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Fig. 8 Height growth performance of seed sources predicted to be
optimum for the provenance regions of the study region under
(a) current climate and (b, ¢) under two climate change scenarios

strictly influenced by climatic factors as it summarizes

diameter growth and the tree survival rate, both of which
are driven by climate conditions (Chakraborty et al. 2015).

@ Springer

RCP 4.5 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

Uncertainty due to climate change scenarios was esti-
mated from the difference between the predictions for the
scenarios RCP 8.5 and RCP 4.5 in 2070 given in
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percentage of the mean of the predictions of the two sce-
narios. Uncertainty due to climate change scenarios was
found to be highest in North, southwest, and southeast
Germany and in the Pannonian east of Austria (Fig. 5), and
lowest in the high and intermediate altitude provenance
regions of the Alps and Mid-German lowlands. This might
have resulted from an approximately 2 °C difference in
temperature between RCP 4.5 and RCP 8.5 scenarios
making the higher and mid-altitude Alpine regions cli-
matically suitable and the east of Austria and North Ger-
many less suitable for planting Douglas-fir in future. We
found that uncertainty due to climate change scenarios
(Fig. 5) was higher than the model uncertainty (Fig. 8,
Fig. S3). Studies on understanding uncertainty due to
model parameters and uncertainty due to climate change
scenario independently are scarce. Reyer (2013) attempted
to separate the effects of uncertainty due to model
parameters and uncertainty due to a combination of model
parameters and climate scenarios on net primary produc-
tivity and found that the uncertainty due to the combination
of climate change and parameter uncertainty is substan-
tially higher than uncertainty due to climate scenarios
alone. However, studies on forest growth like Albert et al.
(2015) and species distribution Pearson et al. (2006) point
toward the general conclusion that uncertainty due to
extrapolation of the model to unknown condition (for
example, different climate change scenarios in our study) is
the major source of overall uncertainty on forest develop-
ment. However, in our study, quadratic response surfaces
curve down within the range of the climate of the test sites,
which make it relatively safe for extrapolation (Fig. 2).
To evaluate the performance and the general applica-
bility of the URFs, we performed a model evaluation with
observed growth data from 20 Douglas-fir provenance tri-
als across Europe (Table S1). Under climatic conditions
that are similar to the calibration data, the URFs worked
well; for example, in Central and Continental Europe, rank
correlations up to r = 0.59 and hit rates up to 100 % were
found (Table 2; Fig. 6). The most crucial issue for this
comparison is whether the URFs can be applied to predict
growth performance of populations under conditions of
climate change. In our evaluation, the majority of sites for
which the models were validated successfully are located
in Southeastern Europe (e.g., Bosnia and Croatia), where
the present climate conditions corresponded to scenarios
expected for 2050 and 2070 across the study regions. This
indicates that the URFs are suitable tools for estimating
Douglas-fir growth performance in future climates. How-
ever, when applied to climatically and geographically more
distant plantation sites (e.g., France, Netherlands, Ireland
and Italy) the URFs show rather low performance (Table 2;
Fig. 6). The most likely explanation for this discrepancy is
that our URFs were developed with trial data from more

continental trials, whereas sites in Western Europe expe-
rience maritime, more humid climate. Thus, our empirical
relation between climate and growth response in the URFs
might lack generality across Europe. Also, the growth
response in the trials might be affected by non-climatic
factors such as soil or forest management, which differs
across European countries. The lack of generality of our
models strongly calls for a further common analysis of
provenance trials across Europe.

Another aspect of the model evaluation exercise was
that in the observed data obtained from Isaac-Renton et al.
(2014), the statistical significance of the ranks in the
provenances was not available. Thus, many observed dif-
ferences might, in fact, be a product of random variation
and such variation cannot be judged by the URF models. If
it would be possible to group the provenances in the
evaluation trials into statistically different classes, the
discrepancies between observed and predicted growth
performances might have been lower. Interestingly the
predicted coefficient of variation between growth perfor-
mances of provenances is in the same range as observed in
many evaluation trials (Table 2), suggesting that although
the URFs were not successful for Western European trials
(Table 2, Fig. 6), the predicted variation in growth per-
formances of the provenances is similar to the observed
variation (Fig. S2).

Model recommendations for Douglas-fir in Central
Europe

Both the URFs predict that North Germany and the Pan-
nonian east of Austria will become less suitable for
growing Douglas-fir under future climate (Fig. 8, Fig. S3).
These regions are already close to the warmer and drier
limit with respect to MAT, and SHM; of our URFs and
thus may not accommodate a further increase in tempera-
ture and summer drought in the future. Provenance regions
of southwest Germany and southeast Austria are suit-
able for growing Douglas-fir in future in terms of growth
performance in particular at altitudinal ranges of
500-1500 m (Fig. 8, Fig. S3; Table 3) because these
regions have higher growth performance as well as com-
paratively low model uncertainties. However, practical
experience of growing Douglas-fir above 1000 m a.s.l is
limited, and thus, any plantation at such elevations should
take special care of suitable site conditions and being aware
of abiotic risks (Chakraborty et al. 2015). If Douglas-fir
plantations might be extended beyond that altitudinal
range, we strongly suggest further experiments in order to
improve prediction accuracy and confidence.

The derivative-free optimizing approach (Schlueter and
Munetomo 2013) used in the current study provides high
confidence in the identified populations, because such an
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approach was found to have higher accuracy (Korkel et al.
2005; Rios and Sahinidis 2013), compared to the partial
derivative approach used in earlier studies such as Wang
et al. (2010) and Chakraborty et al. (2015). Also, the
optimization approach is able to identify the most suit-
able population across a range of climate conditions as
characterized by a parameter space of several climate
factors. Thus, it can not only be applied on a spatial scale
throughout heterogeneous environments, i.e., provenance
regions or seed zones but on time scales to identify the best
seed source for the next two tree generations, where tra-
ditional approaches allowed recommendations only for
distinct time periods (Chakraborty et al. 2015).

We found that populations originating from the Western
Cascades and coastal regions of WA, OR, and BC having
MAT of 6-9.5 °C would yield maximum growth perfor-
mance in terms of both dominant height and basal area when
planted in majority of our study region under both current
and future climate conditions (Fig. 7; Tables S3, S4). This
result is in good agreement with several studies that indicate
the superiority of growth performance of coastal and Cas-
cade populations of Douglas-fir under a wide range of cli-
matic conditions in both Europe and North America (Isaac-
Renton et al. 2014; Bansal et al. 2014; Montwé et al. 2015).
Although we found that some isolated low altitude locations
in the interior distribution range of Douglas-fir in North
America also have the predicted optimum MAT, (Fig. 7b,
Table S5), we have limited evidence to support the suit-
ability of provenances originating from this region for our
study area. The predicted growth performance of the certi-
fied seed stands under OECD guidelines (Table 3, Table S6;
Fig. 7) is an important contribution of the URFs and will be
useful for forest and seed managers for obtaining planting
material of Douglas-fir for our study region. Our results
indicate that the OECD stands will continue to be sources of
the most productive provenances also in the future (Table 3,
Table S6; Fig. 7) supporting our previous finding that very
little adjustments in terms of the already planted materials
have to be done in majority of the study region (Chakraborty
et al. 2015). Beside seed stands already certified today, our
analysis allows the identification of further seed stands for
future certification as “selected stands” and suitable prove-
nances of the category “source identified,” where the latter
might be imported into Austria or other European countries
(Tables S2, S5).

Conclusions
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. Our URF models are

@ Springer

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 cli-
matic conditions (Chakraborty et al. 2015). Thus, our
models allow reliable predictions for suitable seed sources
and future productivity with respect to intraspecific varia-
tion. This provides a strong advantage compared to (1)
climate envelope models (e.g., Kolling 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., Eckhart et al. 2014). Generally, a more
explicit dealing with certain environmental risk for culti-
vation would be desirable, i.e., dealing with drought and
frost resistance. However, incorporating such effects will
ultimately increase the prediction uncertainty because cli-
mate 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 uncer-
tainty, 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.
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FigS2(A) to (T), Observed height (bars), vs predicted height (dots) and its 95%

confidence interval due to change in regression coefficients. The observed heights are

scaled to respective observed trial means and predicted heights are scaled to predicted

trial means. The x- axis of each plot represents the provenances.
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Table S2Details of 40 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 County Seed stand Lat [°N] Long [°W] Alt Alt [m] MAT,[°C] Seed stand
Seed zone cluster
Stand

number

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 DarringtonSuiattle 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 DarringtonSuiattle 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 DarringtonTenas Creek 48.31978 -121.423 1.5 375 9.5 CL4



402/10
403/12
*

403/14
222/10
430/10
030/12
403/10
403/61
402/31
403/51
422/10
402/40
202/20

241-12
402/50
232/10

Skagit
Skagit, Snohomish
Snohomish
Snohomish
Mason
Lewis
Mason
Snohomish
Snohomish
Skagit
Skagit
Pierce
Skagit
Snohomish

Mason, Grays
Harbor

Skagit
Thurston

Bacon Point

Darrington Round Mountain foothill
DarringtonSuiattle River 5
French Point, White Horse

Lake Cushman

Cowlitz River Area

Matlock

Darrington Flats

Suiattle River Flats (Darrington)
Marble CreekCampground
Central Sauk Prairie

Pack Forest

Marblemount -

Arlington

McCleary
Concrete-Rockport
Yelm

48.60271
48.29163
48.28363
48.26306
47.53656
46.54331
47.24761
48.27479
48.27816
48.5354

48.33906
46.83844
48.46683
48.22615

47.08003
48.52335
47.18217

-121.382
-121.776
-121.397
-121.798
-123.071
-122.066
-123.42

-121.754
-121.402
-121.28

-121.547
-122.321
-121.544
-122.073

-123.076
-121.707
-122.714

1.5

1.5

1.5
0.5

1.5
0.5
1.5
0.5
0.5

0.5
0.5
0.5

375
225
375
225
225
375
75

225
225
375
75

375
75

75

75
75
75

9.5
9.6
9.7
9.7
9.7
9.8
9.9
9.9
10.0
10.0
10.0
10.1
10.2
10.2

10.4
10.6
10.6

CL4
CL5
CL5
CL5
CL5
CL5
CL5
CL5
CL5
CL5
CL5
CL6
CL6
CL6

CL6
CL6
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
MAT,= Mean annual temperature of the seed stand



Table S3 MAT of seed origin recommended to be optimum by the URF for H24 [m] growth performance for each altitudinal sub zone in

provenance regions of Austria and Germany

Zone ID Zone name Zone altitude [m] Recommended MAT of seed origin [°C]
current RCP 4.5 in RCP 8.5 in
2070 2070
1.1 Central Alps- Continental - Central Zone 500 - 1000 7.5 7.9 8.2
1.1 Central Alps- Continental - Central Zone 1000 - 1500 7.0 7.4 7.7
1.1 Central Alps- Continental - Central Zone > 1500 5.6 5.9 6.3
1.2 Subcontinental Central Alps - west part 500 - 1000 7.5 7.9 8.3
1.2 Subcontinental Central Alps - west part 1000 - 1500 6.9 73 7.7
1.2 Subcontinental Central Alps - west part > 1500 5.7 6.1 6.4
1.3 Subcontinental Central Alps - east part 500 - 1000 7.2 7.6 8.0
1.3 Subcontinental Central Alps - east part 1000 - 1500 6.7 7.1 7.5
1.3 Subcontinental Central Alps - east part > 1500 5.9 6.3 6.6
2.1 North intermediate Apls - west part 500 - 1000 7.6 8.0 8.3
2.1 North intermediate Apls - west part 1000 - 1500 6.9 73 7.6
2.1 North intermediate Apls - west part > 1500 6.1 6.5 6.8
2.2 North intermediate Apls - east part 500 - 1000 7.3 7.6 8.0
2.2 North intermediate Apls - east part 1000 - 1500 6.7 7.1 7.5
2.2 North intermediate Apls - east part > 1500 6.1 6.4 6.8
3.1 East intermediate Alps - north part 0-500 7.5 7.9 8.3
3.1 East intermediate Alps - north part 500 - 1000 7.2 7.6 7.9
3.1 East intermediate Alps - north part 1000 - 1500 6.7 7.0 7.4
3.1 East intermediate Alps - north part > 1500 6.1 6.5 6.8
3.2 East intermediate Alps - south part 0-500 7.6 8.0 8.4
3.2 East intermediate Alps - south part 500 - 1000 7.2 7.5 7.9
3.2 East intermediate Alps - south part 1000 - 1500 6.7 7.1 7.4
3.2 East intermediate Alps - south part > 1500 6.1 6.5 6.8
33 South intermediate Apls 0-500 7.9 8.2 8.7

33 South intermediate Apls 500 - 1000 7.6 7.9 8.3



3.3
3.3
4.1
4.1
4.1
4.1
4.2
4.2
4.2
4.2
5.1
5.1
5.1
5.1
5.2
52
5.2
52
53
5.3
53
5.3
5.4
54
5.4
54
6.1
6.1
6.1
6.1
6.2

South intermediate Apls

South intermediate Apls

North border of the Alps - west part
North border of the Alps - west part
North border of the Alps - west part
North border of the Alps - west part
North border of the Alps - east part
North border of the Alps - east part
North border of the Alps - east part
North border of the Alps - east part
Lower Austria east border of the Alps
Lower Austria east border of the Alps
Lower Austria east border of the Alps
Lower Austria east border of the Alps
Bucklige Welt

Bucklige Welt

Bucklige Welt

Bucklige Welt

East and mid Styrian mountain area
East and mid Styrian mountain area
East and mid Styrian mountain area
East and mid Styrian mountain area
West Styrian mountain area

West Styrian mountain area

West Styrian mountain area

West Styrian mountain area

South border range of Mountains
South border range of Mountains
South border range of Mountains
South border range of Mountains

Basin of Klagenfurt Carinthia

1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
> 1500
0-500

6.9
6.1
7.9
7.4
6.9
6.2
7.7
7.3
6.7
6.2
7.9
7.4
6.7
6.0
7.8
7.5
6.7
6.2
7.7
7.3
6.7
6.1
7.7
7.3
6.7
6.2
7.7
7.5
6.9
6.4
7.7

7.3
6.5
8.3
7.8
7.2
6.6
8.1
7.6
7.0
6.5
8.2
7.8
7.1
6.4
8.2
7.8
7.1
6.6
8.1
1.7
7.1
6.5
8.1
1.7
7.1
6.6
8.1
7.9
7.3
6.8
8.1

7.7
6.8
8.6
8.1
7.6
6.9
85
8.0
7.4
6.9
8.6
8.2
7.5
6.8
8.6
8.2
7.5
7.0
8.5
8.1
7.5
6.9
8.5
8.1
7.5
7.0
8.5
8.3
7.7
7.1
8.5




6.2
6.2
7.1
7.1
7.2
7.2
8.1
8.2
8.2
9.1
9.1
9.1
9.2
9.2
853.01

853.02

853.03
853.03
853.0405
853.0405
853.0405
853.0405
853.06

853.06

853.06

Basin of Klagenfurt Carinthia

Basin of Klagenfurt Carinthia
Northern foothills -west part
Northern foothills -west part
Northern foothills -east part
Northern foothills -east part
Pannonian lowland and hilly country
Subillyrian hilly and terrace country
Subillyrian hilly and terrace country
Muehlviertel

Muehlviertel

Muehlviertel

Waldviertel

Waldviertel

North Germany lowlands incl -Schleswig
Holstein

North German lowlands excl -Schleswig
Holstein

Middle and East German hill and lowlands

Middle and East German hill and lowlands
Southwestern Germany
Southwestern Germany
Southwestern Germany
Southwestern Germany

Southeast German hill and mountain
region
Southeast German hill and mountain
region
Southeast German hill and mountain
region

500 - 1000
1000 - 1500
0-500

500 - 1000
0-500

500 - 1000
0-500
0-500

500 - 1000
0-500

500 - 1000
1000 - 1500
0-500

500 - 1000
0-500

0-500

0-500

500 - 1000
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000

1000 - 1500

7.5
7.2
7.8
7.6
7.9
7.6
8.1
7.9
7.6
7.8
7.4
6.9
7.7
7.4
7.9

7.8

7.9
7.5
7.9
7.6
7.0
6.4
7.6

7.3

6.7

7.9
1.7
8.2
8.0
8.3
8.0
8.4
8.3
8.0
8.1
7.7
7.2
8.0
7.8
8.2

8.1

8.2
7.7
8.2
7.9
7.4
6.7
8.0

7.7

7.1

8.3
7.9
85
8.4
8.7
8.4
8.9
8.7
8.4
8.5
8.1
7.6
8.5
8.1
8.5

8.5

8.6
8.2
8.5
83
1.7
7.1
8.3

8.0

7.4




Table S4 MAT of seed origin recommended to be optimum by the URF for BA24 [m” ha'] growth performance for each altitudinal sub zone in

provenance regionsof Austria and Germany

Zone ID Zone name Zone altitude [m] Recommended MAT of seed origin [°C]
current RCP 4.5 in RCP 8.5 in
2070 2070
1.1 Central Alps- Continental - Central Zone 500 - 1000 7.04 7.06 7.08
1.1 Central Alps- Continental - Central Zone 1000 - 1500 7.01 7.03 7.06
1.1 Central Alps- Continental - Central Zone > 1500 6.93 6.95 6.97
1.2 Subcontinental Central Alps - west part 500 - 1000 7.04 7.07 7.09
1.2 Subcontinental Central Alps - west part 1000 - 1500 7.01 7.03 7.05
1.2 Subcontinental Central Alps - west part > 1500 6.94 6.96 6.98
1.3 Subcontinental Central Alps - east part 500 - 1000 7.03 7.05 7.07
1.3 Subcontinental Central Alps - east part 1000 - 1500 7.00 7.02 7.04
1.3 Subcontinental Central Alps - east part > 1500 6.95 6.97 6.99
2.1 North intermediate Apls - west part 500 - 1000 7.05 7.07 7.09
2.1 North intermediate Apls - west part 1000 - 1500 7.01 7.03 7.05
2.1 North intermediate Apls - west part > 1500 6.96 6.98 7.00
2.2 North intermediate Apls - east part 500 - 1000 7.03 7.05 7.07
2.2 North intermediate Apls - east part 1000 - 1500 7.00 7.02 7.04
2.2 North intermediate Apls - east part > 1500 6.96 6.98 7.00
3.1 East intermediate Alps - north part 0-500 7.04 7.06 7.09
3.1 East intermediate Alps - north part 500 - 1000 7.02 7.04 7.07
3.1 East intermediate Alps - north part 1000 - 1500 6.99 7.01 7.04
3.1 East intermediate Alps - north part > 1500 6.96 6.98 7.00
3.2 East intermediate Alps - south part 0-500 7.05 7.07 7.09
3.2 East intermediate Alps - south part 500 - 1000 7.02 7.04 7.07
3.2 East intermediate Alps - south part 1000 - 1500 6.99 7.02 7.04



32
3.3
3.3
3.3
3.3
4.1
4.1
4.1
4.1
4.2
4.2
4.2
4.2
5.1
5.1
5.1
5.1
52
5.2
52
5.2
5.3
53
5.3
53
54
54
54
5.4
6.1
6.1

East intermediate Alps - south part
South intermediate Apls

South intermediate Apls

South intermediate Apls

South intermediate Apls

North border of the Alps - west part
North border of the Alps - west part
North border of the Alps - west part
North border of the Alps - west part
North border of the Alps - east part
North border of the Alps - east part
North border of the Alps - east part
North border of the Alps - east part
Lower Austria east border of the Alps
Lower Austria east border of the Alps
Lower Austria east border of the Alps
Lower Austria east border of the Alps
Bucklige Welt

Bucklige Welt

Bucklige Welt

Bucklige Welt

East and mid Styrian mountain area
East and mid Styrian mountain area
East and mid Styrian mountain area
East and mid Styrian mountain area
West Styrian mountain area

West Styrian mountain area

West Styrian mountain area

West Styrian mountain area

South border range of Mountains

South border range of Mountains

> 1500
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000

6.96
7.06
7.05
7.01
6.96
7.06
7.04
7.01
6.97
7.06
7.03
6.99
6.96
7.06
7.04
7.00
6.95
7.06
7.04
7.00
6.97
7.06
7.03
7.00
6.96
7.06
7.03
7.00
6.97
7.05
7.04

6.98
7.08
7.07
7.03
6.98
7.09
7.06
7.03
6.99
7.08
7.05
7.02
6.99
7.08
7.06
7.02
6.98
7.08
7.06
7.02
6.99
7.08
7.05
7.02
6.98
7.08
7.05
7.02
6.99
7.08
7.06

7.00
7.11
7.09
7.05
7.00
7.11
7.08
7.05
7.01
7.10
7.07
7.04
7.01
7.11
7.08
7.04
7.00
7.10
7.08
7.04
7.01
7.10
7.07
7.04
7.01
7.10
7.07
7.04
7.01
7.10
7.09



6.1
6.1
6.2
6.2
6.2
7.1
7.1
7.2
7.2
8.1
8.2
8.2
9.1
9.1
9.1
9.2
9.2
853.01

853.02

853.03
853.03
853.0405
853.0405
853.0405
853.0405
853.06
853.06
853.06

South border range of Mountains
South border range of Mountains
Basin of Klagenfurt Carinthia

Basin of Klagenfurt Carinthia

Basin of Klagenfurt Carinthia
Northern foothills -west part
Northern foothills -west part
Northern foothills -east part
Northern foothills -east part
Pannonian lowland and hilly country
Subillyrian hilly and terrace country
Subillyrian hilly and terrace country
Muehlviertel

Muehlviertel

Muehlviertel

Waldviertel

Waldviertel

North Germany lowlands incl -Schleswig
Holstein

North German lowlands excl -Schleswig
Holstein

Middle and East German hill and lowlands

Middle and East German hill and lowlands
Southwestern Germany

Southwestern Germany

Southwestern Germany

Southwestern Germany

Southeast German hill and mountain region
Southeast German hill and mountain region

Southeast German hill and mountain region

1000 - 1500
> 1500
0-500
500 - 1000
1000 - 1500
0-500
500 - 1000
0-500
500 - 1000
0-500
0-500
500 - 1000
0-500
500 - 1000
1000 - 1500
0-500
500 - 1000
0-500

0-500

0-500

500 - 1000
0-500

500 - 1000
1000 - 1500
> 1500
0-500

500 - 1000
1000 - 1500

7.01
6.98
7.05
7.04
7.03
7.06
7.05
7.07
7.05
7.08
7.07
7.05
7.06
7.04
7.01
7.05
7.04
7.07

7.06

7.07
7.04
7.06
7.05
7.01
6.97
7.05
7.03
7.00

7.03
7.00
7.08
7.07
7.05
7.08
7.07
7.09
7.07
7.10
7.09
7.07
7.08
7.06
7.03
7.07
7.06
7.08

7.08

7.08
7.06
7.08
7.07
7.03
7.00
7.07
7.05
7.02

7.05
7.02
7.10
7.09
7.07
7.10
7.09
7.11
7.09
7.12
7.11
7.09
7.10
7.08
7.05
7.10
7.08
7.10

7.10

7.11
7.08
7.10
7.09
7.06
7.02
7.09
7.07
7.04




Table S5 Seed zones of North America, recommended by the URFs for acquiring planting material for the provenance
regions of Austria and Germany. Within each seed zone recommended MAT, (°C) are given for different altitudinal zones
(0-500m; 500-100m, and 1000-1500m). Cells shaded in light gray represent recommended seed zone and altitudinal zone
for current climate and cells with dark gray shade represent recommended seed zone under future condition. BC, WA and
OR stands for British Columbia, Washington and Oregon respectively. The figures within brackets in the Seed-zones

represents the old seed zone number which were merged to form the current seed zone.

Altitudinal belts (m)

Seed zone State  0-500 500-1000  1000-1500
M BC 8.06 7.47

QNL BC 6.26 45 2.21
GL BC 9.31

NE BC 7.09 5.67 33
QL BC 5.89 3.59 1.83
SM BC 7.13 4.96 2.67
2 (072,081,082,090,512) OR 9.32 7.78 5.9
3(512,511,321) OR 11.05 8.91 6.93
4 (061,062,071) OR 10.77 8.78 6.6
5(051,052,053) OR 10.28 8.1 6.34
6(251,252) OR 10.23 8.23 6.04
7(270) OR 9.84 7.84 5.75
8 (261,262,481) OR 10.39 8.93 6.03
9 (461,471) OR 7.28 5.32
10 (491) OR 10.51 8.58 6.16
11(492) OR 11.42 9.5 75

12 (451,452,462,472) OR 11.29 9 6.79



13 (463,473,483)
14 (482, 472)

15 (493, 501)

16 (502)

CHELAN (600,621)

ELWHA (011,012,221,222)

GRANDE RONDE (852,851)

HOH ((011,012)

ISLANDS (201,202,211,221)

KETTLE (614,801,802,803)

KITSAP (222,231,232,421,422,412,411)
LOWER COLUMBIA (041,042 ,240, 430)
PEND OREILLE (804,813,812,811,822,821,830)
PULLMAN

SKAGIT (401,402,403,202,201)
SNOQUALMIE(411,412,421)

TOUTLE (422,430,440)

TWIN HARBORS (030,041)

WHITE SALMON(651, 652, 653,642 )
YAKIMA (232,641,631,622)

OR

OR

OR

OR

WA
WA
WA
WA
WA
WA
WA
WA
WA
WA
WA
WA
WA
WA
WA
WA

10.85

10.61
11.39
9.61
8.2
11.02
8.83
9.15
8.42
9.86
9.83
8.42

8.82
8.86
9.41
9.23
9.53

94

9.06
9.18
9.01
9.54
6.71
6.47
8.04
6.79

6.9
6.77
7.24
7.98
7.27
8.12
6.42
6.78
7.44
7.36
7.48
6.52

7.27
6.92

7.1
7.13
3.79
4.36
5.29
4.96
4.61
4.72
4.87
5.99
5.12

6.7
3.81
4.18
5.09
5.24
5.09
4.15




Table S6Growth 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 Provenance regions BA 24 Change from current
region [m* ha ] BA24 [%]
number
Current Topseed RCP8.5 RCP8.5 Top seed
stands stands
under under
current RCP 8.5in
climate 2070
2050 2070 2050 2070
AU 1.3 Subcontinental Central 14.8 CL1,CL2 81.7 107.7 136.5 1304 CLI,CL2
Alps - east part
AU 2.2 North intermediate Apls  15.1 CL1,CL2 89.3 115.7 148 143.2 CLI1, CL2
- east part
AU 1.2 Subcontinental Central 17.6 CL1,CL2 50.2 63 81.8 69.7 CLI1,CL2
Alps - west part
AU 1.1 Central Alps- 18.1 CLI,CL2 414 497 649 46.6 CL1,CL2
Continental - Central
Zone
AU 2.1 North intermediate Apls 18.3 CLI 53 652 825 748 CLI,CL2
- west part
AU 3.1 East intermediate Alps -  18.3 CLI 949 117.6 151.3 136.9 CLI,CL2

north part



AU

AU

AU

AU

AU

AU

AU
AU

GE

AU

GE

AU

GE

GE

AU

GE

AU

3.2

4.2

53

5.1

54

4.1

33
5.2

853-06

6.1

853-02

8.1

853-03

853-04/05
9.1

853-01

6.2

East intermediate Alps -
south part

North border of the Alps
- east part

East and mid Styrian
mountain area

Lower Austria east
border of the Alps

West Styrian mountain
area

North border of the Alps
- west part

South intermediate Apls
Bucklige Welt

Southeast German hill
and mountain region
South border range of
Mountains

North German lowlands
excl -Schleswig Holstein
Pannonian lowland and
hilly country

Middle and East German
hill and lowlands
Southwestern Germany

Muehlviertel

North Germany
lowlands incl -Schleswig
Holstein

Basin of Klagenfurt
Carinthia

18.5

19.0

18.8

18.9

19.5

20.9

214
19.8

21.7

22.4

19.7

22.2

21.8

23.8

26.7

26.7

29.1

CLI
CLI
CLI
CLI
CLI
CLI

CLI
CL1, CL2

CLI
CLI
CLI
CLI
CLI

CLI
CLI

CLI

CLI

89.6

55

165.8

51.6

81.5

35.3

36.5
64.4

20.1

293

-24.9

-42.1

-25.9

7.5

9.3

-14.9

4.0

113.1

65.8

190.6

55.1

99.6

43

45.6
69.7

21.2

343

-72.3

434

-0.3

7.7

-18.5

2.5

145.2

88.3

258.7

98.4

123.9

524

555
84.8

26.9

41.3

-67.7

-69.9

494

5.5

10.5

-39.9

2.8

134.6

74.7

228.8

73.2

117.5

49.6

47.9
68.5

8.3

35.9

-82.2

-82.7

-80.8

-1.3

-93.1

-11.3

CLI1, CL2
CLI1, CL2
CLI1, CL2
CLI1, CL2
CLI1, CL2
CLI1, CL2

CLI1, CL2
CLI, CL2

CLI, CL2
CLI, CL2
CLI, CL2
CLI, CL2
CLI, CL2

CLI, CL2
CLI1, CL2

CLI1, CL2

CLI, CL2



AU

AU

AU

AU

7.1

9.2

8.2

7.2

Northern foothills -west
part
Waldviertel

Subillyrian hilly and
terrace country
Northern foothills -east
part

30.7

28.9

30.3

30.4

CLI

CLI

CLI

CL1, CL2

-1.9

-10.2

-13.4

-10.1

-3.4

-8.5

-13.3

-11.1

-15.8

-47.2

42

-35.3

CLI1, CL2

CLI1, CL2

CLI1, CL2

CLI1, CL2

AU= Austria and GE= Germany. For explanation of the clusters (CL1, CL2, CL3, CL4) see Table S2.
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Abstract

Species distribution models (SDMs) have been widely used to assess the impact of
climate change on forest trees and ecosystems services. However, the application of
SDMs to novel climate regimes remains a critical challenge. We utilized genotype-
specific trait variation of Douglas-fir, introduced as seeds from North America and grown
on various sites in Central Europe, to build SDMs for two functional traits (tree height
and basal area) and applied them in western North America and Europe. Surprisingly, the
accuracy of our models is comparable to the SDMs developed in North America based on
presence/absence data or process-based models. Furthermore, our SDMs integrate both
environmental and genetic effects and can be used as seed selection and regeneration
tools. The models can be applied to identify the best-performing planting stock for any
location under current and future climate and to map the most appropriate future habitat
for a given seed provenance. Using the optimal seed sources, areas suitable for planting
Douglas-fir could increase by 47% for current and 79 - 131% for future climates in
Europe, and 59% for current and 42-45% for future climates in North America. Our
results suggest that integrating genetic variation of functional traits into SDMs will
considerably broaden SDM applications from climate change impact studies to decision-
making in forest and conservation management. We recommend establishing more
medium and long-term trials for forest tree and endangered plant species to facilitate the

integration of intraspecific variation into SDMs.

Keywords: climate change, Pseudotsuga menziesii, provenance trial, species distribution
model, universal response function



Introduction

Identifying species distribution limits has attracted much attention recently (1-3).
Observed past and present changes in species distributions gave rise to questions on
causes of range expansions and reductions (4), on potential impacts of climate change on
future distribution ranges (5-8), and to discuss consequences of such changes for
evolution and biodiversity (9—11). Species distribution models (SDMs) have played a
central role in improving our knowledge of distribution limits and interrelations between
species and their environment more recently (12, 13). The most important objectives of
SDMs are: 1) to develop hypotheses about species distribution limits (14); ii) to model
changes of distributions in the past and future and its consequences for natural and
artificial ecosystems (1, 13); and iii) to develop conservation and management strategies

with regard to ongoing global change (2, 15).

SDMs can be roughly classified into 1) correlative SDMs, which are based on statistical
relationships between appropriate climate variables and the presence/absence of a
species, and i1) mechanistic SDMs, where the occurrence of a species is being modeled
based on a functional understanding of its physiological, reproductive, or genetic limits
(16-18). The underlying concepts define their usability: correlative SDMs model the
realized niche including biotic as well as abiotic constraints, whereas mechanistic SDMs
are able to describe basically the species’ fundamental niche and might be extended by
incorporating species interactions, dispersal limitations, or genetic variation if a
functional understanding of these processes exists. The major advantage of correlative
SDMs is that they can be easily developed from species’ presence/absence data and high-
resolution environmental data, which have become available in the last decades.
However, correlative SDMs have been criticized for being only focusing on the species’
current distribution, while under climate change, SDMs are required to identify areas
where a species could possibly occur (8). Thus, their potential to be transferred to other
regions (19) and applications under novel climates is limited (20). As mechanistic SDMs
incorporate the explicit relationships between environmental conditions and selected

fitness-related traits, they are independent of currently observed species distributions

21).



In forest tree species, mechanistic SDMs were applied to predict the distribution of single
species (18), communities and ecosystems (22, 23), and beyond that, the distribution of
continent-wide tree flora (24). Furthermore, the genetic variation of functional traits
available from provenance tests and common garden experiments was used to predict the
future occurrence and growth performance of tree species (25-28). These studies
revealed that accounting for intraspecific genetic variation could potentially buffer effects
of climate change on future tree species distributions (27, 29). This is because the
cumulative niche of several individual populations or subspecies is wider than that of a
generic species (29). However, if in addition to intraspecific variation also the limited
migration capacity of trees is being considered, the modeled species distributions in
climate change indicate an even more serious risk of species and populations (16).
Practically, this implies that the appropriate seed material needs to be selected and
transferred within and across current species ranges to overcome the migration lag of
trees (30, 31). Such management measures not only require the identification of the
climatic constraints on species distributions but a deeper understanding of the
environmental drivers for local adaptation (32, 33) in order to avoid maladaptation (34).
At present, the wide application of such intraspecific SDMs is limited by the availability
of sufficient common garden data and by the difficulty to validate the models for other

regions and novel climate regimes.

In a recent study, we developed and evaluated (35, 36) two models for predicting the
functional variation of tree height and basal area of the North American Douglas-fir
(Pseudotsuga menziesii [Mirbel] Franco) for plantations in Central Europe in dependence
of climatic drivers. At present, Douglas-fir is considered as one of the most attractive
non-native conifers in Europe because it has superior growth performance and excellent
wood quality (37). However, climate comparisons suggested that future climate condition
in Central Europe might be less suitable for this species and cast doubts on the most
appropriate seed sources (38). Our models, the Universal Response Functions (URFs)
(26), are based on extensive provenance trial data from Austria and Southern Germany
and can be applied at any putative planting site in Europe (36) to predict future growth

performance and to identify the most suitable planting stock for reforestation (35). The



URFs combine the climate of provenance origin (genetic effects) and the climate of
planting locations (environmental effects) into an integrated model to predict the
respective functional trait from historic and current climate data. By truncating the lower
end of the estimated trait response curves, the URFs can be also be used as SDMs to

predict the potential distribution of species under climatic change (26).

In this study, we address the following questions: (1) are URF-SDMs developed for
Douglas-fir in Europe suitable to predict the distribution of Douglas-fir in its native range
in western North America. (2) what is the potential effect of climate change on the
natural distribution of Douglas-fir in North America and on the range of suitable
plantation sites in Europe? (3) can reforestations with appropriate seed sources help to

stabilize potentially eroding distributions in climate change?

Results

Performance of URF-SDMs as distribution model in North America

When we applied our URF-SDMs to predict the occurrence of Douglas-fir at 71,182
inventory plots in western North America, where the species occurred on 12,469 plots,
our URF-SDMs predicted the presence of the species at the plots at high accuracies, 85%
using the model for tree height and 67% using the model for basal area (Table 1). The
plots where Douglas-fir was observed but predicted to be absent (omissions) are mainly
located at the trailing edge of the coastal range in California and southern Oregon (Fig.
1). The proportion of observed absences correctly identified by the URFs is 48% and
70% using the URFs for tree height and basal area, respectively (Table 1). The true
absences that were misclassified by the models as presences are located in the south and
southeast of the Rocky mountains (Fig. 1) and at the northern range limit of the species.
Overall, the accuracy of the two SDMs to correctly predict observed presence and
absences is 55% (H24) and 70% (BA24) and the model performance represented by the
true skill statistics is 0.32 and 0.37, respectively (Table 1). Between the two SDMs, the
URF for dominant tree height has lower omission rate but also a higher rate of false

positives, while the rate of false positives is reasonable small with the URF for the basal



area at the expense of higher omission rate. For all further analysis, we used a combined

prediction of presences of both models.

(A) Observed (B) URF H24 predictions (C) URF BA24 predictions

-140°  -130° -120° -110° A40° 130° 1200 -110° 140°  -130°  -120° -110°
1 1 L1 1 1 11 1 1 L

/ / Toe B0 ) / / ST 600 ' / / 700

1 } | | I
-110° -100" -110° -100* -110° -100°

B Present [ Absent

Fig. 1 Observed distribution of Douglas-fir in at 71,182 locations (A) and predicted distributions of
Douglas-fir using the URF-SDMs for dominant height (H24) and for mean basal area (BA24) in North

America.



Table 1. Accuracy of the two URF-SDMs for predicting observed presence/absence at 71182 inventory
plots in dataset in western North America.

H24 BA24
Accuracy 0.55 0.70
Sensitivity 0.85 0.67
Specificity 0.48 0.70
True Skill Statistics 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

Accuracy = the proportion of the presence and absence records correctly identified by the model

Sensitivity = the proportion of true presences correctly identified by the model

Specificity = the proportion of true absences correctly identified by the model

True Skill statistics = measure of model performance independent of prevalence. TSS value range from -1 to +1 where +1 indicate
perfect agreement and values <=0 indicate a performance equivalent to random guess (57).

Modeled distribution of Douglas-fir in western North America

When we applied our model to western North America, 1.75 M km? are predicted to be
suitable plantation area under current climate if local seed sources are being utilized
(Table 2). In climate change, the suitable area for Douglas-fir increases up to 22 %
mainly due to improved growing conditions at the Northern edge of the distribution (Fig.
2). Across the various biogeographic regions, the highest increase is predicted for the
prairie, the subarctic and the warm continental mountains (Table S1 in Supporting
Information). On the other hand, suitable area in the coastal and western cascade range of
Oregon and Washington which is the most important production area of Douglas-fir in
North America is predicted to decline up to 74% under the RCP 8.5 scenario if local
provenances are being planted. This decline of Douglas-fir could be mitigated by planting
trees from alternative provenances. In Oregon and Washington approximately 30 000
km? of Douglas-fir forests could be sustained if alternative provenances are selected as
seed sources using our optimum height model (Fig. 2 D-F, Table S2 in Supporting
Information). Across western North America, optimum seed selection would gain 45%
and 42% land area under the RCP4.5 and RCPS8.5 scenario, respectively, in comparison

to local seed deployment schemes (Table 2).



Table 2. Climatically suitable area for Douglas-fir forests in western North America and Europe under
current climate and for two climate change scenarios (RCP 4.5 & RCP 8.5) as predicted by the URF-SDM
for tree height. Two seed provenance selection schemes are being applied and the gains of plantation area
by using optimum seed source selection are shown. See TableS1, S2 and S3 for specific regions.

Seed selection scheme* Current climate RCP 4.5 RCP 8.5
o Local seed sources 1.75 M km? 2.04 M km? (+16.4%) 2.14 M km? (+22.3%)
E é Optimum seed sources 2.78 M km? 2.95 M km? (+6.3%) 3.04 M km? (+9,5%)
< Gains of area 58.7% 44.9 % 42.1 %
. Analogous 4.20 M km? 3.28 M km? (-10%) 2.45 M km? (-11%)
§ Optimum seed sources 6.15 M km? 5.85 M km? (-3%) 5.64 M km? (-6%)
B Gains of area 46.6 % 78.5 % 130.8 %

* Local seed sources in North America and analogous seed sources in Europe refer to provenances that originate from climatically
identical locations as the intended planting sites. Optimum seed sources yield the maximum growth performance at the particular site
and were identified by solving the partial derivate of the URF function for MAT,.



(A) Current climate (B) RCP 4.5in 2070 (C)RCP 8.51in 2070

|j| Suitability of optimum seed sources - Suitability of local seed sources D Unsuitable

Fig. 2 Predicted distribution of Douglas-fir in Western North America under current climate (A) and two
climate change scenarios in 2070 (B, C). The suitable habitats shown in dark green represent the areas
where climates match the climates of local seed sources. Areas in light green represent the gain in suitable
habitats if the optimum seed sources were identified by the URF-SDMs. Details of the trailing edge in its

coastal range are shown in D, E, F.
Suitable plantation areas in Europe

At present, 70% of the total geographic area of Europe is predicted to be climatically
suitable for Douglas-fir if optimum seed sources are to be used (Fig. 3, Table 2, Table S3
in Supporting Information). This area also comprises the locations of continent-wide
provenance trials (38). Among different biogeographic regions, the area suitable for
Douglas-fir plantations ranges from 17 % in Anatolian to 100% in the Pannonian region
(Fig. 3, Table S3 in Supporting Information). Under climate change, the suitable area is
expected to decrease by up to 11% (Table 2). The highest losses of suitable area are
predicted for the Steppic region (by up to —-90%) and the Mediterranean region (by up to



—78%) while huge parts of the Boreal (by up to +51%) and Alpine region (+44%) will

become more suitable for Douglas-fir cultivation until 2070 (Table S3).

(A) Current climate (B) RCP 4.5in 2070 (C) RCP 8.5in 2070

i

[ Suitability of optimum seed sources M Suitability of local seed sources [l Unsuitable

Fig. 3 Predicted potential distribution of Douglas-fir in Europe under current climate (A) and two climate
change scenarios in 2070 (B, C). The suitable habitats shown in dark green represents seed sources selected
on the basis of similarity of climate between North America and Europe. Areas in light green represent the
gain in suitable habitats if the optimum seed sources were identified by the URF-SDMs. Black dots in (A)

mark the locations of successful provenance trials across Europe (38)

Areas suitable for plantations of this species for present and future would strongly depend
on the selection of seed sources. If European plantations are to be established with seeds
originating from climatically analogous regions in North America, only 48% of the total
geographic area of Europe is predicted to be suitable for Douglas-fir at present. This area
is 31% smaller compared to the scenario when optimum seed sources are planted (Fig. 4,
Table 2). In climate change, the suitable area with climatically analogous provenances
would be about 57% smaller than that with optimum seed sources to be used. In
particular, almost no suitable areas would be available for planting this species in the
Mediterranean, the Pannonic and the Steppic region if consider using climatically

analogous seed sources instead of selecting the best-performing ones.
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Discussion

Predicting species distributions is crucial for understanding the impacts of climate change
on ecosystems and for developing effective adaptation strategies. One of the major
challenges of distribution modeling is the model evaluation and application to novel, non-
analogous climate regimes outside of the species present environment. Present climates
will at least partly disappear and future condition will constitute new combinations of
annual and seasonal climate factors (39, 40). Our study, to our best knowledge, is the first
successful application of SDMs across continents and to non-analogous climate.
Developed based on genotype-specific growth data of the non-native Douglas-fir in
Central Europe, our URF-SDMs show a surprisingly high accuracy, comparable to the
SDMs developed in North America based on range-wide presence/absence data (28, 41)
or physiological process-based growth models (23). The overall accuracy of our models
to correctly identify presence and absence of Douglas-fir in North America ranged from
54 to 68 percent and is close to the accuracy level of 73% found by (23) or 86% of (41),
where the latter studies require a higher number of climate predictors (n=16 in case of
(23) and n=8 in case of (41)) than our prediction of functional traits with an
environmental-genetic model (n=3). The accuracy of our model is also higher than a
recent attempt to predict distribution of Douglas-fir with a dynamic process-based
ecosystem model (17) reiterating the discussion on whether model complexity leads to
prediction accuracy (42). The URF’s success rate for predicting presence is higher than
that of absence indicating the usefulness of the URFs in identifying the climatic
suitability of Douglas-fir growing in its natural range in North America and elsewhere.
Hence, the URFs can also be used to identify present and future climate suitability of

Douglas-fir in Europe or in other plantation areas worldwide (37).

The high accuracy of our URFs in predicting its native range in North America, even
though the models were developed with data from Europe, is probably a result of its
underlying fundamental niche approach. The URF approach integrates both genetic and
environmental effects into a single function to predict the effect of climate on the
performance of populations originated from and planted at various climate conditions

(26) . When it is used to develop a SDM, it predicts fundamental niche of a species. Due
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to the integrated use of climate variables from both seed sources and planting sites, the
URF model has considerably reduced its dependence on a large sample size (26). The
high accuracy of our URF models indicate that the observed data from the provenance
trials in Austria and southern Germany alone have trained our URF models to well reflect
the fundamental niche of this species in both North America and Europe, and probably
some other part of the world as well. The present limitations of our URFs to predict the
coastal range of Douglas-fir in California and to match observed absences at the species
northern limit is likely caused by missing seed provenances from California and northern
BC in the European trial sites. Also, none of the European test sites experienced similar
cold conditions as occurring in northern BC and this might result in an overestimation of
the species growth potential at the northern limits were absolute temperature minimum
and frost restricts the species occurrence (23, 43). These restrictions underpin known
limitations of historic common garden trials where provenances from the entire natural
range were not consistently tested and climatically extreme trial sites at or beyond the
species range limits were not established (44, 45). While current provenance trials were
established for foresters to select the most productive planting stock, future trial series
should rather aim at achieving a better understanding of the species specific climate
constraints and the correlations between functional trait variation and the environmental
conditions of test sites and seed sources. Such trials should be carefully designed with
provenances from the entire climatic range and test sites established including locations
outside of the species range. Thanks to the availability of gridded climate data and the
UREF approach, such trial series can be achieved with fewer provenances planted on less
trial sites without affecting the prediction accuracy of the models (26). For forest trees,
new trials will be able to provide meaningful data within 15 to 20 years. Also, for
endangered annual and smaller perennial plants, such trials can deliver data for building
URF-SDMs in a few years (46, 47). If such URFs also integrate additional functional
traits (wood characteristics, phenological observations, etc.) they will certainly allow
more specific risk-benefit analysis of assisted migration and gene flow measures (30),
which is strongly required to transfer scientific knowledge into practical management.
Moreover, new trials and sophisticated models will improve our understanding of the

genetic basis of adaptive capacity of populations and species (48, 49)
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More important than the definitive accuracy of any SDM are its potential application in
climate change adaptation. Correlative SDMs based on presence/absence data allow to
identify putative retraction areas at species trailing edges and expansion areas at the
species leading edges (13) and thus may be used to identify vulnerable populations,
species or ecosystems and potential new habitats (26, 50). However, for concrete
recommendations of seed transfer either into novel climates or within the species current
range, correlative SDMs are rather unsuitable. The same is true for mechanistic SDMs as
they rarely address the intraspecific variation of the underlying physiological principles
and come at a higher cost of calibration (17). In contrast, URFs explicitly consider
genetic variations and are able to predict the future performance of single populations.
This advantage can be used in two directions (26): first, to identify the best-performing
provenance planting stock for any given planting site under current climate and any
climate change scenario; and second, to identify the most appropriate future habitat for a
given seed provenance. The first option is important for forest and restoration managers,
as they are interested in increasing productivity of future forests or the stability and long-
term persistence of the managed ecosystems. Forest trees are often foundation species for
a specific ecosystem, a change to better adapted genetic materials of the same species
might be favored against a complete change in species composition that may result in
cascading changes of the forest communities. The second option is the perspective of a
genetic conservation manager, searching for new habitat for endangered local
populations. If we apply the URFs for western North America, in searching for the
optimum planting stock, we would be able to gain 59% potential habitat for Douglas-fir
under present conditions and up to 45% in climate change if we compare it to local seed
deployment schemes (Table 2). A similar result was obtained for Europe, where
provenance selection via URFs would result in 6.2 M km? suitable sites while provenance
selection according to climate analogy allows only 4.2 M km? to be utilized. This
difference is projected to be even greater in future climates because the areas suitable for
planting this species would decline within the most ecotypes of Europe, which is in
contrast to western North America. With optimal provenance selection, this decline can
be limited to 5-8 %, whereas reforestations with climatically-analogous populations

would result in a loss of 22-42% of the suitable land area.
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To our knowledge only few studies till date attempts to estimate the utilization and
potential distribution of Douglas-fir in Europe (17, 38, 51). Brus et al. (2012) used a
limited number of Douglas-fir presence/absence in Europe and predicted substantially
smaller distribution than that predicted by the URFs, likely because the small number of
presence locations did not capture the physiological limits of the species. On the other
hand, Isaac-Renton et al. (2014) applied a Random Forest ensemble classifier trained
with climate data of North American provenance groups and obtained a similar potential
distribution in Europe as our URF-SDM. However, when compared to provenance plot
data, the Random forest model (38) failed to predict the optimal provenances for Eastern
Europe and would result in erroneous seed recommendation. This is in contrast to our
URFs, which were found to show a reasonable performance in particular if being applied
within a warmer and drier climate (35), further highlighting the potential of URFs as

tools for conservation and ecosystem management in climate change.
Materials and Methods
Universal response functions as SDMs

Universal response functions (URFs) were developed from tree growth data of 50
provenance trials in Austria and southern Germany that included 290 provenances of
Douglas-fir and measurements from in total 77,000 trees. From these trials, two
functional traits, the dominant tree height at age 24 (H24) and the mean basal area per ha
(BA24) were used as response variables of the URFs (35, 36). URFs are quadratic models
(eq. 1) relating each one of these functional traits to the climate of the trial locations in
Central Europe and the climate of the seed origin in North America. Significant climate
predictors were selected using a multimodel approach (52—54) on a set of 10 climate
variables from both the trial locations and the seed origin resulting into the following

response model:
Y, = b, + byMAT, + byMAT? + bsSHM, + b,SHM{ + bsMAT, + b,MAT? + b;MAT, = MAT, + e,

Here, Y, 1s the growth performance (either H24 or BA24) of the provenances p at the

trial sites s; MATs and SHM; are the mean annual temperature and the summer heat

14



moisture index of trial locations; MAT, is the mean annual temperature of provenance
origin; by to b are the intercept and regression coefficients, and ey, is the residual error.

The coefficients of the two URFs which can be found in (Table 3).

Growth estimates were converted to occurrence (presence/absence) by truncating the
URFs with various growth thresholds ranging from 2 to 15 m in the case of H24 and from
2 to 15m*ha” for BA24. These thresholds were tested for their effect on the obtained
model sensitivity, specificity, accuracy and true skill statistics (TSS). Finally, we selected
thresholds of > 3m for H24 and > 2m*ha™ for BA24 as they represent the observed
minima of dominant height and basal area in our data set and were found to result in
reasonable sensitivity values and are located within the optimum range of TSS (Fig. S1 in

supporting information). The resultant SDMs were named as URF-SDMs
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Table 3. Results of multiple regression analysis predicting dominant height at age 24 and basal area at age
24 of Douglas-fir populations from site and seed origin climate as independent variables in a Universal
Response Function (URF). Partial R* refers to drop in R? of the full model when the climate variable is
removed from the full URF model.

Ind'ependent Pa{'ameter St error ?5% Confidence p-value P:zirtial
variables estimate interval R

URF for dominant tree height (H24) [m]
Intercept -19.280 0.163 -19.598  -18.959  <0.001
MAT; 6.204 0.037 6.131 6.277 <0.001 0.084
MAT, 2 -0.443 0.003 -0.448 -0.438 <0.001 0.084
SHM;, 0.442 0.006 0.430 0.454 <0.001 0.015
SHM,* -0.005 0.000 -0.005 -0.004 <0.001 0.017
MAT, 1.517 0.022 1.474 1.561 <0.001 0.014
MAT][,2 -0.133 0.001 -0.136 -0.131 <0.001 0.036
MAT*MAT, 0.068 0.002 0.064 0.071 <0.001 0.004
Model R*adj 0.87

URF for basal area (BA24) [m*ha’']

Intercept -41.810 1.017 -43.80 -39.81 <0.001
MAT; 10.890 0.237 10.42 11.35 <0.001 0.0991
MAT, 2 -0.636 0.017 -0.67 -0.60 <0.001 0.0627
SHM; 0.547 0.039 0.47 0.62 <0.001 0.0093
SHM,? -0.007 0.000 -0.008 -0.006 <0.001 0.0145
MAT, 3.839 0.130 3.58 4.09 <0.001 0.0410
MAT]D2 -0.241 0.008 -0.25 -0.22 <0.001 0.0479
MAT*MAT, -0.028 0.011 -0.04 -0.007 <0.001 0.0003
Model R*adj 0.88

MAT; = Mean annual temperature of planting site
SHM; = Summer heat moisture Index (Mean temperature of Warmest month/ (Mean summer temperature (May-Sep)/1000))
MAT, = mean annual temperature of seed origin

Model evaluation in North America

We obtained occurrence data (presence and absence) of Douglas-fir at 71,182 inventory
plots (Figl. A), across North America from (23, 55). Out of the 71,182 plots Douglas -
fir’s presence was observed in 12,469 plots and absence in 58,713 plots. In order to
evaluate the URF-SDMs for H24 and BA24 in North America, we applied them at each
of the 71,182 locations of the mapped species occurrence data. Climate data for these
applications were obtained from ClimateWNA (56). As our main interest was to test the

URFs for its usage with locally adapted provenances, the climate of the presence/absence
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locations (MAT;) was set equal to the climate of the putatively stocking provenances
(MAT,) at any particular location of the occurrence data set. Model performance was
quantified by sensitivity which is the proportion of true presences correctly identified by
the model, and specificity the proportion of true absences correctly identified by the
model. The overall model performance was quantified with True skill statistics (TSS)
also known as Hansen Knuipers discriminant (57) and the accuracy, which is the
proportion of the presence and absence records correctly identified by the model. TSS is
independent of the size of the data and the prevalence of the species and accounts for

both commission and omission errors (57).
Predicting distributions in North America and Europe under climate change

Although Douglas-fir is the most successful tree introduction into Europe, it is being
discussed whether present plantation areas might still be suitable in global warming and
to where future plantation might be expanded. Also, the species’ natural distribution in
western North America is predicted to be altered in climate change. Thus, the two URFs
were applied both in western North America and across Europe for each grid cell of a 30
arc-sec climate projection obtained from the WorldClim database (58). Climate data were
obtained for —eurrent 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 (59)
under Representative Concentration Pathways RCPs 8.5 and RCP 4.5 (60). Douglas-fir
was considered to be suitable if both URF-SDMs for H24 and BA24 predict presence
according to the thresholds defined above. As the model for H24 includes also all
predictions for presences of the model for BA24, the combined model is equal to the

predictions of URF-SDM for BA24 and was thus used for further analysis.
Effects of intraspecific variation on species distribution in future climate

In order to demonstrate the capacity of the URFs to account for intraspecific variation in
the species distribution, we estimated Douglas-fir distributions in Europe and North

America with two scenarios of seed origin: 1) with local seed sources, and ii) with
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optimum seed sources planted in each grid-cell. Local seed sources refer to provenances
that originate from climatically identical locations as the intended planting sites (i.e. by
substituting MAT, = MAT; in the URF equation as in the validation analysis). Optimum
seed sources are those provenances that yield the maximum growth performance when
planted at a particular site (i.e. grid cell). Optimum seed sources were identified by
solving the partial derivate of the URF function for MAT, (for details see (36). For
concise reporting, climate suitability of Douglas-fir was obtained for each biogeographic

region of Europe and North America (Fig. S2 and S3 in Supporting Information).
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Supporting Information

There and back again: genetic trials enable the transfer of Douglas-fir distribution

models across continents
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Fig. S2. Biogeographic regions of Europe according to European Environment Agency.
Source: http://www.eea.europa.eu/data-and-maps/data/digital-map-of-european-
ecological-regions
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Table S1.Climate suitability of Douglas-fir in each of the biogeographic regions of North America (See Fig. S2) predicted by the URF-SDMs under two
seed origin scenarios (optimum and local seed origin) and two climate change scenarios (RCP 4.5 and RCP 8.5).

Area climatically suitable for
Douglas-fir [Km?|

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

Change of suitable
area from current

climate [%)]

Optimum seed sources

RCP4.5 RCP8.S5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Region Current in 2070 in 2070 Current in 2070 in 2070 in 2070 in 2071
Marine Division 39655 26750 16669 88.7 59.8 37.3 -32.5 -58.0
Marine Mountains 294113 328592 335794 59.2 66.1 67.6 11.7 14.2
Mediterranean Division 1509 275 0 1.3 0.2 0.0 -81.8 -100.0
Mediterranean Mountains 25025 11394 3141 8.0 3.7 1.0 -54.5 -87.4
Prairie Division 49407 129241 129241 38.2 100.0 100.0 161.6 161.6
Savanna Division 0 0 0 0.0 0.0 0.0 0.0 0.0
Savanna Mountains 24273 1436 148 31.8 1.9 0.2 -94.1 -99.4
Subarctic Division 73020 429321 627764 3.8 22.1 324 0.0 0.0
Subarctic Mountains 11124 73972 181707 1.0 6.4 15.8 565.0 1533.5
Temperate Desert Division 66504 33019 18735 8.9 4.4 2.5 -50.4 -71.8
Temperate Desert Mountains 29779 20719 11201 23.7 16.5 8.9 -30.4 -62.4
Temperate Steppe Division 1071810 813559 614054 93.5 71.0 53.6 -24.1 -42.7
Temperate Steppe Mountains 564411 630018 595549 65.6 73.3 69.3 11.6 5.5
Tropical/Subtropical Desert

Division 48618 3911 1524 4.0 0.3 0.1 -92.0 -96.9
Tropical/Subtropical Desert

Mountains 44596 5173 789 25.7 3.0 0.5 -88.4 -98.2
Tropical/Subtropical Steppe

Division 114335 13225 3321 21.3 2.5 0.6 -88.4 -97.1
Tropical/Subtropical Steppe

Mountains 114614 63904 29513 64.0 35.7 16.5 -44.2 -74.3
Tundra Division 19738 60870 132515 2.7 8.4 18.3 208.4 571.4
Tundra Mountains 30614 56087 73550 7.5 13.7 18.0 83.2 140.2
Warm Continental Mountains 152108 248573 263111 49.7 81.2 86.0 63.4 73.0
Total 2775253 2950039 3038326 25.8 27.4 28.2 6.3 9.5
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Analogous/ Local seed sources

Marine Division

Marine Mountains
Mediterranean Division
Mediterranean Mountains
Prairie Division

Savanna Division

Savanna Mountains
Subarctic Division
Subarctic Mountains
Temperate Desert Division
Temperate Desert Mountains
Temperate Steppe Division

Temperate Steppe Mountains
Tropical/Subtropical Desert
Division
Tropical/Subtropical Desert
Mountains
Tropical/Subtropical Steppe
Division
Tropical/Subtropical Steppe
Mountains

Tundra Division

Tundra Mountains

Warm Continental Mountains
Total

34068
223795
1130
16913
2450

0

4354

0

1368
47188
20747
806484
388099

10687

17307

24415

86894
4777
13416
44705
1748797

15654
274654
1

5812
98130
0

30
161652
29935
23316
15970
576280
517168

1365

318

4257

34241
51494
37809
187729
2035815

7422
278185
0

1370
129233
0

2
369588
67535
12970
8315
409496
499213

626

21

1543

14184
62580
56592
219228
2138103

76.2
45.0
0.9
54
1.9
0.0
5.7
0.0
0.1
6.3
16.5
70.3
45.1

0.9

10.0

4.6

48.5
0.7
33

14.6

16.2

35.0
553
0.0
1.9
75.9
0.0
0.0
8.3
2.6
3.1
12.7
50.3
60.1

0.1

0.2

0.8

19.1
7.1
9.2

61.3

18.9

16.6
56.0
0.0
0.4
100.0
0.0
0.0
19.1
5.9
1.7
6.6
35.7
58.1

0.1

0.0

0.3

7.9
8.7
13.8
71.6
19.9

-54.1
22.7
-99.9
-65.6
3905.3
0.0
-99.3
0.0
2088.2
-50.6
-23.0
-28.5
333

-87.2

-98.2

-82.6

-60.6
978.0
181.8
319.9

16.4

-78.2
243
-100.0
-91.9
5174.8
0.0
-100.0
0.0
4836.8
-72.5
-59.9
-49.2
28.6

-94.1

-99.9

-93.7

-83.7
1210.0
321.8
390.4
22.3




Table S2. Climate suitability of Douglas-fir in the coastal region (Washington and Oregon predicted by the URF-SDMs under two seed origin scenarios
(optimum and local /analogous seed origin) and two climate change scenarios (RCP 4.5 and RCP 8.5).

Area climatically suitable for
Douglas-fir [Km?]

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

Change of suitable
area from current
climate [%)]

RCP 4.5 RCP 8.5 in RCP 4.5 RCP85in RCP45 RCP85in

States Current in 2070 2071 Current in 2070 2070 in 2070 2070
g Oregon 94978 55974 32233 36.0 21.2 12.2 -41.1 -66.1
g Washington 93008 79808 64008 52.8 453 36.4 -14.2 -31.2
8‘ Total 187986 135782 96241 42.8 30.9 21.9 -27.8 -48.8
" Oregon 76463 37580 20215 29.02 14.26 7.67 -50.85 -73.56
=
o
E;? Washington 83781 64485 45504 47.60 36.64 25.85 -23.03 -45.69
<
é Total 160244 102065 65719 36.46 23.22 14.95 -36.31 -58.99
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Table S3.Climate suitability of Douglas-fir in within each biogeographic region of Europe (see Fig. S1) predicted by the URF-SDMs 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 climatically suitable for Douglas- | area [%] climatically suitable for Change of suitable area from current
fir [km’] Douglas-fir climate [%)]
RCP 4.5 RCP. 8.5 RCP 4.5 RCP. 8.5

Region current in 2070 in 2070 current in 2070 in 2070 RCP 4.5 in2070 RCP. 8.5in 2070

Alpine 424489 601783 609954 55.46 78.62 79.69 41.77 43.69
8 Anatolian 73184 34463 32500 16.77 7.90 7.45 -52.91 -55.59
% Atlantic 856850 696898 664294 98.24 79.90 76.16 -18.67 -22.47
% Black Sea 113542 41912 37349 78.40 28.94 25.79 -63.09 -67.11
2 Boreal 1406769 2115471 2121457 66.00 99.24 99.52 50.38 50.80
g Continental 2321826 2082477 2011354 99.24 89.01 85.97 -10.31 -13.37
2 Mediterranean 281190 75199 62498 22.99 6.15 5.11 -73.26 -77.77
© Pannonian 134167 67802 50180 100.00 50.54 37.40 -49.46 -62.60

Steppic 538116 133601 54639 82.92 20.59 8.42 -75.17 -89.85

Total 6150131 5849604 5644223 71 67 65 -4.88 -8.22
2 Alpine 296836 355934 493818 38.78 46.50 64.51 19.91 66.36
% Anatolian 9926 1466 1127 2.27 0.34 0.26 -85.23 -88.65
% Atlantic 689540 410885 340054 79.06 47.11 38.99 -40.41 -50.68
E Black Sea 54288 11720 8164 37.48 8.09 5.64 -78.41 -84.96
§ Boreal 636090 1037437 1019403 29.84 48.67 47.82 63.10 60.26
é Continental 2073890 1433751 575049 88.64 61.28 24.58 -30.87 -72.27
é" Mediterranean 122746 18740 4498 10.04 1.53 0.37 -84.73 -96.34
7& Pannonian 131996 1710 247 98.38 1.27 0.18 -98.70 -99.81
< Steppic 180050 5311 2997 27.74 0.82 0.46 -97.05 -98.34

Total 4195360 3276951 2445356 48 38 28 -21.89 -41.71






