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bstract

In this study we evaluated daily whole plant transpiration and net photosynthetic rates in Stipa tenacissima L. (Poaceae) tussocks of different
izes subjected to three levels of soil moisture. The crown architecture of 12 tussocks was reconstructed with the 3D computer model Yplant taking
nto account the morphology and physiology of the leaves determined at different soil moisture levels. We also calculated whole plant transpi-
ation by extrapolating leaf transpiration in different senescence conditions measured with a diffusion porometer. This extrapolated transpiration
verestimated transpiration, particularly when the soil moisture level was high (>15% of volumetric soil water content). At this high level of soil
oisture, large tussocks (>60 cm in diameter), which were sexually mature and had a large leaf surface area, were the most efficient with regard to

aily water use efficiency (whole plant net photosynthesis/whole plant transpiration). Whole plant water use efficiency decreased with tussock size
rimarily because small tussocks exhibited high transpiration rates. Small tussocks were more sensitive to soil drying than large and intermediate
nes, presenting a faster rate of leaf senescence as water deficit increased. Leaf acclimation to irradiance, which was significantly influenced by
he degree of mutual shading among neighbouring leaves, along with the ontogeny of the tussock and its effect upon leaf senescence were found

o be the main mechanisms involved in the different responses to water limitations found in whole plant gas exchange variables. Our results show
hat the size of each individual plant must be taken into account in processes of scaling-up of carbon gain and transpiration from leaf to stand, as
his is a particularly relevant aspect in estimating water use by semiarid vegetation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

As Pearcy (1997) highlighted, little attention has been paid
o the processes involved in the behaviour of the whole plant,

ainly due to the poor understanding of the development and of
he main flows occurring within the individual (Schulze, 1986).
ne way of improving our functional understanding of plants at

he level of the whole individual is by recognising the variety of

rocesses taking place within the plant and the multiple func-
ions that a given architecture must serve (Pearcy and Valladares,
999). Levin (1995) highlights the fact that scaling-up (e.g.

∗ Corresponding author. Tel.: +34 96 5903400x2885; fax: +34 96 5909832.
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rom leaves to whole plant) involves a gradual process in which
nowledge of how information is transferred from one scale
o another is crucial with regard to understanding the mecha-
isms and generating the patterns. This strategy was supported
y Baldocchi et al. (1991) who recommend a sequential scal-
ng of ecophysiological variables (focusing mainly on stomatal
onductance), scaling only at adjacent scales. From this stand-
oint, understanding the main processes that take place at the
eaf level becomes crucial in the sequential scaling process from
he leaf to the stand via the whole plant. Thus for example, the
se of architectural models incorporating the main ecophysio-

ogical processes and factors affecting plant performance (leaf
enescence, micro-climatic conditions, physiological features of
he foliage units) have proven to be efficient tools for quantify-
ng net photosynthesis and transpiration (Ryel et al., 1993; Ryel

mailto:darc@ua.es
dx.doi.org/10.1016/j.envexpbot.2007.10.012
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nd Beyschlag, 1995; Valladares and Pugnaire, 1999; Zotz et
l., 2002; Ramı́rez et al., 2006) as well as estimating the effect
f photoinhibition on the whole plant (Werner et al., 2001a,b;
alladares et al., 2005). The architectural modelling perspec-

ive follows a summation-scaling scheme (sensu Jarvis, 1995)
here physiological variables are calculated in leaf sections with

egards to micro-meteorological variables, and, subsequently,
he summation of these physiological results calculated in each
ection is done to estimate results for the whole plant.

Ecophysiological evaluations are conducted mainly at the leaf
evel, and usually in chambers and under artificial conditions
Kruijt et al., 1997). Extrapolations of these measurements to
igher scales usually involve important overestimations of gas
xchange processes (e.g. Schulze et al., 1985; Ramı́rez et al.,
006). There is increasing evidence indicating that evaluations
f isolated leaves are not representative of whole plant perfor-
ance (Beyschlag and Ryel, 1998), and this the main reason
hy greater attention is being paid to modelling tools that can

ntegrate processes at the level of the whole organism. Two key
lant processes such as net photosynthesis and transpiration have
een measured at whole plant level with the following aims: (i)
o asses the effect of increased atmospheric CO2 concentration
e.g. Dugas et al., 1997; Morgan et al., 1998; Polley et al., 1999;
oumet et al., 2000; Robredo et al., 2007), (ii) to analyse the
onsequences of shading among individuals of the same species
Ryel et al., 1994) and that caused by alien species (Matsumoto
t al., 2000a), and (iii) to assess extrapolations based on mea-
urements at leaf level (e.g. Schulze et al., 1985; Dugas et al.,
993; Senock and Ham, 1995; Lu et al., 2002; Dragoni et al.,
005; Ramı́rez et al., 2006).

We carried out a modelling exercise of gas exchange and
ater use efficiency from the leaf to the whole plant in different-

ized specimens of Stipa tenacissima L., a clonal, rhizomatous
nd perennial tussock grass from semiarid areas of the Mediter-
anean region. The vegetative reproduction of S. tenacissima
as been considered to be the main spatial colonization strat-
gy of the species (White, 1983; Haase et al., 1995), which
an be seen during the tussock aging phase, at approximately
0 years of age onwards (Servicio del Esparto, 1951). At this
tage the tussock that has gradually aged from the centre, sepa-
ates its external parts which form new tussocks (Puigdefábregas
nd Sánchez, 1996). However, other authors (Gasque, 1999;
asque and Garcı́a-Fayos, 2003) have highlighted the impor-

ance of sexual reproduction and recruitment in S. tenacissima
rasslands, proving that this species is capable of forming soil
eed banks. Numerous studies have dealt with the responses
nd high tolerance of S. tenacissima to water stress. Pugnaire
t al. (1996) and Balaguer et al. (2002) have highlighted a high
apacity to respond to rain or temporal water availability pulses
uring which this species’ net photosynthesis rates, water con-
uctance, photosynthetic efficiency of photosystem II and leaf
ater potential are quickly restored. Whole plant studies have

lso been carried out in this species using architectural models.

alladares and Pugnaire (1999) have pointed out that the archi-

ecture of the tussock, comprising vertical leaves with a high
evel of self-shading, attenuates the negative effect of high radi-
tion, giving rise to an effective photo-protection mechanism
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ut reducing whole plant net CO2 assimilation in this species
Valladares and Pugnaire, 1999). Ramı́rez et al. (2006) demon-
trated that architectural modelling taking leaf senescence into
onsideration was the best approach for scaling-up transpira-
ion from the leaf to the whole plant in S. tenacissima. Given
he importance of this species in the redistribution of sediments
nd water (Puigdefábregas and Sánchez, 1996; Cerdà, 1997),
long with its frequent facilitation of other plants and the positive
et effect in the restoration of native shrub species (Maestre et
l., 2001, 2003), the accurate ecophysiological characterization
f the different cohorts of S. tenacissima populations becomes
ighly relevant.

We assessed the whole plant gas exchange behaviour of 12
otted S. tenacissima tussocks of different sizes at three contrast-
ng soil moisture contents during a dry-out process mimicking
he onset of drought in the field. We compared two whole
lant transpiration estimates: the first one was based upon direct
xtrapolations from porometer measurements, and the second
ne was based on a 3D crown architectural model that includes
elevant physiological information on the foliage units. Self-
hading promoted by leaf density within the tussock and leaf
cclimation have been shown to play a crucial role in whole plant
et photosynthesis (Valladares and Pugnaire, 1999) and transpi-
ation (Ramı́rez et al., 2006) in this species. For this reason,
mportant whole plant gas exchange differences are expected
mong tussocks of different sizes due to the fact that as tussocks
ecome larger, a whole suite of morphological characteristics
aries in a non-linear way, affecting not only total leaf sur-
ace area, leaf density and amount of senescent leaves and dry
oliage but also the way leaves are displayed and arranged in a
D space. On the other hand, as Balaguer et al. (2002) pointed
ut, there is a reversible senescence processes when S. tenacis-
ima leaves were subjected to light and water stresses, so we
ypothesized a reduced effect of senescence in large tussocks
ecause the photo-protective effect of self-shading will over-
ompensate for their reduced photosynthetic capacity, allowing
arge tussocks a higher overall carbon assimilation and water
se efficiency than small tussocks. We argue that the allomet-
ic changes experienced in S. tenacissima as it grows and the
ncreased accumulation of dead foliage with size are the under-
ying mechanisms of increased water use efficiency and drought
olerance that can be expected in large plants.

. Materials and methods

.1. Experiment specifications

Twelve S. tenacissima tussocks were removed from a south-
acing hillside in the experimental area Sierra “El Ventós”
Bellot et al., 2004), in the province of Alicante in SE Spain
38◦29′N, 0◦37′W). All tussocks belonged to three size groups
four tussocks per group) classified by their mean cover diam-
ter (Ø), big tussocks: 60 cm ≤ Ø ≤ 85 cm, medium tussocks:

0 ≤ Ø < 60 cm and small tussocks: 15 cm ≤ Ø < 30 cm. These
ussock size groups were established according to the age clas-
ification defined by Sánchez (1995) in S. tenacissima. We
prooted the tussocks on 18 November 2002 following a rain-
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all event, in order to reduce root damage, and planted each soil
lock with each individual in three different-sized pots: 5, 25
nd 35 L for small, medium and big tussocks, respectively, rep-
esenting the mean soil volume available for each plant size in
he field. Rock outcrops characterize many field sites where S.
enacissima is found, and particularly the south-facing hillside
n the “El Ventós” catchment, where plant roots are confined to
soil pockets”. We then transferred the pots with their respective
lants to an experimental plot at Alicante University, where the
lants were watered and kept for approximately 1 year and 8
onths before the experiment.
In order to estimate soil moisture (volumetric soil water con-

ent), we inserted two pairs of steel rods (length: 15 cm, diameter:
.5 cm) horizontally into each pot to a depth of 5 cm, and con-
ected them to a TDR system (TDR 100 model, Campbell
cientific Ltd., UK) using calibration equations for the soil in
ur study area (Ramı́rez et al., 2007a). In order to expose tus-
ocks to different levels of water stress, we watered the soil in
ach pot until saturation point was reached, and then initiated a
0-day drying period on 1 July 2004 mimicking natural condi-
ions. In order to reduce soil-drying speed and assess leaf area at
ach assessed level of soil moisture, we covered the soil surface
f the pot with laboratory film (Parafilm M, Pechiney Plastic
ackaging, Chicago, USA) immediately after watering. Inspec-

ion with the TDR system enabled us to distinguish the moment
t which the soil in each pot reached three different soil mois-
ure levels (in volumetric soil water content), 1st: 15–30%, 2nd:
–15% and 3rd: ≤5%.

In order to analyse the microclimatic conditions of the tran-
piration sample dates, we compared daily average wind speed,
emperature, relative atmospheric humidity and global radiation
n assessed sample dates using the U Mann–Whitney non-
arametric test (the data did not satisfy the assumptions of the
arametric test). A portable meteorological station was used
or automatic estimation of: wind direction and speed (Meteo
Wind- HOBO, Onset Computer Corporation, USA), air tem-

erature and humidity (HOBO Pro RH/Temp., Onset Computer
orporation, USA), photosynthetic photon flux density (HA-LI
OBO, Onset Computer Corporation, USA) and global radi-

tion (PYR HOBO, Onset Computer Corporation, USA). All
ata loggers recorded outputs every 5 min. Environmental con-
itions (1–31 July 2004) were characterized by clear days, with
igh relative atmospheric humidity (approximately 90%) from
9:00 to 5:00 solar hours (Fig. 1). The mean hourly maximum
nd minimum temperatures were 37.2 ◦C (10:00 solar time) and
6.4 ◦C (4:00 solar time), respectively. Mean maximum water
apour pressure deficit was 2.70 kPa (Fig. 1).

.2. Morphological characterization

The internal tussock structure of S. tenacissima comprises a
opulation of stems formed by connected and ramified nodes.
he leaf-growing axis is a tiller located at the apical end of
he stem (a detailed morphological description of this species is
rovided in Sánchez and Puigdefábregas, 1994). In order to cal-
ulate tussock leaf area (green and dry leaf area) we sampled the
iller leaf area in the tussock following the approach established

s
a

m

ressure deficit (open squares, VPD) and temperature (open circles, T) during
he study period (1–31 July 2004).

y Ramı́rez et al. (2006). This sample perspective facilitates the
rown architectural modelling process in this species (Valladares
nd Pugnaire, 1999). We divided big and medium tussocks into
wo concentric sectors (internal and external), marking them
s: (i) internal sector: 5 and 4 tillers, in big and medium tus-
ocks, respectively, (ii) external sector: 10 and 6 tillers, in big
nd medium tussocks, respectively. We did not divide the small
ussocks into sectors, randomly sampling five tillers for each of
hese. The leaf area of each tiller was estimated using the rela-
ionship between the product of leaf length × diameter and the
rea calculated by scanned leaves (y = 0.982x + 0.063, n = 100,
2 = 0.94, *P < 0.05). The area of green foliage was divided into
hree senescence conditions (1st = optimal, 2nd = intermediate,
rd = senescent), depending on the degree of dryness from the
ip to the base of the limb, which in turn is related to age
Sánchez, 1995; Haase et al., 1999). The chromatic characteri-
ation of these senescence conditions was measured in four big
ussocks with a portable chlorophyll meter (SPAD-502, Minolta
o. Ltd., Japan), and was simultaneously calibrated using a + b
hlorophyll concentration (Chlora+b, mg m−2) as determined by
rnon’s method (1949) following extraction with 80% acetone

Chlora+b = 20.4 SPAD + 15.1, r2 = 0.87, P < 0.05). The mean
+ b chlorophyll concentration in each senescence condition
as: 1st = 869.3 ± 63.5 mg m−2, 2nd = 635 ± 49.8 mg m−2 and
rd = 312.3 ± 437.5 mg m−2. This classification was coherent
ith the senescence process taking place from the wet to the dry

eason in S. tenacissima tussocks in natural conditions (Ramı́rez
t al., 2006). We estimated tussock leaf area in each senescence
ondition by multiplying average leaf area by sampled tillers
y total number of tillers in the tussock. The measurement was
epeated when the soil moisture changed to the following soil
oisture level. With the aim in mind of comparing tussock size

roups in relation to the senescence process, we calculated the
elative leaf area of each tiller in each senescence condition.
his was calculated by dividing the tiller leaf area (cm2) in each

enescence condition-by total green area in the tiller (total green
rea = 1st + 2nd + 3rd total leaf area senescence condition).

We measured other morphological variables required to
odel crown architecture using Yplant (see below). To this end,
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he big and medium tussock sectors and the base of the small
ussocks were divided into four zones according to their orien-
ation: NW, NE, SW and SE. In each zone, we sampled both the
nternal and external sectors in the big and medium tussocks, 3
nd 5 tillers, respectively (36 total tillers by plant), whereas in
he small tussocks, in each zone we sampled 5 tillers (20 tillers
er plant). At the base of each tiller we measured the follow-
ng parameters: angle from horizontal, distance from the middle
f the tussock, azimuth as the compass direction and lengths.
e estimated the angle from horizontal of four sections of all

he leaves of each tiller (four to five leaves per tiller) for a total
f eight tillers for all big and medium tussocks (four from the
orthern zone and four from the southern zone) and four tillers
or all small tussocks.

.3. Gas exchange measurements

An infrared gas analyzer (IRGA—LI-COR 6400 model,
I-COR Biosciences Inc., Nebraska, USA) was used to eval-
ate net photosynthesis versus photosynthetic photon flux
ensity (PPFD) response curves (light response curves) for
ach leaf senescence condition in the 12 tussocks. A group
f between three and four leaf sections was measured in
he IRGA chamber. Photosynthetic light response was esti-

ated by the IRGA systems under the following conditions:
equence of programmed PPFD = 2000, 1500, 1000, 500, 200,
00, 50 and 0 �mol m−2 s−1, relative humidity in the ref-
rence chamber = 35%, CO2 concentration in the reference
hamber = 370 �mol CO2 mol−1, airflow rate = 500 �mol s−1

nd vapour pressure deficit in the chamber = 1.9–2.9 kPa. In
rder to avoid damaging the leaves evaluated, light response
urves were measured on a set of different leaves, since the time
sed for each simulation was approximately 20 min. The tem-
erature programmed for the IRGA chamber was 25 ◦C for all
imulations.
In order to compare the transpiration response to PPFD
mong leaves belonging to each tussock size group in con-
rolled conditions, we fitted transpiration versus PPFD results
from light response curves measurements) to a linear function

m
t
f
r

able 1
ean values (±S.E.) of parameters obtained from the light response curves for the
> 60 cm, medium: 60 cm ≥ Ø ≥ 30 cm and small: Ø < 30 cm)

enescence condition Tussock size Amax

st Small 10.32 ± 2.1
Medium 7.29 ± 1.0
Big 11.63 ± 2.9

nd Small 2.94 ± 0.8
Medium 3.53 ± 0.7
Big 4.92 ± 1.3

rd Small 1.37 ± 0.4
Medium 1.21 ± 0.3
Big 3.11 ± 0.8

max: light saturated rate of CO2 assimilation (�mol CO2 m−2 s−1); R: dark respiratio
esponse curve.
erimental Botany 62 (2008) 376–388 379

sing a regression analysis for each leaf senescence condition,
sing Sigmaplot for Windows 6.0 software (SPSS, Chicago, IL,
SA). At the same time, we used the information obtained from

ight response curves and supported by the Photosyn Assistant
oftware (Dundee Scientific, Scotland, UK), to calculate: light
aturated CO2 assimilation rate (Amax, �mol CO2 m−2 s−1),
ark respiration rate (R, �mol CO2 m−2 s−1), quantum yield (Φ)
nd curvature factor (Θ) (Table 1).

Hourly stomatal H2O conductance (gs) was measured using
transient porometer (AP4 model, Delta T Devices Ltd., Cam-
ridge, UK). A multi-parameter ventilation meter (Velocicalc
lus 8386 model, TSI Incorporated, Minnesota, USA) was used

o measure wind speed, air temperature and relative humidity
n the area close to the leaf where porometer measurements
ere taken. Domingo et al. (1996) estimated boundary layer

onductance in S. tenacissima (gb) in relation to wind speed
v), obtaining a potential function: gb = avb, where a = 0.06,
= 0.363. Total H2O conductance (gt, mol H2O m−2 s−1) was
alculated assuming that the leaf has stomata on only one side
Field et al., 1989):

t = gbgs

gb + 2gs
(1)

Transpiration rate (E, mol H2O m−2 s−1) was estimated
dding a correction factor produced by the mass flow caused
y water diffusion passing through intercellular spaces into the
tomatal pore (details in Pearcy et al., 1989):

= gt(wi − wa)

1 − ((wi + wa)/2)
(2)

here wi is the mole fraction derived from saturation vapour
ressure at leaf temperature (H2O mol mol−1 air) and wa is
he mole fraction derived from vapour pressure at the adjacent
tmospheric temperature (H2O mol mol−1 air).

The transpiration estimations based on previous detailed

ethodology shall be referred to as the “porometer method”

hroughout this work. In order to obtain whole plant transpiration
rom the porometer method, we extrapolated integrated transpi-
ation weighted for each leaf senescence condition area. For this

three leaf senescence conditions defined and three tussock size groups (big:

R Ф Θ

−1.93 ± 0.1 0.03 ± 0.004 0.82 ± 0.14
−1.98 ± 0.3 0.03 ± 0.006 0.82 ± 0.15
−1.91 ± 0.2 0.03 ± 0.005 0.83 ± 0.13

−1.29 ± 0.4 0.02 ± 0.001 0.90 ± 0.13
−1.40 ± 0.1 0.02 ± 0.008 0.84 ± 0.14
−1.01 ± 0.2 0.01 ± 0.002 0.85 ± 0.12

−1.24 ± 0.2 0.01 ± 0.002 0.88 ± 0.13
−1.02 ± 0.1 0.01 ± 0.008 0.88 ± 0.14
−0.98 ± 0.3 0.01 ± 0.004 0.89 ± 0.13

n rate (�mol CO2 m−2 s−1); Φ: quantum yield; Θ: curvature factor of the light
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urpose, transpiration was estimated in the leaves of each senes-
ence condition, the sample design for big and medium tussocks
as: 3 senescence conditions × 3 leaves × 4 tussocks = 36 total
, while for small tussocks the sample design was: 2 senescence
onditions × 2 leaves × 4 tussocks = 16 total n. In the small tus-
ocks we linked the 1st and 2nd senescence conditions, the two
ssessed senescence conditions being: 1st + 2nd and 3rd. Daily
ranspiration measurements using the porometer method were
aken from 6:00 to 18:00 solar time every 2 h; we attempted
o assess the highest number of tussocks possible at each soil

oisture level. The sample dates for the porometer method
ssessment were: July 4th, 13th, 15th, 20th, 25th, 26th and 29th
004.

.4. Representativity of the measurements performed

In order to test whether the potted tussocks presented sim-
lar physiological behaviour to that of the tussocks in natural
eld conditions, we measured stomatal conductance (gs) using
diffusion porometer (AP4, model, Delta T Devices Ltd., Cam-
ridge, UK) at “El Ventós” experimental area on the slope where
he tussocks were removed. The gs measurements in the field
ere conducted on 8 August 2004, in the same summer sea-

on when the potted tussocks were assessed. The gs was taken
rom 6:00 to 18:00 solar time every 2 h in 32 samples from 6
. tenacissima tussocks. The sample size in each tussock size
roup was: 16, 10 and 6 samples for big, medium and small
ussocks, respectively.

The range of gs values obtained in the field in individuals
elonging to the three tussock sizes was compared with the range
f gs values of potted tussocks in similar soil moisture. To this
nd, we randomly inserted 27 pairs of steel rods (0.15 m long and
.05 m diameter), in order to determine volumetric soil water
ontent by TDR (Campbell Scientific Ltd., Model TDR 100,
K), into the bare soil and the soil under S. tenacissima tussocks

n the field.

.5. Whole tussock measurements—Yplant simulations

We assessed the crown architecture of 12 individual tussocks
t each soil moisture level using the Yplant model (Pearcy and
ang, 1996). The reader is referred to Ramı́rez et al. (2006)

or a revision of the advantages and limitations of Yplant mod-
lling compared to other methods of assessing whole plant gas
xchange in S. tenacissima. We reconstructed tussock architec-
ure following the approach used by Valladares and Pugnaire
1999) and Ramı́rez et al. (2006). This reconstruction was car-
ied out in three phases (Fig. 2): (i) we counted the total number
f base tillers in each defined zone (NW, NE, SW and SE)
elonging to two concentric sectors of the tussock. We repre-
ented all the base tillers in each sector, randomly assigning: the
ngle from horizontal, distance from the centre of the tussock,
zimuth as the compass direction and lengths obtained from the

orphological measurement specified in previous paragraphs

Fig. 2A). For this assignation process we used as a base the val-
es of four variables measured in three and five tillers sampled in
ach internal and external zone, respectively. (ii) Four represen-

A

D

erimental Botany 62 (2008) 376–388

ative types of tiller were produced, for the northern and southern
rientation, in each concentric sector of the tussock. Each rep-
esentative tiller had four to five leaves, and we divided each
ne in turn into four sections. We placed each leaf section on a
enescence condition, determining the area and angle from the
orizontal by estimating the average value of all tillers sampled
n each sector (Fig. 2B). This procedure was conducted for the
2 tussocks at each soil moisture level based on results of mor-
hological characterization. (iii) The four representative tillers
ere cloned for each base tiller belonging to the north-south

nternal and external sectors (Fig. 2C). We built 12 architectural
odels (4 tussocks × 3 size groups), modifying these at each

oil moisture level.
Physiological parameters obtained from the analysis of light

esponse curves (Table 1), enabled us to use the rectangular
yperbolic response to PFD model in order to calculate the
ssimilation rate (details in Pearcy and Yang, 1996). Yplant
oftware uses Leuning’s (1995) model to calculate CO2 stom-
tal conductance (gCO2 ). The parameters required for this model
ere taken from studies by Ramı́rez et al. (2006) based on

RGA measurements. These authors fitted a linear relationship
mong A HR/cs and gCO2 values using a regression analy-
is (y = 12.62 + 0.014x, n = 84, r2 = 0.69; *P < 0.05) where A
s net CO2 assimilation, HR and cs are relative humidity and
O2 concentration on the leaf surface, respectively. Average
aily atmospheric temperature, minimum and maximum water
apour pressure deficit, wind speed and direction obtained by
he portable meteorological station were included in Yplant
oftware. We ran 36 simulations using Yplant (12 tussocks × 3
oil moisture levels) on days when porometer assessments were
arried out from 6:00 to 18:00 solar time. From these simu-
ations we obtained daily whole plant net photosynthesis and
ranspiration.

PPFD quantity in all leaf sections was assessed for three tus-
ock size groups using box plot analysis. For this analysis, we
sed the result of simulation running for midday on July 4th. We
reated frequency histograms of the proportion of leaf sections
eceiving 8 levels of PPFD.

.6. Statistical analysis

Total green and dry leaf area, and relative leaf area by tiller
n each senescence condition were compared among each tus-
ock size group and soil moisture level using two- and three-way
NOVAs, respectively. Where required, we transformed these

ssessed variables using the logarithmic function to correct devi-
tion from normal and heterogeneity of variance.

The daily whole plant transpiration rate (DWText,
ol H2O m−2 day−1) extrapolated for each tussock using

orometer method was calculated as follows:

WTtotal = DWT1A1 + DWT2A2 + DWT3A3 (3)
total = A1 + A2 + A3 (4)

WText = DWTtotal

Atotal
(5)
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Fig. 2. Sequential diagram showing the construction process of the Stipa tenacissima crown architecture modelling using Yplant. (A) Base of the tussock: internal (I)
a E. Th
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nd external (E) concentric sectors divided into four zones: NW, NE, SW and S
illers belonging to the north and south zones. (C) Leaves of the representative t

here DWT1, DWT2, and DWT3 are average values, of transpi-
ation rates integrated over the 6:00 to 18:00 solar time period
n leaves belonging to 1st, 2nd and 3rd senescence condition,
espectively, and A1, A2, and A3 are tussock leaf surface area
m2) for the 1st, 2nd and 3rd senescence condition, respectively.
tatistical analysis of whole plant transpiration was assessed by

wo-way ANOVA: 3 soil moisture levels × 3 tussock size groups
big, medium and small).

Ramı́rez et al. (2006) proved that transpiration scaled-up
y Yplant model was a reliable method for estimating whole
lant transpiration in S. tenacissima. For this reason the tran-
piration obtained by Yplant simulation in each tussock size
roup served as a reference of transpiration extrapolated from
eaf measurement (using the porometer method). We esti-

ated water use efficiency (WUE, mmol CO2/mol H2O) of
ach individual tussock by dividing daily whole plant net
hotosynthesis (mmol CO2 m−2 day−1) by daily whole plant
ranspiration, both rates as calculated by Yplant. We compared

hole plant net photosynthesis and transpiration and WUE

mong three soil moisture levels and three tussock sizes using the
Mann–Whitney non-parametric test (the data did not satisfy

he assumptions of the parametric test).

i
l
b

e tiller bases are shown in grey. (B) Leaves (in black) of the two representative
shown in (B) were cloned for each tiller base shown in (A).

. Results

.1. Morphological characterization at each soil moisture
evel evaluated

One of the main implications of the gradual loss of the soil
oisture is an increase in leaf senescence. Many leaves became

enescent at low water availability, particularly in the case of
mall tussocks, which rapidly presented signs of senescence
Table 2). Thus, for the 2nd soil moisture level (from >5 to 15%),
he small tussocks showed a lower percentage of their leaves in
he 1st senescence condition compared to big and medium tus-
ocks (Table 2). The opposite occurs with big tussocks, due to
he fact that, when the tussocks were at the 3rd soil moisture
evel, the big individuals presented a higher percentage of their
eaves in the 2nd senescence condition and a lower percentage
n the 3rd senescence condition in comparison with medium and
mall tussocks (Table 2).
We found significant differences between tussock size groups
n the total green (1st + 2nd + 3rd senescence condition) and dry
eaf area (Table 2). This result, together with the fact that only the
ig tussocks produced spikes during the spring of 2004 (Ramı́rez
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Table 2
Average (±1S.E.) of green and dry total leaf area and relative leaf area by tiller under three defined senescence conditions belonging to three tussock size groups
(big: Ø > 60 cm, medium: 60 cm ≥ Ø ≥ 30 cm and small: Ø < 30 cm) and three volumetric soil water content levels

Soil moisture levels Tussock size groups Total green leaf area (cm2) Total dry leaf area (cm2) Senescence conditions relative leaf area (%)

1st 2nd 3rd

Small 363.0 a (44.0) 179.9 a (23.6) 34.2 a (6.0) 57.3 a (6.2) 8.6 a (1.5)
>15–30% Medium 1036.9 b (59.0) 525.5 b (39.0) 42.0 a (5.7) 47.0 ab (5.17) 11.0 a (1.4)

Big 1552.2 c (97.9) 1288.9 c (90.1) 47.7 a (3.7) 36.4 b (3.2) 15.9 b (1.2)

Small 244.1 a (22.1) 310.7 a (56.7) 6.8 a (2.7) 81.8 a (3.1) 11.5 a (1.8)
>5–15% Medium 991.5 b (67.1) 586.6 b (45.0) 27.0 b (4.1) 57.7 b (3.5) 15.3 a (1.4)

Big 1421.0 c (107.8) 1420.0 c (91.8) 31.9 b (3.9) 52.8 b (3.4) 15.3 a (1.3)

Small 129.0 a (9.9) 428.9 a (63.2) 0.00 49.5 a (11.4) 50.5 a (11.4)
<5% Medium 460.4 b (30.5) 1124.7 b (63.2) 0.00 43.4 a (7.6) 56.6 a (7.6)

Big 906.5 c (45.1) 2318.9 c (114.7) 0.00 73.6 b (2.2) 26.4 b (2.2)

F

Two-way ANOVA
Green leaf area
TS 99.7***
SM 24.4***
TS × SM 2.8*

Dry leaf area
TS 181.4***
SM 36.2***
TS × SM 5.5***

F

Three-way ANOVA
TS n.s.
SM n.s.
SC 169.7***
TS × SM n.s.
TS × SC 7.7***
SM × SC 61.3***
TS × SM × SC 11.13***

Different letters next to the values indicate significant differences among tussock size groups at each soil moisture level evaluated (Tukey HDS test, P < 0.05). The
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esults of two ANOVAs (two-way for total green and dry leaf area and three-w
**P < 0.001). TS: tussock size group; SM: soil moisture; SC: senescence cond

t al., 2006), justifies and reinforces our size classification, in
hich the big sizes are sexually mature, with more cover and
reen and dry leaf area. The medium and small tussocks did not
resent sexual maturity, showing medium and small green and
ry leaf area, respectively.

.2. Transpiration response and extrapolation from the
orometer method

We found no significant differences among the great major-
ty of sample dates in their daily (during the photo-period)
verage meteorological variables (Table 3). July 25th and 29th
ere hotter and wetter than 4 and 3 assessed dates, respectively

Table 3). This result enabled us to continue with the individual
as exchange comparison among tussock sizes and relative soil

oisture levels.
The relationships between transpiration rate and PPFD,

btained from light curve response measurements, adjusted
ppropriately to a linear regression model (Fig. 3), and hence

f
9
v
s

r relative tiller leaf area) are shown at the bottom (n.s. at P > 0.05, *P < 0.05,
.

e can see that the medium tussocks show the greatest increase
n transpiration rate divided by PPFD (b, slope) in comparison
ith the big and small tussocks. This occurs mainly in the 1st

enescence condition, whereas in the 2nd and 3rd it is the small
ussocks that show higher slope values than the big and medium
nes (Fig. 3).

We found significant differences in the daily extrapolated
hole plant transpiration rate among soil moisture levels and

ussock size groups, and even the interaction between both fac-
ors was significant (Table 4), which would appear to indicate
hat the differences between each type of tussock size group are
etermined by each soil moisture level (Fig. 4A).

At the 1st soil moisture level, the medium tus-
ocks showed a higher whole plant transpiration rate
162.8 mol H2O m−2 day−1), with no significant dif-

erences between big and small tussocks (119.8 and
1.7 mol H2O m−2 day−1, respectively, Fig. 4A). This pattern
aried at the 2nd soil moisture level, where we found no
ignificant differences between big and medium tussocks (63.9
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Table 3
Average meteorological variables registered during photo-period (from 6:00 to 18:00 solar time) on every sample date

July 2004 Wind speed (m/s) Temperature (◦C) Relative atmospheric humidity (%) Global radiation (W m−2)

4 0.19 a (0.05) 29.7 a (0.6) 51.4 a (2.8) 614.9 a (80.6)
13 0.25 a (0.06) 28.5 a (0.7) 54.9 a (2.9) 563.5 a (77.1)
15 0.27 a (0.05) 28.5 a (0.6) 50.5 a (3.1) 560.3 a (72.0)
20 0.18 a (0.04) 30.2 ab (0.7) 66.1 ab (3.6) 477.6 a (67.0)
25 0.11 a (0.03) 33.1 b (0.9) 65.9 ab (4.7) 500.6 a (72.4)
26 0.28 a (0.06) 31.5 ab (0.7) 56.4 ab (3.5) 513.6 a (75.2)
29 0.27 a (0.05) 29.5 a (0.8)

Different letters next to the values belonging to each meteorological variable indicate s

Table 4
Two-way ANOVA summary table assessing daily extrapolated whole plant
transpiration from the porometer method among tussock size groups and soil
moisture levels

d.f. MS F

Soil moisture 2 30.3 250.02***

Tussock size 2 0.95 7.83***

Soil moisture × tussock size 4 0.60 4.97***

Error 94 0.12
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.f.: degrees of freedom; MS: mean square.
** P < 0.001.

nd 65.9 mol H2O m−2 day−1). The small tussocks provided the
owest whole plant transpiration (33.9 mol H2O m−2 day−1).
t should be kept in mind that at the 2nd soil moisture level,
he small tussocks presented the lowest 1st leaf senescence
ondition area percentage (see Table 2). Finally, at the 3rd soil
oisture level (<5%), all tussock sizes showed a reduction in
ean transpiration (14.5 mol H2O m−2 day−1), no significant

ifferences being detected.

.3. Representativity of the measurements performed

The average soil moisture (volumetric soil water con-
ent) in the field was 7.6 ± 0.2% (n = 27) on 8 August 2004.
he stomatal conductance (gs) values registered in the three

ize groups of potted tussocks (with soil moisture close to
.6%) were within the range of gs measured in field tussocks
Table 5).

able 5
omparison of pot experiment measurements with those performed on the site
here Stipa tenacissima tussocks were removed (“natural conditions”)

Potted tussocks Field tussocks

Soil moisture Min. Max Min. Max.

mall 7.3 11.0 59.0 11.0 77.0
edium 7.8 23.4 88.0 11.6 103.0
ig 6.6 9.2 50.0 6.2 79.0

he minimum (min.) and maximum (max.) stomatal conductance values
mmol m−2 s−1) between 6:00 and 18:00 solar time is shown. The average soil
oisture (in % of volumetric soil water content) when the measurements were
ade in the field (8 August 2004) was 7.6 ± 0.2% (n = 27). The soil moisture (%)

n each pot used in the comparison is shown. Three tussock sizes were assessed:
ig: Ø > 60 cm, medium: 60 cm ≥ Ø ≥ 30 cm and small: Ø < 30 cm.
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71.2 b (4.6) 413.4 a (82.2)

ignificant differences among sample dates at P < 0.05 (Mann–Whitney U-test).

.4. Transpiration and net photosynthetic rates at whole
lant scale

The results of the daily whole plant transpiration rate from
plant simulation, mainly at the 1st soil moisture level (Fig. 4B),

re different from those obtained by means of extrapolation
eighted by senescence condition areas using the porometer
ethod (Fig. 4A). Thus, whilst at the 1st, 2nd and 3rd soil mois-

ure levels, calculation of the average extrapolated transpiration
ere: 124.8, 54.6 and 14.5 mol H2O m−2 day−1, respectively

Fig. 4A), the result of the Yplant for the aforementioned three
oil moisture levels provides a total average of: 45.8, 37.1 and
8.4 mol H2O m−2 day−1, respectively (Fig. 4B). At the 1st and
nd soil moisture levels the extrapolated transpiration overes-
imates on average +172.4 and +47.2% the transpiration from
plant simulation. However, at the 3rd soil moisture level the

xtrapolated transpiration underestimates on average −21.2%
f the transpiration estimated by Yplant. We obtained accept-
ble linear regression functions between the extrapolated (x)
nd simulated whole plant transpiration (y); these functions
nabled us to correct the overestimation that occurs on esti-
ating the whole plant transpiration using leaf measurements

n each tussock size group: big (y = 12.12 + 0.321x; r2 = 0.53;
P < 0.05), medium (y = 29.55 + 0.199x; r2 = 0.66; *P < 0.05)
nd small (y = 20.42 + 0.408x; r2 = 0.68; **P < 0.01).

The medium and small tussocks presented the highest whole
lant transpiration calculated by Yplant at 1st soil moisture
evel (Fig. 4B), with significant differences between big and
mall tussocks. At the 2nd soil moisture level the medium tus-
ocks showed higher transpiration, no significant difference
eing found at 3rd soil moisture level. Big and small tus-
ocks were the ones that showed the highest whole plant net
hotosynthesis rates, and significant differences between big
nd medium tussocks were detected (Fig. 4C). The impor-
ance of the big tussocks was seen mainly at the 2nd soil

oisture level, where the net photosynthesis was significantly
igher than medium and small tussocks. When volumet-
ic soil water content was less than 5% (3rd soil moisture
evel) there was no CO2 fixation, with the exception of the
edium tussocks, which presented a slight net photosynthesis

6 mmol CO2 m−2 day−1). Big tussocks presented the highest

UE at the first two soil moisture levels (from >5 to 30%);
hen the 3rd soil moisture level was reached, however, this effi-

iency became negative for big and small tussocks, because,
s was seen in the previous paragraph, the net photosynthesis
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Fig. 3. Scatter plot among average transpiration rate (E, mmol H2O m−2 s−1) vs.
photosynthetic photon flux density (PPFD, �mol m−2 s−1) obtained from light
response curves for the three tussock size groups (big, black circles: Ø > 60 cm;
medium, open circles: 60 cm ≥ Ø ≥ 30 cm; small, black triangles: Ø < 30 cm)
in each defined leaf senescence condition: (A) 1st, (B) 2nd and (C) 3rd. Fitted
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traight line from a liner regression analysis for each tussock size group is shown
big = dotted line, medium = black line and small = grey line), all F values of
NOVA were significant (***P < 0.001).

as negative, CO2 balance being dominated by the respiration
rocess.

As part of the exploratory analysis of the PPFD on the leaf
ections in the tussocks, we observed that box size increases from
ig to small tussocks (Fig. 5), where the upper quartile (75th
ercentile) occurs at higher PPFD in medium and small tussocks,

−2 −1
urpassing 500 �mol m s . This indicates that 75% of the
eaf sections evaluated receive a higher range of radiation values
s the tussocks get smaller. It should also be pointed out that the
pper limit of the boxes is higher in the small tussocks. A more

b
s
b
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erimental Botany 62 (2008) 376–388

pecific analysis shows that there is a higher percentage (51%)
f the leaf sections of the big tussocks within the radiation level
etween 0 and 200 �mol m−2 s−1 in comparison to medium and
mall tussocks (Fig. 5), whereas the latter ones showed a higher
requency of leaf area at radiations of over 800 �mol m−2 s−1.
his analysis quantitatively shows the higher degree of self-
hading in the big tussocks, which presented more green and
ry leaf area (Table 2) with a lower PPFD, compared to medium
nd small tussocks.

. Discussion

A wide range of processes determines photosynthesis and
ranspiration at whole plant level (Pearcy and Valladares, 1999)
nd the analysis of these processes can provide a mechanis-
ic explanation of the influence of plant size on performance
Lusk, 2004; Schmidt and Zotz, 2001). The higher radiation lev-
ls experienced by individual leaves from tussocks with less leaf
rea (medium and mainly small plants, see Table 2), is the most
lausible explanation for their higher whole plant transpiration.
ranspiration cooling is an efficient refrigeration mechanism,
reventing the leaf from exposure to lethal temperatures (Grace,
997). Activating this process, however, means that the plant
ust compromise efficient water use in order to avoid high

emperatures. For Jones (1992) water conservation takes pri-
rity over minimising leaf temperature, and this appears to be
pplicable in the case of semiarid ecosystems in which water
hortage can drastically compromise survival. This refrigera-
ion by transpiration cooling, however, is a strategy that has
een demonstrated not only in conditions of high water avail-
bility, such as in gravelly floodplain habitats (e.g. Matsumoto
t al., 2000b), but also in some desert plants (e.g. Schmitt et
l., 1993; Laurie et al., 1994). The high transpiration rate of the
edium and small-sized S. tenacissima tussocks, particularly at

igh soil moisture levels (≥15% volumetric soil water content),
ight constitute a mechanism for minimizing overheating of

hese plants over the summer (“water spender” strategy sensu
race, 1997). The leaves of intermediate and particularly small

ussocks of this species presented higher slope and intersection
alues in their linear relationship between transpiration rate and
rradiance than the leaves of the large tussocks (Fig. 3). In accor-
ance with this, Ramı́rez et al. (2006) found that S. tenacissima
eaves belonging to tussocks with the smallest leaf area and self-
hading exhibited the highest transpiration rates measured by
ither IRGA or the heat balance method. It is widely known that
he leaves exposed to sunlight are more capable of dissipating
he excess heat caused by radiation than shaded leaves (Pearcy,
997).

Zotz et al. (2002), on conducting a morpho-pysiological study
t whole plant scale in Vriesea sanguinolenta, an epiphytic
romeliad, found that big individuals had a higher degree of
elf-shading, along with higher whole plant daily photosynthetic
ates in comparison to small specimens. We also found that the

ig tussocks of S. tenacissima showed a higher degree of self-
hading, preventing excessive light from entering, which in turn
rought most of the leaves below or very close to the light sat-
ration point. This fact seems to have allowed large tussocks
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Fig. 4. Comparison of whole plant gas exchange among three tussocks size groups (big: Ø > 60 cm, medium: 60 cm ≥ Ø ≥ 30 cm and small: Ø < 30 cm) at each
assessed level of volumetric soil water content (1st: > 15–30%, 2nd: > 5–15% and 3rd: 5%). (A) Daily whole plant extrapolated transpiration rate (DWText) from
the defined porometer method. Yplant simulation: (B) daily whole plant transpiration (DWTYplant), (C) daily whole plant net photosynthesis (DWP) and (D) whole
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lant water use efficiency (WUE = DWTYplant/DWP). Different letters in (A) an
DS test (*P < 0.05) and Mann–Whitney U-test (*P < 0.05), respectively.

o optimise photosynthesis at whole level plant by minimizing
hotoinhibition, and to minimize transpiration, which was seen
n increased water use efficiency (WUE) in relation to the small
ussocks in volumetric soil water contents values >5% (Fig. 4C).
arge tussocks seem to have reached a size close to an optimum
ost-benefit balance in which crown architecture together with
eaf acclimation processes maximise carbon gain with the least
oss of water (Pearcy and Valladares, 1999).

Increased water use efficiency at whole plant level has been
eported during events of mild water stress in grass species (e.g.
ubick and Farquhar, 1989; Kalapos et al., 1996; Clifton-Brown

nd Lewandowski, 2000; Cabuslay et al., 2002). However, S.
enacissima showed no significant increases in WUE at inter-

ediate levels of soil moisture (15–5% of volumetric soil water
ontent, see Fig. 4D), which corresponds to the physiological
ehaviour of plants more tolerant to water stress (Cabuslay et
l., 2002), and which also tallies with a conservative WUE per-
pective (sensu Jones, 1992). Our paper, however, confirms that
evere water stress (<5%, values for dawn leaf water potential of
etween −5 and <−8 MPa according to studies by Pugnaire and
aase, 1996; Balaguer et al., 2002) significantly and negatively

ffects WUE at whole plant level in S. tenacissima. Photosyn-
hetic performance can be expected to be better in small plants,
ince these are generally more vigorous and exhibit higher light
apture efficiency than large plants (Lusk, 2004; Vesk, 2006).

hus, WUE could be reduced as plant size increases due to a
ecreased rate of carbon uptake per unit of leaf surface area.
owever, and contrary to expectations, water use efficiency

ncreased with tussock size in S. tenacissima.

d
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ant simulations (B, C and D) indicate significant differences detected by Tukey

An important morphological characteristic in S. tenacissima
s the accumulation of dead leaves with size and age (Sánchez,
995). We found significant differences in the total dry leaf area
mong our three tussock size groups, which was associated with
ge and not only size since it correlated with the production of
owers (only observed in large plants). On evaluating leaf senes-
ence, we observed that small tussocks were more sensitive to
decrease in soil water, with a faster loss of chlorophylls than

n big and medium tussocks. This fast senescence with drought
ccounted for the abrupt drop in whole plant transpiration in
mall tussocks. One phenomenon associated with ontogeny is
he capacity for gradual acclimation to changing and stressful
nvironments and the development of mechanisms to maximise
hotosynthetic use of resources such as light and water (Huber
nd Wiggerman, 1997). It has been shown that a longer period of
cclimation to high radiation levels gives rise to improved pho-
osynthetic efficiency in herbaceous species (Noda et al., 2004).
he potentially better acclimation to light and water stresses
f large plants of S. tenacissima was revealed by the fact that
arge tussocks of this species experiencing drought maintained
higher fraction of photosynthetically active foliage when com-
ared with medium and small tussocks, particularly under severe
ater deficit (Table 2).
In calculation of gas exchange based on measurements of

. tenacissima leaves, Haase et al. (1999) estimated the total

aily carbon gain using IRGA measurements and integrating
hese throughout the day. They obtained values of between
08 and 893 mmol CO2 m−2 day−1 during the months with high
ater availability (September 1993–May 1994) and between
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Fig. 5. Box plot analysis and frequency histogram (arranged into eight levels)
assessing the photosynthetic photon flux density (PPFD) quantity on the total
leaf sections belonging to three tussock size groups (big: Ø > 60 cm, medium:
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0 cm ≥ Ø ≥ 30 cm and small: Ø < 30 cm). Results of Yplant simulation running
or midday on July 4th.

254 and 292 mmol CO2 m−2 day−1 during the drier months
June–September 1994). These results are a clear example of
he high degree of overestimation that can result from extrap-
lating leaf level measurements to the whole plant. Valladares
nd Pugnaire (1999) used the Yplant model to show that a S.
enacissima tussock is capable of fixing only 40% of the CO2 that
ould have been fixed if all the leaves of the tussock had been
orizontal and without overlapping among neighbours. These
uthors obtained for S. tenacissima tussocks a net photosynthe-
is of between 90 and 250 mmol CO2 m−2 day−1 approximately,
gures which correspond well with our results at a volumetric
oil water content of between 5 and 25% (Fig. 4C). With regard to
ranspiration, Ramı́rez et al. (2006) showed that modelling tus-
ock architecture considering all aspects of crown architecture
ncluding self-shading and leaf senescence was the best method
or scaling-up from the leaf to the whole plant in S. tenacissima
ince it tallied well with direct determinations of plant transpira-
ion. As with net photosynthesis, we showed that extrapolations
f transpiration using leaf level measurements with IRGA or

ith a porometer overestimate daily whole plant transpiration by
ore than 100%, a result similar to what was found by Ramı́rez

t al. (2006) under high soil water moisture. This overestimation,
owever, is reduced as water deficit increases, since below 5% of
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olumetric soil water content, whole plant transpiration approx-
mately matched extrapolations based upon leaf gas exchange

easurements (Fig. 4A and B).
An important aspect when comparing gas exchange at the

hole plant level among tussocks of different sizes and under
ifferent relative soil moisture levels is to avail of similar micro-
limatic conditions across sampling times. In our case, although
ind speed and global radiation were similar among all sam-
ling dates, air temperature and relative humidity exhibited some
scillations, and 2 days in particular (July 25th and 29th, see
able 3) were somewhat different from the rest. However, tak-

ng into account that the microclimatic conditions within the
rown of S. tenacissima are not synchronized with the adjacent
tmosphere due to the “shelter effect” of these dense tussocks
Domingo et al., 1996), only a marginal influence on plant per-
ormance of the slight temperature increases (July 25th) and
elative atmospheric humidity (July 29th) can be expected for
hese sampling dates. Ramı́rez et al. (2006) made a compar-
son of gas exchange measurements between potted tussocks
nd tussocks naturally growing on the slopes from where the
xperimental tussocks were taken. They obtained a clear corre-
pondence between these measurements under high soil water
ontent during the spring of 2004. Similar to Ramı́rez et al.
2006), we have found here a clear correspondence in gas
xchange (stomatal conductance) values among field and pot-
ed tussocks in soil water deficit conditions (Table 5). All this
onsidered, we can conclude that our experimental setting was
ealistic with regard to mimicking the natural habitat conditions
xperienced by nearby populations of S. tenacissima.

. Conclusions

Self-shading within the crown of S. tenacissima was a crucial
rocess determining different whole plant gas exchange fea-
ures in tussocks of different sizes. The higher radiation received
y medium and small tussocks associated with a reduced self-
hading (Fig. 5), caused an increased transpiration at high water
vailability levels. Big tussocks with higher photo-protective
ffects due to increased self-shading showed higher whole plant
hotosynthetic rates and WUE than small and medium tussocks.
elf-shading has also been shown to reduce photo-inhibition
Valladares and Pugnaire, 1999) so all these results collec-
ively suggest that this photo-protective mechanism allow large
ussocks to withstand intense water stress minimizing foliar
enescence when the soil dries out under high light and heat.
ur results highlight the importance of accounting for plant size

n scaling-up processes of leaf transpiration and photosynthesis
rom the leaf to the individual and from this to the stand, as it has
een shown by Ramı́rez et al. (2007b) in S. tenacissima stands.
his finding together with the differential responsiveness and
ensitivity to drought of plants of different size must be taken
nto account in any consideration of water use efficiency and
esponses to water limitations in semiarid Mediterranean vege-

ation. In the very likely scenario of increasing water deficit in the

editerranean region (e.g. Schröter et al., 2005), we can expect
he capacity of the species of reversing senescence (as observed
y Balaguer et al., 2002) to be greatly reduced. We have found
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ere that small tussocks, representing sexual recruits of the pop-
lation, were more sensitive to severe water deficit and exhibited
aster leaf senescence in response to drought than large tussocks.
hus, we can expect an increased risk of establishment failure
f S. tenacissima by means of sexual reproduction, which, in
greement with Haase et al. (1999), can dramatically reduce
he genetic diversity of the populations of this species as water
ecomes scarcer.
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