenance trials 
established and maintained by BFW were screened. Majority of the data from old 
provenance trials were in paper format. Moreover there were duplication/ uncertainty 
regarding provenance names, provenance coordinate and provenance origin. These 
inconsistencies were checked, corrected wherever required and brought into a digital 
database. This database is now available in both MS excel and MS. access format. In 
order to establish the Austrian provenance trials majority of seeds were imported in the 
1970s from German institutions. Therefore it was important to collaborate with Bavarian 
Office for Forest Seeding and Planting (ASP), Teisendorf, Germany. We obtained 
additional data from 20 provenance trials in southern Germany to improve our analysis 
by collaborating with ASP, Germany. 

Compiling climate data sets 

Climate data was compiled by the Central Institute of Meteorology and Geodynamics 
(ZAMG). For trials in Austria climate data were compiled from the network of weather 
stations maintained by ZAMG. For the trial located in southern Germany gridded climate 
data for the greater Alpine region available from an earlier research project (reclip: 
century : Haslinger et al. 2012) were used. The climate of both data sets were used for 
interpolations to the coordinates of the trial sites resulting in time series data of daily 
(mean, minimum and maximum) temperature and precipitation covering the period from 
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installation of each trial until the most recent measurements. For the interpolation to 
each trial, data of the four closest weather stations and the four closest grid cells, 
respectively, were first adjusted to the altitude of the trial sites and secondly interpolated 
to the trial coordinates by inverse distance weighted interpolation. From the daily climate 
data several biologically relevant climate variables (Table1, 2) which are known to have 
correlation with growth, and survival were computed. 
For climate data of provenance origin in North America, values of the same climate 
variables (Table 1) were generated for each population origin location using the high-
resolution climate model Climate WNA v4.72 (Wang et al. 2012).  
Utilizing the WorldClim database (Hijmans et al. 2005) the climate variables (Table 1) 
were also calculated for each grid point of a 30 arc-sec digital elevation model of the case 
study area for “current climate” (average for 1950-2000) and two time slices of a 
transient climate change scenario (“2050” as average for the period 2041-2060 and 
“2070” as average for the period 2061-2080) from a run of the MPI-ESL-LR climate 
model (van Vuuren et al. 2011) under a Representative Concentration Pathways (RCP) 
scenario RCP 4.5 and RCP8.5. 
 
Table 1. Climate variables used to develop the Universal response functions. For trial sites (suffix 
“s”) and the location of the population origin (suffix “p”) the same set of predictor variables was 
tested for model building. TD = MWMT-MCMT; AHM = (MAT/10) / (MAP/1000); SHM = MWMT/ 
(MSP/1000).  
 

Variable Trial 
locations 

Population 
origins 

Mean annual temperature MATs MATp 
Mean coldest month temperature MCMTs MCMTp 
Mean warmest month temperature MWMTs MWMTp 
Continentality TDs TDp 
Mean annual precipitation MAPs MAPp 
Mean summer precipitation (June-Sep) MSPs MSPp 
Annual heat moisture index AHMs AHMp 
Summer heat moisture index SHMs SHMp 
Degree days below 0°C DD<0s DD<0p 
Degree days above 5°C DD>5s DD>5p 

 
Relation between climatic stress factors and the survival of seedlings 
and young trees 
The specific research questions of this study were:  
• Does site specific mean survival (% of alive young plants of the total number of 

plants) vary between different trial sites?  
• Does mean survival rates vary between different provenances (or provenance 

group) within a specific trial site or all sites?  
• Are these differences related to the occurrences of i) spring-late frost events; ii) 

autumn-early frost events; or iii) the combined occurrence of late and early frost 
events? 

In order to understand the relation between stress factors (early and late frost events) 
and survival of young Douglas-fir we selected 19 provenance trials between ages 8-10 in 
which no management operations were done till the age 10. In each of these trials 
information number of alive and dead trees is available. Survival rate of a provenance in 
a trial was calculated as: 

 

At first we identified important climatic stress factors from (Table 2) by analysing the 
correlation between frost variables (Table 2) and mean survival rate of young Douglas-fir 
in 19 provenance trials across Austria. 
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In order to understand the role of provenance origin (if any) in survival of young 
Douglas-fir we developed Generalized linear models (GLMs) between mean survival rate 
of provenances in each provenance trial (dependant variable) and identified important 
climatic stress (co-variables) and provenance clusters/origin climate as (categorical 
variables). For concise reporting the provenances were clustered according to (i) seed 
zone of occurrence in North America, (ii) climate of provenance origin, (iii) altitude of 
provenance origin. 
 
Table 2. Climate variables to describe climatic stress factors (early and late frost events) on 
survival of young Douglas-fir. Late frost events refer to frost events (mean daily temperature 
<0°C) occurring between May and June. Early frost events refer to frost events occurring between 
July to September. 
 

Variable Explanation 

T min 
Count of days with frost events i.e. ( mean daily temperature 
<0°C)  

Lowest T min 
Absolute minimum temperature among all the frost days of an 
inventory period  

Tmean Mean temperature of the day which has lowest Tmin  
Max frost Count max number of late frost events in an inventory period. 

Total moisture before frost event Sum of ppt 7 days prior to the date of Lowest Tmin 

Heat sum >5°C till frost event 
Count of veg days >5°C from 1st Jan till the date when 
Lowest Tmin occurred 

Heat sum >10°C till frost event 
Count of veg days >10°C from 1st Jan till the date when 
Lowest Tmin occurred 

Difference of minimums 
Difference between minimum temperature of Lowest Tmin date 
and one day prior 

Difference of means 
Difference between Tmean and mean temperature of one day 
prior 

Abrupt change in minimum 
temperature 

Mean Difference between T min of 7 previous days prior to 
Lowest T min  

Abrupt change in mean 
temperature 

Mean Difference between Tmean of 7 previous days prior to 
lowest Tmin 

 
Development of the Universal Response Function (URFs) 
To understand the effect of climatic conditions at trial locations and at population origin 
on growth performance of Douglas-fir populations, URFs were developed according to 
Wang et al. (2010). Two indicator of growth performance were calculated from the height 
and diameter at breast height (Dbh) measurements from the 50 provenance trial data 
(Chakraborty et al. 2015). These growth performance indicators are: i) dominant height 
(75 percentile height) at age 24 (hereafter called as H24) and ii) basal area per hectare 
at age 24 of individual populations (hereafter referred to as BA24).  
URFs are quadratic functions (eq. 1) relating an indicator of growth performance to the 
climate of the trial locations in the case study area in central Europe and to the climate of 
the population origin in North America (see: Table1): 

  
Here, Ysp is the growth performance (H24 or BA24) of the population p at the sites; b’s 
are the intercept and regression coefficients; X1s and X2p are climate variable of trial 
location and population origin respectively; X1s*X2p is the interaction between the trial 
climate X1s and the source climate X2p and esp is the residual.  
To identify the most important climate variables and their interaction terms, univariate 
regression models were used to test for their contribution in explaining the variation in 
H24 and BA24 applying a multimodal approach (Dormann et al. 2013). Here, climate 
variables with correlation coefficients r > 0.7 and variance inflation factors VIF > 5 were 
identified and the variable with the lower explanatory value according to the Akaike 



 

Endbericht_KLIEN_DOUGLAS_B175092  22 

Information Criteria (AIC) (Akaike 1974) was excluded from further model development. 
The remaining uncorrelated climate variables including their quadratic and interaction 
terms were tested in an all subset multi model selection procedure (Burnham & Anderson 
2002; Dormann et al. 2013) implemented with the LEAPS package in R (Lumley 
2009).The URF model with the lowest AIC value was selected as the “best” model.  
An important step in the URF development procedure was the extension of the calibration 
data set. Since the overall design of the provenance trial series was not balanced and not 
all populations were planted at every trial site, genecology functions following Wang et 
al. (2010) were applied to determine anchor points which allow to estimate the growth 
performance of populations also at climatically extreme trials, where they had not been 
planted. Genecology functions map the observed growth performance of populations 
from a wide spectrum of population origins at extreme (cold, warm) trial sites 
(Chakraborty et al. 2015). 
The URFs were optimized to identify the climate variable of provenance origin which 
when substituted in the URF functions (equation.1) yield highest H24 and BA24. These 
values of climate of provenance origin represent the locations of best performing 
provenances at a given grid cell of the study area (Fig. 1) and was calculated with the 
first order partial derivative of the URF models solved for the climate parameter of the 
population origin (for details see; Chakraborty et al. 2015). In addition, suitable 
populations for plantation in Europe were identified with a climate envelope approach 
following Isaac-Renton et al. (2014).With this approach suitable populations are 
identified based on the similarity of climate between provenance origin and plantation 
site. The climate similarity is defined by lowest multivariate Mahalonobis distance.  
 
Validation of the URFs and analysis of uncertainty under climate change 
We evaluated the URFs by comparing the predicted height growth performances with 
observations from independent provenance trial data across Europe. Model parameter 
uncertainty i.e. model sensitivity was estimated by analyzing the change in model 
predictions resulting from change in the regression coefficient of each of the climate 
variables of the URFs through its 95% confidence interval (minimum, mean and 
maximum) while keeping the regression coefficients of all other independent variables 
constant at the mean value. This allowed estimating the sensitivity of each climate 
variable’s individual regression coefficient for a range of climate conditions that are 
expected to occur in our study region today and in future (MATs 2-12°C and SHMs 20-
100). The sensitivity of the individual regression coefficients was summed up and 
expressed as a percentage deviation from the predicted H24 or BA24 to describe the 
uncertainty of the full model. The uncertainty of the full model was estimated for each of 
the provenance regions of the study region in Central Europe (Fig. 1).  
To account for differences within the provenance regions each provenance region was 
divided into 500 m altitudinal sub-zones. The uncertainty of the full model was estimated 
under “current climate” (average for 1950-2000) and two time slices of a transient 
climate change scenario (“2050” as average of the period 2041-2060 and “2070” as 
average of the period 2061-2080) from a run of the MPI-ESL-LR climate model (Block 
and Mauritsen 2013) under the Representative Concentration Pathways RCP 4.5, and RCP 
8.5 scenarios (van Vuuren et al. 2011). Climate data for estimating the model 
uncertainty was obtained from WorldClim database (Hijmans et al. 2005). The WorldClim 
database provides GCM outputs which are downscaled and corrected for bias 
using WorldClim 1.4 (Hijmans et al. 2005).  
Furthermore, uncertainty due to the different climate change scenarios was estimated as 
the absolute difference between the URF prediction under RCP 8.5 and RCP 4.5 scenarios 
in 2070, compared to the mean prediction of the two scenarios. This scenario uncertainty 
was calculated for each provenance region and altitudinal subzones. 
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Fig. 1A) Location of the study region in Europe highlighted in gray. B) Location of the provenance 
trials (black dots) in the case study region of Austria and Germany. The colored polygons represent 
the provenance regions. C) Locations of the seed origin of Douglas-fir (red dots) in western North 
America which was planted in the provenance trials shown in (B). The natural distribution of 
Douglas-fir is shaded in green.  

Model evaluation 

In order to test the applicability of the URFs, we performed a model evaluation against 
independent data. For this purpose, we selected 20 provenance trials between 13-34 
years of age located across Europe from the meta-analysis of Isaac-Renton et al. (2014). 
The evaluation data of Isaac-Renton et al. (2014) contains tree height data and thus 
allowed an evaluation of the URF for H24 but not for BA24. The URF model for H24 was 
used to predict the dominant height of populations at the evaluation trial sites. For a 
comparison between predicted and observed tree height, we used Spearman’s rank 
correlation and the hit-rate. The hit-rate was calculated as the percentage of 25% tallest 
populations at an evaluation trial site that was also predicted to be top-ranking by the 
URF model.  
 
Selection of best seed source and estimation of growth performance  
The optimum seed sources for a given planting location can be identified by calculating 
the value of MATp which when substituted in the URF model yield highest growth 
performance. We used an optimizing solver called MIDACO (Schlueter & Munetomo 2013) 
which is a derivative-free solver for general optimization problems. MIDACO is able to 
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find the optimum value of a variable in complex functions involving several continuous or 
integer variables, their orders, and interactions and is an improved method for 
optimization compared to the partial derivative method previously used in our analysis 
(Chakraborty et al. 2015). We used MIDACO for each of the legally defined provenance 
regions (Fig. 1) of Austria and Germany further divided into 500m altitudinal subzones in 
order to account for the underlying climatic differences within the provenance regions. 
This optimization process identifies seed origin in terms of mean annual temperature 
(MATp) of populations in North America, whereas the OECD guidelines, (OECD 2012) 
recommend that origin of reproductive material for reforestation should be precise with 
respect to geographic locations. Therefore, in order to recommend seed origin for 
practical purposes, we identified altitudinal belts within seed zones of Douglas-fir in 
Northwest America where the optimum MATp predicted by the URFs occur. For this 
purpose, a 30 arc-sec resolution digital elevation model of northwest America was 
reclassified into altitudinal belts, each spanning across 500 meters. Zonal statistics for 
MATp were obtained for each of these altitudinal belts within the seed zones of British 
Columbia (BC), Washington (WA) and Oregon (OR). 
After identifying the optimum seed origin, the URFs were used to predict growth 
performance (H24 and BA24) for each altitudinal subzones of the provenance regions 
(Fig. 1) of Austria and Germany. The predicted growth performances were plotted as 
maps for both current climate and the climate change scenarios described above. The 
URFs were also used to predict growth performance of 40 seed stands in North America 
(Chakraborty et al. 2016, submitted) identified as the source of seed materials of the 
category “selected” for plantations in Europe following the OECD guideline (OECD 2012). 
For concise reporting of the recommendations, these seed stands were grouped into 6 
clusters according to MATp. 
  
Application of the Universal response Functions to map habitat 
suitability of Douglas-fir in Europe and North America 

We performed a retrospective model validation by analyzing the performance of the URFs 
in predicting observed occurrence of Douglas-fir in its native range in North America even 
though the URFs were developed with data from European provenance trials. We 
obtained occurrence data (presence and absence) of Douglas- fir at 71182 locations 
(Fig1. A), across North America from Coops et al. (2011) and Schroeder et al. (2010). At 
each of the 71182 locations North America, we applied the URFs to predict growth 
performance (H24 and BA24). Growth performances were converted to occurrence 
(presence/absence) by truncating the URFs with growth thresholds (H24 >=3m; or BA24 
>=2m2ha-1). The thresholds represent the minimum of dominant height and basal area 
at age 24 in our data set. Model performance was quantified with True skill statistics 
(TSS) also known as Hansen Knuipers discriminant (Allouche et al. 2006). These 
predicted habitat suitability were obtained for current climate and two climate change 
scenarios (RCP4.5 and RCP 8.5 (van Vuuren et al. 2011) from a run of the MPI-ESL-LR 
climate model (Block & Mauritsen 2013) under Representative Concentration Pathways, 
Douglas-fir was considered to occur in a given grid cell if both the URFs predict presence, 
as per the thresholds defined above.  
In order to demonstrate the capacity of the URFs to account for intraspecific variation in 
the distribution of Douglas-fir, we estimated distribution with two seed origin scenarios; 
i) with optimum seed sources planted in each grid-cell and ii) with local seed sources 
planted in each grid cell. Optimum seed sources are the seed sources which when 
planted in a particular site yields highest growth performance and calculated by solving 
the partial derivate of the URF function with respect to MATp (for details see: 
Chakraborty et al. 2015). Local seed sources refer to seed sources originating from 
climatically identical locations as intended planting sites (i.e. by substituting MATp = 
MATs in equation 1). For concise reporting, climate suitability of Douglas-fir was obtained 
for each biogeographic regions of Europe and North America. 
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Ecosystem modelling 

In this part of the project we set out to calibrate Douglas fir provenances within a climate 
sensitive dynamic vegetation model (PICUS v1.43 ) (Lexer & Hönninger 2001; Seidl et al. 
2005) hereafter referred as PICUS. In order to calibrate Douglas-fir provenances within 
the PICUS model we grouped 19 provenances which are planted in at least 6 trial sites in 
Austria and southern Germany into two provenance groups i) Coastal provenances ii) 
Interior provenances. 
Existing literature on eco-physiological limits of Douglas fir provenance were scanned to 
calibrate the two provenance groups. Currently we could only obtain information from 
existing literature on potential height growth and soil water limits of growth for the two 
provenance groups. This information was supplied to calibrate the two provenance 
groups while all other parameters of the model remained same for the two provenance 
groups. Model performance was analyzed with respect to observed vs modeled dominant 
height development. 
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Appendix 
Table S1. Details of 42 seed stands in Washington identified according to OECD guidelines to acquire seed materials to be planted in Austria and 
Germany. If the seed stand number is missing (*) the stand is not yet included in the National list for USA and seed cannot be introduced into 
Europe, but should be added to the list due to its proven suitability for present and future conditions. 
 

National 
Seed 
Stand 
number 

County Seed stand Lat [°N] Long 
[°W] 

Alt 
zone 

Alt 
[m] 

MATp 
[°C] 

Seed 
stand 
cluster 

430/31 King Cowlitz Randle (Cispus River) 46.47431 -121.998 4 1125 7.0 CL1 
430/31 King Cowlitz Randle (Cispus River) 46.47867 -121.993 3.5 975 7.6 CL1 
652/10 Klickitat Trout Lake 45.96259 -121.534 3 825 7.7 CL1 
430/40 Lewis Carlton Creek - Cowlitz River 46.70827 -121.559 2.5 675 8.0 CL1 
422/31 Pierce Ashford Elbe 46.75163 -122.048 2 525 8.0 CL1 
430/31 King Cowlitz Randle (Cispus River) 46.4722 -122.017 3 825 8.2 CL2 
* Snohomish (Darrington) 48.21868 -121.529 2.5 675 8.2 CL2 

430/11 Lewis 
Skate Creek, Packwood 2.5 (FRD 
52) 46.64869 -121.715 2.5 675 8.2 CL2 

* Lewis Randle (Cowlitz River area) 46.48931 -121.865 3 825 8.2 CL2 
653/10 Klickitat Trout Lake 45.92074 -121.523 2.5 675 8.3 CL2 
402/20 Skagit, Whatcom Baker Lake 48.64999 -121.727 1.5 375 8.4 CL2 
430/31 King Cowlitz Randle (Cispus River) 46.48236 -122.042 2.5 675 8.7 CL3 
030/81 Mason Matlock 47.30277 -123.43 1.5 375 8.8 CL3 
* Skagit Concrete Jackmann Creek 48.54336 -121.647 2.5 675 8.8 CL3 
403/91 Snohomish Bedal Creek Campground 48.09402 -121.398 1.5 375 8.9 CL3 
* Snohomish Darrington Suiattle River 48.27842 -121.386 2.5 675 8.9 CL3 
422/20 Lewis Mineral 46.73618 -122.194 2 525 8.9 CL3 
* Snohomish Darrington Suiattle River 48.28973 -121.397 2 525 9.2 CL4 
403/13 Skagit Texas Pond 48.34133 -121.563 1.5 375 9.2 CL4 

403/11 
Skagit, 
Snohomish Darrington Round Mountain 48.30631 -121.714 1.5 375 9.4 CL4 

403/50 Skagit Sauk Prairie Flats 48.35863 -121.547 1 225 9.4 CL4 
403/41 Snohomish Sauk River (Darrington) 48.22946 -121.58 1.5 375 9.4 CL4 
403/71 Skagit Darrington Tenas Creek 48.31978 -121.423 1.5 375 9.5 CL4 
402/10 Skagit Bacon Point 48.60271 -121.382 1.5 375 9.5 CL4 
403/12 Skagit, Darrington Round Mountain 48.29163 -121.776 1 225 9.6 CL5 
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Snohomish foothill 

* Snohomish Darrington Suiattle River 5 48.28363 -121.397 1.5 375 9.7 CL5 
403/14 Snohomish French Point, White Horse 48.26306 -121.798 1 225 9.7 CL5 
222/10 Mason Lake Cushman 47.53656 -123.071 1 225 9.7 CL5 
430/10 Lewis Cowlitz River Area 46.54331 -122.066 1.5 375 9.8 CL5 
030/12 Mason Matlock 47.24761 -123.42 0.5 75 9.9 CL5 
403/10 Snohomish Darrington Flats 48.27479 -121.754 1 225 9.9 CL5 
403/61 Snohomish Suiattle River Flats (Darrington) 48.27816 -121.402 1 225 10.0 CL5 
402/31 Skagit Marble Creek Campground 48.5354 -121.28 1.5 375 10.0 CL5 
403/51 Skagit Central Sauk Prairie 48.33906 -121.547 0.5 75 10.0 CL5 
422/10 Pierce Pack Forest 46.83844 -122.321 1.5 375 10.1 CL6 
402/40 Skagit Marblemount - 48.46683 -121.544 0.5 75 10.2 CL6 
202/20 Snohomish Arlington 48.22615 -122.073 0.5 75 10.2 CL6 

241-12 
Mason, Grays 
Harbor McCleary 47.08003 -123.076 0.5 75 10.4 CL6 

402/50 Skagit Concrete-Rockport 48.52335 -121.707 0.5 75 10.6 CL6 
232/10 Thurston Yelm 47.18217 -122.714 0.5 75 10.6 CL6 

Lat= Latitude [°N] 
Long= Longitude [°W]  
Alt.zone= Altitudinal zones (0.5 = 0 – 150 m; 1.0 = 150 – 300 m; 1.5 = 300 -450 m; 2.0 = 450 -600m; 2.5 = 600 -750m; 3.0 = 750 – 900m; 
3.5 = 900 – 1050m; 4.0 = 1050 – 1200m) 
Alt= Mean altitude of the respective altitudinal zones  
MATp= Mean annual temperature of the seed stand 
 

Table S2. Growth performance (mean of the altitudinal subzones within provenance regions) predicted by the URFs for H24 for the provenance 
regions of Austria and Germany. The change in growth performance is calculated as change in percentage from the current climate. Top seed 
stands are cluster of those OECD seed stands which are predicted to yield maximum H24 in the respective provenance regions.  
 
 
Country Provenance 

region 
number 
  

Provenance regions H24 
[m] 

  Change from current H24 [%]   

     current Top seed stands 
under current 
climate 

RCP4.5 RCP8.5 Top seed stands 
under RCP8.5 in 
2070 

      2050 2070 2050 2070   
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AU 1.3 Subcontinental Central Alps - east part 11.6 CL1 59.9 80.6 95.7 70.2 CL1 

AU 2.2 North intermediate Apls - east part 11.7 CL1 62.1 82.1 96.5 72.6 CL1 

AU 1.2 Subcontinental Central Alps - west part 13.3 CL1 40.8 53.6 65.2 41.4 CL1 

AU 1.1 Central Alps- Continental - Central Zone 13.8 CL1, CL2 34.8 44.2 54.3 29.1 CL1 

AU 2.1 North intermediate Apls - west part 13.9 CL1 40.8 52.2 61.6 42.8 CL1 
AU 3.1 East intermediate Alps - north part 14.2 CL1, 56.9 71.4 84.2 56.7 CL1, CL2 

AU 3.2 East intermediate Alps - south part 14.3 CL1 52.9 68.1 80.1 55.8 CL1, CL2 

AU 4.2 North border of the Alps - east part 14.8 CL1, CL2 37.7 46.2 56.5 33.7 CL1, CL2,CL3 
AU 5.3 East and mid Styrian mountain area 14.8 CL1, CL2 59.7 69.4 85.2 51.3 CL1, CL2 

AU 5.1 Lower Austria east border of the Alps 14.9 CL1, CL2 40.1 48.4 69.2 29.3 CL1, CL2 

AU 5.4 West Styrian mountain area 15.1 CL1 43.1 54.2 61.5 44.1 CL1, CL2 

AU 4.1 North border of the Alps - west part 15.2 CL1, CL2 26.3 33.7 37.6 27.4 CL1, CL2 

AU 3.3 South intermediate Apls 15.6 CL1 25.9 35.3 37.5 22.3 CL1, CL2 

AU 5.2 Bucklige Welt 15.8 CL1 34.7 38.7 43.5 19.2 CL1, CL2,CL3 

GE 853-04/05 Southwestern Germany 16.6 CL1 15.2 17.6 19 -0.4 CL1, CL2,CL3 

AU 6.1 South border range of Mountains 16.7 CL1 20.1 25.8 27.1 18 CL1, CL2 

GE 853-02 North German lowlands excl -Schleswig 
Holstein 

17.4 CL1, CL2 -20.4 -18.7 -52.8 -67.1 CL2, CL3 

AU 8.1 Pannonian lowland and hilly country 17.7 CL1,CL2, CL3 -35.1 -58.7 -61.9 -75.8 CL2, CL3, CL4 

GE 853-03 Middle and East German hill and 
lowlands 

18.6 CL1, CL2 -19.8 -31.6 -41.7 -69 CL1, CL2, CL3, 
CL4 

GE 853-06 Southeastern Germany 19.1 CL1 4.4 0.6 2.3 -24.8 CL1, CL2, CL3, 
CL4 

AU 9.1 Muehlviertel 19.8 CL1 5.5 5.9 5.4 -3.8 CL2 

GE 853-01 North Germany lowlands incl -Schleswig 
Holstein 

20.4 CL1, CL2 -14 -16.4 -33.2 -76.9 CL1, CL2, CL3, 
CL4 

AU 6.2 Basin of Klagenfurt Carinthia 20.9 CL1, CL2 1.2 1 -1.4 -12.3 CL2, CL3 

AU 7.1 Northern foothills -west part 21.1 CL1, CL2 -3.3 -3 -7.1 -18.1 CL1, CL2,CL3 
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AU 9.2 Waldviertel 21.7 CL1, CL2 -3.6 -8.2 -9.5 -39.4 CL1, CL2,CL3 

AU 8.2 Subillyrian hilly and terrace country 21.7 CL1,CL2, CL3 -7.4 -11.7 -14.9 -39.4 CL2, CL3, CL4 

AU 7.2 Northern foothills -east part 21.7 CL1,CL2, CL3 -6.2 -9.4 -13.3 -33.9 CL2, CL3 

AU= Austria and GE= Germany. For explanation of the clusters (CL1, CL2, CL3, CL4) see Table S1. 
 
 
Table S3. Growth performance (mean of altitudinal sub zones within provenance regions) predicted by the URF for BA24 for the provenance 
regions of Austria and Germany. The change in growth performance is calculated as change in percentage from the current climate. Top seed 
stands are cluster of those OECD seed stands which are predicted to yield maximum BA24 in the respective provenance regions.  
 
Country Provenance 

region 
number 
  

Provenance regions BA 24 
[m2 ha -1] 

  Change from current BA24 [%]   

      Current Top seed 
stands under 
current 
climate 

RCP8.5 RCP8.5 Top seed 
stands under 
RCP 8.5 in 
2070 

      2050 2070 2050 2070  

AU 1.3 Subcontinental Central Alps - 
east part 

14.8 CL1, CL2 81.7 107.7 136.5 130.4 CL1, CL2 

AU 2.2 North intermediate Apls - east 
part 

15.1 CL1, CL2 89.3 115.7 148 143.2 CL1, CL2 

AU 1.2 Subcontinental Central Alps - 
west part 

17.6 CL1, CL2 50.2 63 81.8 69.7 CL1, CL2 

AU 1.1 Central Alps- Continental - 
Central Zone 

18.1 CL1, CL2 41.4 49.7 64.9 46.6 CL1, CL2 

AU 2.1 North intermediate Apls - west 
part 

18.3 CL1 53 65.2 82.5 74.8 CL1, CL2 

AU 3.1 East intermediate Alps - north 
part 

18.3 CL1 94.9 117.6 151.3 136.9 CL1, CL2 

AU 3.2 East intermediate Alps - south 
part 

18.5 CL1 89.6 113.1 145.2 134.6 CL1, CL2 

AU 4.2 North border of the Alps - east 
part 

19.0 CL1 55 65.8 88.3 74.7 CL1, CL2 

AU 5.3 East and mid Styrian mountain 
area 

18.8 CL1 165.8 190.6 258.7 228.8 CL1, CL2 
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AU= Austria and GE= Germany. For explanation of the clusters (CL1, CL2, CL3, CL4) see Table S1. 

AU 5.1 Lower Austria east border of the 
Alps 

18.9 CL1 51.6 55.1 98.4 73.2 CL1, CL2 

AU 5.4 West Styrian mountain area 19.5 CL1 81.5 99.6 123.9 117.5 CL1, CL2 

AU 4.1 North border of the Alps - west 
part 

20.9 CL1 35.3 43 52.4 49.6 CL1, CL2 

AU 3.3 South intermediate Apls 21.4 CL1 36.5 45.6 55.5 47.9 CL1, CL2 

AU 5.2 Bucklige Welt 19.8 CL1, CL2 64.4 69.7 84.8 68.5 CL1, CL2 

GE 853-06 Southeast German hill and 
mountain region 

21.7 CL1 20.1 21.2 26.9 8.3 CL1, CL2 

AU 6.1 South border range of Mountains 22.4 CL1 29.3 34.3 41.3 35.9 CL1, CL2 

GE 853-02 North German lowlands excl -
Schleswig Holstein 

19.7 CL1 -24.9 -22 -67.7 -82.2 CL1, CL2 

AU 8.1 Pannonian lowland and hilly 
country 

22.2 CL1 -42.1 -72.3 -69.9 -82.7 CL1, CL2 

GE 853-03 Middle and East German hill and 
lowlands 

21.8 CL1 -25.9 -43.4 -49.4 -80.8 CL1, CL2 

GE 853-04/05 Southwestern Germany 23.8 CL1 7.5 -0.3 5.5 -31 CL1, CL2 

AU 9.1 Muehlviertel 26.7 CL1 9.3 7.7 10.5 -1.3 CL1, CL2 

GE 853-01 North Germany lowlands incl -
Schleswig Holstein 

26.7 CL1 -14.9 -18.5 -39.9 -93.1 CL1, CL2 

AU 6.2 Basin of Klagenfurt Carinthia 29.1 CL1 4.0 2.5 2.8 -11.3 CL1, CL2 

AU 7.1 Northern foothills -west part 30.7 CL1 -0.6 -1.9 -3.4 -15.8 CL1, CL2 

AU 9.2 Waldviertel 28.9 CL1 -2.2 -10.2 -8.5 -47.2 CL1, CL2 

AU 8.2 Subillyrian hilly and terrace 
country 

30.3 CL1 -5.9 -13.4 -13.3 -42 CL1, CL2 

AU 7.2 Northern foothills -east part 30.4 CL1, CL2 -4.3 -10.1 -11.1 -35.3 CL1, CL2 
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Fig. S1. Basal area growth performance of seed sources predicted to be optimum for the provenance regions 
of the study region under (A) current climate and (B, C) under two climate change scenarios RCP4.5 and RCP 
8.5 in 2070. D, E, and F depict the uncertainty in the prediction of URFs indicated by the percentage deviation 
from the predicted BA24 due to change in regression coefficients.  
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