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a b s t r a c t

With the aim to seek evidences on the possible trade off between hydraulic efficiency and hydraulic
safety, from both an evolutionary and an acclimation point of view, we compared root xylem anatomy
and derived functional properties for seedlings of six Patagonian shrub species grown in a greenhouse
under two levels of water availability (control and drought). Root central cylinder area, vessel diameter
(b) and double-wall thickness (t) were measured; from these data, the sum of vessel radii to the fourth
power and wall strength [(t/b)2] were calculated as indicators of hydraulic efficiency and safety
respectively. Across species, we observed only a weak negative correlation between hydraulic efficiency
and hydraulic safety. Within species, Lycium chilense, the species with the most mesic leaves of the group,
showed significant acclimation to drought for both functional attributes, lowering efficiency and
increasing safety by developing a higher proportion of small and more resistant xylem vessels.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Plant water-conduction systems are an important component of
plant tolerance to drought (Maherali et al., 2004), with hydraulic
efficiency and hydraulic safety being the most important functional
properties (Tyree and Zimmermann, 2002). Hydraulic efficiency is
defined by xylem hydraulic conductivity, the capacity to transport
water in the liquid phase, and it depends on vessel number and size
(especially diameter). Hydraulic safety is the property that allows
the xylem to maintain its function under biological and mechanical
stress. Sequences of freezingemelting, or tensions generated by
water deficits can lead to the formation of embolism, lowing
hydraulic conductivity (Hacke and Sperry, 2001). Other biotic and
abiotic agents such as browsing or wind can affect the xylem. Then,
xylem conductivity, in a particular situation, depends on hydraulic
efficiency and how it is affected by the presence of embolisms,
determined by its hydraulic safety.

There is evidence that water-stress adapted species resist higher
tensions but at a cost of a reduced water conductivity compared with
more mesophytic species (Pockman and Sperry, 2000; Hacke and
Sperry, 2001; McElrone et al., 2004). There is also evidence of an
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evolutionary interspecific trade off between efficiency and freezing
resistance (Davisetal.,1999).However, lessdataareavailableonplastic
responses of a species when exposed to drought stress (see Maseda
and Fernández, 2006). If xylem vessels produced under drought
conditions have a reduced diameter (Lovisolo and Schubert, 1998;
Corcuera et al., 2004; Holste et al., 2006) and proportionally thicker
walls, thentheywouldbecapableof toleratinghigher tensionswithout
collapsing (Hacke et al., 2001), but at the cost of a reduced water-
conduction efficiency. Thus, what has been established as an inter-
species trade off would be mirrored at the intra-species level.

As functional properties are related to anatomy, structural traits
can be used to assess hydraulic efficiency and hydraulic safety.
Hydraulic efficiency depends on vessel diameter, length, density
and degree of vessel connections (Tyree and Zimmermann, 2002).
According to the HagenePoiseuille law the flow rate of a capillary is
proportional to the fourth power of its radius; then, the sum of
vessel radii to the fourth power (

P
r4) is commonly used when

studying conductivity (Sperry et al., 1994; McCulloh et al., 2003).
Hydraulic safety is proximately related to microscopic traits, but is
reflected in macroscopic traits, especially wood density (Hacke
et al., 2001). According to the air-seeding hypothesis, drought-
induced cavitation (the trigger for embolism) occurs when a small
air bubble is drawn in by suction through the largest pore of the pit
membrane into a functional vessel (Sperry and Tyree, 1988). Then,
the size of the largest pore determines the xylem resistance to
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cavitation, which seems to be related with pit membrane area per
vessel (Wheeler et al., 2005). Besides having less porous walls,
resistant conduits should be strong enough to withstand the
bending stress occurring between water and gas-filled vessels.
Hacke et al. (2001) found, across 48 species, that the higher the
conduit wall thickness (t) relative to its maximum span (b), the
higher the resistance against implosion by negative pressure, and
the lower the water potential inducing 50% loss of hydraulic
conductivity (P50). This interspecific relationship, however, did not
hold between poplar clones (Cochard et al., 2007).

To seek evidences on the possible trade off between efficiency
vs. safety in an acclimation context, we performed a greenhouse
experiment comparing six shrub species and assessing their plas-
ticity when exposed to drought. The main objectives were: (1) To
evaluate possible differences in the root anatomy and derived
xylem functional properties of six shrub species from semiarid
Patagonia; and (2) To assess their plasticity when exposed to water
stress. Our predictions were also two: that growing without
hydraulic restrictions, species with higher safety will have lower
hydraulic efficiency; and that when exposed towater stress, species
will increase safety and decrease efficiency.

2. Materials and methods

2.1. Species

Seeds of Anarthrophyllum rigidum (Gillies ex Hook. et Arn.)
Hieronymus, Chuquiraga aurea Skottsberg, Chuquiraga kingii Ball,
Lycium chilense Miers ex Bertero and Mulinum spinosum (Cav.)
Persoon were collected as a pool sample from at least 10 plants per
species, in places of high abundance of each species, near Río Mayo
(approx. Lat. 45�250S, Long. 70�200W). Seeds of two M. spinosum
populations were collected: “West” and “East”; they differ in
chromosome number (Maseda, data not published), and thus can
be considered as two different species.

2.2. Plant culture

Several seeds from each species (except A. rigidum) were placed
on moistened filter papers in plastic boxes (10� 25 cm) within
a growth chamber in darkness at 6 �C (Soriano, 1960). Seeds of
A. rigidumweremechanically scarifiedbefore beingplaced in similar
boxes within a dark growth chamber but at 20 �C. Once seeds
germinated, after 10e45 days, 200 seedlings of similar size of each
species were selected and transplanted to forestry trays (Dass-
plastic-40) in a controlled-temperature glasshouse. Commercial
substrate (Klasmann) was used and all the seedlings were kept at
field capacity during the entire acclimation process. After 60e90
days (end of winter) 90 seedlings of homogeneous size for each
specieswere selectedand transplanted to1-l plastic pots, containing
fine sand (<250 mm). The base of each pot was fitted with a fine
nylon cloth to allow air and nutrient solution exchange, yet pre-
venting root passage. All plants had been kept well watered during
twoweeks until treatments of drought began. Droughtwas imposed
using a modification of the method proposed by Snow and Tingey
(1985), as described by Fernández and Reynolds (2000). This
procedure ensures that drought intensity becomes independent of
plant size. An hydrosoluble commercial fertilizer (KSC phitactyl II,
Roullier s.a.) which contained N:P:K (23:5:5) and micronutrients
was used for mineral nutrition of plants at 3 g l�1.

2.3. Experimental conditions

The experiment was performed in a controlled-condition
glasshouse, under natural irradiance, in an experimental field at the
School of Agriculture, Facultad de Agronomía, Universidad de
Buenos Aires (Lat. 34�350S, Long. 58�280W). The aim was not to
mimic field conditions or to be able to extrapolate our results to
field situations; rather, this setting was devised for the objective of
singling out the effect of drought on root anatomy. During the
whole 18-week experiment glasshouse temperature was recorded
every 30 min with a thermocouple connected to a micrologger
(Model 21X, Campbell Scientific, Inc., Logan, UT). The experiment
had a split-plot 2-way factorial design, with six species and two
levels of drought (control and drought). Twenty groups of 18 pots
each (three pots per species, one plant per pot) were placed in
a 140-l plastic container housing a 28-cm-tall column of commer-
cial Styrofoam (no. 0140; Smithers-Oasis; Kent, Ohio, USA) with
a water table at different depths. The foam had been repeatedly
rinsed with water, as recommended by the manufacturer, before
the installation of plants. The 20 containers were randomly
assigned to two water levels, with 10 replications each. Based on
a previous pilot experiment, we chose water levels to obtain two
drought intensities: 100% (control, C) and 51% (drought, D) of field
capacity. These stress levels were attained by partially filling the
containers until the nutrient solution was 5 cm (control) and
17.5 cm (drought) below the base of the pots. Keeping a constant
nutrient solution height ensures uniform and repeatable water
availability in the pots (Saulescu et al., 1995). The soil is kept
constantly half-wet; hence, equilibrium moisture levels are
reached in a few minutes, ensuring that drought intensity is inde-
pendent of plant size.
2.4. Morphological variables

At the time pots were placed in the containers, an initial harvest
of 30 seedlings of each species was made. These plants were never
placed in the containers but in every other respect were treated in
the sameway as those used for the rest of the experiment. The final
harvest was done 4 months after drought treatments began, using
all 10 plants from each treatment (one repetition per species in
each container). Each plant was separated into leaves, stems, and
roots; all plantmaterial was dried for 48 h at 80 �C to determine dry
weight. Before drying, a subsample of the leaves was measured
with a leaf-area meter (Li-Cor 3100; Li-Cor Inc., Lincoln, Nebraska).
Besides, subsamples of the root system were immediately scanned
for length determinationwith an image-device system, and the first
5 cm of the main root of each plant was conserved in FAA (5%
formaldehyde, 5% acetic acid, 90% ethanol) until anatomical
measurements. Finally, total biomass for each treatment was
calculated. Specific leaf area (SLA) was calculated as the ratio
between leaf area and leaf dry mass. SLA is related with plant
functional attributes like photosynthetic capacity, leaf life span, and
adaptations to water stress (Reich et al., 1995; Niinemets, 2001).
Since drought-adapted plant species (i.e. xerophytic) show gener-
ally lower values of SLA than species from places without water
restrictions (i.e. mesophytic) (Mitchell et al., 2008), we used SLA as
an indicator of species mesophytism.
2.5. Anatomical variables

From the root subsamples conserved in FAA, freehand root
transverse sections were cut at 2 cm from the main root apex and
stained with safranine 0.5% to increase contrast. Digital images
were taken with a 640� 480 pixel monochrome video camera
attached to a compound microscope. The magnification used was
�20 for L. chilense and�40 for the rest of the species. The UTHSCSA
Image Tool 3.0 free software (http://ddsdx.uthscsa.edu/dig/itdesc.
html) was used for image processing. To obtain vessel diameter
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(b); vessel area was measured first; then, diameter was calculated
assuming vessel shape as circular. To avoid confusion with other
elements, only vessels larger than 10 mm were measured. Vessel-
wall thickness was calculated as themean double wall between one
vessel and its neighboring vessels. The central cylinder area was
also measured, and vessel density was calculated as the ratio
between vessel number and central cylinder area. Following
(Sperry et al., 1994), we calculated the hydraulically weighted
diameter as 2(

P
r5/

P
r4).

Then, xylem functional properties were derived from anatom-
ical measures. First, we estimated, based on the HagenePoiseuille
law, the relative hydraulic efficiency (RHE) as the ratio between the
sum of vessel radii to the fourth power and total conduction area
(Eq. (1)).

RHE ¼
Pn

i¼1 r
4
i

Central cylinder area
(1)

where r express the vessel radius; thus, RHE express the conduction
capacity of each mm2 of the conduction system.

Second, to estimate hydraulic safety of each individual, we used
the index proposed by Hacke et al. (2001): thewall strength [(t/b)h2].
The terms t and b are wall thickness and vessel diameter for
conduits of mean hydraulically weighted diameter (h), respectively.
For each individual, the measured vessel closest to the mean
hydraulically weighted diameter was used to estimate (t/b)h2.

It is important to consider that both functional properties
derived from anatomy are not completely independent from each
other, since vessel diameter is used for estimating both RHE and
(t/b)h2, and differences in the frequency distribution of vessel
diameter classes will affect both. However, for efficiency estimation
all measured vessels are included, whereas for safety estimation
only the closest one to the mean hydraulic diameter (bh) is. Thus,
RHE and (t/b)h2 are not affected by the same anatomical variables:
differences in the central cylinder area or in vessel number will
affect RHE but not (t/b)h2, and differences in the relation between
wall thickness and vessel diameter will affect only (t/b)h2. Therefore,
unlike what may have been expected from a superficial analysis,
a negative correlation between RHE and (t/b)h2 is not inevitable
(“spurious”), but informative (Peters, 1991).

To evaluate the acclimation to drought of each species, we
calculated a plasticity index (PI, Eq. (2)), where C and D represent
any of the xylem functional attribute values [RHE or (t/b)h2] for
control and drought treatments respectively.

PI ¼ C � D
C þ D

(2)

PI ranges between �1 and 1 (similar to Valladares et al., 2000);
values close to 0 indicate lack of plasticity and extreme values
(either positive or negative ones) maximum plasticity.

3. Results

Differences between species for root anatomical and functional
properties were first assessed in the absence of drought (Fig.1, open
bars). L. chilense was clearly different from the rest of the species,
showing the highest vessel number and central cylinder area and
the lowest vessel density. Besides, L. chilense, A. rigidum and C. aurea
showed the highest hydraulically weighted mean vessel diameter
(Fig. 1AeD). The higher vessel number and diameter (Fig. 1A, D) of
L. chilense, compared to the other species, caused that it had the
largest sum of radii to the fourth power (between 2.5 and 15.0
times higher). However, as a result of its lower vessel density
(Fig.1C), its conduction systemwas not themost efficient per xylem
area unit, but the third one, after A. rigidum and C. aurea (Fig. 1E).
These three species, besides having the highest specific hydraulic
conductivity, were also the ones with the lowest wall strength
(Fig. 1F).

Experimental drought caused a general reduction in total
biomass (Table 1), which was statistically significant only for
M. spinosum W. (p< 0.0001) and marginally so for L. chilense
(p¼ 0.06). However, drought affected root anatomy mainly in
L. chilense and A. rigidum. Both species decreased their vessel
number (Fig. 1A), A. rigidum decreased the central cylinder area
(Fig. 1B), and L. chilense decreased vessel density (Fig. 1C) and
hydraulically weighted mean vessel diameter (Fig. 1D). Besides,
these two species showed changes in the frequency distribution of
vessel diameter, leading to a higher proportion of narrower (less
efficient) vessels under drought (Fig. 2A.); this was also observed
for C. kingii, but not for M. spinosum genotypes (E and W), which
both had an inverse response, with fewer smaller vessels and more
medium-size vessels under drought (data not shown). For L. chi-
lense and A. rigidum, wall thickness increased less proportionally
than diameter (i.e. slope much lower than the 1:1 line in Fig. 2B),
implying that smaller vessels tended to have higher wall strength.
For each species, regressions between these two traits were not
different between water treatments. Drought changed significantly
root functional properties in L. chilense and A. rigidum, while the
other four species were unaffected. Both species reduced, under
drought conditions, their relative hydraulic efficiency (Fig. 1E), and
only L. chilense increased wall strength (Fig. 1F).

We observed only a trend towards a negative relationship
between wall strength and relative hydraulic efficiency (Fig. 3).
A permutation test performed for each treatment individually
(Spearman non-parametric rank correlation coefficient), hinted
a negative relationship between the two variables for controls
(p¼ 0.06), not significant for the drought treatment (p¼ 0.17).
Acclimation to drought for each species on relative hydraulic effi-
ciency and wall strength can also be observed in Fig. 3: arrows
show the changes caused by drought for L. chilense and A. rigidum,
the species with the highest plasticity in the studied variables
(Fig. 1E, F).

4. Discussion

We assessed root xylem anatomy and derived functional attri-
butes for seedlings of six Patagonian shrub species. Mean conduit
diameter of the six species was under 30 mm, considered the
threshold below which resistance to freezing-induced embolism is
ensured (Davis et al., 1999). L. chilensewas clearly different from the
rest of the species in xylem anatomy and functional properties
(Fig. 1). It also differed in external attributes, having higher SLA and
total biomass (Table 1). Based on its SLA, we considered it the most
mesophytic (less xerophytic) of the studied species (see Mitchell
et al., 2008).

We found a weak negative correlation between hydraulic effi-
ciency and hydraulic safety among species for control treatment
(Fig. 3). Pockman and Sperry (2000) found a similar trade off
between resistance to drought-induced cavitation (causing embo-
lism) and conduction efficiency for 15 Sonoran desert species along
a moisture gradient in the field. In that study, they showed that
resistance to cavitation of the species was positively related with
the minimum water potential observed in the field; then, species
from humid places were not able to survive in drier sites.
Hydraulically safe species, on the other hand, may be excluded from
humid places because of the limited growth, and thus lower
competitive ability, probably caused by their transport inefficiency
(Sperry, 2000; Maseda and Fernández, 2006).

Within species, we expected that, when exposed towater stress,
plants would increase hydraulic safety and would decrease



Fig. 1. Drought effects on root anatomical and functional properties (mean� s.e.) for the six Patagonian shrub species, ordered by decreasing SLA. Open and close bars represent
control and drought treatment respectively. Asterisks indicate statistically significant differences between treatments (p< 0.05).
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hydraulic efficiency. L. chilense, with the highest SLA, showed
a response in both functional attributes and A. rigidum presented
only a response in hydraulic efficiency. This is in line with previous
work showing drought-induced plasticity in the root anatomy of
species frommore humid environments, like Vitis vinifera (Lovisolo
and Schubert, 1998), Quercus ilex (Corcuera et al., 2004) and Pha-
seolus vulgaris (Holste et al., 2006), and with the lack of plasticity of
species from arid environments like Hymenoclea salsola and
Ambrosia dumosa (Mencuccini and Comstock, 1997). Nevertheless,
Table 1
Patagonian shrub species, ordered by decreasing specific leaf area (SLA). Data is
expressed as mean (s.e.).

Species Family Phenology SLA
(cm2 g�1)

Total biomass (g)

Control Drought

Lycium chilense Solanaceae Drought
deciduous

77 (4) 2.48 (0.36) 1.67 (0.20)

Chuquiraga
kingii

Asteraceae Evergreen 56 (4) 0.63 (0.12) 0.44 (0.07)

Mulinum
spinosum W.

Apiaceae Drought
deciduous

48 (5) 1.41 (0.07) 0.81 (0.03)

Chuquiraga
aurea

Asteraceae Evergreen 47 (3) 1.66 (0.25) 1.26 (0.30)

Mulinum
spinosum E.

Apiaceae Drought
deciduous

45 (3) 1.41 (0.07) 1.36 (0.14)

Anarthrophyllum
rigidum

Fabaceae Evergreen 43 (1) 0.80 (0.10) 0.77 (0.10)
this does not necessarily mean that our xerophytic species are not
plastic; for example, they could have expressed acclimation to
drought by changing variables not measured here, such as root
length or hydraulic conductance per unit leaf area (e.g. Trillo and
Fernández, 2005).

Differences found here in root functional properties in seedlings
grown under different water regimes provide evidence for a plastic
trade off between hydraulic efficiency and hydraulic safety. Plas-
ticity in root functional properties was higher for L. chilense, the
species with the highest specific leaf area; it decreased efficiency
and increased safety when exposed to drought (Figs. 1E, F and 3),
suggesting that the increase in hydraulic efficiency could come at
the cost of a reduced hydraulic safety. However, we observed only
a weak negative relationship between relative hydraulic efficiency
and wall strength among species, and an interspecific trade off was
not evident.

To evaluate if the capacity of species to express changes in their
root xylem functional properties under drought (i.e. the degree of
plasticity of each species) was associated with its tolerance to
drought, regressions between plasticity index and specific leaf area
were performed for both root functional attributes (Fig. 4). Rank
correlation (permutation) analysis showed no relationship
between PI and SLA, and a marginally significant negative corre-
lation for (t/b)h2 (p¼ 0.1). In future studies, it would be worthwhile
to evaluate these trends for a larger set of species encompassing
a wider range of xerophytism.



Fig. 2. Proportion of xylem vessels (mean� s.e.) in four diameter classes (A), and regressions between wall thickness and vessel diameter (B) for L. chilense (left) and A. rigidum
(right). Open and closed bars/squares represent control and drought treatment respectively. Solid lines represent the linear regression (p-values¼ 0.07 and 0.001 for L. chilense and
A. rigidum respectively). The dashed line shows the 1:1 relationship.
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For those species showing more plasticity, wall thickness
increased less proportionally than vessel diameter (Fig. 2, lower
panels); then, across this drought range, the more efficient the
vessel, the easier it would loss functionality (i.e., at a higher water
potential; Lo Gullo and Salleo, 1993). Besides, in agreement with
previous work (Lovisolo and Schubert, 1998; Corcuera et al., 2004),
a higher proportion of small vessels was observed under drought
(Fig. 2, upper panels). The combination of both anatomical changes
can explain why water stressed plants resulted more resistant to
drought and, perhaps more interestingly, can also be used to
simulate vulnerability curves and to explain their shape. Plants
with a narrow range of vessel sizes (and resistance) would have an
Fig. 3. Regression between wall strength and relative hydraulic efficiency. Open and
closed symbols for control and drought treatments respectively. Arrows indicate
drought effect in L. chilense and A. rigidum, both species that showed plasticity.
abrupt fall in conductivity once a water-potential threshold is
crossed; on the other hand, plants with a broad range of vessel sizes
would show a more gradual decrease in conductivity as water
potential falls. Thus, we hypothesize that, since cavitation or
implosion of individual vessels is not a random process but would
begin by the bigger ones, typical size distributions like the ones we
found (Fig. 2) would determine a non-linear relation between the
percentage of non-functional vessels and percentage loss of
conductivity. This could explain why Hietz et al. (2008) found a low
(linear) correlation between the embolized area assessed by the
xylem staining method and hydraulic methods for estimating
percentage loss of conductivity.

In this work, we assessed major functional properties of water-
conduction systems of seedlings of six Patagonian shrub species by
simple anatomical measurements of roots in a controlled-envi-
ronment experiment. This approach allowed the comparison of
water-conduction systems between species and treatments at once,
Fig. 4. Regression between plasticity index and specific leaf area, for the two xylem
functional attributes: relative hydraulic efficiency (left) and wall strength (right). Each
point represents a species.
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fostering our understanding of the trade off between efficiency and
safety. It would be worth to include a larger set of species on this
type of analysis, taking advantage of the uniform and repeatable
soilewater environment it provides. Finally, to be able to extrapo-
late our findings to natural conditions, further comparisons
between anatomically derived estimates and direct hydraulic
measurements are needed.
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