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Abstract
Key message The relationship between sapwood area and foliar δ13C values varies among 236 Salix genotypes, indi-
cating different water use patterns across these genotypes.
Abstract The relationship between leaf δ13C and plant size (represented by e.g. total leaf area) has been used to analyze 
different water use patterns of plants. However, the total leaf area (TLA) is difficult to assess in trees. Our aims were to (i) 
identify a feasible predictor for TLA; (ii) estimate the effects of TLA on leaf-level δ13C and δ18O values; and (iii) evaluate 
whether the relationship between leaf-level δ13C and a TLA proxy can be used to discriminate between different water use 
patterns. Various leaf and shoot traits of up to 236 Salix genotypes field-grown in Sweden and Italy were assessed and ana-
lyzed. Accumulated shoot diameter and sapwood area (SA) calculated from it were the best predictors for TLA. The SA was 
significantly correlated with foliar δ13C, but not δ18O values in some genotypes. The effects of SA on foliar δ13C values varied 
significantly among genotypes, and the foliar δ13C–SA relationship could be used to discriminate between different water use 
patterns across 236 Salix genotypes. Our results demonstrate a great variability of water use patterns across taxonomically 
closely related plants, and may also have implications for Salix pre-breeding and selection for different drought conditions.

Keywords Breeding for climate change · Drought · Isotopes · Water use efficiency · Intrinsic water use efficiency · Stomatal 
conductance

Introduction

Climate change predictions call for a detailed analysis of 
drought induced lowered productivity and physiologi-
cal adaptation strategies for crops and trees (Chaves et al. 
2003). Plants can respond to limited water supply through 
structural and/or physiological adaptation. In most plants, a 
first reaction to drought is a reduced stomatal conductance, 
resulting in lower intercellular  CO2 concentration, relatively 
higher leaf 13C/12C ratio, and enrichment of 18O (Barbour 
et al. 2002). Stable isotopes of plant material are thus used 
to analyze the physiological performance of a plant or to 
a-posteriori determine the environment that a plant had been 
experienced during growth (Dawson et al. 2002; McDow-
ell et al. 2008, 2011). Moreover, the carbon isotope ratio 
(δ13C = 13C/12C ratio normalized by a standard) is related to 
the leaf water use efficiency (WUE = net assimilation rate/
transpiration rate)—a key trait when comparing adapta-
tions of different species and genotypes to water shortage, 
and linking carbon and water cycles (Impa et al. 2005; Dil-
len et al. 2008; Brienen et al. 2017). Therefore, rapid and 
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high-throughput analyses of WUE would benefit not only 
crop breeding towards resource use efficient genotypes, but 
also ecologists in understanding plant carbon–water relation-
ships (Stewart et al. 1995; Condon et al. 2002; Keitel et al. 
2003; Barbour et al. 2011).

Whole-plant water-use efficiency is the ratio of biomass 
produced to water used during a certain time period. Thus, 
WUE can be analyzed by the measurement of biomass pro-
duction and water uptake by the plant. However, this method 
is only feasible in greenhouse, container or lysimeter exper-
iments, where measurements of water input and loss can 
be obtained accurately. At larger scales, combined water 
vapor and  CO2 fluxes can be estimated with eddy covari-
ance methods (Beer et al. 2009), but identifying individual 
plant contributions to those fluxes can be difficult. Another 
possibility to gain understanding about the water-use mecha-
nisms of a plant is to consider leaf-level WUE based on 
the carbon-isotope ratio, which is related to the ratio of 
assimilation rate, A, and stomatal conductance to water 
vapour, gw, referred to as intrinsic WUE, A/gw = WUEi (see 
Appendix, Farquhar et al. 1989). Specifically, the leaf δ13C 
becomes less negative (i.e., a relative increase in 13C/12C) 
as the A/gw ratio increases, indicating more efficient C fixa-
tion for a given water loss (i.e., higher WUE for a given 
vapor pressure deficit). Therefore, trends in A/gw with plant 
size (in terms of the above-ground biomass produced) and 
leaf area are expected to impact leaf δ13C (McDowell et al. 
2011; Brienen et al. 2017). These relations between plant 
size and leaf-level traits may be driven by changing light 
environment as the plant grows, but in an even-aged stand 
with relatively uniform light availability they allow us to 
formulate alternative hypotheses on whole-plant water use 
based on trends in leaf δ13C. In many fast-growing trees, the 
total leaf area or the closely related leaf area index has been 
previously found to be a major determinant of plant size 
in terms of above-ground biomass production, especially 
when the assessments are made within groups of plants of 

similar developmental stage (Barigah et al. 1994; Pellis et al. 
2004; Weih and Nordh 2005). We therefore argue that the 
relationships between leaf-level isotope data and plant size 
can be explored by analyzing the relationships between the 
leaf-level isotope data and total leaf area (TLA). However, 
the TLA of trees cannot be easily measured in the field, but 
is functionally linked to several shoot and/or leaf character-
istics that can be more easily assessed even in field-grown 
trees. Thus, using reliable predictor(s) for TLA from charac-
teristics readily measurable in the field should considerably 
facilitate the identification of different water use patterns 
based on the analysis of the relationships between leaf-level 
isotope data and plant size or TLA.

In Fig. 1, three strategies of water use as plant size or 
TLA increases are illustrated, based on a simple model 
of plant water use described in Appendix A (trends in 
WUE and  WUEi are effectively the same as vapor pres-
sure deficit was similar across genotypes in our setup). 
These strategies are defined based on the assumption that 
photosynthetic rates per unit leaf area do not co-vary with 
plant size or TLA (this assumption is relaxed below). (i) 
Intensive water users are able to access larger soil water 
stores as they grow because of deeper roots; as a result, 
they reduce their dependency on transpiration control by 
stomatal regulation as they grow larger and can keep sto-
mata open. Thus, leaf δ13C decreases (WUE decreases) 
with increasing plant size or TLA (dashed blue lines in 
Fig. 1). (ii) In contrast, in conservative water users, larger 
plants with large TLA, but constrained access to water, 
close their stomata during dry periods to reduce water 
losses, consistent with isohydric regulation (Tardieu and 
Simonneau 1998); as a result, leaf δ13C increases (WUE 
increases) as size increases (dotted red lines in Fig. 1). 
(iii) Neutral water users can both access deep soil water 
and control stomatal conductance; as a result they do not 
change leaf δ13C (WUE) as plant size or TLA increases 
(solid lines in Fig. 1).

Fig. 1  Theoretical relations between plant size (total leaf area, TLA) 
and leaf-level gas exchanges and C isotopic signature. A δ13C as a 
function of TLA. B Ratio of net assimilation rate to stomatal con-

ductance to  H2O  (WUEi = A/gw) as a function of TLA. Different line 
styles refer to alternative water use patterns that affect the δ13C vs. 
TLA relation in A. See details in “Appendix”
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It is also possible that trends in WUE are partly driven 
by changes in A as trees grow, because a stronger C sink in 
young growing trees (e.g. Hayat et al. 2017) could cause an 
increase in photosynthetic capacity and hence A with size 
or TLA. If this is the case, genotypes classified as conserva-
tive would not necessarily regulate gw with increasing size 
or TLA, but simply maintain water losses while increasing 
A with the result that WUE (leaf δ13C) might increase with 
leaf area because of trends in A rather than in gw. Following 
this rationale, in intensive users, the decrease in WUE with 
TLA would be attributed to a simultaneous increase A and 
a stronger increase in stomatal conductance with TLA com-
pared to a scenario with constant A. Therefore, if A co-varies 
with tree size or TLA, it becomes more difficult to classify 
conservative water users (because increasing WUE could 
be due solely to increasing A), whereas the classification of 
intensive water users would not change (because decreasing 
WUE would still be caused by increasing gw).

The possibility of contrasting trends in WUE with tree 
size in terms of total leaf area raises two related questions 
that partly frame this contribution:

• Is WUE increasing or decreasing as total leaf area 
changes, respectively indicating a more conservative or 
more intensive water use strategy?

• Are trends in WUE with total leaf area consistent or 
divergent across the taxonomically closely related geno-
types of a fast-growing tree?

These questions will be addressed by exploring the rela-
tionships between leaf δ13C and TLA across a large number 
of fast-growing willow genotypes.

The oxygen-isotope ratio of leaves is indicative of the 
stomatal conductance (Dongmann et al. 1974). The lighter 
16O isotopes diffuse faster during evaporation and tran-
spiration than 18O, leaving leaf water enriched in 18O and 
correspondingly more of the heavy isotope in the biomass. 
The concentration of 18O isotope depends also on the ori-
gin of the water, but no significant isotope fractionation is 
detectable during plants’ uptake of water by roots (Daw-
son and Ehleringer 1991; Barbour 2007). Leaf δ18O was 
shown to correlate negatively with stomatal conductance 
(Barbour and Farquhar 2000; Barbour et al. 2000; Farqu-
har et al. 2007) and can therefore be used to determine 
whether differences between plants in δ13C and the ratio 
of  CO2 mole fraction at sites of carboxylation (Ci) to  CO2 
mole fraction in ambient air (Ca) (Ci/Ca) are caused by 
differences in photosynthetic capacity or in stomatal con-
ductance (Farquhar et al. 1989; Scheidegger et al. 2000; 
Barbour et al. 2002; Ripullone et al. 2009; Barnard et al. 
2012). Following the rationale outlined above, foliar δ13C 
and δ18O should in general be positively related, indicat-
ing a major effect of gw on foliar δ13C, with one potential 

exception for the conservative types, that might express a 
relatively larger impact of A on foliar δ13C in a scenario 
with higher A with TLA. Using leaf δ18O in addition to 
δ13C thus allow addressing a third question:

• Is the relative importance of stomatal conductance vs. 
photosynthetic capacity on foliar δ13C modulated by 
the total leaf area and variable across the taxonomically 
closely related genotypes of a fast-growing tree?

Using short rotation coppice with willows (Salix spp.) 
as model system, we first searched for an appropriate pre-
dictor of total leaf area (TLA) that could be used for char-
acterizing the TLA of field-grown willow genotypes; and 
then analyzed the effect of TLA on foliar δ13C and δ18O 
to identify different water use patterns of taxonomically 
closely related plant material. In terms of plant functional 
types, willows are considered belonging to the group of 
early successional plants frequently colonizing newly 
opened habitats (Kuzovkina et  al. 2008). These early-
successional plants tend to be more plastic than late-suc-
cessional species (Strauss-Debenedetti and Bazzaz 1991; 
Muth and Bazzaz 2003; Longuetaud et al. 2013), suggest-
ing a high plasticity in terms of growth and resource use 
including the strategies for water use (e.g. Fig. 1). Indeed, 
great genotypic variation in intrinsic water-use efficiency, 
high genetic-based plasticity in biomass traits, and high 
potential to cope with dry environments has been shown 
within the genera Populus and Salix (Rönnberg-Wästljung 
et al. 2005; Weih et al. 2006; Schreiber et al. 2011; Fichot 
et al. 2011; Bonosi et al. 2013; Broeckx et al. 2014; Berlin 
et al. 2017). Apart from improving our understanding of 
plant water-use mechanisms along the questions outlined 
above, the appropriate evaluation of genotypic variation 
in foliar δ13C data, separating the effect of total leaf area 
from genotypic variation in leaf physiology, would be 
helpful in a breeding context specifically for willows, as 
these are considered a promising alternative source of bio-
mass for bio-energy (Karp and Shield 2008).

The overall aims of this study were to (i) identify a feasi-
ble predictor for total leaf area (TLA) based on the assess-
ment of simple shoot and/or leaf characteristics; (ii) estimate 
the effects of a proxy of TLA on leaf-level δ13C and δ18O 
values; and (iii) evaluate whether the relationship between 
leaf-level δ13C and an appropriate TLA proxy can be used 
to discriminate between different water-use strategies and 
across a set of 236 Salix genotypes. To address these aims, 
we first assessed the TLA together with various leaf and 
shoot traits in 21 Salix trees field-grown in Sweden and Italy; 
from these data we identified the best predictors for TLA, 
which we then related to leaf-level isotopic data assessed 
across 236 Salix genotypes field-grown in Italy and differing 
in TLA proxies.
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Materials and methods

Plant material, field sites and experimental design

The plant material consisted of a mapping population of 
472 genotypes, a  F1 progeny from the cross of the female 
‘78183’ (diploid, Salix viminalis L.) and the hybrid male 
‘Björn’ (diploid, Salix viminalis L. x Salix schwerinii 
E.Wolf) planted in Sweden and Italy (see Berlin et al. 2010 
for a description of the mapping population). The genotype 
‘78183’ originates from southern Sweden, whereas the S. 

schwerinii parent of ‘Björn’ (79069) originates from Siberia 
and the S. viminalis parent of ‘Björn’ is a cross between the 
female clone ‘78195’ from southern Sweden and the male 
clone ‘78707’ from western Sweden.

The field experiment in Sweden was established in Pust-
näs, close to Uppsala (59°48′12″N, 17°40′19″E, 18 m a.s.l.) 
on clayey soil near the river Fyrisån. The climate is cool-
temperate with an annual mean air temperature of 5.7 °C 
and an annual precipitation of 551 mm (Table 1). The field 
trial in Sweden was fertilized with 60–80 kg/ha NPK in 
June 2009, 2010, 2012 and 2013. Cuttings of the mapping 
population of 472 different genotypes replicated sixfold were 
planted as a common garden experiment in a randomized 
block design in 2008. The plantation was harvested in the 
winter 2010/2011 and was cut back 2011/2012 to deliver 
cuttings for the experiment in Italy and to synchronize the 
starting date of growth in Sweden and Italy. The Swedish 
site was not irrigated.

The experiment in Italy was situated close to Cavaller-
maggiore (44°42′34″N; 7°40′42″E, 281 m a.s.l.), 40 km 
south of Turin. Cavallermaggiore has an average tempera-
ture of 12.9 °C and a yearly precipitation of 746 mm and 
is classified as humid subtropical climate (Köppen–Geiger 
climate classification: Cfa; Fig. 2B). Wet and dry periods 
alternated repeatedly during the experimental season 2013 
(Fig. 2A). The cuttings from Sweden were planted in Italy 
during spring 2012, with the same design as in Sweden but 
doubled in a non-irrigated and irrigated field site.

Table 1  Description of the experimental sites Pustnäs (Sweden) and 
Cavallermaggiore (Italy)

Site Pustnäs/Upp-
sala/Sweden

Cavallerma-
ggiore/Pie-
monte/Italy

Geographical localization
 Latitude 59°48′12″N 44°42′34″N
 Longitude 17°40′19″E 7°40′42″E
 Altitude (m a.s.l.) 18 282

Climate
 Mean annual temperature (°C) 5.7 12.9
 Annual precipitation (mm) 551 746
 Soil characteristics
 Nitrogen (g kg− 1) 1.2 1.2

Corg (g kg− 1) 11.0 10.0
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Fig. 2  A Weather conditions at a weekly resolution during the experi-
mental season 2013 in Cavallermaggiore, Italy. Average tempera-
ture (red curve), reference crop evapotranspiration rate (dashed blue 
curve), and weekly precipitation sums (bars) are displayed. Data 

are based on interpolation [data source: MARS-AGRI4CAST, 2017 
(European Union)]. B Average temperature (red curve) and monthly 
precipitation sums (bars) for Cavallermaggiore, based on the 30-year 
period 1982–2012 (data-source: http://www.clima te-data.org)

http://www.climate-data.org
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Prediction of total leaf area

Assessment of total leaf area (TLA) of mature trees is labor 
intensive and a reliable predictor of TLA facilitates evalua-
tion of the relationships to growth and physiological traits. 
To identify a reliable predictor for TLA we conducted a pilot 
study where seven trees were harvested in Pustnäs (Sweden) 
in July 2013. Altogether we harvested seven plants consist-
ing of 84 shoots in total with a height above 1 m. The follow-
ing parameters were tested: leaf areas within different shoot 
sections (within 20, 30, 40 and 50 cm) along the main shoot, 
main shoot height, main shoot diameter, main shoot crown 
length, number of shoots, total crown height, total height, 
total leaf biomass, total diameter at 1.20 m height (Table 2). 
Sapwood area (SA) was calculated assuming circular shoot 
cross-sections and that sapwood extended to the center of the 
shoot (a reasonable assumption for these young shoots). Spe-
cific leaf area  (m2 g−1) was analysed by assessing individual 
leaf areas with a flat-bed scanner (Epson Perfection V370 
Photo) and the open-source software ImageJ (Yang Yu et al. 
2011), and the subsequent determination of leaf dry weights 
after drying the leaves for 48 h at 70 °C. In September 2013, 
additionally 14 trees were sampled in Italy for determination 
of TLA and stem diameter.

Biomass inventory and isotopic analyses

Due to time and cost restrictions, we were unable to per-
form isotope analyses across all the available treatments 
and sites. With regard to the underlying hypotheses of this 
study, highest priority was given to the non-irrigated site in 
Italy, because the dry conditions in this treatment offered 

the enhanced likelihood to detect distinct patterns of water 
use across the various genotypes included in this study. We 
analyzed 236 different genotypes replicated fourfold in Sep-
tember. Diameters at 1.20 m height of each living shoot were 
measured in September 2013, integrating major parts of the 
growth period of the same year in the isotopic signal. Three 
intact leaves, one at 1, 1.5 and 2 m height each, were taken 
from the main shoot (i.e. the tallest shoot) of each plant and 
pooled. After drying the leaf samples for 48 h at 70 °C the 
samples were homogenized in a mixer ball mill (MM400, 
Retsch GmbH, Haan, Germany) at 30 Hz for 1 min, the 
material was analysed with a mass spectrometer (Elemental 
Analyser—Isotope Ratio Mass Spectrometry (EA-IRMS) at 
Iso-Analytical Limited, Cheshire, UK). Isotope values are 
specified as deviations (δ, ‰) relative to specific standards. 
V-PDB (Vienna standard for fossil belemnite of the Pee 
Dee formation) is used for 13C/12C, and V-SMOW (Vienna 
Standard Mean Oceanic Water) for 18O/16O:

where R is the ratio of 13C/12C or 18O/16O in the sample or 
standard.

The reference material used during δ 13C analysis of the 
plant samples was IA-R001 (wheat flour, δ13CV−PDB = of 
− 26.43‰). For quality control purposes check samples of 
IA-R001, IA-R005 (beet sugar, δ13CV−PDB = − 26.03‰) 
and IA-R006 (cane sugar, δ13CV−PDB = − 11.64‰) were 
analysed during batch analysis of the samples.IA-R001, 
IA-R005 and IA-R006 are calibrated against and traceable 
to IAEA-CH-6 (sucrose, δ13C V−PDB = − 10.43‰).

�sample =
Rsample

Rstandard

− 1,

Table 2  Predictors for total leaf area per plant

Pilotstudy in Sweden with seven plants with a total of 84 shoots. Leaf area within different sections of shoot length (20–50 cm) was analysed for 
five plants and only on the main shoot (the thickest shoot of each plant). RSE is the residual standard error of the estimate, R2

adj
 is the coefficient 

of variation, DF are the degrees of freedom. Significance codes: ***p < 0.001; **p < 0.01; *p < 0.05; p < 0.1; n.s. not significant. Highly signifi-
cant regressions are indicated by bold fonts (p < 0.01)

n Mean SD Min Max RSE Multiple R2
R
2
adj

F P value DF

Leaf area within 20 cm shoot length  (cm2) 5 4.99 5.82 0.49 13.47 18,860 0.741 0.611 5.71 0.139n.s. 2
Leaf area within 30 cm shoot length  (cm2) 5 2.86 3.38 0.32 7.83 35,990 0.056 − 0.416 0.12 0.764n.s. 2
Leaf area within 40 cm shoot length  (cm2) 5 12.38 13.69 0.62 32.14 8424 0.948 0.922 36.67 0.026* 2
Leaf area within 50 cm shoot length  (cm2) 5 33.84 37.03 1.62 82.47 9771 0.93 0.896 26.74 0.035* 2
Main shoot crown length (m) 7 1.57 0.49 0.78 2.20 15,290 0.779 0.706 10.59 0.047* 3
Main shoot diameter (mm) 7 13.27 5.93 3.06 22.20 22,150 0.537 0.383 3.48 0.159n.s. 3
Main shoot height (m) 7 3.05 1.10 1.24 4.82 26,440 0.34 0.12 1.55 0.302n.s. 3
Number of shoots 7 14.43 9.32 3.00 24.00 21,080 0.581 0.441 4.15 0.134n.s. 3
Total crown height (m) 7 16.95 14.23 2.58 37.63 4414 0.982 0.976 160.1 < 0.01** 3
Total height (m) 7 29.60 22.70 4.42 57.00 8744 0.937 0.917 44.92 < 0.01** 3
Total leaf biomass (g) 7 221.91 250.03 8.82 685.40 1251 0.999 0.998 2026 < 0.001*** 3
Total Diameter (mm) 7 101.87 86.27 7.06 213.10 5052 0.976 0.968 121.5 < 0.01** 3
Total sapwood area  (mm2) 7 922.21 904.48 13.64 2214.41 4583 0.98 0.974 148.3 < 0.01** 3
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The reference material used for δ18O analysis was 
IA-R006 (cane sugar, δ18OV −SMOW = 35.23‰). For quality 
control purposes test samples of IA-R006, IA-R005 (cane 
sugar, δ18OV −SMOW = 30.84‰), IAEA-CH-6 (sucrose, 
δ18OV−SMOW = 36.4‰), IAEA-C-3 (cellulose, δ18OV −SMOW 
= 32.2‰) and IAEA-601 (benzoic acid, δ18OV−SMOW = 
23.3‰) were measured as quality control checks during 
analysis of each batch of the samples. IA-R006, IA-R005, 
IAEA-CH-6 and IAEA-C-3 were oven dried alongside the 
samples for 10 days directly prior to analysis to remove 
moisture. Because IAEA-601 does not absorb water and is 
liable to decompose on heating it was not oven dried along 
with the samples.

Statistical analyses

The statistical analysis of the data and graphical illustrations 
were performed with the free software environment R (ver-
sion R 3.2.1., R Core Team 2014, The R Foundation for Sta-
tistical Computing, http://www.r-proje ct.org) with the pack-
ages ggplot and lsmeans. Multiple linear regression analysis 
was performed to analyze the relationship between sapwood 
area and δ13C. The regression model included the categori-
cal variables block and genotype, the continuous vari-
able sapwood area (covariate), and the interaction between 
genotype and sapwood area. Additionally, we performed 
a p value adjustment for multiple comparisons with false 
discovery rate (FDR) by Benjamini and Hochberg with an 
alpha-level of 0.05. An analysis of covariance (ANCOVA) 
was performed to test whether any effect of sapwood area on 
response variables (isotope data) varied between genotypes. 
The linear model included the categorical variables block 
and genotype, the continuous variable sapwood area, and 
the interaction between genotype and sapwood area with 
type I sum of squares. The same procedure was applied in 
the follow-up analysis separately done for each of the water 
use patterns that had been identified, to test the response 
of δ18O to genotype and sapwood area as well as the rela-
tionship between δ13C, δ18O and genotype. In all analyses a 
significance level of α = 0.05 was chosen.

Results

Prediction of total leaf area

From the allometric measurements we identified four param-
eters for which the correlations to total leaf area (TLA) were 
significant (Table 2). Among them, the parameters with the 
best fit were total crown height ( R2

adj
 = 0.982, p < 0.001), total 

height ( R2
adj

 = 0.937, p < 0.001), accumulated shoot diameter 

( R2
adj

 = 0.976, p < 0.01) and total sapwood area ( R2
adj

 = 0.980, 

p < 0.001). Total leaf biomass showed the best correlation with 
TLA ( R2

adj
 = 0.999, p < 0.0001), but is less feasible as a predic-

tor given the intensive labor for assessing it. From a time–cost 
efficient point of view diameter at 1.20 m height and the sap-
wood area calculated from it, were regarded the most feasible 
parameters and used for prediction of TLA (Figure S1).

Influence of sapwood area and genotype on isotope 
values

Linear regressions of foliar δ13C and sapwood area revealed 
significant relationships (Fig. 3A). Sapwood area and geno-
type strongly affected the δ13C values (p < 0.0001; Table 3), 
and the effect of sapwood area (here indicative of TLA) on 
δ13C values varied significantly between the genotypes (inter-
action effect, p = 0.0382; Table 3). No significant regression 
between δ18O and sapwood area was found (Fig. 3B), however 
the ANCOVA model showed significant influence of sapwood 
area (p < 0.0001) and genotype (p < 0.0001) as well as the 
interaction of those on δ18O (p < 0.01; Table 3).

Identification of different water use patterns

Linear regressions of foliar carbon isotope values against 
sapwood area (SA) across the 236 willow genotypes indi-
cated different water use patterns (as conceptually defined in 
Fig. 1); i.e. neutral and intensive water users (Fig. 4A, B for 
specific examples). The majority of the 236 Salix genotypes 
showed no significant relationship between leaf δ13C values 
and SA (Table S1) and most of the slope estimates were close 
to zero (Fig. 4A, Figure S2a). Applying false discovery rate 
adjusted p-values after Benjamini and Hochberg resulted in 
four genotypes with a significant (p < 0.05) negative relation-
ship between δ13C values and SA (indicative of an intensive 
water use strategy).

The relationship between leaf δ18O and sapwood area was 
genotype-specific, both in the group of intensive and neutral 
water users (Table 4). Three out of four intensive water users 
had a significantly negative relationship (Table S3) indicating 
increased stomatal conductance to water vapor (gw) in larger 
plants, whereas in the group of the 232 neutral water users 
the majority revealed no significant relationships and only one 
had a significantly negative relationship. Leaf δ13C was gener-
ally positively correlated with leaf δ18O for the group of neu-
tral water users (Table 4) with the intensive water users having 
a steeper slope (1.623) compared to the neutral water users 
(0.176) indicating increasing intrinsic WUE with decreasing 
gw (Fig. 5). 

http://www.r-project.org
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Discussion

In this study, we screened a population of 236 taxonomically 
closely related Salix genotypes for characteristics indicative 
of different plant water-use patterns; i.e., the individual rela-
tionships between foliar carbon isotope values and total leaf 
area. Despite the close taxonomic relatedness in the plant 
material, we found contrasting water use patterns. Some gen-
otypes exhibited statistically significant decrease in WUE 
with increasing size, suggesting increasing access to water 
via deeper roots (intensive users; Fig. 1). Nevertheless, the 
majority of genotypes were characterized as neutral, i.e. with 
no significant relationship between foliar carbon isotope val-
ues and sapwood area. This variability in water use patterns 
is in line with previous reports on the large phenotypic and 
genetic variability of biomass and water use characteristics 
in Salix (Rönnberg-Wästljung et al. 2005; Weih et al. 2006; 
Berlin et al. 2017), which provides a promising basis for 
(pre-)breeding research targeting biomass willows adapted 
to local environments differing in water availability.

Sapwood area as an indicator of total leaf area

Systematic allometric relationships between sapwood area 
and whole-tree leaf area have been recognized long time 
ago mainly for single-stem trees (Huber 1928; Waring et al. 
1982), and our results confirm this relationship also for Salix 
with multiple stems. The leaf area vs. sapwood area relation 
has a slope of 1.16 (Figure S1) similar to the theoretical 
value of 1 for an idealized fractal tree (Hunt and Manzoni 
2015) calculated based on the allometric model by Savage 
et al. (2010).

The stem diameter is considered a good predictor of bio-
mass (Annighöfer et al. 2012; Albert et al. 2014) as well as a 
proxy for most of the anatomical features of trees (Vertessy 
et al. 1995). Sapwood area is often closely correlated with 
the diameter at breast height (Sellin 1994; Bond-Lamberty 
et al. 2002), and the area of stem cross-section can be used 
as a proxy for sapwood area especially in trees with thin bark 
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Fig. 3  Linear regressions of mean values for each of the 236 geno-
types (replicated 3–4 times) between sapwood area and isotopic val-
ues of leaves. A Foliar δ13C as function of sapwood area at 1.20 m 
height (n = 236), R2

adj
 = 0.01489, p = 0.0339, linear regression: 

y = − 29.55 − 0.000289x. B Foliar δ18O as function of sapwood area 
at 1.20 m height (n = 236), R2

adj
 = − 0.004512, p = 0.152, linear regres-

sion: y = 19.89854 − 0.0001763x 

Table 3  ANCOVA table of F 
and p values on the effect of 
genotype and sapwood area 
and their interaction on isotopic 
parameters

Significance codes: ***p < 0.001; **p < 0.01; *p < 0.05. p < 0.1, n.s. not significant

Traits R
2
adj

Source of variation

Genotype (DF 235) Sapwood area (DF 1) Genotype × sap-
wood area (DF 235)

F P F P F P

δ13C 0.324 1.86 < 0.0001*** 87.96 < 0.0001*** 1.23 0.0382*
δ18O 0.292 1.57 < 0.0001*** 42.87 < 0.0001*** 1.32 0.0093**
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and low heartwood fraction, such as young willows. Our 
results confirm both accumulated stem diameter and sap-
wood area as reliable predictors for total leaf area in Salix, 
information necessary for the following investigation of the 
relationships between isotope data and total leaf area.

Linking total leaf area to isotope values, 
and the influence of genotype

We found partly significant influence of sapwood area (and 
therefore total leaf area) on leaf carbon isotope values, but 
the effect of sapwood area on the isotope values varied 

between the 236 genotypes. On the one hand, total leaf area 
is a key trait affecting whole-plant growth and yield also in 
Salix (Weih and Nordh 2005). On the other hand, leaf iso-
topes reflect important characteristics for plant growth and 
production at leaf level in relation to the amount of water 
consumed, i.e., of the ratio of photosynthetic over transpira-
tion rates, integrated over the lifetime of the leaf. Many stud-
ies use foliar δ13C values to analyze intrinsic water use effi-
ciency  (WUEi = A/gw) in response to drought, assuming that 
leaf-level  WUEi assessed by means of foliar δ13C is indica-
tive also for whole-plant water use efficiency (Schifman 
et al. 2012; Toillon et al. 2013). Other studies assessed the 

Fig. 4  Linear regressions of A foliar δ13C against sapwood area 
 (mm2) separately for 236 Salix genotypes. Colors are indicative 
of the water-use strategy; grey: neutral water users, blue: inten-
sive water users, red: conservative water users. The threshold 
slopes for the respective color groups were: slope < − 0.025: blue, 
− 0.25 ≤ slope ≤ 0.25: grey, slope > 0.25: red. Regression parameters 
and p values are presented in Table  S1; colors do not indicate that 
slopes are significantly larger or smaller than zero, but only illustrate 

the variability in the observed slopes. B Regressions between foliar 
δ13C (per mil) and sapwood area  (mm2) at 1.20  m height for three 
Salix genotypes representing different water use patterns. Grey: neu-
tral water user, blue: intensive water user (no conservative water 
users are shown, as no relation was significantly positive). The solid, 
dashed and dotted black lines represent the model outcome of the 
water use patterns presented in Fig. 1

Table 4  ANCOVA table on the 
effect of genotype and sapwood 
area and their interaction on leaf 
δ18O and genotype δ18O on leaf 
δ13C within genotype groups 
classified as intensive and 
neutral water users

The classification was based on false discovery rate adjusted p-values after Benjamini and Hochberg (p adj. 
Table S1 and S2; Genotypes whose negative slope (d13C ~ Sapwood area) is significant at p < 0.05 were 
classified as intensive water user)

Intensive water users Neutral water users

F p adj R
2
adj

F p adj R
2
adj

δ18O
 Genotype 8.981 0.0299* 0.969 1.566 < 0.001*** 0.2813
 Sapwood area 69.187 0.0011** 39.373 < 0.001***
 Genotype × sapwood area 37.635 0.0022** 1.269 0.0214*

δ13C
 Genotype 1.674 0.3085 0.6912 1.806 < 0.001*** 0.2628
 δ18O 18.347 0.0128* 19.21 < 0.001***
 Genotype × δ18O 0.659 0.6186 1.163 0.0986

δ13C
 Genotype 1.96 0.2086 0.7363 1.699 < 0.001*** 0.2163
 δ18O 21.482 0.0024** 18.071 < 0.001***
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relation between plant size and tissue δ13C, showing variable 
influence of total leaf area on foliar carbon isotope values. 
For example, Buchmann et al. (1997) assessed foliar δ13C 
in evergreen and deciduous forest ecosystems in semi-arid 
Utah, where foliar δ13C did not change with increasing leaf 
area index (LAI) in the tree layer. Other investigations found 
significant negative correlation between total leaf area and 
δ13C (Zhang et al. 2004; Yin et al. 2004) or between δ13C 
and total shoot biomass, which is in turn related to leaf area 
(Toillon et al. 2013). Moreover, leaf and sapwood δ13C con-
sistently increase with tree height due to combined increased 
light availability (higher A) and lower stomatal conductance 
(lower gw) in the upper parts of natural canopies (McDowell 

et al. 2011). Therefore, variable relations between plant size 
and isotopic signature are widespread.

In the Appendix (Eq. 11), we summarized the relation 
between leaf-level WUE, which is related to δ13C, and sev-
eral leaf and plant traits: the carboxylation capacity (k), the 
soil-to-leaf hydraulic conductance ( gSL ), the average soil-
to-leaf water potential difference ( Δ� ), and the sapwood 
area to leaf area ratio (SA/TLA). This relation provides a 
basis for explaining the observed variability in the plant 
size-isotopic signature relation. Figure 6 illustrates trends 
in  WUEi when leaf area is increased for fixed sapwood area 
(Fig. 6B) or fixed SA/TLA ratio (Fig. 6C), and when k var-
ies with tree size according to two scenarios (constant k, 
or linearly increasing k with TLA, indicating higher light 
capture). As shown in Fig. 6B, increasing TLA for a given 
SA lowers stomatal conductance because the water supply 
to leaves is relatively lower. This in turn increases WUE in 
larger trees (i.e.,  WUEi is inversely proportional to SA/TLA 
in Eq. (11). In this case, changing the dependence of k on 
TLA does not alter the general shape of  WUEi–SA relation. 
In contrast, keeping a stable SA/TLA ratio during growth 
may result in increasing of  WUEi with increasing TLA 
(Fig. 6C). Specifically, WUEi is size invariant only when k 
is also size invariant.

These arguments hold as a first approximation only, 
and notably Fig. 6 does not explain why larger trees might 
exhibit decreasing δ13C, WUE and  WUEi with increasing 
total leaf area (dashed blue curves in Fig. 1). In fact, if trees 
experience different environments as they grow (e.g., chang-
ing water availability), it is possible that gSL and Δ� also 
vary with tree size (and TLA), but due to the confound-
ing effect of environmental conditions. Even if the results 
shown in Figure A1 neglect these effects, they are accounted 
for in Eq. (11). For example, higher water availability as 
trees grow (thanks to deeper roots) might increase gSL , thus 
decreasing  WUEi with increasing TLA, as discussed in Sect. 
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Fig. 5  Regressions between foliar δ13C and δ18O for neutral water 
users (grey line) and intensive water users (red line and symbols). 
The relationship was the same for all water use efficient genotypes 
(Table  4). After Benjamini and Hochberg adjustment of the inter-
cepts’ p values, there was no significant genotype-effect for the neu-
tral water users

Fig. 6  A Different assumed relations between carboxylation capacity 
(k) and total leaf area (TLA); k is assumed to be constant or linearly 
increasing with TLA. B, C Patterns in intrinsic WUE (WUEi) with 
increasing TLA, as driven by the different k-TLA relations shown 
in A, when sapwood area is either assumed constant (B) or propor-
tional to TLA (C). Parameters for Eq.  (11) (chosen for illustration): 

ca = 400  μmol/mol, Δ� = 1  MPa, D = 0.01 mol/mol, gSL = 25  mol/
(m2 s MPa), k = 0.05 mol/(m2 s) (baseline constant; to model changes 
with TLA, the baseline k value is multiplied by TLA/1.5), SA = 750 
 mm2 (baseline constant; to model changes with TLA, the SA/TLA 
ratio was assumed equal to 500 mm2/m2)
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“Relationship between sapwood area and foliar carbon iso-
tope values as indicator of water use patterns”. As our model 
neglects vertical variations in hydraulic traits and pressure, it 
is not adequate as a general model for larger trees (Couvreur 
et al. 2018), but it is suitable for short trees such as willows 
in short-rotation coppices, as in our case.

The highly variable effects of sapwood area (and total 
leaf area) on leaf carbon isotope values (Fig. 4) affect the 
interpretation of leaf-level isotopic signatures for evaluating 
plant-level WUE. The general problem of extrapolating δ13C 
values from a leaf (or a subsample of leaves) to a whole tree 
has been recognized previously, but we are not aware of any 
approach to systematically analyze the effects of changed 
leaf area on leaf isotope values. Such an analysis appears rel-
evant for example in the context of plant breeding, because 
any genotypic variation in leaf area or drought-induced leaf-
area changes could potentially mask the genotypic pattern 
in foliar δ13C values and affect its interpretation. Genetic 
variation in both total leaf area and WUE (sensu foliar iso-
tope values) has been found in many plants including willow 
(Rönnberg-Wästljung et al. 2005; Weih et al. 2006; Pucholt 
et al. 2015). Our results indicate that breeding for WUE, 
when assessed solely through leaf δ13C, can be mislead-
ing if results are not supported by appropriate data upscal-
ing to the whole plant. Also a study using tree ring carbon 
isotopes came to the conclusion that tree height (likely a 
proxy of total leaf area in that study) and developmental 
stage strongly affected the WUEi (McDowell et al. 2011). 
Thus, the combined evidence from the literature and our 
results indicates that single leaf measurements are not suffi-
cient when the whole tree WUE is of interest, as for example 
the effects of a proxy of total leaf area (i.e., sapwood area) 
on leaf-level δ13C and δ18O values were considerable and 
interacted with genotype in this study.

Isotopic analyses with δ13C and δ18O can give valuable 
time-integrated information (either for vegetation period, 
when analyzing leaves or over several years when compar-
ing year rings) on the state of trees in relation to water use. 
In this context, the dual isotope analysis is highly useful to 
assess differences in plant growth as well as total transpira-
tion and supplies information about time-integrated photo-
synthetic and evaporative performance (Cabrera-Bosquet 
et al. 2011). Regarding foliar δ18O, the literature is scarce, 
and both close and no correlations between isotope ratios of 
δ13C and of δ18O to environmental parameters were found 
(Barbour et al. 2002).

Relationship between sapwood area and foliar 
carbon isotope values as indicator of water use 
patterns

Leaves maintaining open stomata can achieve high photo-
synthetic rates for a given photosynthetic capacity. However, 

high stomatal conductance causes large water losses via tran-
spiration (for a set vapor pressure deficit). Because the rela-
tion between photosynthetic rate and stomatal conductance 
is concave downward, the leaf-level water use efficiency 
decreases as stomatal conductance increases (Farquhar and 
Sharkey 1982; Medrano et al. 2009). Therefore, patterns in 
WUE—as estimated from δ13C—can provide insights on 
trends in stomatal conductance and thus water use patterns 
by plants growing in the same environment (Dawson et al. 
2002), as is the case for the Salix genotypes considered here. 
Specifically, we asked how tree size (in terms of TLA) may 
affect water use patterns in closely-related genotypes, and 
whether different genotypes exhibit contrasting patterns.

As argued in Fig. 1, increasing WUE with TLA (or sap-
wood area) indicates increasingly conservative water use, 
whereas decreasing WUE with plant size suggests larger 
water consumption per unit carbon fixed via photosynthesis 
(intensive water use). Both A and gw can act as drivers of 
WUE. As Johnsen et al. (1999) described based on a basic 
mechanistic models of carbon discrimination (Farquhar et al. 
1989), Δ13C and plant size should be negatively correlated 
(i.e., positively correlated for δ13C) if the source of variation 
is photosynthetic capacity and positively (i.e., negatively 
for δ13C), if the source of variation is stomatal conductance 
(Johnsen et al. 1999). In their study with full-sib families of 
Picea mariana they identified photosynthetic capacity as 
major source of variation of Δ13C. The tested Salix popula-
tion showed high variation in the relationship between leaf 
δ13C and sapwood area. Thus, we found a great variability 
of water use patterns and could identify a few genotypes that 
differed from the rest of the population by having a signifi-
cantly negative relationship (intensive water users). Different 
from the results of Johnsen et al. (1999) but in accordance 
with their hypothesis, we can conclude from our data that 
the negative correlation between δ13C and sapwood area of 
intensive water users among the tested Salix genotypes is 
mainly driven by stomatal conductance. The strong positive 
relationship between δ13C and δ18O indicates that gw is driv-
ing the trends in WUE (δ13C) of these genotypes to a larger 
extent compared to the neutral water users. The majority of 
the intensive water users had a negative correlation between 
δ18O and sapwood area, which is indicative of higher tran-
spiration (increased gw) as plant size increases. In contrast, 
the majority of the neutral water users had no significant 
relationship between δ18O and sapwood area with only one 
genotype having a negative relationship. In combination 
with the lower slope of the δ13C - δ18O relationship, these 
results indicate a relatively smaller effect of stomatal con-
ductance on WUE.

The intensive and less efficient use of water caused by rel-
atively higher gw may be explained by considering the driv-
ers of gw. The conceptual model developed in Appendix A 
links WUE and δ13C values to gw via plant hydraulic traits, 
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measures of plant size (SA and TLA), photosynthetic capac-
ity, and environmental conditions (Eq. 11). The obtained 
relation elucidates how both environmental and plant fea-
tures can mediate changes in gw, thereby explaining trends 
in WUE with leaf area. Among the possible explanations, 
we argue that larger plants also grow deeper or denser roots. 
This argument is supported by the observation that root-
ing depth (assuming bedrock or hard pans are too deep to 
interfere, as is the case in the deep alluvial deposit of our 
study site) scales linearly with canopy height (Kempes et al. 
2011), which in turn scales as leaf area to the power three 
(West et al. 1999). This means that rooting depth increases 
monotonically with leaf area, supporting our claim that trees 
with higher leaf area allow accessing water in an increas-
ingly large soil volume. Access to more soil water increases 
the hydraulic conductance of the whole soil-to-leaf hydrau-
lic pathway, thereby decreasing WUE (Eq. 11). Therefore, 
intensive water use may be fueled by deep water during the 
driest months of the growing season.

WUEi has been identified as a complex multi-trait influ-
enced by leaf structure, biochemistry and the leaf’s diffusive 
properties (Gago et al. 2014). Our findings suggest that the 
evaluation of the relationship between leaf-level δ13C, δ18O 
and an appropriate leaf area proxy can be used to discrimi-
nate between different water-use strategies across different 
species and genotypes. The genetic diversity of our plant 
material resulted in a high phenotypic variability during 
drought for the whole stand, which is from a plant ecology 
perspective an essential survival strategy for the population 
(Lamy et al. 2013; Franks et al. 2014), and indicates oppor-
tunities for plant breeding with the possible selection for 
different water use patterns using the relationship between 
leaf-level δ13C, δ18O, and an appropriate leaf area proxy.
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Appendix

In this section we summarize a simple leaf photosynthesis and 
transpiration model, which is used to frame our hypotheses on 
the relations between plant size (in terms of leaf and sapwood 
area) and leaf δ13C (Fig. 1). The model rationale follows previ-
ous works, where assumptions and limitations are discussed in 
depth (Lloyd and Farquhar 1994; Martinez-Vilalta et al. 2014; 
Brienen et al. 2017, and references therein). First, intrinsic 
water use efficiency  (WUEi) is calculated as a function of leaf 
δ13C to explain how measured patterns in leaf δ13C can be 
interpreted as changes in water use patterns. Second,  WUEi 
is formulated as a function of leaf and sapwood areas, tissue-
level hydraulic traits, and photosynthetic capacity to elucidate 
how size-dependent trait values may affect the plant water use 
strategy (Fig. 6).

Linking C isotopic discrimination and water use 
efficiency

The transpiration rate per unit leaf area, E, is modeled as a 
diffusion process assuming that the leaves are well coupled to 
the atmosphere,

where gw is the stomatal conductance to water vapour and 
D is the vapor pressure deficit expressed as molar fraction. 
Carbon uptake per unit leaf area can also be described as a 
diffusion process regulated by stomatal conductance as

where gc is the stomatal conductance to  CO2, ca is the atmos-
pheric  CO2 concentration, and ci is the  CO2 concentration 
in the stomatal cavity. Once inside the leaf,  CO2 is fixed 
through photosynthesis.

Combining the definition of transpiration rate in Eqs. (1) 
and (2) for the net assimilation rate, we can express the leaf 
water use efficiency as,

where a = 1.6 is the ratio of the diffusivities of water vapor 
and  CO2 (i.e., gw = agc ) and ci

ca
 can be estimated from 13C 

measurements (Lloyd and Farquhar 1994; Cernusak et al. 
2009). Equation (3) shows that WUE is inversely 

(1)E = gwD,

(2)A = gc(ca − ci),

(3)WUE =
A

E
=

ca

aD

(

1 −
ci

ca

)

,

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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proportional to ci
ca

 for a given D, so that trends in ci
ca

 as a func-

tion of tree size as inferred from 13C measurements corre-
spond to patterns in water use in terms of WUE. Starting 
from the WUE formulation in Eq. (3), WUEi is obtained as,

The last step in this derivation is the linkage between C 
isotopic discrimination ( Δ13C ) and ci

ca
 . A good approximation 

for this relation when mesophyll conductance is not limiting 
is given by (Cernusak et al. 2009 and references therein),

where a = 4.4 × 10− 3 and b = 27 × 10− 3. In turn, the discrim-
ination Δ13C is linked to the C isotope ratio δ13C by the 
following definition (Barbour et al. 2000; Cernusak et al. 
2009),

where �13Ca is the isotopic signature of the  CO2 in the 
atmosphere. Using Eqs. (5) and (6), WUE can thus be linked 
to the measured δ13C via its relation to ci

ca
 (Eq. 3). Because 

both WUE and δ13C decrease with increasing ci
ca

 , higher 

WUE corresponds to less negative (increasing) δ13C.

Linking water use efficiency to size‑dependent traits

To link  WUEi to plant traits, we start by expressing A in 
Eq. (4) as a function of stomatal conductance and photosyn-
thetic capacity. To this aim, the photosynthetic C demand is 
defined as a linear function of leaf internal  CO2 concentra-
tion (Hari et al. 1986),

where k is the carboxylation capacity and the respiration 
terms have been neglected—a reasonable approximation 
when focusing on periods of high photosynthetic rates 
(central part of the day). Combining Eqs. (2) and (7), and 
eliminating ci , a relation between photosynthetic rate and 
stomatal conductance and photosynthetic capacity is found,

Substituting Eqs. (8) into (4),  WUEi is expressed as,

(4)WUEi =
A

gw
= WUE × D =

ca

a

(

1 −
ci

ca

)

.

(5)Δ13C = a + (b − a)
ci

ca
,

(6)�13C =
�13Ca − Δ13C

1 + Δ13C
,

(7)A = kci,

(8)A =
kcagw

ak + gw
.

(9)WUEi =
kca

ak + gw
,

where possible effects of plant size could be mediated by gw 
or k. We thus proceed to link gw to hydraulic traits by equat-
ing the transpiration rate per unit leaf area in Eq. (1) to the 
rate of water supply from the stems, also expressed on a per 
unit leaf area basis (Martinez-Vilalta et al. 2014),

where gSL is the sapwood area-specific conductance of the 
whole soil-leaf (SL) continuum (combining soil-to-root and 
xylem conductances), SA is the sapwood area at the tree 
base, TLA is the total leaf area, and Δ� is the water potential 
difference between the roots and the canopy. This simple 
approach for modelling tree hydraulics clearly neglects verti-
cal variations in hydraulic traits and the vertical changes in 
pressure, which might lead to localized cavitation. While this 
approximation is reasonable for short trees such as willows 
in SRC systems, it is not suitable as a general description 
of large trees (Couvreur et al. 2018). Solving Eq. (10) for 
gSL , and inserting the obtained expression in Eq. (9) yields,

As a first approximation, some terms in Eq. (11) can 
regarded as independent of tree size: a = 1.6 is a constant, ca 
and D represent environmental conditions, and Δ� and gSL 
are predicted by metabolic theory to be independent of tree 
size (West et al. 1999; Savage et al. 2010). The argument in 
support to this latter claim is based on the assumption that 
Δ� is maintained stable during ontogeny, and the theoreti-
cal result that both SA and whole canopy transpiration rate 
scale as ¾ power of plant mass. Because canopy transpira-
tion is given by gSL SA Δ� (Eq. 10), it follows that gSL is 
size-invariant. Therefore, only two terms in Eq. (11) may 
depend on tree size and can thus affect the  WUEi as trees 
grow: the sapwood area to leaf area ratio (SA/TLA) and the 
carboxylation capacity k (Fig. 6).
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