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Abstract This paper analyzes the effect of the canopy age
of Guiera senegalensis J.F. Gmel on water regulation pro-
cesses and adaptative strategy to drought over a period of
2 years. The species is widespread in the agricultural Sahel.
Before sowing, farmers cut back the shrubs to limit com-
petition with crops. The stumps resprout after the millet
harvest. Leaf water potential and stomatal conductance
were measured in two fallows and in the two adjacent
cultivated fields. Leaf transpiration rate and soil-to-leaf
hydraulic conductance were deduced. The decrease in both
stomatal and plant hydraulic conductance caused by sea-
sonal drought was greater in mature shrubs than in current
year resprouts. The decrease in predawn and midday leaf
water potentials in response to seasonal drought was iso-
hydrodynamic, and it was greater in mature shrubs,
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suggesting that current year resprouts are under less stress.
In resprouts, the leaf transpiration rate stopped increasing
beyond a hydraulic conductance threshold of 0.05 mol.
m 2 s~ ' MPa~'. Vulnerability to cavitation was deter-
mined on segments of stems in the laboratory. The leaf
water potential value at which stomatal closure occurred
was —2.99 £ 0.68 MPa, which corresponded to a 30 %
loss in xylem conductivity. Thanks to its positive safety
margin of 0.6 MPa, G. senegalensis can survive above this
value. The observed strategy places G. senegalensis among
the non-extreme xeric plants, leading us to suppose that this
species will be vulnerable to the expected increase in
regional drought.

Keywords Adaptation - Embolism - Functional limits -
Guiera senegalensis - Hydraulic conductance -
Transpiration rate

Introduction

In arid and semi-arid regions like the Sahel, water is
the main constraint for plant growth and production
(Le Houerou et al. 1988). The rainy season lasts three to
4 months during summer and is subject to high seasonal
variations, with frequent dry spells occurring during the
rainy season (Breman and Kessler 1995; Sultan et al.
2005). The growth and survival of woody plants during dry
periods depend as much on water availability as on phys-
iological control by the plant (Breman and Kessler 1995;
Eamus and Prior 2001).

Based on variations in leaf water potential during
drought, Tardieu and Simonneau (1998) defined two con-
trasting plant strategies for dealing with water limitation.
According to these authors, anisohydric plants can
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withstand a highly negative water potential, while isohy-
dric plants maintain their leaf water potential above a
specific threshold by actively regulating water loss by
closing their stomata. Recently, Franks et al. (2007) iden-
tified an isohydrodynamic plant ideotype in which stomatal
closure is insufficient to prevent midday leaf water poten-
tial from falling to values at which xylem embolism occurs
during the driest periods but helps maintain a constant
difference between predawn and midday leaf water
potentials. Even more recently, Quero et al. (2011)
observed that the stomatal regulation mechanism can act in
both isohydric and anisohydric plants. It is now accepted
that regulation of water loss caused by drought interacts
with both hydraulic and stomatal functions (Cochard et al.
1996, 2002; Cruiziat et al. 2002; Beikircher and Mayr
2009). There is a trade-off between stomatal opening,
which allows transpiration and photosynthesis to occur,
and stomatal closing to protect the integrity of the water
transport system from the soil-to-root interface to the sub-
stomatal cavity (Aranda et al. 2000; Sperry et al. 2002).
Zimmermann (1983), e.g., showed that, after soil drying,
the decrease in the xylem water potential caused embolism
in vessels. The decrease in hydraulic conductance
throughout the soil-to-leaf continuum is thought to be
involved in the decrease in transpiration (Meinzer et al.
1995; Cochard et al. 2002; Limousin et al. 2009). Water
regulation strategies and specific functional limits need to
be investigated to understand how vulnerable woody plants
face drought today, and how they will be affected by
predicted drier environmental conditions in the future
(Sperry et al. 1998, 2002). While many such studies have
been conducted in temperate and Mediterranean environ-
ments (Granier and Colin 1990; Cochard et al. 1996; Lu
et al. 1996; Cruiziat et al. 2002; Beikircher and Mayr 2009;
Limousin et al. 2010), only a few studies have addressed
Sahelian species (Berger et al. 1996; Roupsard et al. 1999;
Do et al. 2008).

Guiera senegalensis J. F. Gmel is a semi-evergreen
shrub (Combretaceae) (Seghieri et al. 2012) that is abun-
dant in the Sudano-Sahelian region and may be locally
dominant (Arbonnier 2001). The species plays an impor-
tant role in socio-economic and agroforestry activities in
this region (Louppe 1991; Wezel et al. 2000; Larwanou
and Saadou 2011). It is dominant in south-western Niger,
where it grows on sandy, leached or exhausted soils, in
fallows and in millet fields (Saadou 1990). It is a major
resource for livestock browsing, medicinal purposes and
firewood, and is consequently subject to increasing
anthropic pressure. As it is ubiquitous and tolerant to cut-
ting and pruning, it is sometimes the only surviving species
of the woody cover (Seghieri and Simier 2002). Deter-
mining its functional limits is crucial in the context of less
favourable water conditions predicted in this region,
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particularly an increase in rainfall variability and a
decrease in soil infiltrability (Hély et al. 2006; Leblanc
et al. 2008, Frappart et al. 2009; Lebel and Ali 2009).
The aim of this study was to (1) investigate the pro-
cesses that regulate water loss in G. senegalensis, (2)
determine their functional limits under drought conditions,
and (3) check if the regulation processes are affected by
canopy clearcut by comparing mature shrubs in fallows and
current year resprouts in millet fields. The results improve
our mechanistic understanding of hydric functioning of an
agroforestry species that grows throughout the agricultural
Sahelian belt, where such knowledge is still rare.

Materials and methods
Study area and selection of sample plots

The study area is located in the southern part of the Sahel,
in the Dantiandou “kori” (temporary river) catchment in
south-western Niger (Cappelaere et al. 2009). Mean annual
rainfall, calculated for the 1905-2004 period is 560 mm
(Balme et al. 2006). Mean daily temperatures range from
20 °C in January to 35 °C in April (Ramier et al. 2009).
Mean daily vapor pressure deficit is below 1 kPa in the
rainy season (July—August) and above 5 kPa in early May,
but drops shortly after the boreal winter solstice (Decem-
ber-January) due to lower temperatures (Ramier et al.
2009). The region is dominated by the sedimentary for-
mations of the Iullemmeden Basin (Ambouta 1984). The
landscape consists of a series of laterite plateaus of the
Continental Terminal surrounded by sandy slopes
(1-10 km?) whose soils are poor in organic matter (0.3 %),
with mainly rainfed crops such as pearl millet, Pennisetum
glaucum, and fallows. Fallows are shrubby steppes domi-
nated by G. senegalensis and a sparse annual stratum
(Saadou 1990; Boulain et al. 2009).

Our experiment was conducted from April 2009 to
February 2011 on four 0.25-ha plots located midslope (see
Table 1 for characteristics). The plots were (1) a 22-year-
old fallow in favorable water conditions near the village of
Banizoumbou, (2) a young fallow (~5-year-old) in less
favorable water conditions near the village of Wankama,
and (3) two millet fields adjacent to the two above-men-
tioned fallows. Shrubs in the millet fields were cut before
sowing and several times during the millet growing season.
The young fallow was open and was used for grazing and
to harvest fuel wood. The old fallow was protected by a
fence, because it is a permanent reference plot for eco-
logical monitoring by the national ROSELT network
(Réseau d’Observatoire et de Surveillance Ecologique a
Long Terme). Soil and historical management were
homogeneous within each plot. A structural analysis of the
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G. senegalensis cover was performed in each plot. Height
and basal area classes were crossed to enable sampling of
10 % of individuals representing the most abundant
classes.

Microclimatic variables

Air temperature and relative humidity were measured at
I-min intervals by Vaisala HMP45C and Campbell CS215
probes. These sensors were mounted on 2-m masts, with
one sensor in the young fallow and one in the neighboring
field, and one sensor for the old fallow and its adjacent
field. Half-hourly means were recorded using Campbell
CR1000 and CR800 data loggers. Atmospheric pressure
was measured with a Casio Protrek barometer watch. An
automatic YOUNG rain gauge was set up in the four plots.

Leaf water potential and stomatal conductance

Leaf water potential and stomatal conductance were mea-
sured simultaneously on the 10 % sample of shrubs rep-
resenting the most abundant size classes in each plot
(Table 1). Two leaves were excised to measure their water
potential. Stomatal conductance was measured on two
other leaves that remained on the shrub. All measurements
were completed within a single sunny day. The first mea-
surements were taken before dawn (5:00-6:00 a.m.) and
then every 2 h until the minimum values of leaf water
potential and the maximum values of stomatal conductance
were exceeded (5:00-6:00 p.m.). For both parameters, the
mean of the two sample leaves per shrub was calculated to
obtain one result per shrub, and the mean of all the leaves
sampled from all the sample shrubs was calculated to
obtain one result at the whole population in each plot. This
daily protocol was repeated monthly, except in periods of
bud break or defoliation during which the frequency was
increased to twice a month.

Leaf water potential was measured with a hydraulic
press (HP, Objectif K model, France) chosen for its

robustness and portability (Seghieri 2010). Predawn leaf
water potential (Wpp MPa) is the value measured before
sunrise. Minimum leaf water potential (¥Ypy; MPa) is the
most negative value measured during the day. Wpp is an
indicator for the water potential of the soil in the root zone,
based on the assumption that stomatal closure during the
night allows equilibrium to be reached between soil and
plant water potential (Ritchie and Hinkley 1975).
According to Donovan et al. (2001), disequilibrium may
exist. However, Berger et al. (1996) observed in several
Sahelian shrub species that disequilibrium never exceeded
0.1-0.3 MPa. Hence, we chose to disregard the possibility
of disequilibrium in this study. Stomatal conductance was
measured using an AP4 transit-time porometer (Delta-T
Devices) on the lower surface of mature leaves (two leaves
per shrub), since G. senegalensis is hypostomatous.

Hydraulic traits

Segments were collected from ten branches in each of the
four plots during the dry season (February 2011), and rap-
idly dispatched to the BIOGECO laboratory in Bordeaux.
To avoid embolism before measurements started, the seg-
ments were collected very early in the morning, and the
leaves immediately removed to limit transpiration. The
segments were then rolled in moist newspaper and kept
moist and cool (3 °C) until cavitation resistance was mea-
sured at the laboratory within 3 weeks after collection. It
has been shown that samples can be stored for up to a month
without altering the measurements (Herbette et al. 2010).
Prior to measurement, all segments were cut to a standard
length of 27 cm under water, and the bark was removed
with a razor blade. The native embolism of the segments
was measured with the XYL’EM apparatus (INRA license,
http://www.instrutec.fr); the segments were then flushed
with degassed water at low pressure until maximum water
conductance was obtained (Cochard et al. 2002).

Xylem cavitation was assessed with a Cavitron (Cochard
2002, 2005), at the new high-throughput phenotyping

Table 1 Structural characteristics of woody vegetation in the four study areas in the southern Sahel (Niger)

Plot Number of shrubs monitored (10 %
of total number of G. senegalensis
sampled for monitoring of leaf water

potential and stomatal conductance)

Total shrub
density (N/ha)

Mean area of the
crown (mz) of
G. senegalensis shrubs

Mean height (m) of
G. senegalensis shrubs

Crop field close to the young 7
fallow (72 shrubs)

Young fallow (164 shrubs) 16

Crop field close to the old 9
fallow (92 shrubs)

Old fallow (96 shrubs) 9

1.54 (£0.59)* 3.10 (£1.67) 288
2.02 (£0.45) 5.91 (£2.05) 656
131 (£2.7° 2.7 (£1.9) 368
3.47 (£0.88) 12.39 (£3.95) 384

# Maximum values measured on shrubs in the plots at the stage of maximum shoot development after the last cutting
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platform for hydraulic traits (CavitPlace, University of
Bordeaux, Talence, France; http://sylvain-delzon.com/
caviplace). Centrifugal force was used to establish nega-
tive pressure in the xylem and to trigger water-stress induced
cavitation using a custom-built honeycomb rotor (Precis
2000, Bordeaux, France) mounted on a high-speed centri-
fuge (Sorvall RC5, USA). This technique enables mea-
surement of the hydraulic conductance of a branch segment
under negative pressure. Xylem pressure was first set to a
reference pressure (—0.5 MPa), and the corresponding
hydraulic conductance k,,,x was determined. To expose the
sample to more negative pressure, the centrifugation speed
was then set higher for 3 min. Conductance k; corresponding
to each pressure step was determined using the average flux
of a reference ionic solution (10 mmol dm~® KCl and
1 mmol dm > CaCl, in deionized water) through the sample
which was measured three times. The percentage loss of
xylem conductance PLC was calculated at each pressure
step using the following equation:

PLC = 100 x (1— ki ) (1)

max

The procedure was repeated for at least eight pressure
values with a —0.5 MPa step increment until PLC reached at
least 90 %. Rotor velocity was monitored with a 10-rpm
resolution electronic tachymeter, and xylem pressure was
adjusted to about —0.02 MPa. We used Cavisoft software
(version 2.0, Biogeco, University of Bordeaux) for
conductance measurements and computation of all
vulnerability to cavitation (VC) curves.

The percentage loss of xylem conductance as a function
of xylem pressure (MPa) represents the VC of the sample.
A sigmoid function, or “s”-shaped curve (Pammenter and
Van der Willigen 1998) was fitted to the VC curve of each
sample using the following equation:

PLC = 100 . (2)
[1+exp{Z« (P — Ps)}]
where Psy (MPa) is the xylem pressure that caused 50 %
loss of conductance and S (%MPa™"') is the slope of the
vulnerability curve at the inflexion point. The xylem-
specific hydraulic conductance k, (m* MPa~' s™') was cal-
culated by dividing k. by the sapwood area of the sample.
To obtain an “s”-shaped curve, the sampled segment must
be longer than the length of the xylem vessel, otherwise an
“r”-shaped curve is obtained, and this is considered abnor-
mal when the centrifugal method is used (Cochard et al.
2010). Because some vessels had been cut open during
preparation of the sample, proper “s”-shaped VC curves
were obtained only for five branch segments, while
“r”-shaped curves were obtained for 35 segments. Recent
studies indicated that there is limited genetic diversity of Ps,
in a conifer (Pinus pinaster, Lamy et al. 2011) and in an
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angiosperm (Fagus sylvatica, Wortemann et al. 2011). Other
studies mentioned low intraspecific variation in Pso across
rainfall gradients (Pammenter and Vander Willigen 1998;
Maherali et al. 2004; Cornwell et al. 2007; Martinez-Vilalta
et al. 2009) and showed that, when grown in the same con-
ditions, subspecies maintained their native embolism resis-
tance (Kolb and Sperry 1999). Thus, we felt confident using
the average and standard error of the five proper “s”-shaped
curves to provide G. senegalensis VC.

The safety margin was defined as the difference between
the leaf water potential value Wg- (MPa) corresponding
to the lowest stomatal conductance measured in the field,
and Pso measured in the laboratory (Beikircher and Mayr
2009).

Data analysis

The vapor pressure deficit (VPD, kPa) was calculated from
the relative humidity value (RH, %) and the air tempera-
ture (7, °C) using Jones’ (1992) equation.

The leaf transpiration rate (E, mmol. m~2 s~ ') was calcu-
lated from stomatal conductance (g;, mmol. m’ sfl), satu-
ration vapor pressure (eg), air vapor pressure (e), and
atmospheric pressure (Pym, kPa) using McDermitt’s (1990)
equation:

E—g (e;;m‘f) | (3)

We considered that relative humidity is close to 100 %
in the leaf, so leaf vapor pressure is surrogated by e, and
VPD = e;—e, then transpiration rate E is given by

g 8 VPD
Patm

(4)

which means that E varies during the day according to the
two variables g; and VPD. E ., is thus the daily maximum
transpiration rate obtained.

Soil-to-leaf hydraulic conductance (Ks_j, mol. m™
s~ ! MPa!) was calculated for each field measurement
date, as the slope of the line representing intradiurnal
variation in the leaf water potential as a function of the leaf
transpiration rate, after checking that this relationship was
linear. The absolute value of the slope equals 1/Kg
(Schulze et al. 1985), and hence, Kg_| is expressed by
Darcy’s law as follows:

2

dE

— 5

AP (5)

where AV is the gradient between soil and daily minimum

water potentials proxied by ¥Ypp and ¥py, respectively.
Analysis of variance (ANOVA, Systat 12 Software, Inc.,

Chicago, IL, USA) was performed to evaluate the effects of

Ks L =
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the plot on Wpp, Ypm, and Kg ;, and their means were
compared using R-E-G-W test at a 0.05 probability level.
Homogeneity of variance and distribution of normality
were checked previously with the Levene test. Data were
log-transformed for all nonlinear trends among variables,
and the relationship was considered significant at p < 0.05.

Results

Seasonal changes in Ypp and ¥Ypy in G. senegalensis are
presented in Fig. 1. During the dry season, the leaf water
potential decreased more in the two fallows than in the
crop fields, but the difference between the two remained
fairly constant with an average of 0.46 MPa. There was a
significant difference in ¥pp and ¥py between the three
types of cover (F = 40.60, p < 0.0001 and F = 37.56,
p < 0.0001, respectively), with more negative values of
Ypep recorded in the young and old fallows (—2.27 and
—1.67 MPa respectively), indicating severe water stress
in the young fallow due to less favourable water
conditions.

Figure 2 shows the magnitude of native embolism,
vulnerability to cavitation (VC), and variation in maximum
daily stomatal conductance (gsmax) as a function of ¥py; in
G. senegalensis. In the dry season, native embolism was
significantly lower in the crop fields (2.2 £ 1.7 %) than in
the fallows (34.2 &+ 7.0 % in the young fallow and
26.4 &+ 6.2 % in the old fallow). The mean value of Ps
obtained from VC was —3.59 £ 0.19 MPa. The value of
Zsmax Was obtained between 9.00 and 10.00 a.m. in the dry
season (data not shown) and around 12.00 a.m. in the rainy
season. The highest value of g n.x measured in the field
was 687 + 234 mmol. m> s~ '. This value was consid-
ered as full stomatal opening (100 %, Fig. 2). The lowest
value of gynax (106 £ 52 mmol. m 2 s_l) was measured
in the field in the dry season. This corresponds to 85 % of
stomatal closure (15 % ggmax, Fig. 2), which we considered
to be almost full stomatal closure. This stomatal closure
value corresponded to a potential pressure of —3 MPa
assumed to be ¥Ysc. The safety margin of G. senegalensis
was thus 0.59 MPa. Wy corresponded to a 30 % loss in
hydraulic conductance PLC, which was slightly below the
value of native embolism measured in the two fallows
(34 %, Fig. 2).

Figure 3 shows the relationship between ggn.x and
VPD,,,.x under the three land covers. ggn.x declined sig-
nificantly with an increase in VPD only in mature shrubs in
the two fallows, although gy..x variability explained by
VPD remained low (29-37 %). gemax decreased more
rapidly in young fallow than in the old, and the minimum
value for the two was 100 mmol. m 2 s corresponding
to a VPD of 6 kPa. Our results (Fig. 4) confirmed that in G.

¥ (MPa)

(b)

-3
(c) Rainy season Rainy season
4 4 : .
& o & & B Q 9 0 o 0 g
X \&b < ¥ & ¥ &

"

* 23 ¥ nl
& > g 3 & & 5 9 2
AR AR N I AR AN N

Time of year

Fig. 1 Seasonal changes in predawn (open squares) and midday
(solid squares) leaf water potential (¥) over a 2-year period in
G. senegalensis in the southern Sahel (Niger) in a current year
resprouts in the two crop fields, b mature shrubs in a 5-year-old fallow
and c in a 22-year-old fallow. The rainy season is indicated by black
rectangles along the time axis. Vertical bars represent the standard
errors

senegalensis, the leaf transpiration rate, E, varies linearly
as a function of leaf water potential ¥ during the day
(R = 0.7-0.9, p < 0.05). The steepest slope (—0.33) and
the most negative values of ¥Ypp (—2.27 MPa) and ¥py
(—3.12 MPa) were obtained in mature shrubs in the young
fallow during the dry season (Fig. 4), probably because
conditions in this fallow were drier than in the old fallow
and also due to the fact the canopy was older than that of
the current year resprouts.

In all sites, Kg 1 and gsmax decreased logarithmically with
a decrease in ¥pp (Fig. 5). When values were log-normal-
ized, significant linear relationships (p < 0.05) were found,
except for Kg_; in the current year resprouts (Fig. 5a). A
better relationship was observed for gg.x than for K5y and
for the fallows than for the crop fields. Variance analysis
showed that g..x Vvaried seasonally between plots
(F = 66.87, p < 0.0001). During the dry season, minimum
values of ggmax were 165, 106, and 110 mmol. m s ! in
crop fields, young, and old fallows, respectively. Kgs_; varied
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Fig. 2 Vulnerability to cavitation (VC) of G. senegalensis (percent-
age loss of hydraulic conductance (PLC) versus xylem pressure (¥))
obtained using the Cavitron on branches collected in the southern
Sahel (Niger) between May 2009 and February 2011 in current year
resprouts (open circles) and in mature shrubs in young fallow (solid
circles) and old fallow (grey circles). Variation in daily maximum
stomatal conductance (% ggmax, Open squares) expressed as a function
of daily minimum leaf water potential (¥) measured in situ
(Gsmax = 54.83 Y718 R? — 0,62 and p < 0.05 with log transformed
data). For g,m.x data, all plots were pooled (9—16 shrubs per plot, two
or three leaves per shrub). The solid vertical line represents the water
potential (¥sc) value corresponding to the minimum stomatal
conductance measured in situ. The dotted vertical line represents
the value of xylem pressure that caused 50 % loss of hydraulic
conductance (Psq). The difference between ¥gc and Psq corresponds
to the species’ safety margin. Mean values (£SE) of native embolism
are presented in the inset (n = 10 for each type of cover)

significantly between the three types of cover (F = 19.96,
p < 0.001) and the maximum value ranged from 0.05 mol.
m 2 s ' MPa~' in mature shrubs to 0.11 mol. m % s™'
MPa~" in current year resprouts.

Figure 6 shows the trends in the daily maximum leaf
transpiration rate E, ., as a function of the soil-to-leaf
hydraulic conductance Kg_; according to the age of the
canopy. Daily maximum leaf transpiration (Ey,x) ranged
from 2.67 to 22.4 mmol. m~% s~ over the study period
and across the four plots. E, ., increased linearly up to a
limit of 20 mmol. m~2 s~ " in all plots with increasing Kg ;.
up to 0.05 mol. m™? s~ MPa~' (Fig. 6). This threshold
was the maximum value of Kg_; in mature shrubs in the
two fallows but not in the current year resprouts, where,
beyond that threshold, there was no longer a correlation
between E. .. and Kgjp, and E,, fluctuated around

16 mmol. m2 s~

Discussion

A species can survive if the water regime of the soil is
compatible with its functional limits (Sperry et al. 1998;
Hacke et al. 2000). In our study conditions, results dem-
onstrate that soil water limitation remained below the
functional limits of G. senegalensis, as indicated by
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Fig. 3 Relationship between daily maximum stomatal conductance
(gsmax) and daily maximum vapor pressure deficit (VPD,,,x) in G.
senegalensis in the southern Sahel (Niger) in current year resprouts in
two crop fields (a), mature shrubs in a 5-year-old fallow (b) and in a
22-year-old fallow (c). Each dot represents the mean measurements of
two leaves on each shrub for a total of 9-16 shrubs. Bars represent the
standard errors

the positive safety margin. The species displayed a
low-cavitation rate under the drought conditions of its
environment. Because of the relatively constant value of
AY across seasons, G. senegalensis must be considered to
be isohydrodynamic according to the classification of
Franks et al. (2007). The relative stability of A¥Y was
already reported by Seghieri and Galle (1999) in the same
species in tiger bush under artificially induced water stress.
However, in Acacia senegal and Ziziphus mauritiana in the
northern Sahel, marked variations in A% ranging from 0.54
to 2.4 MPa and 0.46 to 2.1 MPa, respectively, were
reported (Berger et al. 1996). Less variation was reported
in Faidherbia albida in the more humid Sudanese zone
(2 MPa, Roupsard et al. 1999) and in Acacia xanthophloea
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Fig. 4 The daily variations in leaf transpiration rate (E) as a function
of leaf water potential (¥) in G. senegalensis in all study plots
measured over several days are representative of the range obtained
between May 2009 and February 2011. Solid symbols show
measurements made during the wet season, and open symbols those
made during the dry season (diamond shapes for the current year
resprouts in the two crop fields (n = 16 shrubs), triangles for the
mature shrubs in young fallow (n = 16 shrubs), and squares for the
mature shrubs in old fallow (n = 9 shrubs). Bars represent standard
errors. These linear relationships are significant (p < 0.05)

Fig. 5 Relationship between
soil-to-leaf hydraulic
conductance (Ks 1) and
maximum stomatal conductance
(gsmax) as a function of daily
predawn leaf water potential
(Ppp) in G. senegalensis in the
southern Sahel (Niger) in
current year resprouts in the two
crop fields (a, d), mature shrubs
in the young fallow (b, e), and
mature shrubs in the old fallow
(¢, ). Insets show a linear
relationship of log-transformed
data. Each dot represents the
mean of 9-16 shrubs (two to
three leaves were measured on
each shrub). Bars represent the
standard errors
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(2 MPa) and Acacia tortilis saplings (1.4 MPa) in semi-
arid Kenya (Otieno et al. 2005).

The maximum value of stomatal conductance measured
in situ was similar to that measured by Hanan and Prince
(1997, 661 mmol. m™2s™") in the same species in the
same area. However, it was higher than the range of values
(260-540 mmol. m~2 s~ ") reported by Berger et al. (1996)
in Combretum glutinosum, Acacia senegal, Z. mauritiana,
A. tortilis, Balanites aegyptiaca, and Boscia senegalensis
in the northern Sahel. Our results also highlight the effi-
cient stomatal control of transpiration in G. senegalensis.
Stomatal regulation has been reported in other species in
water-limited environments (Acherar and Rambal 1992;
Diagne 2003; Limousin et al. 2009; Quero et al. 2011).
Chapotin et al. (2006) reported that stomatal control of
transpiration occurred suddenly at a leaf water potential of
—1 MPa in baobab trees (Adansonia spp.) in Malagasy
tropical dry forest. Berger et al. (1996) observed low leaf
water potential (Ypy between —2 and —3 MPa) but high
stomatal conductance throughout the year in C. glutinosum,
in contrast to our results in G. senegalensis. However, in
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Fig. 6 Maximum rate of leaf transpiration (E,,,) versus soil-to-leaf
hydraulic conductance (Kg 1) in G. senegalensis in the southern Sahel
(Niger) between May 2009 and February 2011 in the current year
resprouts in the two crop fields (a), mature shrubs in the young fallow
(b), and mature shrubs in the old fallow (¢). The dotted vertical line
indicates the value of Kg_; at which E,,x stops increasing

their study, populations of C. glutinosum were reported to
be regressing. The hydromechanical stomatal control
observed in G. senegalensis in the Sahel explains why there
is no contradiction between fluctuating leaf water potential
and stomatal regulation, which is an adaptative strategy to
enable the plant to function in dry but variable environ-
mental conditions (Quero et al. 2011). The low variability
of gimax €xplained by VPD indicates that other physical
variables than VPD, such as soil water content, may
be stronger drivers of stomatal conductance in
G. senegalensis.

The value of VPD at which we measured the lowest
value of gynax in G. senegalensis was within the range
(5-8 kPa) reported by Grouzis et al. (1998) in six woody

@ Springer

species (C. glutinosum, A. senegal, Z. mauritiana, A. tor-
tilis, B. aegyptiaca, and B. senegalensis) in the northern
Sahel, relatively close to the VPD observed in F. albida in
the Sudanese zone (5 kPa, Roupsard et al. 1999) but higher
than that found in A. xanthophloea in a semi-arid zone in
Kenya (4 kPa, Otieno et al. 2005). In the desert in Cali-
fornia, a more arid environment than that of G. senegal-
ensis, the lowest values of stomatal conductance were
recorded with higher VDP (7.5 kPa, Meinzer et al. 1988).
For many species growing in temperate and Mediterranean
climates (Breda et al. 2006) and in tropical rainforest
(Bonal and Guehl 2001), stomatal conductance was mini-
mum with VPD values ranging between 2 and 3 kPa. Low
sensitivity of stomata to high VPD is common in drought-
tolerant species (Aranda et al. 2000). In environments
where temperatures are high, such as in the Sahel, stomata
that close when VPD values are high can cause heat stress
of leaves even if the leaves are turgescent (Tardieu 2005).

The maximum stomatal closure and the corresponding
value of leaf predawn water potential measured in G.
senegalensis is comparable to that found in Quercus ilex in
a Mediterranean environment (90 % of stomatal closure for
a predawn potential of —4 MPa, Limousin et al. 2009).
However, our results also showed that in G. senegalensis,
xylem water potential can decrease beyond the value of
leaf water potential corresponding to almost 100 % of
stomatal closure, owing to the species’ positive safety
margin. In our study conditions, the loss of xylem con-
ductivity that triggered maximum stomatal closure in G.
senegalensis was lower than that measured in Adansonia
spp (40-65 %) in Malagasy tropical dry forest that corre-
sponds to higher leaf water potential (—1 MPa, Chapotin
et al. 2000). It was also only half the stomatal closure
measured in Q. ilex in a Mediterranean environment (64 %,
Limousin et al. 2010) and in Ligustrum vulgare and
Viburnum lantana, two temperate forest species (65 %,
Beikircher and Mayr 2009). However, in the two latter
species, the corresponding leaf water potential was less
negative (—3.3 MPa). According to the classification of
Bréda et al. (20006), the positive value of the safety margin
we measured in G. senegalensis classifies it as a xeric
species, although not one of the most extreme. When
Cruiziat et al. (2002) linked vulnerability to cavitation and
the degree of stomatal closure, they identified three distinct
strategies. In the first strategy (the most common among
the species tested), the water potential value that caused
10 % conductivity loss corresponded to a theoretical sto-
matal closure of at least 90 %. In the second strategy, the
water potential value that caused 10 % loss of conductivity
triggered stomatal closure at levels well below 90 %. In the
third strategy, closure of more than 90 % of stomata was
caused by water potential that was much less negative than
the value corresponding to 10 % loss of conductivity. Our
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results show that G. senegalensis clearly belongs to the first
group.

At global scale, Maherali et al. (2004) showed that, in
angiosperms, Psq tends to increase with an increase in
climate aridity. The Ps, value obtained for G. senegalensis
in our study conditions is more negative than the average
value for angiosperms calculated by these authors
(—=3.15 £ 0.19 MPa). However, the value is less negative
than the median values they found in evergreen shrubs
(—5.09) and in desert plants (—4.5 MPa) and relatively
close to the value (—3.64 MPa) found in Q. ilex by Lim-
ousin et al. (2010). These results are in agreement with the
semi-evergreen nature of the species (Seghieri et al. 2012)
and confirm its non-extreme xeric nature, suggesting that it
may suffer in a more arid environment.

The linearity of the relationship between daily variations
in the intensity of leaf transpiration and leaf water potential,
rather than a curvilinear pattern, indicates a negligible con-
tribution to transpiration of water possibly stored in the
shrub’s tissues (Schulze et al. 1985; Meinzer 2002). Linearity
appears to be widespread in many species in which Kg y
decreases with water stress. For example, in F. albida
growing in a Sudanian environment, i.e., moister than our
study area, Roupsard et al. (1999) showed that the value of
Ks 1 dropped by 50 % at the end of the dry season when
Ypoum decreased from —2 to —2.7 MPa. Lu et al. (1996)
measured a drop in the Ky value to close to zero in Picea
abies in a temperate environment, when ¥pp, fell from —0.5
to —1.5 MPa. In contrast, in A. fortilis in the northern Sahel,
Otieno et al. (2005) and Do et al. (2008) found no significant
difference between Kg ; values measured during the dry
season and those measured during the rainy season because
of the phreatophytic nature of the species. Ks_| values esti-
mated for G. senegalensis (0.05-0.11 mol. m™> s™' MPa™")
are lower than those estimated by Roupsard et al. (1999) in F.
albida in a Sudanian environment (0.4-1.2 mol. m~—?
s~' MPa™ "), but higher than those reported by Berger et al.
(1996) for north Sahelian species (0.0084-0.0016
mol. m2 s~ ! MPafl) and by Limousin et al. (2009) for
Q. ilex (0.003 mol. m™? s~ MPa™"). Thanks to its high
inter-regional variation, the range of values observed in Kg_p,
could be a good indicator of the relative water conditions
under which a species grows, i.e., medium conditions (mesic)
in the case of G. senegalensis in our study conditions.

The mechanisms by which stomatal conductance, and
hence transpiration are linked to variations in soil-to-leaf
hydraulic conductance are not yet well understood (Sperry
and Pockman 1993). In a given species, the decrease in
Ks 1 may be due either to xylem cavitation (Zimmermann
1983) or to increased resistance to water transfer at the soil-
root interface because of the decrease in water availability
(Sperry et al. 1998; Lu et al. 1996). Our results confirm
that, in G. senegalensis, there is active stomatal response to

a decrease in hydraulic conductance that is primarily due to
increasing resistance at the soil-root interface with the
decrease in soil water availability, since xylem cavitation
was only 30 % when the stomata were almost completely
closed. Monteny et al. (1997) and Boulain et al. (2009)
showed that in G. senegalensis plots in the same area as
ours, evapotranspiration was controlled by atmospheric
conditions up to a threshold value of relative soil water
content corresponding to 70 %. Below this threshold,
evapotranspiration was linearly controlled by soil water
content. Similarly, our results confirm that, in the shrub
itself, transpiration, indicated by increasing Ks_ , increases
linearly with soil water content, but only up to a limit of
approximately 0.05 mol. m~> s~ ' MPa~!, which corre-
sponds to a value of Ypp of —0.6 MPa. Above this limit,
atmospheric conditions may control variations in Ks_g, and
hence in transpiration in the current year resprouts in the
crop fields. A Kg_1 threshold was also found by Meinzer
et al. (1995) in trees in tropical rainforests, which were
later (Meinzer 2003) explained by the physiological limits
specific to the plant (stage of foliation, leaf size, dimension
and frequency of stomata). In our case, the small size of the
aboveground part of the current year resprouts may limit
their leaf area and consequently their capacity to evaporate.
Transpiration is thus adjusted not only to the plant’s
transport capacity but also to its leaf transpiration capacity.

The lower Ypy and Ypp in tall mature shrubs than in
small current year resprouts reflects the lack of stress
undergone by the current year resprouts. Indeed, more soil
water was available in the crop fields than in the fallows at
the end of the rainy season after the millet harvest (Ramier
et al. 2009), probably thanks to lower shrub density in the
crop fields, which also means that more water was avail-
able per shrub while they resprouted. In addition, the cur-
rent year resprouts carried young leaves that were
consequently more turgescent, again contributing to a less
negative leaf water potential than in mature shrubs. Finally,
the current year resprouts do not have a cuticle (personal
observation), which limits water loss from old leaves on
mature shrubs. This lack of cuticle on leaves helps increase
Ks 1 beyond the threshold reached by mature shrubs, while
the canopy is regenerating, and the leaf surface increases.

In response to seasonal drought, water conducting
capacity (Kg_) decreased more in mature shrubs than in
current year resprouts. In current year resprouts, leaf water
potential was maintained lowly negative by high hydraulic
conductance. This change with canopy rejuvenation in the
same species has not been previously reported, although an
anisohydric to isohydric transition has been already
reported in two varieties of Vitis vinifera cultivars of the
same age and linked to differences in their hydraulic con-
ductance (Schultz 2003). Small current year resprouts on
old stumps probably had a higher root/shoot ratio favoring
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more water conducted to the aboveground part of the plant
than in taller older canopies, as shown in Arbutus unedo in
Mediterranean environments (Castell and Terradas 1994).
Furthermore, after removal of the canopy, current year
resprouts only contain vessels with negligible native
embolism. This explains why their hydraulic conductance
was higher than that of mature shrubs.

It is becoming increasingly clear that, to resist drought, a
plant’s capacity for water loss through its leaves is asso-
ciated with its capacity to supply its leaves with water
(Cruiziat et al. 2002). Consequently, the suspected close
link between foliation and the species resistance to cavi-
tation needs more detailed studies. We compared the
results obtained by Seghieri and Simier (2002) for foliation
and by Seghieri and Laloe (2004) for variations in leaf
water potential on a sample of seven populations of
G. senegalensis in our study area. The first shrubs started to
defoliate when the minimum water potential reached
between —2.5 and —3.5 MPa, a range that included the
value of ¥Yg¢ we found, i.e., at which 80 % of stomata were
closed. This link now needs to be confirmed.

Conclusion

The maximum water stress experienced by G. senegalensis
during dry periods in situ in the conditions of our study
corresponded to a relatively small decrease in the plant’s
water transport capacity. Stomatal closure protects the
xylem from embolism. Closure of the stomata regulated
transpiration before the leaf water potential reached
—3 MPa, a probable threshold at which leaf fall begins.
Beyond this threshold, a positive safety margin enabled the
species to survive in good conditions as long as water
potential remained below the critical value of —3.6 MPa,
the lethal value being —6 MPa. The decrease in shrub
density and the yearly canopy clearcut reduced water stress
in the current year resprouts and increased the capacity of
the plants to transport water. However, their intense tran-
spiration is ultimately limited by the meager development
of their canopy. Further research will be undertaken to
describe the role of foliation and defoliation in the main-
tenance of the internal water balance in G. senegalensis.
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