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Introduction

Radiata pine is the most planted forest species in
Chile, covering an estimated area of 1.39 million ha (IN-
FOR, 2018). Plantations have been successful in Medi-
terranean climate areas where summers are relatively
dry (Mead, 2013). However, summer droughts or soil
moisture deficits may greatly reduce productivity of the
species. Because climate change may increase drought
events in the summer season (IPCC, 2013), there is a
need to identify the best planting material for drought-
prone sites as early as possible in the selection process.

Some studies have supported the hypothesis that
phenotypic performance of different genotypes under
field conditions can be predicted at early developmen-
tal stages in nursery. The success of prediction, among
other factors, is related to how well the nursery growth

ABSTRACT: Pinus radiata D. Don is the most widely planted exotic species in Australia, Chile,
New Zealand and Spain. In this study, growth and survival of P. radiata were compared in 30 open
pollinated families grown under two contrasting watering regimes in nursery (well-watered cf. wa-
ter-stress conditions) and planted on a drought-prone site with Mediterranean climate in central
Chile. This study assessed phenotypic plasticity in growth and survival at nursery stage and two
years after establishment in the field. Family plasticity at nursery stage was estimated by the
angular phenotypic change index (APCI), while the relationship between nursery and field traits
was estimated by genetic correlations (r,) and the Pearson coefficient of correlation (r,). Families
presented high plasticity in diameter, height, and survival at nursery stage. Out of 30 families,
eight exhibited over 80 % survival in the wellwatered treatment, but less than 20 % survival in
the water-stress treatment. As expected, growth traits and survival were positively correlated
(r,andr, > 0.65) between both nursery environments. However, for growth, most genetic and
phenotypic correlations between combinations of nursery treatments versus the field test were
negative or not significant. As there was no detectable pattern of nursery-field correlations
regarding to combinations of nursery treatments and test site, the need to include more stable
families and genotypes to an appropriate developmental stage at nursery is discussed.
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stage of plants tested is also an important factor that con-
tributes to early selection (Lascoux et al., 1993). In this re-
spect, Jansson et al. (2005) found no consistent correlation
between nursery data (i.e., growth chamber experiment)
and 24-year-old-field data in Picea abies L. This situation
may be attributed to the fact that growth is regulated by
ontogenic changes (Hodge and White, 1992), influencing
nursery-field correlations (Williams, 1987).

Genetic differences in growth and survival under
drought stress at nursery and in drought-prone sites
have been documented in P. radiata (Espinoza et al.,
2014, 2017). However, prediction of performance of dif-
ferent families in the field, based on early evaluation at
the nursery stage, has not been explored. In this study,
we assessed the relationship for growth and survival of
30 P. radiata families at nursery stage and two years af-
ter establishment in a drought-prone site.

conditions simulate field conditions. Cannell et al. (1978)

found high growth stability of Pinus taeda L. families cul-

Materials and Methods

tured for one growing season at nursery and then at eight

years after planting (measured as a positive correlation
of family means between both environments). Similarly,
Tan et al. (1995) found high and positive correlation for
growth traits in Picea mariana [Mill.] B.S.P. families culti-
vated in water-stressed nursery environment during two
growing seasons and then 16 years after establishment
in a dry site. Conversely, Jansson et al. (1998) found only
weak-to-moderate positive correlations in Pinus sylvestris
L. between seedlings cultured for three growing seasons

Plant material

The material used in this study consisted of a ran-
dom subset of 30 open-pollinated radiata pine families
from different breeding generations belonging to For-
estal Mininco S.A. radiata pine breeding program in
Chile. To analyze the relationship between 6-month-old
seedlings and 2-year-old trees, two experiments were
conducted independently in a nursery and in an experi-
mental field site.

at nursery and traits after 20 years in the field. Accord-

ing to Harfouche (2003), simulating field limiting factors
at nursery does not always improve correlations between
growth at nursery and in the field. The developmental
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Nursery experiment
Seeds of 30 families were cultivated at nursery for
165 days. The seeds were sown in Oct 2012 in 140 mL
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pots (88 cavities per holding tray) with a mixture of com-
posted bark of P. radiata pine and perlite (particle size
0.5-3 mm) (8:2 v:v), combined with a slow-release fer-
tilizer (Basacote plus 6M, at 3 kg m?). The experiment
was divided into two phases. First, a growing phase
(watering-to-container capacity, average temperature
and relative humidity between 14-20 °C and 60-70 %,
respectively) that lasted until the plants were 120 days
old. Second, the seedlings were submitted to two wa-
tering regimes (well-watered and water-stress treat-
ments) during 45 days, as described by Espinoza et al.
(2013). In the well-watered treatment, seedlings were
kept under the same watering regime as previously
mentioned, while the water-stress treatment comprised
three 13-day cycles of water retention plus two days of
watering between each cycle. Replicates were arranged
for all seedlings to receive the same light and micro
climatic conditions, except for the watering regime.
Irrigation was carried out using micro sprinklers and
an automatic irrigation system set for water seedlings
every day and twice per day in the well-watered condi-
tion, and every 13 days in the water stress condition.
Temperature and relative humidity averaged 17° and
65 % for the well-watered condition, and 22 °C and
59 %, for the water stress treatment. The predawn wa-
ter potential (V) was used as an indicator of the water
status in the seedlings. This parameter was measured
at the end of the experiment (i.e., day 166) by using
a subsample of three seedlings per family per water-
ing regime. Seedlings were excised near the substrate
surface and the predawn water potential was measured
with a Scholander pressure chamber between 04h00 to
06h00. Seedlings in the well-watered treatment kept an
average predawn water potential (¥ ) of -0.5 + 0.1
MPa. In the water stress treatment, seedlings reached
an average ¥, of —1.5 + 0.1 MPa. After the watering
treatments were applied, height (H), root collar diam-
eter (D), survival (SUR) (as a categorical trait, i.e., 1 =
alive, 0 = dead), and shoot ontogeny were measured in
all seedlings. Shoot ontogeny was registered in terms of
presence or absence of dwarf shoots (Williams, 1987).
Later, the survival rate was analyzed as percentages.
The experiment was arranged as a split-plot design,
with watering regime as the whole plot and family as
the sub-plots. The two watering treatments were ap-
plied to 30 families x 3 replicates x 11 seedlings per
family (i.e., 1,980 seedlings in total).

Field trial

Another group of seedlings of the same 30 fami-
lies were independently grown for 10 months (i.e., from
Oct 2012 to July 2013) under the same conditions of the
growing phase mentioned above. After that, a field trial
was established in Aug 2013 at the Alcapan (Los Ange-
les, central Chile, 37°12" S, 72°10' W, 200 m a.s.l) on a
flat site. The soil at the study site was sandy (93 % sand)
with very low water holding capacity (5 % volume at a
depth of 3 meters) and low levels of total nitrogen and
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phosphorus (Huber and Trecaman, 2004). In the site,
precipitation occurs mostly in the winter months (553-
619 mm); whereas, the summer months are typically hot
and dry (maximum summer air temperature from 26 to
28 °C). The dry period lasts longer than seven months.
Because of the dry conditions in summer at the study
site and good weed control operations, scarce weed veg-
etation was observed. Site preparation consisted of sub-
soiling at up to 50 cm depth. The trial was planted with
shovels in July 2013 following a completely randomized
block design with nine replicates of 30 families and
9-tree square plots each (i.e. 2,430 seedlings). Seedlings
were planted at 3 x 3 m spacing, with plant density of
1,111 stems ha™. In Mar 2015, ¥ , was measured on a
random subsample of 150 trees (i.e. 5 blocks x 30 fami-
lies x 1 tree per block per family = 150 trees) with the
pressure chamber. Trees kept an average ¥, of -0.6 +
0.2 MPa. H, D and SUR were measured in all trees two
years from planting (i.e. July 2015).

Data analysis

The phenotypic plasticity of each family at nurs-
ery stage was estimated by the angular phenotypic
change index (APCI) (Chambel et al., 2007). Briefly, fam-
ily means for each trait were determined for water stress
treatment (on the x-axis) and under the well-watered
treatment (on the y-axis), and represented graphically
following Pigliucci and Schlichting (1996). This way,
each family is represented by a single point based on
axes in the same scale. The one-to-one diagonal repre-
sents a null phenotypic change (i.e. a flat reaction norm),
where the vector with angle o can be interpreted as an
index quantifying the phenotypic change. The angle a
for any trait is calculated from the arctangent of phe-
notypic value in well-watered treatment divided by
phenotypic value in water-stress treatment. When a
vector is on the diagonal (i.e. an APCI value is equals
to one, or a 45° a angle), it represents a family with
no plasticity (i.e. equal phenotypic values in both envi-
ronments). Conversely, if there is a marked difference
in the phenotypic value between both environments,
the plasticity level of a family is proportional to the
APCI values (i.e. 0° < o < 90°). In our experiment,
two families exhibited 0 % survival in the water-stress
treatment (families 20 and 28) and 82 % survival in the
well- watered treatment, which were assigned an APCI
value close to zero.

To assess the relationship between nursery and
field performances, multivariate analyses were con-
ducted to estimate the genetic correlations for a trait (r ,
Burdon, 1977) between different combinations of three
environments, as follows:

r, = o (1)

N RIS

where o, , is the additive genetic covariance compo-
nent between traits x and y (i.e. D, H, and SUR), &7, is
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the additive genetic variance component for trait x, and
o, represents the additive genetic variance component
for trait y. Similarly, we used the Pearson coefficient of
correlation (rxy), based on family means, as a measure of
the phenotypic correlation. The linear model was:

Yju =p+E;+B(E)y+ F, + ExF, + F*B(E); tey  (2)

where, Yijklis the measurement, p is the overall mean, E,
is the fixed effect of the i environment (water stress at
nursery, well-watered at nursery, or field trial), B(E),, is
the fixed effect of j block nested within the i* environ-
ment, F, is the random effect of the k™ family (k = 1
to 30), E*F, and F*B(E),,, represent interaction between
families and environments and blocks within environ-
ments, and e, is the experimental random error.

Results

Family phenotypic plasticity at nursery stage

After 165 days of growth, in the water-stress treat-
ment, family averages for D, H, and SUR were 2.71 mm,
22.5 cm, and 42 %, while coefficients of variation were
5.6, 13.4 and 63 % for the same traits. In the well-watered
treatment, family averages for D, H, and SUR were 3.51
mm, 26.9 cm, and 100 %, while coefficients of variation
were 7.7, 12.1 and 9 % for D, H, and SUR, respectively.
In both watering treatments, 100 % of seedlings did not
register the presence of dwarf shoots (data not shown).
These results highlight the higher variation for survival,
when water stress occurs. APCI values reflected differ-
ences in plasticity for all traits analyzed. For D and H,
the families under study showed high plasticity (Figures
1A, B). APCI family values ranged from 0.87 to 0.98 for
D and from 0.83 to 0.94 for H. In the case of survival,
APCI values ranged from 0 to 1.47 (Figure 1C). An APCI
value equal to O represents families with 0 % survival in
the water-stress treatment, but 100 % survival in the well-
watered treatment. This high divergence in APCI values
for survival was because eight families exhibited less than
20 % survival in the water-stress treatment. Two of those
eight families exhibited no survival in this treatment.

Relationship between growth and survival at
nursery and field

Two years after planting, family averages for D,
H, and SUR were 20.1 mm, 85.9 cm, and 74 %, respec-
tively. Growth traits and survival were highly and posi-
tively correlated between nursery environments (i.e.,
well-watered cf. water stress). Conversely, correlations
of traits between nursery environments and the experi-
mental field site varied from null to low negative cor-
relations (Table 1, Figure 2). Genetic correlations (rg) for
growth traits were positive in the nursery environments,
but negative in the nursery-field combinations. For sur-
vival, a positive genetic correlation between nursery
water stress and experimental field site was observed
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Figure 1 - Phenotypic plasticity analysis based on family means

for growth and survival. A = Root collar diameter; B = height; C =
survival. Black dots represent average family APCI values.

(Table 1). In the case of Pearson correlations (rxy), a simi-
lar tendency in the nursery environments was observed
for these three traits under study (i.e., a positive correla-
tion), but a negative (H) and non-significant (D and SUR)
correlations between nursery and field were observed
(Figure 2).

Discussion

There is controversy in studies estimating correla-
tions between nursery and field trials. Some studies on
coniferous species have reported positive correlations
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(Cannell et al., 1978; Tan et al., 1995); while, others have
reported weak and negative correlations between family
means for seedling and field traits (e.g., Carter et al.,
1990; Jansson et al., 1998, 2005; Harfouche, 2003). In
our study, except for survival, nursery-field correlations
(r, and r ) for growth traits were mostly negative and
non- significant, due to:

1) We found that families in the nursery experiment
exhibited a marked phenotypic plasticity, especially in

Table 1 - Estimated genetic correlations (environment-environment)
+ standard error or growth traits and survival in the 30 open-
pollinated P. radiata families under study.

P. radiata growth at nursery and field

the survival. Eight of 30 families exhibited over 80 %
survival in the well-watered treatment, but less than
20 % survival in the water-stress treatment. Moreover,
two of these eight families exhibited no survival in the
water-stress treatment thus greatly contributing to the
observed plasticity. Matheson et al. (1995) conducted
an experiment with ten P. radiata families (five "in-
teractive” families cf. five “stable” ones) grown in the
greenhouse and then planted in the field and found that
interactive families in the field were also interactive in
the greenhouse environments, and suggested that nega-
tive correlations are abundant for interactive families. A
possible interpretation of the results of Matheson et al.
(1995) is that plasticity at nursery stage (i.e., the pres-
ence of eight highly plastic families) contributed to the

Trait Environment inconsistent correlations between nursery environments
WSWW WWAFT WSFT and experimental field site.

D 0.71 £ 0.07 0.70 + 0.45 0.65 + 0.45

H 0.90 + 0.01 0.99=0.20 0.99+0.13 2) Ontogeny for seedlings in the nursery environments

SUR N.A N.A 0.93 + 0.40

WS = water-stress nursery, WW = well-watered nursery, FT = field trial. D =
root collar diameter, H = Tree height, SUR = survival, N.A = Not applicable
because most seedlings in the well-watered treatment were alive and only 1s
were assigned (no variation).

should be taken into account. Seedlings in our nursery
experiments were in the primary needles stage (Wil-
liams, 1987), that is, before the formation of dwarf
shoots, reflecting a less developed ontogenetic stage.
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Figure 2 - Pearson coefficient of correlation between family means for growth traits and survival in the three environments analyzed. Root collar

diameter (left panels A, B, C), height (center panels D, E, F), survival (right panels G, H, I). WW = well-watered; WS = water-stress.
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Lascoux et al. (1993) suggested that seedlings must
attain a minimum development stage (i.e. the thresh-
old hypothesis) before juvenile traits become a reli-
able selection criteria. This may be explained by the
different set of genes expressed at young and mature
ages (Jansson et al., 1998, 2005) that obscure genetic
relations between early and later-age growth. Williams
(1987) defined this “threshold” stage for Pinus taeda L.
seedlings when secondary needles emerge and budset
begins. In this sense, we believe that negative nursery-
field correlations found by Harfouche (2003) with P.
pinaster could be explained by early shoot ontogeny
of one-month old seedlings. Thus, this critical point of
morphogenetic change may have had a major influence
on our incongruent results, suggesting that seedlings
in more advanced shoot development stages should be
used in early selection tests.

3) Lack of resemblance between conditions at nursery
and field may have also accounted for our inconsistent
results. It is known that extreme and highly limiting
early growing conditions generally result in higher G
x E interaction effects, reducing nursery-field corre-
lations (Eriksson et al., 1993; Li et al., 1991). In our
nursery experiment, only the well-watered condition
approximately resembled the plant water status in the
field. However, seedlings in the water-stress treatment
experienced an average V¥ , of -1.5 MPa and were se-
verely stressed (survival was 44 % on average), in a
stark contrast with trees in the experimental field site,
which experienced an average water potential of -0.6
MPa and were not severely damaged (survival reached
74 %). This supports the contention by Harfouche
(2003) and Jansson et al. (1998) that designing early
tests that strictly simulates the limiting factor occur-
ring later in a rotation improves the genetic correla-
tions between early and late measurements.

We conclude that the growth and survival re-
sponse of the 30 families studied here were not con-
sistent between nursery and field conditions. Neither
well-watered nor water-stress nursery treatments pre-
dicted the growth performance in field conditions. The
family plasticity at nursery stage had a strong effect on
our results. Thus, it should be carefully considered in
future research to obtain reliable nursery-field correla-
tions in P. radiata.
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