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Abstract

Stem growth reflects genetic and phenotypic differences within a tree species. The plant hydraulic system regu-
lates the carbon economy, and therefore variations in growth and wood density. A whole-organism perspective, by 
partitioning the hydraulic system, is crucial for understanding the physical and physiological processes that coordin-
ately mediate plant growth. The aim of this study was to determine whether the relationships and trade-offs between 
(i) hydraulic traits and their relative contribution to the whole-plant hydraulic system, (ii) plant water transport, (iii) CO2 
assimilation, (iv) plant growth, and (v) wood density are revealed at the interclonal level within a variable population 
of 10 Pinus radiata (D. Don) clones for these characters. We demonstrated a strong coordination between several 
plant organs regarding their hydraulic efficiency. Hydraulic efficiency, gas exchange, and plant growth were intim-
ately linked. Small reductions in stem wood density were related to a large increase in sapwood hydraulic efficiency, 
and thus to plant growth. However, stem growth rate was negatively related to wood density. We discuss insights 
explaining the relationships and trade-offs of the plant traits examined in this study. These insights provide a better 
understanding of the existing coordination, likely to be dependent on genetics, between the biophysical structure of 
wood, plant growth, hydraulic partitioning, and physiological plant functions in P. radiata.

Keywords:   Carbon allocation, hydraulic architecture, hydraulic partitioning, photosynthesis, Pinus radiata, plant growth, wood density.
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Introduction

Greater wood production would be economically advantageous 
for commercial forestry operations around the world and bene-
ficial for the global environment as forests indisputably result in 
increased carbon storage and help mitigate CO2 emissions to the 
atmosphere (Knauf et al., 2015). Stem growth is a major compo-
nent of carbon allocation in woody plants and reflects genetic 
and phenotypic differences within a tree species (Lambers et al., 
2008). The photosynthesis and respiration rates on a leaf area basis, 
together with the total leaf area, co-determine the relative growth 
rate of the plant (increase in plant mass/unit plant mass/time) 
(Evans, 1972; Poorter et al., 2012). The carbon sequestered through 
photosynthesis is partially (30–50%) used for a net production 
of biomass and partially (50–70%) for plant metabolic processes 
(Marthews et al., 2012). The plant hydraulic system is closely re-
lated to the carbon economy (Sack et al., 2003; Zhu et al., 2013). 
Several studies have highlighted the coordination between plant 
water transport capacity and leaf-level gas exchange or photo-
synthetic capacity (Sperry et al., 1993; Brodribb and Feild, 2000; 
Brodribb et al., 2002; Santiago et al., 2004; McCulloh et al., 2019). 
It is therefore assumed that a high plant hydraulic efficiency (i.e. 
high leaf-specific conductance and sapwood area-specific con-
ductivity) is an essential prerequisite for high tree productivity 
(Hubbard et al., 2001; Tyree, 2003; Domec et al., 2015).

The plant hydraulic system has been described as an ana-
logue of an electrical circuit (van den Honert, 1948) where the 
hydraulic conductance of each plant organ (root, shoot, stem, 
branches, or leaves) contributes in different amounts to the total 
conductance of the hydraulic pathway (Johnson et al., 2016). 
Partitioning of hydraulic conductance supports the concept 
that hydraulic design is coordinated across the plant and plays 
a crucial role in plant adaptation to the environment and stress 
conditions (Meinzer, 2002; Drake et al., 2015; McCulloh et al., 
2019). This coordinated design of the plant hydraulic network 
to match metabolic demand is a hallmark for plant selection 
in different species (West et al., 1999; Price et al., 2007; Savage 
et  al., 2010). Although the hydraulic coordination between 
plant organs was hypothesized >30 years ago (Zimmermann, 
1983; Tyree and Ewers, 1991), relatively little is known about 
the relationship between hydraulics of different plant organs 
(e.g. root and shoots) within the plant hydraulic continuum 
(Alder et  al., 1996; Sperry and Ikeda, 1997; Martínez-Vilalta 
et al., 2002; Pratt et al., 2010), and particularly with reference to 
their relative effect on gas exchange and plant growth (Domec 
et al., 2009; Black et al., 2011; Attia et al., 2015).

Wood density is particularly important for both wood quality 
and understanding tree physiological acclimation to changing 
growing conditions. It is an excellent predictor of mechanical 
properties of wood because both the modulus of rupture and 
the modulus of elasticity are positively correlated with wood 
density (Niklas, 1992; Downes et al., 2002; Cown et al., 2004; 
Lasserre et  al., 2009). In commercial forests, wood produc-
tion has significantly increased through intensive silvicultural 

management and tree breeding programmes (Kimberley et al., 
2015; Moore and Clinton, 2015) that have been frequently 
focused on increased growth rates to the detriment of wood 
quality (Wu et al., 2007; Bouffier et al., 2009; Li et al., 2012). 
Wood density reflects the final balance of carbon investment 
during wood formation, namely the conversion of soluble 
carbon (carbohydrates) into structural carbon (cellulose, hemi-
celluloses, and lignin) and the proportion of wall thickness 
and lumen area in a wood cell (Chave et al., 2006; Rathgeber 
et al., 2006; Downes et al., 2009; Dalla-Salda et al., 2011). Wood 
density correlates well with hydraulic traits in simple tracheid-
based species (Hacke et al., 2001; Lachenbruch and McCulloh, 
2014). In Pinus sp., stem water transport efficiency is strongly 
negatively correlated with increasing wood density (Domec 
and Gartner, 2003; Creese et  al., 2011; Rosner et  al., 2019). 
Conifer conduits are only composed of medium-size tracheids, 
whereas in general angiosperm wood presents large vessels and 
small tracheids. The difference in wood structure and wood 
density between angiosperms and conifers allows comparison 
of how water transport and hydraulic safety respond to water 
stress (Hacke et al., 2001; Carnicer et al., 2013).

Pinus radiata (D. Don) is the most widely planted conifer 
for commercial forestry in the world (Mead, 2013). Significant 
gains in P. radiata productivity have been achieved due largely 
to genetic improvement and the deployment of selected clones 
(Burdon et al., 2008; Baltunis and Brawner, 2010). Research is 
underway to identify specific hydraulic thresholds of this spe-
cies for their inclusion in existing process-based productivity 
models (Stone et al., 2012). A whole-organism perspective for 
the understanding of tree hydraulics may be particularly in-
formative in disentangling the processes and feedbacks that 
mediate P. radiata growth and biomass production. Additionally, 
plant traits such as hydraulic conductance, carbon uptake and 
allocation, wood characteristics, and growth are strongly inter-
related (Brodribb and Feild, 2000; Hölttä et al., 2009; Sperry, 
2011; Sala et al., 2012). However, they may not be able to be 
optimized simultaneously owing to underlying biophysical 
constraints: the result is trade-offs between these traits that may 
apply within the species. Thus, the study of the coordination 
of plant functional traits within a tree species can be justified 
for two reasons. First, multiple relationships between func-
tional traits between species have been described in a number 
of studies (e.g. hydraulic conductance with gas exchange; Zhu 
et al., 2013); however, it is unknown if relationships and trade-
offs between plant traits persist within the same species (Albert 
et al., 2010; Laforest-Lapointe et al., 2014). Second, the func-
tional trait variability within a species influences its ability to 
respond to changes in climate, site, or other environmental fac-
tors (Nicotra et al., 2010; Laforest-Lapointe et al., 2014; Gallart 
et al., 2019).

The aim of this study was to assess the extent of genetic 
interclonal variation for hydraulics, gas exchange, growth, and 
wood density characteristics within a population of commer-
cially available P.  radiata clones for the New Zealand forest 
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industry and determine whether the common trade-offs be-
tween these traits could be established at the interclonal level. 
Given that the studied genotypes were exposed to the same 
environmental conditions, the relationships and trade-offs de-
tected at this scale were expected to reflect true functional 
relationships. The specific objectives of the present study were 
therefore to evaluate: (i) the coordination between the hy-
draulic traits within plants (root, shoot, and stem); (ii) the ef-
fect of plant hydraulics on plant water uptake; and (iii) the 
trade-offs between wood density and plant hydraulic param-
eters and the consequences on plant water use, gas exchange, 
and growth.

Materials and methods

Plant material, growth conditions, and experimental design
We used ten 1-year-old P.  radiata genotypes (hereafter clones C15, 
C24, C28, C30, C31, C35, C37, C44, C48, and C50) supplied by 
Forest Genetics Ltd (FG) (Rotorua, New Zealand). These genotypes 
were selected from clonally tested progenies developed by FG from the 
control-crossed parent trees identified in the Radiata Pine Breeding 
Company programme (Dungey et al., 2009), which represent a subset of 
the genetic entities in New Zealand’s deployment population available 
to forest growers. The clones were selected for the following traits: im-
proved growth rate; stem form; and wood properties (i.e. corewood stiff-
ness and wood density). Clonal stoolbeds were established from somatic 
seedlings (‘emblings’), and stem cutting technology was used for propa-
gating these clones. For the experiment, 12 uniform ramets of each geno-
type were potted individually in 4 litre plastic pots in the spring prior to 
the beginning of the experiment. The potting mix contained 15% bark 
at 5–15 mm, 50% pine A Grade fines, 15% cocoa fibre—coir, and 20% 
pumice at 7  mm. Plants were grown in a glasshouse in Christchurch, 
New Zealand (43°33'S, 172°0047'E) where daytime average temperature 
was 20±5 °C and relative humidity was 50±5%. Plants were fertilized at 
the beginning of the growing season with a commercial slow-release fer-
tilizer (18:18:18 N:P:K), and watered three times per week by sprinkler 
irrigation during the whole experiment, which lasted 1 year.

Twelve plants of each genotype were used for the experiment, six in 
year one (Year1) and six others in year two (Year2). On those plants, 
hydraulic parameters of roots, stems, and shoots, wood density, plant 
transpiration, leaf gas exchange, and plant biomass partitioning were 
measured in summer (January) of Year1. As hydraulic measurements 
were destructive, these plants were replaced by six other plants. On this 
second set of six plants per genotype, the gas exchange parameters were 
re-measured in winter (June) of Year1 and in summer of Year2 and, be-
cause wood density determination is also destructive, it was only remeas-
ured in summer of Year2. For measurements in Year1, the plants across all 
clones had an average height of 52.72±1.48 cm and a basal stem diam-
eter of 0.60±0.01 cm. In Year2, average height was 116.72±2.31 cm and 
the average basal stem diameter 1.02±0.02 cm. The measured parameters 
were grouped for subsequent statistical analyses as follows. (i) Hydraulic 
traits (HT) which included plant, root, and shoot hydraulic conductance 
(Kplant, Kroot, and Kshoot, respectively) as well as stem hydraulic conduct-
ivity of the basal and middle position of the stem (kbasal-stem and kmiddle-stem, 
respectively). (ii) Normalized hydraulic traits (NHT), which refer to hy-
draulic efficiency and included leaf-specific plant and leaf-specific shoot 
hydraulic conductance (Kplant-l and Kshoot-l, respectively), root-specific root 
hydraulic conductance (Kroot-r), and sapwood-specific conductivity of the 
basal and middle position of the stem (kbasal-stem-sw and kmiddle-stem-sw, re-
spectively). (iv) Gas exchange (GE) that included all the measurements 

of net leaf CO2 assimilation (A), transpiration rate (E), and stomatal con-
ductance (gs). (4) Wood density (WD) that included all the measurements 
of wood density (D) in the basal, medium, and top part of the stem in 
Year1 and Year2. (v) Plant growth rate (PG) that included plant, stem, 
needle, root, and diameter growth rate (Pgr, Sgr, Ngr, Rgr, and Dgr, re-
spectively). A  summary of the measurements performed, their abbrevi-
ations, and units is shown in Supplementary Table S1.

Root, shoot, and whole-plant hydraulic conductance and stem 
conductivity
Root and shoot hydraulic conductance (Kroot and Kshoot) as well as stem 
hydraulic conductivity of the basal and middle position of the stem (kbasal-

stem and kmiddle-stem) were measured using a high conductance flow meter 
(HCFM) (Dynamax Inc., Houston, TX, USA). Measurements at the 
whole-tree level provide important information on the partitioning of 
resistance along the hydraulic pathway from soil to leaf. Clonal material 
used for the experiment could differ from naturally germinating seedlings 
in the root–shoot hydraulic junction. However, this constriction may not 
be an important component of the total resistance of the water pathway 
(Tyree and Ewers, 1991). For each genotype, hydraulic parameters were 
determined in six individual plants per clone. To minimize the poten-
tial impact of diurnal periodicity on hydraulic conductance (Tsuda and 
Tyree, 2000), all measurements were taken between 10.00 h and 14.00 h 
at ambient temperature inside the glasshouse where the plants were kept 
during the experiment.

Values of Kroot and Kshoot for a given plant were obtained from the same 
plant. To measure Kroot and Kshoot, the plants were cut at 5 cm above the 
soil surface and the cut ends of the shoots and roots were connected to 
the HCFM. This equipment perfuses degassed water through the root or 
shoot system or through stem segments by applying pressure to a water-
filled bladder contained within the unit. The flow rate of water through 
the root or shoot was determined using the HCFM under transient mode 
(Tyree et  al., 1995; Bogeat-Triboulot et  al., 2002), with flow measured 
under increasing pressure applied by a nitrogen gas cylinder. The applied 
pressure was gradually increased from 0 kPa to 500 kPa over the course 
of ~1 min and the flow rate logged every 2 s using the Dynamax soft-
ware. Once the transient curve was constructed, hydraulic conductance 
(K) was calculated using the formula: K=Qv/P, where Qv is the volu-
metric flow rate (kg s–1) and P is the applied pressure (MPa). Temperature 
was automatically recorded by the HCFM and all conductance measure-
ments were corrected to values at 25 °C. Because the HCFM operates 
under high pressure, the measured Kroot and Kshoot represent maximum 
values of conductance; that is, in the absence of embolized conduits. After 
determining Kroot and Kshoot, whole-plant hydraulic conductance was cal-
culated as in Domec et al. (2016):

1/Kplant = 1/Kroot + 1/Kshoot� (1)

Shoot and root contribution to the whole-plant conductance was evalu-
ated through the Kroot/Kshoot ratio (Rodríguez-Gamir et al., 2016).

Stem hydraulic conductance was measured in stem segments from the 
basal and middle part of the stem. The stems were ~6 cm long. Stem seg-
ment length was measured for calculating stem conductivity for each of 
the two stem segments of each plant (kbasal-stem and kmiddle-stem, respectively).

Normalized hydraulic traits
After the hydraulic conductance measurements, all plant fractions were 
dried in a forced-draft oven at 75 °C for 72 h and weighed. Also, the 
xylem diameter of the stem segments used for kbasal-stem and kmiddle-stem 
measurements was determined. Kplant, Kroot, and Kshoot were normalized 
by dry biomass. Root-specific root hydraulic conductance (Kroot-r) was 
calculated by dividing Kroot by the root dry weight. Leaf-specific shoot 
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and leaf-specific plant hydraulic conductance (Kshoot-l and Kplant-l, respect-
ively) were obtained by dividing Kshoot and Kplant, respectively, by the total 
leaf biomass. Sapwood-specific conductivity of the basal and middle part 
of the stem (kbasal-stem-sw and kmiddle-stem-sw, respectively) was calculated by 
dividing kbasal-stem or kmiddle-stem by the xylem cross-sectional area of the 
stem segments.

Net leaf CO2 assimilation, transpiration rate, and stomatal 
conductance
Net leaf CO2 assimilation (A), transpiration rate (E), and stomatal con-
ductance (gs) were measured in January of Year1 (AJanYear1, gsJanYear1, EJanYear1), 
in June of Year1 (AJunYear1, gsJunYear1, EJunYear1), and in January of Year2 
(AJanYear2, gsJanYear2 and EJanYear2). At each sampling time, A, gs, and E were 
determined on six individual plants for each genotype. Measurements 
were made with a portable photosynthesis system (Model LI-6400XT, 
Li-Cor, Lincoln, NE, USA) equipped with a light source. For each tree, 
three fascicles taken from the central part of each plant were placed across 
the 2×3 cm cuvette to avoid shading between needles. Temperature in 
the cuvette was maintained at 20 °C, while the leaf-to-air vapour pres-
sure deficit (VPD) was maintained at ~1 kPa to limit its negative effect 
on gs (Oren et al., 1999). The needles were left to equilibrate at a CO2 
concentration of 400 µmol mol–1 and saturating irradiance (1500 µmol 
m–2 s–1). Measurements were recorded after the values of gs were stable. 
The measurements were taken between 10.00 h and 14.00 h. All meas-
urements were presented on a surface area basis. The foliage surface area 
of the fascicules used for each measurement was calculated for fascicles 
consisting of three needles by: S=[d l(3+π)]/2, where S is the fascicle 
surface included in the Li-Cor cuvette, d is the fascicle diameter, and l is 
the length of the needle segment clipped in the cuvette (3 cm) (Bown 
et al., 2009).

Wood density
In January of Year1, wood density was measured on the same stems that 
were used for the hydraulic measurements in the basal and middle sections 
of the stem (DbYear1 and DmYear1, respectively). In January of Year2, wood 
density was determined in the basal, middle, and top part of the stem 
(DbYear2, DmYear2, and DtYear2, respectively). Bark of 3 cm long stem seg-
ments was removed with a razor blade, and the fresh volume of the stem 
(including the pith) was determined by Archimedes’ principle (Hacke 
et al., 2000). Samples were dried at 75 °C for 72 h and weighed. Wood 
density was calculated as the ratio of dry weight to fresh volume.

Whole-plant transpiration
Before measuring hydraulic conductance, whole daily plant transpir-
ation (Tp) was measured in January of Year1. To measure Tp, the pots 
were covered with plastic sheets. Tp of each plant was calculated as the 
difference between the weight of the watered pot (after draining) and the 
weight of the pot after 24 h of being watered. The mean of three deter-
minations on each plant (one per day during three consecutive days) was 
considered as representative of each individual plant (Rodríguez-Gamir 
et al., 2016).

Plant growth rate
In January of Year1 and January of Year2, stem diameter was measured 
and, after harvest, plant biomass was dried in a forced-draft oven at 
75 °C for 72 h to obtain the dry weight biomass (DW) of all the plant 
fractions. Plant, stem, needles, root, and diameter growth rate (Pgr, 
Sgr, Ngr, Rgr, and Dgr, respectively) were calculated as in Fichot et al. 
(2011):

Pgr = (Plant DWYear2 − Plant DWYear 1) /Plant DWYear1� (2)

Sgr = (Stem DWYear2 − Stem DWYear 1) /Stem DWYear1� (3)

Ngr = (Needles DWYear2 −Needles DWYear 1) /Needles DWYear1
� (4)

Rgr = (Root DWYear2 −Root DWYear 1) /Root DWYear1� (5)

Dgr = (Stem diameterYear2 − Stem diameterYear 1) /Stem diameterYear1
� (6)

Statistical analysis
All variables were checked for normality. ANOVAs were used to test for 
significant differences among clones for a given variable. Linear regression 
analysis and Pearson correlation coefficients were used to quantify the as-
sociation between pairs of variables. For each of the five groups (i.e. HT, 
NHT, GE, WD, and PG), one principal component analysis (PCA) was 
performed, with all the descriptors included in the group (Supplementary 
Table S1), in order to summarize the data and calculate five new variables 
for each plant of the experiment (HTindex, NHTindex, GEindex, WDindex, 
and PGindex). PCA seeks linear projections of the original data to a lower 
dimensional space while capturing major variability of the original data 
and is often used to reduce the dimensionality of large data sets, by trans-
forming a large set of variables into a smaller one that still contains most 
of the information in the large set (Jolliffe, 1986). Therefore, for our data, 
each index integrated all the measured parameters of each group in a 
single value for each individual plant. As index for each plant, the axis 
score on the first axis of the respective PCAs was used. A  sixth PCA 
was performed using the parameters, HTindex, NHTindex, Kroot/Kshoot, Tp, 
GEindex, WDindex, and PGindex. All the PCAs were performed with indi-
vidual data for each plant. Note that each plant harvested in January of 
Year1 was replaced by a similar plant for the measurements recorded in 
June of Year1 and January of Year2.

Results

Variation among clones

Significant variations in all the hydraulic traits, normalized 
hydraulic traits, gas exchange parameters, wood density, and 
growth rate indicators were found among the studied geno-
types (Figs 1, 2). The respective descriptors belonging to the 
groups HT, NHT, GE, WD, and PG were highly intercorrel-
ated (Supplementary Table S2). For the PCA performed for 
HT (Supplementary Fig. S1), the first and second axes ex-
plained 84.5% and 10.1% of the total variance, respectively; 
77.7% and 11.3% for the NHT PCA; 91.1% and 2.8% for the 
GE PCA; 82.3% and 6.4% for the WD PCA; and 83.3% and 
5.4% for the PG PCA. The axis scores for each plant on the 
first axis of each PCA were used as new variables that repre-
sented integrated measures of HT, NHT, GE, WD, or PG and 
named HTindex, NHTindex, GEindex, WDindex, and PGindex.

Hydraulic and normalized hydraulic traits

For all the clones, Kroot was significantly greater (P<0.01) than 
Kshoot (Fig. 1A). Larger relative differences between Kroot and 
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Kshoot were found in clones 48, 30, and 24 that presented the 
greater values of Kroot/Kshoot (3.1 for C48, 1.9 for C30, and 1.7 
for C24). For the other seven clones, Kroot/Kshoot ranged be-
tween 1.1 and 1.6. Regarding stem hydraulics, kmiddle-stem was 
greater (P<0.001) than kbasal-stem for all clones (Fig. 1A) and 
kmiddle-stem-sw was higher (P<0.001) than kbasal-stem-sw (Fig. 1B).

Increasing values of the HTindex obtained by the HT PCA re-
flected greater values of Kplant, Kroot, Kshoot, kbasal-stem, and kmiddle-

stem (Fig. 1A). Likewise, increasing values of the NHTindex were 
related to increasing values of Kplant-l, Kshoot-l, Kroot-r, kbasal-stem-sw, 
and kmiddle-stem-sw (Fig. 1B). There were significant differences 
(P<0.01) between clones for the HTindex and NHTindex. The 
HTindex was significantly lower in C24 and C44, and greater in 
C28, C30, C35, and C31 (Fig. 1A). The NHTindex was lower in 
C24, C44, and C48, and greater in C35, C50, C28, and C31 
(Fig. 1B).

Strong positive correlations existed between all hydraulic 
parameters (Kplant, Kroot, Kshoot, kbasal-stem, and kmiddle-stem) (see 
Pearson correlation matrix in Supplementary Table S2 and Fig. 
3A–C). Similarly, a large positive correlation was found be-
tween all the normalized hydraulic traits (Kplant-l, Kroot-r, Kshoot-l, 
kbasal-stem-sw, and kmiddle-stem-sw; Supplementary Table S2; Fig. 
3D–F).

Gas exchange

For all the gas exchange parameters (A, E, and gs; Fig. 1C), 
two-way ANOVAs were performed for each parameter, with 
clone, date, and clone×date as factors. The factors clone and 
date were statistically significant (P<0.001) but not the inter-
action clone×date (P>0.05). Strong correlation was found be-
tween all the gas exchange parameters (Supplementary Table 
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Fig. 1.  The values of hydraulic traits (HT), normalized hydraulic traits (NIT), and gas exchange (GE) measurements. Average values of (A) whole-plant 
hydraulic conductance (Kplant), root hydraulic conductance (Kroot), shoot hydraulic conductance (Kshoot), hydraulic conductivity of the basal part of the stem 
(kbasal-stem), hydraulic conductivity of the middle part of the stem (kmiddle-stem), and hydraulic traits index (HTindex); (B) leaf-specific plant hydraulic conductance 
(Kplant-l), root-specific root hydraulic conductance (Kroot-r), leaf-specific shoot hydraulic conductance (Kshoot-l), sapwood-specific conductivity of the basal 
part of the stem (kbasal-stem-sw), sapwood-specific conductivity of the middle part of the stem (kmiddle-stem-sw), and normalized hydraulic traits index (NHTindex); 
and (C) net CO2 assimilation (A), transpiration rate (E), and stomatal conductance (gs) in January of Year1 (JanYear1), June of Year1 (JunYear1), and January of 
Year2 (JanYear2), and gas exchange index (GEindex) for the 10 P. radiata genotypes (C15, C24, C28, C30, C31, C35, C37, C44, C48, and C50). Values are 
means ±SE (n=6). Different letters indicate statistically significant differences in HTindex, NHTindex, and GEindex between clones.
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S2). A greater GEindex was related to increasing values of A, E, 
and gs (Fig. 1C), and was significantly greater (P<0.01) for C31, 
C28, and C50, and lower for C48, C24, C15, and C37.

Plant growth

Total plant biomass in the summer of Year1 differed between 
clones (P<0.01) (Fig. 4). Total plant dry weight ranged be-
tween 14 g and 20 g DW. However, there were no statistic-
ally differences (P>0.05) in stem DW between clones, with an 
average value of 0.5 g DW. Larger differences in plant biomass 
between clones were found after 1 year of growth (summer of 
Year2). At that moment, C31 had the largest total plant DW 
(115.4  g) and stem DW biomass (50.1  g), and C24 had the 
lowest (57.9 g of plant DW and 21.5 g of stem DW). Thus, Pgr, 
Sgr, Rgr, Ngr, and Dgr differed markedly between clones (Fig. 
2A). Greater PGindex was related to increasing values of Pgr, 
Sgr, Rgr, Ngr, and Dgr. This index was statistically significantly 
greater (P<0.001) for C31, C28, and C50, and lower for C48, 
C15, C35, and C24.

Wood density

Strong correlations were found between all the density meas-
urements (see the Pearson correlation matrix in Supplementary 
Table S2). For each clone, greater WDindex was related to greater 

density for all the parts of the stem at each date of sampling 
(Fig. 2B). The ANOVA considering clone as the only factor 
showed statistically significant clonal differences (P<0.001) for 
wood density. C28 had the lowest density (373.5 kg m–3), while 
C48 had the heaviest (434.9 kg m–3). The two-way ANOVAs 
showed that the wood density decreased significantly from the 
base to the top of the stem both in Year1 and in Year2 (Table 1). 
Averaged across all the clones, mean wood density in Year1 was 
427.3 kg m–3 at the base of the stem and 405.8 kg m–3 in the 
middle. The gradient observed in Year2 was 447.1 kg m–3 at the 
base, 403.9 kg m–3 in the middle, and 321.8 kg m–3 at the top.

Interactions between the factors

The PCA performed for the variables PGindex, WDindex, HTindex, 
NHTindex, GEindex, Kroot/Kshoot, and Tp explained 81.79% of the 
total variance of the data (Fig. 5). In the first axis, NHTindex, 
GEindex, and PGindex had highly positive factor loadings, and 
WDindex had highly negative factor loading. Positive values 
of the second axis were mainly associated with increasing 
Kroot/Kshoot and increasing Tp. The PCA clearly separated the 
clones having more extreme values for the analysed variables. 
Specifically, C24 was in the left lower quadrant, reflecting their 
low values for HTindex, NHTindex, GEindex, and PGindex, and their 
high value for WDindex. C28 and C31 were in the right side 
of the plot with high values of NHTindex, GEindex, and PGindex, 
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Fig. 2.  Determination of growth rates and wood density. Average values of (A) plant growth rate (Pgr), root growth rate (Rgr), needle growth rate (Ngr), 
stem growth rate (Sgr), diameter growth rate (Dgr), and plant growth rate index (PGindex), and (B) wood density in the base, middle, or top position of the 
stem in Year1 and Year2 (DbYear1, DmYear1, DbYear2, DmYear2, and DtYear2) and wood density index (WDindex) for the 10 P. radiata genotypes (C15, C24, C28, 
C30, C31, C35, C37, C44, C48, and C50). Values are means ±SE (n=6). Different letters indicate statistically significant differences in PGindex and WDindex 
between clones.
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and low values of WDindex. C48 was in the upper left quadrant 
with high Kroot/Kshoot and WDindex, and low PGindex, GEindex, 
NHTindex, and HTindex.

The position of the eigenvectors for each variable showed 
strong positive relationships between Tp and HTindex (see 
Pearson correlation in Table 2). Tp, that ranged from 5.1 g d–1 

(for clone C24) to 11.1 g d–1 (for C30), was linearly related 
to Kplant (Fig. 6A). Similarly, the correlation between PGindex, 
GEindex, and NHTindex was evident in the linear relationships 
found between Pgr, A, E, and Kplant-l (Fig. 6B, C).

WDindex had a strong negative correlation with PGindex, 
GEindex, NHTindex, and HTindex (Table 2). The larger relative 
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Fig. 3.  Linear relationships between different parts of the plant hydraulic system. Relationship of (A) shoot hydraulic conductance (Kshoot), (B) 
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contribution of the root to the total plant hydraulic con-
ductance (higher Kroot/Kshoot ratio) was negatively related to 
NHTindex, GEindex, and PGindex (Table 2).

A strong negative correlation was found between wood 
density and sapwood-specific stem conductivity (Fig. 7A). This 
relationship was very consistent since the regression combined 
the data from both the basal and the middle position of the 
stem. A small reduction in wood density translated into a large 
increase in sapwood-specific stem conductivity. Similarly, Sgr 
was negatively related to wood density at all plant heights (Fig. 
7B). Reductions of 9.6, 10.6, and 9.6 kg m–3 of wood density 
in the basal, middle, and top position of the stem, respectively, 
were calculated per unit of Sgr increment.

Discussion

This study clearly showed interclonal variation for hydraulic, 
photosynthetic, growth, and wood density traits (Figs 1, 2), 
and strong coordination and trade-offs between them. To our 
knowledge, few studies have addressed all these relationships 
together within a given species. The interclonal variation of 
these characters and the coordination between them allow se-
lection of genotypes for the commercial forestry sector based 
on their hydraulic properties, gas exchange behaviour, wood 
characteristics, and productivity. These characters will be re-
lated to different management strategies of this species and 
selecting genotypes that are most suitable for individual sites 
that are water limited (Rodríguez-Gamir et  al., 2019), have 
water sensitive watersheds (Meason et al., 2019), or are more 

likely to experience drier and more extreme climatic condi-
tions with climate change.

Hydraulic efficiency is related to plant growth and gas 
exchange

Plant water transport was a function of whole-plant hy-
draulic capacity (Kplant; Fig. 6A). This result highlighted the 
intrinsic importance of the total hydraulic system in regu-
lating water transport within the plant (Tsuda and Tyree, 
2000; Rodríguez-Gamir et al., 2016), and thus gas exchange 
and carbon allocation.

Hydraulic efficiency (normalized hydraulic conduct-
ance), growth, and leaf-specific gas exchange were found to 
be intimately linked (Figs 5, 6B, C; Table 2). The hydraulic–
photosynthesis coordination in woody species has been often 
demonstrated comparing different species, for example species 
of subtropical forest (Zhu et  al., 2013) or temperate woody 
species (Sack et al., 2003). However, within a species, this link 
has commonly been quantified by (i) the artificial modification 
of Kplant-l, for example physically damaging the plant with de-
foliation, stem notching, or root pruning (Meinzer and Grantz, 
1990; Sperry et  al., 1993; Pataki et  al., 1998; Hubbard et  al., 
2001; Cochard et al., 2002); (ii) in response to stress (Domec 
et al., 2009); or (iii) by altering growing conditions (sun/shade) 
(Pratt et al., 2012). Without these artefacts, our work demon-
strated that the hydraulic processes at the whole-plant scale 
explained the variation in gas exchange parameters between 
the P. radiata clones. Our study supported the prediction from 
a theoretical model that the intercellular CO2 concentration 
required for photosynthesis should be strongly dependent on 
plant hydraulic conductance (Katul et al., 2003). Thus, equilib-
rium between maximum carbon demand by photosynthesis 
and maximum water supply leads to a constant long-term mean 
intercellular CO2 concentration. In addition, trees when they 
grow maintain a relatively constant Kplant-l, so that the amount 
of water delivered by the conducting system per unit of leaf 
area is maintained with increased tree size (Zhang et al., 2009). 
The occurrence of these apparently co-evolutionary traits sup-
ports the fact that the control and strong interdependency of 
the hydraulic and biochemical plant properties are manifested 
at the genotype level. Therefore, high Kplant-l and high A are 
required when predicting growth characteristics of different 
clones of P. radiata (Figs 5, 6B, C). These conditions are neces-
sary for high productivity in forest trees (Tyree et al., 1998).

Hydraulic partitioning

We found strong evidence of hydraulic coordination between 
the root, shoot, and stem (Fig. 3), and that the individual hy-
draulic traits were highly correlated with the whole-plant 
hydraulic system (Supplementary Table S2). For example, 
genotypes with high Kroot-r also had high kstem-sw and Kshoot-l. 

Fig. 4.  Biomass partitioning. Biomass partitioning (DW of root, stem, and 
needles) for the 10 clones (C15, C24, C28, C30, C31, C35, C37, C44, 
C48, and C50) in January of Year1 (left column for each clone) and in 
January of Year2 (right column for each clone). Values are means of six 
plants for each clone and date. Error bars represent the SE for plant DW. 
Different letters indicate statistically significant differences in plant DW 
between the clones for each date.
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This suggests that hydraulics traits of a given organ could be 
proportionally scaled by the hydraulic traits of another plant 
organ or whole plant (Sack et al., 2003, Pratt et al., 2010; Nolf 
et al., 2015; Rodríguez-Gamir et al., 2019). This would explain 
why many studies have related hydraulic conductance traits at 
organ level to tree growth rates (Tyree et al., 1991; Fan et al., 
2012) or gas exchange parameters (Brodribb and Feild, 2000; 
Aasamaa and Sõber 2001; Clearwater and Meinzer, 2001; Sack 
et al., 2003; Brodribb et al., 2005).

Few studies have investigated the interaction between 
the whole-root system and whole-shoot system hydraulics 
(Domec et al., 2009; Johnson et al., 2016). We found a linear 
relationship between Kroot and Kshoot (Fig. 3A), with an average 
ratio Kroot/Kshoot=1.6 when considering all the clones, with 
Kroot being higher than Kshoot in all of them (Fig. 1A). Tyree 
et al. (1998) found the Kroot/Kshoot ratio values for five different 
neotropical tree species were also close to one. Supporting this, 
stem hydraulic conductivity was higher in roots than in stems 

Table 1.  ANOVA results for wood density in January of Year1 and January of Year2 using clone and stem position as factors

January Year1 January Year2

df F-value and significance df F-value and significance

Factor
  clone 9 7.35*** 9 9.79***
  position 1 13.75*** 2 313.84***
  clone×position 9 1.5ns 18 0.59ns
Residuals 100  150  

n=6 for each clone×position combination; ***P<0.001; ns, non-significant.

Fig. 5.  Principal components analysis (PCA). PCA for the wood density index (WDindex), hydraulic traits index (HTindex), normalized hydraulic traits index 
(NHTindex), gas exchange index (GEindex), plant growth rate index (PGindex), daily whole-plant transpiration (Tp), and root hydraulic conductance/shoot 
hydraulic conductance ratio (Kroot/Kshoot). Each point in the plot represents an individual tree for each clone.
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in nine woody species (Martínez-Vilalta et  al., 2002) and in 
Sassafras albidum and Rhus typhina (Jaquish and Ewers, 2001). 
However, these studies measured conductivity in root and stem 
segments, which did not allow evaluation of the contribution 
of the root or the stem to the complete hydraulic system of the 
plant. We can assume that the partitioning of hydraulic con-
ductance represents the trade-off between transport water ef-
ficiency and hydraulic safety at the scale of the whole plant 
(Drake et al., 2015; Johnson et al., 2016). Avoidance of cavita-
tion is well established as a dominant factor driving the evolu-
tion of the xylem structure and function, and is a key trait that 
determines a woody plant’s ability to survive water stress (Tyree 
and Zimmermann, 2002; Pratt et al., 2008; Kursar et al., 2009). 
However, it has been suggested that for conifers, the evolution 
of water transport efficiency is independent of the evolution of 
protection mechanisms against hydraulic failure (Piñol and Sala, 
2000; Martínez-Vilalta et  al., 2009). Therefore, other mech-
anisms should be involved in conifer evolution for avoiding 
embolism. Water stored within the plant can be mobilized to 
alleviate the risk of embolism (Salleo et al., 2009; Pfautsch et al., 
2015, Rosner et al., 2019). Several water storage locations exist 
within conifers, including the sapwood, cell walls, elastic tis-
sues of the bark (i.e. cambium, phloem, and parenchyma), and 
needle mesophylls (Zimmermann, 1983). The stem-mediated 
hydraulic redistribution is the result of a complex interplay of 
competing water potential gradients inside the tree when it 
is exposed to soil water limitation. Under soil water-limiting 
conditions, the tension in the dry root becomes an increas-
ingly important driving force for the water flow coming from 
the part of the plant with increased water potential (Pfautsch 
et al., 2015). So, when the tensions above-ground and below-
ground are similar under water stress, water tends to flow to the 
path with the least resistance (Nadezhdina et al., 2009), which 
would be towards the root system which has major hydraulic 
conductance. This hypothesis is supported by the results of this 
study as the Kroot/Kshoot showed a negative effect, limiting the 
total Kplant and, therefore, photosynthesis and growth as well 
(Fig. 5). From an adaptive perspective, it would be unnecessary 
to maintain a plant functional trait limiting growth and gas 
exchange. So, its function as a cavitation-avoiding mechanism 
could be justified (Rodríguez-Gamir et al., 2016).

Wood density as a key part of water transport and leaf 
function

There was a decreasing wood density gradient in P. radiata from 
the base to the crown (Figs 2B, 7B). This can be attributed to 
a gradient in cell wall thickness and related to the maturation 
state of the stem (Cato et al., 2006). A small decrease in wood 
density translated into a large increase in sapwood-specific 
stem conductivity (Fig. 7A) (Stratton et  al., 2000; Domec 
and Gartner, 2003; Bucci et al., 2004, 2005; Pratt et al., 2007; 
McCulloh et al., 2011, 2015). Therefore, wood density provides 
an index of the balance between solid material and the rela-
tive cross-sectional area available for water transport (Meinzer 
et al., 2008).

In addition, greater wood density was negatively related to 
growth rates (Figs 5, 7B) (Muller-Landau, 2004; King et al., 
2005; Poorter et al., 2008; Chave et al., 2009; Wright et al., 
2010) and gas exchange (Fig. 5; Table 2) (Bucci et al., 2004; 
Santiago et  al., 2004). The negative correlation between 
wood density and stem growth rate can be related to compe-
tition between sinks. In the stem, sink strength (the ability of 
heterotrophic tissues to use photoassimilates) can be meas-
ured as the production of new cells and cell wall thickening 
(Thomas et al., 2007). In Pinus sp., cell wall thickness (deter-
minant factor of density) was negatively related to the rate of 
cell division (determinant factor of growth), which suggests 
the existence of mechanisms of competition between the 
production of new cells and the thickening of the existing 
cells that finally modulate CO2 assimilation (Nicholls and 
Waring, 1977). Supporting this, Conroy et al. (1990) observed 
that P.  radiata growing at elevated levels of CO2 increased 
both biomass production and wood density. Sink strength is 
a primary factor determining the rate of carbohydrate ex-
port from, and ultimately the photosynthetic activity of, the 
source leaves (Gifford and Evans, 1981; Coruzzi and Bush, 
2001). It has been proposed that the coordination between 
leaf gas exchange and density is probably mediated by the in-
verse relationship between hydraulic traits and wood density 
(Meinzer et al., 2008). However, the strong co-variation ob-
served between wood density and gas exchange could be ex-
plained by another, not mutually exclusive, mechanism. Cell 
wall thickness is related to carbohydrate supply (Ford et al., 

Table 2.  Pearson correlation coefficients between NHTindex, GEindex, PGindex, HTindex, WDindex, Tp, and Kroot/Kshoot based on measurements 
obtained from 36 trees

NHTindex GEindex PGindex HTindex WDindex Tp Kroot/Kshoot

NHTindex 1       
GEindex 0.93*** 1      
PGindex 0.79*** 0.85*** 1     
HTindex 0.88*** 0.82*** 0.60*** 1    
WDindex –0.72*** –0.82*** –0.72*** –0.69*** 1   
Tp 0.51*** 0.48*** 0.25* 0.78*** –0.43** 1  
Kroot/Kshoot –0,31** –0.40** –0.40** –0.21ns 0.42** –0.14ns 1

***P<0.001; **P<0.01; *P<0.05; ns, non-significant.
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1978). The carbohydrate transport in most plants takes place 
in the form of sugars. Sugar loading into the phloem and its 
transport rate through the plant is dependent not only on 
the photosynthesis rate but also on the xylem water potential 
(Cernusak et al., 2003), as decreasing xylem water potential 
limits sugar transport for a given phloem structure because 
water is held more tightly in the xylem (Hölttä et al., 2009). 
Considering that the transpiration stream in the xylem is 
directly connected to phloem tissue (Pfautsch et al., 2015), 
it is hypothesized that factors that control the building and 
characteristics of the hydraulic system are interconnected 
with the synthesis and transport of carbohydrates and there-
fore with the biochemical reactions that take place in the 
leaves (Paul and Foyer, 2001; Euring et  al., 2014) and that 
leaf gas exchange regulation is directly connected with sink 
activity and plant structure (Nikinmaa et  al., 2013). Thus, 
wood density and the building of the hydraulic system are 
apparently central for understanding how CO2 assimilation 
at the leaf level might be integrated with plant hydraulic 
conductance and growth.

Even though widespread dieback of natural conifer forests 
from arid habitats is increasing with the occurrence of recent 
droughts (Sevanto et al., 2014; IUCN, 2019), conifers growing 
under temperate climates have large hydraulic safety margins 
owing to their strong stomatal regulation of leaf water status 
in combination with a rather dense and safe xylem. Stomatal 
regulation should allow conifers to better acclimate to a pro-
gressively higher atmospheric demand due to rising tem-
peratures (Oren et  al., 1999; Meinzer, 2002). Wood density 
represents a weighted representation of the different types of 
xylem cells involved in water transport and thus, as shown in 
this study, correlates well with hydraulic traits of tracheid-based 
species. Conifer species from the Picea, Pinus, or Pseudostuga 
genera used in large-scale plantations worldwide in general 
have a dense wood and are more resistant to hydraulic dysfunc-
tion than most planted angiosperms, such as species from the 
Eucalyptus, Populus, Salix, or Betula genera (Hacke et al., 2017; 
McCulloh et al., 2019). In addition, it seems that conifer clones 
and seedlings, especially at a young age, perform better under 
drought than angiosperms (Vander Willigen and Pammenter, 
1998; Rosner, 2013; Barotto et al., 2018), which renders them 
less vulnerable to future climate change impact, thus making 
conifers more suitable to meet our future demand for wood 
productivity and carbon storage.

Conclusion

This study demonstrated that several relationships and trade-
offs between hydraulic properties, gas exchange, plant growth, 
and wood density can be described at the whole-plant scale 
and at the clonal level in P. radiata. The proportional increase in 
NHTindex, GEindex, and PGindex with decreasing WDindex demon-
strated a strong coordination, probably dependent on genetics, 
between the biophysical structure of wood and physiological 
plant functions. Thus, the commercial forestry sector could 

C24

C44

C48

C15

C37

C28

C50

C30 C35

C31

r² = 0,81
0

2

4

6

8

10

12

14

0 2 4 6 8 10 12

T p
(g

 d
ay

-1
)

Kplant (x10 -6 kg MPa-1 s-1)

C24
C44

C48
C15

C37

C30

C35

C28

C50

C31

r² = 0,66
0

1

2

3

4

5

6

7

8

9

P
gr

(g
 g

-1
ye

ar
-1

)

C24

C44
C48

C15
C37

C30
C35

C28

C50

C31

C24
C44

C48
C15

C37

C30 C35

C28
C50

C31

r² = 0,88

r² = 0,89

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

0

1

2

3

4

5

6

7

8

9

0 2 4 6 8 10 12 14

E
(m

m
ol

 m
-2

s-1
)

A
(μ

m
ol

 m
-2

s-1
)

Kplant-l (x 10 -5 kg MPa-1 s-1 g-1)

A
E

a

b

c

A

B

C
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identify and select P. radiata genotypes with traits that will op-
timize productivity under specific site conditions, especially 
water-limited environments under current and future climates.

Supplementary data

The following supplementary data are available at JXB online.
Table S1. List of trait abbreviations used in the text.
Table S2. Pearson correlation matrix for the variables be-

longing to hydraulic traits (HT), normalized hydraulic traits 
(NHT), gas exchange (GE), wood density (WD), and plant 
growth rate (PG) based on measurements obtained from 
36 trees.

Fig. S1. Factor coordinates of variables on the two first axes 
of the PCAs for the variables belonging to (A) hydraulic traits 
(HT), (B) normalized hydraulic traits (NHT), (C) gas exchange 
(GE), (D) wood density (WD), and (E) plant growth rate (PG).
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