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Abstract
Key Message  Hybrid saplings were more reactive to soil water deficit than Japanese and European larch. European 
larch had hydraulically safer wood and anisohydric behavior, Japanese and hybrid larch showed isohydric strategy.
Abstract  Deciduous larch species could be an alternative to evergreen conifers in reforestation, but little is known about 
drought sensitivity of their saplings. The effect of an experimental drought on hydraulics and quantitative wood anatomy 
was tested on saplings of European larch (EL, Larix decidua), Japanese larch (JL, Larix kaempferi) and their hybrid (HL). 
Across species, biomass, transpiration rate and relative water content were higher in controls than in drought stressed trees, 
but transpiration efficiency was lower. JL had the highest transpiration efficiency under drought, and EL the lowest, coincid-
ing with slower growth of EL. Wood of EL formed before drought was hydraulically safer as shown by higher wall/lumen 
ratio and lower pit cavity area. EL neither had a significant increase in transpiration efficiency nor a reduction in transpiration 
rate under drought, suggesting that the stomata remained open under soil water deficit. HL saplings were the most reactive 
to water shortage, indicated by intra-annual density fluctuations and a decrease in relative water content of the sapwood. 
Significant reduction in transpiration by HL suggested a higher stomatal sensitivity, while the same leaf surface area was 
maintained and radial growth was still similar to its best parent,  the JL. The latter showed a significantly lower leaf surface 
area under drought than controls. EL, with its hydraulically safer wood, followed an anisohydric behavior, while JL and HL 
revealed an isohydric strategy. Altogether, our results suggest species dependent acclimations to drought stress, whereby 
HL followed the strategy of JL rather than that of EL.

Keywords  Constitutive wood anatomy · Drought stress · Hybrid larch · Larix decidua · Larix kaempferi · Reaction to 
drought · Water use efficiency

Introduction

Climate change has drastic effects on the survival, reproduc-
tion, growth and productivity of trees. High temperatures 
together with water shortage are major stress factors, which 
cause physiological as well as structural changes (Breda 
et al. 2006; Allen et al. 2015; McDowell and Allen 2015; 
Mencuccini and Binks 2015; McDowell et al. 2016; Klein 
et al. 2019; Rozenberg et al. 2020). There is an expecta-
tion for forests to mitigate climate change through carbon 
storage and sequestration, protect against erosion, soil and 
snow slides; however, the demand for wood, particularly 
from conifers such as larch, has never been higher.

Species from the sub-family of the Laricoideae, 
European larch (Larix decidua) and Japanese larch 
(Larix kaempferi) are of high environmental and 
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socio-economical importance in several parts of the 
northern hemisphere (Geburek 2002; Pâques et al. 2013; 
Caudullo et al. 2018). The native range of both species is 
mostly mountainous, but some populations of European 
larch grow at elevations lower than 400 m. Their cultiva-
tion range has been successfully extended north- and west-
wards mostly in oceanic and continental climates, includ-
ing lowland areas across Europe (Geburek 2002; Pâques 
et al. 2013). With less than 700,000 ha across its native 
range, European larch is considered as a minor species 
among conifers but it plays a major ecological (protec-
tion against snow and soil slides) and economical (tim-
ber production) role at regional levels particularly in the 
Alps (Geburek 2002; Pâques et al. 2013). Larch wood is 
much appreciated for its high density, mechanical proper-
ties, natural durability (outdoor use) and the aesthetics 
(indoor use) of its heartwood (Pâques et al. 2013). The 
use of alpine European larch provenances for plantation 
in lowland regions resulted in local maladaptation at the 
beginning of the twentieth century (Jansen and Geburek 
2016). Japanese larch, which proved less susceptible to 
European larch canker (Lachnellula willkommii Hartig), 
was thereafter used as an alternative but it failed in many 
locations due to its sensitivity to summer drought (Boudru 
1986; Masson 2005). It is native to Japan and its natural 
distribution covers only about 390 km2, where it grows 
in elevations from 500 up to 2900 m. Japanese larch pre-
fers cold temperate to subarctic climates with high rain-
fall in summer and snowy winters (Caudullo et al. 2018). 
Foresters and breeders discovered in the first years of the 
twentieth century that the hybrid between European and 
Japanese larches (Larix x eurolepis) was much more vigor-
ous than either of the parental species. From then on larch 
hybrids have been bred for improvement of growth, stem 
form, wood quality or disease resistance (Schneck et al. 
2002; Pâques et al. 2013). Besides a greater vigour, hybrid 
larch successfully combines favourable traits from both its 
parental species; e.g., resistance to larch canker and Meria 
laricis Vuill as well as fast juvenile growth from Japa-
nese larch and stem straightness as well as finer branching 
from European larch (Pâques et al. 2013; Caudullo et al. 
2018). While European larch prefers a more continental 
climate, plantations of Japanese larch are restricted to oce-
anic conditions (e.g., Western France, UK, Ireland, Den-
mark, Belgium). In contrast, their inter-specific hybrid has 
proved suitable in a much wider spectrum of sites, ranging 
from maritime to continental and from sea level to low 
mountain ranges (Pâques et al. 2013; Greenwood et al. 
2015). Hybrid larch can be thus successfully cultivated, 
wherever European or Japanese larches would have been 
cultivated. The use of larch or their hybrids outside their 
native ranges raises specific questions in terms of deploy-
ment and maladaptation. Facing the pressure of predicted 

climate change, an important goal to improve breeding of 
larch is to integrate drought responses from different spe-
cies and their crosses.

The drought response of European larch has been exten-
sively studied on mature trees (e.g., Anfodillo et al. 1998; 
Beikircher et al. 2010; Eilmann and Rigling 2012; Schuster 
and Oberhuber 2013; Swidrak et al. 2013; Dietrich et al. 
2019), with the constraint that the level of drought stress can 
only be approximately determined. European larch has been 
considered as an anisohydric species (Swidrak et al. 2013), 
showing little stomatal response at the onset of drought and 
maintaining transpiration and carbon assimilation, while 
plant water potential is on the decrease (Streit et al. 2014). 
A high stomatal conductance during favourable conditions 
would optimise CO2 fixation and, therefore, carbon accumu-
lation and biomass growth, but might unduly increase water 
losses due to transpiration, thus resulting in low intrinsic 
water use efficiency (WUE, ratio between net CO2 assimila-
tion rate and stomatal conductance to water vapour). As a 
mature tree, European larch is known to have a lower WUE 
compared to other conifer species (Schuster and Oberhuber 
2013). Similar observations were made by Anfodillo et al. 
(1998) on mature European larch trees in the Alps, where 
sap flow did not diminish despite an ongoing soil water defi-
cit, by tolerating decreasing water potential. However, with 
increasing drought severity, sap flow strongly decreases and 
growth declines (Leo et al. 2014; Obojes et al. 2018). With a 
hydraulic safety margin lower than other native conifers, the 
decreasing plant water potential greatly increases the risk of 
xylem cavitation in European larch, as has been shown by 
Beikircher et al. (2010). Nevertheless, the study by Dietrich 
et al. (2019) on several tree species including European larch 
showed that after a severe drought period as in 2015, there 
was little indication of xylem embolism or carbohydrate 
depletion. Other studies indicated lower diameter growth 
of European larch during drought events than other native 
conifer species (Eilmann and Rigling 2012; Schuster and 
Oberhuber 2013; Lévesque et al. 2013, 2014a; Feichtinger 
et al. 2014; Streit et al. 2014).

Under the impact of drought, Japanese larch shows both 
isohydric and anisohydric strategies, with a stronger ten-
dency towards isohydry (Bhusal et al. 2020). Japanese larch 
is rather drought sensitive (Boudru 1986; Masson 2005; 
Huang et al. 2017) and might be in danger when predicted 
climate change scenarios will take place; nevertheless, dif-
ferences in growth response to drought do exist among prov-
enances (Nagamitsu et al. 2018).

For hybrid larch, some reports exist, where the impact 
of drought on growth was investigated (Haasemann 1986; 
Cazaux et al. 1993; Marchal et al. 2019). Little informa-
tion is, however, available on the strategy of hybrid larch to 
acclimate to drought. So far, we know that hybrid larch sur-
vival and growth are highly sensitive to soil water reserves 
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(Cazaux et  al. 1993). In a nursery experiment combin-
ing the two parental larch species and their hybrid, three 
types of soil and three water regimes, Haasemann (1986) 
observed the overall superiority for height growth at age 
two of the hybrid even in the drier situation. However, its 
growth was optimal in the treatment with an average water 
supply, whereas optimal conditions for Japanese and Euro-
pean larches were, respectively, the moistest and the driest 
water regimes. More recently, Marchal et al. (2019) com-
pared the radial growth of mature trees across sites and 
along gradients of soil water availability: not only did the 
hybrid have superior growth—except at the lowest levels of 
water availability—but it also showed a higher phenotypic 
plasticity and overall better site stability than both parental 
species. The success of the hybrid over European and Japa-
nese larches clearly depends on water availability, where 
soil water reserves below 75 mm become critical with more 
severe mortality and reduced growth (Cazaux et al. 1993). 
However, a better understanding of the behaviour of Euro-
pean, Japanese larch and their hybrid under soil water deficit 
is critical for deployment recommendations and breeding 
strategies.

For effective breeding strategies for drought resistance, 
detailed knowledge about a species’ ecological requirements 
during the whole rotation length will be necessary, espe-
cially as the hybrid might have inherited the drought sensi-
tivity of Japanese larch (Boudru 1986; Masson 2005; Huang 
et al. 2017). The first years after plantation have been shown 
to be critical in tree development, in terms of resistance to 
drought in later stages and thus of the final plantation suc-
cess (McDowell et al. 2008). Controlled greenhouse experi-
ments on saplings allow simulation of drought stress and the 
direct comparison of the reaction of different species. As far 
as we know, drought stress experiments under controlled 
greenhouse conditions comparing different larch species or 
their crosses have not yet been performed.

The aim of our study was to characterise and to compare 
the drought response of saplings of two larch species, Euro-
pean larch and Japanese larch, and their hybrid under con-
trolled drought conditions. The combination of these species 
was chosen, because European larch plays a major ecologi-
cal role in, e.g., protection against snow and soil slides, and 
the hybrid of European and Japanese larch is of economi-
cal interest for timber production in plantations but we lack 
information on ecological requirements while in a juvenile 
state. Knowledge of their respective ecological requirements 
in the juvenile state would provide guidelines for their opti-
mal deployment in forests. We address two main research 
questions: first, did the hybrid inherit drought sensitivity 
from the Japanese larch, and second, which anatomical traits 
are responsible for lower drought sensitivity? We hypoth-
esise, that Japanese larch is more drought sensitive than 
European larch and that the hybrid shows higher drought 

plasticity during growth. Potential differences in drought 
sensitivity were examined with regard to whole plant tran-
spiration response (plant water use, transpiration efficiency), 
biomass increase and wood formation. To infer hydraulic 
vulnerability, constitutive wood anatomy (anatomy before 
drought stress) including pit structural parameters was 
analysed. For the European larch, we hypothesise that its 
slower growth is associated with a hydraulically safer wood 
design, allowing a more anisohydric strategy, whereas a less 
safe design in the Japanese larch and the hybrid demands 
stronger stomatal control and thus a more isohydric strategy.

Materials and methods

Plant experimental setup

Three-year-old saplings of European larch (Larix decidua 
Mill., EL, seed source: Sudetan larch seed orchard Theil-
FR), 4-year-old saplings of Japanese larch (Larix kaemp-
feri (Lamb.) Carrière, JL, seed orchard Flensborg-DK) and 
2-year-old saplings of hybrid larch (HL, Larix x eurolepis, 
parents of family REVE-VERT-FR) were used in our work. 
Due to different growth characteristics of the three spe-
cies (especially the fast growth of the hybrid), saplings of 
similar age would have had very different sizes, whereas a 
selection purely on the size would have resulted in largely 
different ages. The tree height of European larch at the 
beginning of the experiment was 812.67 ± 101.67 mm, of 
hybrid larch 1236.50 ± 71.16 mm and of Japanese larch 
1350.50 ± 88.77 mm. Prior to the experiment, plants were 
grown in two chambers of a glasshouse located at Champe-
noux, France (48°45′09.3″ N, 6°20′27.6″ E), under natural 
light conditions with daily maxima of irradiance ranging 
from 150 to 1000 µmol/m2/s PAR. Environmental condi-
tions in the greenhouse were affected by weather conditions, 
but the temperature was maintained between 15 and 26 °C. 
Three plants from each group were grown at similar soil 
water content conditions with two different water regimes, 
respectively. The field capacity (FC) at planting was esti-
mated at 30% ± 1.7% soil volumetric humidity (SVH). The 
automatic watering was adjusted to that; the control plants 
(C-trees) remained at 80% of the field capacity of the soil. 
This corresponds to 24% relative extractable soil water con-
tent (REW = (SVH-WP)/(FC-WP), considering a wilting 
point (WP) at 2% SVH). Forest trees are considered to be 
under drought constraint at relative water content below 40% 
relative extractable soil water content; therefore, a final tar-
get SVH for drought-stressed plants (S-trees) was below this 
value at 30% of the field capacity of the soil, corresponding 
to 10% SVH (Granier et al. 1999). The potted plants were 
put on a robotic weighing and watering system (Bogeat-Tri-
boulot et al. 2019) after all trees had flushed on March 22, 
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2015 (day 80). The soil surface of each pot was covered with 
white marble gravel (diameter about 1 cm) to reduce soil 
water evaporation and four pots without plants, each for con-
trol and drought conditions, were used to estimate residual 
soil evaporation with the same frequency as the transpira-
tion estimates for the plants. Cumulative transpiration over 
the whole experimental period (TRcum) was calculated by 
summing the water losses between two weighings of each 
plant. Plant transpiration rate (Trp, Online Resource 1) was 
calculated by dividing the water loss by the time between 
two weighings. The target drought level of 10% SVH was 
approached in a controlled stepwise way by not watering 
the pots until the target was reached. Bigger plants with a 
larger leaf surface use the available water reserve in the pots 
more rapidly, allowing more rapid approach of the final SVH 
target level. Thus, four levels of SVH (25%, 20%, 15%, 10%) 
were used and the advancement from one level to the next 
was constrained until all plants had reached this drought 
level; 25% SVH was reached on day 100, 20% on day 107, 
15% on day 110 and 10% on day 160. The trees were under 
moderate drought conditions from day 107 to day 176, thus 
for 70 days. The number of irrigations per day was adjusted 
to the transpiration of the plants, so that overall each water-
ing level was less than 100 ml water, starting with two irri-
gations per day at the beginning of the experiment, and five 
irrigations per day at the end. Plants were harvested on June 
26, 2015 (day 176). For the determination of the relative 
water content (see below), a 5 cm long stem segment was 
cut just above the root collar. Stem samples with a length of 
5 cm were collected adjacent to these segments and stored 
frozen at − 20 °C until the anatomical investigation. The 
sample set comprised three trees per treatment and species 
(n = 18, Online Resource 2).

Biomass determination

To estimate initial biomass, allometric relationships were 
estimated from three individuals, representative of the size 
range, from each species. Stems and branches were meas-
ured for basal and apical diameters and length (overall 
n = 520). Roots were separated and washed. All parts were 
dried at 65 °C to constant mass and weighed. Dry mass 
(DM) was determined for each tree for each compartment 
(stem or branch) and volumes were summed up. Density 
was estimated as mass/volume, and an ANOVA analysis 
(separately for stem and branches) showed that there was 
no significant species effect for density and only a slight 
increment effect for the stem. It was, therefore, decided to 
estimate one allometry for stems, using a power equation 
(DM = 0.95145 × V0.92404, R2 = 0.94, n = 26) and one for 
branches (DM = 0.6569 × V1.0008, R2 = 0.92, n = 16). These 
allometries were applied to all measured stems and branches 
at the beginning of the experiment (n = 1105). Initial root 

biomass was estimated using the estimated stem mass 
(DM = 86.80 × stem – DM0.642; R2 = 0.66, n = 26). Stem, 
branch and root DM were used to calculate the initial dry 
mass of each tree.

During the final harvest, stems, branches and roots were 
separated. The roots were washed and all plant organs were 
dried as described above. For the harvested plants, the main 
stem, last year’s branches, new branches, needles from 
last year’s branches, needles from new branches and roots 
(washed) were separated and dried as indicated above. Final 
biomass was calculated as the sum of the dry masses of the 
different plant organs.

The biomass increment (BMinc) was calculated as the 
difference between the final biomass and the initial biomass 
(BMini). The relative biomass increment was calculated as 
BMinc/BMini and is given as a percentage.

Needle surface area and plant transpiration per leaf 
surface area

To estimate final needle surface area (NSF), needles were 
harvested to establish an allometric relationship between 
needle dry mass (DM) and needle surface. The surface of all 
needles from three current year (2015) and three 1-year-old 
(2014) branches from each tree were measured using a flat-
bed scanner. ANOVA showed that there was neither a signif-
icant species effect nor a significant treatment effect on leaf 
mass per area. However, a significant needle age effect was 
detected. Therefore, we used two different allometric equa-
tions to convert needle dry mass into needle surface. Thus, 
power equations were established between needle mass 
and needle surface (for 1-year-old needles, NSF = 0.2358 × 
DM0.8585; for current year needles: NSF = 0.0145 × DM1.0534 
with DM = needle dry mass). Total needle surface was esti-
mated as the sum of the two needle generations (2014 and 
2015).

Transpiration traits

The assessment of the cumulative transpiration over the 
whole experimental period (TRcum) and the plant transpira-
tion rate (Trp) is described in the section “Plant experimen-
tal setup”. The transpiration efficiency (TE) was calculated 
as the total biomass increase (BMinc) divided by the cumu-
lative transpiration (TE = BMinc/TRcum).

Plant transpiration per hour and per leaf surface (TR) was 
calculated as the plant transpiration rate (Trp) divided by the 
total final needle surface (TR = Trp/NSF).

Relative water content

The relative water content (RWC) of the trunk was estimated 
from a 5 cm section of the main stem just above the root 
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collar. At the harvest, the bark was taken off and the fresh 
mass determined (FM), then the stem parts were infiltrated 
by keeping them under water in a closed glass container 
under vacuum, until air bubbles from stem parts had com-
pletely subsided. Then surface water was dried off and the 
water-saturated mass determined (SM). Subsequently, the 
samples were dried at 65 °C until constant weight to measure 
the dry mass (DM). RWC was calculated as RWC (%) = 100 
× (FM-DM)/(SM-DM).

Carbon isotope composition (δ13C)

At the final harvest, several needles from apical shoots were 
sampled, dried for 48 h at 70 °C and ground into a fine pow-
der using a ball mill (Retsch GmbH, Haan, Germany). Sub-
samples of 1 mg ± 0.1 mg were weighed into tin capsules 
and the carbon isotopic composition was measured with an 
isotope ratio mass spectrometer (Thermo-Finnigan, Delta 
S, Bremen, Germany). The carbon isotope composition 
(δ13C) was calculated according to the international stand-
ard (Vienna Pee Dee Belemnite, VPDB) using the following 
equation: δ13C = (Rs – Rstd)/Rstd × 1000, where Rs and Rstd 
are the isotopic ratios 13C/12C of the sample and the stand-
ard, respectively. The precision of spectrometric analysis 
(standard deviation of δ13C) was assessed with a calibrated, 
internal laboratory reference material with a matrix close to 
the measured samples (n = 16, SD = 0.05‰).

Wood formation of control and drought stressed 
trees (tracheidograms)

To evaluate the impact of drought on anatomical traits, radial 
lumen diameters and the tangential double cell wall thick-
ness were measured in one complete radial cell row of the 
latest wood increment, for each tree. Dissected pieces of nor-
mal wood (avoiding compression wood) harvested at 5 cm 
from the ground were mounted in the sample holder of a 
cryo-microtome (CM 3050 S, Leica Biosystems Nussloch 
GmbH, Germany) keeping the orientation perpendicular to 
the main fiber axis. Disposable microtome blades (N35HR 
Blade 35, Feather, Japan) were used to cut 10–20-µm-thick 
transverse sections. Sections were stained with safranine/
astra-blue. Lignified cell walls appear red after safranine 
staining, and non-lignified cell walls acquire blue colour 
after astra-blue staining. For anatomical analysis, sections 
were dehydrated in ethanol and mounted on slides in Can-
ada balsam. Images were acquired with a Leica DM4000 
M microscope equipped with a Leica DFC 320 R2 digital 
camera. Leica IM 500 image manager analyzing software 
was used for digital stitching (Leica, Weltzlar, Germany) 
and Image J software (https://​imagej.​nih.​gov) for quantita-
tive anatomical measurements. Mean values of radial lumen 
diameters and the tangential double cell wall thickness were 

thereafter calculated for 5% radial distance steps, with the 
whole wood increment as 100% reference. Means of ana-
tomical traits measured in the region of 90–95% of the incre-
ment (radial lumen diameter, br 90–95% and tangential cell 
wall thickness, tt 90–95%) were used for comparisons within 
and among species. The cell walls were still thickening in 
the region between 95 and 100% of the increment; we thus 
avoided analysing this part statistically.

Constitutive wood anatomy: tracheid dimensions 
and quantitative pit anatomy

We refer “constitutive wood anatomy” to quantitative ana-
tomical traits before plants were impacted by drought. This 
approach is based on Rosner et al. (2016) who found that 
the wood formed before drought stress impacts the sensitiv-
ity to drought in conifers. To elucidate whether the varia-
tion in anatomical functional traits, such as tracheid and pit 
dimensions, affected species’ performance of the trees under 
drought stress, we assessed such traits in the first formed 
early wood tracheids of the latest annual ring. ANOVA indi-
cated no influence of initial biomass and treatment (drought 
stress) on the traits investigated, indicating that before stress 
started, no anatomical differences were present which were 
related to the size of the saplings or treatment. Therefore, 
statistical analysis on species differences of tracheid dimen-
sions, conduit wall reinforcement and pit traits were done by 
pooling all trees from a given species.

Tracheid dimensions and conduit wall reinforcement were 
assessed on wood sections stained with safranine/astrablue 
(details in an earlier section). Double cell wall thickness (t) 
and lumen diameter (b) of early wood cells were measured 
in radial (tr, br) and tangential (tt, bt) directions in the first 10 
cell rows of the 2015 growth ring using Image J software. 
For each of the four traits, a tree mean value was calculated 
from 20 single measurements that were performed on four 
different positions around the whole circumference. Conduit 
wall reinforcement was calculated in the radial ((tr/br)2) and 
tangential ((tt/bt)2) direction (Rosner et al. 2018).

Light microscopy images were used for the determination 
of the pit cavity area (Fig. 1a, right). SEM images (Fig. 1a, 
left; Fig. 1b) were used for all other measurements, such as 
the pit membrane diameter (PMD) torus diameter (TD) and 
the pit aperture diameter (AD).

For light microscopy, sections (5–10 µm thick) were 
cut from frozen samples using a cryo-microtome. Pre-
liminary work undertaken to select the most effective 
stain indicated that toluidine blue, which stains wood cell 
wall, including the pit border, greenish blue and the pit 
torus pink–magenta, to be the most suitable stain. The 
sections were stained for 2 min, then washed with water 
and mounted on glass slides in a drop of water. Nail pol-
ish was used to seal the cover glass. The sections were 

https://imagej.nih.gov
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examined with a light microscope (Nikon, Japan) and the 
images were captured with a digital camera. For each sam-
ple, 20 intact pits were selected in early wood of the 2015 
wood increment. Pit cavity was defined and measured using 
image J (Fig. 1a, right).

For SEM, air-dried wood blocks were split longitudi-
nally, exposing the radial face. The samples were mounted 
on stubs and coated with gold particles in a sputter coater 
(LEICA EM SCD005). Images were acquired using the 
Apreo SEM (ThermoFisher Scientific, Massachusetts, USA) 
at 5 kV. Measurements of membrane diameter (PMD), torus 
diameter (TD) and pit aperture diameter (AD) were done 
using the ImageJ software. Twenty pits were used for each 
tree sample. Torus overlap (TO, torus–aperture overlap, 
torus to aperture ratio) was determined as (TD-AD)/TD 
(Fig. 1a, left).

Statistical analyses and sample numbers

Traits investigated and analysed as well as their abbrevia-
tions are listed in Table 1. Differences between species and 
the drought treatment effects of biomass- and transpiration-
related traits were analysed using an ANCOVA model (R 
Core Team 2020) in particular for taking into account the 
different sizes of trees at the beginning of the experiment:

BMini is the covariate for initial biomass differences 
among plants, species is the effect for European, hybrid or 
Japanese larch, treatment is the control vs. drought effect 
and species × treatment is their interaction (only included 
in the model when significant). BMini was only significant 

Y = BMini + species + treatment + species × treatment,

Fig. 1   Documentation of measurements on bordered pits. a left side, 
SEM image of a radial wood section showing a bordered pit with pit 
aperture diameter (AD), torus diameter (TD) and pit membrane diam-
eter (PMD). a right side, light microscopy photo of a transverse wood 

section stained with toluidine blue; the insert shows the pit cavity at 
higher magnification. b SEM images of bordered pits of European, 
hybrid and Japanese larch
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(P < 0.05) for few traits (TR, TRcum, TE, NSF, BMinc%). 
The normality of the residuals of the ANCOVA analyses 
was tested using the Shapiro–Wilks test. We detected a 
significant deviation from normality for TR and Trcum. A 
Box–Cox transformation was applied. As the ANOVA on the 
transformed variables resulted in similar significance levels 
for the different factors, it was decided to only present the 
untransformed results. Means and group differences for spe-
cies, treatment and species × treatment were estimated using 
the HSD test function (Tables 2, 3 and 4, HSD.test, agri-
colae package, R Core Team 2020) to reflect the measured 
data. However, when an influence of the initial biomass was 
observed, within factor significant pairwise differences were 
estimated using also marginal means (emmeans, emmeans 
package, R Core Team 2020).

We investigated three trees per species and treatment, 
respectively. In total, 18 trees were investigated (Online 
Resource 2). For analyses of constitutive wood- and pit 
anatomy, six trees per species were pooled. Tree mean val-
ues for constitutive wood- and pit anatomy were calculated 
from 20 single measurements per tree, respectively. Final 
statistical analyses were then performed with tree mean 
values.

Results

Effects of initial biomass, species and drought 
and their interaction on growth and physiology

Significant species effects were found for biomass at the 
beginning of the experiment (Fig. 2f). Therefore, to take this 
into account in the following analyses, initial biomass was 
tested as a covariate. Transpiration rate, needle surface area 
and relative biomass increase showed a significant effect of 
the initial biomass (Table 2).

Significant species effects were found for absolute- and 
relative biomass increase, transpiration efficiency and δ13C, 
with JL having the highest values, followed by HL and EL. 
No significant overall species effect was found for transpi-
ration rate, RWC, needle surface area and stem diameter 
(Table 2).

A significant drought effect was found for all traits except 
for initial biomass, indicating an even distribution of plants 
across treatments before the stress was applied (Table 2).

Species*treatment interaction effects were significant 
for all transpiration traits and the absolute biomass increase 
(Table 2).

Information on the impact of drought within and among 
species on physiological and growth traits can be found 
in Table 3. Transpiration rate (Fig. 2a) and transpiration 
efficiency (Fig. 2b) had a significant drought effect in HL 
and JL (marginal means, Table 3). Drought stressed HL 
had a similar transpiration rate as JL, but it showed a much 
stronger decline in transpiration rate than JL (Table 3, 
Fig. 2a) and a lower increase of transpiration efficiency 
(Table 3, Fig. 2b). Within species, δ13C was significantly 
higher (less negative) in drought stressed than in control 
trees (Table 3). RWC was also lower in stressed trees than 
in control trees (Fig. 2c), but a significant decrease was 
solely found for HL (Table 3). Needle surface area (Fig. 2d) 
was significantly lower in stressed JL; EL showed a simi-
lar trend, whereas HL had similar measured values in both 
groups (Table 3). Absolute biomass increase (Fig. 2g) was 
significantly lower in HL and JL. Even though relative bio-
mass increase (Fig. 2h) was affected by the initial biomass 
(Table 2), we found a significant decrease for the marginal 
means of drought stressed HL and JL (Table 3). Stem diam-
eter was significantly affected by drought in all three species 
(Fig. 2e, Table 3).

Characteristics of wood produced under the impact 
of drought

Differences in wood anatomy were analysed in 5% steps 
along the latest radial increment. Stressed trees showed 
a decrease in radial lumen starting at about 50% of the 

Table 1   List of investigated growth parameters, physiological- and 
anatomical traits and their abbreviations

Abbreviation Trait Unit

AD Aperture diameter of bordered pits µm
BMinc Biomass increase g
BMinc% Relative biomass increase %
BMini Initial biomass g
br Radial lumen diameter of tracheids µm
br 90–95% br in 90–95% of the radial increment 2015 µm
bt Tangential lumen diameter of tracheids µm
DS Diameter of the stem mm
PC Pit cavity µm2

PMD Pit membrane diameter µm
RWC​ Relative water content %
NSF Needle surface area cm2

TD Torus diameter µm
TE Transpiration efficiency g/kg
TO Torus overlap %
tr Radial double cell wall thickness µm
(tr/br)2 Conduit wall reinforcement radial direction
TR Transpiration rate per needle surface g/h/m2

tt Tangential double cell wall thickness µm
tt 90–95% tt in 90–95% of the radial increment 2015 µm
(tt/bt)2 Conduit wall reinforcement tangential direc-

tion
δ13C Carbon isotope composition current year 

shoots
‰
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increment for all species (Fig. 3). When lumen diam-
eters were plotted against the absolute distance from 
pith to bark (tracheidograms), the extreme reaction of 
HL to drought stress became obvious (Online Resource 
3): in addition to a decrease in radial increment, lumen 

diameters decreased (see also examples in Fig. 4). In 
the region of the last 90–95% of the increment, radial 
lumen diameters significantly decreased due to drought 
in all species, but drought stressed EL had significantly 
larger lumens than stressed HL and JL (Table 3). Cell 

Fig. 2   Transpiration rate per needle surface (a), transpiration effi-
ciency (b), relative water content (c), needle surface area (d), stem 
diameter at the beginning of the experiment (e), biomass at the begin-
ning of the experiment (f), biomass increase (g) and relative biomass 

increase (h) of three different larch species.  Whiskers  indicate the 
standard deviation and grey dots data for each single tree. Closed 
symbols indicate “control” trees, open symbols indicate drought 
stressed trees. EL European larch; HL hybrid larch, JL Japanese larch
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Table 3   Mean values and standard errors of physiological traits and biomass parameters for interaction of species and treatment (C Control, S 
Drought stress)

Marginal means are provided below the measured means when there was a significant effect of initial biomass. Significant differences in the 
mean values at the P < 0.05 level for either species or treatment are indicated by different letters, for marginal means by capital letters
Abbreviations are explained in Table 1
For comparison, significant biomass effects from the ANCOVA (BMini P), shown already in Table 2, are indicated with “-” for P ≥ 0.5, “*” for 
P < 0.05, ** for P ≤ 0.01 and “***” for P ≤ 0.001, n = 3 trees/species/treatment

Trait Units BMini
P

European C European S Hybrid C Hybrid S Japanese C Japanese S

TR g/h/m2 * 0.0127 ± 0.0009b 0.0104 ± 0.0012b 0.0160 ± 0.0013a 0.0054 ± 0.0001c 0.0096 ± 0.0002b 0.0056 ± 0.0006c
0.0101 ± 0.0011BC 0.0072 ± 0.0013BC 0.0155 ± 0.0007A 0.0055 ± 0.0007B 0.0136 ± 0.0015AC 0.0078 ± 0.0010B

TE g/kg – 3.36 ± 0.32c 4.67 ± 0.04bc 3.93 ± 0.26c 5.88 ± 0.17b 4.46 ± 0.21bc 7.84 ± 0.61a
δ13C ‰ – – 28.74 ± 0.24c – 27.03 ± 0.17ab – 28.44 ± 0.14c – 26.47 ± 0.06a – 27.94 ± 0.39bc – 26.16 ± 0.18a
RWC​ % – 98.6 ± 0.7a 93.3 ± 2.7ab 96.2 ± 1.8a 85.4 ± 4.1b 93.3 ± 1.4ab 88.6 ± 1.1ab
NSF cm2 *** 2156 ± 303 cd 1032 ± 169d 2686 ± 603bc 2525 ± 337bc 5767 ± 276a 3468 ± 284b

3383 ± 438AB 2525 ± 502AB 2897 ± 263AB 2451 ± 257AB 3934 ± 589A 2444 ± 392B
BMini g – 66.1 ± 5.4c 56.4 ± 5.6c 103.3 ± 17.0bc 113.8 ± 6.0b 178.2 ± 8.5a 148.6 ± 8.3ab
BMinc g – 134.8 ± 1.5c 78.9 ± 6.6c 248.5 ± 24.6b 131.5 ± 11.4c 382.9 ± 18.8a 236.1 ± 5.7b
BMinc% % *** 204.2 ± 15.1ab 140.6 ± 3.7bc 256.8 ± 54.4a 115.3 ± 4.7c 215.1 ± 7.6ab 160.2 ± 12.0bc

122.2 ± 29.8ABC 40.9 ± 34.1BC 242.7 ± 17.9DE 120.2 ± 17.5B 337.5 ± 40.0AD 228.6 ± 26.6CE
DS mm – 20.1 ± 0.1bc 15.2 ± 0.6d 24.1 ± 1.2ab 19.4 ± 0.6 cd 28.1 ± 1.3a 21.5 ± 1.3bc
br 90–95% µm – 27.1 ± 0.4a 17.2 ± 1.6b 17.5 ± 0.4b 7.7 ± 1.1c 17.1 ± 2.9b 10.3 ± 1.1c
tt 90–95% µm – 3.8 ± 0.7a 4.3 ± 0.5a 5.2 ± 0.1a 7.4 ± 1.0a 5.6 ± 1.3a 6.6 ± 0.9a

Fig. 3   Tangential wall thickness and radial lumen diameter in 5% 
steps of the 2015 increment of European, hybrid and Japanese larch 
trees with two treatments (control and drought stress). Each stepwise 
mean value of radial lumen diameter of European larch (a), hybrid 
larch (b), and Japanese larch (c), and tangential wall thickness of 

European larch (d), hybrid larch (e), and Japanese larch (f) is shown 
with standard deviation  for the two treatments “control” (C-trees,  
closed symbols) and drought stressed trees (S-trees,  open symbols). 
Whiskers indicate the standard deviation
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Fig. 4   Selected transverse sections of the wood increment 2015 of 
control trees (C-trees) and drought  stressed trees (S-trees) of Euro-
pean larch (EL), hybrid larch (HL) and Japanese larch (JL). Boxed 

regions show the rear part of the increment in higher magnification. 
Sections were stained with safranin and astrablue. The scale bar is 
100 µm
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wall thickness in 90–95% of the increment also showed 
a tendency (treatment factor in ANOVA P = 0.08, 
Table 2) for higher values under drought, especially in 
HL (Table 3, Fig. 3). Smaller lumen diameters together 
with an increase in cell wall thickness in stressed trees 
resulted in a denser wood produced towards the end of 
the experiment (Fig. 3). We found negative correlations 
between radial lumen diameters in 90–95% of the incre-
ment and transpiration efficiency (Fig. 5a) as well as 
with carbon isotope compositions of the current year 
shoot (δ13C) (Fig. 5b).

Constitutive wood anatomy

In the wood formed before the start of the experimentation, 
we found no significant differences between Japanese larch 
(JL) and hybrid larch (HL) in lumen diameter or cell wall 
thickness traits (Table 4). However, European larch (EL) 
had significantly smaller tangential lumen diameters, which 
implied higher theoretical hydraulic safety against implo-
sion of the tangential cell walls ((tt/bt)2) compared to the 
other two species (Fig. 6a, Table 4). The conduit wall rein-
forcement of the radial cell walls ((tr/br)2) (Fig. 6b) showed 
no significant differences between species. The mean tan-
gential lumen diameter was positively related to the initial 

Fig. 5   Relationships between 
radial lumen diameters in 
90–95% of the latest formed 
annual ring and physiologi-
cal traits such as transpiration 
efficiency (a) and δ13C (b). Tri-
angles indicate European larch 
(EL-C, EL-S), circles hybrid 
larch (HL-C, HL-S) and squares 
Japanese larch (JL-C, JL-S) 
of control (closed symbols, 
EL-C, HL-C, JL-C) and drought 
stressed (open symbols, EL-S, 
HL-S, JL-S) trees, respectively

Table 4   Means and standard errors of anatomical traits for three larch species; letters represent significant differences in the mean values at the 
p < 0.05 level for either species (n = 6 trees/species) or treatment (n =  9 trees/treatment)

 Significant differences in the mean values at the P < 0.05 level for either species or treatment are indicated by different letters
Abbreviations are explained in Table 1
Species and species x treatment effects (Int) are indicated with “-” for P ≥ 0.5, “*” for P < 0.05, ** for P ≤ 0.01 and “***” for P ≤ 0.001. We 
found neither an effect of initial biomass nor of the treatment on the constitutive anatomical traits

Trait Unit Species European larch Hybrid larch Japanese larch Control Drought stressed Int
P P

br µm * 25.37 ± 0.92b 29.41 ± 0.57a 26.52 ± 1.02ab 26.50 ± 0.63a 27.70 ± 1.08a –
bt µm *** 19.18 ± 0.77b 22.06 ± 0.31a 23.81 ± 0.42a 21.68 ± 0.78a 21.69 ± 0.81a –
tr µm – 2.30 ± 0.13a 2.28 ± 0.11a 2.19 ± 0.17a 2.31 ± 0.10a 2.21 ± 0.12a –
tt µm – 2.39 ± 0.12a 2.03 ± 0.15a 1.93 ± 0.22a 2.21 ± 0.14a 2.02 ± 0.16a –
(tr/br)2 0.0094 ± 0.0012a 0.0066 ± 0.0007a 0.0086 ± 0.0019a 0.0088 ± 0.0011a 0.0076 ± 0.0011a *
(tt/bt)2 ** 0.0174 ± 0.0010a 0.0096 ± 0.0016b 0.0080 ± 0.0021b 0.0125 ± 0.0019a 0.0108 ± 0.0019a –
PMD µm – 14.71 ± 0.71a 15.27 ± 0.33a 15.80 ± 0.30a 15.28 ± 0.48a 15.24 ± 0.33a –
TD µm – 7.94 ± 0.46a 8.31 ± 0.12a 8.71 ± 0.19a 8.27 ± 0.31a 8.37 ± 0.21a –
AD µm – 4.53 ± 0.18a 4.85 ± 0.17a 4.57 ± 0.21a 4.78 ± 0.16a 4.53 ± 0.14a –
TO – 0.420 ± 0.036a 0.416 ± 0.022a 0.475 ± 0.021a 0.417 ± 0.026a 0.457 ± 0.019a –
PC µm2 ** 43.50 ± 1.30b 48.24 ± 0.69a 47.59 ± 0.91a 46.08 ± 1.06a 46.81 ± 1.09a –
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biomass (r = 0.80, P < 0.0001, n = 18) across species (Online 
Resource 4a). Accordingly, (tt/bt)2 was negatively related 
to the initial biomass (r = 0.60, P < 0.01, n = 18) (Online 
Resource 4b).

There were no significant differences in pit membrane-, 
aperture-, and torus diameters as well as in the torus overlap 
between the species. Pit cavity area was, however, signifi-
cantly smaller in EL than in HL or JL (Table 4).

Discussion

Influence of initial biomass on species specific 
transpiration and water use efficiency

The known large differences in growth rate between Euro-
pean larch (EL), Japanese larch (JL) and hybrid larch (HL) 
(Pâques et al. 2013) render experimentation as well as inter-
pretation of biomass data and constitutive wood anatomy 
(Anfodillo et al. 2013; Piermattei et al. 2020) of young 
saplings challenging. Using younger HL plants resulted in 
an intermediary starting biomass, instead of much larger 
individuals than the parental species if older HL would have 
been used. The variation within the initial biomass, and thus 
the size of the plants, clearly had a significant effect on the 
final total needle surface, on the transpiration rate and on 
the relative biomass increase. Including the initial biomass 
into the ANCOVA allowed taking into account the size dif-
ferences among plants. Still, relative biomass increase was 
significantly higher for HL than for EL, even though HL 
saplings were only in their 3rd growing season, compared to 
EL, which was in its 4th growing season. The faster growth 
of HL compared to one or both of its parents is generally 
observed (Pâques et al. 2013; Greenwood et al. 2015) but 
depends on parental varieties used. In sites, where (summer) 

water supply is not limited, JL growth can be close to that of 
HL (Philippe et al. 2016).

Transpiration rate per leaf surface was highest for EL 
and lowest for JL. The latter result is similar to a tendency 
for higher stomatal conductance, shown by Matyssek and 
Schulze (1987) for EL compared to JL, with HL showing 
intermediate values. Initial biomass clearly affected needle 
surface area and eventually total plant transpiration rate but 
we found no statistically significant impact on transpiration 
efficiency, suggesting that the differences in initial biomass 
did not affect the relative amounts of biomass growth vs. 
transpiration. As far as we know, there is no comparison of 
transpiration efficiency (TE) estimates either for EL and JL 
or their hybrid in the literature. The only estimate for a Larix 
species was for L. occidentalis with a TE at 3.6 g/kg (Mar-
shall and Zhang 1994). For Pseudotsuga menziesii, which is 
in the same subfamily Laricoidae as Larix, Smit and van den 
Driessche (1992) estimated a TE of 6.2 g/kg. For other spe-
cies from the Pinaceae family, low TE around 2.5 g/kg have 
been estimated for different Abies species (Becker 1977), 
whereas Guehl et al. (1995) estimated a TE of 5.3 g/kg to 
6.6 g/kg for Pinus pinaster. Compared to the latter estimates, 
EL saplings (4.0 g/kg) appeared to have a medium, and JL 
saplings (6.1 g/kg) a rather high TE. Accordingly, leaf mat-
ter δ13C values were more negative for EL (suggesting lower 
WUE at leaf level), medium for HL and less negative for 
JL. This again is similar to the results from Matyssek and 
Schulze (1987), who showed a tendency for higher WUE of 
HL and JL compared to EL at the leaf level. Kloeppel et al. 
(1998) compared five different Larix species, including L. 
decidua, to a second sympatric evergreen conifer species 
growing on the same site, and all Larix species showed a 
tendency towards more negative δ13C values, thereby sug-
gesting a lower WUE at the leaf level. Similarly, Gower 
and Richards (1990) showed more negative δ13C values for 
L. occidentalis and L. lyallii also compared to sympatric 

Fig. 6   Conduit wall reinforce-
ment in the tangential direction 
(a) and in the radial direction 
(b) in the first formed early-
wood tracheids of European 
larch (EL), hybrid larch (HL) 
and Japanese larch (JL). Whisk-
ers indicate the standard devia-
tion (n  = 6 trees/species)
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evergreen conifers (Pinus, Abies or Tsuga species). Overall, 
our results corroborate that EL has a relatively low WUE 
compared to HL and JL (but also compared to other conifer 
species) due to a higher transpiration or stomatal conduct-
ance per leaf surface and also lower growth.

Species specific physiological responses to drought

There are no detailed ecophysiological studies comparing 
drought responses of the two parental Larix species and 
their hybrid; however, the drought response of EL has been 
regularly compared to other conifer species (e.g., Eilmann 
and Rigling 2012; Schuster and Oberhuber 2013; Peters et al 
2019). Eilmann and Rigling (2012) showed that the growth 
of EL was fairly low during drought, and that EL lacked 
the ability to recover from drought. This was confirmed by 
Schuster and Oberhuber (2013), who showed a stronger 
decline in the basal area index of EL (compared to P. abies 
and P. sylvestris) in response to a decrease in soil moisture. 
Similarly, Lévesque et al. (2013, 2014a) showed that EL 
was more vulnerable to drought (in terms of ring growth) 
than P. sylvestris and Pinus nigra. Overall, the literature 
suggests that the growth of EL is strongly affected by soil 
drought (George et al. 2016). The drought stress applied in 
our study had a significant effect on stem diameter (radial 
growth) in all species, but a lower absolute biomass incre-
ment and relative biomass was only significant in JL and 
even more so in HL. These results are in line with a stronger 
dependence of HL ring growth to precipitation compared to 
EL, as observed by Oleksyn and Fritts (1991). Marchal et al. 
(2019) had shown a stronger plasticity of HL in response to 
soil water deficit in terms of ring width compared to EL and 
JL, where more stressful conditions did decrease its level 
of performances to a level comparable to parental species. 
In our study, only EL showed no significant reduction in 
transpiration rate under drought. In contrast, HL and JL had 
a significant decrease in transpiration, which was proportion-
ally higher compared to biomass increase, resulting in an 
increase in transpiration efficiency with drought. Lévesque 
et al. (2014b) showed highest increase in WUE between a 
mesic and a xeric site for EL, compared to evergreen coni-
fer species. Here, the strong drought effect on growth for 
HL was mainly due to a strong reduction in the transpira-
tion rate, suggesting a higher stomatal sensitivity of HL to 
drought. Drought stressed saplings of JL showed a signifi-
cant decrease in needle surface area, whereas HL did show 
a quite similar needle surface area in control and stressed 
trees. Maintenance of a large leaf surface by HL under 
drought can explain the observed severe reduction in transpi-
ration rate and, therefore, implies stronger stomatal control 
of HL. Thus, a significant increase of transpiration efficiency 
was only observed for HL and JL, the increase being much 
stronger for JL. These results suggest that EL was better able 

to maintain stomatal opening under soil water deficit and 
thus maintain photosynthesis. At the leaf level, HL showed 
the biggest shift in δ13C values (nearly 2‰) under drought, 
indicating either strong stomatal closure or an increase in 
photosynthesis. As the latter is unlikely under drought con-
ditions, the δ13C measurements confirm the strong stoma-
tal reaction to drought by HL. Several authors suggest an 
anisohydric stomatal behaviour of EL in response to soil 
water deficit; compared to evergreen conifer species (Anfo-
dillo et al. 1998; Swidrak et al. 2013; Klein 2014; Leo et al. 
2014), it is able to maintain high transpiration under drought 
conditions, thus keeping stomata open (Streit et al. 2014) 
even at very low levels of leaf water potential. We confirm 
this behaviour at the whole plant level, as EL maintained its 
transpiration rate under drought. Furthermore, the strong 
reduction in transpiration of HL under drought would indi-
cate its isohydric behaviour to increasing soil water deficit. 
However, during a mild drought stress, anisohydric behav-
iour of HL might be possible, since HL solely showed a sig-
nificant decrease in relative water content in sapwood under 
the impact of prolonged drought stress. The observed rela-
tive water loss of 15% in drought stressed HL corresponds 
to more than 40% of loss in hydraulic conductivity (Rosner 
et al. 2019), which is quite considerable for conifers. Bhusal 
et al. 2020 recently reported that JL shows both isohydric 
and anisohydric drought response, however, with a stronger 
tendency towards isohydry.

In response to drought, not only the production of the 
wood volume is reduced, but anatomical traits, such as 
the diameter and cell wall thickness of tracheids, are also 
affected. Reduction in lumen diameters and an increase in 
cell wall thickness are important anatomical features for 
a trees’ drought adaptability, because higher wall/lumen 
relationships would promote greater mechanical support 
to stems while preventing xylem cell collapse (Hacke et al. 
2001; Domec et al. 2008; Rosner et al. 2018). Towards the 
end of the drought stress experiment, lumen diameters in 
the sapwood of stressed HL and JL decreased much more 
than in EL. In HL, a trend in cell wall thickness increase 
was also observed. These structural modifications indicate 
either an earlier production of transition wood, which has a 
higher hydraulic safety than earlywood and latewood (Dalla-
Salda et al. 2014) or intra-annual density fluctuations such 
as the formation of a “false ring”. Since the decrease in 
radial lumen diameter was more observed in individuals 
with higher δ13C and transpiration efficiency, we suggest 
that anatomical modifications were triggered by physio-
logical processes such as the earlier closure of the stomata. 
Intra-annual density variations in earlywood (“false rings”) 
develop under the impact of early summer drought. When 
water is again available, the tree starts to produce wood that 
resembles earlywood (Fritts 1976; Wimmer et al. 2000; Ros-
ner et al. 2018; George et al. 2019). Sugar investment for 
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cell wall thickening and lignification exceeds other growth 
processes (Cartenì et al. 2018) and the production of “false 
rings” that resemble latewood cells in their cell wall thick-
ness might be related to biomechanical demands of the tree. 
Concerning the production of “false rings”, HL seems to be 
the most sensitive of the investigated larch species and if 
this behaviour is relevant for recovery after drought, further 
investigation in this context is needed.

Investment in hydraulic safety impacts reaction 
to drought in larch species
Structural modifications in wood developed to prevent or 
minimize cavitation include: pit structure (Pittermann et al. 
2006; Delzon et al. 2010; Bouche et al. 2014), conduit wall 
reinforcement by decreasing lumen diameter or by increas-
ing wall thickness (Hacke et al. 2001; Domec et al. 2009) 
and possibly also differences in cell wall lignification (Ros-
ner et al. 2018). One of the anatomical traits that shows a 
positive correlation with embolism resistance is the conduit 
wall reinforcement, i.e., the cell wall thickness to span ratio 
(t/b)2, because it influences the resistance against hydraulic 
failure (Hacke et al. 2001). For example, in mature Larix 
decidua trunks, (t/b)2 values of earlywood increase toward 
the apex, where water potential is known to become more 
negative (Prendin et al. 2017). In our study, there were dif-
ferences among species in (t/b)2 measured in the tangential 
direction of non-stressed sapwood, with EL showing signifi-
cantly higher values than HL and JL. This suggests that the 
hydraulic safety of EL was superior to the other two species 
in terms of resistance against cavitation (Rosner et al. 2016), 
which would allow for the observed higher transpiration per 
leaf area under drought for EL. Higher growth, as gener-
ally observed in juvenile HL and JL (Pâques et al. 2013; 
Caudullo et al. 2018), comes at the cost of lower hydrau-
lic safety, because tracheids become bigger (and thus more 
prone to cavitation) with distance from the apex (Anfodillo 
et al. 2013; Piermattei et al. 2020). To take into account such 
structure–function relationships, future experiments should 
include same-age as well as same-size saplings across spe-
cies, so that age and size effects can be clearly separated 
from species differences.

The significantly smaller pit cavities we observed for EL 
compared to HL and JL might be related to higher hydraulic 
safety; however, this anatomical trait has so far not been 
tested as a proxy for vulnerability to cavitation. Pit anatomy 
plays an important role in cavitation resistance and the most 
commonly used proxy is the torus overlap (Delzon et al. 
2010; Bouche et al. 2014). Torus overlap values obtained in 
our study suggest that juvenile larch wood is hydraulically 
quite safe when compared to other conifer species (Bouche 
et al. 2014). We found a trend for higher torus overlap in 
JL followed by EL and HL. However, regarding conduit 

wall reinforcement in the tangential direction (Rosner et al. 
2016), JL was the most cavitation sensitive species. The 
higher torus overlap might be thus a compromise between 
hydraulic efficiency and hydraulic safety in this species.

Overall, EL had higher hydraulic safety, in terms of con-
duit wall reinforcement and pit cavity size, than JL and HL, 
which comes at the cost of slower growth. This corresponds 
to the classification of EL as an anisohydric species (Anfo-
dillo et al. 1998; Swidrak et al. 2013; Klein 2014; Leo et al. 
2014), which can cope with lower water potentials than iso-
hydric species (McDowell et al. 2008), but their wood must 
be constructed more safely to avoid implosion (Hacke et al. 
2001). From the constitutive structure–function point of 
view, wood of EL is designed to keep stomata open at more 
negative water potentials than JL or HL, because cavita-
tion occurs at lower water potentials. Accordingly, EL had 
a lower conductivity loss, indicated by a tendency to higher 
RWC (Rosner et al. 2019), compared to JL and HL.

Conclusions

Our study showed that young saplings of the three larch 
species (EL, JL and HL) adopted different strategies towards 
drought. As hypothesised, the slower growth and hydrauli-
cally safer wood of EL allows anisohydric behaviour under 
drought stress, whereas the less safe wood design in JL and 
HL demands stronger stomatal control and an isohydric 
strategy. Both JL and HL had an increase in transpiration 
efficiency induced by drought, but in HL, the increase was 
due to a strong reduction in transpiration per leaf surface, 
whereas in JL it was due to a reduction in the leaf surface. 
HL was the most reactive to soil water availability; it showed 
the highest decrease in transpiration rate, had significantly 
lower relative water contents in sapwood and started to pro-
duce denser wood much earlier than the other two species. 
We hypothesised higher drought plasticity during growth 
in HL, for now, we cannot reject this hypothesis, but we 
conclude for the HL analysed in the present study, that their 
strategy towards drought stress was inherited from JL rather 
than from EL. The anisohydric drought response strategy of 
EL could allow a range shift under climate change from its 
native range to higher elevations or more northern regions. 
The observed higher growth of HL, even under drought, and 
its higher resistance against diseases, supports its inclusion 
in pure and mixed lowland plantations in regions, where 
EL is native. HL is a “man-made” construction obtained by 
controlled crosses between both parents selected for their 
superiority. Using connected pedigrees at intra- and inter-
specific levels through crossing of common parents such as 
in diallel mating design would allow drawing a clearer con-
clusion on the genetic determinism of the observed differ-
ences between hybrids and parental species. To investigate a 



1482	 Trees (2021) 35:1467–1484

1 3

species’ strategy for its response to drought we suggest both 
quantitative anatomical and physiological investigations, 
whereby the relative water loss of the sapwood is a fast and 
easily assessable functional trait.
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