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ABSTRACT 

The physiological process of plant at leaf level; intrinsic water- use efficiency (WUEi, the 

ration of carbon fixed to stomatal conductance) is usually consider as a major factor to 

explain primary production and adaptedness in arid and semi-arid areas under environmental 

stress (i.e. drought). The analysis of carbon isotope composition (δ
13

C) in plant tissues offers 

an integrated estimation of WUEi during carboxylation and partitioning. Several studies 

demonstrated genotypic (i.e. intraspecific) variability in growth parameters (tree height, 

diameter or biomass) and also in WUEi for many species. Some species showed positive 

correlation between δ
13

C and growth and some shows negative correlation between them. As 

a consequence, the nature and magnitude of the correlation between WUEi and productivity 

and their ultimate source of variation (i.e. differences in stomatal conductance or assimilation 

rate) remains unclear. To study the correlation between WUEi and productivity we used 

meta-analysis. We tested several effects: growth trait (height, diameter or biomass), 

functional type (conifer, hardwood, shrub, evergreen or deciduous), genetic material 

(populations, families or clones), biome (Mediterranean, temperate, sub-tropical or boreal), 

testing condition (field, greenhouse or nursery), testing environment (optimal or suboptimal), 

experimental treatment (irrigated or droughted), ontogeny stage (seedlings, saplings or adult 

trees) on that association. We found that the correlation between δ
13

C and growth parameter 

was significant (height r= 0.39, diameter r= 0.002, biomass= 0.74). We also found the 

association between δ
13

C and growth in conifers (r= 0.32), broadleaves (r= 0.15), shrubs (r= 

0.92), evergreen (r= 0.31), deciduous (r=0.42), populations (r= 0.38), families (r= 0.22), 

clones (r= 0.42), Mediterranean (r= -0.13), subtropical (r= 0.32), temperate (r= 0.47), boreal 

(r= 0.99), field (r= 0.21), greenhouse (r= 0.62), nursery (r= 0.39), optimal (r= 0.34), 

suboptimal (r= -0.12), irrigated (r= 0.50), droughted (r= 0.66), seedlings (r= 0.55), saplings 

(r= -0.17), adult trees (r= 0.26). Finally, we can conclude that biomass production was 

strongly driven by WUEi while height was not strongly driven by that. We also can conclude 

that productivity was strongly driven by WUEi in shrubs, boreal biome, greenhouse, drought 

and seedlings. Therefore the productivity could be depended on the variation in CO2 

assimilation rate rather than stomatal conductance in these effects.  

Key words: Intrinsic water use efficiency, Carbon isotope composition, intraspecific 

variation, growth, meta-analysis 

 



 11 

CHAPTER ONE: INTRODUCTION 

1. Introduction 

1.1 Back ground 

Growth of trees is the result of the interactions among major processes such as 

photosynthesis, water relations, long-distance transport, respiration and mineral nutrition 

(Lambers et al., 1998). Growth rates are estimated by the increment in total biomass, 

diameter and height per unit time. The growth can be defined at cellular level, at whole plant 

level and/or at physiological level. Cellular level growth includes cell division, cell 

enlargement and cell maturation into different tissues of a plant. Whole plant level growth 

includes incorporation of carbon- derived compounds into different organs (i.e. stem, roots or 

leaves) of a plant. At the physiological level growth processes depends on carbohydrates 

supply by photosynthesis followed by biochemical reactions and growth also depends on 

turgor pressure highly related with water availability (Kozlowski et al., 1991). Growth habits 

respond both to physical surroundings (i.e. site, disturbance, and weather) and other trees 

competition for the same growing space (Oliver & Larson, 1996). Foresters are especially 

interested in wood production that is the consequence of secondary growth from vascular 

cambium and responsible for thickening of tree stems, branches and roots.  Tree architecture 

and height reflect the environmental condition at the time of primary growth (Oliver & 

Larson, 1996). However, plant also shows intra- specific genetic variation in their growth 

characteristics due to the differences among and within populations, families or clones, in 

addition to growth variability caused by the environment (i.e. among different biomes) 

(Kozlowski et al., 1991). 

In forest, tree growth is usually expressed in terms of productivity. There is a well- 

established relationship between productivity and water use (i.e. amount of water 

evapotranspired) (Waring & Running, 2007; Chapin et al., 2002). For terrestrial ecosystems, 

over 40% of vegetated area has the problem of water availability as a key limiting factor for 

plant growth, while  another 33%  of the area does not have enough water available for plant 

growth due to constraints of  cold temperatures and frozen water (Tian et al., 2010). Plant can 

adapt to water stress conditions in different ways such as by increasing water uptake from 

soil, reducing water losses and increasing water- use efficiency (WUE) etc (Waring & 

Running, 2007). Opening of stomata increases water loss, and CO2 diffuses easily into the 
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intercellular space. Reduced stomatal conductance (gs) in response to water stress reduces 

water losses and CO2 concentration in intercellular cavities of leaves (ci), relative to 

atmospheric CO2 concentration (ca), and thus contributes to reductions in CO2 at the site of 

carboxylation in the chloroplasts (cc) (Warren, 2007; Grant et al., 2006).. 

Under future climate change scenarios, in which water scarcity will be a limiting factor for 

plant growth and terrestrial ecosystem productivity worldwide, particularly in arid and semi-

arid regions (Knapp et al., 2001), the study of dependence of productivity on water 

availability can help us to understand the importance of an improved plant water use 

efficiency for plant growth especially in limited water availability scenarios. 

1.2 Water- use efficiency and intrinsic water- use efficiency 

Plants react to their environment and the response of plants is species- specific. Regulation of 

water losses by transpiration per unit carbon gain (fixation) during photosynthesis also varies 

depending on species. The ratio of CO2 fixation (A) and transpiration (E) is called water- use 

efficiency (WUE). Intrinsic water-use efficiency (WUEi) is the ratio of net assimilation (A) to 

stomatal conductance (gs) at the stomata level. Therefore, we can define WUEi follows: 

                                              WUEi= A/ gs                                                                             (I) 

The concentration of CO2 is higher outside of the leaf than inside, while for water vapor, 

there is a higher concentration of water inside the leaf. In the leaf, a concentration gradient of 

either water vapor (wi- wa) or CO2 (ca- ci) emerges between the air outside and the air inside, 

and gs to either water vapor (gw) or CO2 (gc). Therefore, the equation (I) can be expressed by 

the formula: 

                                      WUEi= A/ gs= {gc (ca – ci)}/ gw ( wi-wa)                                          (II) 

                                       WUEi≈ 0.6 ca (1- ci/ca)/ (wi-wa)                                                      (III) 

Where 0.6 refers to the comparative diffusivities of CO2 and water in air, and the WUEi is a 

negative function of ci/ca. 

Farquhar(1989) stated that the value of ci/ca is near 0.7 in non- stressed plant.  

 

 



 13 

1.3 Carbon isotope composition 

The stable carbon isotopes such as 
12

C and 
13

C are found in the earth‟s atmosphere with a 

relative abundance of 99 % and 1% respectively. The relative proportional abundance of 
13

C 

in plant is less than does of the air (Farquhar, 1989), indicating that plants discriminate 

against 
13

C during photosynthesis (Rowell et al., 2009). The isotopic ratio of 
13

C/
12

C in C3 

plants varies mainly due to discrimination during diffusion and enzymatic processes. The 

ratio 
13

C/
12

C of a sample is determined by mass spectrometry and referred to the limestone 

Pee Dee Belemnite (PDB) standard, usually expressed in carbon isotope composition (δ
13

C) 

and it is an indicator of WUEi at leaf level. Thus, 

δ
13

C (‰) = (Rp /Rs- 1) x 1000 

Where, Rp is the 
13

C/
12

C ratio measured in plant sample and Rs is the ratio of the standard 

and ‰ is per mil. 

The δ
13

C analysis of plant tissue has been used to estimate long-term WUE (Sun et al., 1996; 

Ehleringer, 1991; Farquhar & Richards, 1984) and genetic variation in ci/ca for WUEi 

(Johnsen et al., 1999; Condon & Richards 1992). This approach offers an integrated 

estimation of the ratio of CO2 concentration of chloroplastic to atmospheric (cc/ca) during the 

carboxylation (Voltas et al., 2008; Farquhar & Richards, 1984). The assessment of 

intraspecific variation under a common environment is a traditional approach to study genetic 

variation in forest trees. Under common environmental condition (i.e. common garden test), 

genetic differences between chloroplastic and intercellular CO2 concentration (cc-ci) may be 

assessed and leaf (or other tissues) carbon isotope ratios provide information about processes 

integrated over the whole life of the leaf (or the alternative tissues).  

1.4 Relationship between WUEi and productivity 

Forest productivity and WUEi are correlated at multiple levels. There are two general types of 

relationships between productivity and WUEi. One type is that more productive plant species 

have higher WUEi than the less productive ones (Gyenge et al., 2008). The other type is that 

high WUEi results from low water- use and consequently, this results in low productivity 

(Condon et al., 2004). The ratio ci/ca is very important as it is a function of A and gs. From the 

equation (III) we can assume that WUEi is a negative function of ci/ca. WUEi can be enhanced 

through a lower value of ci/ca, that is,  through higher A and lower gs or combination of both 

(Condon et al., 2002). Therefore, there will be an increase in A per unit leaf area if ci/ca gets 
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lower as a result of increasing photosynthetic capacity. Moreover, also decreases if ci/ca gets 

lower due to closing leaf stomata. The changes in stomatal conductance affect δ
13

C and it 

maintain a positive or flat relationships  with WUEi (Seibt et al., 2008).  

1.5 Scaling up from tissue to whole-plant level 

The direct estimation of WUE at the whole-tree level by estimating time-integrated 

transpiration and biomass accumulation is difficult (Kruse et al., 2012), especially for adult 

trees. It is not a practicable method for large phenotypic populations of plants for estimation 

of their genetic parameters. At the intraspecific level, single measurement of δ
13

C of plant 

material can be used to estimate WUEi. WUEi measured at the leaf-level processes are 

involved in whole-plant WUE. Screening of differences in WUEi among tree genotypes is 

facilitated by the time- and/or crown-integrative nature of  leaf or tree- ring δ
13

C (Marguerit 

et al., 2014). Most studies determine δ
13

C in plant leaves. However, we should keep in mind 

that different tissues of a given plant area composed of different chemical constituents and so 

the type of information regarding WUE may differ. Many scientists try to find the relevant 

differences in isotope composition among plant organs. Fortunately, variations in the 

chemical composition of plant tissues are relatively constant, so this source of error is 

overcome by comparing values from the same plant parts (Ferrio et al., 2003). 

Intra-specific genetic variation in δ
13

C of trees have been studied for many species, involving 

for example populations (Correia et al., 2008; Cregg et al., 2000; Nguyen-Queyrens et al., 

1998; Lauteri et al., 1997; Zhang & Marshall, 1994; Zhang et al., 1993), families (Marguerit 

et al., 2014; Aletà et al., 2009; Xu et al.,  2003) or clones (Xue et al., 2013; Xu et al., 2000; 

Hawkins et al., 2010; Sun et al., 1996). Carbon isotope composition (δ
13

C) and tree growth 

are often correlated. This correlation is negative for some species (Robson et al., 2012; Aletà, 

et.al., 2009; Voltas et al., 2008;  Le Roux et al., 1996). In contrast, some other species show a 

positive correlation between δ
13

C and growth (Marguerit et al., 2014; Hawkins et al., 2010; 

Prasolova et al., 2003; Prasolova et al., 2000). The intra- specific negative correlation 

between δ
13

C and growth of plant is endorsed to genetic variation in stomatal conductance 

(Pita et al., 2001) and the positive correlation is endorsed to genetic variation in CO2 

assimilation rate (Xu et al., 2000; Johnsen et al., 1999; Johnsen & Major, 1995).  However, 

the use of δ
13

C to determine genetic variability in WUEi is limited because it does not provide 

exact information on the ultimate source of changes in WUE, either stomatal conductance or 

assimilation rates (Scheidegger et al., 2000; Farquhar & Richards, 1984). 
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To elucidate the general patterns of the relationship between WUEi and productivity at the 

intra-specific level, we used a meta-analysis (MA) approach to investigate the correlation 

between δ
13

C and growth. For example the relationship between WUEi and biomass 

production under elevated CO2 has been investigated through meta-analysis (Temme et al., 

2013). However, the general influence of WUEi on productivity at the intra-specific level has 

not been yet investigated through meta-analysis. Therefore, we are interested to find out the 

general taxonomic patterns of the relationship between WUEi and productivity with the help 

of δ
13

C. To proceed on purpose of the study, we gathered information of correlation between 

δ
13

C and growth trait (such as height, diameter, or biomass) for forest trees and shrubs 

species from the existing published articles and one unpublished dataset. We have adopted 

the MA approaches it summarizes results of existing studies conducted till now, which will 

facilitate to find out the patterns of the relationship between δ
13

C and growth through the 

magnitude of a statistic such as the correlations coefficient. Furthermore it will help us to test 

the influence of individual parameter on the statistics (Hedges & Kuyper, 2015).  
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1.6 Research objectives 

1. To evaluate the intra-specific association between δ
13

C and productivity using growth 

trait of plant such as height, diameter and biomass. 

2. To determine the nature and magnitude of the correlation between WUEi and 

productivity across functional types or biomes, among others. 

3. To interpret the effect of the testing environment (optimal and suboptimal, irrigated 

vs. droughted) on the general association between WUEi and productivity at the intra-

specific level. 

4. To extract general patterns of association between these factors to investigate the 

adaptive relevance (or otherwise) of WUEi in forest systems. 

 

1.7 Research Questions 

1. Is there any general association between δ
13

C and growth patterns across forest 

species? 

2. What is the nature of the correlation between WUEi and productivity? 

3. What is the effect of testing environment on the association between WUEi and 

productivity? 

4. Does the correlation vary across functional types, biomes and testing conditions, 

among others? 
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CHAPTER TWO: MATERIALS AND METHODS 

2.1 Data Collection 

We searched published articles from the databases „web of science‟, „scopus‟, „science direct‟ 

and „google scholar‟ by following the instruction of Russo (2007). For electronic literature 

search we used the terms: (“genotypic variation” OR “genetic variation” OR “genetic 

differentiation” OR “genetics” OR “intraspecific variability” OR “population differences” 

OR “Genotype” OR “water use efficiency” OR “Carbon isotopic discrimination” OR “carbon 

isotope composition” OR “genetics of water- use efficiency” OR “genetic variation in water- 

use efficiency” OR “water deficit condition”) AND (“relation to tree growth” OR “growth” 

OR “biomass production” OR “productivity” OR “height” OR “diameter” OR “volume”) 

AND(“tree” OR “Seedling” OR “forest”). 

We found 80 articles, and preselected 64 articles based on title, abstract and introduction 

making explicit mention to the relationship between WUEi and productivity. References from 

each article were systematically examined for additional suitable papers which were then 

incorporated into the bibliographic database. Then, we selected papers reporting intra-specific 

correlations between δ
13

C or ∆
13

C and growth traits. We did not select those papers that show 

correlations involving less than 5 genetic entities. Finally, we had 37 articles in our dataset 

published from 1994 to 2014, and 1 unpublished dataset provided by Jordi Voltas from a 

nursery experiment in 2010 involving Pinus pinaster. Some studies represented mean values 

of growth parameters and δ
13

C as a table or graph. In this case, we extracted the mean value 

from table and graphs by using Plot Digitizer 2.6.6 and transformed the mean value to 

produce correlation coefficients between δ
13

C and growth (Rosenthal, 1995). 

If correlation involving δ
13

C was reported for two or more growth parameters in the same 

paper, we included each correlation as an individual study in the dataset. Apart from this, 

when correlations were available for more than one species, diverse genetic materials or 

different experimental conditions or several trial sites or various treatments in the same paper 

we counted them as an independent study. The dataset grouping included: growth trait 

(height, diameter or biomass), functional type (conifers, broadleaves or shrubs, evergreen or 

deciduous), genetic material (populations, families or clones), biome (Mediterranean, 

temperate, sub-tropical or boreal), testing condition (field, greenhouse or nursery), testing 

environment (optimal or suboptimal), experimental treatment (irrigated or droughted), 
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ontogeny stage (seedlings, saplings or adult trees). We also considered factors or variables 

such as number of genetic entities involved, availability of δ
13

C or ∆
13

C values, and plant part 

(leaves or wood) analysed for estimating WUEi. Additionally, we changed the correlation 

coefficient sign if WUEi was estimated by ∆
13

C. Finally, the correlation coefficients (positive 

or negative) between δ
13

C and growth traits and the sample size were carried forward to the 

meta-analysis (MA), with the following variants: 

a) Meta- analysis 1 (MA1) performed on correlations between δ
13

C and plant growth 

parameters. We included 58 correlations between δ
13

C and height from 25 studies, 48 

correlations between δ
13

C and diameter from 24 studies, and 32 correlations between 

(δ
13

C) and biomass from 9 studies in the analysis. 

b) MA2 performed on correlations between δ
13

C and growth in conifers, broadleaves and 

shrubs. The analysis included 97 correlations between δ
13

C and growth in conifers 

from 26 studies, 30 correlations between δ
13

C and growth in broadleaves from 7 

studies, and 12 correlations between δ
13

C and growth in shrubs from 4 studies. 

c) MA3 on correlations between δ
13

C and growth in evergreen and deciduous. We tested 

86 correlations between δ
13

C and growth in evergreen from 25 studies, and 51 

correlations between δ
13

C and growth in deciduous from 13 studies.  

d) MA4 on correlation between δ
13

C and growth according to the type of genetic 

material. For populations, 71 correlations were collected from 13 studies. For 

families, 36 correlations from 14 studies. And for clones, 33 correlations from 

9studies. 

e) MA5 on correlation between δ
13

C and growth according to the type of biome. We split 

the dataset according to the biome. The dataset had 32 correlations for Mediterranean 

from10 studies, 25 correlations for subtropical from 10 studies, 72 correlations for 

temperate from 14 studies, and 8 correlations for boreal from 3 studies. 

f) MA6 on correlation between δ
13

C and growth according to the type of testing 

condition.  We investigated 93 correlations between δ
13

C and growth in field from 30 

studies, 41 correlations between δ
13

C and growth in greenhouse from 6 studies, and 5 

correlations between δ
13

C and growth in nursery from 2 studies. 

g) MA7 on correlation between δ
13

C and growth according to the type of testing 

environment. We examined 57 correlations between δ
13

C and growth in optimal from 

23 studies, and 31 correlations between δ
13

C and growth in sub optimal from 14 

studies. 
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h) MA8 on correlation between δ
13

C and growth according to the type of experimental 

treatment. We detected 25 correlations between δ
13

C and growth in irrigated from 8 

studies and 26 correlations between δ
13

C and growth in droughted from 7 studies. 

i) MA9 on correlation between δ
13

C and growth according to the type of ontogenic 

stage. We used 79 correlations between δ
13

C and growth in seedlings from 19 studies, 

29 correlations between δ
13

Cand growth in saplings from 9 studies, and 32 

correlations between δ
13

C and growth in adult trees from 11studies.  

2.2 Data analysis 

The individual correlation coefficient (r) and sample size (i.e. number of genetic entities) (n) 

were tabulated for each MA (see Appendices 1-25). We used the Fisher Z-transformation to 

calculate an effect size for each individual study: z= 0.5 log [(1+r)/ (1-r)]. Larger weights are 

assigned to studies with larger sample sizes. The range of r is between -1 and +1, z is -∞ to 

+∞. A positive z value means a positive association between δ
13

C and growth. 

There are two types of models for meta-analysis to calculate Global Estimated Correlation 

Coefficient (GE r) effect size. In a random effect meta-analysis model, the true effect size is 

random. In fixed effect meta-analysis model the value is fixed and studies share a common 

effect size. To choose between fixed or random effect models we computed two measures of 

Heterogeneity for each meta-analysis to assess whether the validity of the effect size is 

homogeneous (and thus we can consider a fixed-effect meta-analysis) or rather the effect size 

is heterogeneous (and we need to consider a random effect meta-analysis) (Borenstein et al. 

2009). In particular, for each meta-analysis we computed the statistic Q  ( Q is Cochran's 

statistic) as a measure of heterogeneity (Whitehead, 2003). However, the Q  test only informs 

us about the presence or the absence of heterogeneity, but it does not report on the extent of 

such heterogeneity. Therefore, recently, the I
2
 has been used to quantify the degree of 

heterogeneity in a meta-analysis (Huedo-Medina et al., 2006). The I
2
 can be interpreted as the 

percentage of the total variability in a set of effect sizes due to true heterogeneity, that is, to 

between-studies variability. The percentages of I
2 

around 25% (I
2
 = 25), 50% (I

2
 = 50), and 

75% (I
2
 = 75) is considered as low, medium, and high heterogeneity, respectively (Higgins & 

Thompson, 2002). 
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If the Q -test result is found significant and I
2 

value shows greater percentage, then we have 

chosen a random effects model rather than a fixed effect model. Both models combined the 

effect size across all studies to present the global estimated correlation coefficient (GE r) 

effect size. The GE r provides the average relationship between δ
13

C and growth. Effects 

were considered significantly different from zero by Z-test with 95% confidence interval (ci). 

Multiple tests were conducted with the same datasets. We conducted all the analyses using 

the metafor statistical package (Viechtbauer, 2010) for the R statistical environment (R 

Development Core Team, 2007). 
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CHAPTER THREE: RESULTS 

3.1 Heterogeneity test 

The Q statistic for most of the effect tests was highly significant (P<0.0001) with a medium 

to high I
2 

value except in nursery effect test. The heterogeneity test for nursery was not 

significant (p= 0.2533) and have low Q and I
2 

values of 5.34 and 25% respectively (Table 

3.1). Based on the heterogeneity test, we used fixed effect model for nursery and random 

effect model for the rest of the meta- analysis tests.  

Table 3.1: Test of heterogeneity for each effect. n: number of individual comparisons. Q: test 

of heterogeneity value. I
2
: total heterogeneity/ total variability 

Effect tested n Q pval I
2
 

Height 58 564.38 <0.0001 89.9 

Diameter 48 280.92 <0.0001 83.27 

Biomass 32 208.82 <0.0001 85.15 

Conifers 97 290.32 <0.0001 66.9 

Broadleaves 30 878.93 <0.0001 96.7 

Shrubs 12 53.718 <0.0001 79.52 

Evergreen 86 263.20 <0.0001 68.09 

Deciduous 51 956.16 <0.0001 94.77 

Population 71 672.77 <0.0001 89.60 

Family 36 413.19 <0.0001 91.53 

Clone 33 105.24 <0.0001 69.59 

Mediterranean 32 271.31 <0.0001 88.5 

Subtropical 25 76.67 <0.0001 68.7 

Temperate 72 693.66 <0.0001 89.76 

Boreal 8 23.47 0.0014 70.18 

Field 93 544.29 <0.0001 83.1 

Greenhouse 41 514.68 <0.0001 92.23 

Nursery 5 5.34 0.2533 25.22 

Optimal 57 208.34 <0.0001 73.12 

Suboptimal 31 339.08 <0.0001 91.15 

Control 25 319.12 <0.0001 92.48 

Drought 26 204.23 <0.0001 87.76 

Seedlings 79 723.48 <0.0001 89.22 

Saplings 29 307.05 <0.0001 90.88 

Adult tree 32 95.86 <0.0001 67.66 
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3.2 Carbon isotope composition (δ
13

C) vs. plant growth traits (MA1) 

First of all, we estimated global estimated correlation coefficient (r= 0.27, 95% CI 0.15- 0.38) 

to test the influence of WUEi on general tree growth pattern at intra specific level. Then we 

divided the dataset according to type of growth trait (height, diameter or biomass) to evaluate 

each study. Height and biomass were positively associated with δ
13

C having global estimated 

correlation values of 0.39 and 0.74 respectively (Table 3.2). Biomass showed a stronger 

correlation than height had shown. But δ
13

C did not show a significant association with 

diameter (figure 3.1). It is clear from the distribution of studies (figure 3.1) that there is no 

trend in 65% studies. While among rest of the studies, half of the studies have a positive trend 

and other half of the studies has negative trend. Therefore, overall estimated r showed zero 

value; there had been no association between diameter and δ
13

C.  

We also observed a high positive z-transformed effect size on the correlation between 

diameter and δ
13

C in study 23 (Zhang et al., 1996) and 32 (Johnsen et al., 1999), and a high 

negative z-transformed effect size in study 44 (Aletà et al., 2009) as shown in figure 3.1 (see 

also appendix 2). The studies 23 and 32 were conducted on Pseudotsuga menziesii and Picea 

mariana respectively. Both of them have a sample size of 18. And study 44 was conducted on 

Juglans regia with a sample size of 22.  

 

Table 3.2: Tested effect description of MA1 on association between δ
13

C and growth traits. 

GE r: global estimated correlation coefficient. SE: standard error. zval: Z-test. ci: 95% 

confidence interval. 

Effect 

tested 

GE r SE zval Pval ci.lb ci.ub r back 

transform 

Height 0.39 0.08 4.36 <0.0001 0.21 0.56 0.37 

Diameter 0.002 0.08 0.02 0.9814 -0.16 0.17 0.0019 

Biomass 0.74 0.10 7.15 <0.0001 0.54 0.95 0.63 
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Figure 3.1: Z-transformed effect size and 95% confidence intervals (error bars) of individual 

studies correlating δ
13

C and diameter. 

3.3Carbon isotope composition (δ
13

C) vs. growth in conifers, broadleaves and shrubs 

(MA2) 

At intra- specific level, plant growth was positively associated with δ
13

C in conifers and 

shrubs species. But the global estimated correlation (r= 0.92) was higher in shrubs than in 

conifers (r= 0.32) (see table 3.3). In the contrary, growth was not significantly associated with 

δ
13

C in broadleaves and GE r value was not different from zero (Figure 3.2). Because, about 

43% studies showed a positive trend on the association between δ
13

C and plant growth in 

broadleaves while rest of the studies  had negative or no trend between them (Figure 3.2). 

From the distribution of studies in figure 3.2, we can see that studies 3 to 14 showed high 

positive z-transformed effect size. These studies had been conducted on Castanea sativa by 
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Lauteri et al., (2004) with 48 sample size in each study. The studies 16, 17, 23, 24 and 25 

showed highly negative z-transformed effect size. Pita, (2001) conducted two studies (study 

16 and 17) on Eucalyptus globules with a sample size of 6 and 7 respectively. Moreover, 

Aleta et al., (2009) conducted study 23, 24, and 25 on Juglans regia with 22 sample size. In 

general, if the sample size of a study is higher, it influences a lot on the z-transformed effect 

size.  

 

Table 3.3: Tested effect description of MA2 on association between δ
13

C and growth in 

conifers, broadleaves and shrubs.  

Effect 

tested 

GE r SE Zval pval ci.lb ci.ub r back 

transform 

Conifers 0.32 0.04 7.94 <0.0001 0.24 0.40 0.31 

broadleaves 0.15 0.20 0.77 0.4411 -0.23 0.55 0.15 

Shrubs 0.92 0.28 3.21 0.0013 0.36 1.49 0.73 

 

Figure 3.2: Z-transformed effect size and 95% confidence intervals (error bars) of individual 

studies correlating δ
13

C and growth in broadleaves.  
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3.4 Carbon isotope composition (δ
13

C) vs. growth in evergreen and deciduous species 

(MA3) 

In the MA2, we observed that global estimated r for broadleaves was not significant. 

However, in MA3.we included broadleaves and shrubs species in deciduous dataset in order 

to check the relationship of δ
13

C vs. growth on a combined scale for all types of these species. 

The result of MA3 showed that the δ
13

C had been significantly and positively associated with 

growth in evergreen and deciduous species. The global estimated correlation coefficient (r) 

between δ
13

C and growth was 0.31 and 0.42 in evergreen and deciduous species respectively 

(Table 3.4). The number of studies on evergreen species were higher (86) and most of the 

studies had similar effect size between studies in the MA3 (Figure 3.3 a). On the other hand, 

deciduous species showed more variability among studies (figure 3.3 b), even though there 

had been less number of studies (51). In general, the results showed higher consistency 

between studies in evergreen than between studies in deciduous.  

 

Table 3.4: Tested effect description of MA3 on association between δ
13

C and growth in 

evergreen and deciduous. 

Effect tested GE r SE zval pval ci.lb ci.ub r back trans 

Evergreen 0.31 0.04 6.86 <0.0001 0.22 0.39 0.29 

Deciduous 0.42 0.14 3.02 0.0026 0.15 0.69 0.39 
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Figure 3.3: Z-transformed effect size and 95% confidence intervals (error bars) of individual studies correlating δ
13

C and growth in (a) 

evergreen and (b) deciduous. 

a b 
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3.5 Carbon isotope composition (δ
13

C) vs. growth according to the type of genetic 

material (MA4) 

We divided the dataset according to the type of genetic material to test their effect on the 

association between δ
13

C and plant growth. The results showed that the growth had been 

positively associated with δ
13

C in all type of genetic materials (Table 3.5). But among all, 

families showed less positive relation (r= 0.22). We again divided the dataset according to 

growth trait and tested its effect within each genetic material. The δ
13

C was more positively 

associated with biomass than with height in both populations and families. Conversely, the 

association between δ
13

C and height in clones showed more positive correlation than biomass 

in clones (Figure 3.4). Diameter showed no association with δ
13

C among all the genetic 

material. 

Table 3.5: Tested effect description of MA4 on association between δ
13

C and growth in the 

type of genetic material. 

Effect tested GE r SE zval pval ci.lb ci.ub r back trans 

Populations 0.38 0.09 4.06 <0.0001 0.19 0.56 0.36 

Families 0.22 0.10 2.21 0.00267 0.002 0.42 0.22 

Clones 0.42 0.08 5.10 <0.0001 0.25 0.58 0.39 

 

 

Figure 3.4: Z-transformed effect size and 95% confidence intervals (error bars) of studies 

correlating δ
13

C and growth trait in genetic material.  
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3.6 Carbon isotope composition (δ
13

C) vs. growth according to biome type (MA5) 

The result showed a significant (p<0.0001) global estimated correlation between δ
13

C and 

growth in all types of biome except Mediterranean. Among the different types of biome, the 

GE r for subtropical, temperate and boreal was 0.32, 0.47 and 0.99 respectively. 

In Mediterranean biome, about 69% studies showed no trend between δ
13

C and growth. 

While among others 31% studies, half studies showed a positive trend and other half of the 

studies a showed negative trend (Figure 3.5). Therefore, the overall estimated correlation was 

not significant and the value was not different from zero which means that there were no 

association between δ
13

C and growth in Mediterranean. High positive z-transformed effect 

size was exhibited by studies 13, 14 (Arandaet al., 2010) and 26 (Voltas, 2010 (unpublished)). All 

the three studies were conducted on Pinus pinaster. However, studies 29, 30 and 31 (Aletà et 

al., 2009) conducted on Juglans regia displayed a highly negative z-transformed effect size.  

 

Table 3.6: Tested effect description of MA5 on association between δ
13

C and growthin biome 

type.   

Effect tested GE r SE zval pval ci.lb ci.ub r back trans 

Mediterranean -0.13 0.13 -0.98 0.3222 -0.39 0.13 -0.13 

Subtropical 0.32 0.05 5.57 <0.0001 0.21 0.44 0.31 

Temperate 0.47 0.08 5.34 <0.0001 0.29 0.64 0.44 

Boreal 0.99 0.22 4.53 <0.0001 0.56 1.42 0.76 
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Figure 3.5: Z-transformed effect size and 95% confidence intervals (error bars) of individual 

studies correlating δ
13

C and growth in Mediterranean.  

3.7 Carbon isotope composition (δ
13

C) vs. growth according to testing condition (MA6) 

We conducted the random effect model for field and greenhouse treatments while fixed effect 

model was carried out for nursery. Plant growth was positively associated with δ
13

C in all 

testing condition. But, growth of the plant showed relatively weak association with δ
13

C in 

field (r= 0.21) compared to nursery (0.39) and greenhouse (r= 0.62).  

 

Table 3.7: Tested effect description of MA6 on association between δ
13

C and growth in 

testing conditions.   

Exp Conditions GE r SE zval pval ci.lb ci.ub r back trans 

Field 0.21 0.06 3.52 0.0004 0.09 0.32 0.20 

Greenhouse 0.62 0.11 5.34 <0.0001 0.39 0.84 0.55 

Nursery  0.39 0.12 3.05 0.0023 0.14 0.64 0.37 
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3.8 Carbon isotope composition (δ
13

C) vs. growth according to testing environment 

(MA7) 

The global average r was positive (0.34, at 95% CI ranging from 0.22 to 0.47) for the 

association between δ
13

C and plant growth in optimal environment. Conversely, this 

association showed no significant difference from zero in suboptimal environment. From the 

distribution of studies in figure 3.7, we can observe that more than 41% studies did not 

represent any trend between δ
13

C and plant growth, while among the rest of studies, half 

studies had a positive trend and other rest of the studies had a negative trend in suboptimal 

condition. Therefore, overall estimated r showed no significant association; there was no 

relationship between plant growth and δ
13

C in suboptimal environment. 

 

Figure 3.6: Z-transformed effect size and95% confidence intervals (error bars) of individual 

studies correlating δ
13

C and growth in suboptimal environment.  
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3.9 Carbon isotope composition (δ
13

C) vs. growth according to experimental treatment 

(MA8) 

Most of the studies investigated the effect of δ
13

C on tree growth in two treatments; irrigated 

and drought. Both treatments had a significant and positive effect on the association between 

δ
13

C and plant growth. The result showed higher global estimated r value in drought 

treatment than in irrigation treatment (Table 3.6). From the distribution of studies in figure 

3.8, we can see that only study 5 (Zhang et al., 1996) in irrigated treatment represents the 

negative z- transformed effect size. Conversely, study 21 (Lauteri et al., 2004) represented 

the highest positive z- transformed effect size (2.65) out of all studies carried out in irrigated 

treatment. However, most of the studies (62%) represented higher positive z- transformed 

effect size in drought treatment. 

Table 3.8: Tested effect description of MA8 on association between δ
13

C and growthin 

experimental treatments.  

Effect tested GE r SE Zval pval ci.lb ci.ub r back transform 

Irrigated 0.50 0.15 3.31 0.0009 0.21 0.79 0.46 

Droughted 0.66 0.12 5.41 <0.0001 0.42 0.91 0.58 
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Figure 3.7: Z-transformed effect size and 95% confidence intervals (error bars) of individual studies correlating δ
13

C and growth in (a) irrigated 

(b) droughted treatment.  

 

 

 

a b 
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3.10 Carbon isotope composition (δ
13

C) vs. growth according to ontogenic stage (MA9) 

We divided the dataset according to ontogenic stage. The meta- analysis results showed that 

the global estimated r value was very weak in adult tress (r= 0.26) than in seedlings (r=0.55) 

at 95% CI. In the contrary, saplings had no effect on the association between δ
13

C and 

growth. Moreover, from the distributions of data in figure 3.8, we found that about 62% of 

studies did not represent any trend between δ
13

C and growth in sapling stage. 

 

 

Figure 3.8: Z-transformed effect size and95% confidence intervals (error bars) of individual 

studies correlating δ
13

C and growth in saplings.  
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CHAPTER FOUR: DISCUSSION 

4.1 Intra-specific association between δ
13

C and plant growth  

Many studies have demonstrated a significant and positive association between δ
13

C and 

height (e.g. Toillon et al., 2013; Pastorino et.al., 2012; Lauteri et al., 2004; Xu et al., 2000; 

Pennington et al., 1999; Johnsen et al., 1999; Aitken et al., 1995). Our results confirm these 

associations but the correlation is weak (r= 0.39) suggesting that genetic variation in height is 

not strongly driven by WUEi. The weak correlation between δ
13

C and height has been also 

found in several studies included in our meta- analysis (e.g. Marguerit et al., 2014; Corcuera 

et.al, 2012; Monclus et al., 2009; Prasolova et al., 2003; Prasolova et al., 2001; Tognetti et 

al., 2000; Zhang et al., 1996). However, the weak correlation between δ
13

C and height 

increment may be explained by different adaptive strategies of forest species. Different 

adaptive mechanisms in different forest species growing in distinct conditions may result in 

apparently contradictory performances, demonstrating that comparison of δ
13

C studies must 

be carefully approached. It has been shown that the growth versus δ
13

C associations in 

several species may change when plant are tested in different environments (Condon et al., 

2004). 

According to Euler et al., (1992) diameter is more sensitive to environmental conditions than 

height is. Most of the studies included in our meta-analysis (i.e. Correia et al., 2008 in Pinus 

pinaster populations) have not found association between δ
13

C and diameter. As a result, we 

did not find a non-significant association between δ
13

C and diameter. This result points out 

that diameter is not affected by the WUEi.  

The meta-analysis showed a highly positive association between biomass and δ
13

C when 

compare with alternative growth traits, meaning that the total biomass growth is more 

strongly driven by WUEi. The high association between biomass and δ
13

C also suggested by 

Gray et al., (2013), Aranda et al., (2010), Lauteri et al., (2004), Livingston et al., (1999), 

Zhang et al., (1996) and Sun et al., (1996). Total biomass was estimated on seedling stage. 

However, we should keep in mind that total biomass included the leaves, stem and roots 

while other growth traits have just measured height or diameter. As a result total biomass 

seems to be better indicator of the impact of intra- specific variation in  WUEi on growth than 

other plant growth traits. 
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In general, our meta-analysis revealed intra-specific variation in WUEi on growth traits 

except diameter, but the strength of the association between growth and WUEi differed 

among species. The result indicate that biomass is strongly and height is weakly driven by 

WUEi,  and the associations is controlled more by CO2 assimilation rate (photosynthetic 

capacity changes) rather than by stomatal conductance at the intra- specific level. This is in 

argeement with the fact that biomass production is proportional to the amount of synthesized 

carbohydrates. 

When water is not a major environmental constrain, it seems that an increase in the 

mesophyll photosynthetic capacity would confer an ecological advantage to the genotypes 

that show higher WUE, due to a maximization of the carboxylation processes per unit of 

water lost leading to higher biomass increments per unit time.  

The increase mesophyll photosynthetic capacity is also related to soil fertility and crown 

architecture. Higher concentration of Rubisco and chlorophyll per leaf and optimal crown 

architecture improve maximum photosynthetic capacity. The above mentioned characteristic 

would also increase fitness in water limited environments provided there is not a decrease in 

leaf area. Reductions in leaf area may be a drawback associated to photosynthetic capacity 

changes. 

Leaf size and thickness have a significant effect on WUEi. Thinner leaves (with a lower ratio 

of internal volume to leaf surface area) predicted to exhibit lower WUEi than comparable to 

thicker leaves (Stanhill, 1986). And increasing photosynthetic capacity of the mesophyll will 

enhance WUEi. However, increased plants‟ photosynthetic capacity is often associated with a 

decrease in leaf size (Bhagsari & Brown, 1986), that could reduces whole plant transpitration 

and light interception (Bacon, 2004). The decline in leaf area is likely to occur if any increase 

in photosynthetic capacity results from an increase in the concentration of enzyme associated 

with the photosynthetic biochemistry. Under such circumstance, enhanced photosnthetic 

capacity and limited nitrogen resources are optimized, such that specific leaf area declines 

(i.e. there is an  increase in dry matter content of leaves on a leaf area basis). Moreover, when 

soil water availability is limited leaf expansion rates are commonly observed to decline in 

line with transpiration by stomatal conductance.  
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4.2 Association between WUEi and productivity varies across functional types 

In our meta- analysis we observed that most abundant species were conifers and they showed 

very consistent results (I
2
= 66.9%) between studies which confirms the reliability of the 

results obtained in the analysis. Moreover, meta- analysis results showed a positive 

association between WUEi and productivity in conifers, but productivity is only weakly 

controlled by WUEi. This also has been confirmed by several studies included in the meta- 

analysis (e.g. Marguerit et al., 2014; Xue et al., 2013; Hawkins et al., 2010; Baltunis et al., 

2008; Prasolova et al., 2003; Prasolova et al., 2001). The growth of the conifers could be 

partially influenced by WUEi along with other key factors such as high temperature, high and 

low soil moisture condition, intensity and duration of light, increased CO2 concentration in 

atmosphere, poor soil structure, high pH value in soil, low nutrient supply.  

Our meta-analysis did not find any significant association between WUEi and productivity in 

broadleaves. This could be happen by the influence of the large variability between studies in 

broadleaves (I
2
=96.7%). It was well established the isohydric behavior in many conifers 

species leading to high WUEi through stomatal closure. Klein et al., (2013) found that 

isohydric pine species with high WUEi shows comparable growth rates than anisohydric oaks 

with lower WUEi. Our result were more consistent with the observations of the study. Ferrio, 

et al.(2003) also found that the 1.5‰ higher δ
13

C in P. halepensis compared to Q. ilex. 

On the contrary, a significant and highly positive association between δ
13

C and growth has 

been observed in shrubs (e.g. Toillon et al., 2013; Gray et al., 2013; Pennington et al., 1999). 

The same facts have been obtained in our analysis. A high positive correlations between 

WUEi and productivity in shrubs suggests that productivity of shrubs was strongly driven by 

WUEi, and the variation of WUEi among the measured species was controlled by CO2 

assimilation rate than by stomatal conductance. Alternatively, Moreno-Gutiérrez et al. (2014) 

found that Rhamnus lycioides shrubs has increase WUEi as a result of their ability to adjust 

their stomatal conductance in response to increasing atmospheric CO2 and temperature. 

However, the adaptive response of this shrub is much weaker when they were submitted in 

drought-stress. 

We have found significantly positive but weak association between WUEi and productivity in 

both evergreen and deciduous species due to the variations in assimilation rate. Most of the 

evergreens were conifer species in our dataset. That‟s why we didn‟t found too much 
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difference in global estimated correlation value between conifers and evergreen. The 

correlation was weak but compared to greater in deciduous than evergreen species. However, 

most of the broadleaves and shrubs were included in deciduous dataset. As a consequence, 

combined dataset of shrubs and broadleaves showed higher global estimated correlation value 

between WUEi and productivity in deciduous compared to evergreen. Antúnez et al., (2001) 

also confirmed that the intra-specific variation in WUEi on growth rate was higher in 

deciduous species compared to evergreen species. 

4.3 Association between WUEi and productivity varies across genetic material 

Normally when we select genetic materials for breeding purpose we would expect that there 

is high variability among population, medium variability among families and low variability 

among clones. Our result showed positive but weak association between WUEi and 

productivity in all type of genetic materials. But comparatively high association between 

WUEi and growth has been found among clones, medium among populations and lower 

among families by our study, and shows that variation in WUEi is not strongly controlled by 

assimilation rate in all genetic materials. This fact also has been revealed in studies by Jansen 

et al. (2013) and Zhang et al. (1996) among population and other stydies by Xue et al., 

(2013); Toillon et al., (2013); Hawkins et al., (2010) among clones. Correia et al., (2008) 

found that the high variation in WUEi among populations could be related to 

microenvironmental conditions or to short-term climatic variations than to regional 

differences in climate. Moreover when we tested growth trait effect within each genetic 

material we found high positive association between WUEi and biomass production than 

height increment among population and families that is strongly controlled by assimilation 

rate rather than stomatal conductance. Alternatively, high positive association found between 

WUEi and height than biomass production among clones. Diameter was always non 

significant in each type of genetic material.  

4.4 Association between WUEi and productivity varies across biome type 

There is an argument exists regarding the concept of increasing biomass is strongly driven by 

increasing WUEi. Several authors found different types of results. For instance Tang et al., 

(2014) found a consistent increase in latitudinal trend in WUEi rising from subtropics to 

northern high latitudes, resulting to higher vegetation productivity was strongly driven by 

increase WUEi for forest in mid- and high latitudes (51
ₒ 
N). Boreal systems poses a cool 



 38 

condition that limit water loss and high incoming radiation in summer to maximize the 

photosynthetic uptake which helps to increase productivity of trees. Our study found the same 

pattern that the strength of the association between WUEi and productivity strongly increase 

from mediterranean to boreal biome (Figure 3.9). These explain also the behavior of stomatal 

conductance by the limited water loss due to decrease temperature. Alternatively, Peñuelas et 

al., (2011) found no changes in tree growth even after increase of 20.5% WUEi during their 

40 years study data among different biomes. Therefore, they concluded that the rate of 

biomass carbon sequestration in tropical, arid, Mediterranean, wet temperate and boreal 

ecosystems may not increase with increasing atmospheric CO2 concentrations. 

 

Figure 3.9: Z-transformed effect size and 95% confidence intervals (error bars) for different 

biomes.  

4.5 Association between WUEi and productivity varies across testing condition  

Limited water loss due to controlled environment in greenhouse (contrary to field) increases 

photosynthetic capacity. Therefore, higher productivity is driven by increased WUEi. Our 

results also confirm this fact. We found positively strong correlation between WUEi and 

productivity in green house than in field. This could be explained as productivity is strongly 

driven by WUEi in greenhouse conditions than in field condition, which indicates larger 

changes in assimilation rate. Moreover, similar results were found in several studies (e.g. 

Aranda et al., 2010; Lauteri et al., 2004; Pennington et al., 1999;Z hang et al., 1996).  
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4.6 Association between WUEi and Productivity varies across ontogenic stages 

The ontogenic stage effect on δ
13

C has been confirmed by several studies.  For instance, 

Marshall & Monserud, (1996) analysed the effect of ontogeny stage (i.e. adult trees versus 

sapling versus seedlings) of ponderosa pine, western white pine and douglas-fir tree. They 

found the variation of every tree in δ
13

C decrease from seedlings to sapling to adult tress. In 

the contrary, Duquesnay et al., (1998) conducted their study on Fagus sylvatica and observed 

an increase of δ
13

C in seedling stage. This was also confirmed by our meta-analysis indicated 

that the positive high association between δ
13

C and growth in seedling stage. 

4.7 Effect of testing environments on relationship between WUEi and productivity 

Flanagan & Johnsen, (1995) conducted the study on families of Picea mariana and they 

found positive association between δ
13

C and growth in optimal environment. The meta-

analysis results also showed positive but weak association between δ
13

C and growth when 

testing environmental conditions were optimal. On the other hand, meta- analysis showed no 

significant association between δ
13

C and growth in suboptimal environment which could be 

more emphasized by the experimental treatment effect analysis. Theoretically, WUEi of plant 

could either decrease or increase productivity. If stomata close partially, thus limiting 

photosynthesis will increase WUEi. Therefore, plants adapted to limited water supply grow 

more efficiently in water stressed conditions than plants not adapted to limited water supply 

do (Wright et al., 1993). Drought-adapted species favor carbon CO2 assimilation under 

irrigated conditions that leading to higher discrimination against 
13

C. However, drought 

adaptation in tree populations is not necessarily reflected in higher WUEi and lower WUEi 

may be related to adaptive mechanisms under genetic control (Hubick & Gibson, 1993). We 

found a significant difference in the association between δ
13

C and growth that was less 

prominent in the irrigated treatment than in the drought treatment. This leads to the fact that 

high intra-specific variations in δ
13

C on growth in drought treatment are influenced by the 

change of CO2 assimilation rate. Our findings are in agreement with Sun et al., (1996). He 

also explained that high δ
13

C and also low ci/ca can arise because of low gs or high 

photosynthetic capacity, both leading to high productivity driven by high WUEi. 
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4.8 Limitation of meta- analysis and research gaps 

Most of the selected studies were conducted on coniferous species in our meta- analysis. 

However, some limitations existed. For instance, some papers did not show the correlation 

statistics or other transformable statistics such as mean value in table or graph. Therefore, we 

could not include those papers in our meta- analysis [e.g. (Cao et al., 2012; Monclus et al., 

2005)] (iii) We focused only on the relationship between δ
13

C and above- ground biomass 

since the height and diameter can easily be measured than below ground part of the trees. 

Moreover, there was a lack of sufficient studies conducted on hardwood and shrubs species 

along with studies in boreal biome and nursery condition as compared to their counterpart. If 

we had equal amount of studies for all the cases, then we could probably get a better result in 

overall global estimated correlation. 
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CHAPTER FIVE: CONCLUSION 

5.1 Conclusion 

Intra- specific genetic variation in WUEi (measured through δ
13

C) in relation to productivity 

is essential to investigate adaptation pattern under climate change scenarios.  

1) Our meta-analysis indicated that biomass production was strongly driven by an 

increase in WUEi while height increment was weakly driven by that. The biomass 

production was controlled by CO2 assimilation rate rather than stomatal conductance. 

Apart from this the diameter was not driven by WUEi.  

2) In our analysis most of the species were conifers and the association between WUEi 

and productivity was weak but highly consistent. Shrubs showed high positive 

correlation between them.  The broadleaves and shrubs showed a more positive 

association when we combine them in deciduous functional type. 

3) Comparatively higher association between WUEi and productivity was observed 

among clone, medium among population and low among families. Among 

populations and families biomass production was strongly driven by WUEi than 

height increment did, while among clones height increment was strongly driven by 

WUEi than biomass production did.  

4) The strength of the association between WUEi and productivity was increase from 

Mediterranean to boreal biome. 

5) Seedling stage productivity was strongly driven by WUEi.  

6) In green house the plant growth was strongly driven by WUEi. But in field and 

nursery productivity was weakly driven by WUEi. 

7) In optimal environment productivity of plant was not strongly driven by WUEi while 

suboptimal condition showed no association between productivity and WUEi 

8) Plant growth was strongly controlled by WUEi under drought conditions. 

After many years of research we have less information on broadleaves and shrubs species. 

In future, we would have to find more association between WUEi and productivity if we 

include more studies on broadleaves and shrubs in our meta-analysis. However, this meta-

analysis with existing literature was the first approach to understand the general patterns 

of the association between WUEi and productivity at the intra-specific level.  
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APPENDICES 

Appendix 1: Summary of the data for height included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Number 

of 

entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Adult trees Height  m 𝔡13C 7 -0.32 

Corcuera et. 

al. 

2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 0.04 

Corcuera et. 

al. 

2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 -0.27 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.224 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.86 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -

0.173 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -

0.332 

Marguerit 

et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.3 

Marguerit 

et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.32 

Marguerit 

et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.08 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Height cm 𝔡13C 6 0.54 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Height cm 𝔡13C 6 0.346 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Height cm 𝔡13C 6 -0.14 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Sapling Height m 𝔡13C 25 -0.4 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Sapling Height m 𝔡13C 25 -0.38 

 Zhang et. al.  1996 Pinus Glasshouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 -0.32 

 Zhang et. al.  1996 Pinus Glasshouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.1 

 Zhang et. al.  1996 Pseudotsuga Glasshouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.11 
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 Zhang et. al.  1996 Pseudotsuga Glasshouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.75 

 Zhang et. al.  1996 Larix  Glasshouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.41 

 Zhang et. al.  1996 Larix  Glasshouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.23 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.03 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.5 

 Zhang et. al.  1996 Pinus Field Temperate Populations 17 Leaves Adult trees Height cm 𝔡13C 17 0.14 

 Zhang et. al.  1996 Larix  Field Temperate Populations 16 Leaves Adult trees Height cm 𝔡13C 16 0.51 

Xu et. al.  2000 Pinus Field Sub tropical Clone 8 Leaves Sapling Height m 𝔡13C 8 0.96 

Baltunis et.al. 2008 Pinus Field Sub tropical Families 61 Leaves Seedlings Height cm 𝔡13C 61 0.42 

Prasolova 

et.al. 

2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.198 

Prasolova 

et.al. 

2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.315 

Prasolova 

et.al. 

2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.363 

Pastorino et. 

al.  

2012 Austrocedrus Field Temperate Families 41 Leaves Seedlings Height cm 𝔡13C 41 0.684 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 -0.33 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.327 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.479 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Seedlings Height m 𝔡13C 4 0.84 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Adult trees Height m 𝔡13C 4 0.832 

Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Height cm 𝔡13C 18 0.97 

Prasolova 

et.al. 

2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 101 0.368 

Prasolova 

et.al. 

2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 100 0.41 

Prasolova 

et.al. 

2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Height m 𝔡13C 113 0.301 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 0.16 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 -0.04 

Voltas J. 2010 Pinus Nursery Mediterranean Populations 25 Leaves Seedlings Height m 𝔡13C 25 0.46 
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(Unpublished) 

Raddad and 

Luukkanen 

2006 Acacia Field Sub tropical Populations 8 Leaves Seedlings Height m 𝔡13C 8 -0.58 

Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Adult trees Height cm 𝔡13C 6 -0.23 

Lauteri et. al.  2004 Castanea Chamber Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.52 

Lauteri et. al.  2004 Castanea Chamber Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.85 

Lauteri et. al.  2004 Castanea Chamber Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.99 

Lauteri et. al.  2004 Castanea Chamber Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.12 

Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Height m 𝔡13C 5 0.75 

Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.83 

Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.91 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Height cm 𝔡13C 33 0.33 

Pennington 

et.al.  

1999 Prosopis Greenhouse Sub tropical Families 7 Leaves Seedlings Height cm 𝔡13C 7 0.955 

Pennington 

et.al.  

1999 Prosopis Greenhouse Sub tropical Families 9 Leaves Seedlings Height cm 𝔡13C 9 0.957 

Pennington 

et.al.  

1999 Prosopis Greenhouse Sub tropical Families 15 Leaves Seedlings Height cm 𝔡13C 15 0.035 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.87 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.95 
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Appendix 2: Summary of the data for diameter included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1 Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Diameter cm 𝔡13C 7 0.008 

2 Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Diameter mm 𝔡13C 5 -0.16 

3 Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Diameter mm 𝔡13C 5 -0.15 

4 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 -0.51 

5 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.53 

6 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.214 

7 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.74 

8 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.26 

9 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.21 

10 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 -0.02 

11 Brendel et.al. 2002 Pinus Field Mediterranean Families 63 Woods Diameter mm 𝔡13C 63 0.27 

12 Xue et. al.  2013 Pinus Field Temperate Clone 20 Leaves Diameter mm 𝔡13C 80 0.33 

13 Duglas et. al. 2008 Pinus Field Temperate Families 7 Leaves Diameter mm 𝔡13C 7 -0.56 

14 Duglas et. al. 2008 Pinus Field Temperate Families 8 Leaves Diameter mm 𝔡13C 8 -0.19 

15 Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.199 

16 Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.278 

17 Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.526 

18 Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.38 

19 Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.13 

20  Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 -0.7 

21  Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.19 

22  Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.16 
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23  Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.66 

24  Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Diameter mm 𝔡13C 42 0.31 

25  Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Diameter mm 𝔡13C 42 0.25 

26 Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.763 

27 Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.582 

28 Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.657 

29 Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Diameter cm 𝔡13C 122 0.186 

30 Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Diameter cm 𝔡13C 122 0.223 

31 Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Diameter cm 𝔡13C 6 -0.96 

32 Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Diameter cm 𝔡13C 18 0.64 

33 Prasolova et.al. 2000 Araucaria Field Sub tropical Families 23 Leaves Diameter mm 𝔡13C 113 0.187 

34  Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Diameter cm 𝔡13C 27 0.12 

35  Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Diameter cm 𝔡13C 27 0.38 

36 Raddad and Luukkanen 2006 Acacia Field Sub tropical Populations 8 Leaves Diameter cm 𝔡13C 8 -0.58 

37 Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Diameter mm 𝔡13C 6 -0.27 

38 Pita et. al.  2001 Eucalyptus Field Temperate Clones 4 Woods Diameter cm 𝔡13C 4 -0.83 

39 Pita et. al.  2001 Eucalyptus Field Temperate Clones 6 Woods Diameter cm 𝔡13C 6 -0.88 

40 Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Diameter cm 𝔡13C 7 -0.89 

41 Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Diameter m2/ha 𝔡13C 7 -0.68 

42 Pita et. al.  2001 Eucalyptus Field Temperate Clones 5 Woods Diameter cm 𝔡13C 5 -0.84 

43 Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Diameter cm 𝔡13C 5 0.92 

44 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Diameter mm 𝔡13C 22 –0.99  

45 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Diameter mm 𝔡13C 22 –0.23  

46 Dillen et.al. 2008 Populus Field Temperate Families 50 Leaves Diameter  𝔡13C 50 -0.36 

47 Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Diameter mm 𝔡13C 33 0.38 

48 Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Diameter mm 𝔡13C 6 0.93 
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Appendix 3: Summary of the data for biomass included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Ontogeny stage Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.69 

Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.59 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.26 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.81 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.59 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.74 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.12 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.62 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.71 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.85 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.58 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.27 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.75 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.7 

 Gray et.al.  2013 Acacia Glasshouse Sub tropical Populations 10 Leaves Seedlings Biomass g 𝔡13C 10 0.21 

 Gray et.al.  2013 Acacia Glasshouse Sub tropical Populations 11 Leaves Seedlings Biomass g 𝔡13C 11 0.67 

Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.63 

Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.86 

Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.65 
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Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.89 

Lauteri et. al.  2004 Castanea Glasshouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 -0.84 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.32 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.7 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Biomass g 𝔡13C 33 0.43 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.94 

 

Appendix 4: Summary of the data for coniferous included in the meta- analysis 

Articles Year Species Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Number 

of 

entries 

Measurement 

part 

Growth 

parameter 

Growth 

parameter unit  

WUEi 

measured 

by 

n r 

Correia et.al. 2008 Coniferous Pinus Field Mediterranean Populations 7 Leaves Height  m 𝔡13C 7 -0.3239 

Correia et.al. 2008 Coniferous Pinus Field Mediterranean Populations 7 Leaves Diameter cm 𝔡13C 7 0.0083 

Corcuera et. 

al. 

2012 Coniferous Pinus Greenhouse Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.04 

Corcuera et. 

al. 

2012 Coniferous Pinus Greenhouse Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.27 

Corcuera et. 
al. 

2012 Coniferous Pinus Greenhouse Mediterranean Populations 5 Leaves Diameter mm 𝔡13C 5 -0.16 

Corcuera et. 

al. 

2012 Coniferous Pinus Greenhouse Mediterranean Populations 5 Leaves Diameter mm 𝔡13C 5 -0.15 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.224 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 -0.506 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.86 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.53 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.173 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.214 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.332 

Tognetti et.al. 2000 Coniferous Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.746 

Aranda et. al. 2010 Coniferous Pinus Greenhouse Mediterranean Families 20 Leaves Biomass g 𝔡13C 20 0.685 
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Aranda et. al. 2010 Coniferous Pinus Greenhouse Mediterranean Families 20 Leaves Biomass g 𝔡13C 20 0.591 

Marguerit 

et.al. 

2014 Coniferous Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.3 

Marguerit 

et.al. 

2014 Coniferous Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.26 

Marguerit 

et.al. 

2014 Coniferous Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.32 

Marguerit 

et.al. 

2014 Coniferous Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.21 

Marguerit 

et.al. 

2014 Coniferous Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.08 

Marguerit 

et.al. 

2014 Coniferous Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 -0.02 

Brendel et.al. 2002 Coniferous Pinus Field Mediterranean Families 63 Woods Diameter mm 𝔡13C 63 0.27 

Xue et. al.  2013 Coniferous Pinus Field Temperate Clone 20 Leaves Diameter mm 𝔡13C 80 0.33 

Xue et. al.  2013 Coniferous Pinus Field Temperate Clone 20 Leaves Diameter cm3 𝔡13C 80 0.31 

Duglas et. al. 2008 Coniferous Pinus Field Temperate Families 7 Leaves Diameter mm 𝔡13C 7 -0.56 

Duglas et. al. 2008 Coniferous Pinus Field Temperate Families 8 Leaves Diameter mm 𝔡13C 8 -0.19 

Hawkins et.al. 2010 Coniferous Pinus Field Temperate Clone 6 Leaves Height cm 𝔡13C 6 0.54 

Hawkins et.al. 2010 Coniferous Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.199 

Hawkins et.al. 2010 Coniferous Pinus Field Temperate Clone 6 Leaves Height cm 𝔡13C 6 0.346 

Hawkins et.al. 2010 Coniferous Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.278 

Hawkins et.al. 2010 Coniferous Pinus Field Temperate Clone 6 Leaves Height cm 𝔡13C 6 -0.142 

Hawkins et.al. 2010 Coniferous Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.526 

Voltas et.al. 2008 Coniferous Pinus Field Mediterranean Populations 25 Woods Height m 𝔡13C 25 -0.4 

Voltas et.al. 2008 Coniferous Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.38 

Voltas et.al. 2008 Coniferous Pinus Field Mediterranean Populations 25 Woods Height m 𝔡13C 25 -0.38 

Voltas et.al. 2008 Coniferous Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.13 

 Zhang et. al.  1996 Coniferous Pinus Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 -0.32 

 Zhang et. al.  1996 Coniferous Pinus Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 -0.7 

 Zhang et. al.  1996 Coniferous Pinus Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Coniferous Pinus Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.1 

 Zhang et. al.  1996 Coniferous Pinus Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.19 

 Zhang et. al.  1996 Coniferous Pinus Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 -0.26 

 Zhang et. al.  1996 Coniferous Pseudotsuga Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.11 

 Zhang et. al.  1996 Coniferous Pseudotsuga Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.16 

 Zhang et. al.  1996 Coniferous Pseudotsuga Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.16 

 Zhang et. al.  1996 Coniferous Pseudotsuga Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.75 
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 Zhang et. al.  1996 Coniferous Pseudotsuga Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.66 

 Zhang et. al.  1996 Coniferous Pseudotsuga Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.81 

 Zhang et. al.  1996 Coniferous Larix  Greenhouse Temperate Populations 14 Leaves Height cm 𝔡13C 42 0.41 

 Zhang et. al.  1996 Coniferous Larix  Greenhouse Temperate Populations 14 Leaves Diameter mm 𝔡13C 42 0.31 

 Zhang et. al.  1996 Coniferous Larix  Greenhouse Temperate Populations 14 Leaves Biomass g 𝔡13C 42 0.59 

 Zhang et. al.  1996 Coniferous Larix  Greenhouse Temperate Populations 14 Leaves Height cm 𝔡13C 42 0.23 

 Zhang et. al.  1996 Coniferous Larix  Greenhouse Temperate Populations 14 Leaves Diameter mm 𝔡13C 42 0.25 

 Zhang et. al.  1996 Coniferous Larix  Greenhouse Temperate Populations 14 Leaves Biomass g 𝔡13C 42 0.74 

 Zhang et. al.  1996 Coniferous Pinus Nursery Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.03 

 Zhang et. al.  1996 Coniferous Pinus Nursery Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.12 

 Zhang et. al.  1996 Coniferous Pseudotsuga Nursery Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.5 

 Zhang et. al.  1996 Coniferous Pseudotsuga Nursery Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.62 

 Zhang et. al.  1996 Coniferous Pinus Field Temperate Populations 17 Leaves Height cm 𝔡13C 17 0.14 

 Zhang et. al.  1996 Coniferous Larix  Field Temperate Populations 16 Leaves Height cm 𝔡13C 16 0.51 

Xu et. al.  2000 Coniferous Pinus Field Sub tropical Clone 8 Leaves Height m 𝔡13C 8 0.96 

Baltunis et.al. 2008 Coniferous Pinus Field Sub tropical Families 61 Leaves Height cm 𝔡13C 61 0.42 

Guy and 

Holowachuk 

2001 Coniferous Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.763 

Guy and 
Holowachuk 

2001 Coniferous Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.582 

Guy and 

Holowachuk 

2001 Coniferous Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.657 

Prasolova 

et.al. 

2003 Coniferous Pinus Field Sub tropical Clones 122 Leaves Height m 𝔡13C 122 0.198 

Prasolova 

et.al. 

2003 Coniferous Pinus Field Sub tropical Clones 122 Leaves Height m 𝔡13C 122 0.315 

Prasolova 

et.al. 

2003 Coniferous Pinus Field Sub tropical Clones 122 Leaves Diameter cm 𝔡13C 122 0.186 

Prasolova 

et.al. 

2003 Coniferous Pinus Field Sub tropical Clones 122 Leaves Height m 𝔡13C 122 0.363 

Prasolova 
et.al. 

2003 Coniferous Pinus Field Sub tropical Clones 122 Leaves Diameter cm 𝔡13C 122 0.223 

Pastorino et. 

al.  

2012 Coniferous Austrocedrus Field Temperate Families 41 Leaves Height cm 𝔡13C 41 0.684 

Jansen et.al. 2013 Coniferous Pseudotsuga Field Temperate Populations 6 Woods Diameter cm 𝔡13C 6 -0.961 

Jansen et.al. 2013 Coniferous Pseudotsuga Field Temperate Populations 6 Woods Height m 𝔡13C 6 -0.331 

Jansen et.al. 2013 Coniferous Pseudotsuga Field Temperate Populations 6 Woods Height m 𝔡13C 6 0.327 

Jansen et.al. 2013 Coniferous Pseudotsuga Field Temperate Populations 6 Woods Height m 𝔡13C 6 0.479 
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Aitken et.al. 1995 Coniferous Pseudotsuga Field Temperate Populations 4 Woods Height m 𝔡13C 4 0.84 

Aitken et.al. 1995 Coniferous Pseudotsuga Field Temperate Populations 4 Woods Height m 𝔡13C 4 0.832 

Johnsen et. al. 1999 Coniferous Picea Field Boreal Families 18 Leaves Height cm 𝔡13C 18 0.97 

Johnsen et. al. 1999 Coniferous Picea Field Boreal Families 18 Leaves Diameter cm 𝔡13C 18 0.64 

Prasolova 
et.al. 

2001 Coniferous Araucaria Field Sub tropical Families 22 Leaves Height m 𝔡13C 101 0.368 

Prasolova 

et.al. 

2001 Coniferous Araucaria Field Sub tropical Families 22 Leaves Height m 𝔡13C 100 0.41 

Prasolova 

et.al. 

2000 Coniferous Araucaria Field Sub tropical Families 23 Leaves Height m 𝔡13C 113 0.301 

Prasolova 

et.al. 

2000 Coniferous Araucaria Field Sub tropical Families 23 Leaves Diameter mm 𝔡13C 113 0.187 

 Xu et. al. 2003 Coniferous Araucaria Field Sub tropical Families 31 Branchlets Height m 𝔡13C 27 0.16 

 Xu et. al. 2003 Coniferous Araucaria Field Sub tropical Families 31 Branchlets Height m 𝔡13C 27 -0.04 

 Xu et. al. 2003 Coniferous Araucaria Field Sub tropical Families 31 Branchlets Diameter cm 𝔡13C 27 0.12 

 Xu et. al. 2003 Coniferous Araucaria Field Sub tropical Families 31 Branchlets Diameter cm 𝔡13C 27 0.38 

Sun et.al.  1996 Coniferous Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.714 

Sun et.al.  1996 Coniferous Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.848 

Livingston 

et.al.  

1999 Coniferous Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.583 

Livingston 

et.al.  

1999 Coniferous Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.268 

Livingston 

et.al.  

1999 Coniferous Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.754 

Livingston 

et.al.  

1999 Coniferous Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.7 

Voltas J. 

(Unpublished) 

2010 Coniferous Pinus Nursery Mediterranean Populations 25 Leaves Height m 𝔡13C 25 0.46 

Zhang et.al. 1994 Coniferous Larix  Field Temperate Families 5 Leaves Height m 𝔡13C 5 0.75 

Zhang et.al. 1994 Coniferous Larix  Field Temperate Families 5 Leaves Diameter cm 𝔡13C 5 0.92 
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Appendix 5: Summary of the data for broadleaves included in the meta- analysis 

Stu

dy 

Articles Ye

ar 

Type of 

Trees 

Taxonomi

c genus 

Experimental 

conditions 

Biome Genetic 

material 

Number of 

entries 

Measurement 

part 

Growth 

parameter 

Growth 

parameter unit  

WUEi 

measured 

by 

n r 

1 Robson 

et.al. 

201

2 

Broadleaves Fagus Field Mediterra

nean 

Populations 6 Leaves Height cm 𝔡13C 6 -0.233 

2 Robson 

et.al. 

201

2 

Broadleaves Fagus Field Mediterra

nean 

Populations 6 Leaves Diameter mm 𝔡13C 6 -0.266 

3 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.5 

4 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.63 

5 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.86 

6 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.95 

7 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.5 

8 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.65 

9 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.89 

10 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 4

8 

0.95 

11 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Height  𝔡13C 4

8 

0.52 

12 Lauteri et. 200 Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Height  𝔡13C 4 0.85 
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al.  4 8 

13 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Height  𝔡13C 4

8 

0.99 

14 Lauteri et. 

al.  

200

4 

Broadleaves Castanea Greenhouse Temperate Populations 6 Leaves Height  𝔡13C 4

8 

0.12 

15 Pita et. al.  200

1 

Broadleaves Eucalyptus Field Temperate Clones 4 Woods Diameter cm 𝔡13C 4 -0.831 

16 Pita et. al.  200

1 

Broadleaves Eucalyptus Field Temperate Clones 6 Woods Diameter cm 𝔡13C 6 -0.877 

17 Pita et. al.  200

1 

Broadleaves Eucalyptus Field Temperate Clones 7 Woods Diameter cm 𝔡13C 7 -0.889 

18 Pita et. al.  200

1 

Broadleaves Eucalyptus Field Temperate Clones 7 Woods Diameter m2/ha 𝔡13C 7 -0.684 

19 Pita et. al.  200

1 

Broadleaves Eucalyptus Field Temperate Clones 5 Woods Diameter cm 𝔡13C 5 -0.837 

20 Roux 

et.al.  

199

6 

Broadleaves Eucalyptus Field Sub 

tropical 

Clones 6 Leaves Biomass g 𝔡13C 6 -0.84 

21 Roux 

et.al.  

199

6 

Broadleaves Eucalyptus Field Sub 

tropical 

Clones 6 Leaves Biomass g 𝔡13C 1

8 

0.32 

22 Roux 

et.al.  

199

6 

Broadleaves Eucalyptus Field Sub 

tropical 

Clones 6 Leaves Biomass g 𝔡13C 1

8 

0.7 

23 Aleta et. 

al. 

200

9 

Broadleaves Juglans Field Mediterra

nean 

Families 22 Leaves Height cm 𝔡13C 2

2 

-0.83 

24 Aleta et. 

al. 

200

9 

Broadleaves Juglans Field Mediterra

nean 

Families 22 Leaves Diameter mm 𝔡13C 2

2 

-0.99  

25 Aleta et. 

al. 

200

9 

Broadleaves Juglans Field Mediterra

nean 

Families 22 Leaves Height cm 𝔡13C 2

2 

-0.91 

26 Aleta et. 200 Broadleaves Juglans Field Mediterra Families 22 Leaves Diameter mm 𝔡13C 2 -0.23  
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al. 9 nean 2 

27 Dillen 

et.al. 

200

8 

Broadleaves Populus Field Temperate Families 50 Leaves Diameter  𝔡13C 5

0 

-0.36 

28 Monclus 

et.al. 

200

9 

Broadleaves Populus Field Temperate Families 33 Leaves Biomass g 𝔡13C 3

3 

0.43 

29 Monclus 

et.al. 

200

9 

Broadleaves Populus Field Temperate Families 33 Leaves Diameter mm 𝔡13C 3

3 

0.38 

30 Monclus 

et.al. 

200

9 

Broadleaves Populus Field Temperate Families 33 Leaves Height cm 𝔡13C 3

3 

0.33 

 

Appendix 6: Summary of the data for shrubs included in the meta- analysis 

Articles Year Species Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Number 

of 

entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Raddad and 

Luukkanen 

2006  Shrubs Acacia Field Sub 

tropical 

Populations 8 Leaves Seedlings Height m 𝔡13C 8 -0.577 

Raddad and 

Luukkanen 

2006  Shrubs Acacia Field Sub 

tropical 

Populations 8 Leaves Seedlings Diameter cm 𝔡13C 8 -0.581 

 Gray et.al.  2013  Shrubs Acacia Glasshouse Sub 

tropical 

Populations 10 Leaves Seedlings Biomass g 𝔡13C 10 0.208 

 Gray et.al.  2013  Shrubs Acacia Glasshouse Sub 
tropical 

Populations 11 Leaves Seedlings Biomass g 𝔡13C 11 0.671 

Pennington 

et.al.  

1999  Shrubs Prosopis Greenhouse Sub 

tropical 

Families 7 Leaves Seedlings Height cm 𝔡13C 7 0.955 

Pennington 

et.al.  

1999  Shrubs Prosopis Greenhouse Sub 

tropical 

Families 9 Leaves Seedlings Height cm 𝔡13C 9 0.957 

Pennington 

et.al.  

1999  Shrubs Prosopis Greenhouse Sub 

tropical 

Families 15 Leaves Seedlings Height cm 𝔡13C 15 0.035 

Toillon et.al.  2013  Shrubs Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.87 
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Toillon et.al.  2013  Shrubs Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.95 

Toillon et.al.  2013  Shrubs Salix  Field Temperate Clones 6 Leaves Seedlings Diameter mm 𝔡13C 6 0.93 

Toillon et.al.  2013  Shrubs Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.93 

Toillon et.al.  2013  Shrubs Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.94 

Appendix 7: Summary of the data for evergreen included in the meta- analysis 

Study Articles Year Tree types Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1 Correia et.al. 2008 Evergreen Pinus Field Mediterranean Populations 7 Leaves Height  m 𝔡13C 7 -0.32 

2 Correia et.al. 2008 Evergreen Pinus Field Mediterranean Populations 7 Leaves Diameter cm 𝔡13C 7 0.008 

3 Corcuera et. 
al. 

2012 Evergreen Pinus Greenhouse Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.04 

4 Corcuera et. 

al. 

2012 Evergreen Pinus Greenhouse Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.27 

5 Corcuera et. 
al. 

2012 Evergreen Pinus Greenhouse Mediterranean Populations 5 Leaves Diameter mm 𝔡13C 5 -0.16 

6 Corcuera et. 
al. 

2012 Evergreen Pinus Greenhouse Mediterranean Populations 5 Leaves Diameter mm 𝔡13C 5 -0.15 

7 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.224 

8 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 -0.51 

9 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.86 

10 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.53 

11 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.17 

12 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.214 

13 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.33 

14 Tognetti et.al. 2000 Evergreen Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.746 

15 Aranda et. al. 2010 Evergreen Pinus Greenhouse Mediterranean Families 20 Leaves Biomass g 𝔡13C 20 0.685 
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16 Aranda et. al. 2010 Evergreen Pinus Greenhouse Mediterranean Families 20 Leaves Biomass g 𝔡13C 20 0.591 

17 Marguerit 
et.al. 

2014 Evergreen Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.3 

18 Marguerit 
et.al. 

2014 Evergreen Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.26 

19 Marguerit 
et.al. 

2014 Evergreen Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.32 

20 Marguerit 
et.al. 

2014 Evergreen Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.21 

21 Marguerit 
et.al. 

2014 Evergreen Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.08 

22 Marguerit 
et.al. 

2014 Evergreen Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 -0.02 

23 Brendel et.al. 2002 Evergreen Pinus Field Mediterranean Families 63 Woods Diameter mm 𝔡13C 63 0.27 

24 Xue et. al.  2013 Evergreen Pinus Field Temperate Clone 20 Leaves Diameter cm3 𝔡13C 80 0.31 

25 Duglas et. al. 2008 Evergreen Pinus Field Temperate Families 7 Leaves Diameter mm 𝔡13C 7 -0.56 

26 Hawkinset.al. 2010 Evergreen Pinus Field Temperate Clone 6 Leaves Height cm 𝔡13C 6 0.346 

27 Hawkinset.al. 2010 Evergreen Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.278 

28 Hawkinset.al. 2010 Evergreen Pinus Field Temperate Clone 6 Leaves Height cm 𝔡13C 6 -0.14 

29 Hawkinset.al. 2010 Evergreen Pinus Field Temperate Clone 6 Leaves Diameter mm 𝔡13C 6 0.526 

30 Voltas et.al. 2008 Evergreen Pinus Field Mediterranean Populations 25 Woods Height m 𝔡13C 25 -0.4 

31 Voltas et.al. 2008 Evergreen Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.38 

32 Voltas et.al. 2008 Evergreen Pinus Field Mediterranean Populations 25 Woods Height m 𝔡13C 25 -0.38 

33 Voltas et.al. 2008 Evergreen Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.13 

34  Zhang et. al.  1996 Evergreen Pinus Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 -0.32 

35  Zhang et. al.  1996 Evergreen Pinus Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 -0.7 

36  Zhang et. al.  1996 Evergreen Pinus Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 -0.3 

37  Zhang et. al.  1996 Evergreen Pinus Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.1 

38  Zhang et. al.  1996 Evergreen Pinus Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.19 

39  Zhang et. al.  1996 Evergreen Pinus Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 -0.26 
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40  Zhang et. al.  1996 Evergreen Pseudotsuga Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.11 

41  Zhang et. al.  1996 Evergreen Pseudotsuga Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.16 

42  Zhang et. al.  1996 Evergreen Pseudotsuga Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.16 

43  Zhang et. al.  1996 Evergreen Pseudotsuga Greenhouse Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.75 

45  Zhang et. al.  1996 Evergreen Pseudotsuga Greenhouse Temperate Populations 6 Leaves Diameter mm 𝔡13C 18 0.66 

46  Zhang et. al.  1996 Evergreen Pseudotsuga Greenhouse Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.81 

47  Zhang et. al.  1996 Evergreen Pinus Nursery Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.03 

48  Zhang et. al.  1996 Evergreen Pinus Nursery Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.12 

49  Zhang et. al.  1996 Evergreen Pseudotsuga Nursery Temperate Populations 6 Leaves Height cm 𝔡13C 18 0.5 

50  Zhang et. al.  1996 Evergreen Pseudotsuga Nursery Temperate Populations 6 Leaves Biomass g 𝔡13C 18 0.62 

51  Zhang et. al.  1996 Evergreen Pinus Field Temperate Populations 17 Leaves Height cm 𝔡13C 17 0.14 

52 Xu et. al.  2000 Evergreen Pinus Field Sub tropical Clone 8 Leaves Height m 𝔡13C 8 0.96 

53 Baltunis et.al. 2008 Evergreen Pinus Field Sub tropical Families 61 Leaves Height cm 𝔡13C 61 0.42 

54 Baltunis et.al. 2008 Evergreen Pinus Field Sub tropical Populations 32 Leaves Height cm 𝔡13C 32 0.54 

55 Guy and 
Holowachuk 

2001 Evergreen Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.763 

56 Guy and 
Holowachuk 

2001 Evergreen Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.582 

57 Guy and 

Holowachuk 

2001 Evergreen Pinus Field Temperate Populations 10 Woods Diameter cm3 𝔡13C 10 0.657 

58 Prasolova 
et.al. 

2003 Evergreen Pinus Field Sub tropical Clones 122 Leaves Height m 𝔡13C 122 0.198 

59 Prasolova 
et.al. 

2003 Evergreen Pinus Field Sub tropical Clones 122 Leaves Height m 𝔡13C 122 0.315 

60 Prasolova 
et.al. 

2003 Evergreen Pinus Field Sub tropical Clones 122 Leaves Diameter cm 𝔡13C 122 0.186 

61 Prasolova 
et.al. 

2003 Evergreen Pinus Field Sub tropical Clones 122 Leaves Height m 𝔡13C 122 0.363 

62 Prasolova 
et.al. 

2003 Evergreen Pinus Field Sub tropical Clones 122 Leaves Diameter cm 𝔡13C 122 0.223 

63 Pastorino et. 
al.  

2012 Evergreen Austrocedrus Field Temperate Families 41 Leaves Height cm 𝔡13C 41 0.684 
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64 Jansen et.al. 2013 Evergreen Pseudotsuga Field Temperate Populations 6 Woods Diameter cm 𝔡13C 6 -0.96 

65 Jansen et.al. 2013 Evergreen Pseudotsuga Field Temperate Populations 6 Woods Height m 𝔡13C 6 -0.33 

66 Jansen et.al. 2013 Evergreen Pseudotsuga Field Temperate Populations 6 Woods Height m 𝔡13C 6 0.327 

67 Jansen et.al. 2013 Evergreen Pseudotsuga Field Temperate Populations 6 Woods Height m 𝔡13C 6 0.479 

68 Aitken et.al. 1995 Evergreen Pseudotsuga Field Temperate Populations 4 Woods Height m 𝔡13C 4 0.84 

69 Aitken et.al. 1995 Evergreen Pseudotsuga Field Temperate Populations 4 Woods Height m 𝔡13C 4 0.832 

70 Johnsen et. al. 1999 Evergreen Picea Field Boreal Families 18 Leaves Height cm 𝔡13C 18 0.97 

71 Johnsen et. al. 1999 Evergreen Picea Field Boreal Families 18 Leaves Diameter cm 𝔡13C 18 0.64 

72 Prasolova 
et.al. 

2001 Evergreen Araucaria Field Sub tropical Families 22 Leaves Height m 𝔡13C 101 0.368 

73 Prasolova 

et.al. 

2001 Evergreen Araucaria Field Sub tropical Families 22 Leaves Height m 𝔡13C 100 0.41 

74 Prasolova 
et.al. 

2000 Evergreen Araucaria Field Sub tropical Families 23 Leaves Height m 𝔡13C 113 0.301 

75 Prasolova 
et.al. 

2000 Evergreen Araucaria Field Sub tropical Families 23 Leaves Diameter mm 𝔡13C 113 0.187 

76  Xu et. al. 2003 Evergreen Araucaria Field Sub tropical Families 31 Branchlets Height m 𝔡13C 27 0.16 

77  Xu et. al. 2003 Evergreen Araucaria Field Sub tropical Families 31 Branchlets Height m 𝔡13C 27 -0.04 

78  Xu et. al. 2003 Evergreen Araucaria Field Sub tropical Families 31 Branchlets Diameter cm 𝔡13C 27 0.12 

79  Xu et. al. 2003 Evergreen Araucaria Field Sub tropical Families 31 Branchlets Diameter cm 𝔡13C 27 0.38 

80 Sun et.al.  1996 Evergreen Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.714 

81 Sun et.al.  1996 Evergreen Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.848 

82 Livingston 
et.al.  

1999 Evergreen Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.583 

83 Livingston 
et.al.  

1999 Evergreen Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.268 

84 Livingston 
et.al.  

1999 Evergreen Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.754 

85 Livingston 
et.al.  

1999 Evergreen Picea Field Boreal Clones 10 Leaves Biomass g 𝔡13C 10 0.7 

86 Voltas J. 
(Unpublished) 

2010 Evergreen Pinus Nursery Mediterranean Populations 25 Leaves Height m 𝔡13C 25 0.46 
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Appendix 8: Summary of the data for deciduous included in the meta- analysis 

Study Articles Year Tree types Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic material No of 

entries 

Measurement 

part 

Growth 

parameter 

WUEi 

measurement by 

n r 

1  Zhang et. 

al.  

1996 Deciduous Larix  Greenhouse Temperate Populations 14 Leaves Height 𝔡13C 42 0.41 

2  Zhang et. 
al.  

1996 Deciduous Larix  Greenhouse Temperate Populations 14 Leaves Diameter 𝔡13C 42 0.31 

3  Zhang et. 
al.  

1996 Deciduous Larix  Greenhouse Temperate Populations 14 Leaves Biomass 𝔡13C 42 0.59 

4  Zhang et. 
al.  

1996 Deciduous Larix  Greenhouse Temperate Populations 14 Leaves Height 𝔡13C 42 0.23 

5  Zhang et. 

al.  

1996 Deciduous Larix  Greenhouse Temperate Populations 14 Leaves Diameter 𝔡13C 42 0.25 

6  Zhang et. 
al.  

1996 Deciduous Larix  Greenhouse Temperate Populations 14 Leaves Biomass 𝔡13C 42 0.74 

7  Zhang et. 
al.  

1996 Deciduous Larix  Field Temperate Populations 16 Leaves Height 𝔡13C 16 0.51 

8 Raddad and 
Luukkanen 

2006 Deciduous Acacia Field Sub tropical Populations 8 Leaves Height 𝔡13C 8 -0.6 

9 Raddad and 

Luukkanen 

2006 Deciduous Acacia Field Sub tropical Populations 8 Leaves Diameter 𝔡13C 8 -0.6 

10  Gray et.al.  2013 Deciduous Acacia Greenhouse Sub tropical Populations 10 Leaves Biomass 𝔡13C 10 0.21 

11  Gray et.al.  2013 Deciduous Acacia Greenhouse Sub tropical Populations 11 Leaves Biomass 𝔡13C 11 0.67 

12 Robson 
et.al. 

2012 Deciduous Fagus Field Mediterranean Populations 6 Leaves Height 𝔡13C 6 -0.2 

13 Robson 
et.al. 

2012 Deciduous Fagus Field Mediterranean Populations 6 Leaves Diameter 𝔡13C 6 -0.3 

14 Lauteri et. 

al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.5 

15 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.63 

16 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.86 

17 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.95 

18 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.5 

19 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.65 
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20 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.89 

21 Lauteri et. 

al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Biomass 𝔡13C 48 0.95 

22 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Height 𝔡13C 48 0.52 

23 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Height 𝔡13C 48 0.85 

24 Lauteri et. 
al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Height 𝔡13C 48 0.99 

25 Lauteri et. 

al.  

2004 Deciduous Castanea Greenhouse Temperate Populations 6 Leaves Height 𝔡13C 48 0.12 

26 Pita et. al.  2001 Deciduous Eucalyptus Field Temperate Clones 4 Woods Diameter 𝔡13C 4 -0.8 

27 Pita et. al.  2001 Deciduous Eucalyptus Field Temperate Clones 6 Woods Diameter 𝔡13C 6 -0.9 

28 Pita et. al.  2001 Deciduous Eucalyptus Field Temperate Clones 7 Woods Diameter 𝔡13C 7 -0.9 

29 Pita et. al.  2001 Deciduous Eucalyptus Field Temperate Clones 7 Woods Diameter 𝔡13C 7 -0.7 

30 Pita et. al.  2001 Deciduous Eucalyptus Field Temperate Clones 5 Woods Diameter 𝔡13C 5 -0.8 

31 Roux et.al.  1996 Deciduous Eucalyptus Field Sub tropical Clones 6 Leaves Biomass 𝔡13C 6 -0.8 

32 Roux et.al.  1996 Deciduous Eucalyptus Field Sub tropical Clones 6 Leaves Biomass 𝔡13C 18 0.32 

33 Roux et.al.  1996 Deciduous Eucalyptus Field Sub tropical Clones 6 Leaves Biomass 𝔡13C 18 0.7 

34 Zhang et.al. 1994 Deciduous Larix  Field Temperate Families 5 Leaves Height 𝔡13C 5 0.75 

35 Zhang et.al. 1994 Deciduous Larix  Field Temperate Families 5 Leaves Diameter 𝔡13C 5 0.92 

36 Aleta et. al. 2009 Deciduous Juglans Field Mediterranean Families 22 Leaves Height 𝔡13C 22 –0.83 

37 Aleta et. al. 2009 Deciduous Juglans Field Mediterranean Families 22 Leaves Diameter 𝔡13C 22 –0.99  

38 Aleta et. al. 2009 Deciduous Juglans Field Mediterranean Families 22 Leaves Height 𝔡13C 22 –0.91 

39 Aleta et. al. 2009 Deciduous Juglans Field Mediterranean Families 22 Leaves Diameter 𝔡13C 22 –0.23  

40 Dillen et.al. 2008 Deciduous Populus Field Temperate Families 50 Leaves Diameter 𝔡13C 50 -0.4 

41 Monclus 
et.al. 

2009 Deciduous Populus Field Temperate Families 33 Leaves Biomass 𝔡13C 33 0.43 

42 Monclus 
et.al. 

2009 Deciduous Populus Field Temperate Families 33 Leaves Diameter 𝔡13C 33 0.38 

43 Monclus 

et.al. 

2009 Deciduous Populus Field Temperate Families 33 Leaves Height 𝔡13C 33 0.33 

44 Pennington 
et.al.  

1999 Deciduous Prosopis Greenhouse Sub tropical Families 7 Leaves Height 𝔡13C 7 0.96 
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45 Pennington 
et.al.  

1999 Deciduous Prosopis Greenhouse Sub tropical Families 9 Leaves Height 𝔡13C 9 0.96 

46 Pennington 

et.al.  

1999 Deciduous Prosopis Greenhouse Sub tropical Families 15 Leaves Height 𝔡13C 15 0.04 

47 Toillon 
et.al.  

2013 Deciduous Salix  Field Temperate Clones 6 Leaves Height 𝔡13C 6 0.87 

48 Toillon 
et.al.  

2013 Deciduous Salix  Field Temperate Clones 6 Leaves Height 𝔡13C 6 0.95 

49 Toillon 
et.al.  

2013 Deciduous Salix  Field Temperate Clones 6 Leaves Diameter 𝔡13C 6 0.93 

50 Toillon 

et.al.  

2013 Deciduous Salix  Field Temperate Clones 6 Leaves Biomass 𝔡13C 6 0.93 

51 Toillon 
et.al.  

2013 Deciduous Salix  Field Temperate Clones 6 Leaves Biomass 𝔡13C 6 0.94 

 

Appendix 9: Summary of the data for populations included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Number 

of 

entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Adult trees Height  m 𝔡13C 7 -0.324 

Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Adult trees Diameter cm 𝔡13C 7 0.0083 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 0.04 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 -0.27 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Diameter mm 𝔡13C 5 -0.16 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Diameter mm 𝔡13C 5 -0.15 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.224 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 -0.506 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.8602 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.53 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -0.173 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.214 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -0.332 
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Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.746 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Height m 𝔡13C 25 -0.4 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Diameter cm 𝔡13C 25 -0.38 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Height m 𝔡13C 25 -0.38 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Diameter cm 𝔡13C 25 -0.13 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 -0.32 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 -0.7 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.1 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.19 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.26 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.11 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.75 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.66 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.81 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.41 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.31 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.59 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.23 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.25 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.74 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.03 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.12 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.5 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.62 
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 Zhang et. al.  1996 Pinus Field Temperate Populations 17 Leaves Adult trees Height cm 𝔡13C 17 0.14 

 Zhang et. al.  1996 Larix  Field Temperate Populations 16 Leaves Adult trees Height cm 𝔡13C 16 0.51 

Baltunis et.al. 2008 Pinus Field Sub tropical Populations 32 Leaves Seedlings Height cm 𝔡13C 32 0.54 

Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.763 

Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.582 

Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.657 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Diameter cm 𝔡13C 6 -0.961 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 -0.331 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.327 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.479 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Seedlings Height m 𝔡13C 4 0.84 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Adult trees Height m 𝔡13C 4 0.832 

Voltas J. 
(Unpublished) 

2010 Pinus Nursery Mediterranean Populations 25 Leaves Seedlings Height m 𝔡13C 25 0.46 

Raddad and Luukkanen 2006 Acacia Field Sub tropical Populations 8 Leaves Seedlings Height m 𝔡13C 8 -0.577 

Raddad and Luukkanen 2006 Acacia Field Sub tropical Populations 8 Leaves Seedlings Diameter cm 𝔡13C 8 -0.581 

 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 10 Leaves Seedlings Biomass g 𝔡13C 10 0.208 

 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 11 Leaves Seedlings Biomass g 𝔡13C 11 0.671 

Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Adult trees Height cm 𝔡13C 6 -0.233 

Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Adult trees Diameter mm 𝔡13C 6 -0.266 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.63 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.86 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.65 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.89 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 
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Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.52 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.85 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.99 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.12 

 

Appendix 10: Summary of the data for families included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Number 

of 

entries 

Measurement 

part 

Ontogeny 

stages 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1 Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.69 

2 Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.59 

3 Marguerit 
et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.3 

4 Marguerit 
et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 0.26 

5 Marguerit 
et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.32 

6 Marguerit 

et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 0.21 

7 Marguerit 
et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.08 

8 Marguerit 
et.al. 

2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 -0.02 

9 Brendel et.al. 2002 Pinus Field Mediterranean Families 63 Woods Adult trees Diameter mm 𝔡13C 63 0.27 

10 Duglas et. al. 2008 Pinus Field Temperate Families 7 Leaves Adult trees Diameter mm 𝔡13C 7 -0.56 

11 Duglas et. al. 2008 Pinus Field Temperate Families 8 Leaves Adult trees Diameter mm 𝔡13C 8 -0.19 

12 Baltunis et.al. 2008 Pinus Field Sub tropical Families 61 Leaves Seedlings Height cm 𝔡13C 61 0.42 

13 Pastorino et. 
al.  

2012 Austrocedrus Field Temperate Families 41 Leaves Seedlings Height cm 𝔡13C 41 0.68 

14 Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Height cm 𝔡13C 18 0.97 

15 Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Diameter cm 𝔡13C 18 0.64 
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16 Prasolova 
et.al. 

2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 101 0.37 

17 Prasolova 

et.al. 

2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 100 0.41 

18 Prasolova 
et.al. 

2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Height m 𝔡13C 113 0.3 

19 Prasolova 
et.al. 

2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Diameter mm 𝔡13C 113 0.19 

20  Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 0.16 

21  Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 -0.04 

22  Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.12 

23  Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.38 

24 Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Height m 𝔡13C 5 0.75 

25 Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.92 

26 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.83 

27 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Diameter mm 𝔡13C 22 –0.99  

28 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.91 

29 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Diameter mm 𝔡13C 22 –0.23  

30 Dillen et.al. 2008 Populus Field Temperate Families 50 Leaves Saplings Diameter  𝔡13C 50 -0.36 

31 Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Biomass g 𝔡13C 33 0.43 

32 Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Diameter mm 𝔡13C 33 0.38 

33 Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Height cm 𝔡13C 33 0.33 

34 Pennington 
et.al.  

1999 Prosopis Greenhouse Sub tropical Families 7 Leaves Seedlings Height cm 𝔡13C 7 0.96 

35 Pennington 
et.al.  

1999 Prosopis Greenhouse Sub tropical Families 9 Leaves Seedlings Height cm 𝔡13C 9 0.96 

36 Pennington 
et.al.  

1999 Prosopis Greenhouse Sub tropical Families 15 Leaves Seedlings Height cm 𝔡13C 15 0.04 
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Appendix 11: Summary of the data for clones included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Number 

of entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Xue et. al.  2013 Pinus Field Temperate Clones 20 Leaves Saplings Diameter mm 𝔡13C 80 0.33 

Xue et. al.  2013 Pinus Field Temperate Clones 20 Leaves Saplings Diameter cm3 𝔡13C 80 0.31 

Hawkins et.al. 2010 Pinus Field Temperate Clones 6 Leaves Saplings Height cm 𝔡13C 6 0.54 

Hawkins et.al. 2010 Pinus Field Temperate Clones 6 Leaves Saplings Diameter mm 𝔡13C 6 0.199 

Hawkins et.al. 2010 Pinus Field Temperate Clones 6 Leaves Saplings Height cm 𝔡13C 6 0.346 

Hawkins et.al. 2010 Pinus Field Temperate Clones 6 Leaves Saplings Diameter mm 𝔡13C 6 0.278 

Hawkins et.al. 2010 Pinus Field Temperate Clones 6 Leaves Saplings Height cm 𝔡13C 6 -0.142 

Hawkins et.al. 2010 Pinus Field Temperate Clones 6 Leaves Saplings Diameter mm 𝔡13C 6 0.526 

Xu et. al.  2000 Pinus Field Sub tropical Clones 8 Leaves Saplings Height m 𝔡13C 8 0.96 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.198 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.315 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.186 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.363 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.223 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.714 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.848 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.583 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.268 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.754 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.7 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 4 Woods Saplings Diameter cm 𝔡13C 4 -0.831 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 6 Woods Saplings Diameter cm 𝔡13C 6 -0.877 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Saplings Diameter cm 𝔡13C 7 -0.889 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Saplings Diameter m2/ha 𝔡13C 7 -0.684 
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Pita et. al.  2001 Eucalyptus Field Temperate Clones 5 Woods Saplings Diameter cm 𝔡13C 5 -0.837 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 -0.84 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.32 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.7 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.87 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.95 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Diameter mm 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.94 

 

Appendix 12: Summary of the data for Mediterranean included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement part Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1 Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Height  m 𝔡13C 7 -0.32 

2 Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Diameter cm 𝔡13C 7 0.008 

3 Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.83 

4 Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Diameter mm 𝔡13C 5 -0.2 

5 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.224 

6 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 -0.51 

7 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 0.86 

8 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.53 

9 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.17 

10 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.214 

11 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Height cm 𝔡13C 5 -0.33 
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12 Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Diameter cm 𝔡13C 5 0.746 

13 Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Biomass g 𝔡13C 20 0.685 

14 Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Biomass g 𝔡13C 20 0.591 

15 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.3 

16 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.26 

17 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.32 

18 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 0.21 

19 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Height cm 𝔡13C 50 0.08 

20 Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Diameter cm 𝔡13C 50 -0.02 

21 Brendel et.al. 2002 Pinus Field Mediterranean Families 63 Woods Diameter mm 𝔡13C 63 0.27 

22 Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Height m 𝔡13C 25 -0.4 

23 Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.38 

24 Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Height m 𝔡13C 25 -0.38 

25 Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Diameter cm 𝔡13C 25 -0.13 

26 Voltas J. 
(Unpublished) 

2010 Pinus Nursery Mediterranean Populations 25 Leaves Height m 𝔡13C 25 0.46 

27 Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Height cm 𝔡13C 6 -0.23 

28 Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Diameter mm 𝔡13C 6 -0.27 

29 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Height cm 𝔡13C 22 –0.83 

30 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Diameter mm 𝔡13C 22 –0.99  

31 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Height cm 𝔡13C 22 –0.91 

32 Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Diameter mm 𝔡13C 22 –0.23  
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Appendix 13: Summary of the data for boreal included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Nor of 

entries 

Measurement part Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Height cm 𝔡13C 18 0.97 

Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Diameter cm 𝔡13C 18 0.64 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.71 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.85 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.58 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.27 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.75 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.7 

 

Appendix 14: Summary of the data for subtropical included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Xu et. al.  2000 Pinus Field Sub tropical Clone 8 Leaves Sapling Height m 𝔡13C 8 0.96 

Baltunis et.al. 2008 Pinus Field Sub tropical Families 61 Leaves Seedlings Height cm 𝔡13C 61 0.42 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.2 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.32 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.19 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.36 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.22 

Prasolova et.al. 2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 101 0.37 

Prasolova et.al. 2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 100 0.41 

Prasolova et.al. 2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Height m 𝔡13C 113 0.3 
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Prasolova et.al. 2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Diameter mm 𝔡13C 113 0.19 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 0.16 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 -0.04 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.12 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.38 

Raddad and Luukkanen 2006 Acacia Field Sub tropical Populations 8 Leaves Seedlings Height m 𝔡13C 8 -0.58 

Raddad and Luukkanen 2006 Acacia Field Sub tropical Populations 8 Leaves Seedlings Diameter cm 𝔡13C 8 -0.58 

 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 10 Leaves Seedlings Biomass g 𝔡13C 10 0.21 

 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 11 Leaves Seedlings Biomass g 𝔡13C 11 0.67 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 -0.84 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.32 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.7 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 7 Leaves Seedlings Height cm 𝔡13C 7 0.96 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 9 Leaves Seedlings Height cm 𝔡13C 9 0.96 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 15 Leaves Seedlings Height cm 𝔡13C 15 0.04 
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Appendix 15: Summary of the data for temperate included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

mreasured by 

n r 

Xue et. al.  2013 Pinus Field Temperate Clone 20 Leaves Sapling Diameter mm 𝔡13C 80 0.33 

Xue et. al.  2013 Pinus Field Temperate Clone 20 Leaves Sapling Diameter cm3 𝔡13C 80 0.31 

Duglas et. al. 2008 Pinus Field Temperate Families 7 Leaves Adult trees Diameter mm 𝔡13C 7 -0.56 

Duglas et. al. 2008 Pinus Field Temperate Families 8 Leaves Adult trees Diameter mm 𝔡13C 8 -0.19 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Height cm 𝔡13C 6 0.54 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Diameter mm 𝔡13C 6 0.199 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Height cm 𝔡13C 6 0.346 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Diameter mm 𝔡13C 6 0.278 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Height cm 𝔡13C 6 -0.142 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Sapling Diameter mm 𝔡13C 6 0.526 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 -0.32 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 -0.7 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.1 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.19 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.26 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.11 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.75 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.66 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.81 
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 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.41 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.31 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.59 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.23 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.25 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.74 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.03 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.12 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.5 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.62 

 Zhang et. al.  1996 Pinus Field Temperate Populations 17 Leaves Adult trees Height cm 𝔡13C 17 0.14 

 Zhang et. al.  1996 Larix  Field Temperate Populations 16 Leaves Adult trees Height cm 𝔡13C 16 0.51 

Guy and 
Holowachuk 

2001 Pinus Field Temperate Populations 10 Woods Sapling Diameter cm3 𝔡13C 10 0.763 

Guy and 
Holowachuk 

2001 Pinus Field Temperate Populations 10 Woods Sapling Diameter cm3 𝔡13C 10 0.582 

Guy and 
Holowachuk 

2001 Pinus Field Temperate Populations 10 Woods Sapling Diameter cm3 𝔡13C 10 0.657 

Pastorino et. al.  2012 Austrocedrus Field Temperate Families 41 Leaves Seedlings Height cm 𝔡13C 41 0.684 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Diameter cm 𝔡13C 6 -0.961 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 -0.331 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.327 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.479 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Seedlings Height m 𝔡13C 4 0.84 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Adult trees Height m 𝔡13C 4 0.832 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.63 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.86 



 80 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.65 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.89 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.52 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.85 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.99 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.12 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 4 Woods Saplings Diameter cm 𝔡13C 4 -0.831 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 6 Woods Saplings Diameter cm 𝔡13C 6 -0.877 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Saplings Diameter cm 𝔡13C 7 -0.889 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Saplings Diameter m2/ha 𝔡13C 7 -0.684 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 5 Woods Saplings Diameter cm 𝔡13C 5 -0.837 

Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Height m 𝔡13C 5 0.75 

Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.92 

Dillen et.al. 2008 Populus Field Temperate Families 50 Leaves Saplings Diameter  𝔡13C 50 -0.36 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Biomass g 𝔡13C 33 0.43 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Diameter mm 𝔡13C 33 0.38 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Height cm 𝔡13C 33 0.33 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.87 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.95 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Diameter mm 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.94 
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Appendix 16: Summary of the data for field included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 
Biome 

Genetic 

material 

Number 

of entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by n r 

Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Adult trees Height  m 𝔡13C 7 -0.324 

Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Adult trees Diameter cm 𝔡13C 7 0.0083 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.224 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 -0.506 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.86 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.53 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -0.173 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.214 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -0.332 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.746 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.3 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 0.26 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.32 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 0.21 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.08 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 -0.02 

Brendel et.al. 2002 Pinus Field Mediterranean Families 63 Woods Adult trees Diameter mm 𝔡13C 63 0.27 

Xue et. al.  2013 Pinus Field Temperate Clone 20 Leaves 

 
Diameter mm 𝔡13C 80 0.33 

Xue et. al.  2013 Pinus Field Temperate Clone 20 Leaves 

 
Diameter cm3 𝔡13C 80 0.31 

Duglas et. al. 2008 Pinus Field Temperate Families 7 Leaves Adult trees Diameter mm 𝔡13C 7 -0.56 

Duglas et. al. 2008 Pinus Field Temperate Families 8 Leaves Adult trees Diameter mm 𝔡13C 8 -0.19 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Saplings Height cm 𝔡13C 6 0.54 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Saplings Diameter mm 𝔡13C 6 0.199 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Saplings Height cm 𝔡13C 6 0.346 
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Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Saplings Diameter mm 𝔡13C 6 0.278 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Saplings Height cm 𝔡13C 6 -0.142 

Hawkins et.al. 2010 Pinus Field Temperate Clone 6 Leaves Saplings Diameter mm 𝔡13C 6 0.526 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Height m 𝔡13C 25 -0.4 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Diameter cm 𝔡13C 25 -0.38 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Height m 𝔡13C 25 -0.38 

Voltas et.al. 2008 Pinus Field Mediterranean Populations 25 Woods Saplings Diameter cm 𝔡13C 25 -0.13 

 Zhang et. al.  1996 Pinus Field Temperate Populations 17 Leaves Adult trees Height cm 𝔡13C 17 0.14 

 Zhang et. al.  1996 Larix  Field Temperate Populations 16 Leaves Adult trees Height cm 𝔡13C 16 0.51 

Xu et. al.  2000 Pinus Field Sub tropical Clone 8 Leaves Saplings Height m 𝔡13C 8 0.96 

Baltunis et.al. 2008 Pinus Field Sub tropical Families 61 Leaves Seedlings Height cm 𝔡13C 61 0.42 

Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.763 

Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.582 

Guy and Holowachuk 2001 Pinus Field Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.657 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.198 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.315 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.186 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.363 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.223 

Pastorino et. al.  2012 Austrocedrus Field Temperate Families 41 Leaves Seedlings Height cm 𝔡13C 41 0.684 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Diameter cm 𝔡13C 6 -0.961 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 -0.331 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.327 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.479 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Seedlings Height m 𝔡13C 4 0.84 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Adult trees Height m 𝔡13C 4 0.832 

Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Height cm 𝔡13C 18 0.97 

Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Diameter cm 𝔡13C 18 0.64 
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Prasolova et.al. 2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 101 0.368 

Prasolova et.al. 2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 100 0.41 

Prasolova et.al. 2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Height m 𝔡13C 113 0.301 

Prasolova et.al. 2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Diameter mm 𝔡13C 113 0.187 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 0.16 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 -0.04 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.12 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.38 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.714 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.848 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.583 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.268 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.754 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.7 

Raddad and 

Luukkanen 
2006 

Acacia 
Field Sub tropical Populations 8 Leaves Seedlings Height m 

𝔡13C 
8 -0.577 

Raddad and 
Luukkanen 

2006 
Acacia 

Field Sub tropical Populations 8 Leaves Seedlings Diameter cm 
𝔡13C 

8 -0.581 

Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Adult trees Height cm 𝔡13C 6 -0.233 

Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Adult trees Diameter mm 𝔡13C 6 -0.266 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 4 Woods Saplings Diameter cm 𝔡13C 4 -0.831 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 6 Woods Saplings Diameter cm 𝔡13C 6 -0.877 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Saplings Diameter cm 𝔡13C 7 -0.889 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 7 Woods Saplings Diameter m2/ha 𝔡13C 7 -0.684 

Pita et. al.  2001 Eucalyptus Field Temperate Clones 5 Woods Saplings Diameter cm 𝔡13C 5 -0.837 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 -0.84 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.32 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.7 

Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Height m 𝔡13C 5 0.75 



 84 

Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.92 

Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.83 

Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Diameter mm 𝔡13C 22 –0.99  

Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.91 

Aleta et. al. 2009 Juglans Field Mediterranean Families 22 Leaves Saplings Diameter mm 𝔡13C 22 –0.23  

Dillen et.al. 2008 Populus Field Temperate Families 50 Leaves Saplings Diameter 

 
𝔡13C 50 0.36 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Biomass g 𝔡13C 33 0.43 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Diameter mm 𝔡13C 33 0.38 

Monclus et.al. 2009 Populus Field Temperate Families 33 Leaves Saplings Height cm 𝔡13C 33 0.33 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.87 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.95 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Diameter mm 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.94 
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Appendix 17: Summary of the data for greenhouse included in the meta- analysis 

Articles Year 
Taxonomic 

genus 

Experimental 

conditions 
Biome 

Genetic 

material 

Number 

of entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 0.04 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 -0.3 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Diameter mm 𝔡13C 5 -0.2 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Diameter mm 𝔡13C 5 -0.2 

Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.69 

Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.59 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 -0.7 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.1 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.19 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.11 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.75 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.66 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.81 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.41 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.31 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.59 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.23 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.25 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.74 
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 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 10 Leaves Seedlings Biomass g 𝔡13C 10 0.21 

 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 11 Leaves Seedlings Biomass g 𝔡13C 11 0.67 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.63 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.86 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.65 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.89 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height 
 𝔡13C 48 0.52 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height 
 𝔡13C 48 0.85 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height 
 𝔡13C 48 0.99 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height 
 𝔡13C 48 0.12 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 7 Leaves Seedlings Height cm 𝔡13C 7 0.96 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 9 Leaves Seedlings Height cm 𝔡13C 9 0.96 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 15 Leaves Seedlings Height cm 𝔡13C 15 0.04 
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Appendix 18: Summary of the data for nursery included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

Number 

of entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1  Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0 

2  Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.1 

3  Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.5 

4  Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.6 

5 Voltas J. 
(Unpublished) 

2010 Pinus Nursery Mediterranean Populations 25 Leaves Seedlings Height m 𝔡13C 25 0.5 

 

Appendix 19: Summary of the data for optimal environment included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Environment of 

test site 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1 Correia et.al. 2008 Pinus Mediterranean Populations 7 Leaves Optimal Height  m 𝔡13C 7 -0.324 

2 Correia et.al. 2008 Pinus Mediterranean Populations 7 Leaves Optimal Diameter cm 𝔡13C 7 0.0083 

3 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Height cm 𝔡13C 5 0.224 

4 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Diameter cm 𝔡13C 5 -0.506 

5 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Height cm 𝔡13C 5 0.8602 

6 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Diameter cm 𝔡13C 5 0.53 

7 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Height cm 𝔡13C 5 -0.173 

8 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Diameter cm 𝔡13C 5 0.214 

9 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Height cm 𝔡13C 5 -0.332 

10 Tognetti et.al. 2000 Pinus Mediterranean Populations 5 Leaves Optimal Diameter cm 𝔡13C 5 0.746 
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11 Marguerit et.al. 2014 Pinus Mediterranean Families 50 Woods Optimal Height cm 𝔡13C 50 0.32 

12 Marguerit et.al. 2014 Pinus Mediterranean Families 50 Woods Optimal Diameter cm 𝔡13C 50 0.21 

13 Marguerit et.al. 2014 Pinus Mediterranean Families 50 Woods Optimal Height cm 𝔡13C 50 0.08 

14 Marguerit et.al. 2014 Pinus Mediterranean Families 50 Woods Optimal Diameter cm 𝔡13C 50 -0.02 

15 Duglas et. al. 2008 Pinus Temperate Families 7 Leaves Optimal Diameter mm 𝔡13C 7 -0.56 

16 Duglas et. al. 2008 Pinus Temperate Families 8 Leaves Optimal Diameter mm 𝔡13C 8 -0.19 

17 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Optimal Height cm 𝔡13C 6 0.54 

18 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Optimal Diameter mm 𝔡13C 6 0.199 

19 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Optimal Height cm 𝔡13C 6 -0.142 

20 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Optimal Diameter mm 𝔡13C 6 0.526 

21 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Optimal Height m 𝔡13C 25 -0.4 

22 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Optimal Diameter cm 𝔡13C 25 -0.38 

23  Zhang et. al.  1996 Pinus Temperate Populations 17 Leaves Optimal Height cm 𝔡13C 17 0.14 

24  Zhang et. al.  1996 Larix  Temperate Populations 16 Leaves Optimal Height cm 𝔡13C 16 0.51 

25 Xu et. al.  2000 Pinus Sub tropical Clone 8 Leaves Optimal Height m 𝔡13C 8 0.96 

26 Baltunis et.al. 2008 Pinus Sub tropical Families 61 Leaves Optimal Height cm 𝔡13C 61 0.42 

27 Baltunis et.al. 2008 Pinus Sub tropical Populations 32 Leaves Optimal Height cm 𝔡13C 32 0.54 

28 Guy and 
Holowachuk 

2001 Pinus Temperate Populations 10 Woods Optimal Diameter cm3 𝔡13C 10 0.763 

29 Guy and 

Holowachuk 

2001 Pinus Temperate Populations 10 Woods Optimal Diameter cm3 𝔡13C 10 0.582 

30 Prasolova et.al. 2003 Pinus Sub tropical Clones 122 Leaves Optimal Height m 𝔡13C 122 0.315 

31 Prasolova et.al. 2003 Pinus Sub tropical Clones 122 Leaves Optimal Diameter cm 𝔡13C 122 0.186 

32 Prasolova et.al. 2003 Pinus Sub tropical Clones 122 Leaves Optimal Height m 𝔡13C 122 0.363 

33 Prasolova et.al. 2003 Pinus Sub tropical Clones 122 Leaves Optimal Diameter cm 𝔡13C 122 0.223 

34 Pastorino et. al.  2012 Austrocedrus Temperate Families 41 Leaves Optimal Height cm 𝔡13C 41 0.684 

35 Jansen et.al. 2013 Pseudotsuga Temperate Populations 6 Woods Optimal Height m 𝔡13C 6 0.327 

36 Jansen et.al. 2013 Pseudotsuga Temperate Populations 6 Woods Optimal Height m 𝔡13C 6 0.479 
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37 Aitken et.al. 1995 Pseudotsuga Temperate Populations 4 Woods Optimal Height m 𝔡13C 4 0.84 

38 Aitken et.al. 1995 Pseudotsuga Temperate Populations 4 Woods Optimal Height m 𝔡13C 4 0.832 

39 Johnsen et. al. 1999 Picea Boreal Families 18 Leaves Optimal Height cm 𝔡13C 18 0.97 

40 Johnsen et. al. 1999 Picea Boreal Families 18 Leaves Optimal Diameter cm 𝔡13C 18 0.64 

41 Prasolova et.al. 2000 Araucaria Sub tropical Families 23 Leaves Optimal Height m 𝔡13C 113 0.301 

42 Prasolova et.al. 2000 Araucaria Sub tropical Families 23 Leaves Optimal Diameter mm 𝔡13C 113 0.187 

43  Xu et. al. 2003 Araucaria Sub tropical Families 31 Branchlets Optimal Height m 𝔡13C 27 0.16 

44  Xu et. al. 2003 Araucaria Sub tropical Families 31 Branchlets Optimal Height m 𝔡13C 27 -0.04 

45  Xu et. al. 2003 Araucaria Sub tropical Families 31 Branchlets Optimal Diameter cm 𝔡13C 27 0.12 

46  Xu et. al. 2003 Araucaria Sub tropical Families 31 Branchlets Optimal Diameter cm 𝔡13C 27 0.38 

47 Voltas J. 
(Unpublished) 

2010 Pinus Mediterranean Populations 25 Leaves Optimal Height m 𝔡13C 25 0.46 

48 Raddad and 
Luukkanen 

2006 Acacia Sub tropical Populations 8 Leaves Optimal Height m 𝔡13C 8 -0.577 

49 Raddad and 
Luukkanen 

2006 Acacia Sub tropical Populations 8 Leaves Optimal Diameter cm 𝔡13C 8 -0.581 

50  Gray et.al.  2013 Acacia Sub tropical Populations 10 Leaves Optimal Biomass g 𝔡13C 10 0.208 

51  Gray et.al.  2013 Acacia Sub tropical Populations 11 Leaves Optimal Biomass g 𝔡13C 11 0.671 

52 Dillen et.al. 2008 Populus Temperate Families 50 Leaves Optimal Diameter  𝔡13C 50 -0.36 

53 Pennington et.al.  1999 Prosopis Sub tropical Families 7 Leaves Optimal Height cm 𝔡13C 7 0.955 

54 Pennington et.al.  1999 Prosopis Sub tropical Families 9 Leaves Optimal Height cm 𝔡13C 9 0.957 

55 Pennington et.al.  1999 Prosopis Sub tropical Families 15 Leaves Optimal Height cm 𝔡13C 15 0.035 

56 Toillon et.al.  2013 Salix  Temperate Clones 6 Leaves Optimal Height cm 𝔡13C 6 0.87 

57 Toillon et.al.  2013 Salix  Temperate Clones 6 Leaves Optimal Biomass g 𝔡13C 6 0.94 
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Appendix 20: Summary of the data for sub optimal environment included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Environment of 

test site 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1 Marguerit et.al. 2014 Pinus Mediterranean Families 50 Woods Sub optimal Height cm 𝔡13C 50 0.3 

2 Marguerit et.al. 2014 Pinus Mediterranean Families 50 Woods Sub optimal Diameter cm 𝔡13C 50 0.26 

3 Brendel et.al. 2002 Pinus Mediterranean Families 63 Woods Sub optimal Diameter mm 𝔡13C 63 0.27 

4 Xue et. al.  2013 Pinus Temperate Clone 20 Leaves Sub optimal Diameter mm 𝔡13C 80 0.33 

5 Xue et. al.  2013 Pinus Temperate Clone 20 Leaves Sub optimal Diameter cm3 𝔡13C 80 0.31 

6 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Sub optimal Height cm 𝔡13C 6 0.346 

7 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Sub optimal Diameter mm 𝔡13C 6 0.278 

8 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Sub optimal Height m 𝔡13C 25 -0.38 

9 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Sub optimal Diameter cm 𝔡13C 25 -0.13 

10 Guy and Holowachuk 2001 Pinus Temperate Populations 10 Woods Sub optimal Diameter cm3 𝔡13C 10 0.657 

11 Prasolova et.al. 2003 Pinus Sub tropical Clones 122 Leaves Sub optimal Height m 𝔡13C 122 0.198 

12 Jansen et.al. 2013 Pseudotsuga Temperate Populations 6 Woods Sub optimal Diameter cm 𝔡13C 6 -0.961 

13 Jansen et.al. 2013 Pseudotsuga Temperate Populations 6 Woods Sub optimal Height m 𝔡13C 6 -0.331 

14 Prasolova et.al. 2001 Araucaria Sub tropical Families 22 Leaves Sub optimal Height m 𝔡13C 101 0.368 

15 Prasolova et.al. 2001 Araucaria Sub tropical Families 22 Leaves Sub optimal Height m 𝔡13C 100 0.41 

16 Robson et.al. 2012 Fagus Mediterranean Populations 6 Leaves Sub optimal Height cm 𝔡13C 6 -0.233 

17 Robson et.al. 2012 Fagus Mediterranean Populations 6 Leaves Sub optimal Diameter mm 𝔡13C 6 -0.266 

18 Pita et. al.  2001 Eucalyptus Temperate Clones 4 Woods Sub optimal Diameter cm 𝔡13C 4 -0.831 

19 Pita et. al.  2001 Eucalyptus Temperate Clones 6 Woods Sub optimal Diameter cm 𝔡13C 6 -0.877 

20 Pita et. al.  2001 Eucalyptus Temperate Clones 7 Woods Sub optimal Diameter cm 𝔡13C 7 -0.889 

21 Pita et. al.  2001 Eucalyptus Temperate Clones 7 Woods Sub optimal Diameter m2/ha 𝔡13C 7 -0.684 

22 Pita et. al.  2001 Eucalyptus Temperate Clones 5 Woods Sub optimal Diameter cm 𝔡13C 5 -0.837 
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23 Zhang et.al. 1994 Larix  Temperate Families 5 Leaves Sub optimal Height m 𝔡13C 5 0.75 

24 Zhang et.al. 1994 Larix  Temperate Families 5 Leaves Sub optimal Diameter cm 𝔡13C 5 0.92 

25 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Sub optimal Height cm 𝔡13C 22 –0.83 

26 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Sub optimal Diameter mm 𝔡13C 22 –0.99  

27 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Sub optimal Height cm 𝔡13C 22 –0.91 

28 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Sub optimal Diameter mm 𝔡13C 22 –0.23  

29 Toillon et.al.  2013 Salix  Temperate Clones 6 Leaves Sub optimal Height cm 𝔡13C 6 0.95 

30 Toillon et.al.  2013 Salix  Temperate Clones 6 Leaves Sub optimal Diameter mm 𝔡13C 6 0.93 

31 Toillon et.al.  2013 Salix  Temperate Clones 6 Leaves Sub optimal Biomass g 𝔡13C 6 0.93 

 

Appendix 21: Summary of the data for irrigated treatment included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Biome Genetic 

material 

No of 

entries 

Measurement part Treatment Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured by 

n r 

1 Corcuera et. al. 2012 Pinus Mediterranean Populations 5 Leaves Irrigated Height cm 𝔡13C 5 0.04 

2 Corcuera et. al. 2012 Pinus Mediterranean Populations 5 Leaves Irrigated Diameter mm 𝔡13C 5 -0.16 

3 Aranda et. al. 2010 Pinus Mediterranean Families 20 Leaves Irrigated Biomass g 𝔡13C 20 0.69 

4  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Irrigated Height cm 𝔡13C 18 -0.32 

5  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Irrigated Diameter mm 𝔡13C 18 -0.7 

6  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Irrigated Biomass g 𝔡13C 18 -0.3 

7  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Irrigated Height cm 𝔡13C 18 0.11 

8  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Irrigated Diameter mm 𝔡13C 18 0.16 

9  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Irrigated Biomass g 𝔡13C 18 0.16 

10  Zhang et. al.  1996 Larix  Temperate Populations 14 Leaves Irrigated Height cm 𝔡13C 42 0.41 

11  Zhang et. al.  1996 Larix  Temperate Populations 14 Leaves Irrigated Diameter mm 𝔡13C 42 0.31 
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12  Zhang et. al.  1996 Larix  Temperate Populations 14 Leaves Irrigated Biomass g 𝔡13C 42 0.59 

13 Sun et.al.  1996 Picea Boreal Clones 10 Leaves Irrigated Biomass g 𝔡13C 10 0.85 

14 Livingston et.al.  1999 Picea Boreal Clones 10 Leaves Irrigated Biomass g 𝔡13C 10 0.58 

15 Livingston et.al.  1999 Picea Boreal Clones 10 Leaves Irrigated Biomass g 𝔡13C 10 0.27 

16 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Irrigated Biomass g 𝔡13C 48 0.5 

17 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Irrigated Biomass g 𝔡13C 48 0.86 

8 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Irrigated Biomass g 𝔡13C 48 0.5 

19 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Irrigated Biomass g 𝔡13C 48 0.89 

20 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Irrigated Height  𝔡13C 48 0.52 

21 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Irrigated Height  𝔡13C 48 0.99 

22 Roux et.al.  1996 Eucalyptus Sub tropical Clones 6 Leaves Irrigated Biomass g 𝔡13C 18 0.32 

23 Monclus et.al. 2009 Populus Temperate Families 33 Leaves Irrigated Biomass g 𝔡13C 33 0.43 

24 Monclus et.al. 2009 Populus Temperate Families 33 Leaves Irrigated Diameter mm 𝔡13C 33 0.38 

25 Monclus et.al. 2009 Populus Temperate Families 33 Leaves Irrigated Height cm 𝔡13C 33 0.33 

 

Appendix 22: Summary of the data for droughted treatment included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Treatment Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured by 

n r 

1 Corcuera et. al. 2012 Pinus Mediterranean Populations 5 Leaves Droughted Height cm 𝔡13C 5 -0.3 

2 Corcuera et. al. 2012 Pinus Mediterranean Populations 5 Leaves Droughted Diameter mm 𝔡13C 5 -0.2 

3 Aranda et. al. 2010 Pinus Mediterranean Families 20 Leaves Droughted Biomass g 𝔡13C 20 0.59 

4  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Droughted Height cm 𝔡13C 18 0.1 

5  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Droughted Diameter mm 𝔡13C 18 0.19 

6  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 18 -0.3 

7  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Droughted Height cm 𝔡13C 18 0.75 
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8  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Droughted Diameter mm 𝔡13C 18 0.66 

9  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 18 0.81 

10  Zhang et. al.  1996 Larix  Temperate Populations 14 Leaves Droughted Height cm 𝔡13C 42 0.23 

11  Zhang et. al.  1996 Larix  Temperate Populations 14 Leaves Droughted Diameter mm 𝔡13C 42 0.25 

12  Zhang et. al.  1996 Larix  Temperate Populations 14 Leaves Droughted Biomass g 𝔡13C 42 0.74 

13  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Droughted Height cm 𝔡13C 18 0.03 

14  Zhang et. al.  1996 Pinus Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 18 0.12 

15  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Droughted Height cm 𝔡13C 18 0.5 

16  Zhang et. al.  1996 Pseudotsuga Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 18 0.62 

17 Sun et.al.  1996 Picea Boreal Clones 10 Leaves Droughted Biomass g 𝔡13C 10 0.71 

18 Livingston et.al.  1999 Picea Boreal Clones 10 Leaves Droughted Biomass g 𝔡13C 10 0.75 

19 Livingston et.al.  1999 Picea Boreal Clones 10 Leaves Droughted Biomass g 𝔡13C 10 0.7 

20 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 48 0.63 

21 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 48 0.95 

22 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 48 0.65 

23 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Droughted Biomass g 𝔡13C 48 0.95 

24 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Droughted Height  𝔡13C 48 0.85 

25 Lauteri et. al.  2004 Castanea Temperate Populations 6 Leaves Droughted Height  𝔡13C 48 0.12 

26 Roux et.al.  1996 Eucalyptus Sub tropical Clones 6 Leaves Droughted Biomass g 𝔡13C 18 0.7 
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Appendix 23: Summary of the data for seedling stage included in the meta- analysis 

Articles Year Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Ontogeny 

stage 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 0.04 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Height cm 𝔡13C 5 -0.3 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Diameter mm 𝔡13C 5 -0.2 

Corcuera et. al. 2012 Pinus Greenhouse Mediterranean Populations 5 Leaves Seedlings Diameter mm 𝔡13C 5 -0.2 

Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.69 

Aranda et. al. 2010 Pinus Greenhouse Mediterranean Families 20 Leaves Seedlings Biomass g 𝔡13C 20 0.59 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 -0.7 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.1 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.19 

 Zhang et. al.  1996 Pinus Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 -0.3 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.11 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.16 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.75 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Diameter mm 𝔡13C 18 0.66 

 Zhang et. al.  1996 Pseudotsuga Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.81 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.41 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.31 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.59 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Height cm 𝔡13C 42 0.23 

 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Diameter mm 𝔡13C 42 0.25 
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 Zhang et. al.  1996 Larix  Greenhouse Temperate Populations 14 Leaves Seedlings Biomass g 𝔡13C 42 0.74 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.03 

 Zhang et. al.  1996 Pinus Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.12 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Height cm 𝔡13C 18 0.5 

 Zhang et. al.  1996 Pseudotsuga Nursery Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 18 0.62 

Baltunis et.al. 2008 Pinus Field Sub tropical Families 61 Leaves Seedlings Height cm 𝔡13C 61 0.42 

Baltunis et.al. 2008 Pinus Field Sub tropical Populations 32 Leaves Seedlings Height cm 𝔡13C 32 0.54 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.2 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.32 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.19 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Height m 𝔡13C 122 0.36 

Prasolova et.al. 2003 Pinus Field Sub tropical Clones 122 Leaves Seedlings Diameter cm 𝔡13C 122 0.22 

Pastorino et. al.  2012 Austrocedrus Field Temperate Families 41 Leaves Seedlings Height cm 𝔡13C 41 0.68 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Seedlings Height m 𝔡13C 4 0.84 

Prasolova et.al. 2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 101 0.37 

Prasolova et.al. 2001 Araucaria Field Sub tropical Families 22 Leaves Seedlings Height m 𝔡13C 100 0.41 

Prasolova et.al. 2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Height m 𝔡13C 113 0.3 

Prasolova et.al. 2000 Araucaria Field Sub tropical Families 23 Leaves Seedlings Diameter mm 𝔡13C 113 0.19 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 0.16 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Height m 𝔡13C 27 -0 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.12 

 Xu et. al. 2003 Araucaria Field Sub tropical Families 31 Branchlets Seedlings Diameter cm 𝔡13C 27 0.38 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.71 

Sun et.al.  1996 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.85 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.58 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.27 

Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.75 
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Livingston et.al.  1999 Picea Field Boreal Clones 10 Leaves Seedlings Biomass g 𝔡13C 10 0.7 

Voltas J. 
(Unpublished) 

2010 Pinus Nursery Mediterranean Populations 25 Leaves Seedlings Height m 𝔡13C 25 0.46 

Raddad and 
Luukkanen 

2006 Acacia Field Sub tropical Populations 8 Leaves Seedlings Height m 𝔡13C 8 -0.6 

Raddad and 
Luukkanen 

2006 Acacia Field Sub tropical Populations 8 Leaves Seedlings Diameter cm 𝔡13C 8 -0.6 

 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 10 Leaves Seedlings Biomass g 𝔡13C 10 0.21 

 Gray et.al.  2013 Acacia Greenhouse Sub tropical Populations 11 Leaves Seedlings Biomass g 𝔡13C 11 0.67 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.63 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.86 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.5 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.65 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.89 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Biomass g 𝔡13C 48 0.95 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.52 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.85 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.99 

Lauteri et. al.  2004 Castanea Greenhouse Temperate Populations 6 Leaves Seedlings Height  𝔡13C 48 0.12 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 -0.8 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.32 

Roux et.al.  1996 Eucalyptus Field Sub tropical Clones 6 Leaves Seedlings Biomass g 𝔡13C 18 0.7 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 7 Leaves Seedlings Height cm 𝔡13C 7 0.96 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 9 Leaves Seedlings Height cm 𝔡13C 9 0.96 

Pennington et.al.  1999 Prosopis Greenhouse Sub tropical Families 15 Leaves Seedlings Height cm 𝔡13C 15 0.04 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.87 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Height cm 𝔡13C 6 0.95 
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Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Diameter mm 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.93 

Toillon et.al.  2013 Salix  Field Temperate Clones 6 Leaves Seedlings Biomass g 𝔡13C 6 0.94 

 

Appendix 24: Summary of the data for sapling stage included in the meta- analysis 

Study Articles Year Taxonomic 

genus 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Measurement 

species type 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

1 Xue et. al.  2013 Pinus Temperate Clone 20 Leaves Saplings Diameter mm 𝔡13C 80 0.33 

2 Xue et. al.  2013 Pinus Temperate Clone 20 Leaves Saplings Diameter cm3 𝔡13C 80 0.31 

3 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Saplings Height cm 𝔡13C 6 0.54 

4 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Saplings Diameter mm 𝔡13C 6 0.199 

5 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Saplings Height cm 𝔡13C 6 0.346 

6 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Saplings Diameter mm 𝔡13C 6 0.278 

7 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Saplings Height cm 𝔡13C 6 -0.14 

8 Hawkins et.al. 2010 Pinus Temperate Clone 6 Leaves Saplings Diameter mm 𝔡13C 6 0.526 

9 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Saplings Height m 𝔡13C 25 -0.4 

10 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Saplings Diameter cm 𝔡13C 25 -0.38 

11 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Saplings Height m 𝔡13C 25 -0.38 

12 Voltas et.al. 2008 Pinus Mediterranean Populations 25 Woods Saplings Diameter cm 𝔡13C 25 -0.13 

13 Xu et. al.  2000 Pinus Sub tropical Clone 8 Leaves Saplings Height m 𝔡13C 8 0.96 

14 Guy and Holowachuk 2001 Pinus Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.763 

15 Guy and Holowachuk 2001 Pinus Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.582 

16 Guy and Holowachuk 2001 Pinus Temperate Populations 10 Woods Saplings Diameter cm3 𝔡13C 10 0.657 

17 Pita et. al.  2001 Eucalyptus Temperate Clones 4 Woods Saplings Diameter cm 𝔡13C 4 -0.83 

18 Pita et. al.  2001 Eucalyptus Temperate Clones 6 Woods Saplings Diameter cm 𝔡13C 6 -0.88 
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19 Pita et. al.  2001 Eucalyptus Temperate Clones 7 Woods Saplings Diameter cm 𝔡13C 7 -0.89 

20 Pita et. al.  2001 Eucalyptus Temperate Clones 7 Woods Saplings Diameter m2/ha 𝔡13C 7 -0.68 

21 Pita et. al.  2001 Eucalyptus Temperate Clones 5 Woods Saplings Diameter cm 𝔡13C 5 -0.84 

22 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.83 

23 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Saplings Diameter mm 𝔡13C 22 –0.99  

24 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Saplings Height cm 𝔡13C 22 –0.91 

25 Aleta et. al. 2009 Juglans Mediterranean Families 22 Leaves Saplings Diameter mm 𝔡13C 22 –0.23  

26 Dillen et.al. 2008 Populus Temperate Families 50 Leaves Saplings Diameter 𝔡13C 50 -0.36 

27 Monclus et.al. 2009 Populus Temperate Families 33 Leaves Saplings Biomass g 𝔡13C 33 0.43 

28 Monclus et.al. 2009 Populus Temperate Families 33 Leaves Saplings Diameter mm 𝔡13C 33 0.38 

29 Monclus et.al. 2009 Populus Temperate Families 33 Leaves Saplings Height cm 𝔡13C 33 0.33 

 

Appendix 25: Summary of the data for adult trees included in the meta- analysis 

Articles Yea

r 

Taxonomic 

genus 

Experimental 

conditions 

Biome Genetic 

material 

No of 

entries 

Measurement 

part 

Measurement 

species type 

Growth 

parameter 

Growth 

parameter 

unit  

WUEi 

measured 

by 

n r 

Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Adult trees Height  m 𝔡13C 7 -0.32 

Correia et.al. 2008 Pinus Field Mediterranean Populations 7 Leaves Adult trees Diameter cm 𝔡13C 7 0.008 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.224 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 -0.51 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 0.86 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.53 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -0.17 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.214 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Height cm 𝔡13C 5 -0.33 

Tognetti et.al. 2000 Pinus Field Mediterranean Populations 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.746 
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Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.3 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 0.26 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.32 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 0.21 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Height cm 𝔡13C 50 0.08 

Marguerit et.al. 2014 Pinus Field Mediterranean Families 50 Woods Adult trees Diameter cm 𝔡13C 50 -0.02 

Brendel et.al. 2002 Pinus Field Mediterranean Families 63 Woods Adult trees Diameter mm 𝔡13C 63 0.27 

Duglas et. al. 2008 Pinus Field Temperate Families 7 Leaves Adult trees Diameter mm 𝔡13C 7 -0.56 

Duglas et. al. 2008 Pinus Field Temperate Families 8 Leaves Adult trees Diameter mm 𝔡13C 8 -0.19 

 Zhang et. al.  1996 Pinus Field Temperate Populations 17 Leaves Adult trees Height cm 𝔡13C 17 0.14 

 Zhang et. al.  1996 Larix  Field Temperate Populations 16 Leaves Adult trees Height cm 𝔡13C 16 0.51 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Diameter cm 𝔡13C 6 -0.96 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 -0.33 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.327 

Jansen et.al. 2013 Pseudotsuga Field Temperate Populations 6 Woods Adult trees Height m 𝔡13C 6 0.479 

Aitken et.al. 1995 Pseudotsuga Field Temperate Populations 4 Woods Adult trees Height m 𝔡13C 4 0.832 

Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Height cm 𝔡13C 18 0.97 

Johnsen et. al. 1999 Picea Field Boreal Families 18 Leaves Adult trees Diameter cm 𝔡13C 18 0.64 

Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Adult trees Height cm 𝔡13C 6 -0.23 

Robson et.al. 2012 Fagus Field Mediterranean Populations 6 Leaves Adult trees Diameter mm 𝔡13C 6 -0.27 

Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Height m 𝔡13C 5 0.75 

Zhang et.al. 1994 Larix  Field Temperate Families 5 Leaves Adult trees Diameter cm 𝔡13C 5 0.92 

 

 


