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Abstract: In order to investigate the effect of Ca on the biomass allocation strategies of tree species
with different growth rates under drought conditions, we treated poplar (Populus canadensis cv)
cuttings and mulberry (Morus alba) seedlings with two soil moisture levels (40 £ 5% and 80 £ 5%
maximum water holding capacity) and two soil Ca levels (0 and 200 mg-kg~! Ca®*) in a greenhouse
experiment, and then measured the Ca uptake, growth, gas exchange parameters, biomass allocation,
and leaf traits. Drought induced a reduction in biomass accumulation of poplar cuttings and mulberry
seedlings, and the cuttings and seedlings exhibited different biomass allocation patterns in response
to drought stress. Under Ca0 treatment, poplar cuttings allocated more biomass to leaves and less
biomass to stems under drought conditions, leading to an increased leaf/stem (L/St) ratio and
higher SLA than under moist conditions in order to maintain higher Prn, and had enhanced WUE to
cope with drought stress. Under the same treatment, mulberry seedlings allocated more biomass to
roots and less biomass to stems, leading to an increased root/shoot (R/S) ratio and lower SLA, to
improve drought resistance. Ca200 treatment decreased the growth of poplar cuttings and mulberry
seedlings, whereas it enhanced the WUE, root growth, and R/S ratio of poplar cuttings and the WUE

ekt of mulberry seedlings, and alleviated drought stress in both species.
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Strategies of Poplar and Mulberry. 1. Introduction
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water consumption [1-5]. Plants can also activate multiple physiological mechanisms to
protect tissues from cellular damage through stomatal closure and protective solutes and
proteins [4]. The pattern of biomass allocation from leaf to stem (or root) is irreversible and
will affect the tree’s assimilation capacity, growth rate, and net primary production, making
this an important issue in ecology [6]. Soil nutrients can interactively affect biomass alloca-
tion under drought conditions. Nitrogen and phosphorus are the main limiting factors in
forest ecosystems, and previous studies have focused on their effects on biomass allocation
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Calcium (Ca) is another important mineral nutrient that plays a vital physiological
role under drought conditions [13,14] by maintaining the stability of cell walls and cell
membranes, as well as regulating the process of drought resistance [15-19]. Soil Ca is one
of the most variable environmental factors in arid and semiarid regions [20-23], where both
low- and high-Ca soil are widely distributed. Plants deficient in Ca are more susceptible
to poor growth [18], while excessive Ca in the soil affects the physical, chemical, and
biological properties of the soil, and then affects the water use efficiency and photosynthetic
characteristics of plants [15]. Ca and water are tightly coupled in plants. Considering that
drought conditions and strong heterogeneity of soil Ca are the norm in arid and semi-arid
areas of northwestern Liaoning Province, it is important to understand the effect of soil
Ca combined with soil moisture on the physiological performance and biomass allocation
patterns of plants in the area.

Poplar (Populus canadensis cv) and mulberry (Morus alba) are cultivated tree species in
semi-arid areas of China. Poplars are often selected as plantation trees because of their fast
growth, high adaptability [24,25], and resistance to drought [26-28]. Mulberry also shows
good adaptability to drought stress [29-31] and environmental friendliness with economic
and ecological value [32]. Recently, more studies on the effects of drought on poplar and
mulberry have been carried out [33,34]. However, the combined impact of soil moisture and
soil Ca concentration on the growth and biomass allocation patterns of native and hybrid
fast-growing tree species (mulberry and poplar, respectively) are still poorly understood.

We conducted a greenhouse experiment with two levels of Ca and two levels of soil
moisture to investigate the impact of Ca on the biomass allocation patterns of poplar
cuttings and mulberry seedlings under drought conditions, focusing on the morphological
and physiological performance and the active allocation of biomass among the organs
of the two species. We hypothesized the following: (1) Drought alters the physiological
performance and allocation patterns of biomass. (2) Poplar cuttings and mulberry seedlings
show different allocation strategies in respond to drought stress. (3) Exogenous Ca improves
the ability of poplar cuttings and mulberry seedlings to cope with drought stress.

2. Materials and Methods
2.1. Growth Conditions and Experimental Materials

The experimental greenhouse is located at Shenyang Agriculture University, Shenyang,
China (41°48'11.75" N, 123°25'31.18” E). For the experiment, the ambient temperature was
25 £ 2 °C, relative humidity was 60%, and ambient photon flux density was
1000 pmol-m~2.s71,

The soil was selected from a Pinus sylvestris forest in Changtu. The soil organic
carbon content and water extractable calcium of the soil samples were 20.23 g-kg ! and
50 mg-kg~!, respectively. Zhongliao 1 poplar and aerxiang mulberry, which are widely
planted in the northwest of Liaoning, were selected as the experimental materials. Poplar
cuttings were provided by the Liaoning Poplar Research Institute and mulberry seeds were
provided by the forest experiment station of Shenyang Agriculture University.

In early April 2020, the poplar cuttings were put into a pot containing 5.0 kg soil
(bottom diameter: 18.3 cm; outer diameter: 22.5 cm; height: 21.5 cm), and each pot was
divided into 3 cuttings. Mulberry seeds were sterilized with 1% sodium hypochlorite for
15 min, then washed thoroughly with distilled water before being germinated in moist
gauze at 20 °C in the dark. When radicles began to appear, five seeds were sown in pots
with 5.0 kg soil. All poplar cuttings and mulberry seedlings were grown in the soil for
one month, then superfluous seedlings were removed, leaving only one uniform seedling
in each pot. Deionized water was used to maintain the moisture level to prevent the
introduction of exogenous Ca from tap water.

2.2. Experimental Design

The experimental layout was completely randomized and consisted of combined
water and calcium treatments with six replications for each treatment. There were two
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independent variables in the experiment: the first one was water control with two levels, the
moist condition (maximum water holding capacity of 80 + 5%) and the drought condition
(maximum water holding capacity of 40 & 5%); and the second one was calcium treatment
with two Ca levels, Ca0 (0 mg-kg ! Ca®*) and Ca200 (200 mg-kg~! Ca®*).

When the height of poplar cuttings was about 15 cm and that of mulberry seedlings
was about 8 cm (20 May 2020), calcium application and water control treatment were started.
Ca treatment was applied to the soil in the form of CaCl, solution. The solution was divided
into several equal parts, and the soil was irrigated to ensure a uniform distribution of CaCl,.
Moisture control began after the soil water content fell to the target amount (maximum
water holding capacity of 40 = 5%), and all plants were watered with varying amounts of
water at 16:00 to 18:00 every day. All water added during the test was deionized water.

2.3. Sample Collection

The seedlings were harvested on 30 August 2020, and the biomass was separated into
leaves, stems, and roots. After harvesting, poplar cuttings and mulberry seedlings were
washed with deionized water. After scanning all the leaves, the leaves, stems, and roots of
seedlings were put into an oven at 105 °C for 0.5 h and dried to constant weight at 80 °C
for determination of dry weight. The plant samples were subsequently milled and passed
through a 0.15 mm (100 mesh) sieve.

Soil remaining after the roots were collected was evenly mixed and air-dried. Half
of the soil was passed through a 0.85 mm (20 mesh) sieve for determination of soil water
extractable Ca.

2.4. Measurements
2.4.1. Biomass

The dry weight of roots, stems, leaves, and total plant biomass was determined with
an analytical balance (BSA124S, Sartorius, Gottingen, Germany). The biomass allocation
among organs was calculated by dividing the biomass of a specific organ by the total
plant biomass [10]. The root/shoot (R/S) ratio was calculated from the biomass of the
aboveground and belowground parts.

2.4.2. Leaf Characteristics

Leaves were scanned by a scanner (i800 plus, Microtek, Shanghai, China) and the leaf
area was estimated by AutoCAD (Autodesk, San Rafael, CA, USA). The specific leaf area
(SLA) was estimated as the ratio of projected leaf area to leaf dry mass [35].

2.4.3. Gas Exchange Parameters

We randomly selected the third functional or fully expanded leaf from the top of
plants and labeled them with red thread to measure their photosynthetic parameters. The
net photosynthesis rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) were
measured between 9:00 and 11:00 on 14 July 2020 with a portable photosynthesis system (LI-
6400XT, LI-COR Biosciences, Lincoln, NE, USA). A gas exchange system was used to carry
out the measurements, with leaf chamber temperature of 25 &+ 1 °C, CO, concentration
of 400 4 5 pmol-mol~!, and inner photo flux density of 1000 umol-m~2-s~! chosen to
approximate the local environment in the greenhouse. Once the steady-state gas exchange
rates were observed in these conditions, net photosynthetic rate (Pn), transpiration rate
(Tr), and intercellular CO, concentration (Ci) were recorded [36], and WUE was calculate
by Pn/Tr [37].

2.4.4. Soil Water Extractable Ca

A 5.00 g subsample (20 mesh) was weighed in a 100 mL conical flask, and 25 mL of
double distilled water was added to the soil. The soil suspension was shaken by a rotary
shaker for 15 min. All of the extractant solution was spiked with 0.5 mL of 3% SrCl,. The
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Ca concentration was measured using a flame atomic absorption spectrometer (ZA3000,
Hitachi, Tokyo, Japan) [38].

2.4.5. Leaf, Stem, and Root Ca Concentration

A 100 mg subsample of the sample was digested in 8 mL of a 3:1 acid mixture of
HNOj; and HCIOy. All of the digested solution was spiked with 2 mL of 3% SrCl, before
being diluted with double distilled water to 50 mL. The Ca concentration was measured
using a flame atomic absorption spectrometer (ZA3000, Hitachi, Tokyo, Japan) [38].

2.5. Statistical Analysis

Data analysis was carried out using the SPSS 22.0 statistical package (SPSS, Inc.,
Chicago, IL, USA) and OriginPro 2020 (OriginLab, Northampton, MA, USA) was used to
draw charts, and the results are expressed as mean =+ standard error (SE). A two—way
analysis of variance (ANOVA) was performed to determine the significance of the effects
of Ca addition and drought and their combination on the physiological parameters and
biomass allocation strategies. ANOVA and Duncan’s multi-range test (p < 0.05) were used
to examine the differences among different treatments.

3. Results
3.1. Soil Calcium Concentration

Ca and water treatment had significant effects on water extractable Ca in both species
(p < 0.01). In both species, water control had a significant effect on water extractable Ca,
which was significantly higher under drought conditions compared with moist conditions
(Table 1). The water extractable Ca increased with Ca addition and was higher in mulberry
seedlings than poplar cuttings, except Ca200 under moist conditions.

Table 1. Effects of water and Ca treatments on soil water extractable Ca of the two species. Different
letters indicate significant differences (p < 0.05) among treatments. Treatment values shown as
mean =+ SE (n = 6). Results of the two—way ANOVA addressing effects of Ca and water treatments
are summarized at the bottom. ** indicate that the F value is significant at 0.01.

Calcium Treatment Ca0 Ca200 F F F
Water Treatment Moist Drought Moist Drought c water Ca x water
Mulberry
21.34 43.28 175.58 219.22
Teo—1 3% 5%
Water extractable Ca (mg-kg™") 4+ 080D 1 075C 16718 11630 A 348.951 13.764 1.507
Poplar
174 36.93 176.25 182.71
Teo—1 5% *%
Water extractable Ca (mg-kg™") 1049C 1 9g9B L 173A 1 g888A 1026.796 7.469 0.176

3.2. Leaf, Stem and Root Calcium Concentration and Content

For mulberry seedlings, we found that Ca, water, and their combination had significant
effects on the Ca concentration in leaf and root (p < 0.01), while the Ca concentration in
stem was affected by Ca and water (p < 0.01). The Ca concentrations of the leaf, stem,
and root significantly increased with Ca addition (Table 2), and the concentration under
drought conditions was significantly higher than that under moist conditions, except the
concentration of leaf and root under Ca0 treatment.

For poplar cuttings, Ca treatment and water control had significant interactions on
Ca concentration in the leaf and stem (p < 0.01), while the concentration in the root was
affected by Ca and water treatment (p < 0.01). Ca supply increased the Ca concentration of
each tissue under the same water regime. Drought treatment had a remarkable effect on
tissue Ca concentration; Ca concentrations in the leaf, stem, and root under drought stress
were significantly higher than those under moist conditions, except for the concentration in
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the root under Ca200 treatment. Between the two species, the Ca concentrations in the leaf,
stem, and root of mulberry seedlings were higher than that those in poplar cuttings.

Table 2. Effect of water and Ca treatments on Ca concentration in leaf, stem, and root of the two
species. Different letters indicate significant differences (p < 0.05) among treatments. Treatment
values shown as mean £ SE (n = 6). Results of two—way ANOVA addressing effects of Ca and water
treatments are summarized at the bottom. ** indicate that the F value is significant at 0.01.

Calcium Treatment Ca0 Ca200 F F F
Water Treatment Moist Drought Moist Drought c water Ca x water
Mulberry
Leaf 22.44 24.85 45.80 67.37 r " "
(mg-g~1) +1.61¢ +243¢€ +3568 +5294 86.966 12218 7885
Stem 16.22 2298 38.51 50.75 " "
(mg-g~ 1) +1.60P +1.02¢ +0.348 +3.174 182.535 26.289 2.189
Root 28.10 26.80 42.74 76.97 . . .
(mg-g~1) +1.75€ +048€ +3.00B +4.924 114.939 29.689 34.527
Poplar
Leaf 7.73 11.25 11.72 22.67 . . »
(mg-g~ 1) +0.34C +023B +0.658 +2924 337.870 297421 78.177
Stem 4.07 8.20 8.10 15.76 . » v
(mg-g~1) +0.19¢ +0378 +0318 +1214 199.705 199.705 17.987
Root 15.21 21.03 22.00 25.21 - "
(mg-g~ 1) +057¢€ +0448 +0.40 AB +2174 56.103 38.049 3.168

For the two species, both water and Ca treatments had a significant effect on the Ca
content of each tissue (p < 0.01), except for the effect of water treatment on leaf content
in poplar, while their interaction affected the leaf, stem, and total Ca content in mulberry
seedlings and the stem content in poplar cuttings (Table 3). Drought decreased the Ca
content of the two species, and Ca application increased Ca absorption.

Table 3. Effect of water and Ca treatments on Ca content in leaf, stem, and root of the two species.
Different letters indicate significant differences (p < 0.05) among treatments. Treatment values shown
as mean =+ SE (n = 6). Results of the two—way ANOVA addressing effects of Ca and water treatments
are summarized at the bottom. *, ** indicate that the F value is significant at p < 0.05 and 0.01,

respectively.
Calcium Treatment Ca0 Ca200 F F F
Water Treatment Moist Drought Moist Drought e water Cax water
mulberry

Leaf 118.79 78.58 187.93 111.95 - " .

(mg-plant~1) +7828 +302¢€ +10.88 4 +2.768 53516 68.739 6.513
Stem 60.95 31.12 125.74 45.29 - . o

(mg-plant~!) +3298 +2.85P +7.654 +1.46°€ 78.376 152.889 32222
Root 80.29 B 39.08 ¢ 120.314 74.06 B - "

(mg-plant~1) +4998B +258€ +6484 +532B 55.219 75.101 0.25
Total 267.17 146.76 451.68 230.39 " " "

(mg-plant~1) +8298 +497€ +19.324 +3.698 136.994 205251 1741

poplar

Leaf 131.84 112.20 192.26 191.91 ”

(mg-plant~1) +8678 +6.62C +11.674 +4864 87.661 1.007 2.946
Stem 54.82 43.67 95.39 54.32 . . »

(mg-plant~1) +3998  +258C  +668A  +£266P 53.482 55.588 18.246
Root 71.74 48.12 102.93 66.58 o -

(mg-plant~1) +6.37 B +1.79€ + 7464 +3348B 22.295 32520 1465
Total 258.39 203.98 390.22 313.17 . .

mg-plant™! +935C +9.47D +12214 +13.608 112542 33.490 0.993

gp
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3.3. Photosynthetic Parameters

To demonstrate the effect of Ca and water treatments on the growth of mulberry
seedlings and poplar cuttings, we further determined the photosynthetic parameters
(Figure 1). We found that the photosynthetic parameters of poplar cuttings and mulberry
seedlings showed consistency under water treatment. Water exerted a significant effect on
the Pn, Gs, and Tr values of the two species (p < 0.01), and under drought stress these values
remarkably decreased compared with moist conditions. However, Ca addition showed a
different tendency in the two species under drought conditions. For poplar cuttings, the
data show that Ca supply significantly decreased P, Gs, and Tr under both water regimes,
except Pn under moist conditions. For mulberry seedlings, Ca supply had no significant
effect on Pn, Gs, and Tr under both water regimes, except Tr in drought conditions. Drought
significantly increased WUE, except for Ca0 treatment of mulberry seedlings; Ca addition
increased the WUE of the two species in both water regimes, except for Ca200 treatment of
mulberry seedlings under moist conditions.
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Drought

A
= 16 = 16
o A A n B A,B Mulberry
q / o T ) FPn
s 12 g 12 C i
;; ;; Ca:l.44
g 3 B B E 8 \\"alcr:lﬁ.ﬂ;*
z k-1 Caxwater:1.327
£ 4
& 4 4 (€]
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Ca0 Ca200 Ca0 Ca200 Jater:04.53°
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o o
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>
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=
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z 3 B = 3 C -
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Ca0 Ca200 Ca0 Ca200 o
7 7 .
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2 B B g4 _¢ WoE
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Z Z Caxwater:1.685
0 0
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Figure 1. Effects of water and Ca treatments on photosynthetic parameters of the two species.
Different letters indicate significant differences (p < 0.05) among treatments. Treatment values shown
as mean =+ SE (n = 6). Results of two—way ANOVA addressing effects of Ca and water treatments
are summarized on the right side. ** indicate that the F value is significant at 0.01.

3.4. Biomass Accumulation

Water and Ca treatments significantly influenced the aboveground biomass compart-
ments (leaf and stem) and the total biomass of the two species, except for the effect of
Ca treatment on leaf biomass of mulberry seedlings (Table 4). Ca addition significantly
decreased the biomass of leaf, stem, and total biomass under drought conditions in the
two species, while Ca addition had no significant influence on leaf, stem, and total biomass
under moist conditions. The total biomass and biomass of aboveground compartments
of the two species were significantly lower under drought stress. Drought significantly
decreased the root biomass of the two species under both Ca regimes. Compared to Ca0,
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with Ca200, the root biomass of poplar was not altered under moist conditions but increased
under drought conditions.

Table 4. Effects of water and Ca treatments on leaf biomass, stem biomass, root biomass, and
total biomass of the two species. Different letters indicate significant differences (p < 0.05) among
treatments. Treatment values shown as mean & SE (n = 6). Results of two—way ANOVA addressing
effects of Ca and water treatments are summarized at the bottom. *, ** indicate that the F value is
significant at p < 0.05, and 0.01, respectively.

Calcium Treatment Ca0 Ca200
. N FCa Fwater FCal X water

Water Treatment Moist Drought Moist Drought
Mulberry
Leaf biomass 548 +0.834  203+0.10%  439+0484 1524007C 3279 54.688 ** 0.609
(g/plant)
Stem biomass 4140084 12840078  336+0294  091+002C  12625* 278592*  1.236
(g/plant)
Root biomass 2.8 4 0484 1.46 +0.1B 28140184  095+0.03C  3.823 163.652 **  4.044
(g/plant)
Total biomass 123941914 47740188 1056+ 0642 338+002C  13309* 280.881* 0237
(g/plant)
Poplar
Leaf biomass 17.03 4+ 09224 1001 +061C 1403+ 1178  848+0050  5917*  1392.677*  0.188
(g/plant)
Stem biomass 1431+ 1054 50140338  11.83+1.072 345+048C  7214*  155.065*  0.023
(g/plant)
Root biomass 466+0462  2294+013C 46740334 26440138  0.600 89.269 ** 0.537
(g/plant)
(lg’/t;ll:;‘t’)mass 3497 + 1662 1654+ 098P  3054+203A 1457+056C 6621*  174765*  0.081

3.5. Biomass Allocation

The biomass allocation of poplar cuttings and mulberry seedlings showed remarkable
differences in response to Ca and water treatments (Figure 2). We found that Ca and
water treatments, and their combination, significantly affected the SMF and RMF of poplar
cuttings and the RMF of mulberry seedlings; the LMF of poplar cuttings and the SMF of
mulberry seedlings only responded to water treatment (p < 0.01).

In poplar cuttings, Ca addition had no influence on LMF under either water regime;
LMF was significantly higher under drought conditions than under moist conditions.
SMEF showed the opposite results: SMF was significantly lower under drought conditions
than under moist conditions. Ca addition markedly decreased SMF under drought condi-
tions, while no significant change was observed with Ca addition under moist conditions.
Moreover, Ca addition significantly upregulated RMF under both water regimes.

In mulberry seedlings, LMF did not respond to either Ca or water treatment; less
than 45% of biomass was allocated to the leaf, and SMF only decreased with Ca0 under
drought conditions. Ca supply significantly increased RMF under moist conditions, and
drought remarkably increased RMF with both Ca treatments. Compared to poplar cuttings,
mulberry seedlings had less biomass allocated to leaf and stem and more biomass to root
under drought conditions.
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Figure 2. Effects of water and Ca treatments on biomass allocation in organs of the two species.
Different letters indicate significant differences (p < 0.05) among treatments. Treatment values shown
as mean =+ SE (n = 6). Results of two—way ANOVA addressing effects of Ca and water treatments
are summarized on the right side. *, ** indicate that the F value is significant at p < 0.05 and 0.01,

respectively.

Ca, water, and their combination had a significant influence on the root biomass/shoot
biomass (R/S) ratio. Ca200 treatment significantly increased the R/S of poplar cuttings
under both water regimes, while Ca200 treatment significantly increased the R/S of mul-
berry seedlings only under moist conditions. Mulberry seedlings had a higher R/S under
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drought conditions than poplar cuttings (Figure 3). Moreover, the root biomass/stem
biomass (R/St) and root biomass/leaf biomass (R/L) ratios of mulberry seedlings and
the R/St of poplar cuttings exhibited the same tendency; Ca addition increased the R/St
and R/L of the two species, except the R/L of poplar cuttings under moist conditions
and the R/St of mulberry seedlings under drought conditions. The stem biomass/leaf
biomass (S/L) ratio of the two species showed substantial differences: drought remarkably
decreased the S/L of poplar cuttings due to the differences in biomass allocation among
poplar cuttings.
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Figure 3. Effects of water and Ca treatments on biomass allocation of organs in the two species.
Different letters indicate significant differences (p < 0.05) among treatments. Treatment values shown
as mean =+ SE (n = 6). Results of two—way ANOVA addressing effects of Ca and water treatments
are summarized on the right side. *, ** indicate that the F value is significant at p < 0.05 and 0.01,
respectively.

3.6. Leaf Characteristics

The leaf area was significantly influenced by Ca and water (p < 0.01) and their interac-
tion (p < 0.05) in the two species (Figure 4). Ca supply had no significant effect on the leaf
area of poplar cuttings but remarkably decreased the leaf area of mulberry seedlings under
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moist conditions. Under drought conditions, the leaf area of the two species remarkably de-
creased with Ca addition. We found that drought decreased the SLA of mulberry seedlings
under Ca0 treatment, while it increased the SLA of poplar cuttings. SLA was significantly
higher for mulberry seedlings compared with poplar cuttings.
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Figure 4. Effects of water and Ca treatments on leaf characteristics of the two species. Different letters
indicate significant differences (p < 0.05) among treatments. Treatment values shown as mean & SE
(n = 6). Results of two—way ANOVA addressing effects of Ca and water treatments are summarized
on the right side. *, ** indicate that the F value is significant at p < 0.05 and 0.01, respectively.

4. Discussion
4.1. Responses of Plant Ca Uptake to Drought and Ca Treatments

Water-extracted Ca is a form that can be directly absorbed and utilized by plants [39].
Soil water-extracted Ca is transported by mass flow of the soil solution to the root surface
and absorbed through the apoplastic space in roots, by the only acropetal transportation
in the xylem vessels and immobility in the phloem; therefore, plant transpiration and soil
Ca availability are the main determining factors of Ca uptake [15,40,41]. According to the
Ca uptake characteristics, plants can absorb more Ca?* from soil under normal moisture
conditions than drought conditions. In our study, the water availability and transpiration
rate were reduced under drought conditions, and the Ca uptake (Ca content of the plant)
was reduced in the two species. Moreover, Ca addition increased the tissue calcium
content of poplar cuttings and mulberry seedlings when transpiration was inhibited under
drought conditions. Exudates from root and rhizosphere microorganisms, such as organic
acids, enzymes, and other molecules, can improve the soil Ca availability under drought
conditions by inducing Ca?* desorption [42] and accelerating soil weathering [43,44].

In our study, under moist conditions, the Ca content of poplar cuttings and mulberry
seedlings was comparable, while the slower growth rate of mulberry than poplar resulted
in a higher tissue Ca concentration in mulberry seedlings. Previous studies found variable
responses to Ca among tree species [45,46]. Our results show that the Ca content was
higher in mulberry seedlings than poplar cuttings after Ca addition, which may be due
to the different Ca tolerance between the two species. Under drought conditions, there
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was a lower reduction in biomass and transpiration rate in poplar cuttings than mulberry
seedlings, and according to the Ca uptake characteristics [15,40,41], poplar cuttings absorb
more Ca into their tissues than mulberry seedlings.

4.2. Growth and Leaf Gas Exchange Responses to Drought and Ca Treatments

Growth and biomass are the most basic indices for assessing the growth of plants.
Water deficiency seriously affects the growth and dry matter content of plants [47-49].
Our results show that the growth and biomass of poplar cuttings and mulberry seedlings
remarkably decreased in drought conditions without Ca application. The results of a few
studies are consistent with our results. For example, Shang [50] showed, in a potted plant
experiment, that drought stress stimulated leaf biomass, root biomass, and total biomass.
In our study, the slow growth of the two species with Ca addition was associated with
physiological processes that are regulated by the combination of excess calcium ions and
drought, indicating that Ca200 treatment is detrimental to the biomass accumulation of
poplar and mulberry during the seedling growth stage under drought conditions. How-
ever, our results show that Ca promoted root growth, and increased root biomass always
increases water uptake [2,3,5], allowing roots to take up deeper groundwater to absorb
more Ca2* and reduce the effects of stress under drought conditions [1].

In our study, mulberry seedlings and poplar cuttings displayed a lower carbon assimi-
lation (Pn) response to drought stress, their carbon assimilation was significantly reduced,
and they showed a sharp decrement of Pn, in line with previous studies [10,49]. The
reduction in leaf area, Tr, and Gs, led to a reduction in Pn of poplar cuttings and mulberry
seedlings. In terms of the two species, the degree of Pn inhibition was less for poplar
cuttings than mulberry seedlings under drought conditions. As a fast-growing species,
poplar maintains a higher Prn for growth, so poplar cuttings had a smaller proportion of
decreased biomass than mulberry seedlings under drought conditions. Ca is a signaling
substance that regulates stomatal closure; high Ca can induce stomatal closure and thus
reduce photosynthesis [49]. In our study, Ca treatment inhibited P in poplar cuttings by
suppressing Gs, and poplar cuttings were more sensitive to Ca treatment under drought
conditions.

4.3. Biomass Allocation Patterns in Response to Drought

Plants usually change their morphology and biomass allocation under water deficiency,
which may be a primary mechanism to cope with drought stress [12]. SLA reflects the
adaptation of plants to their environment [51], and plants growing in an arid habitat always
have smaller SLA [52]. Previous studies mainly suggested that drought causes decreased
leaf biomass allocation and leaf area, together with lower SLA, to reduce the surface area for
transpiration and thus prevent water loss [10,53]. The mulberry in this study is a native tree
species in the semi-arid climate zone of China, with higher biomass allocated to root and
lower leaf area and SLA, suggesting that it is more advantageous to reduce transpiration
and increase drought resistance.

High SLA or leaf biomass allocation implies rapid assimilation for plant growth and
production [54], but it may increase the vulnerability of plants to adverse environmental
conditions [55]. In our study, poplar cuttings allocated more biomass to their leaves and
had increased SLA under drought stress. Similar aggressive countermeasures against
drought were also found in tomato (Solanum lycopersicum), in which the mean specific leaf
area tended to be higher in plants under mild drought treatment than control plants [56].
Beikircher et al. [57] reported that some apple cultivars maintained stomatal conductance
and leaf gas exchange longer to support higher productivity, increasing the risk of hydraulic
failure under drought stress. It seems that these aggressive countermeasures against
drought are based on the selection of high-yield cultivars under an optimized water
supply [57]. The poplar in this study is a hybrid, and its higher L/S and SLA possibility
contribute to its rapid growth. In summary, our results show that poplar cuttings and
mulberry seedlings have different strategies for coping with drought.
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4.4. Ca Increases Drought Resistance via Biomass Allocation and Plant WUE

In our study, poplar cuttings exposed to drought had significantly increased LMF and
RMF and decreased SMF under Ca200 treatment. It seems that exogenous Ca promotes
relatively aggressive biomass allocation patterns in poplar while increasing the drought
resistance by increasing the RMF and R/S. Ca?* can enhance drought stress tolerance in
plants by maintaining membrane stability, osmotic homeostasis, and cell signaling [58-61];
it seems that the increased RMF by Ca signaling is a recognized response of plants to
drought. The Ca addition had no significant effect on the biomass partitioning of mulberry
seedlings under drought conditions, and combined with the above results, this suggests
that the effect of Ca on biomass partitioning of mulberry seedlings was not as great as
under drought conditions.

Plant WUE reflects the relationship between water consumption and dry matter
production and is an important index of drought resistance [62,63]. Ca can regulate stomatal
closure, which can directly affect the transpiration rate and CO, uptake, thereby increasing
WUE [39,64-67]. In this study, the WUE of poplar cuttings increased under drought stress
without Ca application, suggesting a certain compensatory modification of plant water use;
as observed in previous studies, poplar had an adaptive mechanism to cope with drought
stress. Interestingly, Ca increased the WUE of mulberry seedlings and poplar cuttings
under drought conditions, in agreement with Li [39] and Yin [68].

5. Conclusions

In this study, Ca addition and drought treatment significantly influenced the Ca absorp-
tion, growth, leaf gas exchange, biomass accumulation, and leaf traits of mulberry seedlings
and poplar cuttings. We demonstrated that poplar cuttings and mulberry seedlings had
different biomass allocation strategies in response to drought, and Ca addition enhanced
the drought resistance of both. Drought induced reduced growth of poplar cuttings and
mulberry seedlings. Poplar cuttings allocated more biomass to leaves and had increased
SLA in order to maintain higher Pn, and they had enhanced WUE to cope with drought
stress. Mulberry seedlings allocated more biomass to root and had reduced SLA under
drought conditions in order to improve drought resistance. With Ca application, the growth
of poplar cuttings and mulberry seedlings decreased under drought, while Ca application
further improved the drought resistance of poplar cuttings by increasing R/S and WUE
values, and it improved the drought resistance of mulberry seedlings only via enhanced
WUE. These findings give us a deeper understanding of the adaptation and response
mechanisms of poplar cuttings and mulberry seedlings to drought and Ca availability in
arid and semi-arid areas of Northwest Liaoning, China.
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