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The cultivation of hybrid poplar clones is increasing worldwide. Hundreds of
hectares of plantations now occur across Europe and other continents such as
North America, using tested clones and novel genotypes. Research effort aims
are to develop fast growing disease- and pest-resistant clones to improve pro-
duction quality and quantity. In this study the phenotypic plasticity of poplar
clones was tested across environmental and temporal gradients. The growth
performance of 49 hybrid poplar clones recorded between 1980 and 2021 was
analysed using a mixed-effects model with climatic data as a predictor vari-
able. Clones were aggregated into two groups according to their breeding pro-
tocol (i.e., standard clone, and improved material) and their growth modelled
for future climate scenarios of RCPs 2.6 and 8.5 using a downscaled version of
the variants 01 and 21 of UKCP18 climate projections dataset for three 30-
year normal period time-slices: 2030s, 2040s, 2050s. The fitted growth models
showed highly significant results, explaining more than 85% of the variance,
with a mean relative absolute error of approximately 2%. Improved material
showed more resistance to warmer and drier climates and less sensitivity to
the changing climate. While no unique pattern was found when comparing
growth performances, new improved clones were more productive than older
clones (e.g., ‘I-214’) with an additional benefit of resistance to rust and pests.
Spatial predictions confirmed the Po valley as the most important geographic
area for poplar cultivation in Italy, but zones in Central and Southern Italy
show potential. However, the Po Valley is also where poplars are predicted to
be suitable in the next decades with large uncertainties. The analysis identi-
fied the need for more research on the topic of poplar breeding. For example,
models using the most extreme (warm and dry) climate projection, variant 01
of RCP8.5 of the UKCP18, exceeded the historic climate threshold, and predic-
tions used model extrapolation, with associated statistical uncertainty. There-
fore, predictions should be considered with care and more research effort is
required to test clones over wider environmental conditions.

Keywords: Forest Tree Breeding, ClimateDT, Universal Response Function,
B4EST
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Introduction

Poplar (Populus spp.) clones form one of
the main resources for productive planta-
tion forestry worldwide, with thousands of
hectares planted for plywood, roundwood
or biomass (Schreiber et al. 2013, Bergante
et al. 2020). Specialized poplar cultivation
has for decades contributed to the devel-
opment of important economic and pro-
ductive sectors such as paper, wood-based
plywood and furniture, by providing high-
quality raw materials. This production has
been supported by the identification and
deployment of new genotype clonal selec-
tion (Lefévre et al. 2001). Besides the abil-
ity to remove CO, from the atmosphere the
use of poplar timber for long-lasting wood-
based products is an important carbon
store. Long-lived products for furnishing
and construction are obtained from spe-
cialized poplar plantations grown at a spac-
ing layout of 6x6 meters and with a rota-
tion period of 10-12 years (Winans et al.
2015). This planting arrangement addition-
ally contributes ecosystem services bene-
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fits to society, such as climate change miti-
gation and environmental and landscape
improvement in rural areas. Poplar trees
are cultivated globally with approximately
31.4 million hectares. The largest planta-
tions occur in Canada and China, followed
by Europe with France and Italy providing
the main areas of plantation. In Italy, about
43,400 hectares are located in Northern
Italy in the Po valley (Corona et al. 2020).
Historically, specialized poplar planta-
tions in Northern Italy have continued to
be grown due to the cultural dependence
of expert knowledge and tradition. The
production of poplar wood has a particular
importance in the internal wood-furniture
and paper sector. However, it does not
cover the demand from industry, which is
increasingly interested in optimizing sup-
plies through an in-depth knowledge of the
areas of growth and regional cultivation. In
Italy an inventory of poplar crops has now
been completed (Corona et al. 2020) but
the likely future impact of climate change
on cultivation and production is unknown.
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To date there are no results from ecologi-
cal studies to evaluate the influence of en-
vironmental drivers on poplar clones in
Italy.

Spatial modelling of forest tree species
niche suitability provides a useful tech-
nique to support forest management strat-
egies and conservation planning (Schueler
et al. 2014, Booth 2018). Among the range
of tools and algorithms currently available,
several conceptual approaches have been
developed. The first and oldest group is
represented by Species Distribution Model-
ling techniques (SDM), where the spatial
distribution of a target species is consid-
ered as a proxy of its realised niche (Elith et
al. 2006, Pecchi et al. 2019). While SDM
techniques have been used widely across
time and space (Isaac-Renton et al. 2014,
Tang et al. 2020), their shortcomings have
been recognised, such as the need to ac-

count for phenotypic plasticity and genetic
adaptation through phenotyping traits in
genetic trials (Vizcaino-Palomar et al.
2020). Actually the huge genetic variability
and phenotypic plasticity of tree species is
an important resource for species perfor-
mance across ecological gradients (Matyas
1994), observed using common garden ex-
periments and reciprocal transplanting ac-
tivities. Tree breeders and forest ecologists
have developed models to account for ge-
netic components such as: response func-
tions (O’Neill et al. 2008, Wang et al. 2010,
Chakraborty et al. 2016), transfer functions
(Berlin et al. 2016, Hallingback et al. 2021),
reaction norms (Fréjaville et al. 2019) and
ATrait-SDM (Benito Garzdn et al. 2019). The
latter models (ATrait-SDM) has demon-
strated an improved approach to disaggre-
gate the genetic components influencing
traits of forest tree species measured in

Tab. 1 - List of trials included in this study and main average climatic parameters
occurred over the growing period of clones (10 years). The variables bio1 and bio12
represent the mean annual temperature (°C) and the mean total annual precipitation
(mm), respectively, while AHM (annual heat moisture index, °C m"), bio4 (tempera-
ture seasonality, sd °C-100) and MSP (mean summer precipitation, mm) are the vari-

ables we used for modelling.

Site name E(;zaabr')' tong  Lat "i::;’ biol bio12 AHM biod MSP
Azienda Cesurni 1990 1272377 41.94512 53 16.4 681.8 38.8 649.7 207.6
Azienda Ovile 1990 12.3556 41.90792 43 16.5 708.8 37.4 635.7 188.7
Azienda Scottine 1990  9.48700 45.06267 55 14.3 814.0 29.8 752.8 326.0
Azienda Volpares 1985 13.09427 45.79843 7 13.9 1176.2 20.3 737.6 511.7
Brisighella 1982 11.76317 44.21714 106 14.1 730.1 33.0 745.5 280.8
Carpaneta 2007 10.88056 45.17917 24 14.9 732.8 34.0 761.9 317.9
Castiglion d Pescaia 1986 10.94816 42.82812 52 15.9 574.3 45.1 622.5 177.5
Cavagnolo 2012 8.08833 45.16861 153 14.7 730.7 33.8 757.5 298.9
Cavarzere 2007 11.97333 45.14 4 152 688.8 36.6 753.8 298.5
Ceva 2000 8.0002 44.38667 445 13.0 602.3 38.2 691.2 229.6
Dronero 2000 7.38583 44.45472 605 11.9 645.0 33.9 708.2 289.0
Feltre 1982 11.93074 46.03544 338 11.5 930.5 23.1 742.3 464.4
Frassinello 2004  8.40611 45.04611 142 14.3 634.8 38.2 758.3 264.0
Gabiano 2003 8.20361 45.17389 143 14.2 661.6 36.5 779.0 284.9
Grassaga 1987 12.50043 45.67981 1 14.1 1059.0 22.8 719.4 471.7
Istrana 1984 12.08753 45.68105 37 13.8 935.6 25.4 744.5 430.9
Lorenzana 1991 10.52623 43.53259 41 15.6 722.7 35.4 648.8 235.5
Marsicovetere 1983 15.84118 40.34179 612 13.0 536.4 43.0 635.7 143.7
Mezzi 1997  8.5125 45.13722 105 14.4 700.4 34.8 756.8 302.9
Mezzi-Baldo 2013 8.50639 45.14056 106 15.1 701.3 35.8 761.1 261.4
Migliarino 1991 10.30831 43.75409 1 15.8 778.1 33.1 660.6 241.1
MolinellaMarmorta 1993 11.72237 44.61177 4 15.1 639.9 39.2 744.1 267.8
Mombello 2006 8.28972 45.115 146 14.3 643.6 37.8 752.9 274.3
Monticello d’Alba 1992 7.93583 44.71778 267 13.6 693.1 34.1 700.3 343.9
Piopp.Pisano 2004  8.49944 45.09167 121 14.4 697.1 35.0 760.1 279.1
PoggioUgolino 1993 11.29399 43.69585 205 14.5 746.4 32.8 701.5 254.1
Rosignano M.mo 2000 8.42111 45.06694 151 14.0 692.9 34.6 760.5 295.1
san Basilio A.P. 1979 12.18473 44.95184 1 14.2 619.0 39.1 750.8 280.4
sant’Agata 2004 11.20417 44.64694 17 15.1 669.4 37.5 766.5 249.3
Trino 2003  8.30833 45.185 131 14.2 637.4 38.0 781.4 275.6
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common garden genetic trials and is able
to evaluate the genetic adaptation (or vari-
ation) and the phenotypic plasticity of a
phenotype in a single model.

The modelling framework for a sustain-
able and cost-efficient cultivation of polar
clones in this study is inspired by the ap-
proach forest geneticists now adopt to an-
alyse and summarize the performance of
different provenances across ecological
gradients (Hemery et al. 2005, Pukkala
2017). In this paper we propose such a
modelling framework for hybrid poplar
clones in Italy. Data between 1980 and 2021
for 49 poplar clones widely tested in Italy
were here clustered in two groups and sin-
gle-group reaction norms were calculated
to predict the potential productivity across
time and space.

Materials and methods
Species Distribution Model (SDM) termi-

nology and techniques have a clear con-
ceptual scheme and usage. However, there
is no clear boundary between Response
Functions (RF), Transfer Functions (TF) and
Reaction Norms (RN) since all of them deal
with the variability of a measured trait
across an ecological gradient. In addition,
RF and TF have been often pooled across
planting sites using more sophisticated
techniques (e.g., mixed-effects models),
and the term “Universal” added to the
name of the approach. To be clear, in this
study, we use the following semantic struc-
ture:

* Response Function (RF): the genetic ex-
pression of a single genotype across the
range of ecological distance from the cli-
mate of origin;

* Transfer Function (TF): the genetic ex-
pression of a single genotype across the
range of ecological distance from the cli-
mate of origin using a spatial coordinate
system predictor;

* Reaction Norm (RN): the pattern of phe-
notypic plasticity of a single genotype
across a range of environments;

* Universal Response Function (URF), Uni-
versal Transfer Function (UTF) and Uni-
versal Reaction Norm (URN): models
where the response/reaction of different
genotypes or provenances is pooled in a
unique model using various mathematical
techniques.

According to this hierarchical structure,
the URN concept will be used for the mod-
els developed in this study, since no cli-
mate of origin can be derived for clones,
no spatial predictors were used, and geno-
types (i.e., poplar clones) were pooled into
groups.

Clonal materials and experimental
network

The dataset used consists of 49 poplar
clones from various poplar species tested
across lItaly, though cultivation and produc-
tion is more abundant in Northern Italy.
Clones in our study cover almost all the his-
torical breeding effort including old and ex-

iForest 15: 47-55
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Fig. 1- Ecological distri-
bution of the 30 trials
considering the two
main climatic parameters
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perimental clones, and we grouped these
into two main clusters based on character-
istics that include: years of selection (start-
ing from 1929 to present), expected pro-
duction ability, pest and disease resistance.
The names of these two groups were First
GeNeration clones (FGN) and IMProved
clones (IMP), the latter include the newest
Italian MSA (Maggiore Sostenibilita Ambien-
tale or Higher Environmental Sustainabil-
ity) clones. All the tested clones and their
groups are reported in the online supple-
mentary material (Tab. S1).

Fig. 2 - Temporal sampling
across sites between 1980
and 2012.

Standard deviation of monthly average temperature (bio4)

The experimental network is geographi-
cally focused on Northern Italy, mainly
across the Piedmont, Lombardy, Veneto
and Emilia-Romagna regions, but also in-
cluding some trials in Central Italy and the
Mediterranean region (Tab. 1).

A total of 30 trials with different planting
years (between 1980 and 2013) were ana-
lysed and clones were irregularly distrib-
uted across a wide range of climate (Fig. 1).
All the trials and data were characterised
by a standardised cultivation scheme main-
tained across time and space.
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Two-year-old cuttings were always used
as starting material and established with 36
m? of space available for each tree (spacing
of 6x6 meters) with a final harvest at the
age of 10 or sometimes 12. The cultivation
trials followed the standard model for
poplar growth with small differences due
to the layout of each farm, and irrigation.
Irrigation is a common practice in poplar
cultivation but not all the trials were irri-
gated due to pedo-climatic conditions, or
the lack of irrigation infrastructure. For this
reason, irrigation was added into the
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model as a dummy variable.

According to the wide range of measure-
ments and ages across the dataset (Fig. 2)
a large degree of variability between trials
was observed. Given that the main product
from poplar cultivation is harvested at age
10 and considering that most of the plots
were presenting data for this age, a com-
mon age of 10 years after planting was
used as the standard measurement for
growth of poplar clones, avoiding exten-
sive extrapolation across the dataset.

In this work a sigmoid function was used
to interpolate the single-clone average di-
ameter at breast height (DBH) at age 10 for
trials where this record was missing. Sin-
gle-clone average DBH was the simple
arithmetic mean of the measured trees and
among all the possible sigmoid functions
available in literature we selected the Gom-
pertz function (Pretzsch 2009) whose
equation was as follows (eqgn. 1):

DBH=k-e * " Q)

where k, a and b are the parameters to be
estimated and x is the age of the tree.
Among the large family of sigmoid func-
tions this model was selected given its abil-
ity to be asymmetric on the cartesian axes
(i.e., the inflection point is not forced to
centre of the range of y values).

Modelling framework: climatic
characterizations and predictors

A reaction norm captures the phenotypic
expression of a trait for a single genotype
across a range of environments. For every
genotype, phenotypic trait, and environ-
mental variable, a different reaction norm
can be calculated. In forest science this
kind of information is generally handled by
means of a mixed modelling approach
where fixed effects are selected climatic
variables and the site variation is a random
effect. However, the use of clones did not
allow us to calculate an ecological distance
(i.e., climate of the origin vs. climate of the

trial), thus the two clonal groups were
modelled separately using the clone as a
random effect. Therefore, the growth of
poplar clones belonging to the same group
was modelled across sites and then
merged statistically in the mixed-effects
model using DBH at age 10 as the target
trait.

Tailored climatic data for all the trials in
Italy were derived from ClimateDT (https://
ibbr.cnr.it//climate-dt/), a web portal where
scale-free climatic data are provided freely
at global level using CRU-TS data (Harris et
al. 2020) for the historical period (1901-cur-
rent year) and UKCP18 for the future pe-
riod until 2098 (Lowe et al. 2019). This sys-
tem is an online version of the ClimateEU
(Marchi et al. 2020) and Climate NA (Wang
et al. 2016) software and implements a
scale-free dynamic downscaling, providing
more than 100 climatic variables and in-
dices for ecological analysis, spatial predic-
tion and research purposes in general. Cli-
mateDT was used twice in the study: firstly
the historical climate for all the 30 trials
was requested and 10-year averages were
calculated to describe the climate of each
trial between establishment and harvest-
ing (i.e., when the diameter at age 10 was
measured). Secondly, spatial layers for 30-
year climate normal periods for the current
climate (average 1991-2020) and three fu-
ture scenarios (2030s: 2016-2045; 2040s:
2026-2055; and 2050s: 2036-2065) were cal-
culated using two variants (numbers 01
and 21) from the perturbed physics ensem-
ble (PPE - Lowe et al. 2019) of UKCP18 sce-
narios RCP2.6 and RCP8.5 . These scenarios
represent the range of representative con-
centration pathway (RCPs) scenarios avail-
able from the Fifth Assessment Report
(AR5). We used ClimateDT to generate cli-
mate data rasters with a spatial resolution
of 250 m for spatial prediction across time
and space.

In this work, we followed the model for-
mat used by several previous studies (Ber-
lin et al. 2016, Benito Garzén et al. 2019,

Tab. 2 - Results of the model fitting. FGN model: R = 0.858, Fx = 0.823, Rn = 0.034;
IMP model: R? = 0.843, Fx = 0.815, Rn = 0.029.

FGN model IMP model

Predictor Estimate Ef:g; Pr(>|t|) Sig Estimate Ef:g; Pr(>|t|) Sig
Intercept 1778 301.4 6.81E-07 " 1859 320.9 1.336-07 **
AHM 41470 7.655 0.152876 8.061  8.299 0.334252

I(AHM?) 0162  0.042 0.000463 **  -0.147 0.048 0.00318 **
biod 4451 0572 1.71E-09 **  -4.99 0.549 5.39E-14
I(bio4?) 0.002  0.000 <0.000001 **  0.003 0.000 6.03E-15 ***
MsP 2322 1.299 0.082127 1.971  0.854 0.023575 *
WATER 4755  0.857 <0.000001 **  2.242 0.614 0.000477 ***
AHM:bio4 0.035  0.010 0.001235 ** 0.028 0.008 0.000401 ***
AHM:MSP 0.063  0.035 0.075775 0.065 0.027 0.018987 *
biod:MSP 0.004  0.002 0.045837 * 0.003  0.001 0.006201 **
AHM:bio4:MSP -9.896E-05 0.000048 0.046503 * -9.795E-05 0.00004 0.007153 **
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Hallingb&ck et al. 2021) specifying a three-
term second-order polynomial model with
an interaction term to predict the target
trait using climatic variables. Climate vari-
ables were selected to provide information
about the variation among the test sites.
These were: (i) the Annual Heat Moisture
index (AHM), calculated as (eqn. 2):

_ MAT +10 )

AHM =T 0
MAP-10

where MAT is the Mean Annual Tempera-
ture (°C) and MAP is the Mean Annual Pre-
cipitation (mm); (ii) the bio4 variable (tem-
perature seasonality) from WorldClim (Hij-
mans et al. 2005), calculated as (eqn. 3):

12

. (Tavg,— MATY 3)

1

MAT+273.15

where Tavg is the average temperature of
each month; (ii) the total precipitation
from May to September (MSP).

The AHM and bio4 describe the relation-
ship between poplar growth and a chang-
ing climate in a Mediterranean country
(i.e., aridity and continentality respective-
ly), and MSP was added to incorporate the
water availability across the growing sea-
son. Therefore, the resulting mixed-effects
model for each group was (eqn. 4):

bio4=

log (DBH,,)=AHM +AHM" +bio 4
+bio4’+ MSP 4)
+AHM-bio4-MSP+(rnd

where (rnd) denotes the random effect
among trial sites and is mathematically rep-
resented by a different intercept for each
clone. To avoid bias resulting from differ-
ent scaling and aligning operations, spatial
predictors were not mathematically modi-
fied or standardised. The central (mean)
value and the standard deviation used for
standardization was known to be different
between the dataset and the rasters. Addi-
tionally, DBH data were log-transformed, a
common procedure in spatial modelling
and forest sciences in general (Benito
Garzén et al. 2019, Hallingback et al. 2021).
Even if known to be able to generate bi-
ased coefficients in some circumstances
(Marchi 2019) this transformation does not
impact on variables importance and model
predictions. All computations were done in
the R environment (R Development Core
Team 2020) with the “Ime4” package
(Bates et al. 2015).

Results

The quality check on the interpolation of
missing data (i.e., the DBH at age 10) was
controlled removing the data when avail-
able (i.e., DBH measurements at age 10)
and comparing the predicted versus the
observed values. On average the interpola-
tion process performed very well, with an
average error of + 0.44 cm (maximum error
was * 1.41 cm) which corresponds to an av-
erage relative absolute error of * 1.62%
(maximum: * 4.53%). With the complete

iForest 15: 47-55
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Fig. 3 - Statistical relationship between the measured diameter at breast height (DBH) at age 10 (y-axis, cm) and AHM, bio4 and MSP
in the fitted models. The curves for each parameter were generated maintaining the two others on median values.

dataset the fitted mixed-effects models
were able to account for 85.8% of the vari-
ance for the FGN clones and 84.4% for the
IMP clones. A small amount of the total
variance explained was attributed to ran-
dom effects (3.4% for FGN and 2.9% for
IMP) with the fixed effects able to explain
82.3% and 81.5% for FGN and IMP, respec-
tively. Most of the variation was explained
by the supply of irrigation, and this was
larger than the effect of the FGN clones.
When models were adjusted by this effect,
the aridity predictor (AHM) was more influ-
ential than the continentality index (bio4),
with a negative coefficient associated to
the second-order term and resulting in a
convex curve on the x-y axes. The bio4 pre-
dictor was slightly more influential for IMP
than for FGN clones and, conversely, the
MSP predictor showed a greater influence

Fig. 4 - Expected

in the model fitted for the FGN clones. The
estimated coefficients for each model are
reported in Tab. 2 and the relative effect of
each predictor is shown in Fig. 3. The con-
cavity of the curves from bio4 demon-
strates higher productivity at the extremes
of the environmental sites tested while the
relationship with MSP was linear with a
very large slope for both models. However,
the large confidence intervals prevented
direct comparison between the two URNs
calculated. We performed a cross-valida-
tion procedure to evaluate and fit the
URNSs (75% training - 25% testing repeated
10,000 times) and this showed very low
prediction errors, with a mean absolute er-
ror of £ 2.2 cm and a mean relative abso-
lute error of + 8.5%.

To show the ecological potential of
poplar clones across time and space, the

spatial predictions across the whole of Italy
were generated removing the irrigation ef-
fect. For the current climate (1991-2020
normal period - Fig. 4) the analysis accu-
rately located the “productive core” of
poplar cultivation in Italy in the North and
across the Po valley for both groups of
clones. This region is where most poplar
plantations are located and where timber
is harvested. However, additional areas
were highlighted in the North-West and
parts of Central and Southern Italy. The
area predicted by the FGN and IMP models
were in agreement showing the same spa-
tial pattern, and predicted that IMP clones
were (on average) more productive than
FGN clones. The comparison in spatial pre-
dictions showed that FGN clones were in
places more productive than the most re-
cent improved clones (Fig. 5).

40

diameter at breast
height (in cm) of
poplar clones at age 4
10 without irrigation ¢
under the current 30-
years normal climate ¢
(1991-2020). The 4
experimental sites
used for modelling
the group are shown
as black dots and the .,
statistical extrapola-
tion outside the
investigated ecologi-
cal domain is shown |
as shaded area.
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When URNs were used to predict the
growth and suitable area into the future an
uncertain scenario was observed. While
projections across RCPs and time-slices
were almost in agreement with the expec-
tations of a decrease in land suitability
which was delayed for the RCP2.6 scenario
compared to the RCP8.5 scenario, a regular
trend across time (i.e., 2030s-2040s-20505s)
in both RCPs due to a warmer and drier cli-
mate was forecast, with a very large differ-
ence between variants. Currently this dif-

Fig. 5 - Predicted differ- .oz
ence in diameter at
breast height (in cm) at
age 10 between poplar
FGN and IMP clones
across Italy. Positive val-
ues indicate that IMP
clones are more produc-
tive than FGN clones
and vice-versa. Values
expresses the delta of
DBH in centimetres.
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Fig. 6 - Predicted DBH (cm) at age 10 for the two groups of poplar clones in 2040s
under RCP8.5 using the varianto1 (up) and variant21 (down). The experimental sites
used for modelling the group are shown as black dots and the statistical extrapola-
tion outside the investigated ecological domain is shown as shaded area.
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ference was much larger than that ob-
served between RCPs or between time
slices. An example is reported in Fig. 6
where the difference between the two
variants in the 2040s for RCP8.5 is pro-
posed.

Discussion

The URNs we developed showed the pos-
sible effects of a changing climate on
poplar clone cultivation in Italy. Overall, the
improved clonal material, which include
MSA material (Higher Environmental Sus-
tainability clones), showed less sensitivity
to climatic aridity and a lower effect on
growth from irrigation. These results may
suggest a possible reduction of cultivation
inputs as well as a more stable production
of wood assortments in the future than
with the current standard clonal types. In
addition, the resistance to biotic stress that
MSA clones achieve marks them as an im-
portant candidate source of reproductive
material for poplar cultivation in the future.
Adding to the traditional and widely culti-
vated clones, such as the well-known ‘I-214’
and here included into the FGN group, new
clones selected in recent years show a pre-
dicted growth rate comparable with ‘l-214’
and better in places. However, several is-
sues remain unclear and must be investi-
gated in greater depth.

Growth rates, carbon sequestration and
water supply in a changing climate

In recent decades, due to projected cli-
mate change scenarios, the research on hy-
brid poplar clones has received a strong im-
pulse on fast growing genotypes, drought-
resistant and resistant to pathogens (Ren-
nenberg et al. 2010, Polle et al. 2013). In this
scenario the breeding activity and clonal
selection of new genotypes is aimed mainly
at clones with high production capacity as-
sociated with a high resistance to the main
diseases of poplar (e.g., rust - Melampsora-
larici-populing; leaf spot - Marssonina brun-
nea). Our results showed that IMP clones
may be a valuable FRM resource opportu-
nity for the future. In addition to showing
some resistance to all the main diseases of
poplar trees, improved (IMP) clones show
a growth improvement of up to 15% in vol-
ume, compared with the traditional (FGN)
clones, and allowing for anticipated har-
vesting by 1 or 2 years earlier.

As fast-growing tree species, poplars are
able to absorb high amounts of CO, and to
sequester carbon in wood used industrially
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for durable products with a long life-time
(plywood, furniture, etc.). It has been cal-
culated that a traditional poplar stand (as
considered in this study) of 278 plants per
hectare can sequester about 25 t ha" y* of
CO, (Chiarabaglio et al. 2014) and that
there is additionally a positive carbon stor-
age in the soil, comparing agricultural an-
nual crops and poplar stands (Zhang et al.
2020). In addition, a future increase in at-
mospheric CO,, linked to the greenhouse
effect, has been predicted to positively af-
fect the growth and carbon storage of
poplar (Gielen et al. 2005). Within this
framework our results suggest that IMP
clones may be an excellent candidate ma-
terial to store CO, in timber and soil in a
changing climate with less water availabil-
ity and warmer temperatures, represented
by the AHM term in the URN mixed effects
model, due to greater water use efficiency
compared with traditional clones. In addi-
tion to the research and selection of more
adaptable clones, innovative and sustain-
able cultivation techniques would allow op-
timization of waste water use derived from
urban or agricultural activities (Dimitriou &
Aronsson 2011), or the innovative cultural
models of agroforestry that allows irriga-
tion application simultaneously for forest
and food-feed crops.

Soil effect on spatial predictions: the
need of expert-knowledge during trials
establishment

Undoubtedly, soil physical and chemical
properties such as depth and fertility are
important components to consider when
modelling growth. However, currently
there are no high-quality, high-resolution
data layers that can be used for such
model improvements, thus preventing its
inclusion for range-wide modelling pur-
poses. The growth of Populus spp. is partic-
ularly linked to soil properties and the lack
of soil predictors in this study may leave
the door open to questions concerning the
real suitability of poplar clones across the
spatial extent projected by the URN mod-
els. Poplar clones are demanding of soil
physical and chemical properties, needing
a well-structured, fertile silty-loam soil for
successful and profitable cultivation
(Winans et al. 2015, Hjelm & Rytter 2016).
Soil physical properties (i.e., micro and
macropores in the soil) may influence the
water availability across time and space
and suggest the need for irrigation, despite
rainfall occurring during the growing sea-
son. Further research should focus on in-
cluding soil properties for the models, par-
ticularly for available water capacity and
cation exchange capacity. While high-qual-
ity trial-level data were available for this
study, only low resolution spatial layers
were available and found unsuitable for
modelling. This shortcoming relies on the
fact that while climate can be interpolated
to obtain spatial layers from meteo-sta-
tions by means of different methods (Daly
et al. 2008, Galvan et al. 2014, Harris et al.
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2020), such techniques are much less reli-
able for soil properties, given the lower
sampling and the lack of spatial autocorre-
lation or external drift. Despite the omis-
sion of soil in the model, the climatic suit-
ability of clonal material can provide an ini-
tial spatial focus for poplar trials in the fu-
ture, with the detail of soil properties as-
sessed as part of the potential site assess-
ment. This study therefore provides an im-
portant initial filter to locate potential ar-
eas in regions where clonal material can be
tested. In addition, soil properties that are
essential for poplar cultivation can be writ-
ten into a decision support tool that deliv-
ers the climatic suitability of specific clones
in aregion (Ray et al. 2009).

Modelling uncertainties in spatial and
temporal extrapolation: the need for a
larger network of trials

Our analysis investigated the whole life-
span of poplar cultivation and not just the
early establishment stage of tree growth,
which is less common in the forestry sector
(Mdiller et al. 2020). To evaluate the quality
and productivity of forest material, prove-
nances, clones and other reproductive ma-
terial, it is best to test the material in com-
mon garden trials and compare traits with
older material, used as a reference thresh-
old. There is much literature concerning
tree breeding activities, models and the cli-
matic shift of tree species niches across
time and space (Boiffin et al. 2017, Benito
Garzon et al. 2019) and local material is not
always the best choice under climate
change projections (Chakraborty et al.
2015, Marchi & Cocozza 2021). Beyond any
modelling activities, however, large ecolog-
ical domains must be investigated to derive
reliable data on growth performance of
forest tree species. The dataset we used in
this work can be considered a good sample
of a wide spectrum of climates across Italy.
With an observed ecological range of 4.97
°C in mean annual temperature (between
11.5 °C at Feltre site and 16.5 °C at Az. Ovile
site) and a range in total annual precipita-
tion of 639.8 mm (max: 1176 mm - Az. Vol-
pares site; min: 536 mm - Marsicovetere
site), our dataset can investigate a large
ecological domain, resulting in a good pre-
dictive potential of URNs able to project
the growth of poplars into the future.
However, the comparison between the
two clonal groups and the proposed mod-
els must be considered with respect to the
large confidence intervals for each model
parameter. This was mainly due to a large
degree of variation within each clonal
group we proposed, and by modelling sin-
gle-clone RNs may allow us to reduce the
variation, as would modelling larger data-
sets across wider environmental gradients.
Both the range, and the distribution of
data are important issues when assessing
the results from statistical models. In this
study a shortcoming of our database was
the uneven distribution of clones across
the sites (partially solved by the grouping)

as well as the asymmetric distribution of
the trials, both geographically and environ-
mentally. Most of the sites are clustered in
the Po valley and very few sites are at the
leading and trailing edge of the ecological
range. Low AHM and low bio4 values were
not investigated at all (e.g., AHM<30 and
bio4<700) and neither were drier condi-
tions (e.g., AHM>40) which play a key role
for future ecological range of the data (i.e.,
the climate of maximum or minimum
growth) which also affects the use of the
models for future scenarios with a rapid
change of growth with climate variables.
This requires an enlargement of the net-
work that includes old and new clones to
add to historical data, and predicting the
growth of the same clones in the same
sites but under past climatic conditions
(Pretzsch et al. 2014).

The need for high-quality data must not
shade the requirement of reliable future
projections. Climatologists and atmospher-
ic scientists are improving future scenarios
with new GCM and RCM models, and cli-
mate projections based on international
COP agreements. Indeed, new frameworks
and new knowledge and scenarios will
soon be delivered under the CMIP6 (Gid-
den et al. 2019, Cook et al. 2020). Unfortu-
nately, cross validation on future projec-
tions cannot be performed: therefore eco-
logical modellers must rely on conceptual
schemes and use multiple outputs to man-
age uncertainties (Hallingback et al. 2021).
In this work, more focused on reaction
norms on historical and current climate
than on future scenarios, we have shown a
partial example of how difficult future pre-
dictions can be. The use of the two differ-
ent UKCP18 variants (i.e., the standard
UKCP18 - varianto1, and the least extreme
projection according to ClimateDT - vari-
ant21) produced completely diverging sce-
narios after the 2030s. In addition, the pro-
jection made with varianto1 was mostly
from extrapolation, with high uncertainty.
For these reasons, much more effort is
needed to support decision makers with
additional data. Further, researchers must
test genotypes outside the “expected”
ecological niche. In this framework we pro-
vide spatial projections for the current time
(i.e., 1991-2020 climatic normal period) and
the 2030s to represent a valuable guideline
to plan the future establishment of addi-
tional trials using the same materials to be
tested outside the environment we have
observed in this work. Furthermore, it is
important to point out that future scenar-
ios are highly uncertain, not only due to the
wide range of possible climate conditions
but also because the future dynamics of
pests and diseases are not easily predict-
able. However, in this scenario the use of
MSA clones may fix this problem, given
their ability to resist to the two main biotic
threats (rusts and aphids).

Conclusions
High quality timber assortments and
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wood products in general are important to
society and provide long-term methods of
sequestering carbon. Durable products and
fast-growing trees are efficient at reducing
the amount of CO, in the air and mitigate
the emissions. This is much more evident
when compared to bioenergy and the use
of biomass in general, where the total
amount of carbon components is main-
tained at stable level and not sequestered
for long periods. Poplars are among the
most important forest tree species used in
agroforestry systems and we have pro-
vided URNs to show the improvement that
can be made to poplar cultivation under cli-
mate change scenarios. However, the need
for future assessments is demanding, and
additional efforts should be made to im-
prove the dataset (and predictions) we
have developed. Different reaction norms
could be expected in the future from more
extensive experimental trials, showing a
more stable production of clones across
the ecological gradients.
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