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Poplar plantations cover 31.4 million ha around the world and supply timber
for paper, sawn wood and other wood-based products. In each region where
poplars are planted, it is possible to identify “model clones” which are mas-
sively adopted by foresters. Improving the rationale of clone selection in
breeding programs requires a comprehensive understanding of the physiologi-
cal traits that explain the differences in genotypes growth. Moreover, given
that growth is related to the use of resources (water, light and nutrients) we
also need to determine which morphological and physiological traits explain
the model condition of most widespread clones. A controlled-condition study
was carried out to evaluate eight Populus deltoides and two Populus x can-
adensis clones, including the model Populus deltoides ‘Australiano 129/60°.
For each clone, physiological and morphological traits related to biomass parti-
tioning (roots, stem and leaf dry mass), growth (height, diameter), light use
(leaf area duration, leaf size, net photosynthetic rate), water use (stem hy-
draulic conductivity, water consumption) and nutrient use (nitrogen and phos-
phorus concentrations) were measured. High variability in the physiology and
morphology was observed among clones, and similar and contrasting clones in
relation to the model clone were identified. Similarities among clones varied
depending on the characteristic being evaluated at the time-water use, light
use or nutrient use. The results showed that variability not only relates to visi-
ble phenotype, but also to functionality. This information is significant since
the breeding programs can evaluate non-traditional traits and select genotypes
which are similar or complementary to the model clone. The characterization
of model clones is key for breeding programs which seek new candidates tak-
ing into account the use of water, nutrients and light. It is also important be-
cause it helps explain why foresters prefer one clone over others. Knowledge
about functional variability within clones of the same species enables foresters
to conduct more intelligent and site-specific silviculture and to optimize the
genotype selection in breeding programs.
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Program
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Introduction

Fast-growing species have been planted
around the world to satisfy wood demand
and provide a wide variety of goods and
services for society. Populus species (pop-
lars) have been extensively cultivated due
to their growth performance, easy vegeta-
tive propagation and wood properties
(Feng et al. 2013). Poplar plantations cover
31.4 million ha that supply timber for pa-
per, sawn wood and other wood-based
products (Semerci et al. 2021). In general,
the stands are monoclonal, and different
clones or genotypes are used in the same
region. Depending on the region, it is possi-
ble to identify several “model clones”
which are massively adopted by foresters
because they acclimate well to the fre-
quent stresses in the area. Understanding
the characteristics of the most chosen
clones is essential for selecting other
clones with similar performance, thereby
enabling foresters to develop a more ge-
netically diversified area. Genetic diversity
is needed to reduce the risk of massive
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losses due to new biotic or abiotic stresses
(Bonnin et al. 2020).

One of the most important traits when
choosing clones to be planted is growth
rate, which is usually positively related to
photosynthesis (Cao et al. 2012). The char-
acteristics of leaves, such as size and thick-
ness, can affect growth (Marron et al.
2007), and the leaf nitrogen content is an-
other relevant trait that affects photosyn-
thetic rate (Shang et al. 2018). However,
high photosynthetic capacity does not nec-
essarily determine a high stem growth
rate, since it is also affected by dry mass
partitioning, environmental conditions,
competition and diseases. It is noteworthy
that wide variability in leaf traits was re-
ported in poplars, in photosynthetic capac-
ity and foliar morphology (Marron et al.
2005, Al Afas et al. 2006, Kaluthota et al.
2015). Plant nutrient contents are also sig-
nificant as to stand nutrient cycling (Fortier
et al. 2017). Differences in tissue concentra-
tions are decisive to identify genotypes
with variable nutrient cycling (LU et al.
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2013), such as distinct retranslocation rate
or nutrient use (Faustino et al. 2016). Fur-
thermore, total leaf area and leaf nitrogen
content are good predictors for identifying
high-yielding and water-use efficient clones
(Monclus et al. 2005).

The origin of the genotypes is another at-
tribute that can influence growth-related
variables given that it defines dry mass par-
titioning (Warren & Adams 2005), and phe-
nology like the dates of the beginning and
end of bud burst and autumn senescence
(Pellis et al. 2004, Azad 2012). Plant allome-
try can be important to define the growth
patterns of trees (Tschaplinski & Blake
1989, Fortier et al. 2015). For example, a
high allocation to roots can be found in
genotypes selected from dry environments
(Meyer et al. 2021), because wide roots im-
prove the ability to explore the soil and to
take up water during dry lapses. In shoot
partitioning, a major proportion of leaves
increases light interception capacity, result-
ing in a higher relative growth rate (Bro-
eckx et al. 2015). Furthermore, in decidu-
ous trees, both the beginning and the end
of photosynthetic activity are important
with respect to nutrient mobilization. The
nutrients move from storage organs like
roots and stems to buds during earlier
spring (Millard et al. 2006) and retranslo-
cate from foliage to stems and roots dur-
ing the end of summer (Maillard et al.
2015). Hence, it is possible to find variability
in the use of nutrients in spatial (i.e., soil
exploration, crown formation, storage
size) and temporal scales (i.e., bud burst
and foliar abscission dates).

When selecting clones, it is desirable to
choose genotypes with high productivity
and high water use efficiency, as both traits
are not necessarily linked (Monclus et al.
2006, Toillon et al. 2013). Moreover, geno-
types can have different hydraulic architec-
ture if their stems, leaves and roots have
different conductivity. Thus, differences in
hydraulic architecture could determine dis-
tinct water consumption (Gleason et al.
2012) and yield, due to the positive relation-
ship between hydraulic conductivity and
growth (Hajek et al. 2014). High intraspe-
cific variability in poplars’ hydraulic traits
was observed between genotypes that be-
long to the same species (Fichot et al.
2009). Therefore, analyzing the relation-
ship between water use and growth is of
utmost relevance.

In Argentina, in the Delta del Rio Parand
(Delta), Salicaceae forest plantations (Pop-
ulus spp. and Salix spp.) cover 83,000 ha
and represent the main productive activity
of the region (Luquez et al. 2012). Populus
deltoides and Populus x canadensis hybrids
are the predominant species, but the clone
Populus deltoides ‘Australiano 129/60’
(A129) is the most chosen genotype among
poplar plantations. This clone is high-yield-
ing and one of the most stable when it
grows under different environmental con-
ditions (Alvarez et al. 2020) because abiotic
stresses, like drought, flooding and salinity,
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are frequent in this region (Kalesnik et al.
2011, Luquez et al. 2012, Alvarez et al.
2020). A129 could be considered a “model
clone” due to its yield stability and preva-
lence in poplar plantations. This situation
can be comparable to the expansion of
Populus x canadensis ‘I-214’ among Italian
and Spanish plantations (Barrio-Anta et al.
2008, Paris et al. 2011). In contrast, Argen-
tinian foresters have discarded some
clones in the last few years, due to their
low yield or disease outbreaks that af-
fected several areas (Bonnin et al. 2020).
This situation is likely to be found in other
regions where poplars are cultivated, so it
is interesting to analyze the relationship
between clone predominance in a region
and resource use.

To understand why foresters chose a
given clone, we need to know what are the
physiological traits that explain the differ-
ences in genotypes’ growth and use of re-
sources (water, light and nutrients) in or-
der to determine which traits explain the
model condition of most widespread
clones. The high variability described for
poplars at both morphological and physio-
logical traits (Al Afas et al. 2006, Dillen et
al. 2010, Schreiber et al. 2011, Faustino et al.
2016), probably relates to different ecophy-
siological strategies among clones. If we
can describe and compare the ecophysio-
logical traits of the model clones, we will
be able to select new genotypes with simi-
lar potential to the most selected clones
which will be more likely adopted by for-
esters. Hence, the aim of this work is to
evaluate the use of light, water and nutri-
ents of new genotypes from a breeding
program and to compare them with old
clones. A controlled-condition study was
carried out by describing interclonal diver-
sity (Monclus et al. 2005) and making
clonal-level comparisons. Our goals are to
assess the variability between clones in the
use of light, water and nutrients, and to
identify traits that can define the “model”
condition of genotypes. This information
will contribute to understand the empirical
perceptions of foresters about genotype
performances in the field.

Materials and methods

Site conditions and plant material

The experiment was carried out at the fa-
cilities of Estacion Experimental Agropecu-
aria Delta del Parand (INTA), in Campana,
Provincia de Buenos Aires, Argentina (34°
10’ 34" S, 58° 51 48" W). Mean annual rain-
fall is 1019 mm, evenly distributed through-
out the year, and mean annual tempera-
ture is 16.5 °C. Eight Populus deltoides
clones (P. deltoides ‘Australiano 129/60’, P.
deltoides ‘Carabelas INTA’, P. deltoides
‘Guayracd INTA’, P. deltoides ‘Hovyu INTA’,
P. deltoides ‘Nandi INTA’, P. deltoides ‘Nacu-
rutd INTA’, P. deltoides ‘Paycarabi INTA’, P.
deltoides ‘Pytd INTA’) and two Populus x
canadensis clones (P. deltoides ‘Ragonese
22 INTA’, P. x canadensis ‘Triplo’) were used

in the experiment. The model (Populus del-
toides ‘Australiano 129/60’) and non-model
(Populus = canadensis ‘Triplo’) clones were
included (Tab. 1). Clones were planted out-
doors in August 2017 in 20 L pots filled with
soil collected in areas normally used to es-
tablish poplar plantations. The soil is silt
loam, and the chemical characteristics are
described in Tab. S1 (Supplementary mate-
rial). Thirty-cm one-year-old cuttings of
each clone were planted up to half their
length, one plant per pot. We planted 20
cuttings of each clone (n=200); pots were
randomly distributed and mixed frequently
during the experiment. Two months after
planting, trees were pruned to leave a sin-
gle stem. Plants were maintained free of
diseases and pots were watered periodi-
cally to keep the soil at field capacity. The
experiment was divided into two sam-
plings: summer (December 2017) and win-
ter (July 2018). The list of all the variables
measured, their abbreviations and units
are shown in Tab. S2 (Supplementary mate-
rial).

Growth measurements

Eight plants of each clone were sampled
in summer (December) and the remaining
12 continued growing and were harvested
in winter (July). In summer, total biomass
was divided into 3 compartments: stem
(STEM), leaves (LEAF) and roots (ROOT);
while in winter plants had only stem and
roots. All the biomass was dried at 60 °C
(up to constant weight). Total dry weight
(TOTALgw, g), dry weight of each compart-
ment (STEMg,, LEAF4, ROOT4, g) and
STEM4,/ROOT,, ratio were obtained. The
total height (H, m) and collar diameter (CD,
mm) of every plant was measured for both
samplings.

Light use measurements

Bud burst date was registered for every
plant, and the last leaf abscission date was
registered in those trees that completed
the growing season. With this information,
the growing season duration was deter-
mined as “days with leaves” (Ldays).

For the summer sampling, five fully ex-
panded leaves of eight plants per clone (n
= 40) were collected. Leaf size (Lsize, cm?)
was determined on digital photographs of
each leaf and processed with the software
ImageTool v. 1.28 CMEIAS (University of
Texas, Texas, USA). After that, leaves were
dried at 60 °C up to constant weight. The
specific leaf area (SLA, cm*> g') was ob-
tained as the ratio between leaf size and
dry weight of the five leaves of each clone.
Plant leaf area (LA, cm?) was calculated as
LA (cm?) = SLA (cm? g*) - LEAF 4. (8)-

At the end of the growing season, leaf
area duration (LAD, m?> day) was calculated
as the function between LA and days. To
determine LAD, bud burst and abscission
dates were considered as the beginning
and the end of the period respectively. At
these moments LA was zero. Then, four LA
values were obtained during the growing
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Tab. 1 - Summary of information about genotypes used in the experiment. Abbr.: is the abbreviation used to identify each clone.
Sex: masculine (M) and female (F). Parents: identification of mother and father if known; Sm, Op: selected mother, open polliniza-
tion. Year: the year when clones began to be large-scale planted in the Delta del Rio Parand. Diffusion: present expansion degree of
each genotype among plantations. Class.: clones that have been available for more than 10 years were classified “old”; clones that
have been available for less than 10 years were classified as “new”. These data were compiled from the INTA database, meeting
with forest growers and information reported by Fossati et al. (2005) and Luquez et al. (2012).

Full name Abbr. Sex Parents Year Diffusion Class.
P. deltoides ‘Australiano 129/60’ A129 F  Sm, Op 90’s High old
P. deltoides ‘Carabelas INTA’ CAR M Sm, Op 2008 Medium old
P. deltoides ‘Guayraca INTA’ GUA M Sm, Op 2015 Medium New
P. deltoides ‘Hovyu INTA’ HOV F  Sm, Op 2016 Medium New
P. deltoides ‘Nandi INTA’ NAN F  Sm, Op 2017 Medium New
P. deltoides ‘Nacurut( INTA’ NAC F Sm, Op 2015 Medium New
P. deltoides ‘Paycarabi INTA’ PAY F Sm, Op 2016 Medium New
P. deltoides ‘Pyta INTA’ PYT M Sm, Op 2017 Medium New
P. x canadensis ‘Ragonese 22 INTA R22 M A129, P, nigra var. Italica 90’s Medium old
P. x canadensis ‘Triplo’ TRI M P deltoides ‘51-078’, P. x canadensis ‘1-154’ 90’s Low (0](]

season. In December, LA was calculated as
described in the previous paragraph (de-
structive sampling), whereas in November,
March and April LA was calculated as the
number of leaves multiplied by the mean
Lsize of each clone. The mean LA of each
date was graphed across the days. LAD
corresponds to the area under the curve.

In December 2017, light-saturated photo-
synthetic rate (Asat, umol CO, m? s"),
stomatal conductance (gs, mmol m? s)
and intrinsic water use efficiency (WUEI,
mmol CO, pmol* H,0) were measured in
top full expanded leaves of 5 plants per
clone. An Infrared Gas Analyser (IRGA —
Ciras 2, PPSystem, Amesbury, USA) was
used. The leaf chamber was set at 25 °C,
1500 umol m? s of photosynthetic photon
flux density (PPFD) and 360 ppm of CO,.

Water use measurements

Water consumption was determined in
five plants per clone at three different mo-
ments across the growing season: Novem-
ber 2017 (small plants), March 2018 (large
plants) and April 2018 (senescence begin-
ning). Plants were watered until field ca-
pacity and pots were covered with bags to
reduce direct evaporation from the soil.
They were weighed with a 0.1 kg precision
balance to obtain the initial weight (W1).
Then, they were kept without watering for
72 hours (t). After this period, every plant
was weighted again to obtain the final
weight (W2). Hourly water consumption
(WCh, kg h") was estimated as follows:
WCcCh (kg h) = (W1-W2) /t (h).

WCh was graphed across the days, and
accumulated water consumption (WC, kg)
throughout the growing season was de-
fined as the area under the curve. Bulk wa-
ter use efficiency (WUEb) was defined as
WUEb = WC [ STEM4,+ROOTy,, (winter sam-
pling). Then, WC was related to STEMg,, to
define stem production water-use effi-
ciency (STEMg/WC). ROOT,, was also re-
lated to WC to obtain an index of water up-
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take efficiency of the root system (WC/
ROOTyw).

Stem hydraulic conductivity (kh) was de-
termined with a multichannel perfusor for
every sampled plant at both samplings
times. About 14 cm length stems were
used for the measurements. Every stem
piece was taken 5 cm above the insertion
and cut under water to prevent the forma-
tion of new embolisms by air entry. The de-
terminations were done with distilled wa-
ter and under a 0.0098 MPa pressure gra-
dient (AP) generated by a 1 m water col-
umn. Stems were connected to the per-
fusor using teflon tape film to prevent wa-
ter leaks. Water collected during one
minute was weighted. Finally, kh was esti-
mated as kh (g cm s' MPa™) = Q L AP
where L is stem piece length, Q is the
amount of water that crosses through the
stem per unit of time, and AP is the pres-
sure gradient between the ends of the sys-
tem. Then, kh was divided by the cross-sec-
tional area (XA, cm?) to calculate specific
hydraulic conductivity (ks, g cm™ s* MPa")
as ks = kh [ XA, and by LA to calculate leaf
specific conductivity (kl, g cm™ s* MPa") as
kl = kh [ LA. To estimate the conductive XA
of the stem, the barkless diameter was
measured at two perpendicular positions.
The mean value was registered and the
pith diameter was not included in the esti-
mation because water is not conducted by
the pith and it could be relevant for annual
stems.

Nutrient use measurements

Three composed samples per clone were
performed for each compartment (stem,
leaves and roots). Each sample included
material from four individuals of the same
clone. Nitrogen (N) concentrations were
measured with the semi-micro Kjeldahl
method and phosphorus (P) concentra-
tions, by induced plasma emission spec-
troscopy, and were identified as follows:
stem N concentration (Ns, %), leaf N con-

centration (NI, %), root N concentration
(Nr, %), stem P concentration (Ps, ppm),
leaf P concentration (Pl, ppm) and root P
concentration (Pr, ppm). The samples were
collected in summer and winter at the
same time as biomass sampling for growth
measurements. Before the end of the
growing season, senescent leaves were
collected to be included in the analyses.
The concentrations of each compartment
were multiplied by the respective dry
weight to obtain P and N contents. Total P
content (Pc, g) and total N content (N, g)
were calculated as the sum of compart-
ment’s content. At the winter sampling, as
trees had no leaves, only stem and roots
compartments were considered. Only for
winter sampling, nitrogen use efficiency
(NUE) and phosphorus use efficiencies
(PUE) were calculated for each plant as:
NUE = TOTALg, (g) / Nc (g); PUE = TOTAL4,
(8) / Pc (g). Then, an index of the N and P
efficiencies to produce stem biomass was
estimated. N stem production efficiency
(Nspe) and P stem production efficiency
(Pspe) was calculated as: Nspe = STEMy,, /
Nc; Pspe = STEMy,, / Pc.

Statistical analysis

Data underwent analysis of variance (one
way ANOVA), with the clone considered as
the main factor. For variables measured in
winter and summer, each season was ana-
lyzed separately. After that, summer vs.
winter was compared for each clone sepa-
rately. When the effect clone was signifi-
cant (p < 0.05), the means were compared
using Tukey test.

Cluster analyses (hierarchical method, Eu-
clidean distance) were carried out from an
n x p matrix (n: ten clones; p: mean of each
variable). Four clusters were performed:
morphology, light use, water use and nutri-
ent use. Some variables can be repeated
among clusters. Only variables with signifi-
cant differences (p < 0.05) were included.
The cluster analysis of morphology was run
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Fig. 1- Total dry 200 B STEM,, LEAF,, [ ROOT,,
weight (TOTAL4w), _ SUMMER
stem (STEMy,), B
e 150 4 845 63.3 66.4 65.6 65.8 80.3 70.8 75.0 754 794
leaf (LEAFdW) and g b a a a a ab ab ab ab ab
root (ROOTyy,) dry g .
weight for both >
T
mmer v
S N (ab~o €) 2 504 bed ed  abed  d ab abe
and winter = a a ab abe
(below) sampling. E >  EX BN B N E EE E
Numbers onthe @
toprepresent g |
TOTALgy. Num-  E
h b (72} 27 28 26 1.6 1.9 28 32 23 24 23
bers on the bot- 100 4 be be abc a ab be c abc abc abc

tom represent
STEMy,/ROOTy,,
values. Different

150 -

TOTALgy: p= 0.0004 - STEMy,,/ROOT 4, p= 0.0005
STEMg,,: p <0.0001 - LEAF g, p <0.0001 - ROOTg,: p <0.0001

letters indicate 200 ~

significant differ-
ences (p <0.05)
among clones in
each season. P-
values of each
variable are also
reported for sum-
mer and winter.

2182 1435
d ab

150 -

100 o

50 4

50 4

Winter sampling dry weight (g)

100 A

1.8 24
c d
150 +

TOTAL,,: p <0.0001 - STEMy,: p <0.0001 - ROOT: p= 0.0098 - STEM, /ROOT, : p <0.0001

WINTER
165.9 187.0 1557 157.5 163.6 1712 1879 127.8
be cd abc abc abc bc cd a

13 09 0.9 14 0.8 1.0 14 11
ab a ab ab a ab be ab

A129 CAR GUA

with the following variables: STEMg,, (win-
ter), LEAFg, (summer) and ROOT, (win-
ter); STEMy,/ROOTy, (winter); H and CD
(winter); LA and SLA (summer). The cluster
analysis of light use included the following
variables: LAD, Ldays and Lsize; Asat and NI
(summer). The cluster analysis of water use
included: LA; WG kh and ks (summer and
winter); STEM4,/WC and WC/ ROOTy,. The
cluster analysis of nutrient use included: NI
(summer) and NI (senescent); Pl (senes-
cent); Nr and Pr (winter); NUE and PUE.

A multiple linear regression was carried
out to relate TOTALq, to light, water and
nutrient use. Three models were carried
out for estimating TOTALq, from light use,
water use and nutrient variables described

Fig. 2 - Time line

HOV NAN NAC PAY PYT R22 TRI

for the clusters analysis. The model show-
ing the lower AIC was selected and re-
ported.

Results

Growth

Clones had significant differences in total
height (H) and collar diameter (CD) in both
samplings (summer: H: F=20.41 - p <0.0001;
CD: F=4.73 — p= 0.0001; winter: H: F=25.36 —
p <0.0001; CD: F= 4.73 — p= 0.0001). A129
was the tallest, and only one of the six new
clones (GUA) and the old CAR and R22 had
similar height (Tab. S3 in Supplementary
material).

STEMg., LEAFg, and ROOT, were differ-

. TRI 263a
representing
days with leaves R e 274 bed
(Ldays) of each PYT 2794
clone. The num-
bers above the B i e e e e i et 267 ab
lines correspond NaAc 266
to the mean
amount of days O e s e e e e 2T
between bud HoV 277 cd
burstandabscis- T T T T T TTTTTTTTTTTTTTTTTTTTTTTT
sion dates. Dif- B e 268 abe
ferent letters CAR 260 a
indicate signifi- . S5

cant differences

(p <0.05) be-
tween clones.
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ent among clones in summer and in winter.
A129 had the highest TOTALq4, and STEMgy.
Clonal variability was also observed in
STEM4/ROOTy4,. The non-model clone
(TRI) was similar to others for the summer
sampling but had the lowest TOTAL,,, for
the winter sampling (Fig. 1).

Light use

The duration of the growing season, ex-
pressed as Ldays, was different among
clones (F=3.39; p <0.0001). A129 had the
highest Ldays while TRI and CAR had the
shortest growing season (Fig. 2). High am-
plitude was observed in LAD, from 59 to
108 m? day, corresponding to an old (CAR)
and a new clone (PYT), respectively (Fig. S1
in Supplementary material). Asat was sig-
nificantly different between clones: from
7.78 to 15.27 ymol m? s, corresponding to
the new clone NAC and the old clone R22,
respectively (Tab. 2). The intrinsic water
use efficiency (WUEi) and the stomatal con-
ductance (gs) did not vary between clones
(Tab. 2).

Water use

Stem hydraulic conductivity (kh), specific
hydraulic conductivity (ks) and leaf specific
hydraulic conductivity (kl) were signifi-
cantly different among clones (Tab. S4 in
Supplementary material). Summer kh fluc-
tuated from 37.9 to 82.6 g cm s* MPa", cor-
responding to a new clone (NAN) and the
non-model old clone (TRI), respectively (F=
4.71; p=0.001), while kI was highest in the
TRI and lowest in NAN (F=6.88; p<0.001). In
winter, kh ranged from 20.2 (old R22) to
86.3 g cm s' MPa' (non-model TRI) (F=
19.68; p<0.001). Some clones had signifi-
cant differences between summer and win-
ter kh. In those cases, kh in winter was
lower than in summer. In summer, ks var-
ied between 50 and 93.7 g cm” s* MPa",
corresponding to the model clone A129
and the new clone HOV, respectively (F=
3.82; p= 0.001). All clones evaluated de-
creased ks in winter (F= 33.22; p <0.001)
(Tab. S4 in Supplementary material).

Accumulated water consumption (WC)
across the growing season varied among
clones (F=4.41; p=0.001). The old P. x can-
adensis R22 and non-model TRI had the
highest and lowest WC respectively (Fig.
S2). No significant differences were found
among clones in WUEb (mean= 0.001 kg
DW kg H,O"; F=1.29; p=0.28), but the rela-
tion STEM,,/WC did vary. Moreover, water
uptake efficiency of the root system (ex-
pressed as WC/ROOT,,) also varied. The
model and non-model clones were similar
in both traits (Tab. 3): high STEM,/WC and
low WC/ROOT g

Nutrient use

Variation in NI was significant among
clones (F=5.57; p=0.0008). NAN (new) and
A129 (model) were the clones with the
highest values. No differences were found
among clones neither in Ns (mean=0.53%;
F=1.93; p=0.106) and Nr (mean=1.16%; F=
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Tab. 2 - Light-saturated net photosynthesis (Asat), stomatal
conductance (gs) and intrinsic water use efficiency (WUEi) for
each clone (summer sampling). Means * standard deviations
are reported. Different letters indicate significant differences

(p <0.05) between clones.

The physiological basis of forester’s choice of poplar clones

differences (p <0.05) between clones.

Tab. 3 - Relation between water consumption and dry mass of
stem (STEM,/WC) and roots (WC/ROOT,). Means + standard
deviations are reported. Different letters indicate significant

: Clone STEMau/WC WC/ROOT.,

Clone gs Asat WUEi (mmol CO, (g kg™ (kg g)

(mmol m*s7) _ (umolm®s") __pmol” H:0) A29 0.91:0.86" 1342086°
A129 176 + 124 12.89 + 4.63°  5.12+1.16 AR 240
CAR 133 £ 80 9.75+ 475  3.97 +1.60 CAR 0.84+0.11° 3.44£081°
GUA 148 + 84 12.05+3.82%  4.64+1.34 GUA 0.71 £ 0.07* 1.81£0.24%
HOV 187 + 106 12.82 £3.60°  4.87 +1.55 HOV 0.66 +0.10 1.28+0.40°
NAN 171+ 83 1147 £1.77%  3.83£1.12 NAN 0.66 +0.08 1.36£0.29%
RAC 122 + 86 7.78+5.73*  3.87 +1.89 NAC 0.56 +0.17 * 1.34£0.53°
PAY 124 + 80 10.49 + 5.79% 4.48 + 1.52 PAY 0.68 +0.09 * 1.35£0.32%
PYT 141 + 58 9.85 + 1.82% 4.17 £ 1.58 PYT 0.82£0.19% 1.66 + 0.44*
R22 195 + 110 15.27 + 4,13 5.24 £ 1.24 R22 0.40 £ 0.13° 2.65£0.74 "
TRI 143 + 113 10.48 + 6.42°  4.40 + 1.41 TRI 0.78 + 027" 1.43£0.25®
F 0.82 2.27 1.28 F 3.98 7.05
p-value 0.5976 0.0236 0.2568 p-value 0.0020 <0.0001

1.49; p=0.219) during the summer, nor in Ns
during the winter (mean=1.11%; F=0.41; p=
0.913). However, differences were signifi-
cant in NI of senescent leaves (F=5.20; p=
0.001) and Nr in winter (F=4.29; p=0.003).
One of the old clones (CAR) had the high-
est NI in senescent leaves (1.47%), while
NAN, NAC, PAY, PYT (new clones) and TRI
(non-model) had the lowest values (around
1%). Nr in summer ranged from 1.06% to
1.29%. In winter, Nr varied from 0.87% to
1.28%. Comparison of sampling dates
showed a 28-49% decrease in NI from sum-
mer to winter. Besides, there was an in-
crease in Ns in winter with respect to the
summer, except for HOV (new), which had
similar values in both samplings. Moreover,
Nr of HOV, NAN, PAY and PYT, four of the
six new clones, was significantly lower in
winter than in summer. The remaining
clones had similar Nr at both samplings
(Tab. S5 in Supplementary material). Total
nitrogen content (Nc) at the end of the
growing season varied significantly among
clones (F=9.60; p<0.001). The model clone
(A129) had the highest N content in the
stem and roots (2.55 g), while the non-
model (TRI) had 1.40 g of Nc in winter. Dif-
ferences in the N content were also evi-
dent for each biomass compartment; old
clone CAR had the lowest root N content,
while its stem had one of the higher
amounts of N. Furthermore, the model
clone (A129) had higher N content in the
stem, but did not differ from the others in
roots N content (Fig. 3).

Phosphorus (P) concentration in summer
was similar for all clones in each biomass
compartment. Green leaves varied be-
tween 1600 and 2400 ppm of P (F=1.66; p=
0.166), Ps was around 1800 and 2600 ppm
(F=0.92; p=0.527), and Pr was between
1200 and 1650 ppm (F=1.85; p=0.121). De-
spite this amplitude, no significant differ-
ences were found among genotypes.
There were clonal differences in P concen-
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tration of senescent leaves (F=6.14; p=
0.0004) and roots (F=2.87; p=0.024) at the
end of the growing season. The new clone
PYT had the lowest Pl in senescent leaves
(1195 ppm). GUA, PAY and NAC (new
clones) had the lowest Pr for the winter
sampling (~1300 ppm), while R22 was the
clone with the highest Pr (2172 ppm). Ps in
winter varied from 1000 to 2000 ppm, but

no significant differences were found
among clones (F=2.32; p=0.06). Pl in senes-
cent leaves was similar for both samplings,
except for two new clones, NAN and PYT,
which had a significant P decrease in the
leaves in winter. There was no difference in
Pr between summer and winter (Tab. S6).
Pc (g) after foliar abscission was highly
variable among clones (F=19.62; p<0.001).

N Stem Leaves I Roots
Sum: 09a 07a 08a 08a 07a 08a 07a 08a 09a 08a
Win: 26c 17ab 18ab 19ab 16ab 16ab 16ab 1.7ab 20b 14a
)
-
c
7]
-1
c
o
o
c
[
=]
o
£
z
Summer: Stem: p= 0.0004 - Leaves: p= 0.03 - Roots: p= 0.02 - Nc: p= 0.04
Winter: Stem: p <0.0007 - Roots: p= 0.07 - Nc: p <0.0001
Sum:0.1bc 0.1abc 0.1ab 01a 01ab 01ab O0.1abc 0.1abc 02c 0.1abc
Win: 04de 02ab 02ab 03bc 02ab 02ab 02ab 03cd 04e 02a
0.3
G
-
c
i
<
[}
o
7]
S
I~
o
<
o
o
<
o
Summer: Stem: p <0.0007 - Leaves: p <0.0007 - Roots: p= 0.005 - Pc: p= 0.0004
Winter: Stem: p <0.0007 - Roots: p <0.0007 - Pc: p <0.0001

A129 CAR GUA HOV NAN NAC PAY PYT R22 TRI

Fig.3-Nand P con-
tent (g) of stem,
roots and leaves in
the summer, and
stem and roots in
the winter for all
evaluated clones. N
and P content are
the result of multi-
plying the N and P
concentrations (g -
ga4.") by the dry
weight of the
respective biomass
compartment (gaw)-
For every clone, the
bar on the left rep-
resents the summer
sampling (sum),
while the right one
represents the win-
ter sampling (win).
Numbers on each
top margin indicate
N total content
(Nc) and P total
content (Pc) for
each clone at both
samplings. Different
letters indicate sig-
nificant differences
(p <0.05) among
clones for the same
season.
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Tab. 4 - Nitrogen and phosphorus use efficiencies (NUE: winter TOTAL¢,/Nc; PUE: win-
ter TOTALgw/PcC). Relationship between STEMg,, at the end of the growing season with
Nc and Pc (Nspe and Pspe). Means + standard deviations are reported for each clone.
Different letters indicate significant differences (p <0.05) between clones.

Clone NUE PUE Nspe Pspe
A129 87 +6® 622 + 64° 55+ 6% 395 + 60 ™
CAR 84+7% 723 + 111>« 58+ 6" 500 + 81 ¢
GUA 94 + 8 828+75° 52+6® 456 + 70
HOV 102 + 14 % 697 + 34" 46 + 13 312 +53 %
NAN 96 + 5 3 762 + 60 < 46 +4°? 364 + 64
NAC 96 + 6 807 + 65 49 +5%® 410 + 54 «
PAY 104+ 10 832+ 1021 46 £ 4° 369 + 56 **
PYT 104 +30° 616 + 142 ° 51+18%® 306 £ 94
R22 95 + 5 ¢ 492 + 67 ° 54+ 6% 281 £53°
TRI 92 + 12 ¢ 748 + 84 < 47 £ 10 389 + 85"
F 3.72 18.53 2.78 11.49
p-value 0.0004 <0.0001 0.0058 <0.0001

No significant differences were found
among genotypes in both roots and stem P
content. The old R22 and the model A129
were the clones with the highest P content
accumulation at the end of the growing
season (~0.40 g plant™). The non-model old
clone (TRI) had the lowest value of P con-
tent with only 0.17 g in the stem and roots.
We found differences in resources parti-
tioning: while there were no differences
between R22 and A129 in Pc, differences
were found in the partitioning of P to the
roots. Moreover, the non-model clone TRI
was on the opposite side of the model
A129 regarding Pc, but there were no dif-

Morphology

ferences in root content (Fig. 3).

Significant differences were found among
clones in NUE and PUE. The most N effi-
cient clones were two of the six new
clones, both with similar values (PYT and
PAY). However, they differed at the PUE.
PAY was also one of the most efficient
clones in PUE with another new clone
(GUA). Otherwise, the model A129 and the
old R22 were two of the least efficient
clones considering both nutrients. CAR had
the highest stem production efficiency con-
sidering accumulated N and P (Nspe and
Pspe - Tab. 4).

Light use

Multivariate similarities among clones

Clusters analyses allowed to group and
identify similarities among old, new and
model genotypes. The model clone A129
was the only one which was always located
at the same position in every cluster. In the
morphological cluster, the model and non-
model clones were located in opposite
groups. A129 constituted an individual clus-
ter and, despite belonging to a separate
group, a less disseminated clone (CAR) was
the nearest clone. There were clear differ-
ences between A129 (model) and R22 (old)
in physiology and resources use, but they
did not reflect large differences in morphol-
ogy. They looked quite similar, but they
function differently. PAY and NAN, two of
the newest available clones, were identi-
fied as the most similar to each other, but
they differed from the model. The two P. x
canadensis clones (TRI and R22) were dif-
ferent to each other. There were more sim-
ilarities between hybrids and P. deltoides
clones than between hybrid clones. It was
not possible to identify a pattern among
old and new genotypes as they all alter-
nate positions with respect to the model
(Fig. 4).

We identified three groups in the water-
use cluster, with one of those groups com-
posed of one of the old clones only (R22).
The model clone formed a group with two
new clones (NAN and PYT) and one of the
oldest clones (CAR). The non-model clone
(TRI) occupied an opposite position, near
to the other P. x canadensis one (Fig. 4).

R22 also constituted a separate group in
both the light use and nutrient use clus-
ters, with alternating positions between

Fig. 4 - Cluster analyses (hierarchi-
cal method, Euclidean distance)

using data of four groups of traits
(morphology, light use, water use
and nutrient use). Cophenetic cor-
relation: morphology = 0.80; light

=
=Y
8

1,40 280 4,19

s
8
o
i
c
@
o

-
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>

RO

use = 0.76; water use = 0.76; nutri-
ent use = 0.83. The model clone
(A129) is always at the bottom. The
non-model clone (TRI) is marked
with a rectangle. The new clones
are marked with an elipse. Vari-
ables included in each cluster anal-
ysis were: Morphology: STEMg,,

559 0,00 1,10 2,20 3,30

Nutrient use

(winter), LEAF4, (summer) and
ROOTg, (winter); STEMg./ROOT 4y
(winter); H and CD (winter); LA and
SLA (summer). Light use: LAD,

-
r

Ldays and Lsize; Asat and NI (sum-
mer). Water use: LA; WG; kh and ks
(summer and winter); STEM4,/WC
and WC/ ROOTy,. Nutrient use: NI
(summer) and NI (senescent); Pl
(senescent); Nr and Pr (winter);
NUE and PUE. Mean, standard

@@l@[@@s
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deviation, minimum and maximum
values, F and p-values of all the
variables included in this analysis
are listed in Tab. S7 (Supplemen-

s»  tary material).
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old and new clones in both clusters. The
new HOV and NAN clones were quite simi-
lar to the model in terms of light use. In ad-
dition, HOV was the closest clone to the
model in the nutrient use cluster, and
shared the cluster with another new clone,
PYT. The clone R22, a genotype with a dif-

Tab. 5 - Multiple linear regression to select the most relevant traits that explain
TOTALy, in absence of stresses. Three models were carried out with traits described
in Fig. 4 related with light use, water use and nutrient use. The model showing the
lower Akaike Information Criterion (AIC) was selected. Adjusted R? (R? adj) and square
mean error (SME) are reported.

fusion date similar to A129, showed clear TOTAL:w  Regressors AIC  R?adj SME
differences in functional traits with respect  Light use  -692.7 + 2.7 Ldays + 58.5 NI (summer) 84.2 0.74 358
to the model (Fig. 4). Water use 190.1 + 1.0 WC - 1.2 ks (summer) + 4.6 kh 87.3  0.62 9643
. . (winter) - 5.6 ks (winter) - 17.6 WC/ ROOT .
Relationship between total dry mass Nutrient  816.6 + 48.2 N ( ) 19.2 NL( 0. 4.7 ] 134
and morpho-physiological traits utrien -0+ 40. summer) - 15. senescent) - :
pho-phy 8 use 258.4 Nr (winter) - 0.02 Pr (winter) - 3.8 NUE -

The multiple linear regression allowed us
to identify the relation between TOTALg,
and different physiological traits. For light
use, TOTAL4, was positively related to
Ldays and NI in the summer. For water use,
the dry matter production was positively
related to WC, WUEi and STEM,/WC on
the one hand, and negatively related to ks
and WC/ROOT,, on the other. Finally, we
observed a positive relation between TO-
TAL4, and five of the nutrient use traits in-
cluded in the analysis (Ns, Ps, Nr, Pr, and
PUE), and a negative relation between TO-
TAL4w and NUE (Tab. 5).

Discussion

Controlled-condition studies are a good
method to describe ecophysiological traits
and make comparisons, although they
have some limitations to predict yields at
field conditions (Monclus et al. 2005, Weih
& Nordh 2005). The genotypes evaluated in
this study are commercial clones. This
means that they have been selected from
genetic improvement programs and their
productivity in the field was proved. Thus,
this pot experiment can help to establish
relationships among clones, but it is not a
test of field performance. The interclonal
diversity can be well described by pot ex-
periments (Monclus et al. 2005, Alvarez et
al. 2020) and the information can be im-
proved by complementary field studies
(Kawaletz et al. 2014).

Although all the clones used in this exper-
iment, or even their parents, came from
similar latitudes (Luquez et al. 2012), we
found great variability between traits and
clones. Dry mass partitioning was highly
variable among genotypes, and both the
model and the non-model clones were in-
termediate in stem:root and root dry
weight. Two of the new clones, HOV and
PAY, develop a large root system consider-
ing both root dry mass and its relation to
stem weight. On the other hand, old CAR is
the clone with the lowest root proportion
related to the stem and the one with the
lowest root dry weight. High biomass parti-
tioning to roots may be associated with ac-
climation to drought (Warren & Adams
2005) or with high water and nutrients up-
take capacity through soil exploration
(Donnelly et al. 2016, Zadworny et al. 2021).
This could indicate lower root system effi-
ciency, however, as clones with great parti-
tioning to roots need high investment in
belowground biomass to obtain resources,
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while CAR has a competitive stem growth
with a small root system. Nevertheless, a
small root system could make difficult wa-
ter uptake if water deficit occurs (Costa
Silva et al. 2004), and it can explain the low
growth of CAR in dry years (Alvarez et al.
2020).

The model A129 has high yield that could
explain its wide expansion (Alvarez et al.
2020). Despite being a one-year controlled
condition study, its potential performance
was confirmed. Stem growth in A129 is at-
tributed to an important root and foliar
system which allows to explore soil and
capture light. When A129 and CAR are con-
trasted with respect to their morphological
and physiological traits, a functional differ-
ence is observed: A129 is a “more expen-
sive” clone than CAR in terms of carbon
and nutrients. If we consider productivity,
they are both competitive genotypes in
stem production, but they have different
soil exploration patterns.

Clonal differences in variables related to
the temporal pattern of light use were also
observed. For example, bud burst and fo-
liar abscission dates were different. CAR
(old) is one of the clones with smaller leaf
area and a shorter growing season (days
with leaves). Thus, it has the lowest leaf
area duration (LAD). This old clone has 24
days with leaves less than the A129 model
and a much smaller root system. Hence,
CAR could be considered an efficient geno-
type in stem growth with respect to re-
sources use. This was also observed com-
paring water uptake by roots since CAR
has the highest WC/ROOTg4,. On the other
hand, the non-model (TRI) is one of the
clones with the lowest relation between
water uptake and roots dry weight, and
the clone with the minimum yield at the
end of the growing season. TRI consumes
less water, but this is due to its low growth
rate and not due to high efficiency. It is
worth mentioning that TRl is a clone com-
monly planted in Europe (Toillon et al.
2016) where it shows better performance
than in the Delta del Parand, Argentina.

Significant differences were found among
clones in nitrogen and phosphorus reten-
tion, but the relation between plant size
and nutrient accumulation was not
straightforward due to clone variability in
tissue concentrations. It is important to

consider plants’ nutrient accumulation in
wetlands, where nitrogen-inorganic forms
in the soil can easily lixiviate, and available
phosphorus is usually low due to edaphic
factors (Reddy et al. 2005, Hantush et al.
2013, Spera et al. 2020). Furthermore, vari-
ability in nutrient cycling could have a rele-
vant impact since soil properties determine
global and regional patterns of soil micro-
bial communities (Kang et al. 2021). This is
also important as leaf nitrogen content can
partly affect the growth of clones (Monclus
et al. 2005), and nutrients stored in stems
and roots are used to sustain the initial
burst in spring. We found that the model
clone A129 accumulates high amounts of N
and P in the tissues, so it probably reduces
N lixiviation and enhances initial growth in
spring, two positive processes to increase
forest productivity. Very low nutrient accu-
mulation was observed in the non-model
TRI, and if this process is repeated every
year, it can explain TRI’s low yield.

Morpho-physiological  differences be-
tween clones have been proved, even
among clones belonging to the same spe-
cies. These results are consistent with pre-
vious research on other species that also
have verified clonal variability (Boyden et
al. 2008, Stovall et al. 2012, Donnelly et al.
2016). In this study, we observed a similar
performance among clones from different
species like A129 and R22, two genotypes
that began to be planted on a large scale at
the same time. This similarity is probably
due to a genetic relationship since A129 is
hybrid R22’s mother. However, there are
other P. deltoides clones similar to P. x
canadensis genotypes. For example, GUA
(new clone) has great morphological and
physiological similarities with the old R22
(STEMy./ROOT,,, Ldays and LAD). They
also have similar total nitrogen content at
the end of the growing season, though
they vary significantly in water consump-
tion and phosphorus total content. Low
water consumption could be related to the
differences found towards the winter: GUA
has a more important decrease at stem hy-
draulic conductivity (kh) and specific hy-
draulic conductivity (ks) with respect to
the summer measurements. A stem with
low conductivity could be the reason for
lower water consumption (Gleason et al.
2012, Dietrich et al. 2018).
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The stability of the model clone A129 was
confirmed by its relative positioning in
morphology, light, water and nutrient use
clusters. There was no clone analogous to
the model in the 4 clusters at the same
time, as any clone is equivalent in function-
ality to the model clone. The most similar
genotypes to A129 were NAN (water use),
HOV (light use) and CAR (nutrient use).
Therefore, the model clone should be re-
placed by NAN, HOV or CAR depending on
whether water availability, light availability
or nutrient availability are critical. Addition-
ally, we observed that A129 constituted an
individual cluster in the morphology analy-
sis, although CAR, GUA and R22 were close.
That means that the morphological aspect
of A129 is unique, and this can facilitate
identification for foresters. Despite planta-
tion of A129 and R22 began at the same
time, model A129 has shown a greater ex-
pansion than R22. The differences in the
use of resources, especially those related
to light and nutrient use, seem to be rele-
vant to explain the differences in the ex-
pansion rate of both genotypes.

The functional traits (morphological, phy-
siological and phenological) help under-
stand plant performance (Violle et al.
2007). Working with ten clones we found
that performance (measured as total dry
mass) is positively related to N concentra-
tion in leaves and the days with leaves, i.e.,
the length of the growing season. We also
found that higher growth is related to
higher water consumption, highly conduc-
tive stems and big root systems, i.e., plants
with big absorbing roots and big stems,
both with low specific conductivity. This in-
formation is significant since the breeding
programs can evaluate non-traditional
traits and select genotypes related to per-
formance. In this way, it would be possible
to find clones with similar growth than the
models, but with different morphological,
physiological and/or phenological attrib-
utes. The Delta del Parand example can be
assumed in other poplar-production re-
gions since the low diversity within planta-
tions is frequent. For instance, in Italy and
Spain the most widely planted clone is Pop-
ulus x euramericana ‘I-214’ (Barrio-Anta et
al. 2008, Paris et al. 2011), which can be
considered a model clone. Characterizing
model clones is crucial for guiding breeding
programs in the search of new candidates.
Finally, morpho-physiological evaluations
under non-stressful conditions should be
complemented with assessments of the re-
sponses to the most common stresses that
plantations withstand in each region, as
yield stability and phenotypic plasticity dif-
fer among poplar clones (Alvarez el al.
2020).

Conclusions

High variability in physiology and mor-
phology associated with different uses of
resources was observed among poplar
clones belonging to the same species. This
study demonstrates that variability not
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only relates to visible phenotype, but also
to functionality. This type of information
could be relevant for optimizing water,
light and nutrient uses. It is also important
because it helps explain the forester’s pref-
erence for a clone over others. Knowledge
about functional variability enables for-
esters to conduct more intelligent and site-
specific silviculture and to optimize the
genotype selection in breeding programs.
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