
 

 

1 
 

 

 

 

 

 

Tree water use strategy in a heavy 

precipitation region by means of 

stable isotopes, Japan 

                                           

 

Qiqin Zhang 

 

 

 

 

 

 

 

 



2 
 

 

 

 

Yamagata University 

The United Graduate School of Agricultural Sciences 

Japan 

December 2019 

 

 

 

 

 

 

Main supervisor: M. Larry Lopez C. 

Co-supervisor:  Kenichi Yoshimura  

              Chihiro Kato 



3 
 

Contents 

1. General Introduction 

1.1. Water and carbon cycles in forest……………………………………………………………………………..1 

1.2. Climate change and the effects to forests………………………………………………………………….2 

1.3. Stable isotopes………………………………………………………………………………………………………….2 

1.3.1. Stable isotopes in water………………………………………………………………………………………3 

1.3.2. Stable isotopes in tree-rings………………………………………………………………………………..7 

1.4. Objective of this study………………………………………………………………………………………………9 

References………………………………………………………………………………………………………………10 

2. Tree xylem water dynamics in three tree species during summer time  

2.1. Introduction……………………………………………………………………………………………………………16 

2.2. Methods…………………………………………………………………………………………………………………18 

2.2.1. Study site and meteorological data…………………………………………………………………..18 

2.2.2. Sampling design and measurements…………………………………………………………………20 

2.3. Results……………………………………………………………………………………………………………………21 

2.3.1. Isotopic variation in monthly precipitation and xylem water…………………………….21 

2.3.2. Correlation between water δ18O and δD…………………………………………………………..23 

2.4. Discussion………………………………………………………………………………………………………………24 

2.4.1. Temporal difference of xylem water isotopes……………………………………………………24 

2.4.2. Different water uses among tree species………………………………………………………….26 

2.5. Conclusions…………………………………………………………………………………………………………….27 

References………………………………………………………………………………………………………………27 

3. Soil-tree water relationship under extreme climate conditions 

3.1. Introduction……………………………………………………………………………………………………………32 

3.2. Methodology………………………………………………………………………………………………………….33 

3.2.1. Study site and meteorological…………………………………………………………………………..33 

3.2.2. Sampling design and measurements…………………………………………………………………34 

3.3. Results……………………………………………………………………………………………………………………35 

3.3.1. Climatic condition in 2018…………………………………………………………………………………35 

3.3.2. Isotopic variation in precipitation water, soil water and xylem water………………..36 

3.4. Discussion………………………………………………………………………………………………………………44 

3.5. Conclusion……………………………………………………………………………………………………………..46 

References..................................................................................................................47 

4. Monthly variability of cellulose stable isotopes in three tree species 

4.1. Introduction……………………………………………………………………………………………………………52 

4.2. Methodology………………………………………………………………………………………………………….53 

4.2.1. Research sites…………………………………………………………………………………………………..53 



4 
 

4.2.2. Sampling design and measurements…………………………………………………………………53 

4.3. Results……………………………………………………………………………………………………………………54 

4.3.1. Monthly tree-ring α-cellulose δ18O and δD……………………………………………………….54 

4.4. Discussion………………………………………………………………………………………………………………55 

4.5. Conclusions…………………………………………………………………………………………………………….56 

References………………………………………………………………………………………………………………56 

5. Final conclusions…………………………………………………………………………………………………….60 

Acknowledgement………………………………………………………………………………………………….63 

  



5 
 

 

 

 

 

 

 

 

 

Chapter 1 

General Introduction 

  



6 
 

 

1.1. Water and carbon cycles in forests 

 

Forests are a very important part of global land, approximately 30% of the global land is 

covered by forests (Bonan, 2008). Forests are extremely important for the global biochemical 

cycles (e.g. carbon, oxygen, nitrogen) and supply wood and non-wood products (e.g. berries, 

mushrooms), in addition, forest also play an important role in ecosystem services, such as 

climate stabilization, carbon storage, protection of hydrological function, and conservation of 

habitats for biodiversity (Lindner et al. 2010). But because of the ongoing global climate 

change, forest distribution may change globally and this will threat forest ecosystem services, 

one important of these roles is water and carbon cycles. Precipitation will firstly be caught by 

forest canopy, then return to the atmosphere through evaporation, the rest will reach the 

forest floor, becoming part of runoff or saturated into soil. through transpiration, Trees take 

up soil water and ground water and transform this water to leaves, in the end, water will 

release to the atmosphere as vapor. Transpiration recycles 62000 km3
 of water to the 

atmosphere per year (Jaschko et al., 2013), which is 61% of the total terrestrial 

evapotranspiration (Schlesinger and Jasechko, 2014). Forests store 45% of terrestrial carbon 

and contribute 50% of terrestrial net primary production (Bonan, 2008), with 2.41±0.42 pg C 

year-1 carbon sink from 1990-2007 (Pan et al., 2011). To make sure these cycles working, the 

stomata of leaves need to be open, so root will take up soil water and ground groundwater 

and release to the atmosphere by transpiration and CO2 will absorbed into leaves for 

photosynthesis to make sugar  , and when the environment condition is limiting the available 

water for trees, stomata will close partially or fully to decrease the water uptake, therefore 

less CO2 will absorbed into leaves (McCarroll and Loader, 2004). Because of this, climate 

change may change either the forest distribution or the species-specific physiological behavior. 
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1.2. Climate change and the effects to forests 

 

From the year 1880-2012, the global temperature increased 0.85℃, and it will continue 

increase 3-4℃ for the next decades (IPCC, 2014), this will result in an increase of aridity in 

some water limited area (Christensen et al., 2007; Seager et al., 2007), and will cause mortality 

of small plants (i.e. seedlings and saplings) and mature trees will have less effect of drought 

stress, but long term drought will also make forest dieback and species migration (Hanson and 

Weltzin, 2000; Camarero et al., 2015). In Japan, the annual temperature has increased by 

about 1℃ but the annual precipitation showed no significant trend over the last century 

(Ichikawa, 2004), in additional, the extreme weather events have increased, from 1901 to 2018 

the annual number of extreme dry days have increased, and the extreme wet days also 

increased (Japan Meteorological Agency, 2017). There is evidence that plant distribution 

(Chapinet al.,1993; Bokhorstet al., 2007), survival (Van Peeret al.,2004) or net primary 

productivity and species diversity (Knappet al., 2002) respond to extreme rather than to 

average conditions (Jentsch & Beierkuhnlein, 2008, Reyer et al., 2013).  Thus, the increase of 

extreme climate events may modify the species composition and dynamic of current forest 

system.  

 

1.3. Stable isotopes 

 

Isotopes are same chemical elements which have different numbers of neutrons but have 

same number of protons and electrons. Because the number of neutrons is different, the 

isotopes have different atomic mass. To write a chemical element isotope, we put a superscript 

number to the left of the element to represent the total number of protons and neutrons in 
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the isotope. For example, among the hydrogen isotopes, protium (1H) has one proton and no 

neutron, deuterium (2H) has one proton and one neutron, tritium (3H) has one proton and two 

neutrons. Isotopes can be divided in to stable isotopes and radioactive isotopes (unstable 

isotopes). The stable isotopes have nuclei that do not decay to other isotopes on geologic 

timescales, but may themselves be produced by the decay of radioactive isotopes. Radioactive 

(unstable) isotopes have nuclei that spontaneously decay over time to form other isotopes. 

The research of stable isotopes is focuses on how natural processes affect the relative 

abundance of each isotope with respect to the other, which is the ratio of the heavy isotope 

with respect to the lighter isotope (for example 13C/12C). The most abundant elements in the 

biosphere are carbon (C), hydrogen (H), oxygen (O) and nitrogen (N), being 13C, 2H (D), 18O and 

15N the stable isotopes of greater interest in plant physiology. The stable isotope composition 

of a given sample is determined by mass spectrometry, is usually expressed in differential 

notation: 

Eq.1                   𝛿(‰) = (
𝑅𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000 

where d stands for the isotopic composition, in parts per mil (‰), as referred to a standard 

(see Table 1). R denotes the ratio of the heavy to light isotope (e.g., 13C/12C), and Rsample and 

Rstandard are the ratios in the sample and standard, respectively. A higher or positive value 

means that the isotopic ratio of the sample is higher than that of the standard; a lower or 

negative value means that the sample is lower than that of the standard. 
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Table.1. Relative abundances of the stable isotopes most common in ecological research in order of increasing 

mass. Adapted from Sulzman (2008) 

 

1.3.1. Stable isotopes in water 

Water stable isotope composition of xylem water has been applied to determine the source 

of water for transpiration (Ehleringer and Dawson, 1992; Valentini et al., 1994; Brunel et al., 

1995), that is because the water sources available to plants shows different isotopic signatures, 

which can be traced back from the xylem water stable isotopic composition. For example, the 

different contribution of seasonal precipitation to soils, streams and groundwater lead to 

substantial isotopic differences among these water pools (Gat, 1996; Ferrio et al., 2005). In 

this sense, the relationship between δ18O and δD in the world’s precipitation follows a 

predictable linear relationship, referred to as the “Global Meteoric Water Line” (Craig 1961), 

represent as: 

Eq.2.                        δD = 8 × δ18O + 10 

that is a direct consequence of the fact that fresh waters of warm regions have more enriched 

(positive) values of hydrogen and oxygen isotopes, whereas cool regions are isotopically 

depleted for both elements, this relationship can be shown as Local Meteoric Water Line. Such 

difference mainly caused by the fractionation occurring during phase changes in the course of 

the hydrological cycle (fig. 1). light isotopes (16O and 1H) evaporate more rapidly than their 

heavier counterparts, and thus water vapor is isotopically depleted with respect to source 

Element Isotope
Abundanc

e (%)

Relative

mass

di fference

(%)

International  s tandard
Analytica l

error (‰)

Observed

range in

plants  (‰)

1
H 99.985

2
H (a lso

D)
0.0155

12C 98.892

13
C 1.108

14
N 99.635

15
N 0.365

16O 99.759 12.5

17
O 0.037 (

18
O:

16
O)

18
O 0.204

Hydrogen 100 Viena Standard Mean Ocean Water (VSMOV) 4 to 7 -300 to +20

Cardon 8.3 Viena Pee Dee Belemnite (VPDB) 0.1 -35 to +5

Nitrogen 7.1 Atomospheric Nitrogen (a i r) 0.2 -10 to +10

Oxygen
VSMOV in water, genera l ly VPDB in CO2 or

carbonate
0.05 to 0.2 -15 to +35
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water (e.g. ocean water). the opposite occurs during precipitation, when the heavier isotopes 

are selectively precipitated through distillation. The amount of this fractionation varies 

according to temperature and altitude, resulting in an isotopic composition of precipitation 

that is positively correlated with temperature, and negatively with altitude (Ferrio et al., 2005). 

Fig. 1 Main fractionation steps and typical values of oxygen isotope composition (δ18O) in a temperate climate. 

δ18O SMOW, standard mean δ18O in ocean water; δ18OV, δ18OP, δ18OLW, δ18O in water vapour, precipitation 

(either rainfall or snow) and leaf water, respectively; VPD, vapour pressure deficit; gs, stomatal conductance. 

(Ferrio et al. 2005), original data from IAEA/WMO (2001) and Saurer et al. (1997). 

When evaporation occurs, light isotopes is easier to evaporate than heavy isotopes, this 

caused an isotopic enrichment of the liquid phase at the site of evaporation (Craig and Gordon, 

1965), and because of this, the isotopic gradience can be observed during soil profile in dry 

area or during period of drought (Barnes and Allison, 1988). To compare with Global Meteoric 

Water Line or Local Meteoric Water Line, we can evaluate the evaporation degree of the 

source water. The Deuterium excess (d-excess) is used for tracing past and present 

precipitation processes. Represent as: 

Eq.3.                      𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠(%) =  𝛿𝐷 − 𝛿18𝑂 
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d-excess is an index of deviation from the Global meteoric water line, and it is related to air 

temperature and relative humidity (Merlivat et al., 1979), but recent reseach showed that d-

excess is more related with relative humidity (Pfahl and Sodemann, 2014). Recent research 

using water stable isotopes has presented a “two water worlds” hypothesis says that the water 

that trees use for transpiration is different with that for groundwater and streamflow (Brooks 

et al., 2010). In this theory, there are two types of water: highly mobile water with can infiltrate 

to groundwater and streamflow quickly; tightly bound water remains in the soil and alter by 

evaporation processes, this water is used for water transpiration and not mixed with mobile 

water (Goldsmith et al., 2012; Mcdonnell, 2014) (fig.2). 

Fig.2. The two water worlds hypothesis in diagrammatic form, showing (a) the mobile water mixing space and 

schematic representation of mixing and (b) the low mobility water mixing space and schematic representation of 

mixing. Stream water is lagged and damped relative to the rainfall input signal and therefore represents a 

narrower distribution of isotope values. Similarly, the plant water values represent a narrower range than the 

tightly bound soil water, representative of the depth where water is extracted through the soil profile. Shallower 

soil waters plot farthest away from the meteoric water line (due to evaporation); deepest soil waters plot on the 

meteoric water line. Adapted from McDonnell, 2014 
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Water isotopic tracing for plant can be used over seasons (Li et al., 2007), also can be used at 

inter-specific (Goldsmith et al., 2012; Barbeta et al., 2019) and intra-specific level (Li et al., 

2006). There are two important premises that have to be assumed for studying the sources of 

water for plants (Ehleringer & Dawson, 1992; Voltas et al., 2015): 1) there is no fractionation 

during water uptake by roots, except for some xerophytic and halophytic plants (Ellsworth & 

Williams, 2007; Lin et al., 1993), and 2) there is no fractionation during the water transport 

along the xylem, from the roots to the upper canopy (Ehleringer & Dawson, 1992; Brunel et 

al., 1995; Walker et al., 2001).  

 

1.3.2. Stable isotopes in tree-rings 

Trees uptake CO2 from air and water from soil water for photosynthesis to make leaf sugar, 

and finally synthesize the tree-ring for growth. During Photosynthesis, CO2 go through the 

stomata into leave during air diffuses, but lighter 12C is easier to pass stomata into leave than 

heavier 13C, the CO2 in leave is depleted in 13C compare with the source CO2 from atmosphere, 

called fractionation due to diffusion (-4.4‰). The other fractionation occurs when 

photosynthetic enzyme uses CO2 to synthesize sugar, called fractionation due to carboxylation. 

Many environmental factors give stress on trees, which can affect these two processes (fig.3). 

These two processes resulting that tree-ring carbon stable isotope ratio is isotopically depleted 

in 13C in compare with atmospheric CO2 (Farquhar et al., 1989), this ratio can be calculated as: 

Eq.4.                      𝛿13𝐶 = 𝛿13𝐶𝑎𝑡𝑚 − 𝑎 − (𝑏 − 𝑎) × (𝐶𝑖/𝐶𝑎)  

Where δ13Catm is current atmospheric δ13C value (≈-8‰), a is fractionation due to diffusion (≈-

4.4‰), b is fractionation due to carboxylation (≈-27‰), ci/ca is the ratio between intercellular 

and atmospheric CO2 concentration (Farquhar et al., 1982). According to this equation, δ13C 

value is mainly controlled by the ratio ci/ca which related to the balance between 

photosynthesis rate and stomata conductance. High ci/ca ratio indicate that stomata 
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conductance is much higher than photosynthesis rate, which means more CO2 is available for 

photosynthesis, more lighter carbon isotope (12C) is used for carboxylation, resulting the low 

value of δ13C. low ci/ca leads opposite result. The balance between stomata conductance and 

photosynthesis rate also related with plant intrinsic water use efficiency (WUEi) (Polley et al., 

1993; Van de Water et al., 1994). Therefore, carbon stable isotope can also be used for 

determine plant water use efficiency (Farquhar et al., 1982; Ehleringer et al., 1993). 

 

Fig.3. Diagram of a needle-leaf tree showing the main controls on the fractionation of carbon isotopes and the 

environmental factors that influence them. Adapted from McCarroll and Loader, 2004 

Oxygen in tree-rings originally from the soil water uptake by roots, which mainly from 

precipitation, therefore the oxygen isotope ratio in tree water can represent part of 

precipitation water oxygen isotope ratio. However, several fractionations occur during the 

processes to fix the oxygen from water into tree-ring. First occurs in soil water, the upper soil 

water is isotopically more enriched than deeper soil water because of evaporation enrichment. 
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Beside seasonal variation in precipitation δ18O (Matsubaya and Kawaraya, 2014) can also 

change the soil water δ18O. Second occurs in leave, where transpiration release water into 

atmosphere, water with lighter isotopes (for example: 1H2
160) will loss faster than the one with 

heavy isotopes (for example: D2
180), this cause the leaf water enrichment in 18O, can be as 

much as 20‰ (Saurer et al., 1998). Third occurs in phloem during the sugar transported to 

trunk for tree-ring cellulose synthesize, the oxygen in sugar from phloem will exchange with 

water from xylem (Sternberg et al., 1986), and this exchange rate can up to 50% (Roden et al., 

2000; Gessler et al., 2014). Thus, tree-ring δ18O is not directly represent the source water δ18O. 

It depends on several factors, such as: 1) seasonal precipitation δ18O, which related to air 

temperature (Dansgaard, 1964). 2) soil water δ18O gradient, which is caused by precipitation 

saturation in cool season and evaporation from soil surface in hot season (Saurer et al., 2016). 

3) depth of root, which control from which depth trees are up taking the water. 4) leaf water 

enrichment during transpiration, which can amplify the oxygen signal contained in the rain 

water (Cernusak et al., 2016). 5) oxygen exchange rate between sugar from phloem and water 

from xylem during wood synthesis. 

 

1.4. Objective of this study 

 

The objective of this study is 1) to determine the temporal pattern of temporal variation of 

stable isotopes in precipitation water, soil water and tree xylem water. 2) to evaluate the 

impact of extreme climate on trees by using water stable isotopes. 3) to evaluate intrinsic 

water-use efficiency between different tree species by means of δ13C. 4) to compare temporal 

changes in tree-ring δ18O with xylem water δ18O records as related to the relevance of summer 

transpiration. 
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Tree xylem water dynamics in three 

tree species during summer time 
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2.1. Introduction  

 

Forests are an important component of the global water cycle as they exchange large amounts 

of water, originating from different terrestrial sources, with the atmosphere. Stable isotopes 

(18O and D) have been widely used in the last decades in order to trace such sources of water 

(rainfall, groundwater, soil water, snowmelt, mist, etc.) available to plants (Ehleringer and 

Dawson, 1992; Valentini et al., 1994; Brunel et al., 1995; Walker et al., 2001; Asbjornsen et al., 

2011; McDonnell., 2014; Martín-Gómez et al., 2017), that is because the isotopic composition 

of potential water source can be traced back from the values in xylem water. Frequently, the 

water isotopic composition changes with soil depth, where water from upper soil layers is 

isotopically enriched in relation to that from deeper layers because of evaporation gradients 

occurring along the soil profile during dry periods (Barnes et al., 1988). In turn, xylem water 

isotopes often show strong seasonal variability during wet-dry periods because trees may 

switch from shallower to deeper soil layers when accessing water under increasing drought 

stress (Goldsmith et al., 2012; Penna et al., 2013; White and smith, 2015). This shift in the 

access to different water pools also depends on the type of vegetation and its associated root 

system. For example, it has been reported (Eggemeyer et al., 2008) that Juniperus virginiana 

and Pinus ponderosa take up water from different soil depths under the same environmental 

conditions in the semi-arid sandhills grasslands of Nebraska during the growing season. 

Similarly, the Mediterranean oak Quercus ilex keeps physiological activity for longer periods 

over acute droughts in the eastern Iberian Peninsula using alternative (deeper) soil water 

sources, not available for the thermophilic conifer Pinus halepensis (Castillo et al., 2016). On 

the other hand, when water is readily available from precipitation, xylem water isotopes 

reflect mainly the isotopic composition of precipitation (Li et al., 2006; Li et al., 2007; Barbeta 

et al., 2015).  
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There are two important premises that have to be assumed for studying the sources of water 

for plants (Ehleringer and Dawson, 1992; Voltas et al., 2015): (1) there is no fractionation 

during water uptake by roots, except for some xerophytic and halophytic plants (Ellsworth and 

Williams, 2007; Lin et al., 1993), and (2) there is no fractionation during the water transport 

along the xylem, from the roots to the upper canopy (Ehleringer and Dawson, 1992; Brunel et 

al., 1995; Walker et al., 2001). Hence, if no such fractionation occurs at the root level, water is 

isotopically enriched in the leaves proportionally to the magnitude of transpiration, and this 

process produces sugars that are isotopically heavier by a mean value of 27‰ in δ18O 

comparison to leaf water (Sternberg et al., 1986).  

Until now, most studies on soil water accessibility by plants along the soil profile using isotopic 

analysis have been conducted in arid and semiarid areas because of evaporation enrichment, 

but very few have been conducted in wet areas. This may be the case of the humid mixed 

forests of western Japan, which may be subjected to sporadic episodes of water scarcity in 

early summer or concentrated extreme rain events with long rainless pauses even within the 

rainy season period. In the western side of northeastern Japan, the dominant tree species are 

cedar (Cryptomeria japonica), larch (Larix kaempferi) and beech (Fagus crenata Blume). Cedar 

is the most commercially important tree species in Japan, with plantations covering an area of 

approximately 4500 km2 (MAFF, 2017), while larch, also native to Japan, is also widely planted 

for forest industry in northern Japan (4700 km2) (MAFF, 2017) and is distributed as the 

southern edge of the larch distribution in East Asia. Beech is the most abundant deciduous 

broad-leaved tree species in Japan, growing in the cool-temperate zone as a late-successional 

and climax species (Liang et al., 1995). A comparative study on the nitrogen cycle, using 

nitrogen stable isotopes, of these tree species in the same region revealed differences among 

them, with beech trees showing higher nitrogen resorption from senescing leaves (Enta et al., 

2019; Seidel et al., 2019 a, b), which might be related to their water use patterns. All these 
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tree species are well adapted to the heavy precipitation conditions of northeastern Japan. 

However, the species and populations of forest trees inhabiting wet areas may be particularly 

susceptible to the impact of an even distribution of rain along the growing season in the face 

of ongoing climate change (Engelbrecht et al., 2007). Thus, the aims of this study were 

threefold: to determine the temporal pattern of temporal variation of stable isotopes in soil 

and xylem water of three typical Japanese tree species, the evergreen conifer Cryptomeria 

japonica and the deciduous-but taxonomically contrasting—Larix kaempferi and Fagus 

crenata. 

 

2.2. Methods 

 

2.2.1. Study site and meteorological data 

The forest stands are located within the premises of the Yamagata University Research Forest 

(YURF), which is in the Asahi Mountains, 26 km south of Tsuruoka city in Yamagata Prefecture 

(Fig.1). Three typical Japanese tree species for this region were selected to evaluate their water 

use patterns: beech (Fagus crenata), larch (Larix kaempferi) and cedar (Cryptomeria japonica). 

The beech forest stand (N38∘33.396’, E139∘52.641’) was located at the highest elevation in the 

experimental forest (670 m.a.s.l.), and the trees had an average age of 70-80 years. The larch 

forest stand (N38∘33.415’, E139∘52.566’) was located at a slightly lower elevation (650 m.a.s.l.), 

and the trees had an average age of 45-50 years. Finally, the cedar forest site (N38∘32.982’, 

E139∘51.796’) was located at the lowest elevation (295 m.a.s.l.), and the trees had an average 

age of 54 years.  
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Figure 1. The Yamagata University Research Forest (YURF) is in Shonai Region, Yamagata Prefecture, Japan. The 

circles represent the xylem and soil sampling sites within the forest, the triangle represent the precipitation 

sampling spot. 

The annual precipitation in this area is 3,090 mm of which 42% falls as snow, the annual mean 

air temperature is 9.5℃ for the period 2012-2017 (Fig. 2). The mean summer precipitation 

(June, July and August) is 518 mm and mean air temperature is 20.9℃. Monthly precipitation 

is relatively low from April to September, except for July when the highest values for the 

growing season are observed as the rainy season sets in for this region. The highest 

precipitation occurs from October to March, mainly in the form of snow, with the snow melting 

starting from mid-February and ending by late April or the beginning of May. Average air 

temperatures are below zero only in January and February, while the highest temperature 
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corresponds to July and August during summer. Air temperature increases from May through 

June, and stays approximately stable during July and August. During summer 2017, 

precipitation was 121 mm (June), 388 mm (July) and 193 mm (August). Most precipitation was 

concentrated in the first days of July (155 mm), representing with the peak of the rainy season.  

 

 

Figure 2. Mean monthly in temperature and precipitation in the study area (2012-2017). (Source: Yamagata 

University Research Forest Meteorological Station) 

 

2.2.2. Sampling design and measurements 

Samples were collected on June 21, July 25 and August 23 (2017). Ten beech, eight larch and 

ten cedar trees were randomly sampled in each forest for xylem water at each site respectively. 

The xylem was collected by peeling the bark and phloem from twigs of about 1-cm of diameter 

taken from the lower part of the crown. In total, we collected 30 samples from cedar and 

beech trees each and 24 samples from larch trees. The twigs were sampled using telescopic 

loppers at noon (solar time) approximately. From 07:00 to 09:00 h solar time, soil samples 

were collected from 0-20 cm, 20-40 cm and 40-60 cm depth using a straight tube probe 

thoroughly cleaned between consecutive samplings from three soil pits evenly distributed 

within the area covered by the sam-pled trees at each stand. All twig and soil samples were 
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collected by screw top test tube (NW-18) and frozen immediately after sampling to prevent 

evaporation. For the period January-August, precipitation water for isotope analysis was 

collected immediately after every rain event from 3 plastic bottles, where a 7 cm diameter 

funnel was inserted, evenly set in open spaces close to the forest sites. To prevent evaporation, 

the water was stored in airtight flasks and kept frozen until measurements were conducted. 

The local meteoric water line (LMWL) was estimated as δD= 8 × δ18O +15 (Matsubaya and 

Kawaraya, 2014).  

Xylem and soil water were extracted using a cryogenic vacuum distillation system (Martín-

Gómez et al., 2015) and, together with precipitation water, were analyzed for δ18O (oxygen 

isotopic composition) and δD (hydrogen isotopic composition) by isotope ratio infrared 

spectroscopy (IRIS) using a Picarro L2120-i coupled to an A0211 high precision vaporizer 

(Picarro Inc., Sunnyvale, CA, USA). The estimated precision, based on the repeated analysis of 

four reference water samples, was 0.10‰ for δ18O and 0.40‰ for δD. Residual organic 

contaminants in the distilled water can interfere with the analysis of plant and soil samples 

conducted with IRIS (Martín-Gómez et al., 2015). The presence of contaminants was checked 

using Picarro’s CHEMCORRECT post-processing software and corrected (in some few cases) 

following (Martín-Gómez et al., 2015). 

Statistical comparisons among species and months were carried out using a two-way analysis 

of variance (two-way ANOVA) for stable isotopes of xylem water, soil water and wood α-

cellulose. All statistical analysis was conducted with the software JMP (SAS Institute Inc). 

 

2.3. Results 

 

2.3.1. Isotopic variation in monthly precipitation and xylem water 

Precipitation water δ18O and δD values at YURF are shown in Figure 3. They followed 
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essentially the same trends as the 22-year record of monthly precipitation water δ18O and δD 

found for Akita prefecture (Matsubaya and Kawaraya, 2014), 140 km north of Shonai region. 

The water isotopic composition of June represented the lowest δ18O and δD values observed 

throughout the year in Shonai.  

Figure 3. Monthly δ18O and δD of monthly precipitation at Yamagata University Research Forest in 2017 (January 

to August); Values are mean ± SE (n=3) 

Increasing trends in xylem water δ18O and δD in all tree species were found in summer (Fig. 4), 

in agreement with the monthly variation of precipitation water isotopes composition for the 

same period (Fig. 3, shaded area). For xylem δ18O, there was no significant difference between 

species (p = 0.185), but for xylem δD there was a significant difference between cedar and 

beech and larch and beech (p < 0.001), with beech being isotopically lighter than the other 

two tree species during the summer months, especially in August.  

 

 

 



29 
 

Figure 4. Monthly (a) δ18O, (b) δD of xylem water from cedar (blue circle), larch (red circle) and beech (green 

circle); values are mean ± SE, cedar (n=10), larch (n=8), beech (n=10) 

 

2.3.2. Correlation between δ18O and δD 

Soil water, xylem water and precipitation isotope records are represented together with the 

GMWL (Global Meteoric Water Line) and LMWL (Local Meteoric Water Line) in Fig. 5. Soil 

water δ18O and δD at 0-20 cm and 20-40 cm depths (but not soil water at 40-60 cm) were 

uncoupled from the LMWL in June, which indicated that evaporation was higher in these two 

layers than in the deeper 40-60 cm soil layer. In contrast, in July and August soil water isotope 

ratios followed the LMWL, which indicated lower evaporation in these two months. Similarly, 

the isotopic values of all soil layers showed comparable values in July. Precipitation water 

isotope ratios increased markedly along the summer months, with values of -13.7 ‰, -9.8 ‰, 

and -7.2 ‰ for δ18O, and -111.1 ‰, -64.9 ‰, and -48.5 ‰ for δD in June, July and August, 

respectively. Xylem water isotope ratios showed relatively similar values as those of soil water 

isotopes in June (-8‰ to -11‰ for δ18O, -60‰ to -80‰ for δD); however, xylem water isotopic 

composition became decoupled from soil water isotopic records in July. Finally, in August, 

xylem water δ18O and δD values for cedar and larch were between the range of values found 

for soil and precipitation water isotope ratios, but xylem water δD values of beech were always 

lighter in comparison to the other two tree species δD and closer to those of soil water values 



30 
 

during the study period.  

Figure 5. Relationship between δD and δ18O in precipitation water(n=3), xylem water for all tree species (cedar, 

n=10; larch, n=8; beech, n=10) and the average of soil water isotope ratios at different depths (n=9) in (a) June, 

(b) July and (c) August. The Local Meteoric Water Line (LMWL) and Global Meteoric Water Line (GMWL) are also 

represented. 

 

 



31 
 

2.4. Discussion 

 

2.4.1. Temporal difference of xylem water isotopes 

No significant differences in xylem water δ18O were found among species, but progressively 

increasing values were observed from June to August in agreement with the gradually more 

isotopically enriched precipitation water found along this period. This suggests a tight 

dependence of xylem water from precipitation water during the peak season when drought 

stress is absent (Li et al., 2006; Li et al., 2007; Barbeta et al., 2015). In addition, the xylem water 

isotopic composition of the three species followed closely the different water sources from 

June to August. However, there were significant differences in xylem water δD between beech 

and the other two species, as beech δD showed always lighter values, suggesting that the main 

source of water for this species was soil water – even during months of high precipitation – 

unlike cedar and larch trees that were likely more prompt to use readily available fresh 

precipitation water. This was particularly evident in August, when precipitation water was 

isotopically heavier than the soil water, suggesting that beech trees used soil water as their 

main water source. Indeed, xylem water δD was in the same range as soil water δD, which was 

more depleted than precipitation water. According to Goldsmith et al (2012), under dry and 

wet conditions, different tree species used the same water source as indicated by their xylem 

isotopic composition. In contrast, cedar and larch trees appeared to use fresh precipitation 

water when it was available, as shown by xylem water δD values that were closer to those of 

precipitation water δD. In June (when precipitation was relatively low), cedar and larch trees 

apparently used water mainly from shallow soil layers where the bulk of their roots are 

distributed, since xylem water isotopic composition was in the same range as the soil water 

isotopic values (Eggemeyer et al., 2008; Castillo et al., 2016). Even though beech appeared to 

use soil water as their main source, during periods of high precipitation, the source of water 
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is the combination of soil water and fresh precipitation. The same pattern has been reported 

for Fagus sylvatica trees in northern Italy where they use soil and precipitation water during 

rainy periods but mainly deep soil water and ground water during dry periods (Penna et al., 

2013). 

In our study, we found an offset between xylem water δD and water sources δD as it has been 

reported in recent studies (Plavocová et al., 2018; Evaristo et al., 2017; Geris et al., 2017). 

However, we only detected this offset in August, but not in June and July. In a previous study 

on seasonal patterns of Fagus sylvatica in Czech Republic, the xylem water isotopic 

composition followed the precipitation isotopic composition (Oerter and Bowen, 2019), which 

was the case for oxygen isotopes in our study. Coincidentally, Fagus sylvatica xylem water δD 

was reportedly more depleted than the source water, suggesting that fractionation occurred 

at the soil interface during water uptake (Barbeta et al., 2019). Although we observed a similar 

phenomenon in August, our data are probably not enough to support the theory that such 

fractionation occurred in Fagus crenata. This remains a topic of future study since it may 

appear to be a species and temporal-specific phenomenon, as suggested by our results.  

 

2.4.2. Different water uses among tree species 

Our results indicated that, among the three tree species, there were two water use patterns 

during the summer period that were controlled by the precipitation regime and the root 

distribution of each tree species. In June, when precipitation was relatively low (128.5 mm), 

the three species took up water from shallow as well as deeper soil layers, as it can be inferred 

by the similar isotopic composition of xylem and soil water among species. In July, the soil 

water isotopic composition was strongly controlled by precipitation water. Therefore, it was 

difficult to discern if trees were preferentially using soil water, fresh precipitation water or 

both during this month. We assume, though, that trees used mainly (readily available) 
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precipitation water. In August precipitation water isotopic composition was heavier than soil 

water isotopic composition but because of lower precipitation in comparison to July, soil water 

isotopic composition did not reflect precipitation water isotopic composition. Thus, it was 

possible to identify that cedar and larch used preferentially precipitation water that was 

readily available, whereas beech used preferentially water from deeper soil layers, which is 

accessible to this tree species because of its deeper root system distribution in comparison to 

cedar and beech. Indeed, the cedar and larch root systems are distributed in the surface 30 

cm soil layer, while beech fine roots are evenly distributed down to 60 cm deep (Karizumi, 

2011). 

 

2.5. Conclusions 

 

Cedar, larch and beech showed different water use patterns. The conifers cedar and larch were 

more prompt to use readily available precipitation water because of its shallow root system, 

as revealed by δ18O and δD records of xylem, precipitation and soil water. However, these tree 

species used water stored in different soil layers when precipitation was relatively low. On the 

other hand, the broadleaf beech used soil water more profusely than the other two species 

because of its deeper root system, as indicated by xylem δD.  
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3.1. Introduction 

 

The surface temperature has been increased globally and the precipitation patterns also 

changed since last decade (Schar et al., 2004; Della-Marta et al., 2007; IPCC, 2013). The annual 

mean surface temperature over Japan increase faster than global annual mean, and 

significantly high temperature were recorded mostly from 1990s to recent (Ichigawa et al., 

2004; Yoshida et al., 2017). The frequency and intensity of extreme climate events has 

increasing globally, for example the number of cold days is decreasing and the number of 

warm days is increasing at the global scale (Seneviratne et al., 2012). The increasing of extreme 

climate events occurs in Japan such as increasing of heavy rain and drought (Ministry of the 

environment, 2018). The studies about climate change affect ecosystems are more focused on 

general condition (Bonan et al., 1992; Cao and Woodward, 1998; Porporato et al., 2004; Linder 

et al., 2010). However, increasing research notices impact of extreme climate on terrestrial 

ecosystem such as organisms, species and communities (Gutshick and BassiriRad, 2003; 

Jentsch et al., 2007; Smith, 2011). Forest cover 30% of the land surface and support 80% of 

the terrestrial biodiversity, and perform essential ecosystem fuction and service such as 

carbon sequestration (Boisvenue and Runnings, 2006; Bonan, 2008). It is important to 

understand the impact from extreme climate event on forest. Evidence showed that extreme 

drought changes the dominance between species by affecting the recovery phase and initial 

drought impact, and it may persist if extreme events become more frequent (Cavin et al., 2013). 

Other studies showed that because of serval unusually large amount of precipitation events 

during 2005-2007 in eastern Siberia, the forests were damaged; needles turned brown, and 

trees were waterlogged (Iwasaki et al., 2010; Ito et al., 2012; Iijima et al., 2013), and these 

damage affected the trees in years due to decreased transpiration (Iijima et al., 2013). Water 

stable isotopes (δ18O and δD) are used to trace the water movement for plant during 
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transpiration (Ehleringer and Dawson, 1992; Allen et al., 2019). The isotope ratio in plant water 

is highly influenced by the ratio of soil water where plant take up because no fractionation 

occurs during water uptake by roots (Ehleringer et al., 1992; Lin et al., 1993); also influenced 

by the water exchange between xylem and phloem tissues (Cernusak et al., 2005), this is 

caused by evaporative enrichment in leaf due to transpiration (Yakir, 1992). All these processes 

occur due to transpiration, if the extreme climate influence transpiration, the isotope ratio in 

plant water may also change. Japanese cedar (Cryptomeria japonica) is the most common and 

popular silvicultural species, distributed in half of the managed forest in Japan approximately 

(Japan FAO Association, 1997) and covered an area of about 4.5 million hectares (Sasse, 1998). 

Thus, it is important to understand how extreme climate event effect Japanese cedar. The 

objective of this research is to determine the affect extreme climate events on Japanese cedar 

by using water stable isotopes in precipitation water, soil water and xylem water. 

 

3.2. Methodology 

 

3.2.1. Study site and meteorological data 

The forest stands are located within the premises of the Yamagata University Research Forest 

(YURF), which is in the Asahi Mountains, 26 km south of Tsuruoka city in Yamagata Prefecture, 

The annual precipitation in this area is 3,204 mm of which 42% falls as snow, the annual mean 

air temperature is 10.14℃ for the period 2012-2018 (Fig. 2). The mean summer precipitation 

(June, July and August) is 651.21 mm and mean air temperature is 20.9℃. Monthly 

precipitation is relatively low from April to September, except for July when the highest values 

for the growing season are observed as the rainy season sets in for this region. The highest 

precipitation occurs from October to March, mainly in the form of snow, with the snow melting 

starting from mid-February and ending by late April or the beginning of May. Average air 
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temperatures are below zero only in January and February, while the highest temperature 

corresponds to July and August during summer. Air temperature increases from May through 

June, and stays approximately stable during July and August.  

Fig.1. Map of YURF. The circles represent the xylem and soil sampling sites within the forest, the triangle 

represent the precipitation sampling spot. 

 

3.2.2. Sampling design and measurements 

Samples were collected once for each one or two weeks from April to October (2018), 14 cedar 

trees were randomly sampled in forest for xylem water. The xylem was collected by peeling 

the bark and phloem from twigs of about 1-cm of diameter taken from the lower part of the 

crown. In total, 250 samples were collected. The twigs were sampled using telescopic loppers 

at noon (solar time) approximately. From 07:00 to 09:00 h solar time, soil samples were 

collected from 0-20 cm, 20-40 cm and 40-60 cm depth using a straight tube probe thoroughly 

cleaned between consecutive samplings from three soil pits evenly distributed within the area 

covered by the sampled trees at each stand. All twig and soil samples were collected by screw-

top test tube (NW-18) and frozen immediately after sampling to prevent evaporation. Finally, 
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at the end of the growing season tree cores from all trees were collected using a 10-mm 

diameter increment borer. The corresponding tree rings of 2018 were sliced in monthly 

sections using an automatic microtome for successive increments based on growth 

measurements obtained from dendrometers (Manual Dendrometer D1, METER Group, Inc, 

USA) installed in five trees for each species. For the period April-October, precipitation water 

for isotope analysis was collected immediately after every rain event from 3 plastic bottles, 

where a 7 cm diameter funnel was inserted, evenly set in open spaces close to the forest sites. 

To prevent evaporation, the water was stored in airtight flasks and kept frozen until 

measurements were conducted.  

Xylem and soil water were extracted using a cryogenic vacuum distillation system (Martín-

Gómez et al., 2015) and, together with precipitation water, were analyzed for δ18O (oxygen 

isotopic composition) and δD (hydrogen isotopic composition) by isotope ratio infrared 

spectroscopy (IRIS) using a Triple-Liquid Water Isotope Analyzer (912-0050, Los Gatos 

Research, Inc, Canada) coupled to an A0211 high-precision vaporizer (Picarro Inc., Sunnyvale, 

CA, USA). The estimated precision, based on the repeated analysis of four reference water 

samples, was 0.10‰ for δ18O and 0.40‰ for δD. Residual organic contaminants in the distilled 

water can interfere with the analysis of plant and soil samples conducted with IRIS (Martín-

Gómez et al., 2015). The presence of contaminants was checked using Picarro’s 

CHEMCORRECT post-processing software and corrected (in some few cases) following Martín-

Gómez et al., 2015. 

 

3.3. Results 

 

3.3.1. Climatic condition in 2018 

The year 2018 was a very wet year in general, the annual precipitation was 126% of the 
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average (3090, calculated from 2012-2017), however, during the summer time, the 

precipitation was 24% of the average in July (308 mm) and 492% of the average in August 

(177.1 mm), which made July extreme dry and August extreme wet. During summer 2018, 

there were two extreme dry period: June 2nd to 26th and July 7th to 31th and 4 extreme high 

precipitation events: June 27th to 29th (126 mm), August 5th-6th (244 mm), 16th-17th (178 

mm) and 25th-31th (401 mm). 

Figures.2. Daily climate condition in 2018 

 

3.3.2. Isotopic variation in precipitation water, soil water and xylem water 

Precipitation water δ18O and δD values at YURF from May to October 2018 shown in figure.3.  

isotopic composition of precipitation was variable in time, the range is from -14.13‰ for δ18O 

and -100.22‰ for δD in beginning of August to. From May to July, the precipitation water 

stable isotope ratio showed a decreasing trend, the lowest value showed in beginning of 

August (-14.3‰, -100.22‰), and from July to October the precipitation water stable ratio 

showed an increasing trend. 
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Fig.3. Precipitation δ18O (±SE) and δD (±SE) variation during study period 

d-excess (=δD－8×δ18O) of precipitation showed monthly variation, the range of d-excess is 

from 8.81‰ to 23.86‰, during end of May to end of June and mid-July to end of August the 

d-excess decreased, from end of June to mid-July and end of August to beginning of October 

the d-excess increased. 
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Fig.4. Precipitation d-excess (±SE) during study period 

Over all the range of soil water isotopic composition in different depth was -5.35‰ to -15.98‰ 

for δ18O and -31.32‰ to -99.84‰ for δD in all depth, and there were no significant different 

between depth (P=0.94), and all depth showed similar trend during the hole study period. 

From mid-April to the end of May, the soil water isotopic composition showed increase trend, 

and keep stable from beginning of June to beginning of July, from mid-July to the end of July, 

the soil water isotopic composition decreased 8‰ for δ18O and 50‰ for δD approximately 

and variated from August to October. 
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Fig.5. Soil water δ18O (±SE) and δD (±SE) in (a) 0-20 cm, (b) 20-40 cm and (c) 40-60 cm depth 

The range of xylem water isotopic composition was -5.52‰ to -11.02‰ for δ18O and -3.54‰ 

to -74.15‰ for δD. From mid-April to mid-May, the xylem water isotopic composition 

increased about 5 ‰ for δ18O and 30‰ for δD approximately, and stay stable from mid-May 

to mid-August, and decreased from -6.52‰ to -8.82‰ for δ18O and -46.37‰ to -64.37‰ for 
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δD.  

Fig.6. Monthly change of xylem water δ18O (±SE) and δD (±SE) during study period 

Soil water, xylem water and precipitation water isotope records are represented together with 

the LMWL (Local Meteoric Water Line) in Fig. 7, in general, soil water isotope ratio showed no 

significant difference between depth (P=0.93 for δ18O, P= 0.73 for δD).  

In April, the range of xylem water isotope is 5.57‰ for δ18O (-8.47 to -14.04) and 28.12‰ for 

δD (-53.60‰ to –81.73‰), there was no significant difference in δ18O (p=0.79) but significant 

difference in δD (p<0.01) between sampling events. The range of soil water isotope ratio is 

2.46‰ for δ18O (-8.97‰ to -11.43‰) and 17.61‰ for δD (-45.01‰ to -62.62‰), no significant 

difference was found in both δ18O (p=0.35) and δD (p=0.40) between sampling events.  

In May, the range of xylem water was 8.83‰ for δ18O (-4.38‰ to -13.21‰) and 58.27‰ for 

δD (-34.15‰ to -92.42‰), significant difference was found in both δ18O (p<0.01) and δD 

(p<0.01) between the first sampling events and last 2 sampling events. The range of soil water 

was 6.16‰ for δ18O (-4.06‰ to -10.22‰) and 29.82‰ for δD (-26.88‰ to -56.70‰), 

significant difference was found in both δ18O (p<0.01) and δD (p<0.01) between sampling 

events. 

In June, the range of xylem water was 3.94‰ for δ18O (-4.18‰ to -8.12‰) and 13.52‰ for δD 
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(-38.05‰ to -51.57‰), no significant difference was found in both δ18O (p=0.58) and δD 

(p<0.28) between the third sampling events and the first 2 sampling events. The range of soil 

water was 1.67‰ for δ18O (-6.27‰ to -7.94‰) and 8.82‰ for δD (-32.02‰ to -40.84‰), no 

significant difference was found in both δ18O (p=0.23) and δD (p=0.72) between sampling 

events. 

In July, the range of xylem water was 3.83‰ for δ18O (-4.20‰ to -8.03‰) and 28.63‰ for δD 

(-32.86‰ to -61.49‰), significant difference was found in both δ18O (p<0.01) and δD (p<0.01) 

between the third sampling events and the first 2 sampling events. The range of soil water was 

13.26‰ for δ18O (-5.33‰ to -18.59‰) and 93.86‰ for δD (-32.11‰ to -125.97‰), significant 

difference was found in both δ18O (p<0.01) and δD (p<0.01) between first sampling events and 

last two sampling events. 

In August, the range of xylem water was 5.03‰ for δ18O (-4.03‰ to -9.06‰) and 29.23‰ for 

δD (-37.26‰ to -66.49‰), significant difference was found in both δ18O (p<0.01) and δD 

(p<0.01) between the fourth sampling events and the first three sampling events. The range 

of soil water was 8.64‰ for δ18O (-6.73‰ to -15.37‰) and 55.28‰ for δD (-40.03‰ to -

95.31‰), significant difference was found in both δ18O (p<0.01) and δD (p<0.01) between each 

sampling event. 

In September, the range of xylem water was 2.43‰ for δ18O (-7.31‰ to -9.74‰) and 18.58‰ 

for δD (-52.28‰ to -70.86‰). The range of soil water was 2.74‰ for δ18O (-8.70‰ to -11.44‰) 

and 23.53‰ for δD (-54.90‰ to -78.43‰). 

In September, the range of xylem water was 3.52‰ for δ18O (-6.40‰ to -9.92‰) and 22.52‰ 

for δD (-50.39‰ to -72.91‰). The range of soil water was 2.82‰ for δ18O (-8.42‰ to -11.24‰) 

and 23.16‰ for δD (-52.71‰ to -75.87‰). 
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Fig.7. Relationship between δD and δ18O in precipitation water(blue bar, n=3), xylem water (green square, n=14) 

and soil water from 0-20 cm (yellow diamond, n=9), 20-40 cm (grey circle, n=9) and 40-60 cm (brown triangle, 

n=9) in (a) April, (b) May, (c) June, (d) July, (e) August, (f) September, (g) October. Dashed line represents the Local 

Meteoric Water Line (LMWL, δD=8×δ18O+15) 
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3.4. Discussion  

 

Precipitation water isotopic composition variated in different month, this also showed in d-

excess, previous research showed that d-excess of precipitation is considered to be a useful 

tool for estimating the origin of water vapor in air masses (sea areas / regions where water 

vapor that causes precipitation evaporates)(Kondoh and Shimada,1997; Lee et al., 2003; 

Yamanaka et al., 2002). In Japan, the source of precipitation is mainly from 3 regions: the Japan 

sea, the east China sea and the Pacific Ocean (Tanoue and Ichiyanagi, 2016). Based the air 

mass map from NOAA (National Oceanic and Atmospheric Administration, fig.7) we found, the 

origin of the water that we sampled from different rain event are mainly from these three 

regions: the precipitation from end of May is from the Pacific Ocean, from June to August were 

from east China sea and from September to October are from Japan sea. Soil water isotopic 

composition changed together with precipitation water isotopic composition; this is what we 

did not find in previous research. For previous research we took soil samples from different 

depth of soil and extract the water from soil by using cryogenic vacuum distillation system. In 

this research we set suction cup to take water sample from different depth of soil. Based on 

the “two water worlds” hypothesis (Brooks et al., 2010; Goldsmith et al, 2012; McDonnell, 

2014; Berry et al., 2017), there are two types of water: tightly bounded water is used by trees 

and not enter the stream; mobile water related to infiltration, ground water recharge, hillslope 

runoff and streamflow that possessed a character unrelated to the water taken up by trees. 

This ecohydrological separation between mobile and nonmobile water is widespread across 

different biomes (Evaristo et al., 2015). The previous research we used cryogenic vacuum 

extraction which extracted both mobile water and nonmobile water, for this research, we used 

suction cup which extracted mainly mobile water. 
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Fig.8. The air mass movement from (a) May 31th, (b) June 27th, (c) July 18th, (d) August 6th, (e) August 30th, (f) 

September 17th, (g) October 18th 

In April and May we have found high variation in xylem water isotope ratio (fig.7. a, b) in 

different sampling event. Xylem water for April to mid-May showed similar isotopic 

composition, and more enriched than end of May. In Shonai area, snow start melting from end 

of March and finish at beginning of May, cedar trees start transpiration from mid-March before 

snow start melting (Osonoi et al., 2017). From April to mid-May, Cedar may mainly use the 

snowmelt water for transpiration. In the end of May, the cedar trees are mainly use 

precipitation water for transpiration. The variation of soil water isotope ratio is also caused by 

snow melt and precipitation. In June, the xylem water, soil water and precipitation water 

(a) (b) 

(c) (d) 

(e) (f) (g) 
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isotope ratio were in the same range during the whole month, also closed to end of May, which 

means during this period, the soil water that cedar trees are using is coming from recent 

precipitation. In July, the xylem water xylem water isotope ratio was still in the same level with 

May and June, but the soil water isotope ratio showed high variability between sampling 

events, soil water from beginning of July is isotopically more enriched than from mid and end 

of July, and precipitation water isotope ratio is similar with the soil water from mid to end July. 

This may cause by the water stress during this period. The precipitation in July 2018 was only 

24% of the average precipitation in July, so there was a water stress during this period. Trees 

will decrease transpiration under water stress through closing stomata (Hsiao, 1973; 

Maruyama and Toyama, 1987). And during this period, the main water source for tree water 

use is probably storage water in trees. Several studies showed that tree storage water can 

provide a significant part of the total diurnal even seasonal water use (Čermák et al., 

1982,1984, 2007; Borchert et al., 1994; Kumagai et al., 2009). During July the δ18O and δD of 

storage water is probably different with soil water, the former is closer to the soil water δ18O 

and δD in June. In August the δ18O and δD of xylem water is still in the same range with that 

in July. The precipitation in August 2018 was 842 mm, trees were waterlogged during this 

period, Iijima et al., 2013 found that waterlog can cause the decreasing of transpiration and 

reduction of stomatal conductance, and thus resulting a similar change in xylem water δ18O 

and δD with July.  

 

3.5. Conclusion 

 

δ18O and δD in xylem water showed similar trend with soil water and precipitation water in 

most of time, but in July and August was more enriched than soil water and precipitation. This 

mainly caused by the extreme climate condition. In the year 2018, cedar showed similar water 
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use strategy to response the different extreme climate events but for different propose. In July 

cedar decrease transpiration, reduce stomatal conductance and use more storage water in 

trunk to against drought. In August, cedar decrease transpiration and reduce stomatal 

conductance to against waterlog. 
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4.1. Introduction 

 

During the formation of cellulose in the tree ring, sugars in the phloem can exchange up to 50% 

of their oxygen atoms with xylem water, adding an extra source of variability (and uncertainty) 

to the interpretation of tree-ring oxygen isotopic composition, δ18O (Roden et al., 2000; 

Gessler et al., 2014). Thus, tree-ring δ18O partly represents the isotopic signature of source 

water, and partly the isotopic enrichment of leaf water, in variable proportions depending on 

the relevance of each process on the water economy of the tree (Labuhn et al., 2014). 

Additionally, the carbon isotopic composition (δ13C) of tree rings can be used to estimate 

intrinsic water-use efficiency (WUEi), or the ratio of net photosynthesis to stomatal 

conductance of water (Farquhar et al., 1982; Eleringer and Vogel, 1993; Leavitt et al., 2003), 

which provides information on the water-carbon balance of the plant at the leaf level. Stable 

isotopes in tree-ring cellulose changes by the environment condition of the year they formed, 

thus, it is widely used for climate and environment studies (Lipp et al., 1991; Roden et al., 2000; 

Kagawa et al., 2003; McCarroll and Loader, 2004; de Boer et al., 2019). Lopez et al., 2018 using 

stable isotopes in tree ring to determine the damage of 2011 Mega-Tsunami in eastern Japan, 

the δ13C ratio increased significantly after because of the tsunami in 2011 and 2012, but from 

2013, the δ13C ratio decreased, suggesting that trees started recover from the tsunami. Some 

studies focus on the seasonal change of tree ring stable isotopes (Leavitt and Long, 1991; 

Leavitt and Wright, 2002; Helle et al., 2002; Kagawa et al., 2003; Skomarkova et al., 2006; Tei 

et al., 2013). Helle et al., 2012, analyzed tree-ring δ13C from north Ireland, and they found a 

significant variation between earlywood and late wood: the highest δ13C value showed in 

summer which is the period to formed earlywood, and the lowest δ13C value showed in the 

end of the late wood and the beginning of the earlywood, this may cause the water stress in 

the mid of growing season. Kagawa et al., 2003 found a negative correlation between tree-ring 



61 
 

index and tree ring late wood δ13C at the dry site mainly dominated by pine trees in eastern 

Siberia, and this negative correlation is probably can explain by the drought condition. The aim 

of this study is 1) to evaluate intrinsic water-use efficiency of each tree species by means of 

δ13C. And 2) to evaluate the correlation between seasonal climate condition and seasonal 

cedar tree-ring δ13C and δ18O. 

 

4.2. Methodology 

 

4.2.1. Research sites 

See chapter 2 and 3 for study site description. 

 

4.2.2. Sampling design and measurements 

Samples were collected in the end of August 2017 and end of September 2018. In 2017, 10 

cores from Cedar and beech, 8 cores from larch were collected at each site using a 10-mm 

diameter increment borer. In 2018, 10 cores from cedar we collected. The corresponding tree 

rings of 2017 and 2018 were sliced in monthly sections using an automatic microtome for 

successive increments based on growth measurements obtained from dendrometers (Manual 

Dendrometer D1, METER Group, Inc, USA) installed in five trees for each species. Wood slices 

were cut in fine pieces and purified to α-cellulose (Ferrio and Voltas, 2005). For carbon and 

oxygen isotope analysis, 0.30–0.40 mg of dry α-cellulose was weighed into tin foil capsules and 

combusted using an elemental analyzer (EA1110, Thermo Quest, Italy) interfaced with a Delta 

PLUSXL gas isotope ratio mass spectrometer (Thermo Finnigan, Bremen, Germany). Isotope 

ratios were expressed as per mil deviations using the δ notation relative to Vienna Pee Dee 

Belemnite (for carbon) and Vienna Standard Mean Ocean Water (for oxygen) standards. The 

accuracy of the anal-yses (SD of working standards) was 0.06‰ (δ13C) and 0.25‰ (δ18O). 
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4.3. Results 

 

4.3.1. Monthly tree-ring α-cellulose δ18O and δ13C 

 

Wood α-cellulose δ18O (hereafter, wood δ18O) showed a decreasing trend along the summer 

months in 2017 for the three species (Fig. 2a). The range of cedar tree ring isotopes was 2.96‰ 

(27.84‰to 30.08‰) for δ18O and 1.32‰ (-23.87‰to -25.19‰) for δ13C. The range of larch 

tree ring isotopes was 3.17‰ (24.00‰to 27.17‰) for δ18O and 2.67‰ (-24.27‰ to -26.94‰) 

for δ13C. the range of beech tree ring isotopes was 2.53‰ (23.84‰to 26.37‰) for δ18O and 

2.95‰ (-25.16‰to -28.11‰) for δ13C. In general, significant difference was found in both δ18O 

and δ13C between species (p<0.01). The highest δ18O values were found in June which were 

significantly higher than wood δ18O in July and August, however this was only found in cedar 

(p < 0.01). On the other hand, no significant temporal variation of wood δ18O was found for 

larch and beech. There were no significant seasonal differences in wood δ13C (Fig. 2b). 

However, species-specific differences were found for both wood δ18O and δ13C, with the 

highest values recorded in cedar, followed by larch and beech (p < 0.001). 

Figure. 1. Monthly tree ring (a) δ18O and (b) δ13C in cedar (blue circle), larch (red circle) and beech (green 

circle) in 2017; values are mean ± SE, cedar (n=10), larch (n=8), beech (n=10) 

Cedar tree-ring α-cellulose stable isotope ratio for cedar in 2018 showed decreasing trend like 
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2017, the δ18O is isotopically enriched than the same period of 2017. The range of cedar tree 

ring isotopes was 8.55‰ (25.68‰ to 34.23‰) for δ18O and 1.99‰ (-24.71‰to -26.70‰) for 

δ13C. significant difference was found in δ18O between September and first three months 

(p<0.01). 

Figure. 2. Monthly cedar tree ring (a) δ18O and (b) δ13C (values are mean ± SE, n=10) 

 

4.4. Discussion  

 

The monthly values of wood δ18O and δ13C were in the range of values found for other tree 

species in northeastern (Lopez et al., 2018) and northern (Nakatsuka et al., 2004) Japan. Wood 

δ18O and δ13C showed species-specific differences, where the highest values corresponded to 

cedar, followed by larch and beech. Under similar environmental conditions, species with low 

δ13C values usually maintain a high-water potential, indicating low WUEi, whereas species with 

high δ13C may show lower water potential and high WUEi (Gebrekirstos et al., 2011). Therefore, 

we assume that the difference found among δ13C are related to differences in intrinsic water-

use efficiency (WUEi). The higher WUEi of cedar is probably driven by enhanced stomatal 

regulation of water losses for this species, as suggested by higher δ18O values (Scheidegger et 

al., 2000; Shestakova., 2017). This means that δ18O may also be used as an indicator of 

stomatal regulation in heavy rainfall areas. Monthly wood δ18O values showed opposite trends 

(a) (b) 
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with respect to xylem water δ18O for all three species, which is apparently caused by leaf water 

enrichment, since strong oxygen exchange between phloem and xylem would have produced 

similar trends for both wood and xylem δ18O; in addition, the transport of exported 

carbohydrates from leaves to developing stems, where cellulose is formed, and the 

corresponding biochemical fractionation associated with cellulose synthesis could not strongly 

influence the wood δ18O monthly trend (Roden et al., 2000). Dendrometer records showed 

that the maximum growth occurred in June and decreased sharply in July and August, which 

suggests that enhanced transpiration (related to higher photosynthetic rates) led to higher leaf 

water enrichment in June (i.e. higher wood δ18O) and a decrease in July and August. Thus, 

monthly wood δ18O values likely reflected different degrees of leaf water enrichment caused 

by differences in monthly transpiration rates.  

For the study in 2018, we found stronger negative correlation between tree-ring δ13C and air 

temperature (r=-0.83) than precipitation (r=-0.31). Leavitt et al., 1991 found stronger negative 

correlative between tree-ring δ13C and precipitation than temperature in north America. In 

Shonai region there is enough annual precipitation for tree growth, and the air temperature is 

relatively low during growing season, this condition gives a positive affect to tree growth, this 

also showed in tree-ring δ13C.  

 

4.5. Conclusions 

 

The differences in wood δ13C pointed to differences in WUEi, with the evergreen cedar 

showing a consistently higher WUEi than the deciduous larch and beech. For Cedar, the air 

temperature showed positive affect to tree growth when precipitation is high enough. 
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Cedar, larch and beech showed different water use patterns. Cedar and larch were more 

prompt to use readily available precipitation water because of its shallow root system, as 

revealed by δ18O and δD records of xylem, precipitation and soil water. Beech used soil water 

more profusely than the other two species because of its deeper root system, as indicated by 

xylem δD. For all tree species, xylem water and wood α-cellulose δ18O showed opposite trends 

due to differences in leaf water enrichment among tree species caused probably by differences 

in monthly leaf transpiration. This based on past studies Corroborates the well-known fact that 

evergreen trees that at the leave level have a lower stomatal conductance than deciduous 

trees, which leads lower 13C discrimination. The differences in wood δ13C pointed to 

differences in WUEi, with the evergreen cedar showing a consistently higher WUEi than the 

deciduous larch and beech. However, at the whole tree level, canopy transpiration is higher in 

cedar than in larch because of higher leaf area index, this appears to be related to its high 

demand for nutrient such as N and P, which is higher for beech followed by cedar and larch.  

δ18O and δD in xylem water showed similar trend with soil water and precipitation water in 

most of time, but in July and August was more enriched than soil water and precipitation. This 

mainly caused by the extreme climate condition. In the year 2018, cedar showed similar water 

use strategy to response the different extreme climate events but for different propose. In July 

cedar decrease transpiration, reduce stomatal conductance and use more storage water in 

trunk to against drought. In August, cedar decrease transpiration and reduce stomatal 

conductance to against waterlog.  

The results of this study showed clearly that even in high precipitation area like the one in 

Shonai, where the annual precipitation is 3000mm there are periods of less water availability 

or long-periods that can extend to one or two months without precipitation. This is indeed 

more relevant when this rainless period take place in summer. 

The root system in the broad leaf beech appears to cope better with this climate pattern and 
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represents in general the adaption of natural tree species to their environment since beech 

forest are native of this area. In comparison the plantations represented by cedar and larch 

appear to be more dependent on the readily available water from frequent precipitation and 

in the future with more climatic fluctuations, especially in the precipitation regime could 

become the most affected once. However, even within these two species, there is a difference 

in how they handle soil water availability, which is proper of conifer evergreen and deciduous 

species, represented this later by larch.  

It is worth mentioning that within these two conifer species, cedar adapts better in lower 

altitudes while larch is mostly distributed in higher altitudes. From the point of view of water 

use, the results suggest that larch are better adapted to slow snowmelt patterns because of 

lower air temperature in higher altitudes that could make water available for longer periods, 

especially during the “dry” months of April and May, when more resources are needed for leaf 

formation. 

This pattern is also followed by the other two species but beech has a deeper root system that 

allows the access of deeper water pools and cedar starts transpiring when snow depth is still 

2m high ensuring water supply because of higher air temperatures at lower altitudes. 

Based on the oxygen isotopic values found in tree-rings, it was not possible to discern how 

significant snowmelt was for the three tree species studied because apparently the first month 

of water uptake and consequent carbon assimilation was not invested on growing the tree 

basal area but was more used for leave or fine root production. This is because of no signal of 

wood growth during the first months of the growing season in any of the tree species, contrary 

to what has been reported in previous studies, where stem wood grows during the snowmelt 

period. 

Finally, this study shed lights on the water use strategy of trees in wet region, which are 

exposed to sever changes in the precipitation regime as it has been observed in recent years. 
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More research and probably more extensive sampling of other plant tissues will provide 

information of snowmelt water use by trees, that we could not find in our results, despite the 

immense amount of snowmelt water that is available in these forests. 
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