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Abstract

Key message Under drought, P. sylvestris produces more needle vs. xylem biomass to prevent C reserve imbalances,
whereas T. platyphyllos invests in water transport efficiency, producing wider vessels at the stem apex.

Abstract Phenomena of tree decline and mortality are increasing worldwide as a consequence of the higher temperatures
accompanying drought events. Studying changes in biomass allocation and xylem anatomy may shed light on the relative
importance that C and water impairment have during drought, and can help to better understand how plants will respond to
future droughts. We measured the dry weight of the leaf, aboveground and belowground xylem biomass in tree seedlings of
the drought-avoidant Pinus sylvestris and drought-tolerant Tilia platyphyllos exposed to different intensities of water short-
age. Moreover, the area of vessels was measured at three positions along the stem. In P. sylvestris, we found no differences in
total biomass across treatments, but a preferential allocation to needle mass under drought, while there were no differences
in xylem anatomy. Tilia platyphyllos under ambient and mild drought increased leaf and total xylem biomass according to an
isometric pattern, whereas the largest vessels near the stem apex were found in seedlings under severe drought. Our results
suggest a categorisation of the two species regarding the coordination of carbon and hydraulic economies. Pinus sylvestris
invests relatively more into leaf biomass to increase photosynthesis and thus decreases the risk of carbon starvation, while
T. platyphyllos invests more into hydraulic efficiency to decrease the risks of embolisation.
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Introduction

The average global temperature has already increased by
0.85 °C since 1880 (IPCC 2014), and even higher tempera-
tures are expected in the future, implying warmer summers
and winters, thus longer growing seasons (Menzel and
Fabian 1999), and possibly the occurrence of more frequent
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extreme drought events in various areas of the Earth due
to more erratic precipitation regimes (IPCC 2014). Within
such a perspective, species are expected to adopt acclimation
and/or adaptation strategies to withstand the new climatic
conditions (Jump and Penuelas 2005; De Micco and Aronne
2012). In recent years, however, higher rates of tree mortal-
ity and forest dieback have been reported at global scale
after severe drought events (Allen et al. 2010). Although we
still lack a clear understanding on the ultimate mechanism
leading to tree decline and mortality under drought (Mitchell
et al. 2013), the coordination between carbon and hydraulic
economies is emerging as a fundamental requirement for
plant survival (Mencuccini 2014; Mitchell et al. 2014; Petit
et al. 2016; Sterck and Zweifel 2016).

Plants are distributed across a continuum from drought-
avoidant to drought-tolerant species, and according to their
stomatal regulation under different soil water potentials
(Martinez-Vilalta and Garcia-Forner 2017), from isohydric
to anisohydric species. Relatively isohydric species close
stomata at a defined minimum leaf water potential (¥ yn)
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set at relatively moderate negative pressures, while rela-
tively anisohydric species are able to lower their ¥} 3y to
maintain a certain degree of leaf gas exchange even under
water deficits (Attia et al. 2015). These different modes of
stomatal control are supposedly linked to different survival
strategies under drought. Under this scenario, relatively
isohydric species would preserve the transport system from
xylem tensions potentially triggering conduit embolisation.
This implies that these species most likely rely upon stored
carbon reserves to sustain the respiratory metabolism under
drought, and may, therefore, die of carbon starvation after
substantial depletion of carbon resources during prolonged
drought (McDowell et al. 2008). On the contrary, relatively
anisohydric species probably need to keep water transport
efficient to sustain leaf transpiration and carbon assimilation
even under drought. Thus, anisohydric species would expose
their xylem system to the risk of hydraulic failure because
of excessive cavitation events triggered by the extreme high
tensions that could develop under very intense water deficits,
irrespective of their duration (Attia et al. 2015). These spe-
cies do not necessarily rely upon stored reserves to survive
during drought events (McDowell 2011).

Plants have been shown to allocate their functional/struc-
tural traits following allometric relationships that commonly
follow power scaling functions:

Y=a-X’, (1

where Y and X are functional/structural traits, a the allo-
metric constant and b the scaling exponent. According to
optimality principles (West et al. 1999), these relation-
ships between traits would imply a substantial convergence
towards a common scaling exponent (b), reflecting the nec-
essary balance between structures and functions to maintain
a positive carbon balance (Anfodillo et al. 2016). On the
contrary, differences in the allometric constant (a) would
reflect modifications in the absolute proportion between
traits (e.g. between leaf mass and xylem mass) that may
emerge in different environmental conditions (Weiner 2004).
In this scheme, Anfodillo et al. (2016) suggested that the
death of a plant would be related to non-reversible depar-
tures from the general scaling between traits (similar scaling
exponent b), with high and low thresholds of the allometric
constant (a) representing the limits to plant functionality. A
sustainable balance of carbon production vs. consumption is
reached when a given leaf mass provides at least the neces-
sary carbon resources to sustain the maintenance cost of the
living tissues in a given xylem mass, whereas the invested
biomass to below- and aboveground xylem must guarantee
an efficient soil water absorption and transport that meet the
leaf transpiration requirements.

Water is transported under a negative pressure gradient
through the elongated dead cells of the xylem, which can
be compared to capillary tubes and, therefore, produce a
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frictional resistance to flow inversely proportional to the
fourth power of their diameter (Hagen-Poiseuille law, Tyree
and Ewer 1991). On the contrary, more adhesive forces for
a unit of water volume can develop on smaller xylem con-
duits that can better cope with the metastable status of ten-
sile water (Hacke et al. 2017). Therefore, xylem anatomy is
strongly related to the total hydraulic safety and efficiency
(Hacke and Sperry 2001), and thus to the plant performance
under different soil water conditions. A common pattern
often found in xylem anatomy studies is the production of
narrower and hydraulically safer vessels in drier environ-
ments (von Arx et al. 2012; Pfautsch et al. 2016; Larter et al.
2017), with the reduced growth rate being the “cost” of their
reduced hydraulic efficiency (Wheeler et al. 2005). Instead,
other empirical evidence demonstrates that plant architecture
is organised with conduit lumen areas widening from the
stem apex towards the base according to a scaling pattern
that is very similar between species in different environ-
ments (Anfodillo et al. 2013). The hydraulic consequence of
such a pattern is that most of the resistance is concentrated
within a short distance from the apex (Yang and Tyree 1993;
Becker et al. 2000; Petit and Anfodillo 2009), thus making
the apical anatomical features of particular importance for
the whole plant conductance (Petit et al. 2011; Prendin et al.
2018a) and also for hydraulic vulnerability (Prendin et al.
2018b).

In this study, seedlings of two species (Pinus sylvestris
L. and Tilia platyphyllos Scop.) were subjected to two water
shortage intensities to test their performance under drought
conditions in terms of biomass allocation to leaf, stem and
root tissues, and also to evaluate the degree of plastic adjust-
ment at the xylem anatomical level. As the species have
been shown to differ in terms of hydric behaviour, with P.
sylvestris to be relatively isohydric (Irvine et al. 1998) and
T. platyphyllos relatively anisohydric (Leuzinger et al. 2005;
Galiano et al. 2017), we hypothesised that P. sylvestris will
associate more needles with a given xylem biomass by pri-
oritising allocation to needle biomass to prevent C reserve
imbalances (e.g. C reserve depletion), while T. platyphyllos
will maintain the structural balance between leaf and xylem
biomass but will adjust its Xxylem anatomy to maintain an
efficient water transport under drought.

Materials and methods
Plant materials and experimental design

Our two target species were selected based on different
responses to drought conditions: P. sylvestris L. (PS) has a
strong stomatal control and minimises stomatal conductance
under drought, even if this can produce intense depletion of
stored carbon reserves potentially leading to mortality events
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(Aguadé et al. 2015). Instead, T. platyphyllos Scop. (TP), a
deciduous angiosperm with diffuse to semi-ring porosity,
has a less strong stomatal control of transpiration and has
been found to recover well after drought relief (Leuzinger
et al. 2005).

Three-year-old seedlings of the two species (N=36), with
a mean height of 28.16 +0.86 cm (mean =+ se) for P. sylves-
tris and 30.59 + 1.60 cm for T. platyphyllos, were planted
in 3.5-L pots in the beginning of May 2014 in the green-
house of the Swiss Federal Institute for Forest, Snow and
Landscape Research WSL (47°21'37”N, 08°27"21”E; 500 m
a.s.l.). The seedlings were planted before leaf development
in T platyphyllos. Greenhouse temperature ranged from 9 to
37 °C and air humidity from 22 to 74%. Artificial illumina-
tion was applied (Master Green Power CG T 400 W Mogul
1SL/12. Phillips Lighting Holding B.V., Eindhoven, The
Netherlands) simulating the mean summer photoperiod of
Swiss latitudes (~ 15 h light). During the acclimation period
in the greenhouse, all seedlings were watered every second
day to field capacity. Six pots from each of the two species
were allocated to each of the three watering treatments pay-
ing attention that size variability between treatments was
similar. The treatments started on 14th July in T. platyphyl-
los and 28th July in P. sylvestris, when seedlings showed
vigorous conditions and leaves fully developed, and were
applied continuously for approximately 2 months (until 14th
September in 7. Platyphyllos and 28th September in P. syl-
vestris), and were:

e Control (C): normal watering with soil volumetric water
content (VWC) maintained at field capacity ~23%.

e Moderate drought (MD): watering adjusted to maintain
VWC at 15%, which equalled the soil water potential
(¥sor) ~ —0.12 MPa.

e Severe drought (SD): watering adjusted to maintain
VWC at 8%, which equalled ¥y ~ — 1.3 MPa.

Measurements

At the end of the experiment, each plant was extracted from
the pot and the root system cleaned from soil residues. The
height of the plants was measured, then plants were divided
into three different organs (leaves/needles, aboveground
stem and branches including the bark, and belowground
roots), which were carefully separated and dried in an oven
at 60 °C for 72 h. The dry mass of all leaves/needles (LM),
aboveground stem and branches (AM), and roots (RM) were
obtained using a balance (Acculab ALC-1100.2) to the near-
est 0.1 g. Total leaf area (LApgy) was measured in scanned
images with ROXAS v2.1 (von Arx and Dietz 2005; von
Arx and Carrer 2014). Total biomass (BMyqr), the ratio

LM:(AM +RM), and specific leaf area (SLA) were later
computed.

Stem segments were then collected at three different
heights (stem base, 20 cm from the apex, 2 cm from the
apex) from each of the six seedlings per species and water-
ing treatments (total samples =108). Sample preparation and
anatomical analyses followed the guidelines proposed by
von Arx et al. (2016). Micro-sections were created using
a rotary microtome LEICA RM 2245 (Leica Biosystems,
Nussloch, Germany) at 15 um thickness, stained with a solu-
tion of safranin and astra blue (1 and 0.5% in distilled water,
respectively), and permanently fixed on glasses with Eukitt
(BiOptica, Milan, Italy). Overlapping images (around 25%)
of the entire cross section of each sample were taken with a
digital camera mounted on a Nikon Eclipse 80i microscope
(Nikon, Tokyo, Japan), and then stitched with PTGui (New
House Internet Services B.V., Rotterdam, The Netherlands).
Stitched images were then analysed with ROXAS v2.1 (von
Arx and Dietz 2005; von Arx and Carrer 2014) for the auto-
matic measurement of the lumen area (CA) of all the vessels
in the outmost ring, and their frequency distribution in CA
size classes of 20 um? for P. sylvestris and 30 um? for T.
platyphylios.

Statistical analysis

LM, AM, RM, BMyqr, LAtor, SLA, and LM:(AM +RM)
were all normally distributed. One-way ANOVA with Tukey
post hoc comparisons were used to test differences across
watering treatments (C, MD, SD). To test the differences
of CA size classes in the apical part of the branches (2 cm
from the apex), a Kruskal-Wallis test was performed for the
non-parametric data of the six largest CA size classes. All
statistical analyses were conducted with standard methods
(Zar 1999) using the software IBM SPSS Version 21 and
Minitab 18.

Results
Pinus sylvestris

The overall structure of P. sylvestris seedlings did not seem
to be changed at the end of the experiment. Mean final plant
height (29.15+0.93 cm) was not significantly different from
the initial and we did not find significant differences in the
height of the plants across treatments (p > 0.05). Moreo-
ver, the seedlings did not show any significant difference
in BMrqr, LM, AM, and RM across watering treatments
(Fig. 1a; Table 1). However, when we compared the alloca-
tion to leaf vs. xylem biomass, we found that the individu-
als exposed to severe drought (SD) showed a preferential
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Fig.1 Total biomass (BMyqyr) (g) for P. sylvestris (PS) (a) and T.
platyphyllos (TP) (b), and the ratio leaf mass/stem and root mass
[LM:(AM +RM)] for PS (c¢) and TP (d) across control (C), moderate
drought (MD), and severe drought (SD) treatments. Letters above the
bars show the grouping with a p value <0.05 performed with Tukey
post hoc tests

allocation to the needle mass, resulting in a significantly
higher ratio of LM:(AM + RM) (Figs. lc, 2).

At the wood anatomy level, the distribution of tracheids
in classes of lumen areas (CA) did not change much among
treatments for stem distance from the apex (Fig. 3). Mean
cell lumen areas (MCA) increased from the stem apex to the
base in all watering treatments (the so-called conduit widen-
ing) (Fig. 3, reference lines).

Tilia platyphyllos

In T platyphyllos seedlings, the application of water short-
age treatments affected the overall plant structure and xylem
anatomy. The mean final height (31.24 +1.55 cm) did not
differ significantly from the initial and across treatments
(p>0.05). Instead, the drought treatments significantly and
negatively affected the total biomass production. Indeed,
the BM oy was significantly lower (by approximately 50%)
under both moderate (MD) and severe drought (SD) treat-
ments compared to the control (C) (Table 1; Fig. 1b). How-
ever, the ratio LM:(AM + RM) did not differ across water-
ing treatments (Fig. 1d, »=0.89, 95% CI1=0.7197, 0.9936).
LAy tended to be lower and SLA higher with increasing
drought but only LA;qy was significantly different in the
severe drought (SD) relative to the control (C) (Table 1).

At the wood anatomy level, we found some differences
among watering treatments (Fig. 3). In particular, the
analysis of the anatomical structure at 2 cm from the stem
apex revealed that seedlings exposed to the severe drought
(SD) produced more vessels in the six widest CA classes
(Kruskal-Wallis, x>=39.5, p<0.001) (Fig. 3). However, the
mean cell lumen area (MCA) at the different positions along
the stem did not vary much between watering treatments, but
slightly increased from the apex downwards (Fig. 3, refer-
ence lines).

Table 1 Mean Yalues (stz.mdard LM (g) AM (2) RM (g) LAgor (cm?) SLA (sz/g)
error) for each single variable
across control (C), moderate PS
drought (MD) and severe
drought (SD) treatments in P C 3.06 (0.23)a 2.50 (0.28)a 3.69 (0.34)a 132.99 (100)a 43.53 (107)a
sylvestris (PS, upper panel) MD 2.71 (0.25)a 2.13 (0.12)a 3.03 (0.37)a 110.76 (83) a 41.19 (92)a
and T. platyphyllos (TP, lower SD 3.44 (0.22)a 2.15(0.17)a 2.83(0.21)a 151.70 (95)a 44.17 (63)a
panel) TP
C 1.85 (0.19)a 3.23 (0.33)a 8.66 (2.73)a 509.32 (96)a 300.95 (39)a
MD 0.95 (0.09)b 2.25(0.30)a 4.11 (1.29)b 276.58 (26)ab 331.83 (45)a
SD 0.77 (0.12)b 2.05(0.41)a 3.95 (1.46)b 255.26 (69)b 389.93 (106)a

Letters (a, b) show significant grouping differences
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Fig.2 Leaf biomass (g) against combined stem and root bio-
mass (g) for P. sylvestris (PS, squares) and T. platyphyllos (TP, cir-
cles) across watering treatments (C, MD, SD). Statistics for PS:
(C) y=1.1444x%3%76 R2=0.3803, p=0.26, (MD) y=0.558x%%,
R*=0.6726, p=0.042%, (SD) y=1.2006x"%%  R?>=0.6539,
p=0.053. Statistics for TP: y=0.1791x"%%, R?=0.7071

Discussion

Our greenhouse experiment revealed that the seedlings of
the relatively isohydric P. sylvestris and the relatively aniso-
hydric T. platyphyllos responded differently to drought expo-
sure in terms of biomass allocation to the different organs
and of wood anatomy.

In our P. sylvestris seedlings, we found little but not sig-
nificant modifications in the overall plant biomass allocation
and xylem anatomy. Because of the restricted size variation
between seedlings, we could not assess a clear scaling rela-
tionship between LM and AM + RM explaining how LM
must be adjusted to sustain the cost of maintenance associ-
ated with the living tissues in the xylem (Anfodillo et al.
2016). However, our results suggest that drought slightly
affected the mass balance between C-producer (LM) and
C-consumer (AM +RM) tissues (Figs. lc, 2). Whatever
the process mostly affected under drought was, either the
accumulation of NSC in the needles or the slower produc-
tion of fine roots (Galiano et al. 2017), our results suggest
that drought-exposed pine seedlings modified the balance
between LM and AM +RM in a way that a higher needle
mass was associated with a given mass of tissues consum-
ing carbon. A higher NSC concentration in the leaves (see
also Galiano et al. 2017) may have provided the necessary
osmoregulation to keep stomata open also under drier condi-
tions. Alternatively, such a result is consistent with a recent
hypothesis (Anfodillo et al. 2016) according to which spe-
cies that cannot lower their leaf water potential (¥} ) enough
to maintain the stomata open during reduced soil water (like
P. sylvestris), must provide the carbon required for respira-
tion by increasing the proportion of leaf/needle mass (see

also Petit et al. 2016). Regarding the anatomical character-
istics, we did not find any substantial difference in the size
of xylem conduits along the stem across the three watering
treatments. However, it is likely that cambial phenology was
almost complete at the time of the experiment, and we can-
not exclude the possibility that P. sylvestris modifies also
its xylem anatomy when drought occurs before or during
the intense cambial activity at the beginning of the season.

In T platyphyllos seedlings, the two drought treatments
negatively affected total biomass production (Fig. 1b), in
agreement with other studies referring to other species (e.g.
Maseda and Fernandez 2016). We found a nearly isometric
relationship (i.e. a power scaling with exponent b not sig-
nificantly different from b=1) between LM and AM +RM
irrespective of the watering treatment (Fig. 2). This means
that drought did not affect the proportionality between leaf
biomass (C-producer) and biomass of aboveground plus
belowground xylem (C-consumer) (Figs. 1d, 2). Therefore,
different from P. sylvestris, the maintenance cost of a given
unit of xylem biomass in 7. platyphyllos is sustained by a
given unit of leaf biomass irrespective of soil conditions.
The isometric relationship between LM and AM + RM sug-
gests maintenance of the functional balance between leaf
photosynthesis and xylem water transport. The fact that 7.
platyphyllos maintained the same proportion between differ-
ent functional tissues (leaf and xylem biomass) also under
drought conditions (Fig. 1d) suggests that this species has
a rather conservative strategy in the differential allocation
between functional tissues (Reich et al. 2008; Anfodillo et al.
2016). Under drought this implies an adjustment in ¥; and/
or an increase in total xylem conductance to maintain leaf
transpiration. On the one hand, T. platyphyllos reduced ¥
slightly more under drought than P. sylvestris (Galiano et al.
2017), thus being relatively more anisohydric. On the other
hand, we found an increase in the lumen area (CA) of apical
conduits under severe drought (SD). Such a result strongly
suggests an increase in xylem conductance in response to
drought (see also Petit et al. 2016), in agreement with pre-
vious reports revealing the fundamental importance of the
xylem anatomy close to the apex for the efficiency of the
whole hydraulic transport system (Petit et al. 2011; Prendin
et al. 2018a).

Taken together, T. platyphyllos has a lower leaf biomass
associated with a given xylem biomass than P. sylvestris (i.e.
lower y-intercept in Fig. 2). We can assume that the C-cost
associated with tissue respiration is at least similar between
species, since the amount of living, and thus respiring, xylem
parenchyma is certainly not higher in P. sylvestris than T.
platyphyllos (Schweingruber 1990). Therefore, our results
would suggest that a unit of leaf mass in 7. platyphyllos must
provide more carbon than P. sylvestris needles (Galiano et al.
2017), i.e. they must be photosynthetically more efficient
because the amount of assimilated carbon per leaf biomass
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required for the maintenance costs of a given xylem biomass
(leaf-based maintenance costs) is higher in T. platyphyllos as
it has higher SLA values (Table 1). In agreement with this,
P. sylvestris showed relatively stronger stomatal control of
water losses by transpiration than 7. platyphyllos (Galiano
et al. 2017), with ¥}y commonly being less negative,
suggesting an earlier interruption of leaf gas exchange and
thus photosynthesis under water-deficit conditions (Irvine
et al. 1998). In addition, we can speculate that the seedlings
of T. platyphyllos acclimated to soil drought by reducing
the investment in growth because of the high leaf-based
maintenance costs (low y-intercept in Fig. 2). This would
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imply that leaf transpiration and photosynthesis are also
maintained under water shortage. Consistently, we found
a slightly higher number of vessels in the largest classes of
lumen area (CA) near the apex under severe drought (SD).
Since the xylem cell conductance scales to the second power
of its area (according to Hagen—Poiseuille: Tyree and Ewers
1991), and apical conduits represent the hydraulic bottle-
neck of the entire xylem transport system (Petit et al. 2011),
such a result would suggest an attempt to increase the over-
all conductive capacity of the xylem transport system by
investing the least carbon into the new xylem biomass. This
result is highly relevant, as it provides evidence that future
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acclimation of a species that tolerates drought implies pri-
oritised investment in xylem efficiency vs. safety. This is
supported by recent investigations (Petit et al. 2016) report-
ing that under reduced soil water availability, Fraxinus ornus
L. trees reduce the C costs associated with growth while
producing wider vessels to maintain an efficient leaf spe-
cific conductance. However, this finding is in contrast to
the literature reporting narrower and safer conduits in drier
environments (e.g. Wheeler et al. 2005; Lens et al. 2007; von
Arx et al. 2012; Pfautch et al. 2016; Larter et al. 2017). In
this context, it is worth highlighting that most studies simply
ignored the existence of a substantial axial variation of ves-
sel/tracheid lumen area from the apex downwards (Petit and
Anfodillo 2011a, b), and such a pattern must be filtered out
through a proper standardisation procedure when assessing
the effect of any environmental factor on wood anatomical
properties (Lechthaler et al. 2018).

Conclusion

Based on our results, P. sylvestris seems to respond morpho-
logically and T. platyphyllos anatomically to ultimately adapt
their carbon and hydraulic economies to drought conditions.

Pinus sylvestris has less xylem biomass associated with a
unit of needle/leaf biomass than 7. platyphyllos and, there-
fore, it has less corresponding living tissues. The species
prioritises allocation to needle vs. xylem biomass under
drought, likely to enhance the total assimilation per time
unit of stomata opening, while maintaining safe conditions
against the risk of xylem cavitation. However, such a strat-
egy may lead in the long run to carbon reserve depletion and
ultimately to death from carbon starvation.

Instead, the high leaf-based maintenance costs of T. platy-
phyllos impose a strategy to maintain a more continuous
carbon assimilation and consequently transpiration, also
under drier conditions. Therefore, the hydraulic efficiency
(i.e. conductance) of the xylem transport system is priori-
tised over safety, exposing the xylem to lower water potential
under drought, even if this could lead to widespread cavita-
tion events.
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