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Water use efficiency (WUE) is a key physiological trait in studying plant carbon and water relations. However, the
determinants of WUE across a large geographical scale are not always clear, limiting our capacity to predict WUE in
response to future global climate change. We propose that tree WUE is influenced by calcium (Ca) availability and
precipitation. In addition, although it is well-known that transpiration is the major driving force for passive nutrient
uptake, the linkage between these two processes has not been well-established. Because Ca uptake is an apoplastic and
passive process that purely relies on transpiration, and there is no translocation once assimilated, we further developed
a theoretical model to quantify the relationship between tree Ca accumulation and WUE using soil-to-plant calcium ratio
(Sca/Bca) and tree WUE derived from §'3C. We tested our theoretical model and predicted relationships using three
common tree species across their native habitats in Northern China, spanning 2300 km and a controlled greenhouse
experiment with soil Ca concentrations manipulated. We found that tree WUE was negatively related to precipitation
of the growing season (GSP) and positively with soil Ca. A multiple regression model and a path analysis suggested a
higher contribution of soil Ca to WUE than GSP. As predicted by our theoretical model, we found a positive relationship
between WUE and Sc./Bca across their distribution ranges in all three tree species and in the controlled experiment for
one selected species. This relationship suggests a tight coupling between water and Ca uptake and the potential use of
Sca/Bca to indicate WUE. A negative relationship between Sc,/Bca and GSP also suggests a possible decrease in tree Ca
accumulation efficiency in a drier future in Northern China.

Keywords: leaf calcium, leaf s13¢, plant water use efficiency, precipitation, soil calcium, transpiration.

Introduction WUE (Zhang et al. 2009). Environmentally, WUE is strongly

Plant water use efficiency (WUE), a concept introduced about
100 years ago (Briggs and Shantz 1913), is an important func-
tional trait that has been widely used in physiological, ecological,
forestry and agricultural research (Hatfield and Dold 2019).
Water use efficiency is defined as biomass production per unit
of water consumption (Briggs and Shantz 1913, Stanhill 1986,
Keenan et al. 2013, Limousin et al. 2015). Thus, physiologically,
plant WUE is determined by both the primary productivity or
photosynthetic capacity and water-use or transpiration. Water-
use efficiency also changes with plant growth; larger trees
with relatively higher water deficits at the top showed higher

determined by the moisture condition or precipitation of the
habitat, with plants in drier habitats showing relatively higher
WUE due to their more conservative water-use (Prentice et al.
2011, Zhang et al. 2021). Also, within a species, individuals or
populations in drier habitats showed higher WUE (Gouveia and
Freitas 2009, Li et al. 2016). Another important environmental
factor determining plant WUE is the soil nutrient condition,
which is poorly understood. In agricultural studies, fertilization
or better nutrient management can enhance crop WUE mainly
due to increased plant growth and yield (Viets 1962, Hatfield
et al. 2001, Waraich et al. 2011). However, the relationship
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between WUE and soil nutrient condition has rarely been tested
for forest trees, with a pilot study showing a negative relationship
between soil nitrogen (N) and WUE and a positive relationship
between soil phosphorus (P) or calcium (Ca) and WUE within a
small region across 500 km distance in northern China (Li et al.
2016). Here, we tested whether the tree WUE is determined by
precipitation and by soil and plant Ca across a large geographical
gradient (2300 km) in Northern China. We picked Ca because
it is the only macronutrient that is apoplastically and passively
taken up by vascular plants, and there is no translocation once
it is incorporated into the plant structure (White and Broadley
2003). Therefore, it is tightly associated with plant biomass
production and transpiration but is previously underappreciated.
Calcium is required for cell wall and membrane construction,
as well as being needed by some enzymes as a cofactor and
as a secondary messenger in various physiological processes,
including stomatal regulation and osmotic regulation (White and
Broadley 2003). Additionally, Ca is a more stable nutrient and
is relatively less affected by the soil moisture conditions during
sampling.

Practically, plant WUE can be reflected by plant §"*C value,
which has been widely used to indicate intrinsic water use
efficiency (iWUE) (Farquhar et al. 1982, X. Lu et al. 2018,
Twohey Il et al. 2019). Intrinsic WUE integrates WUE over a
growing period before sampling and over a certain space where
plant biomass is distributed. Plant §'*C value is tightly associated
with physiological processes of carboxylation efficiency and the
stomatal openness that control photosynthetic gas exchange
and transpiration simultaneously (Farquhar et al. 1982, Twohey
Il et al. 2019). Stable carbon isotope fractionation occurs
dominantly during the process of CO, diffusion and carboxy-
lation (Hobbie and Werner 2004) and is controlled by both the
carboxylation efficiency and the openness of stomata (Farquhar
etal. 1982, 1989). The higher the carboxylation efficiency, the
lesser the discrimination against "°C, resulting in higher §"°C
and iWUE values. The partial closure of stomata will also lessen
discrimination against '>C, resulting in relatively high §"°C and
iWUE values. Therefore, tissue §"°C can reliably indicate plant
iWUE and is used to calculate iWUE for trees (Farquhar et al.
1982, W. Lu et al. 2018). As §"°C is a reliable indicator of
biomass production per water consumed, it could also be used
to study the linkage between WUE and passive nutrient uptake.

Although water uptake and all mineral nutrients, including Ca,
are conjectured to be linked as both processes largely rely on
transpiration (Barber 1962), there is a lack of solid experimental
evidence. Theoretically, nutrient absorption can be promoted by
transpiration-driven water flow through the rhizosphere (Barber
1962, Epstein 1972, Wright et al. 2003, Cramer et al. 2009),
and high transpiration can also facilitate nutrient translocation
and assimilation (Cramer et al. 2008, 2009). This relationship
is supported occasionally by results that xylem sap flow rate is
associated with the nutrient concentrations of the xylem sap in
a tropical tree (Barker and Becker 1995), and high transpiration

is associated with high leaf nutrient concentrations in Cycads
(Zhang et al. 2018). However, in most crop species, higher
transpiration is not associated with higher leaf nutrient concen-
trations (Tanner and Beevers 1990, Tanner and Beevers 2001,
Bower 2008). It is hard to detect and quantify this relationship
mainly due to confounding factors of active regulation in nutrient
uptake and nutrient relocation within the plant body. However,
Ca uptake is an entirely passive process through transpiration-
generated water flow (White 2001). In addition, Ca ions are
largely transported apoplastic and immobile after incorporation
into cells (White and Broadley 2003). Thus, plant tissue Ca
concentration could be closely related to plant transpiration
and water-use, which has not been tested. Here, we developed
a conceptual model (see the Theoretical model section) to
quantify the relationship between plant WUE and soil-to-plant
Ca ratio. Quantifying this relationship can aid in understanding
plant distribution over regional scales and the response of plant
water and Ca uptake to climate change. Predicted changes in
water availability and evaporative demand due to anthropogenic
climate change (Dai 2013, Allen et al. 2018) will undoubtedly
alter plant transpiration and water-use, consequently affecting
Ca uptake, carbon assimilation, and plant distribution.

To explore the relationship between tree iWUE and precip-
itation, as well as plant macronutrient Ca across geographical
locations, we developed a conceptual model (see the Theoret-
ical model in Materials and Methods) and collected leaf and
soil samples from 40 forest sites naturally covered by selected
tree species (Figure 1; Table S1 available as Supplementary
data at Tree Physiology Online): Pinus tabuliformis Carr., Quercus
mongolica Fisch. Ex Ledeb, and Platycladus orientalis (L.) Franco.
These three species are widely distributed in northern China,
and the sampling sites were distributed in a large graphical
region acrossing 2300 km from the west to the east. To further
confirm the observed relationships from the natural forests, we
also conducted a greenhouse experiment to amend soil Ca
concentration using P, tabuliformis seedlings. Since habitat water
conditions influence stomatal conductance, transpiration, WUE
and calcium uptake (MacRobbie 1998, Zhang et al. 2009,
2013), we hypothesized that both iIWUE and Sca/Bca will be
related to mean annual precipitation and the growing season
precipitation. As Ca is essential for photosynthesis and plant
growth, we expected a positive relationship between iWUE and
both soil Ca and leaf Ca. We also hypothesized that there exists
a linear relationship between iWUE calculated from leaf §"°C and
Sca/Bca (can be defined as the reciprocal of plant Ca accumu-
lation efficiency) based on a theoretical model we developed.

Theoretical model, materials, and methods

Theoretical model to link calcium and water

Here, we propose a conceptual model to link plant water-use
with calcium accumulation. Theoretically, plant calcium content
is the product of biomass production (B) and biomass calcium
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concentration (Bca), and plant Ca uptake is the product of
transpiration (Tr) and Ca dissolved in soil solution. Therefore,
due to mass conservation and zero reuse of Ca, plant Ca
content should theoretically equal to plant calcium uptake with
the assumption of no organ losses (the effects of organ losses
will be corrected by studying this at the leaf level) (Zhou and
Zou 2017): BBca = T;Sca,
Reorganizing this, we get

B/Tr = SCa/BCav (1)

where B/T, is WUE.

To remove the non-linear impact of saturated vapor pressure
(Limousin et al. 2015), we used iWUE to reflect plant WUE and
it is a linear function of §"°C (Osmond et al. 1980, Farquhar
etal. 1982, X. Lu et al. 2018)

iWUE = c*B/T, = ay + b1*8'3C. (2)

Combining Egs (1) and (2) gives
IWUE = a + b*Sca/Bca, (3)

where a, as and b, by are intercepts and slopes, respectively,
and c is a constant.

In practice, representative soil solution is challenging due to
limited availability and large temporal and spatial variations. We
therefore replaced it with water-extractable (distilled H>O) soil
calcium. Also, it is hard to test the relationship between iWUE
and Sca/Bca at the individual level for trees due to potential
variation in §"*C among tissues and frequent organ losses due
to littering (leaf and stem shedding). Thus, it is easier to test
this relationship at the leaf level. We assume that the leaf level
relationship of Eqg. (3) will have different a; and by but will
not alter the relationship between iWUE and Sca/Bca in Egs
(1) and (3). To test Eq. (3) at the leaf level, we collected leaf
and soil samples for three widely distributed tree species from
northern China (Table S1 available as Supplementary data at
Tree Physiology Online): P tabuliformis Carr., Q. mongolica Fisch.
Ex Ledeb. and P, orientalis (L.) Franco. represent the area’s major
dominant forest trees. We also conducted a greenhouse experi-
ment to manipulate soil Ca concentration to test this relationship
for P tabuliformis, which is easy to grow and highly available in
nurseries as a common plantation species in the region.

Field sampling across geographical locations

Soil and tree leaf samples were collected from five provinces
in northern and northeastern China across a latitude range of
35°24/-48°35'N and a longitude range of 108°29'-131°18'E
in July and early August of 2015 (Figure 1; Table S1 available
as Supplementary data at Tree Physiology Online). The entire
region is under the strong influence of the East Asian Monsoon,

Calcium and tree WUE 3

with warm and wet summers and cold and dry winters and
springs. The mean annual temperature ranged from 6.2 to
9.0 °C, and the mean annual precipitation (MAP) ranged
from 481 to 670 mm. Dominant soils include Inceptisols,
Endisols, Aridisols and Alfisols. Three tree species, including
two conifers, P, tabuliformis and P, orientalis, and one angiosperm
species, Q. mongolica, were selected for the field study due to
their commonness and wide distribution (Table S1 available
as Supplementary data at Tree Physiology Online; Fang et al.
2011). Samples for P, tabuliformis were obtained from natural
forests in Liaoning, Hebei, Shanxi and Shaanxi provinces
(Figure 1; Table S1 available as Supplementary data at Tree
Physiology Online), for Q. mongolica from Heilongjiang and
Liaoning provinces, and for P, orientalis from Liaoning and Hebei
provinces.

A total of 40 plots (20 x 20 m each) were established for
these tree species in their selected natural distribution areas.
Among them, 23 plots had P, tabuliformis, 7 plots had P, orientalis
and 10 plots had Q. mongolica as dominant species, respec-
tively. The three species differed in sampling plot numbers
because their natural distribution ranges were different (Fang
et al. 2011). Most forests were natural forests, about 40-80
years old (Table S1 available as Supplementary data at Tree
Physiology Online), but some of the P tabuliformis forests were
possibly generated after being artificially seeded with airplanes
(Wu et al. 2000). The diameter at breast height (DBH) of all
tree individuals inside each plot was measured, and for each
plot, two to three tree individuals that represented the average
DBH were chosen for taking soil and leaf samples. A mineral soil
sample was collected with a corer (42 mm in diameter) in four
perpendicular directions within 2 m from each chosen tree trunk
to a depth of 15 cm. The soil cores within the same plot were
mixed into one composite soil sample. Meanwhile, mature leaves
were also collected with the same number of current-year and
fully developed leaves in four directions from the lower one-third
crown for each chosen tree. Eight branchlets were randomly
collected for each chosen tree by a ladder and a pole pruner
(Zheng et al. 2020).

Climate data

Monthly precipitation data of all the sampling sites were
acquired from the WorldClim global climate and weather
database (www.worldclim.org; WorldClim 2.1) (Harris et al.
2014, Fick and Hijmans 2017). Mean annual precipitations of
6 years from 2010 to 2015 (the sampling year) were then
calculated and used for the analyses. As leaf §"C is mainly
related to the environmental conditions of the leaf growing
season (Seibt et al. 2008), the growing season precipitation
was also calculated as the total precipitation from April to June
(the leaf expansion season before the sampling in 2015).
Annual potential evapotranspiration (PET) and Aridity index (Al)
data of all the sampling sites were extracted from the Global

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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Figure 1. Sampling locations for Platycladus orientalis (L.) Franco, Pinus tabuliformis Carr. and Quercus mongolica Fisch. Ex Ledeb. In northern China.
We obtained 2—3 soil and tree leaf samples from each of the >9 plots of 20 x 20 m from each sampling site for each tree species. Numbers in
parentheses are soil and tree sample size. Symbols represent the locations of sampling plots.

Aridity Index and Potential Evapotranspiration Climate Database
v2 (www.cgiar-csi.org) (Trabucco and Zomer 2019). The Al
was calculated as the MAP and PET ratio.

Soil water-extractable Ca

To obtain soil water-extractable Ca (Séguin et al. 2004, Meers
etal. 2006), soil samples were air-dried, ground with mortar and
pestle, and sieved through 0.85 mm (20-mesh size), and then
5 g of the sieved soil was extracted with 25-ml distilled water
in a rotary shaker for 30 min (Meers et al. 2006). A volume
of 9.5 ml of the extractant was filtered with a filter paper to a
10 ml Eppendorf tube and spiked with 0.5 ml of 3% SrCl, and
stored at 4 °C before analysis for Ca in a flame atomic absorption
spectrometer (Z-2000, Hitachi, Tokyo, Japan) within 48 h.

Leaf Ca concentration and §"3C values

Fresh mature leaves were briefly dried in an oven at 105 °C for
0.5 h and then dried to constant weight at 80 °C before leaf
samples were ground with a ball mill to pass through a 100-
mesh sieve. A subsample of 0.15 g of the ground leaf materials

was then digested with HNO3-HCIO4. All digestive solution was
added with 2 ml 3% SrCl, before diluting with deionized water
to 50 ml for Ca analysis with the flame atomic absorption
spectrometer (Z-2000, Hitachi). Another subsample of 7 mg
of the ground leaf materials was analyzed for '*C in a mass
spectrometer (IsoPrime 100 Isotope Ratio Mass Spectrometer,
Germany). Intrinsic WUE was then calculated based on §'3C (see
Equation (2); W. Lu et al. 2018).

Controlled greenhouse experiment

A pot experiment with Ca amendment was conducted in a
greenhouse at the Beishan Research Station of Shenyang Agri-
cultural University (within the range of the natural distribution
for P tabuliformis and ~200 km away from the closest field
sampling site) in 2018. Three-year-old P tabuliformis saplings
of similar sizes (~30 cm high, 8 mm in basal diameter) were
planted in 7.5 | pots (one sapling per pot) with 6 kg sandy
soils of low water-extractable Ca concentrations (<20 mg kg™')
in early April. This species was selected because it is easy to
grow and highly available in local nurseries. After 1 month of
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establishment, 1 | of Ca-free nutrient solutions (510 mg I
KNO3, 240 mg I7' MgSQOg4, 135 mg I7" KH2PO4, 850 mg I
NaNOs, 3 mg I7'FeSOq4, 5.7 mg I H3BOs3, 1.5 mg I7" MnCly,
0.05 mg 7" CuSQOg4, 0.12 mg 7" ZnSO4, 0.08 mg I7" H2M004)
were applied to each pot at the beginning of the experiment.
The pH of the nutrient solutions varied between 5 and 6.
Then the potted saplings were randomly separated into seven
groups (n = 8 for each group), and each group was assigned
randomly to one of the treatments with different concentration
CaCly solutions (O, 832.5, 1665, 3330, 6660, 9990 and
13,320 mg I7"). All plants were watered to 70% of field water
capacity by weighing every 5 days during the non-peak growing
season (April to June and September to October) or every 3
days during the peak growing season (July and August). Leaf
tissue sampling was carried out in July and August to test leaf
Ca concentration and §"°C (see methods above). Soil water-
extractable Ca, leaf Ca concentration and §"°C values were
measured using the same methods described above.

Data analyses

A multiple linear regression model was used to test the effects of
growing season precipitation (GSP), MAR Al, PET on iWUE and
Sca/Bca. A linear regression model of the curve estimation was
also used to examine the relationship between iWUE values and
Sca/Bca ratios, between iWUE or Sc,/Bca and climate variables,
and between Sc,/Bcy and gas exchange-based WUE (A/gs and
A/T:). A general linear model procedure was also employed
to determine whether differences existed in the slope of linear
regression equations, and in values of Sca, Bca, IWUE, and Sca/
Bca among tree species. All the above analyses were done with
IBM SPSS 22 (SPSS Inc., Chicago, IL, USA).

A principal component analysis (see methods above PCA)
was used to test the joint variation of the plant, soil, and climate
variables including iWUE, Sca/Bca, Sca, Bca, MAP, GSP, and
PET. The PCA was carried out using the FactoMineR package
in R (Version 3.5.1) software. Furthermore, a path analysis
(structural equation modeling) was used to test the potential
relationships among plant, soil, and climate variables, and the
contributions of soil and climate variables on iWUE. A path
model was developed based on prior knowledge and bivariate
relationships. Nonsignificant path relationships were removed
from the model. Path analysis was conducted in AMOS 18.0
software with SPSS (SPSS Inc.).

Results

High variations in Sca, Bca, Sca/Bca and iWUE were found
among these three tree species (Figure 2). The concentration
and variation of soil water-extractable Ca were highest for P tab-
uliformis, which showed the widest range of natural distribution
(Table S1 available as Supplementary data at Tree Physiology
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Online), and lowest for Q. mongolica (Figure 2a). Leaf Ca con-
centration was higher for P tabuliformis and P. orientalis than for
Q. mongolica (Figure 2b), but differences in both concentration
and variation of leaf Ca among the three tree species were much
smaller than those for soil water-extractable Ca. The ratio of Sca/
Bca was highest for P tabuliformis and lowest for Q. mongolica
(Figure 2c). Intrinsic WUE was highest for P, orientalis and lowest
for Q. mongolica (Figure 2d).

The first two axes of the PCA analysis explained 81.8%
of the total variation (Figure 3). The first PCA axis (PCA1),
which explained 62.0% of the total variation, was positively
associated with iIWUE, Sca/Bca, Sca, Bca and PET, and negatively
associated with MAP, Al and GSP. Sc, showed the most signif-
icant positive contribution to PCA1, whereas GSP showed the
most significant negative contribution (Figure 3a). The PCA2,
which explained 19.8% of the total variation, was positively
associated with MAP, Al, Sca/Bca, Sca, Bca and iWUE, and
negatively associated with GSP and PET. MAP showed the most
significant positive contribution to PCA2, whereas PET had the
largest negative contribution. The PCA1 clearly separated P
tabuliformis and Q. mongolica, with the former being in only the
positive quadrants and the latter being in the negative quadrants
only. In contrast, P, orientalis overlapped the other two species
(Figure 3b).

The multiple linear regression model showed that iWUE
depended on GSP and Sc, significantly, while other variables
included in the model (MAR, Al, PET, Bcy) had no significant
relationships with iIWUE (Table 1). Sca/Bca depended on GSP
and MAP significantly but not on Al and PET (Table 1). The
bivariate regression results confirmed the negative relation-
ships between iWUE and GSP, and between Sc,/Bca and GSP
(Figure 4a and b). Intrinsic WUE was also positively related with
both Scy and B, (Figure 4c and d). The relationships between
iWUE and Sc, and between iWUE and B¢, were better described
by a three-parameter exponential equation (Figure 4c and d).
These relationships were significant in P tabuliformis alone
(relationships not shown), but not in the other two species if
analyzed separately. These two species (Q. mongolica, and P
orientalis) are distributed in habitats with a relatively narrow
range of precipitation (Figure 4).

We found positive linear relationships between iWUE (calcu-
lated from §°C) and Sca/Bca, as expected, for all three tree
species across the study forest sites (Figure 5). The slopes
of iIWUE against Sca/Bca differed significantly among the three
species (general linear model). The greatest slope was found in
Q. mongolica, while the smallest in P tabuliformis. The relation-
ship in P, tabuliformis was better described by a three-parameter
exponential equation (Figure 5). When all the species were
combined, the relationship between iWUE and Sc,/Bca was well-
described by a three-parameter exponential equation (Figure 5
inset). All the iIWUE values of these three species were lower
than 105 mg kg™' (Figures 2 and 5). Most individuals of Q.
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Figure 2. Boxplot of soil water-extractable calcium concentration (Sca), tree leaf calcium concentration (Bca), Sca/Bea ratio, and iWUE for three tree
species from the north and northeastern China. Pinus tabuliformis Platycladus orientalis and Quercus mongolica. The line inside the box is the median
value, the box represents 25-75% percentile, and the vertical lines are 9-91% percentile. Different letters indicate significant differences between
tree species by the linear model procedure.

Table 1. Multiple linear regression results (standardized 8, t and P values) showing the dependence of iWUE derived from leaf §'>C values on growing
season precipitation (GSP), mean annual precipitation (MAP), Aridity index (Al), potential evapotranspiration (PET), soil calcium concentrations (Sca)
and leaf calcium concentration (Bc,), as well as the dependence of soil-to-plant calcium ratios (Sca/Bca) on GSP, MAP, Al and PET. For the iWUE
model, R> = 0.47 and P < 0.001. For the Sca/Bca model, R? = 0.54 and P < 0.001.

iWUE Sca/Bca

B t P B t P
GSP —0.50 —3.03 <0.01 —0.62 —4.88 <0.001
MAP —0.09 —0.58 0.56 0.50 4.01 <0.001
Al 0.56 0.92 0.36 —0.62 —-1.13 0.26
PET 0.48 1.02 0.31 —0.24 —0.57 0.57
Sca 0.32 2.45 0.02
Bca —0.03 —0.30 0.76

mongolica occurred in sites with a narrow range of Sca/Bca
values between 2 and 6%o, compared with the much higher
value and larger range of 6—12%o0 and 6-38%o for P, orientalis
and P, tabuliformis, respectively (Figures 2 and 5).

These positive relationships between iWUE and Sc,, between
iIWUE and Bc,, and between iWUE and Sca/Bca were also
found in the controlled greenhouse experiment for P, tabuliformis
with soil Ca (Sca) manipulated (Figure 6). The relationships

were well-described by a three-parameter exponential equation
(Figure 6a and c) or a linear regression (Figure 6b). The iIWUE
values ranged from 76 to 91 mg kg~', while Sca/Bca ranged
from 1.7 to 26.0%eo across different treatments.

The path analysis model as shown in Figure 7a fitted well with
the dataset (minimum fit function chi-square = 1.93, df = 2,
P = 0.452, CFl = 1.00, AIC = 27.928, RMSEA < 0.001).
The iWUE was directly influenced by both GSP and Sc,, with
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Figure 3. Principle component analysis results showing the loadings of
traits (a) and three species studied (b). The traits included in the analysis
were iWUE derived from leaf §'3C values, growing season precipitation
(GSP), mean annual precipitation (MAP), Aridity index (Al), potential
evapotranspiration (PET), soil calcium concentrations (Sca) and leaf
calcium concentration (Bcay), as well as the dependence of soil-to-plant
calcium ratios (Sca/Bca). Symbols: P, tabuliformis (circles), Q. mongolica
(triangles) and P, orientalis (rectangles).

GSP showing a significant negative effect, and Sc, showing a
significantly positive effect (Figure 7a). Sc, showed a larger total
effect on IWUE compared with GSP (Figure 7b). This agrees
with the multiple linear regression results. Intrinsic WUE was also
significantly and positively correlated with Sca/Bca. Potential
evapotranspiration showed an indirect effect on iWUE. Overall,
Sca has the highest standardized effect on iWUE, followed by
Sca/Bca, GSP and PET. Additionally, GSP showed a significantly
positive effect on PET and a significantly negative effect on
Sca. Sca also showed a significant and positive effect on PET
(Figure 7a).

Discussion

Our results indicate the importance of both growing season
precipitation (GSP) and soil calcium (Sca) in determining tree
iWUE. As expected, tree iWUE was related to GSP and Sc, across

Calcium and tree WUE 7

a large geographical gradient. Furthermore, our field sampling
across native habitats of three tree species and the controlled
greenhouse experiment revealed a close relationship between
Sca/Bca and iWUE, supporting our hypothesis and conceptual
model linking tree Ca accumulation and water consumption. As
the reciprocal of Bc, could be defined as the Ca-use efficiency
(CaUE) (Vitousek 1982), the close relationship between Sc,/
Bca and iWUE could also be described as the relationship
between Sc,*CaUE and iWUE. Thus, this relationship can be a
reliable approach to quantifying the plant water-Ca accumulation
linkage and the association between IWUE and CaUE. Sc,/
Bca, the reciprocal of plant Ca accumulation efficiency, was
sensitive to GSP. Thus, Sca/Bca can be a useful term to study the
response of plant Ca accumulation efficiency to future changes
in precipitation pattern and evaporative demand and provide a
new perspective on understanding forest response to climate
change.

Climatic and Ca effects on iWUE

Our results and the multivariate analyses showed strong pre-
cipitation and soil Ca contributions on iWUE. Here we used
8"*C-derived iWUE, a widely used index to indicate plant WUE
(Farquhar et al. 1982, Guerrieri et al. 2016, Twohey et al.
2019, Tarin et al. 2020). The relationship between iWUE and
precipitation of the study site is confirmed in our study. As water
is a relatively more limiting resource, plants in drier habitats
(lower precipitation) tend to show more conservative water-use,
resulting in higher WUE (Gouveia and Freitas 2009, Zhang et al.
2021). Interestingly, a negative relationship between iWUE and
MAP, as shown in previous studies (Gouveia and Freitas 2009,
Li et al. 2016), was not found in the present study within or
across three tree species studied. Instead, we found a negative
relationship between iIWUE and GSP. A relationship between §*C
and GSP was also found in other species (Leffler and Evans
2001, Van de Water et al. 2002). This could be because the
leaf structural and non-structural carbon (e.g., soluble sugars)
of these temperate forests are mainly produced during the active
growing season, thus representing the environmental conditions
of the growing season (Seibt et al. 2008). In addition, most
precipitation during the non-growing season is likely lost through
evaporation or groundwater in this region (Qiu et al. 2018)
rather than being consumed by the trees. Meanwhile, the rela-
tionship between iWUE and MAP reported in previous studies
(Gouveia and Freitas 2009, Li et al. 2021) could be because
of the positive relationship between MAP and GSP on a smaller
geographical scale. When GSP and MAP are not closely related
on a larger geographical scale, the relationship between iWUE
and MAP could be absent.

Besides GSP, we found that iWUE of three tree species studied
was also closely associated with soil Ca across a sizeable
geographical gradient. Further, the path analysis model showed
a larger effect of Scy on IWUE than GSP, which agrees with
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Figure 4. Intrinsic WUE derived from leaf §'*C values and soil-to-plant calcium ratios (Sca/Bca) in relation to growing season precipitation (a, b) and
iWUE in relation to Sca and By (¢, d). Symbols: P tabuliformis (circles), Q. mongolica (triangles) and P, orientalis (rectangles). Solid black lines are
linear or exponential relationships fitted to values of all three species. Dashed lines indicate 95% confidence intervals (Cls).

the regression analyses showing higher explanatory power of
Sca on iWUE than GSP. Thus, our results suggest that Sc, could
better predict iWUE than precipitation. As a macronutrient, Ca is
necessary for cell wall and membrane construction (White and
Broadley 2003), and Ca deficiency could result in reduced plant
growth. Therefore, the positive relationship between iWUE and
soil Ca, and between IWUE and leaf Ca could be because of
the facilitation of increased Ca on cell development, tissue and
organ growth, and ultimately primary production. In addition,
once an optimum amount of Ca is achieved, a further increase
in Ca will not result in a further increase in primary production
and iWUE. This pattern is supported by the exponential growth
to the maximum relationship between iIWUE and Sc, or Bca.
The influence of Sca on iIWUE, and no further increase in iWUE
when Sc, were higher than 200 mg kg™, was confirmed by
our control experiment in the greenhouse with Sc, manipulated.
Our results also agree with a previous study showing that

enhanced soil Ca availability and Ca uptake by ectomycorrhizal
symbioses increased plant WUE (Li et al. 2021). While other
studies showed the influence of N, P, potassium (K) on iWUE
(Cernusak et al. 2011, Matimati et al. 2014, Battie-Laclau et al.
2016), our study suggests that the effect of Ca should not be
ignored.

The linkage between water-use and Ca uptake

The close association between Sc,/Bca and iWUE indicates the
tight linkage between water and Ca uptake/transport, driven
by transpiration and regulated by the stomatal aperture. The
relationship between water uptake and many (likely all) other
essential mineral nutrients is weakened by the active control on
the Casparian strip and relocation among tissues and organs.
Meanwhile, Ca uptake is a passive process (White 2001), and
Ca is not translocated among plant tissues and organs after
incorporation (White and Broadley 2003). Thus, Ca uptake and
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transport could be solely determined by transpiration and Ca**
in the soil solution. Although this coupling could be predicted by
the Ca uptake and transportation theory, no empirical evidence
has been provided to the best of our knowledge. Our results
here thus provide novel empirical evidence to support the
facilitation of Ca uptake and transport by transpiration (and the
passive uptake of other nutrients) and suggest a tight linkage
between the two (as shown in Egs (1) and (3)).

In addition, the model indicated in Eqg. (3) has advantages
over conventional methods using tissue nutrient concentrations
and transpiration rate to test the relationship between water
and Ca uptake. Using the soil-to-plant nutrient ratio rather
than tissue nutrient concentrations elucidated the soil effects
and standardized tissue concentrations with soil nutrient con-
centrations. Furthermore, using §'°C-based WUE rather than
transpiration rate avoids the effects of environmental conditions
on physiological measurements and standardizes the water
consumption with plant biomass.

Although our theoretical model was developed for passively
absorbed nutrients lacking relocation after assimilation such
as Ca, testing the relationship between iWUE and soil-to-plant
nutrient ratio could also be applied to other mineral nutri-
ents. Theoretically, transpiration-driven water flow drives nutrient
movement from the soil to the rhizosphere as well as transport
from roots to the canopy (Barber 1962, Epstein 1972, Wright
et al. 2003, Cramer et al. 2008, 2009, Zhang et al. 2018).
Thus, high transpiration (thus low iWUE) will facilitate the
accumulation of other nutrients (low soil-to-leaf nutrient ratio).
Indeed, iWUE has been found to be related to leaf N in Phaseolus
vulgaris (Matimati et al. 2014) and to leaf P:C ratio in tropical
tree seedlings (Cernusak et al. 2011). Furthermore, an increase
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relationships fitted to the data. Dashed lines indicate 95% Cls.

in N in rooting substrate decreases transpiration and increases
iWUE in maize (Wilkinson et al. 2007), and K fertilization also
increases iWUE in Eucalyptus grandis (Battie-Laclau etal. 2016).
Meanwhile, an absence of a relationship between leaf transpi-
ration rate and tissue N, P or K concentrations was reported
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P < 0.001.

for multiple plant species (Tanner and Beevers 1990, Tanner
and Beevers 2001, Bower 2008). The relationship between
transpiration/iWUE and other nutrients could be decoupled or
weaker due to active control of uptake and relocation among
organs (Taiz et al. 2015), asking for further studies.

Sca/Bcaq in relation to environmental conditions
and climate change

Our results indicate that similar to 8"°C, Sca/Bca was also
sensitive to the growing season precipitation. Under increased
water deficits, WUE tends to increase (Zhang et al. 2009,
Edwards et al. 2012), while transpiration and plant Ca uptake
decrease concurrently, resulting in a reduced leaf Ca concen-
tration and an increase in Sca/Bca ratio. In other words, a
decrease in precipitation will decrease plant Ca uptake efficiency
(the reciprocal of Sca/Bca). Further studies could be done to
test whether Sc,/Bca of long-lasting tissues such as stems are
related to long-term water availability and whether Ca signals
from tree rings indicate interannual variation in growing season
precipitation. Wood §"*C of tree rings has been used to study
historical changes in tree WUE and related changes in water
availability and atmospheric CO, concentrations (W. Lu et al.
2018, Ulrich et al. 2019), while our results suggest tissue Ca
as a potential alternative.

The range of Sca, Sca/Bca and the iIWUE-Sc,/Bc, relationship
could also explain plant distribution range and response to
changes in climate conditions. Many regions, including northern
and northeastern China, are projected to be drier under global
climate change in future decades (Yu et al. 2003, Shi et al.

2014). A drier environment in the future may result in a higher
stomatal limitation and increased plant WUE, resulting in a
decrease in plant Ca uptake and Bc, value due to reduced
transpiration, elevating the Sc,/Bca ratio through time. Plant
species may not perform well under conditions where Scj,
Bca and Sca/Bca reach beyond their optimum ranges; thus,
plant distribution and ecosystem composition can be expected
to change. In forestry practice, this information can determine
potentially suitable plantation sites for different tree species
(Zhou and Zou 2017).

Acid deposition is another significant environmental change
occurring globally due to the combustion of fossil fuels and
the high application rates of nitrogen fertilizers (Johnson and
Siccama 1983, Lindberg et al. 1986). Abundant evidence
shows that acid deposition will lead to depletion of soil cations,
including Ca (Watmough and Dillon 2003, Drouet et al. 2005),
suggesting an increased demand on transpiration for Ca uptake
and decreased plant iIWUE. This is likely because depletion in
soil nutrients may increase belowground carbon allocation and,
consequently, water uptake and transpiration (Poorter et al.
2012). As the species showed variation in Sca and Sca/Bca
range of their native habitats, change in Sc, due to acidification
and deviation from their native range may result in changes in
water-use and nutrient economy, and consequently changes in
carbon assimilation, species distribution, and ecosystem pro-
cesses. We, therefore, predict that Q. mongolica, with a narrower
range of Sca, and a steeper slope between iWUE and Sc,/
Bca, will probably be more sensitive to changes in Sc¢y, due
to either a change in water availability or acid deposition than
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P, tabuliformis and P, orientalis. Finally, the non-linear relationship
between iIWUE and Sca/Bca for P tabuliformis might be related
to the expanded natural distribution of the species resulted from
artificial seeding by airplanes when competition with other tree
species was reduced or absent (Wu et al. 2000).

Conclusion

In conclusion, we revealed a significant contribution of both GSP
and Ca on tree iWUE. We also developed a novel model to
quantify the linkage between plant water consumption and cal-
cium accumulation. The relationship established here between
iWUE and Sca/Bca suggests the potential use of Sca/Bca (or
Sca*CaUE) to indicate WUE. We suggest that this relationship
between IWUE and Sc,/Bca can be expected to be present in
other vascular plants, which can be tested in further studies.
Further, understanding the relationship between iWUE and Ca
(Sca, Bca Sca/Bca) for different trees and crops can determine
optimum soil Ca concentration for forest and crop management
under a specific climate condition. In addition, the tight linkage/-
coupling between plant water consumption and Ca accumulation
suggests new possibilities in crop water and nutrient manage-
ment. Plant Ca uptake could be improved through enhancing
transpiration (Yang et al. 2012), and meantime, soil Ca man-
agement could be used to improve plant WUE and drought
resistance (Silva et al. 2008, Yang et al. 2012). Furthermore,
Sca/Bca, Which is the reciprocal of plant Ca accumulation effi-
ciency, is also sensitive to GSP. Thus, it could be a useful term to
quantify plant Ca accumulation capacity and study its response
to further changes in rainfall patterns. A projected drier future
in Northern China (Yu et al. 2003, Shi et al. 2014) probably
will result in a decrease in tree Ca accumulation efficiency.
The soil-to-plant ratio of other nutrients could also be a useful
term to indicate nutrient accumulation efficiency and used to
study plant response to climate change, inviting further studies.
The information on Sca, Sca/Bca also highlights a reasonable
evaluation and prediction of plant performance and distribution.

Supplementary data

Supplementary data for this article are available at Tree
Physiology Online.
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