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Abstract
The frequently observed forest decline in water‐limited regions may be associated with impaired

tree hydraulics, but the precise physiological mechanisms remain poorly understood. We

compared hydraulic architecture of Mongolian pine (Pinus sylvestris var. mongolica) trees of

different size classes from a plantation and a natural forest site to test whether greater hydraulic

limitation with increasing size plays an important role in tree decline observed in the more

water‐limited plantation site. We found that trees from plantations overall showed significantly

lower stem hydraulic efficiency. More importantly, plantation‐grown trees showed significant

declines in stem hydraulic conductivity and hydraulic safety margins as well as syndromes of

stronger drought stress with increasing size, whereas no such trends were observed at the natural

forest site. Most notably, the leaf to sapwood area ratio (LA/SA) showed a strong linear decline

with increasing tree size at the plantation site. Although compensatory adjustments in LA/SA

may mitigate the effect of increased water stress in larger trees, they may result in greater risk

of carbon imbalance, eventually limiting tree growth at the plantation site. Our results provide

a potential mechanistic explanation for the widespread decline of Mongolian pine trees in

plantations of Northern China.
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1 | INTRODUCTION

Forest decline is widespread across the globe and appears to be

accelerating over the past few decades (Allen et al., 2010; Bennett,

McDowell, Allen, & Anderson‐Teixeira, 2015; Ryan, 2015). Besides

natural senescence, tree dieback and mortality result from a
wileyonlinelibrary.c
combination of biotic and abiotic factors, including damage by insects

and pathogens (Wong & Daniels, 2016), nutrient limitation (Xu,

McDowell, Sevanto, & Fisher, 2013), and drought stress (Anderegg

et al., 2012; Nardini, Battistuzzo, & Savi, 2013; Zheng, Zhu, Yan, &

Song, 2012). Due to the influence of climate change, drought has

become more frequent and intense in many regions and is becoming
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a more and more important factor in causing forest mortality world-

wide (Anderegg et al., 2012; Brodribb & Cochard, 2009; Hoffmann,

Marchin, Abit, & Lau, 2011; McDowell et al., 2008). Three interactive

mechanisms have been proposed to explain tree dieback and mortality

in water‐limited environments, namely, hydraulic failure, carbon starva-

tion during prolonged stomatal closure, and lethal biotic attacks

resulting from climate‐mediated insect outbreaks and pathogens

(Adams et al., 2009; McDowell et al., 2008; Sevanto, McDowell,

Dickman, Pangle, & Pockman, 2014). Although complex reciprocal rela-

tionships have been found among the three mechanisms and no single

mechanism alone seems to be able to explain widespread tree mortality

events, hydraulic failure has been invoked as the most direct mecha-

nism causing tree die‐off in vast areas of water‐limited land globally,

especially under the influence of climate change (Martínez‐Vilalta &

Piñol, 2002; Nardini et al., 2013; O' Grady, Mitchell, Pinkard, & Tissue,

2013). Nevertheless, knowledge gaps concerning key physiological

drivers of tree decline constrain predictions of spatial and temporal pat-

terns of future climate‐driven forest die‐off (Allen et al., 2010; Balducci,

Deslauriers, Giovannelli, Rossi, & Rathgeber, 2013; Hartmann, 2011).

Tree decline has been more frequently observed in larger individ-

uals, and significant changes in hydraulic architecture are also commonly

found with increasing tree size, suggesting a mechanistic linkage

between mortality and hydraulic limitations mediated by variation in tree

size (Woodruff, Meinzer, & Lachenbruch, 2008; Zhang et al., 2009).

Water stress is amplified in larger trees due to the negative effects of

the gravitational component of water potential and higher resistance

associated with a longer hydraulic pathway (Koch, Sillet, Jennings, &

Davis, 2004; Ryan, Binkley, & Fownes, 1997). Thus, compared with

smaller trees, larger trees might be more susceptible to partial hydraulic

failure that leads to lower growth rates, branch dieback, and even mor-

tality (Bennett et al., 2015; Domec et al., 2008; Woodruff, Bond, &

Meinzer, 2004). It has been shown that larger trees exhibit more branch

damage and greater rates of mortality than co‐occurring smaller individ-

uals of the same species in water‐limited environments (McDowell &

Allen, 2015; Zhang et al., 2009). To avoid the detrimental effects of

hydraulic failure, trees may show significant phenotypic plasticity in

characteristics related to water transport and use (Domec et al., 2008;

Zhang et al., 2009). For example, taller trees of the same species, even

growing in a common environment, exhibited greater leaf mass per area,

lower leaf area to sapwood area (SA) ratio, lower water potential, lower

leaf osmotic potential at full and zero turgor, and lower xylem conductiv-

ity (McDowell et al., 2008; Woodruff et al., 2004; Zhang et al., 2009).

The mechanisms responsible for the effects of tree size on drought‐

induced mortality are not fully understood (Martínez‐Vilalta, López,

Loepfe, & Lloret, 2012; Nardini et al., 2013; Sevanto et al., 2014), and

there is an urgent need to study the hydraulic architecture of trees of

different sizes to inform predictions of future vulnerability to drought.

Xylem water transport efficiency and safety of trees are strongly

influenced by environmental factors and trees have been shown to

adjust their hydraulic architecture according to their growing conditions

(Magnani, Grace, & Borghetti, 2002; Ryan, Phillips, & Bond, 2006;

Schuldt et al., 2016). For example, when grown under xeric conditions

at a common site, seedlings of Pinus pinaster originating from six popu-

lations consistently showed reduced sapwood specific hydraulic con-

ductivity and increased resistance to drought‐induced embolism
compared with their counterparts growing in a mesic common site

(Corcuera, Cochard, Pelegrín, & Notivol, 2011). In spite of the pheno-

typic plasticity of hydraulic characteristics, chronic or severe drought

stress can cause hydraulic limitation or complete failure of xylem water

transport that eventually result in tree dieback and mortality (Davis

et al., 2002; Nardini et al., 2013). Aside from drought, hydraulic failure

can also be caused by freeze–thaw‐induced embolism (Langan, Ewers,

& Davis, 1997; Mayr et al., 2014; McCulloh, Johnson, Meinzer, &

Lachenbruch, 2011; Sperry & Sullivan, 1992), a risk that especially

needs to be considered for evergreen trees growing in high latitude

and altitude environments (Charrier et al., 2014; Cochard & Tyree,

1990). Freeze–thaw events can induce substantial xylem embolism in

overwintering stems and refilling of winter embolism is strongly influ-

enced by environmental conditions (Breshears et al., 2008; Mayr et al.,

2014). For example, conifer trees have been found to repair winter

embolism and avoid excessive shoot dieback by absorbing water from

fog or snow melting on branch surfaces (Breshears et al., 2008; Burgess

& Dawson, 2004; Hacke et al., 2015; Mayr et al., 2014; Sparks, Camp-

bell, & Black, 2001). Previous studies on xylem hydraulics in relation

to tree dieback have focused mainly on water stress during the growing

season and few studies have considered effects of freeze–thaw events

and even fewer have considered both factors (Allen et al., 2010).

Mongolian pine (Pinus sylvestris var. mongolica Litv.) is the most

important tree species used for large‐scale afforestation projects in

water‐limited regions of China (Jiang, Zeng, & Zhu, 1997; Song, Zhu,

Yan, Li, & Yu, 2015). This species is well adapted to semiarid environ-

ments with deep sandy soils in its natural habitats in the western part

of Daxinganling, Inner Mongolia, Northeast China. During the past few

decades, more than 700,000 hectares of Mongolian pine plantations

have been established in the Three‐North (northwest, north, and

northeast) region of China especially in places with sandy soils. Mon-

golian pine plantations provide marvellous ecological, economical,

and social benefits locally and at regional scales. However, severe

decline in Mongolian pine plantations has occurred since the beginning

of 1990s (Jiao, 2001; Zhu, Fan, Zeng, Jiang, & Matsuzaki, 2003). Water

deficits are considered to be a key determinant of tree dieback and

massive mortality of Mongolian pine trees in plantations of this region

(Song, Zhu, Li, & Zhang, 2016; Zhu et al., 2003), but the role of xylem

hydraulics in tree mortality has not been examined in this species. In

contrast to the obvious decline in plantations, no such phenomenon

has been observed in the natural habitats of Mongolian pine trees. In

the present study, we compared a natural Mongolian pine forest with

a Mongolian pine plantation to investigate whether hydraulic con-

straints play an important role in the growth decline and dieback

observed in larger (DBH > 19 cm, older than 30 years) trees at the

plantation site. We hypothesized that size‐related decline in growth

of the plantation trees would be driven by unfavourable changes in

hydraulic architecture and difficulties in maintaining adequate carbon

balance with increasing tree size. Specifically, we hypothesized that

(a) stem hydraulic conductivity of Mongolian pine trees from the plan-

tations would decrease substantially with increasing tree size, whereas

in trees from natural forests, it remains relatively stable with increasing

tree size; (b) larger Mongolian pine trees from the plantation site would

have reduced capacity for photosynthetic carbon assimilation and

reduced growth rates compared with trees from the natural forest site;
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(c) plantation grown trees would increasingly exhibit a syndrome of

increasing hydraulic limitation and drought stress with the increase of

size, characterized by symptoms such as lower leaf water potentials

and turgor loss points.
2 | MATERIALS AND METHODS

2.1 | Species and site descriptions

Mongolian pine (Pinus sylvestris var. mongolica) is a geographical variety

of Scots pine (Pinus sylvestris L.) that is distributed in Northeast Asia. It

has been classified into two ecotypes according to their natural habi-

tats of distribution: an ecotype adapted to mountain habitats and

one adapted to fixed sand dunes (Kang, Zhu, Li, & Xu, 2004). The latter

ecotype, known as Sandy Land Mongolian Pine (SLMP), is restricted to

a forest belt of approximately 200 km in length and 14–20 km in width

(47°–49°N, 119°–120°E) in the fixed sand dunes of NE China in its

natural conditions (Zhu et al., 2003). Due to its strong tolerance of

stressful environments (infertile soil, cold temperature, and drought)

and adaptation to deep sandy soils, SLMP has been widely used for

sandy land reclamation in vast regions of northern China since

the 1950s (Zeng, Jiang, Fan, & Zhu, 1996; Zhu et al., 2003). However,

since the early 1990s, SLMP plantations have exhibited severe decline

and massive mortality, especially in trees larger than 19 cm diameter at

breast height (DBH; Song et al., 2016; Zhu et al., 2003 Table 1). This

study was conducted at two pure SLMP sites in NE China. The first site

is in the Honghuaerji Natural Reserve of Mongolian Pine Forest

(47°36′–48°35′ N, 118°58′–120°32′ E, 878 m alt.), which is located

in the heart of the natural forest belt of SLMP. The second site is

located at plantations of the Institute of Sand Fixation and Silviculture

of Zhanggutai, Zhangwu Country, Liaoning province (42°37′–42°50′

N, 122°11′–122°30′ E, 226.5 m alt.), which is the first place that SLMP

was successfully planted and spread to other regions of China.

Both study sites are characterized by deep sandy soil and a semi-

arid temperate continental climate with hot, dry summers and cold,

windy winters. The mean annual precipitation for the natural site and

the plantation site is 344 and 491 mm, respectively. Due to the lower

latitude and lower elevation of the plantation site, it has substantially

higher temperatures, higher potential evaporation, and much lower

humidity and fewer snow cover days than the natural forest site

(Figure S1 and Table S1). At each study site, five age classes (10, 20,
TABLE 1 Characteristics of forest plots and tree age classes sampled at th

Site Age (year) Number of plots
Total numb
individuals

Plantation 11–13 3 30
19–25 3 30
31–33 3 30
39–40 3 30
50 2 20

Natural forest 10 3 30
20 3 30
30 3 30
40 3 30

50–53 3 30

Note. The height and diameter at breast height (DBH) values are means ±1 SE.
30, 40, and 50 years) were selected for physiological measurements

related to xylem hydraulics, water relations, and carbon assimilation.
2.2 | Tree age, basal area increment, and branch
dieback

We estimated the percentage of damaged branches per tree by

counting the number of the dead and living branches in each younger

tree crown, or visually estimating the percentage of damaged branches

in the crowns of taller trees. Tree ages at the plantation site were esti-

mated using the historical records of the local research institute and

were confirmed by counting the number of nodes along the tree trunk,

which is relatively easy in this species due to the very regular arrange-

ment of branches on nodes formed each year. The same method was

used for tree age determination in the natural forest site. The same

two persons made the age determinations at both sites and values

were used only when the two independent counts were in agreement.

Trees of five size classes were selected according to similar ages and

growth conditions. Ten trees per age class in each stand were ran-

domly selected for sampling and physiological measurements. We

measured the circumference of the tree trunk at 1.3 m to calculate

the DBH in each of the selected trees. Basal area increment (BAI)

was then calculated by subtracting basal area of younger age classes

from basal area of older age classes and divided by the mean number

of years between successive age classes.
2.3 | Stem hydraulic conductivity

During the summer and late winter of 2015, 20–30 branches (approx-

imately 1 m in length) were sampled in two to three stands at both the

plantation and the natural forest sites in trees of each of the five size

classes. One branch from each of the individuals, whose age and

DBH had been previously been determined, was sampled at each stand

and thus 20–30 branches per size class at both the plantation and nat-

ural forest sites were sampled. At the plantation site, only 20 trees in

the largest size class were sampled because there were only two plots

containing 50‐year‐old trees. We sampled 4‐year‐old branches for all

the size classes and 3‐year‐old stem segments were used for hydraulic

conductivity measurements. Branches were collected early in the

morning from sun‐exposed portions of the crown of healthy trees.

The cut ends of the branches were immediately recut (approximately

2 cm removed) under water to remove embolized tracheids. A stem
e two study sites

er of
sampled Height (m)

DBH
(cm) Dead branches (%)

4.2 ± 0.1 7.8 ± 0.0 0
6.5 ± 0.1 14.8 ± 0.1 0
8.6 ± 0.2 18.8 ± 0.1 10
9.9 ± 0.3 21.6 ± 0.1 25

11.6 ± 0.4 30.5 ± 0.1 34

1.4 ± 0.2 4.2 ± 0.3 0
4.6 ± 0.2 7.8 ± 0.5 0
7.3 ± 0.3 14.4 ± 0.5 0

10.1 ± 0.3 21.7 ± 0.6 5
13.8 ± 0.2 35.1 ± 0.9 4
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segment of about 15 cm in length was then taken from the originally

sampled branch under water. Stem segments for hydraulic conductiv-

ity measurements were kept under water in a cooler during transport

to the laboratory. Upon arrival at the laboratory, samples were put into

a refrigerator and kept at 4°C before determination of hydraulic

conductivity. Hydraulic measurements for all segments were done

within 10 days from sampling and tests in separate sets of samples

showed no significant change in conductivity before and after

storage tested.

For the native hydraulic conductivity (Kh‐native) measurements,

stem segments approximately 7 cm in length (7–10 mm in diameter)

were recut under water in the laboratory. After smoothing both ends

of the segments with a sharp razor blade under water, the segments

were connected to an apparatus filled with degassed and filtered

20 mM KCl solution. A hydraulic head of 50 cm was used to generate

a hydrostatic pressure that drove water flow through the stem

segment. Hydraulic conductivity (Kh, kg·m·s−1 MPa−1) was calculated as

Kh ¼ Jv
ΔP=ΔL ;

(1)

where Jv is the flow rate through the stem segment (kg·s−1), and the

ΔP/ΔL is the pressure gradient across the stem segment (MPa·m−1).

All stem hydraulic conductivity measurements were made within a

week from sampling and showed no significant change during the stor-

age period.

The sapwood‐specific hydraulic conductivity (Ks, kg·m
−1·s−1·MPa

−1) and the leaf‐specific hydraulic conductivity (Kl, kg·m
−1·s−1·MPa−1)

were calculated as Kh divided by SA and total needle area distal to

the segment, respectively. Methyl blue dye was perfused into the

branch segment under a hydraulic head of 50 cm. Sapwood area was

determined at both ends of the segment and the two values were aver-

aged. Images of the transverse cross‐sections of the stained stem were

obtained using a scanner, and the area of stained portion was analysed

using ImageJ software (US national Institutes of Health, Bethesda, MD,

USA). More than 30 needles of each plant were randomly selected and

scanned for the determination of projected leaf area. The leaf mass per

area for each age class, calculated from these scanned leaves, was used

to estimate the total distal needle area (LA) of a branch according to

the total needle dry mass. The leaf area to SA ratio (LA/SA) was

calculated as LA divided by SA for each branch. Wood density was

determined using the same sets of samples for hydraulic conductivity

measurements by the water displacement method.

2.4 | Winter and summer xylem embolism

Native xylem embolism was estimated by measuring the increase in

hydraulic conductivity after embolism removal using a partial vacuum

method (McCulloh et al., 2011). After measurement of Kh‐native, the

stem segments were submerged in perfusion solution (degassed

20 mM KCl) under a partial vacuum overnight (approximately 12 hr)

to refill embolized tracheids. Before measurement of maximum

hydraulic conductivity (Kh‐max), the stem segments were inspected to

confirm the absence of bubbles at their cut ends. The native percent-

age loss of conductivity (PLC) was calculated as
PLC ¼ 100 Kh‐max−Kh‐nativeð Þ=Kh‐max: (2)

2.5 | Hydraulic vulnerability curves

Stem hydraulic vulnerability curves for the plantation trees were con-

structed using the centrifugal force method (Alder, Pockman, Sperry,

& Nuismer, 1997) on 14.2 cm long, 5–8 mm diameter stem segments

from six individuals per size class. After measurement of Kh‐native, the

stem segments were attached to the custom‐designed rotor of a

high‐speed centrifuge (Model 20 K, Cence Instruments, Changsha,

China). Stem segments were not vacuum‐infiltrated to artificially refill

embolized tracheids prior to the measurements because we aimed at

characterizing the hydraulic vulnerability of the functioning conduits

only and also to avoid the potential impact of cavitation fatigue (Hacke,

Stiller, Sperry, Pittermann, & McCulloh, 2001). Vulnerability to embo-

lism was measured as the decrease of hydraulic conductivity in

response to a stepwise increase in xylem tension (0.5, 1, 2, 2.5, 3,

3.5, 4, 4.5, 5 MPa) generated by spinning the stem segment. Spinning

was held constant for 3 min at each speed level and then 3 min were

allowed for equilibration under water before determination of Kh.

The PLC after each spin was calculated as

PLC ¼ 100 Kh‐native–Khð Þ=Kh‐native: (3)

2.6 | Leaf water potential

Predawn (Ψpd) and midday leaf water potential (Ψmd) were measured

with a pressure chamber (PMS1000; Albany, OR, USA) in trees of the

five age classes at the plantation site during two consecutive sunny

days in mid‐July 2016. Shoot samples for Ψpd and Ψmd were taken

before sunrise (0400 to 0600 h) and at midday (1200 to 1400 h),

respectively. For each age class, six terminal shoots each from a differ-

ent individual were excised and sealed immediately in small plastic

bags containing moist paper towels and kept in a cooler until water

potentials were determined in the laboratory. Only the sun‐exposed

leaves were sampled for Ψmd measurements. All samples were mea-

sured within 1 hr after excision.

2.7 | Pressure–volume relationships

Leaf pressure–volume (P–V) curves were determined using the

method described by Tyree and Hammel (1972). At the plantation site,

branches approximately 1 m in length were sampled from six individ-

uals per size class at predawn and were taken to the laboratory in plas-

tic bags containing moist paper towels. Branches were recut under

water and were allowed to rehydrate for approximately 2–3 hr before

terminal shoot samples were taken for determination of P–V relation-

ships. After determination of the initial shoot fresh weight with an

analytical balance (CPA 225D, Sartorius Inc., Germany), shoot weight

and water potential (PMS1000) were measured periodically during

slow dehydration of the shoot on the laboratory bench. Upon comple-

tion of the measurements, shoot samples were oven‐dried at 70°C

for 48 hr before determination of shoot dry mass. No effect of leaf
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oversaturation was observed in P–V analyses (Meinzer, Woodruff,

Marias, McCulloh, & Sevanto, 2014).
FIGURE 1 Basal area increment (BAI) in relation to stem diameter at
breast height (DBH) in Mongolian pine trees at the natural forest and
the plantation sites. Linear regressions were fitted to the data. Four
plots with the smallest DBH at the natural forest site were excluded
from the regression because they fell along the shallow portion of the
sigmoid growth curve, biasing the slope of a regression fitted to the
steep portion of the curve. The slopes and intercepts of the two
regression lines are significantly different (p < .05, analysis of
covariance)
2.8 | Gas exchange measurements

Net CO2 assimilation (A) and stomatal conductance (gs) of six trees in

each size class at the plantation site were measured during the summer

(July to August) of 2016 using a portable photosynthesis system

(Li‐6400, Li‐Cor Inc., Lincoln, NE, USA). The measurements were con-

ducted on mature and fully developed sunlit leaves between 0900

and 1030 h during sunny days. Detached shoots with their base sub-

merged in clean water were used for leaf gas exchange measurements

to minimize the influence of hydraulic path‐length resistance and to

facilitate detection of intrinsic size‐related leaf structural and physio-

logical constraints on gas exchange (Zhang et al., 2009). Branches were

cut with a pruner, immediately recut under clean water, and gas

exchange measurements were made within 5 min after shoot excision.

Stable readings could be taken within 2 min. Photosynthetic photon

flux density and reference CO2 in the gas exchange cuvette were held

at 1,200 μmol m−2 s−1 and 400 ppm, respectively. The intrinsic water

use efficiency of photosynthesis (WUEi) was calculated as the ratio

of A to gs for each twig measured.
2.9 | Data analysis

Size‐related trends in BAI, hydraulic traits (Ks, Kl, LA/SA, water

potential, leaf area, wood density, and safety margin), and the rela-

tionship between Ψmd and LA/SA were evaluated by linear regres-

sion analysis. The slopes of BAI against DBH relationships for the

plantation and the natural forest sites were compared using analysis

of covariance (ANCOVA). Differences in hydraulic traits between

two sites and seasons were analysed using two‐way analysis of

variance (ANOVA).
3 | RESULTS

The growth pattern of Pinus sylvestris var. mongolica differed signifi-

cantly between the plantation and the natural forest. Tree size of the

Mongolian pine both in terms of height and DBH were significantly

larger at the plantation site than that at the natural forest site in the

two youngest age classes (p < .05, t test; Table 1). The differences

between the two sites in both tree height and DBH became non‐signif-

icant in the third age class (Table 1). The growth trajectories of Mongo-

lian pine trees were significantly different at the two sites as indicated

by significantly different slopes of the linear regression of BAI against

DBH (Figure 1; ANCOVA). The slope of the growth trajectory was

about 79% greater in the natural forest site and the increasing diver-

gence in BAI with increasing tree size resulted in BAI being about

59–70% greater in the natural forest site in the largest DBH classes

(30–35 cm). The slower growth rates found at the plantation site were

consistent with the observation that trees of older age classes at the

plantation site had significantly higher proportions of dead branches

in their crowns than their counterparts at the natural forest site

(p < .05; Table 1). At the plantation site, the proportion of dead

branches increased from 10% to 34% across the three oldest age
classes, compared with a maximum of only 4–5% dead branches in

the oldest age classes at the natural forest site (Table 1). In contrast

to the size‐related increase in branch dieback at the plantation site,

trees at this site did not show consistent size or age‐related trends in

photosynthetic gas exchange parameters (A, gs, or WUEi) at the leaf

level (Table 2).

Branch Ks decreased with increasing tree size in the plantation

site, whereas no consistent trend in Ks with tree size was observed in

the natural forest site (Figure 2a). With the exception of the smallest

tree diameter class (4.2 cm), branch Ks was consistently higher in the

natural forest site with Ks being about 31% greater in the natural forest

site over a similar range of tree diameter classes for the two sites. In

contrast to the size‐related decline in Ks at the plantation site, Kl

remained nearly constant with increasing tree size at this site

(Figure 2b). The size‐related variation in Kl at the natural forest site

was similar to that observed for Ks, with Kl being lowest in the smallest

DBH class, then increasing to a maximum value at the next larger DBH

class, followed by a declining trend with further increases in DBH.

Overall, Kl was substantially greater in the natural forest site

(Figure 2b).

Values of PLC measured in the summer were low in all size clas-

ses in both the natural forest and the plantation sites (Figure 3a,b).

In both sites, PLC values in winter, a measure of freeze–thaw

induced embolism, were significantly higher than those measured in

the summer in all size classes (Figure 3a,b). Most notably, the win-

ter‐time PLC values in the plantation site were two to three times

greater than those of similar size classes in the natural forest site.

Resistance to drought‐induced hydraulic dysfunction was not signif-

icantly different among tree size classes at the plantation site with

both P12 and P50 (water potentials at 12% and 50% loss of stem

hydraulic conductivity, respectively) remaining nearly constant across

size classes (Table 2).



TABLE 2 Physiological traits of plantation‐grown Pinus sylvestris var. mongolica trees of five size classes measured during the growing season

DBH (cm) π100 (MPa) π0 (MPa) A* (μmol m−2 s−1) gs* (mol m−2 s−1) WUEi (μmol mol−1) P12 (MPa) P50 (MPa)

7.77 ± 0.04 a −2.67 ± 0.04 a −2.81 ± 0.05 a 4.99 ± 0.43 a 0.031 ± 0.002 a 162.0 ± 6.5 a −2.71 ± 0.07 a −3.10 ± 0.06 a

14.84 ± 0.07 b −2.95 ± 0.04 b −3.12 ± 0.03 b 5.53 ± 0.37 ab 0.034 ± 0.002 ab 161.1 ± 6.5 a −2.67 ± 0.05 a −3.11 ± 0.05 a

18.79 ± 0.07 c −2.50 ± 0.07 c −2.89 ± 0.06 a 6.54 ± 0.24 bc 0.043 ± 0.004 c 160.1 ± 15.5 a −2.56 ± 0.08 a −3.02 ± 0.07 a

21.57 ± 0.08 d −3.34 ± 0.08 d −3.53 ± 0.11 c 5.71 ± 0.48 abc 0.033 ± 0.002 ad 173.5 ± 3.4 a −2.49 ± 0.17 a −2.92 ± 0.10 a

30.50 ± 0.20 e −3.61 ± 0.02 e −4.13 ± 0.06 d 6.61 ± 0.61 c 0.040 ± 0.006 bcd 169.8 ± 10.2 a −2.64 ± 0.10 a −3.24 ± 0.14 b

Note. Values are means ±1 SE (n = 6). Different letters following the values indicate significant differences between size classes at p < .05 (one‐way ANOVA
followed by an LSD test). DBH = diameter at breast height; π100 = leaf osmotic potential at full turgor; π0 = turgor loss point; A = maximum photosynthetic
rate; gs = stomatal conductance; WUEi = intrinsic photosynthetic water use efficiency; P12 and P50 = xylem water potential corresponding to 12% and 50%
loss of stem hydraulic conductivity. Significant differences among five size classes at p < .05 are marked by “*” (one‐way ANOVA).

FIGURE 2 Sapwood‐specific hydraulic conductivity (Ks) and leaf‐
specific hydraulic conductivity (Kl) of Mongolian pine trees measured
in the summer for different size classes at the natural forest and the
plantation sites. A linear regression was fitted to the data from the
plantation site in (a). Points represent mean ± 1 SE (n = 20–30). Results
of two‐way analyses of variance are shown in each panel

FIGURE 3 Percentage loss of hydraulic conductivity measured in
Mongolian trees of different size classes during summer (black bars)
and at the end of winter (white bars) for the (a) natural forest and the
(b) plantation sites. Error bars show ±1 SE (n = 20–30). Different letters
on top of error bars indicate significant differences between the two
seasons within each size class at each site
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There was no apparent size‐related trend in branch LA/SA at the

natural forest site, whereas LA/SA showed a steep linear decline from

the smallest to largest DBH class at the plantation site (Figure 4a,b).

For the smallest DBH class, LA/SA was substantially higher at the plan-

tation site, then nearly equal for the two sites at medium DBH classes

(14.8 to 21.6 cm), and finally at the largest DBH classes the relation-

ship was reversed with LA/SA being roughly 1.5 times greater at the

natural forest site (Figure 4a,b). Wood density showed a linear increase

with increasing DBH at the plantation site, whereas it remained nearly

constant at the natural forest site, except for a significant increase at

the largest DBH class (p < .05; Figure 4c,d). At the plantation site, Ks

showed a significant negative linear relationship with wood density

across different DBH classes (the insert of Figure 4c). Trees of similar
size tended to exhibit lower wood density at the plantation site than

in the natural forest site.

At the plantation site, midday leaf water potential (Ψmd) decreased

linearly from −1.4 MPa in the smallest trees to −1.9 MPa in the largest

trees (Figure 5a) resulting in parallel declines in estimated branch

hydraulic safety margins (Ψmd–P12 or Ψmd–P50; Figure 5b). The leaf

water potential at the turgor loss point (π0), calculated from the shoot

pressure‐volume curves, also decreased with increasing tree size, but

at a faster rate than Ψmd (Figure 5a). The leaf osmotic potential at full

turgor (π100) also decreased significantly with increasing tree size

(Table 2). A strong positive relationship between LA/SA and Ψmd

across different DBH classes was observed at the plantation site

(Figure 6).



FIGURE 4 (a, b) The leaf area to sapwood
area (LA/SA) ratio and (c, d) wood density
(ρwood) in different size classes of Mongolian
pine trees measured during the summer for
the natural forest and the plantation sites. The
insert in (c) shows the correlation between
ρwood and sapwood‐specific hydraulic
conductivity (Ks). Error bars show ±1 SE
(n = 20–30 for Ks and 12–18 for ρwood). Linear
regressions were fitted to the data in (a) and (c)

FIGURE 5 (a) Midday leaf water potential (Ψmd), turgor loss point (π
0),

and (b) stem hydraulic safety margins in different size classes of
Mongolian pine trees measured during summer at the plantation site.
Error bars in (a) show ±1 SE (n = 6). Linear regressions were fitted to
the data

FIGURE 6 The relationship between leaf area to sapwood area ratio
(LA/SA) and midday leaf water potential (Ψmd) in different size
classes of Pinus sylvestris var. mongolica trees measured during summer
at the plantation site. Error bars show ±1 SE (n = 20–30 for LA/SA and
n = 6 for Ψmd). Linear regressions were fitted to the data
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4 | DISCUSSION

Compared with the natural forest site, larger plantation‐grown

Mongolian pine trees showed lower stem growth rates and more
crown desiccation as a result of their more challenging hydraulic

environment, manifested by decreasing water potentials with

increasing tree size and compensatory changes in hydraulic architec-

ture traits. In the more water‐limited habitats of the plantations, Ks

decreased with increasing tree size, but Kl remained nearly constant

owing to compensatory reductions in LA/SA. Although the photo-

synthetic rate per unit projected leaf area remained relatively

constant in trees of larger size classes, the significant decrease in

LA/SA with increasing tree size may have resulted in reduced

efficiency of whole‐tree carbon assimilation in larger trees. These

changes may lead to carbon imbalances that limit the growth and

even survival of larger Mongolian pine trees in the plantation site.

The present study provides a potential mechanistic explanation for



LIU ET AL. 1507
the widespread dieback and mortality of this conifer species in

water‐limited habitats of Northern China.
4.1 | Contrasts in growth and xylem hydraulics
between the two sites

Our results showed that Mongolian pine trees in the plantation site dif-

fered significantly in hydraulic architecture from those of the natural

forest site with the former having substantially lower hydraulic con-

ductivity expressed on both sapwood and leaf area bases, reflecting a

relatively large phenotypic plasticity of xylem hydraulics in acclimation

to different water regimes (Corcuera et al., 2011; Kavanagh, Bond,

Aitken, Gartner, & Knowe, 1999). Introduction of Mongolian pine to

plantations at lower latitudes implies a substantial reduction in soil

water availability compared with higher latitude sites in its native range

even though the annual precipitation is substantially higher in the plan-

tation site (Table S1, Figure S1). Due to higher temperatures at lower

latitudes, the plantation site has significantly higher potential evapora-

tion, lower moisture index, and much lower snow cover in winter

(Table S1). Notably, the youngest age class trees at the plantation site

had significantly larger DBH than trees at the natural forest site, which

is likely related to a more favourable temperature for growth and lon-

ger growing seasons when trees are introduced to lower latitudes

(Sánchez‐Salguero et al., 2017; Zhu et al., 2003), although nursery

stock management practices favouring seedling growth at the planta-

tion site can also play an important role. Plantation trees of the youn-

gest age class even showed significantly greater Ks and Kl than trees at

the natural forest site. However, hydraulic limitation became an

increasingly important factor with the increase of tree size at the plan-

tation site as reflected by the steep decrease of Ks with the increase of

DBH, which may have exerted a strong limitation to tree performance

in the older age classes. Consistent with this, when trees with DBH

smaller than 7 cm were excluded from the analysis, the tree growth

trajectories were significantly different between the two sites. Planta-

tion‐grown Mongolian pine trees older than 30 years often showed

obvious symptoms of decline such as partial canopy dieback and peri-

odically large‐scale tree mortality, whereas no such phenomenon was

observed in trees at the natural forest site even at ages older than

100 years (Song et al., 2016).

Slower growth of Mongolian pine trees at the plantation site was

apparently associated with lower stem hydraulic efficiency, which is

consistent with previous studies on other tree species (Fan, Zhang,

Hao, Slik, & Cao, 2012; Hajek, Leuschner, Hertel, Delzon, & Schuldt,

2014). It has been found that maintaining efficient water transport

and adequate water balance become limiting factors for growth and

survival as trees increase in size, especially in water‐limited habitats

(Hember, Kurz, & Coops, 2017; Woodruff et al., 2008; Zhang et al.,

2009). Our data suggest that the substantially higher degree of xylem

embolism in overwintering branches of trees at the plantation site,

likely due to higher frequencies of freeze–thaw cycles and lower

moisture availability there (Zhu et al., 2003), may have been an

important contributor to their significantly lower stem Ks than in trees

of the natural forest site. Previous work has shown that reversal of

winter embolism may be facilitated by absorption of water from

melting snow or fog by branches and needles in late winter and early
spring (Breshears et al., 2008; Hacke et al., 2015; Limm, Simonin,

Bothman, & Dawson, 2009; Mayr et al., 2014). Winter embolism

reversal is likely to be impaired by the more intermittent snow

cover, lower air humidity, and higher winter evaporative demand at

the plantation site (Burgess & Dawson, 2004; Eller, Lima, & Oliveira,

2013; Limm et al., 2009), which could result in cumulative high

xylem dysfunction and winter branch desiccation (Mayr et al.,

2014; Sparks et al., 2001). Winter desiccation is such an important

factor affecting the performance of Mongolian pine trees at the

plantation site that seedlings younger than 3 years old almost never

survive a winter if they are not artificially buried in the sand to

retain moisture and then uncovered in the following spring (Yan &

Long, 2008; Zhao et al., 2015).
4.2 | Compensatory adjustments to water stress with
increasing tree size in plantations

To deal with their less efficient hydraulic system, trees at the planta-

tion site seemed to compensate for increasing water stress by

adjusting their hydraulic architecture as observed in other tree species

(Pfautsch et al., 2016; Zhang et al., 2009). Decreased LA/SA with

increasing tree size in the plantations is likely a homeostatic mecha-

nism that partially compensates for decreases in Ks and contributes

to the maintenance of a nearly constant Kl among size classes

(Figure 2b). The maintenance of relatively stable photosynthetic gas

exchange rates with increasing tree size, despite the reduction in xylem

water transport efficiency, indicated that this branch‐level compensa-

tory adjustment in the water supply and demand relationship can at

least partially mitigate the hydraulic limitation to leaf gas exchange in

larger trees (Becker, Meinzer, & Wullschleger, 2000; Woodruff et al.,

2004). A plausible mechanism responsible for a reduction in LA/SA

might be that lower turgor at more negative water potentials might

have led to reduced leaf expansion in the larger Mongolian pine tree

size classes because turgor plays a dominant role in regulating leaf

expansion particularly when the external osmotic environment

changes under water stress (Ryan et al., 2006; Woodruff et al., 2004).

Consistent with the decrease in Ks with increasing tree size,

adjustments in leaf water relations also occurred as reflected by lower

π0 and π100 values in trees of larger size classes at the plantation site.

The size‐related osmotic adjustment observed in the present study

appears to be analogous to that observed in other woody species

across gradients of increasing aridity (Hao et al., 2008; Hao, Sack,

Wang, Cao, & Goldstein, 2010; Pfautsch et al., 2016). Although the

plantation trees in our study spanned a relatively narrow range of

height, our results are consistent with the finding that cumulative

hydraulic resistances associated with longer water transport pathways

cause greater water stress in crowns of taller trees, which are also

potentially exposed to higher evaporative demand (Barnard & Ryan,

2003; Ryan et al., 2006). In our study, π0 decreased more rapidly than

Ψmd with increasing tree size, suggesting an increase in the “turgor

safety margin” (Figure 5a). However, the apparent greater “turgor

safety margin” in larger trees was associated with lower LA/SA and

thus likely lower leaf expansion rates, implying that the more negative

turgor loss points measured in mature leaves of larger trees may not
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necessarily apply to their expanding leaves (Meinzer et al., 2008;

Woodruff et al., 2004).
4.3 | Physiological constraints on larger trees in
plantations

Higher degrees of branch dieback and a syndrome of greater water

stress in the upper crown of larger Mongolian pine trees of the planta-

tion site are in accordance with the widely observed decline in produc-

tivity and increased risk of mortality with increasing tree size

(Martínez‐Vilalta, Vanderklein, & Mencucini, 2007; Mencuccini et al.,

2005; Ryan et al., 1997). Although compensatory adjustments in

hydraulic architecture with increasing tree size can mitigate the influ-

ence of higher hydraulic resistance in larger trees to a certain degree,

this adjustment may be unsustainable in terms of long‐term carbon

balance at the whole‐plant level, eventually leading to limitation on

tree growth or even tree death in chronically water‐limited environ-

ments (Sperry, Meinzer, & McCulloh, 2008; Zhang et al., 2009).

Increasing evidence suggests that carbon starvation may be another

important cause for tree dieback or death in water‐stressed environ-

ments that should not be viewed in isolation from hydraulic failure

(McDowell et al., 2011; Rodríguez‐Calcerrada et al., 2017). Even if

the net photosynthetic rate on a unit leaf area basis remains relatively

constant with increasing tree size, substantial reductions in leaf area

necessary for maintaining adequate water balance would unavoidably

exert a strong negative influence on carbon acquisition at the whole

plant level that may eventually result in carbon imbalance in water‐lim-

ited environments (Bennett et al., 2015; Zhang et al., 2009). The obser-

vation that plantation trees older than 30 years often show substantial

numbers of dead branches and have considerably smaller crowns than

natural forest trees of similar DBH, strongly suggests that carbon

imbalance may also involve in causing mortality of plantation‐grown

Mongolian pine trees in water‐limited environments.

Under the plantation growth conditions, larger trees appeared to

operate with a significantly reduced hydraulic safety margin that may

put them at greater risks of dieback or mortality due to hydraulic fail-

ure. This is in line with findings from recent studies showing that larger

trees are dying in higher frequencies than smaller ones when facing

severe drought stress (Bennett et al., 2015; Ryan, 2015). Nevertheless,

the stem P50 value, considered to represent the mortality threshold for

gymnosperms (Brodribb & Cochard, 2009; Choat et al., 2012), was

considerably more negative than midday water potentials in trees at

the plantation site even in the largest size class, resulting in a relatively

large hydraulic safety margin, consistent with a strategy of functional

homeostasis in terms of water relations in pines (Choat et al., 2012;

Magnani et al., 2002; Meinzer et al., 2014). However, these values

should be interpreted within an absolute minimum water potential

experienced by plants in the field. Trees may experience much lower

water potentials that push them past their hydraulic tipping point

under decadal extreme drought stresses that are not normally experi-

enced in a given growing season (Maherali, Pockman, & Jackson,

2004; Zweifel & Zeugin, 2008). Under these extreme conditions, the

significantly reduced hydraulic safety margin in larger plantation‐

grown Mongolian pine trees would have likely contributed to their

greater frequencies of mortality (Delzon & Cochard, 2014). Moreover,
higher wood density in trees of larger size classes may reduce the

wood hydraulic capacitance, lowering its ability to buffer fluctuations

in water deficits (Meinzer et al., 2008; Scholz et al., 2007; Zhang

et al., 2009), potentially contributing to greater risk of mortality under

extreme drought as suggested by interspecific comparative studies on

species of varying wood density (Hoffmann et al., 2011).

4.4 | Concluding remarks

Results of our comparative study between the two sites and across dif-

ferent tree size classes indicate that greater hydraulic limitation with

increasing tree size may exert an increasingly stronger limitation on

performance of Mongolian pine trees in the more water‐limited envi-

ronments of plantations. The significantly reduced hydraulic safety

margins in larger size classes of Mongolian pine trees in the plantations

can potentially put them at greater risk of dieback or mortality due to

hydraulic failure, especially during extreme climate variations.

Although compensatory adjustments in branch hydraulic architecture

and leaf level water relations appeared to be effective in mitigating

the effect of increased water stress in the upper crown, substantial

reductions in leaf area may likely increase the risk of carbon imbal-

ances at the whole‐plant level that can cause tree decline in the long

run. Our results provide a potential mechanistic explanation for the

widespread decline of Mongolian pine plantations in Northern China,

although other mechanisms not captured in the current dataset, such

as below‐ground hydraulic decline (Dawson, 1996; Martínez‐Vilalta,

Korakaki, Vanderklein, & Mencuccini, 2007), may also be important

especially to trees growing in sandy soils.

Due to the lower soil moisture availability at the plantation site,

management strategies that reduce water consumption at the stand

level, such as reducing the planting density and tree thinning, would

contribute to the mitigation of plantation decline. Although planted

trees may survive for a considerable period of time, their eventual

decline and mortality may become unavoidable due to water limitation

associated with increasing tree size. It is important to note that the sta-

ble climax vegetation at the plantation site before land degradation

was known to be Savanna‐like grassland with sparse trees.
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