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Introduction: White pine blister rust (WPBR) disease, caused by an invasive 
fungal pathogen (Cronartium ribicola J.C. Fisch), has long been the primary 
biotic threat to eastern white pine in Canada. A hybridization program initiated 
in Ontario, Canada in the 1950s aimed to transfer blister rust resistance 
from Himalayan blue pine to eastern white pine, resulting in WPBR-resistant 
interspecific hybrids. Metabolic adjustments related to disease resistance may 
cause trade-offs with tolerance to abiotic stress (e.g., frost, heat, drought). 
To evaluate the adaptive potential of WPBR-resistant hybrids, it is crucial to 
understand how morphological and physiological traits change during multi-
generation backcrossing, as these shifts may influence both growth performance 
and resilience to climate change.
Methods: We assessed changes in photosynthetic-related traits, as well as 
needle morphology and resistance to xylem cavitation of eastern white pine 
and Himalayan blue pine, and their hybrids with varying levels of white pine 
parentage ranging from 50 to 87.5%.
Results and discussion: Needle length and specific leaf area (SLA) decreased 
linearly by increasing eastern white pine parentage; inversely, needle density 
increased by increasing eastern white pine parentage. Variations in needle 
morphology were not translated into variations in light-saturated photosynthesis 
(Amax), mesophyll conductance (gm), maximum rate of carboxylation (Vcmax), and 
maximum rate of electron transport (Jmax). Photosynthetic nitrogen use efficiency 
(PNUE) decreased, while water use efficiency (WUEi) increased with increasing 
eastern white pine parentage. Increasing needle density and declining PNUE 
reflect greater investment in structural tissue, which is commonly associated with 
frost and drought tolerance. Also, Himalayan blue pine and hybrids were more 
resistant to xylem cavitation than eastern white pine. Hybrid pines recovered 
most of their eastern white pine morpho-physiological characteristics after two 
rounds of backcrossing. Consequently, WPBR-resistant interspecific hybrids 
should have integrated stress tolerance traits of eastern white pine enabling 
them to adapt to abiotic and biotic stresses in Canadian boreal forests.
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Introduction

Eastern white pine (Pinus strobus L.) is a coniferous tree species 
native to eastern North America (Wendel and Smith, 1990). The 
species, which has undergone a severe decline in the last century, is a 
keystone tree prized for its ecological, economic, and cultural 
significance (Parker, 2008; Wendel and Smith, 1990). Unsuccessful 
regeneration contributes to the decline of the eastern white pine across 
its natural range in Canada and the United States. White pine blister 
rust (WPBR), a disease caused by an invasive fungal pathogen, 
Cronartium ribicola J.C. Fisch, is considered the predominant threat 
to white pine regeneration (Pitt et al., 2006; Spaulding, 1922). The low 
resistance of eastern white pine to WPBR limits efforts of overcoming 
the disease using traditional intraspecific breeding strategies 
(Heimburger, 1962; Heimburger, 1972; Lu et  al., 2005; Lu and 
Derbowka, 2009). Transferring WPBR resistance from Eurasian white 
pine species to eastern white pine through hybridization was a 
promising alternative strategy used in Ontario, Canada (Lu and 
Derbowka, 2009; Heimburger, 1972; Blada, 2004). The hybridization 
of eastern white pine with resistant and compatible Eurasian five 
needle pines resulted in strongly resistant interspecific hybrids (Lu 
and Derbowka, 2009; Lu et al., 2005; Lu and Sinclair, 2006; Patton, 
1966). In Ontario, Canada, breeding eastern white pine and Himalaya 
blue pine (Pinus walichiana) for interspecific hybrids has advanced 
to the second-generation backcross (BC2F1) with highly resistant 
families (Lu and Derbowka, 2009).

Hybrid pines can exhibit combinations of physiological traits of 
both parents or be more similar to one parent (Lilly et al., 2012; 
Houminer et al., 2022; Keng et al., 1961), which shapes the hybrids’ 
response to biotic and abiotic factors. When grown at different 
locations in Ontario, Himalayan blue pine × eastern white pine 
hybrids had similar or greater height growth rates than their parents 
(Lu and Sinclair, 2006). However, the F1 hybrids were sensitive to 
frost, which limited their survival in northern sites (Lu and Sinclair, 
2006; Patton, 1966). Frost tolerance improved in backcrosses to 
eastern white pine (Lu and Sinclair, 2006; Lu et al., 2007).

As eastern white pine hybrid breeding continues for blister rust 
resistance, Ontario has produced different levels of eastern white pine 
hybrid backcrosses. Understanding how morphological and 
physiological traits have changed throughout the backcrossing 
process is needed to assess effects on growth performance of future 
breeding products under different site conditions and, consequently, 
their adaptive capacity to climate change.

Needle size is key to tree growth and adaptation through its effect 
on light interception efficiency, CO2 assimilation capacity, and 
transpiration rate. Five-needle pines exhibit a noticeable difference in 
needle length ranging from 05 to 50 cm (Keng et al., 1961; Wang 
et al., 2019), and their F1 hybrids often have needles with intermediate 
lengths, compared to their parents (Keng et al., 1961). The effect of 
changed needle length during hybridization on needle physiology is 
still unknown but could lead to changes in morphology, anatomy, and 
physiology. Previous studies showed that needle length decreases 
with a decreasing mean winter minimum temperature (Jankowski 
et al., 2017; Reich et al., 2003; Nobis et al., 2012). Increased needle 
length may be associated with increased specific leaf area (SLA) and, 
inversely, decreased needle density (i.e., needle dry mass per unit 
area) (Wang et al., 2019; Jankowski et al., 2017). Several studies have 
revealed a negative association between SLA and frost tolerance 

(Poorter et al., 2009; Niinemets, 2001; Niinemets, 2016; Rajashekar 
and Burke, 1996). As such, a change in needle length may shift the 
nitrogen fraction allocated to cell walls and light harvesting and, 
consequently, alter drought and frost tolerance. Decreased needle 
density and increased needle length mean more investment of needle 
nitrogen in photosynthetic machinery, which may result in a rise in 
the carboxylation rate and electron transfer capacity (Onoda et al., 
2017; Niinemets and Tenhunen, 1997). Also, a decrease in needle 
density may increase the conductance of CO2 movement through 
mesophyll from the intercellular air space to the sites of carboxylation 
in chloroplasts (Evans, 2021; Flexas et al., 2013), with a positive effect 
on CO2 assimilation rate. However, this effect may depend on the 
magnitude of change in needle density. Mesophyll conductance of 
needles is also influenced by hydraulic conductance which scaled 
with needle length in pine species (Wang et  al., 2019). One may 
therefore expect increased needle mesophyll conductance and CO2 
assimilation rate in longer needles. Five-needle pine F1 hybrids 
produced needles with an intermediate or similar number of stomatal 
rows as their parents (Keng et  al., 1961). This may affect needle 
stomatal density and potentially stomatal conductance and water use 
efficiency of hybrid pines, being different from their parents. It is thus 
crucial to know if trade-offs exist between blister rust resistance and 
resource use efficiency among parents and their hybrids due to 
changes in needle length. In conifers, a trade-off exists between 
xylem’s capacity to transport water and its susceptibility to cavitation. 
This balance is highlighted by the negative correlation between wood 
density and vulnerability to cavitation (P50) (Hacke et  al., 2015; 
Rosner, 2017). Lu and Sinclair (2006) found that the Himalayan blue 
pine has a higher wood density than eastern white pine while their 
hybrids have intermediate densities, suggesting that hybrid pines may 
have lower P50 and better drought tolerance compared to the eastern 
white pine.

While prior studies have documented WPBR resistance, growth 
performance, and frost tolerance in white pine hybrids, this research 
represents the first study to examine how needle morphology, 
physiological traits, and xylem resistance to cavitation evolve 
through successive backcross generations. We  propose that (i) 
according to the leaf coordination theory, changes in needle 
morphology and physiology are associated with changes in needle 
length, reflecting shifts in traits such as specific leaf area (SLA), 
needle density, and stomatal distribution; (ii) the backcrossing 
process effectively recovers eastern white pine traits, such that 
hybrid trait expression is shaped by the degree of eastern white pine 
parentage; and (iii) the enhanced wood density noted for Himalayan 
blue pine and its hybrids (Lu and Sinclair, 2006) will provide greater 
resistance to xylem cavitation (P50) in hybrids compared to eastern 
white pine.

Materials and methods

Genetic material

We collected needle samples from three white pine genetic 
archives established in Sault Ste. Marie, ON, Canada, between 1995 
and 2011. The archives were established on abandoned agricultural 
land with loam-sandy, well-drained soil. The soil was scarified before 
planting, and trees were planted with 3.0 × 3.0 m spacing using 
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potted grafted clonal stock. Trees of the same families were planted 
together, with 3 to 6 individuals per family. The genetic material used 
in this study consisted of four clones of Himalayan blue pine (Pinus 
wallichiana), six clones of eastern white pine, and 21 hybrid families 
which had varying levels of P. strobus parentage, ranging from 50 to 
87.5% (see Table 1). Notably, the selected hybrid pine families were 
found to be  highly resistant to blister rust in experiments with 
artificial inoculation of Cronartium ribicola (Lu et al., 2005). In the 
initial F₁ hybrids, P. wallichiana trees served as the maternal parents, 
while the pollen donor was P. strobus trees. The P. wallichiana parents 
were sourced from 17 different provenances across Pakistan (Lu and 
Sinclair, 2006). In successive backcrossings, either hybrid trees were 
pollinated with eastern white pine pollen or eastern white pine trees 
were pollinated with pollen from hybrid trees (Lu and Derbowka, 
2009). Since the breeding process was designed to produce hybrid 
progeny with high level of genetic diversity of eastern white pine 
genome in the BC₁ and BC₂ generations, this study was thus not 
limited to observe progeny from fixed numbers of male or female 
parents; rather, it aimed to detect morphological and physiological 
differences among broad genotype groups represented by 
P. strobus parentage.

The 31 families were randomly selected from existing families in 
the three archives (refer to Table 1). To assess the vulnerability of the 
xylem to cavitation, two individuals from each family were chosen, 
and family mean values were used later for statistical analysis. 
However, for all other measurements, only 21 out of the 31 families 
were included, with each family represented by just one individual 
tree (Table 1).

Stomatal density

For each tree in the 21 selected families (Table 1), three branches 
were collected from the sun-exposed part of the trees, transported on 
ice in a cooler, and stored in a refrigerator until analysis. A subsample 
of three fascicles was used for stomatal density measurements, and 
the rest was used for needle morphology.

Needles were flattened, taped on both extremities, and photographed 
with a USB microscope (Dino-Lite digital 5mp, Electronics Corp., Taipei, 
Taiwan). The central part of the needle was photographed to avoid any 

potential variation at the extremities. Abaxial and adaxial needle surfaces 
were photographed in each sample at a magnification of 230 × (Figure 1). 
Five-needle pine needles have a triangular shape (three sides) with 
stomata present only on the two abaxial sides (Ghimire et al., 2015), from 
which we determined the number of stomata and stomata rows. Stomata 
were counted along the 1 mm needle length in magnified images using 
the line measure tool in the DinoCapture 2.0 software (Figure 1) from 
each of the two abaxial sides. Stomatal density was calculated as the 
number of stomata within 1 mm of both sides of the needle multiplied by 
needle length (mm) divided by the projected needle area (mm2).

Needle morphology and N-P-K 
concentrations

Needle fascicles were disarticulated and then placed on a flatbed 
scanner. Needle length, width, and projected area were then measured 
using WinSeedle (Version 2007 Pro, Regent Instruments, Québec, 
Canada). Needle samples were then oven-dried for 72 h at 56 °C, and 
their dry mass weighed. Specific leaf area (SLA) was calculated as the 
ratio of the projected needle area (cm2) to needle dry mass (g). Dried 
needles were grounded into a fine powder in a ball mill to determine 
needle nitrogen (Nmass), phosphate (Pmass) and potassium (Kmass) 
concentrations (mg g−1) using a LECO elemental analyzer (Leco 
Corporation, St-Joseph, Michigan). Nitrogen (Narea), phosphate (Parea) 
and potassium (Karea) were calculated on a projected area basis as 
Nmass, Pmass and Kmass divided by SLA.

Needle water potential

Predawn (Ψpd) and mid-day (Ψmd) needle water potential was 
assessed in two consecutive growing seasons (2023 and 2024) using a 
pressure chamber (model 610, PMS Instruments, Albany, OR, USA). 
The same families were later used for needle morphology and gas 
exchange measurements. The Ψmd was measured in July and August as 
the dry and wet period, respectively. Soil volumetric water content 
(VWC) and weather conditions were monitored during each period to 
select the driest day in July and the wettest day in August. The Ψpd 
measurements were carried out only on July 10, 2023. Three sunny 
branches with one-year-old needles were cut and immediately sealed in 
zipped plastic bags containing a dampened paper towel and stored in an 
ice cooler (Rodriguez-Dominguez et al., 2022). Branches were collected 
before sunrise between 04:30 and 06:00 a.m. for Ψpd and between 12:30 
and 02:30 p.m. for Ψmd. The mid-day water potential during the driest 
period was considered as the minimum leaf water potential (Ψmin). For 
each tree, water potential was measured on three separate fascicles from 
three different branches, and the mean value was used for statistical 
analysis. An additional needle fascicle was measured if the original three 
samples differed by more than 0.2 MPa. To avoid any post-excision 
transpiration-driven water potential disequilibrium, sampled needles 
were allowed to reach equilibrium for at least 2 h and measured within 
24 h after sampling (Rodriguez-Dominguez et al., 2022). The pressure 
chamber was humidified by placing a humid paper towel at the bottom. 
The soil’s volumetric water content (VWC) was measured on the day of 
branch collection using time-domain reflectometry. The measurements 
were taken at 20 cm depth in three spots within a 1 m radius of the stem 
of the targeted tree (Figure 2).

TABLE 1  Selected families utilized for the morpho-physiological 
characterization of eastern white pine (P. strobus) and Himalayan blue 
pine (P. wallichiana) and their interspecific hybrids with varying eastern 
white pine parentage.

Species P. strobus 
parentage 

(%)

Number of 
selected 
families

Plantation 
date

P. wallichiana (w) 0 4(4) 1995

w x s 50 4(5) 1995

(w x s) x (w x s) 50 (2) 1995

(w x s) x s 75 4(7) 2006

((w x s) x (w x s)) x s 75 1(1) 2006

((s x w) x s) x s 87.5 4(6) 2011, 2006

P. strobus (s) 100 4(6) 2011,1995

The number in parentheses indicates the number of families used for xylem vulnerability to 
cavitation measurements.
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Curve of vulnerability of the xylem to 
cavitation

Branches on the sunny side of the crown were collected from each 
of the 31 selected families (Table 1) using a pole pruner in June 2023. 
Two to four branch samples were collected for each family from straight 
50 cm long branches with a 1–1.5 cm diameter which resulted in 95 
samples. Straight branch segments were collected in the early morning 
(08:00 to 10:00 a.m.) to minimize xylem tension and immediately 
wrapped in wet paper towels and plastic bags and stored in the cooler 
before being shipped the same day to the CaviPlace laboratory at the 
University of Bordeaux in France.1 The samples arrived 4 days later and 
were kept at 5 °C until hydraulic attributes were measured. The 
measurements were carried out within 2 weeks after sample collection. 
Prior to measurement, branches were cut under water with a razor blade 
to a standard length of 27 cm. The bark was removed, and the branches 
were fully rehydrated before further processing. The vulnerability of the 
xylem to cavitation was measured with the Cavitron technique, which 
uses the centrifugal force to generate a negative pressure into the xylem 
and measure its hydraulic conductance under such pressure conditions 
to generate the vulnerability curve as described in Cochard et al. (2005). 
Xylem conductance was measured first at a reference pressure of 
−0.8 MPa, and the maximal hydraulic conductivity (Kmax in m2 
MPa−1 s−1) was determined. Thereafter, xylem pressure was changed 
gradually to more negative pressures in 0.5 MPa increments, and the 

1  http://sylvain-delzon.com/caviplace

hydraulic conductivity, K, was measured at each step. Data acquisition 
and processing were performed using the Cavisoft software (Cavisoft 
v1.5, University of Bordeaux, Bordeaux, France). The vulnerability 
curves were fit with the following sigmoid function (Pammenter and 
Van der Willigen, 1998):

	

( ) − 
 

=
 
 + 
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50
25

100

1 exp
S P P

PLC

where PLC is the percentage loss in hydraulic conductivity; S is 
the negative slope (% MPa−1) of the vulnerability curve at the 
inflection point; P50 (MPa), cavitation resistance, is the xylem 
pressure inducing 50% loss of xylem hydraulic conductance. The 
vulnerability curve slope (S) is a good indicator of the speed at which 
embolisms affect the stem (Delzon and Cochard, 2014; Delzon et al., 
2010). The hydraulic safety margin was calculated as the difference 
between Ψmin and P50 (Delzon and Cochard, 2014; Klein et al., 2014).

Needles gas exchange

Needle-level gas exchange was measured using a portable open-
path gas-exchange system (Li-6400, Li-Cor Inc., Lincoln NE) 
equipped with a lighted 2 × 3 cm broadleaf chamber (Li-6400-40, 
Li-Cor Inc). The measurements were carried out using one-year-old 
needles of excised sunny branches on the same trees used for water 

FIGURE 1

Magnified images (230x) of eastern white pine needle abaxial surfaces. The image was taken at the center of the needle and shows the four stomata 
rows. The stomatal density was determined based on the number of stomata along the 1 mm segment (DL0) of the needle length. DL1 needle 
diameter, width and, length measurements are shown on photographs of abaxial leaf surface.
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potential and needle morphology measurements. Branches were cut, 
immediately plunged in water, and the lower 2 cm cut under water 
and put in water-filled plastic tubes until the end of gas exchange 
measurements. Several studies showed the efficacy of excised 
branches for gas exchange measurement on conifer species (Dang 
et al., 1997; Ethier et al., 2006). Additionally, before measurements, 
we tested three separate branches, which showed that the excised 
branch maintains the same CO2 assimilation and stomatal 
conductance 3 h after excision, and if put in dark conditions 
immediately after collection, 24 h. We  flattened seven fascicles 
attached to the main twig for each sample and inserted them in the 
cuvette area. We measured the photosynthetic CO2 response curve 
(A-Ci) after 30 min of steady-state conditions within the cuvette. The 
flow, temperature, vapor pressure deficit (VPD), CO2 (Ca, inside the 
cuvette), and photosynthetic active radiation (PAR) inside the 
cuvette were maintained at 300 μmol s−1, 20 ± 1 °C, 1 ± 0.2 kPa, 
415 μmol mol−1, and 1,500 μmol m−2 s−1, respectively. The saturation 
PAR was determined based on three photosynthetic light response 
curve (A-Q) measurements per white pine parentage 
(Supplementary Figure S1). Thereafter, Ca (CO2 inside the cuvette) 
was changed in the following order: Ca: 415, 400, 350, 300, 250, 200, 
150, 100, 50, 415, 500, 550, 600, 650, 700, 800, 900, 1,000, 1,100, 
1,200, 1,400, and 1,500, 1800 μmol mol−1. Values were recorded 
based on the stability of photosynthetic assimilation rate (Amax) and 
stomatal conductance to water (gsw). The attachment points of the 
needles to cuvette walls were taped using the plasticine, allowing 
easy placement of needles and avoiding leaks in and out of the 
cuvette. Therefore, data were not corrected for CO2 leaks. Intrinsic 
water use efficiency (WUEi) was calculated as Amax at ambient CO2 
divided by stomatal conductance to water (gsw). Photosynthetic 
nitrogen use efficiency (PNUE) was calculated as Amax divided 
by Narea.

Estimation of gas exchange parameters

Mesophyll conductance (gm, CO2 transfer conductance from the 
intercellular space to the sites of carboxylation in chloroplasts), the 

maximum rate of carboxylation (Vcmax, μmol CO2 m−2 s−1), and the 
maximum rate of electron transport (Jmax, μmol m−2  s−1) were 
estimated simultaneously from the A-Ci response curves. After 
(Ethier and Livingston, 2004; Niinemets et al., 2004), A-Ci curves 
were fit with the non-rectangular hyperbola version of the 
biochemical C3 photosynthesis model (Farquhar et al., 1980) using 
nonlinear regression techniques (Proc Nlin, SAS) as described in Sun 
et al. (2014). Jmax was assumed to equal J at light saturation (Long and 
Bernacchi, 2003).

Statistical analyses

Statistical analyses were performed with Python version 3.9. The 
effect of water moisture and genotype and their interaction on needle 
mid-day water potential was analyzed using a two-way ANOVA. P50, the 
slope of the curve of the vulnerability to cavitation, needle morphological 
traits (SLA, needle density, needle length and width, stomatal rows, 
stomatal density) and photosynthetic-related traits (Amax, gsw, Vcmax, Jmax, 
Jmax: Vcmax, gm, SLA, Nmass, Parea, Karea, Narea, PNUE, WUEi) were compared 
between pines and hybrids using one-way analysis of variance with the 
Statsmodels package (0.11.1). Family means were used as observations in 
ANOVAs and adjusted Tukey tests (HSD) were used to determine 
statistical significance among species and hybrids in those traits. 
Nonparametric one-way ANOVAs were used when ANOVA 
assumptions, such as homogeneity of variance and normality of residuals, 
were not met even after transformation (stomatal density, WUEi). 
Spearman correlations were used to examine the correlation between 
xylem and needle functional traits. Correlations were considered 
significant at p ≤ 0.05.

Results

Needle morphological characteristics

Needles were 8 to 14 cm long, with Himalayan blue pine having the 
longest needles, followed by hybrids then eastern white pine. Needle 

FIGURE 2

Soil water content (%) at 30 cm depth in August (dry period) and September (wet period) when branch samples were collected for measuring needle 
water potential. The median of the observations is represented by the horizontal line within the boxes, while the upper (third) and lower (first) quartiles 
of the value ranges are indicated by the box ends.
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length decreased linearly as eastern white pine parentage increased 
(p = 0.002; R2 = 0.97; Figure  3). Conversely, needle width had no 
relationship with eastern white pine parentage (p = 0.62; R2 = 0.06; 
Figure 3). Like needle length, specific leaf area (SLA) was the largest for 
blue pine and decreased linearly as eastern white pine parentage increased 
(p = 0.04; R2 = 0.79; Figure 3). Needle density (NeD, g cm−3) was lowest 
for blue pine and increased linearly as eastern white pine parentage 
increased (p = 0.003; R2 = 0.94; Figure 3). The highest number of stomatal 
rows on both sides of the needle surfaces was observed in blue pine, 
followed by eastern white pine and its hybrids with 50 and 75% eastern 
white pine parentage. The hybrids with 87.5% eastern white pine 
parentage had the fewest stomatal rows. Also, there was no variation in 
stomatal rows among eastern white pine families, which consistently 
showed 3 and 4 rows on the two abaxial sides, as well as among hybrids 
with 50 and 75% eastern white pine parentage. However, stomatal rows 
did differ among blue pine families, which had 5–6 or 4–5 rows, and 
hybrids with 87.5% eastern white pine parentage, which had 3–2 or 3–4 
rows (Table 2). Stomatal density was, however, similar between species 
and hybrids (Table 2). Nitrogen on a projected area basis (Narea) was lowest 
for blue pine and increased linearly as eastern white pine parentage 
increased (p = 0.048; R2 = 0.77). In contrast, the potassium (Karea) and 
phosphorus (Parea) on a projected area basis were similar among parent 
pine species and hybrids (Table 2).

Needle water potential and xylem 
embolism

Midday needle water potential (Ψmd) was affected by soil water 
content (p = 0.001) but not by species (p = 0.392), and no significant 
interaction between soil moisture and species was found (p = 0.90). The 
Ψmd was lower during the dry period (low volumetric water content) than 
the wet period in the growing season. Regardless of sampling period, Ψmd 

was similar among hybrids and the two pine species (Figure 4). The 
predawn water potential (Ψpd), measured only during the dry period, was 
similar between pines and hybrids (p = 0.16; Figure  4). P50 of the 
vulnerability curve was 10% lower for eastern white pine than blue pine 
and hybrids (p = 0.007; Figure 5). However, the slopes of the vulnerability 
curves were similar for pine species and their hybrids (p = 0.058). The 
hydraulic safety margin was the lowest for eastern white pine (p = 0.001; 
Figure 5).

Needle gas exchange

Light-saturated photosynthesis (Amax) was not significantly 
different between species and hybrids (p = 0.062), stomatal 
conductance (gsw) was higher (0.109 mol H2O m−2 s−1) in blue pine than 
eastern white pine and hybrids containing 87.5% eastern white pine 
parentage (0.064 to 0.065 mol CO2 m−2 s−1), while hybrids containing 
50 and 75% of eastern white pine parentage had intermediate values. 
Like Amax, mesophyll conductance (gm, mol CO2 m−2 s−1), the maximum 
rate of carboxylation (Vcmax, μmol CO2 m−2 s−1), the maximum rate of 
electron transport (Jmax, μmol m−2 s−1), and the Jmax:Vcmax ratio were 
similar among pines and hybrids (Table  2). Intrinsic water use 
efficiency (WUEi) was highest for eastern white pine and decreased 
linearly as eastern white pine parentage decreased (p = 0.007; R2 = 0.96; 
Figure 6). In contrast, photosynthetic nitrogen use efficiency (PNUE) 
was the highest for the blue pine and decreased linearly as eastern white 
pine parentage increased (p = 0.014; R2 = 0.90; Figure 6).

Functional relationships

Needle length was positively correlated with SLA while Needle 
density was negatively correlated with Narea and SLA (Figure 7). SLA 

FIGURE 3

Relationship between eastern white pine (P. strobus) parentage and (a) needle length, (b) specific leaf area (SLA), (c) needle width, and (d) needle 
density (n = 4 or 5).
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was negatively correlated with Narea, WUEi and Jmax and positively with 
xylem hydraulic safety margin (HSM) (Figure 7). Stomatal density 
was positively correlated to gsw (Figure 7). As for photosynthesis-
related traits, Amax was related to its CO2 diffusion limitations (gsw and 
gm), but not to its biochemical limitations (Vcmax and Jmax) (Figure 7). 
Stomatal conductance and mesophyll conductance were unrelated. 
Unexpectedly, Jmax and Vcmax were also unrelated (Figure 7). WUEi was 

negatively correlated with SLA and positively with needle density, 
Narea and the ratio between mesophyll conductance and stomatal 
conductance (gsw:gm) (Figure  7). Photosynthetic nitrogen-use 
efficiency was negatively correlated with WUEi and positively with 
SLA and gsw (Figure 7). Predawn and midday water potential were 
unrelated, and both were unrelated with P50 and xylem HSM 
(Figure 7).

TABLE 2  Needles morpho-physiology traits of eastern white pine (P. strobus) and Himalayan blue pine (P. wallichiana) and their interspecific hybrids 
with varying eastern white pine parentage (mean ± std).

Trait P. strobus Parentage %

0% 50% 75% 87.5% 100%

Stomata rows 5–6/5–4 3–4 3–4 3–4/2–3 3–4

Stomata density

(No mm−2)

204 ± 43a 176 ± 51a 199 ± 33a 141 ± 18a 147 ± 10a

Amax 9.6 ± 1.3a 7.7 ± 1.8a 8.6 ± 1.8a 6.8 ± 0.4a 8.1 ± 1.0a

gsw 0.119 ± 0.02a 0.078 ± 0.02ab 0.085 ± 0.03ab 0.064 ± 0.01b 0.065 ± 0.01b

gm 0.109 ± 0.02a 0.071 ± 0.02a 0.098 ± 0.02a 0.082 ± 0.01a 0.092 ± 0.01a

Vcmax 32.8 ± 4.3a 34.8 ± 9.8a 35.4 ± 4.4a 34.9 ± 9.7a 36.3 ± 15.4a

Jmax 73.9 ± 8.2a 75.6 ± 20.5a 76.2 ± 10.5a 73.2 ± 16.9a 80.7 ± 23.5a

Jmax: Vcmax 2.2 ± 0.1a 2.1 ± 0.1a 2.1 ± 0.1a 2.1 ± 0.1a 2.1 ± 0.1a

Narea 2.24 ± 0.29b 2.61 ± 0.23b 2.86 ± 0.47ab 2.78 ± 0.22ab 3.59 ± 0.52a

Karea 0.56 ± 0.05a 0.63 ± 0.05a 0.65 ± 0.14a 0.60 ± 0.11a 0.72 ± 0.11a

Parea 0.21 ± 0.03a 0.24 ± 0.02a 0.23 ± 0.04a 0.25 ± 0.05a 0.28 ± 0.03a

Amax, light-saturated photosynthetic rate (μmol CO2 m−2 s−1); gsw, stomatal conductance for water (mol H2O m−2 s−1); gm, mesophyll conductance (mol CO2 m−2 s−1); Vcmax, the maximum rate of 
carboxylation (μmol CO2 m−2 s−1); Jmax, the rate of electron transport (μmol CO2 m−2 s−1); Jmax: Vcmax, The ratio of Jmax to Vcmax; Narea, Leaf nitrogen in area basis (g m−2); Karea, Leaf nitrogen in area 
basis (g m−2); Parea, Leaf nitrogen in area basis (g m−2); Within each row, means followed by the same letter do not differ significantly at α = 0.05.

FIGURE 4

Needle water potential of eastern white pine (P. strobus) and Himalayan blue pine (P. wallichiana) and their interspecific hybrids with varying eastern 
white pine parentage: (a) midday water potential in dry period, (b) midday water potential in wet period, and (c) predawn water potential in dry period. 
The median of the observations is represented by the horizontal line within the boxes, while the upper (third) and lower (first) quartiles of the value 
ranges are indicated by the box ends. Means with the same letters are not significantly different at α = 0.05 (n = 4 to 5). ns = ANOVA test not significant.
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Discussion

We assessed key structural, morphological, and physiological 
characteristics of eastern white pine and Himalayan blue pine hybrids 
with varying levels of eastern white pine parentage. Our results showed 
that Himalayan blue pine and eastern white pine differed considerably in 
needle length, needle mass density, and SLA. As expected, our results 
revealed that these key traits in the hybrid progeny became more similar 
to those of the eastern white pine as its parentage increased (Figure 3). The 
traits of the second-generation backcrosses with 87.5% eastern white pine 
parentage were very similar to those of the eastern white pine. The 

successful recovery of structural, morphological, and physiological traits 
of eastern white pine in the hybrid progeny through backcrossing has 
validated Ontario’s breeding strategy (Lu and Derbowka, 2009) to 
enhance blister rust resistance while retaining desirable characteristics of 
eastern white pine.

Needle morphological characteristics

Eastern white pine needles were almost half the length of the blue 
pine. Furthermore, our results revealed that needle length variation 

FIGURE 5

(a) Cavitation resistance (P50), (b) hydraulic safety margin of eastern white pine (P. strobus) and Himalayan blue pine (P. wallichiana) and their 
interspecific hybrids with varying eastern white pine parentage. The median of the observations is represented by the horizontal line within the boxes, 
while the upper (third) and lower (first) quartiles of the value ranges are indicated by the box ends, and the whiskers indicate the highest and lowest 
observations. Means having the same letters are not significantly different at α = 0.05.

FIGURE 6

Relationship between P. strobus parentage and (a) Photosynthetic nitrogen use efficiency (PNUE) and (b) intrinsic water use efficiency (WUEi) 
(n = 4 or 5).
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among hybrids is linearly related to eastern white pine parentage 
(Figure  5). This difference in needle length may be  the cause of the 
observed high difference in SLA and needle density between the two 
species and the strong negative correlation between needle density and 
SLA (Figure 7). Needle morphology is involved in cold adaptation for 
several conifer species (Körner et al., 1989; Rajashekar and Burke, 1996; 
Jankowski et al., 2017). Cold-adapted species or populations generally 
have shorter and more compact needles, resulting from a substantial 
investment in structural tissue such as thicker cell walls, more epidermal 
cells, and wider resin ducts (Jankowski et al., 2017; Niinemets, 2016; 
Niinemets, 2001). This structure results in greater tissue density and lower 
SLA (Niinemets, 2001; Poorter et al., 2009). Our results showed a decrease 
in needle length and SLA, and an increase in needle density of hybrid pine 
with increasing eastern white pine parentage, indicating that frost 
tolerance of eastern white pine hybrids is proportional to eastern white 
pine parentage. Our results align with observations of Lu and Sinclair 
(2006), who found a positive correlation between eastern white pine 
parentage and frost tolerance in hybrid progeny. Our results indicate that 
progressive backcrossing of hybrids with eastern white pine helped 
recover frost resistance and support the expectation for a high degree of 
morphophysiological similarity between the third-generation backcrosses 
and eastern white pine.

Water potential and xylem vulnerability to 
cavitation

Midday needle water potential (Ψmd), which ranged from −1.2 to 
−1.5 MPa in wet and dry conditions, respectively, is consistent with 

previous findings for eastern white pine (Urli et al., 2023; Asbjornsen 
et al., 2021; Fulton, 2014). The small adjustment in Ψmd (less than 
0.5 MPa) in response to soil drying, a typical isohydric pattern of 
eastern white pine, has been reported by other studies (Asbjornsen 
et al., 2021; Urli et al., 2023; Koc et al., 2022). The Ψmd and Ψpd, of blue 
pine and hybrids were similar to those of the eastern white pine. 
Furthermore, eastern white pine parentage did not affect hybrid pines’ 
needle water potential, suggesting that hybrid pine should have the 
same physiological strategy to cope with drought. We  found no 
correlation between predawn water potential (Ψpd) and midday water 
potential during dry period (Ψmin), which could be due to isohydric 
characteristic of eastern white pine and its hybrids. Isohydric species 
tend to limit midday water potential to a specific range, regardless of 
predawn measurements under moderate stress conditions (Martínez-
Vilalta et al., 2014; Guo et al., 2020).

Few studies investigated xylem vulnerability to cavitation in 
white and blue pines. Reported P50 values for eastern white pine 
ranged from −5.25 MPa (Asbjornsen et al., 2021) for trees growing 
at the southern edge of the species natural range in Durhan, NH, 
USA, using the centrifuge method, to −3.5 MPa (Urli et al., 2023; 
Song et al., 2021) in the south of Quebec, Canada using the bench 
dehydration method. Our P50 values were higher than those 
reported for eastern white pine. These differences were likely due to 
methods used to build the vulnerability curves. The P50 for blue 
pine was close to −3 MPa, lower than the eastern white pine, 
suggesting that blue pine is slightly more resistant to cavitation than 
eastern white pine. The hybrids were also more resistant to 
cavitation than eastern white pine. In addition, the higher hydraulic 
safety margin observed for hybrids compared to eastern white pine 

FIGURE 7

Heatmap of correlation between needle morphophysiology and xylem-related traits. The values in the grid are the Spearman correlation coefficients (r 
values). The red color indicates a positive correlation, and the blue color indicates a negative correlation. r values of correlations with p values ≤ 0.05 
are bolded. (n = 5). NeL, Needle length; SLA, specific leaf area; NeD, needle density; StD, stomatal density; Amax, light-saturated photosynthetic rate; gsw, 
stomatal conductance for water; gm, mesophyll conductance; gm:gs, the gm to gs ratio; Vcmax, the maximum rate of carboxylation; Jmax, the rate of 
electron transport; WUEi, intrinsic water use efficiency; PNUE, Photosynthetic nitrogen use efficiency; Narea, Leaf nitrogen in area basis; Midday water 
potential in dry period; Predawn water potential in dry period; P50, cavitation resistance; HSM, xylem hydraulic safety margin.
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should allow for increased drought tolerance. The resistance to 
drought-induced cavitation (P50) is strongly related to the tracheid 
dimension for most boreal conifer species, and collectively, lower 
P50 is associated with greater wood density (Hacke et al., 2015). Lu 
and Sinclair (2006) reported a decrease in wood density with an 
increase in eastern white pine parentage, suggesting that the P50 
variation pattern observed in our study is likely linked to the 
observed variation in wood density among the two pines and 
hybrids. Based on the well-documented physiological coordination 
between needle stomatal and mesophyll conductance and needle 
hydraulic conductance (Flexas et al., 2013; Wang et al., 2019), one 
might expect a negative relationship between P50 and stomatal and 
mesophyll conductance (gsw), since greater embolism resistance (i.e., 
higher P50) is associated with reduced xylem hydraulic 
conductance. However, we did not observe this expected correlation 
in our study. This may be explained by the fact that total needle 
hydraulic conductance is determined not only by xylem hydraulic 
conductance but also by extravascular hydraulic conductance 
(Wang et al., 2019). Extravascular pathways can decouple xylem 
vulnerability to cavitation and needle hydraulic conductance. 
Therefore, while P50 provides valuable insight into embolism 
resistance, it may not fully capture the hydraulic limitations that 
influence stomatal regulation and photosynthetic activity in 
hybrid pines.

Photosynthetic-related traits

Needle physiology data were almost non-existent for Himalayan 
blue pine and the results of our study provide an opportunity to 
assess the physiological proximity between the two species. The light-
saturated photosynthetic rate (Amax) was similar among the two pine 
species, and their hybrids. The observed variation in Amax was strongly 
related to gsw and gm but not to Vcmax and Jmax. The little variation in 
Vcmax despite the high Narea for eastern white pine might be explained 
by a greater investment of needle nitrogen in structural tissues 
(proxied by a decrease in SLA) for frost resistance.

The differences in SLA, Narea and gsw between the two species and 
their hybrids (Table  2) contributed to the observed trade-off 
between photosynthetic nitrogen use efficiency (PNUE) and 
intrinsic water use efficiency (WUEi). However, this difference 
should not limit the fitness of hybrids under boreal conditions. On 
the contrary, it should enhance the tolerance of hybrids to frost and 
drought conditions.

Water-use efficiency index (WUEi) is a crucial trait for the 
survival of conifer seedlings during the establishment stage 
particularly if they are subject to the soil water deficit (Livingston and 
Black, 1987; Sun et al., 1996). Water use efficiency is a complex trait 
which is influenced by various physiological and morphological 
characteristics, including stomatal density and structure, mesophyll 
conductance, stomatal conductance, their ratio (gm:gsw), and cuticle 
and epicuticular waxes (Flexas et al., 2016; Fanourakis et al., 2014; 
Petrík et al., 2024; Israel et al., 2021). Our findings indicate that after 
two backcrosses, the hybrids were able to nearly match the WUEi of 
eastern white pine, which suggests that these hybrid pines could 
provide greater resilience to drought conditions in boreal forest 
environments. We  observed no correlation between WUEi and 

stomatal density or stomatal conductance (gsw), and a positive 
correlation with gm:gsw ratio suggesting that the observed variations 
in WUEi may be  linked to stomatal size, cuticle properties, or 
epicuticular waxes and the balance between gs and gm.

Across taxa, SLA correlated positively with mesophyll conductance 
(Niinemets et al., 2009) Unexpectedly, our results indicated a similar 
mesophyll conductance among the two pine species and their hybrid 
despite the substantial variation in SLA; one explanation may be the 
contribution of aquaporin to the movement of CO2 through the 
mesophyll at high needle nitrogen content (Evans, 2021). Also, needle 
hydraulic conductance is a contributing factor to observed variation in 
gm (Flexas et al., 2013). The absence of correlation between mesophyll 
conductance (gm) and needle density and P50 in our study suggests 
contrasting patterns of xylem and outside the xylem (extra-xylary) 
hydraulic conductance within the needle. Analyzing the needle 
anatomy—such as the surface area of mesophyll cells, the thickness of 
mesophyll cell walls, and the diameter of tracheids—as well as the 
distinct roles of xylem and extra-xylary pathways in overall needle 
hydraulic conductance might help shed light on this matter.

In summary, our results support the effectiveness of backcrossing 
to recover desirable morphophysiological traits of eastern white pine 
in its hybrids with Himalayan blue pine. Producing third-generation 
backcrosses will likely help achieve the objectives of Ontario’s 
breeding program for blister rust resistance. This study has covered a 
small number of families from each hybrid. Examining those traits 
across more families at different site conditions would be  more 
desirable and will be the focus of future planned studies.
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