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Abstract: Climate change is causing changes in tree species performance and distribution, impacting
breeding programme effectiveness. Our aim was to analyse the effects of provenance and climatic factors
on the annual ring density of Masson pine (Pinus massoniana Lamb.) at different experimental sites and
potential breeding strategies that may be developed in response to future climate change. The study trees
represented provenances originating from the western, east-central, northern, and southern regions of P.
massoniana distribution in China. The wood density differed significantly among provenances. A multisite
variance analysis test showed that the type B correlation coefficients for ring density at the two sites stud-
ied were less than 0.8, indicating an interaction effect of genotype by environment (GXE) on tree ring
density. Climatic factors directly affected the wood density properties. At Chun’an (CA), the maximum
latewood density (MXD) and minimum earlywood density (MND) were positively correlated with absolute
maximum temperatures in August and May of the current growing season, respectively. At Taizi Mountain
(TZS), MXD was significantly positively correlated with absolute maximum temperature in September of
the current year and significantly negatively correlated with precipitation in June. MND was significantly
positively correlated with absolute maximum temperature in May of the current year and significantly
negatively correlated with precipitation in April. The climatic effects on P. massoniana wood density differed
among seed-source origins. This study showed that ring density characteristics differed significantly among
provenances, and provenance selection could promote wood density. MXD and MND exhibited significant
genotype-by-environment interaction effects, and significant correlations were found between ring density
and temperature and precipitation conditions. These findings suggest that climatic factors and site condi-
tions in addition to genetics could be strong drivers of wood density variation, and/or that wood density is
a highly plastic trait.
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Introduction

Tree growth decline, wood quality decline and
high tree mortality have been observed against the
background of a changing climate, especially with
continued warming and the emergence of extreme
weather (Laura et al., 2017; Li et al., 2019). The sen-
sitivity and plasticity of tree growth can be efficiently
assessed through retrospective analyses of tree-ring
density (RD), which is a widely applied proxy for
wood quality (Sattler et al., 2015). Climate change
is causing changes in tree species performance and
distribution, impacting the effectiveness of breeding
programmes. The effect of climatic factors on the
radial increment has often been assessed through
correlation analyses on standardized series of tree-
ring and meteorological variables (Zubizarreta-Ger-
endiain et al., 2012; Cai et al., 2017). Studies have
primarily focused on the use of tree-ring width or
ring density to reconstruct past temperature and pre-
cipitation changes. Moreover, the research sites have
mostly been located in high-altitude and high-lati-
tude areas, and there are few studies on the com-
prehensive response of tree-ring growth to climate in
the subtropical regions of China (Chen et al., 2012a;
Chen et al., 2015a; Cai et al.,, 2017). Masson pine
(Pinus massoniana Lamb.) is the most widely distrib-
uted native coniferous species in subtropical China
and is also one of the most widely grown plantation
tree species. P. massoniana in China is distributed
over latitudes ranging from 21°41'-33°56'N and lon-
gitudes ranging from 102°10'-123°14'E (Liu et al.,
2010; Xiang et al., 2011; Li et al., 2019). This species
has an extensive distribution range and spans many
different environments, from humid and rainy along
the coast to the colder and drier climates of the Qin-
ling Mountains, where its populations have adapted
to diverse environments; hence, selection of repro-
ductive material could leverage the genetic diversi-
ty of this species to minimize the negative effects of
the shifting climate. At the anatomical level, density
is a function of cell size, shape and the thickness of
the cell walls; as a comprehensive index of xylem cell
wall thickness, the tree-ring density contains envi-
ronmental information that cannot be obtained from
the mean annual ring width (Wang et al., 2010; Chen
et al., 2012b). Therefore, research on the influence
of climate change on growth ring density of Masson
pine for wood quality improvement and breeding
strategy formulation is of the utmost importance
(Chen et al., 2015b).

Provenance trials are established to assess the
performance of diverse populations under certain en-
vironments. Provenance test results have shown the
growth of P. massoniana to vary from provenance to
provenance by 30.5% (Liu et al., 2009). Trees in the
northern provenances grow more slowly and have

better cold resistance than in the southern prove-
nances at low latitude. Trees in the western prove-
nances grow more slowly and have better drought
resistance compared with the provenances in the
east. The performance of the provenances is primari-
ly evaluated based on yield, which indicates the suit-
ability of the growing conditions over the entire life
cycle of the trees. The rankings of the provenances
change at different test sites, indicating that environ-
mental conditions (altitude, soil, climate, etc) great-
ly impact the growth or adaptability of P. massonia-
na to different provenances. In general, differences
in growth rate, shoot phenology and survival rate,
which relate to adaptability, could be identified in
early provenance tests (Nicotra et al., 2010; Taeger
et al., 2015). However, the quality of wood from dif-
ferent provenances should be evaluated later during
the growth period, because only long-term prove-
nance tests can ensure that a forest site has expe-
rienced more extreme climatic and environmental
conditions (Matisons et al., 2019). During the life of
a tree, its sensitivity to environmental factors shifts
due to both ageing (Zang et al., 2012) and the chang-
ing climate (Buntgen et al., 2006; Carrer & Urbinati,
2006). Here, the degree of phenotypic change and
adaptability becomes essential not only for investiga-
tors exploring species responses to the environment
but also for those aiming to model the effects of the
changing climate on species distributions (Valladares
et al., 2006; Nicotra et al., 2010; Venegas-Gonzalez et
al., 2015). However, the comprehensive genetic and
environmental influences on the wood quality of P
massoniana remain uncertain, and elucidation of these
mechanisms will have important scientific value for
guiding seed allocation planning.

Axial tracheids are the primary cells in coniferous
wood; the tracheid size is the primary driver of the
inter- and intra-annual variability of earlywood den-
sity, while the thickness of the cell walls is more in-
fluential for determining latewood density in conifer
species (Bouriaud et al., 2005; Deslauriers & Morin
2005; Seo et al., 2011; Pritzkow et al., 2014; Cuny
et al., 2015). Some studies have shown that chang-
es in temperature and precipitation significantly af-
fect the ring width and ring density of conifers (Li et
al.,, 2019; Jiang et al., 2017). In particular, extreme
weather has a considerable influence on the ring den-
sity of trees, greatly impacting the development of
breeding programmes for major tree species. For ex-
ample, the occurrence of extreme weather can cause
the delay or advance of the tree growth season, and
the density of early- or latewood will also fluctuate
accordingly. Intra-annual density fluctuations (IAD-
Fs) reflect the changes in wood density during the
growing season. It has been emphasized that IADFs
may provide accurate information at the seasonal lev-
el, allowing a more detailed climate analysis within
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the growing season (Wang et al., 2006; Fuhrer et al.,
2006; Schlyter et al., 2006; Lindner et al., 2010; Bat-
tipaglia et al., 2016). Research has primarily applied
the relationship between the radial growth charac-
teristics of trees and responses to climatic factors to
reconstruct environmental changes in a given region
or to project future climate change trends (Wang et
al., 2010; Chen et al., 2012c). The drier and warmer
conditions forecasted for many terrestrial ecosystems
are likely to exert adverse effects on forest growth
and survival, because tree populations may not be
well adapted to the changing climate. Therefore, the
selection of a well-adapted genotype under different
provenance tests is crucial for improving wood qual-
ity of Masson pine trees planted over a wide area. To
adapt forest management to climate change impacts,
it is important to disentangle the effect of the en-
vironment from the effect of genetics on important
traits such as wood density.

In P. massoniana, as in other tree species, the radial
growth of the stem and the wood quality are influ-
enced by the environment as well as by the genet-
ic origin, and wood density is moderately to highly
heritable (Zobel & van Buijtenen, 1989; Hannrup et
al., 2000; Liu et al., 2010). These genetic character-
istics are usually investigated during the first half of
the rotation period, before the optimal evaluation
period for wood density has been reached. Growth
rates affect wood density at different ages. For ex-
ample, negative correlations between wood density
and radial growth rate at early ages have been found
in hybrid larch, although these relationships tended
to be weaker with increasing age. Such selection at a
young age is effective for wood density, but particular
care must be taken in selecting trees with improved
radial growth rate because rapid growth will result in
a low-density wood product, especially rapid growth
in the early growth period (Takaaki et al., 2006). Ear-
ly evaluation of growth traits and wood density can
improve the efficiency of selection for tree breeding.
However, growth and development characteristics
often differ significantly among provenances. Some
provenances show rapid growth in the early stage,
while others show typical growth in the early stage
and rapid growth in the middle and late stage. There-
fore, an important criterion for early selection is
strong genetic correlation between the wood density
of young and mature timber. Genetic age-age corre-
lations are usually strong for wood density in conif-
erous species; however, genetic age—age correlations
for growth have been found to be low (Hylen, 1995).
The presence of age—age correlations clearly indicates
that the same set of genes influences a wood densi-
ty trait during juvenile and mature phases. Some re-
search has shown the relative efficiency of selection
for wood density to decrease with increasing age of
selection, which may be related to the more stable

wood density in older trees. For example, wood den-
sity has been shown in Pinus sylvestris to increase
rapidly up to a tree age of approximately 25 years
and stabilize thereafter at this level. This indicates
that the wood formed at ages 28-33 will be similar
to the wood formed from these ages up to rotation
age (Hannrup & Ekberg, 1998). However, little infor-
mation is available on the age-associated changes in
genetic and phenotypic correlations in wood density
in P. massoniana.

Future climate change may have different effects
on the growth ring density of P. massoniana. Our aim
was to revisit wood density data from provenance
trials to understand the degree of genetic versus en-
vironmental control of wood density at the rotation
age of P. massoniana. Our hypothesis is that if ring
density is strongly affected by climatic conditions,
then each provenance responds differently to cli-
mate. Therefore, during seed transfers, we can select
germplasm according to the climatic conditions suit-
able for the growth of particular genotypes, ensure
timber quality, and minimize the negative effects of
climate change.

Methods

Experimental sites and testing material

The provenance experiments were set up in 1984.
One forest was located in Laoshan forest farm in
the town of Chun’an (29°33'N, 119°03'E; referred
to as CA hereafter), Zhejiang province, and a total
of 49 provenances from 14 provinces were tested in
this forest. The test forest is 134 m above sea lev-
el, with a south-facing slope of less than 30 degrees.
The experiment was established as a randomized
complete block design of eight blocks, which were
planted with a two-row layout (four trees per row)
in each plot. The spacing of the initial planting was
2 m X 2 m. The other trial was in a forest at Tai-
zi Mountain (30°20'N, 114°18'E; referred to as TZS
hereafter), Hubei Province (Fig. 1), and a total of
69 provenances were tested from the same number
of provinces as in the CA test site. This test forest
is 257 m above sea level, with a south-facing slope
of less than 30 degrees. The experiment was estab-
lished as a randomized complete block design of nine
blocks and four-tree plots. The row spacing of the
initial planting was 2 m X 2 m.

Mean monthly temperatures, mean maximum
temperatures, mean minimum temperatures, and an-
nual monthly precipitation in the research areas were
obtained using data from the Chun’an (29°37'N,
119°01'E) and Taizi Mountains (30°31'N, 114°07'E)
meteorological stations from 1986-2016. The soil
type of the TZS test site is yellow brown soil with a
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Fig. 1. Geographic locations of the origin of the studied P. massoniana provenances

pH of 6.15. The soil type at the CA test site is a red
soil with a pH of 4.55. The TZS site is in a relatively
arid area with an annual precipitation of 1090 mm
and an annual mean temperature of 16.4 °C, whereas
CA experiences annual precipitation of 1530 mm and
an annual mean temperature of 17.2 °C. The warmest

month in the two study areas is July, and the coldest
month is January (Fig. 2).

The same 18 provenances were selected at each
site, and they were sourced from the northern,
east-central, southern, and western regions of the nat-
ural distribution range of P. massoniana, representing

Table 1. Statistical description of geographic coordinates, temperatures, and precipitation for the 18 provenances at the

CA and TZS test sites

Mean annual Mean maximum Mean minimum

Localization of

Latitude Longitude . . . Precipitation .
Provenances (N) (E) Region temperature temperaturesin temperatures in (mm) meteorgloglcal
(°C) July (°C) January (°C) stations

GDXY 22.35°  110.93°  South 22.9 35.5 15.0 1785 22.15°E, 110.54°N

GXCX 22.92° 110.97°  South 21.9 33.3 13.1 1762 22.72°E, 110.05°N

GDRY 24.78°  113.27°  South 20.4 35.2 10.2 1635 113.17°E, 24.47°N

GXGC 24.83° 110.82°  South 17.8 34.1 8.9 1752 110.49°E, 24.5°N

FJYD 25.33°  117.67°  South 20.4 33.6 10.8 1654 116.43°E, 24.44°N

FJSW 27.33° 117.67° South 18.3 33.2 7.5 1888 117.28°E, 27.2°N

GZLP 26.23°  109.15° West 16.7 31.2 55 1469 109.09°E, 26.14°N

GZDY 26.27°  107.55° West 16.5 30.3 6.1 1153 107.32°E, 26.19°N

GZHP 26.95°  107.90° West 16.2 31.0 4.8 1202 107.54°E, 26.54°N

SCNJ 32.35°  106.83° West 16.1 31.2 5.9 1086 106.5°E, 32.21°N

HNZX 25.75°  113.33° Central- 18.6 33.9 6.5 1488 25.32°E, 112.78°N
eastern

7ZJQY 27.62° 119.07°  Central- 16.2 30.9 6.5 1787 27.51°E, 119.67°N
eastern

JXJA 27.08° 114.92° Central- 18.8 33.5 6.8 1549 27.32°E, 114.56°N
eastern

HNAH 28.47°  111.30° Central- 16.5 332 4.7 1741 28.66°E, 111.68°N
eastern

HBTS 29.60°  114.38° Central- 16.1 33.3 4.8 1525 29.86°E, 114.64°N
eastern

HBYA 30.07° 111.48°  North 15.9 32.2 5.0 1157 30.54°E, 111.81°N

AHTP 30.28° 118.10°  North 8.9 20.5 -1.9 1866 30.21°E, 117.90°N

HNTB 32.37°  113.38°  North 14.3 32.2 1.6 924 32.23°E, 113.55°N
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Fig. 2. Mean monthly temperature, mean maximum temperatures, mean minimum temperatures, and precipitation in the
research area based on the Chun’an and Taizi Mountain meteorological stations during the period 1986-2016

different distributions of thermal and pluvial condi-
tions (Table 1). The northern regions of the P. mas-
soniana natural distribution area are primarily in the
Dabie Mountains and Daba Mountains, the south-
ern regions are largely distributed south of the Wuyi
Mountains and Yunkai Mountains, the central-east-
ern regions are mostly distributed in the Wuyi Moun-
tains and north of the Nanling Mountains, and the
western regions are primarily distributed south of the
Qinling and Hengduan Mountains (Liu et al., 2009).

Sampling and data collection

In November 2016, sampling was performed at
the experimental forests in three blocks at two test
sites. For each provenance, a total of six trees in three
blocks were selected in each plot. A total of 216 trees
were selected from the two sites, and 5.15-mm cores
were extracted from each tree at 1.3 m using an incre-
ment borer (Haglof, Stockholm, Sweden). To extract
resins and other soluble components from the wood,
thin laths were chemically treated with alcohol in a
Soxhlet system for 48 h according to the standard
procedure (Grabner et al., 2005). The cores were re-
moved and dried. We obtained one radial X-ray den-
sity profile from the wood core using indirect X-ray
densitometry. The samples were conditioned at 12%
moisture content in a chamber with a temperature of
22°C and 66% relative humidity. Radiographic imag-
es were obtained using the following settings for the
X-ray tube: voltage to 30 kV, current to 50 mA, expo-
sure time equal to 25 min, scanning 20 um at a time.
A 16-bit, grey level radiographic (X-ray) digital image
was obtained for each sample at 1270 dpi resolution.
Ring width and density indices were measured us-
ing WinDENDRO ™ (WinDENDRO 2009c¢, Regent,
Quebec, Canada) (density version) software. For
each annual ring, the following variables were ob-
tained from the corresponding density profile: early-
wood width (EW), latewood width (LW), minimum
earlywood density (MND), and maximum latewood
density (MXD).

Ring width and ring density
characteristics

In this analysis, cores from the same tree were
treated separately to maximize climatic signal, be-
cause averaging tree core values may decrease the sig-
nal-to-noise ratio. The quality of a measured series of
ring widths was checked by graphical and statistical
crossdating, using the COFECHA program (Holm-
es, 1983). The results showed that the primary data
series covered 30 years from 1987 to 2016 (from the
most recently formed inward). The ring width and
ring density are not only affected by environmental
and ecological factors but also controlled by their
own physiological factors; therefore, to remove po-
tentially non-climatically induced low- and medi-
um-term growth trends, each individual raw data
series was transformed into a growth index series.
All the tree-ring series (EW, LW, MND, and MXD)
were detrended by applying a cubic smoothing spline
with a 50% frequency response cut-off at 67% for
each individual series length. Standardization was
performed using the ARSTAN program. To receive
a clear annual climate signal, the remaining autocor-
relation was removed by autoregressive modelling,
and we therefore used the residual chronological var-
iation for further analyses (Schneider et al., 2008).
The mean sensitivity (MS), interseries correlation,
first order autocorrelation (AC), signal-to-noise ratio
(SNR), and expressed population signal (EPS) were
calculated to describe the datasets. We performed
principal component analysis (PCA) of width and
density characteristics (Chen et al., 2015a).

Relationship between climate and tree-
ring data

The relationships between the tree-ring indices
and the climatic data were analysed using the pro-
gram DENDROCLIM2002 (Biondi & Waikul, 2004).
Because the growth of a tree may be affected not only
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by the climatic conditions of the current growing sea-
son but also by those of the previous growing sea-
son (Chen et al., 2015a), both the previous and the
current growing seasons were included in the climate
correlation analysis. We chose to calculate correlation
coefficients instead of response functions, because
we were interested in the magnitude and direction of
each relationship rather than a simulation of the rela-
tionships for the experimental site. The climate data
used for the analysis included total monthly precipi-
tation, mean monthly temperature and mean maxi-
mum and minimum temperatures over a span of 12
months (the previous November to the current Octo-
ber). Climate data near the seed-source origins were
downloaded from the China Meteorological Science
data sharing service network (http://cdc.cma.gov.cn).

Variance analysis

Mixed linear models were used to test for signif-
icant differences in the wood density characteristics
among sites and provenances. Each wood density
characteristic for each year was tested separately. An
analysis of variance (ANOVA) was performed using
the following model:

=u+S +B

ot A, +P P S +P*A +e

Viim ijkim
(Eq. 1)

where y,, represents the value of the mth year for
the Ith tree of the kth provenance growing at the jth
block within the ith site; A , S, Bj(l.), P, P*S,, P*A,,
and e, represent the effects of the mth tree age,
the ith site, the jth block within the ith site, the kth
provenance, the interaction between the ith site and
the kth provenance, the interaction between the mth
tree age and the kth provenance, and the error, re-
spectively. All the factors were treated as fixed except
B, and e, . Preliminary analyses suggested that the
plot (provenance-by-block interactions and tree age-
by-block interactions) effects could be ignored and
dropped from the model. To remove the heterogene-
ity between the sites and ensure high homogeneity
of wood between test points, the model was fitted by
including the repeated statement with the group op-
tion. The least square means of provenances were es-
timated using the estimate function. Note that here
and elsewhere in the text, except where otherwise
indicated, the term “significant” indicates p < 0.05.

Genetic parameter description

The phenotypic variation coefficient was calculat-
ed as follows:

PCV = X 100%

|

The genetic variation coefficient was calculated as

follows:
’ 2
55

GCV = X X 100%

where PCV is the phenotypic coefficient of variation,
d is the standard deviation of each character, GCV is

. . . e 2 .
the genetic coefficient of variation, /4, is the genet-

ic variance, and X is the mean value of the measured
trait.
Type B genetic correlations were estimated as:

_ cov(gi, gj)

Tg
N0

where cov(g, g) is the covariance between site i
and j, and &%, and &7, are the variances at sites i and j,
respectively.

To interpret the genotype X environment inter-
action effect, a GGE biplot was created using the R
software package GGE Biplot GUI (Ling et al., 2021).

Model development

The variables included in the wood density mod-
els included earlywood and latewood width, tree age,
and climate. The site effect was not added to the
models, although models were constructed separate-
ly for the two sites (Model ) and Model (TZS)). The
analyses were performed using the STAT package in
SAS software. The climate variables that were most
strongly correlated with the wood density character-
istics were used to test the effect of climate on the
wood density characteristics while controlling for ra-
dial growth. The linear mixed model of the density
characteristic (Xmlkj) (g/cm?) in year m for tree [ in
provenance p in block j with ring width (EW or LW)
A, . (mm), tree age A, . (years), their interaction

1mlkj i 2mlkj
(AA) .»and climate variables v, and v, was:
mlkj ly 2y

X = (Q+qy) + (Q+q,) A T (Q,+4,) Ay T
(Q3+q3l) (AlAZ)mlkj + (Q4+q4l) vly + (Q5+q51) vly +emlkj

4, =40 91p Do D3 9 95 ~N{O, %, d % d,2 d2 d2
dsz)}’ emlijN (0, d%) (Eq. 2)

where Q,, Q,, Q,, Q,, Q,, and Q, are the fixed effects
for the intercept and slopes of the dependent vari-
ables; g, is the random effect vector; and e_,. is the
within-group error. The error effects and random ef-
fects are normally distributed with zero mean, equal
variance, and variances of d 2, d ?, d %, d.%, d,?, d %, and
d>. We also tested whether the residual distribution
of the model conformed to a normal distribution.


http://cdc.cma.gov.cn

Provenance-specific climate sensitivity of Pinus massoniana — a multi-environmental trial... 9

The block effect was not included in these models
because the variation explained by the block effect
was close to zero. We also used an autoregressive
model (autoreg program in the SAS/EUS module)
to account for the residual autocorrelations and to
eliminate the seasonal effects in the sample (Koubaa
et al., 2005). The best model was chosen based on
the Akaike information criterion (AIC), the Bayesian
information criterion (BIC), and the -2-log likelihood
test (Schwarz, 1978; Sakamoto et al., 1986; Searle et
al., 1992).

Results

Site and provenance effects on growth
and density

The phenotypic variation coefficients for the
width and density of the annual ring were much
higher than the coefficients of genetic variation (Ta-
ble 2). The genetic variation coefficient of the annual
ring density at the TZS test site exceeded the value
for the CA test site. Compared with the GCV at a sin-
gle site, the joint-site GCV values for MXD and MND
in the test provenances were significantly lower.

There were significant differences in early-
wood and latewood widths between the two sites
(p < 0.01). For ring density, the mean MND and MXD
values of P. massoniana at the CA site were 88 kg - m~*
and 386 kg - m™3, respectively, and the mean MND
and MXD at the TZS site were 93 kg + m™3 and
392 kg - m3, respectively (Table S1).

The mean EW and LW for the AHTP provenance
closest to the CA site were 27.8% and 12.3% low-
er, respectively, than those of the provenance with
the highest EW and LW values (GXCX). The mean
EW and LW of the HBTS provenance closest to the
TZS site were 33.9% and 41.4% lower, respectively,
than those of the provenances with the highest val-
ues (GXGC and GXCX). The mean MND and MXD

of the AHTP provenance closest to the CA site were
39.6% and 23.2% lower, respectively, than those of
the provenance with the highest values (GZHP).
The mean MND and MXD of the HBTS provenance
closest to the TZS site were 19.8% and 11.4% lower,
respectively, than those of the provenances with the
highest values (FJYD and SCNJ).

Evaluation of stability and adaptability

The type B correlation coefficient is often used to
analyse GXE effects of tree provenances or families
and sites. The correlation coefficients for MXD and
MND between CA and TZS ranged between 0.32
and 0.7 (Fig. 3), less than 0.8, indicating that MXD
and MND had significant genotype-by-environment
interaction effects (Ling et al., 2021). This finding
shows that it is necessary to select the provenance
that is suitable for a specific environment to reap the
potential benefits.

Fig. 4 indicates the best provenance for dividing
the test point group and each test point. The prov-
enances farthest from the origin in each direction
are connected to form a polygon. The GGE biplot is

EW e

0.75
LWI l
MXD

0.25
MND  0.32

Fig. 3. Type B correlation coefficient of tree-ring width and
tree-ring density at two sites

Table 2. Descriptive statistics of the studied datasets of tree-ring width and tree-ring density for the common period from

1987 to 2016
Test sites Traits Mean PCV (%) GCV (%)

Chun’an (CA) EW (mm) 1.98 42.98 15.79
LW (mm) 1.88 39.70 14.50

MND (kg - m~3) 89.61 12.66 4.43

MXD (kg - m~3) 381.00 12.45 3.81

Taizishan Mountain EW (mm) 1.96 39.51 17.73
(TZ8) LW (mm) 1.50 41.52 17.02
MND (kg - m~3) 87.39 11.97 5.00

MXD (kg - m~) 388.83 12.15 5.29

Joint-site EW (mm) 1.97 43.21 12.36
LW (mm) 1.76 41.72 10.89

MND (kg - m~3) 88.50 13.24 4.04

MXD (kg - m3) 384.91 12.05 3.16
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Fig. 4. Which-won-where GGE biplot with genetic effects of 18 Pinus massoniana provenances tested at two sites
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Fig. 5. Mean vs. Stability GGE biplot with genetic effects of 18 Pinus massoniana provenances tested at two sites

divided into several sectors by drawing vertical lines
to each side through the origin. Two points are di-
vided into two different sectors. The provenance at
the top corner of the polygon in each sector is the
best provenance contained in the test point within
the sector (Braga et al.,, 2020). In terms of MXD,
the HNAH, SCNJ, FJYD and GDRY provenances
performed better at the CA test site, and the HBTS,
FJSW and HBYA provenances performed better at the
TZS test sites. Similarly, for MND, the TZS test site
location exhibited favourable performance for FJYD
and GXGC provenances, and the sectors at the CA
test point featured high-performing HNAH, GDXY,
and GZHP provenances. Provenances located inside
the polygons, close to the origin, are insensitive to
changes at a test site.

Fig. 5 reflects high yield and stability of ring den-
sity for the participating provenances. The closer the
vertical line of a provenance to the average ambi-
ent axis, the further it is in the positive direction,
indicating a high value for the source. The length
of the dotted line perpendicular to the average am-
bient axis indicates the stability of the density, and
the longer the vertical dotted line, the less stable the
density. The MXDs of the HNAH, GDRY, FJYD, and
SCNJ provenances were large; however, the MXD of
HNAH provenance was the greatest but unstable.
The MNDs of the FJYD, GZHB GDXY, GXGC and
HNAH provenances were large, but performance
was unstable between the test points. In addition,
the AHTP provenance exhibited smaller annual ring
density characteristics at the two test points.
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Relationships between tree growth and
climate

Considering that trials were ongoing, and the
stands have been thinned, the numbers of trees avail-
able for sampling were limited. However, it was pos-
sible to achieve an acceptable degree of synchroniza-
tion within the tree ring series (Table 3). Tree-ring
width chronologies exhibited relatively low mean
sensitivities (MS, 0.09-0.12) and standard deviations
(SD, 0.16-0.25). These data indicate rather moderate
interannual variation in the EW and LW series. The
expressed population signal (EPS, 0.94-0.98) and
variances in the first eigenvector (PC1, 30.2-46.6%)

indicate that growth responded to common factors in
different trees. The MND and MXD chronologies had
lower SNRs and EPSs than did the tree-ring width
chronologies. The wood density indices exhibited
low year-to-year variability, as emphasized by the
low mean sensitivities (0.04-0.06) and the standard
deviations (0.06-0.08).

The individual chronologies of MND and MXD
were highly correlated among the diverse prove-
nances, indicating that similar climatic factors af-
fected the high-frequency variations in each wood
density characteristic (Figure S1). The correlation
coefficients of the individual residual chronologies
and average-provenance residual chronologies varied

Table 3. Descriptive statistics for the residual chronologies in the Chun’an and Taizi mountains test sites

Site Type of parameter MS SD SNR R EPS PC1
CA EW 0.12 0.25 21.41 0.61 0.97 30.2
LW 0.09 0.19 17.18 0.52 0.98 34.1

MND 0.04 0.07 11.30 0.79 0.85 33.2

MXD 0.06 0.08 12.53 0.74 0.88 36.5

TZS EW 0.12 0.16 32.20 0.54 0.98 38.6
Lw 0.11 0.18 21.71 0.47 0.94 46.6

MND 0.05 0.06 10.72 0.75 0.88 31.3

MXD 0.05 0.07 13.31 0.64 0.87 32.1

EW - early wood width; LW - late wood width; MND — minimum early wood density; MXD — maximum late wood density; MS — the
mean sensitivity; SD - the standard deviation; SNR - the signal-to noise ratio; R — mean correlation among series; EPS — the ex-

pressed population signal; PC1 - the frst principal components.

Mean maximum temperatures

Earlywood width I CA
-—1ZS

Earlywood width

Mean minimum temperatures

Monthly precipitation

=CA Earlywood width =cA

- TZS -—T7ZS

Latewood width

Latewood width
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Correlation coefficient
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Month Month

Fig. 6. Correlation coefficients relating mean maximum monthly temperature, mean minimum monthly temperature and
precipitation to average earlywood and latewood chronologies of P. massoniana provenances for 1986-2016. Dashed
and solid horizontal lines indicate P < 0.05 and P < 0.01, respectively. Correlation coefficients were calculated for 12
months from November of the previous growth year (pNov-pDec) to October of the current growth year (Jan-Oct)
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from 0.69 to 0.87 for MND and from 0.59 to 0.85
for MXD, reflecting a common climatic signal in the
density chronologies of the diverse populations.

At the CA site, the MND was positively correlat-
ed with the mean maximum monthly temperature
in May and significantly negatively correlated with
precipitation in May of the current growing season
(Fig. 6). The MXD was positively correlated with
the mean maximum monthly temperature in August
and significantly negatively correlated with precipi-
tation in August of the current growing season. At
the TZS site, MND was significantly positively cor-
related with the mean maximum monthly temper-
ature in May and significantly negatively correlated
with precipitation in April of the current year. The
MXD was significantly positively correlated with the
mean maximum monthly temperature in September
and was significantly negatively correlated with pre-
cipitation in June of the current year. In addition, the
correlations between mean minimum temperature
and MXD and MND were not significant at either
experimental site.

Model development and predictive
analysis

Climatic variables were included in the annu-
al ring density characteristic model, and the model

represented the significant effects of tree-ring width
(EW or LW), climate, and its interaction on MXD
and MND (Table 4). The effect of EW on MND was
negative, and the effect of LW on MXD was positive.
The interaction between radial growth and tree age
exerted positive effects on MND and MXD. The cli-
mate effect was significant in the model (p < 0.001),
indicating that wood density was strongly influenced
by climate.

Random variation among trees in the intercept
explained from 6.09 to 7.16% of the variation rela-
tive to the fixed effect of the intercept for the average
values of MND and MXD at the two test sites. Values
of random between-tree variation were high for the
estimated LW/EW effect, ranging from 31.5 to 44.7%
for MND and MXD, with the age effect showing the
highest values; i.e., from 44.2 to 61.3%. The random
variation in the interaction term ranged from 12.2 to
18.1% for MND and MXD. The random variation in
the climatic variables was high only for MXD, from
25.2 to 31.3% at the two test sites.

As shown in Fig. 7, estimates of minimum ear-
lywood density and maximum latewood density by
the model were correlated with the actual observed
values for density, generally showing a high degree
of fit. The maximum latewood density and the min-
imum earlywood density of the seed-source origins
were predicted under the same climatic conditions
as were present at the planting site (Fig. 8). The

Table 4. Variance composition, parameter estimation, and fitting statistics of different models, standard errors of the

estimates are in parentheses

Maximum density (kg - m~?)

Minimum density (kg - m~)

Coefficient Model ., Model Model ., Model ;¢
Fixed effects parameters
Q, 0.6427(0.0049) 0.6021(0.0051) 0.5829(0.0063) 0.6719(0.0071)
Q, 0.0107(0.0015) 0.0138(0.0013) —0.0202(0.0011) —0.0196(0.0019)
Q, 0.0031(0.0004) 0.0058(0.0003) 0.0012(0.0004) 0.0031(0.0003)
Q, 0.0009(0.0002) 0.0008(0.0002) 0.0008(0.0001) 0.0011(0.0003)
Q, 0.0041(0.0004) 0.0053(0.0005) 0.0073(0.0005) 0.0057(0.0003)
Q, —0.0063(0.0005) —0.0066(0.0005) —0.0051(0.0005)
Random effects parameters
q, 0.0420 0.0367 0.0390 0.0481
q, 0.0036 0.0043 0.0070 0.0088
q, 0.0014 0.0033 0.0007 0.0014
q, 0.0001 0.0001 0.0001 0.0001
q, 0.0011 0.0016 0.0013 0.0008
qs 0.0016 0.0020 0.0005
Residual 0.0776 0.0685 0.0856 0.0801
—2 log likelihood 9675 10187 9314 8146
Akaike Information Criterion 9637 10171 9302 8098
Bayesian Information Criterion 9696 10204 9386 8129

Q, are the fixed effects for the intercept of the dependent variables; Q, are the fixed effects for the slopes of ring width (EW or LW); Q,
are the fixed effects for the slopes of tree age; Q, are the fixed effects for the slopes of interaction between ring width and tree age; Q,
and Q, are the fixed effects for the slopes of climate variables; g0 are the random effect for the intercept of the dependent variables; 1
are the random effect for the slopes of ring width (EW or LW); g, are the random effect for the slopes of tree age; g, are the random
effect for the slopes of interaction between ring width and tree age; q,and g, are the random effect for the slopes of climate variables.
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Fig. 7. Predicted values of MXD and MND plotted versus observed values of P. massoniana provenances from the Chun’an

and Taizi Mountain test sites using the formulated model
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Fig. 8. Predicted variations in the wood density characteristics according to the climate effect model at each seed-source
origin, and compared with the wood density values at the Chun’an and Taizi Mountains sites

results indicate that the mean MXD of most south-
ern seed-source origins, such as FJSW, FJYD, GDRY,
GXGC, GDXX, and GXCX, were lower than those for
the planting sites. For relatively cold and dry seed-
source origins, such as GZHB GZDY, GZLE, HBYA,
HNTB, and other provenances, the predicted mean
MXD values were higher than values at the planting
sites. The mean MXD predicted for the AHTP seed-
source origin was lower than that of the planting
site. Mean MND showed a trend opposite to that for
mean MXD.

Discussion

Wood density is considered a heritable trait with a
strong phylogenetic signal, and it is driven by climate

(George et al., 2017; Nabais et al., 2018; Klisz et al.,
2019; Buras et al., 2020). Our analyses show clear
effects of provenances on MXD and the MND, and
genetic improvement of tree-ring density in P. masso-
niana has great potential use in selection. MXD is the
growth variable most sensitive to climatic conditions
(Camarero & Gutiérrez, 2017). At the CA site, the
MXD values for the western provenances were great-
er than those of the northern, east-central, and south-
ern regions. At the TZS site, MXD was the highest for
the western and central provenances, and these val-
ues were greater than the values for the northern and
southern provenances (Table 1S). In addition, there
was significant interaction between genotype and en-
vironment. Therefore, we used a GGE biplot to select
the better performing sources for each test point and
evaluate their stability and adaptability. The HNAH
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provenance only showed high MXD, with very weak
stability. The GDRY, SCN], and FJYD provenances
exhibited not only high MXD but also good stability,
indicating that the trees of these provenances feature
favourable adaptability. This study determined that
the SCNJ, FJYD and GDRY provenances may be bet-
ter adapted to CA, while the FJSW and HBYA prove-
nances were more suitable for TZS.

The wood density variation of the provenances in
the provenance trials was associated with the climat-
ic conditions of the place of origin (Table S2). When
the western and central provenances were planted at
the CA site, the relatively warm and humid climatic
conditions of this site benefited the continued for-
mation of latewood because of the abundant precip-
itation and relatively high temperatures during the
late growing season. Therefore, the MXD at this site
was relatively high. The experimental site at TZS had
a relatively dry climate, which was similar to condi-
tions at the places of origin of the western and cen-
tral provenances. Because the summer precipitation
at this site was relatively low and the temperatures
during the late summer and early fall were also rel-
atively low, the growth of the southern provenances
was suppressed (Zang et al., 2012). At this site, the
northern provenance AHTP was an exception, which
could be related to the abundant precipitation in the
AHTP seed-source origin (Nabais et al., 2018). This
explanation is also supported by the relationship
between annual ring density and the environmental
variables of the seed source, the finding that perfor-
mance at the TZS test point is more related to precip-
itation at the place of origin of a provenance (Table
S2), and the observation that annual ring density has
adapted to the source origin environment.

At the TZS site, the temperature influenced the
wood density, although precipitation also had rela-
tively large effects on wood density. MXD was sig-
nificantly positively correlated with the average max-
imum temperature in September of the current year
and significantly negatively correlated with the pre-
cipitation in June. MND was significantly positively
correlated with the average maximum temperature
in May of the current year and significantly negative-
ly correlated with precipitation in May. The precip-
itation from June to August was 410 mm, and the
relatively dry soil conditions limited the growth of
P. massoniana at the TZS site. Particularly in June and
July, a period of rapid tree growth, the high sum-
mer temperatures can greatly reduce soil moisture,
thereby affecting tree growth (Vitasse et al., 2011;
Kapeller et al., 2012). Studies have shown that for
both P. resinosa and P. banksiana, increases in early-
and latewood density are related to drought condi-
tions (Larocque, 1997; Savva et al., 2010). Given the
effective and rapid stomatal control of water loss
from transpiration, the formation of photosynthetic

products and the storage of carbohydrates are re-
duced, thereby influencing tracheid development and
possibly promoting the lignification and thickening
of wood cell walls (McDowell et al., 2008; Hoffmann
et al., 2011). Over the past 50 years, the subtropical
regions of China have experienced substantial warm-
ing. Therefore, the percentage of years with summer
droughts has increased. The temperature is quite
high during late summer and early fall, and drought
stress often occurs (Britez et al., 2014), Nabais et al.
(2018) found that in eight out of 10 species, wood
density was positively related to drier climatic condi-
tions of provenances. This finding suggests that high
species wood density is an adaptive trait associated
with drought-prone areas.

When planting foreign provenances at a large
scale, the associated gains and risks should be
weighed, and the losses resulting from the risks
should be economically acceptable. At present, shift-
ing the southern provenances of P. massoniana that
have shown high wood volume production and have
produced particular economic benefits northward by
a certain distance seems feasible. This type of prov-
enance shift is often established based on the wood
volume production (as determined by individual tree
wood volume and survival rate) but ignores wood
density as an important indicator of wood quality. In
the case of conifers, 95% of their wood is composed
of tracheids (Pritzkow et al., 2014). Tracheids have
two key functions: transporting water and nutrients
to the tree canopy and providing mechanical support.
Earlywood exhibits high transport ability during its
formation, and latewood features the highest wood
hardness. The proportion of early and latewood and
the variation in this xylem characteristic determine
the transport capability and mechanical properties of
the wood, which play an important role in the abili-
ty of trees to cope with unfavourable climatic condi-
tions (Lachenbruch & McCulloh, 2014). This ability
is important because the effects of extreme weather
can be long-lasting, and trees may take some time to
adapt and be restored to previous growth levels. Pat-
terns of recovery can be considered as indicators of
plasticity, and hence the sustainability of tree growth
(Eilmann & Rigling, 2012; Zang, 2012; Taeger et al.,
2013; Merlin et al., 2015). This study revealed that
when wood density simulations were based on the
conditions at seed-source locations, the growth re-
sponses to climate change differed among the prove-
nances of P. massoniana. Compared with the climates
of the experimental sites, the average MXD values
for most southern provenances at their places of ori-
gin were lower than values at the two planting sites.
Because the experimental sites were located in the
north-central region of the distribution area, when
the northern provenances were transplanted to the
south, their MXD values decreased, whereas their
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MND values increased. Increased temperature and
precipitation may prolong the growing season of ear-
lywood, resulting in relatively weak resistance and
adaptability to drought. When most western and
east-central provenances were similarly affected by
extreme weather at their origins and at their planting
sites, their average MXD values were higher at their
places of origin than at the planting sites. This find-
ing indicates that when the western provenances of
P. massoniana were introduced to the central and east-
ern regions, their MXD levels did not decrease, and
their wood quality and adaptability did not weaken.
These findings have theoretical significance for pre-
dicting the effects of shifts in planting sites or cli-
mate change.

Conclusions

This study showed that ring density characteris-
tics differed significantly between provenances, and
provenance selection could improve the wood densi-
ty of P. massoniana. MXD and MND exhibited signif-
icant genotype-by-environment interaction effects,
and significant correlations were found between
ring density and temperature and precipitation con-
ditions. These findings suggest that climatic factors
and site conditions in addition to genetics can also
be strong drivers of wood density variation, and/or
that wood density is a highly plastic trait. To offset
the impact of future climate change on wood quality,
precipitation should be considered as an important
climate driver in the region during seed transfer, es-
pecially when introducing trees at the Taizi Mountain
site.
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