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Hydraulic redistribution (HR) in karité (Vitellaria paradoxa) and néré (Parkia biglobosa) tree

species was studied by monitoring the soil water potential (js) using thermocouple

psychrometers at four compass directions, various distances from trees and at different

soil depths (max depth 80 cm) during the dry seasons of 2004 and 2005. A modified WaNuL-

CAS model was then used to infer the amount of water redistribued based on js values.

Tree transpiration rate was also estimated from sap velocity using thermal dissipative

probes (TDP) and sapwood area, and the contribution of hydraulically redistributed water

in tree transpiration was determined. The results revealed on average that 46% of the

psychrometer readings under karité and 33% under néré showed the occurrence of HR

for the two years. Soil under néré displayed significantly lower fluctuations of js

(0.16 MPa) compared to soil under karité (0.21 MPa). The results of this study indicated

that the existence of HR leads to a higher js in the plant rhizosphere and hence is impor-

tant for soil water dynamics and plant nutrition by making more accessible the soluble

elements. The simulation showed that the amount of water redistributed would be approx-

imately 73.0 L and 247.1 L per tree per day in 2005 for karité and néré, and would represent

respectively 60% and 53% of the amount transpired a day. Even though the model has

certainly overestimated the volume of water hydraulically redistributed by the two species,

this water may play a key role in maintaining fine root viability and ensuring the well

adaptation of these species to the dry areas. Therefore, knowledge of the extent of such

transfers and of the seasonal patterns is required and is of paramount importance in park-

land systems both for trees and associated crops.

ª 2008 Elsevier Masson SAS. All rights reserved.
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karité and Parkia biglobosa (Jacq.) Benth or néré. Despite

reports about the negative impacts of karité and néré on the

associated crops due to the competition for light, nutrients

and water (Bayala et al., 2002), there is probably complemen-

tarity in the association in such an ecosystem through the

additional water provided by the trees through the process

of hydraulic lift (HL), which is the transfer of water from the

relatively wetter deeper layers to the drier upper soil profile

(Richards and Caldwell, 1987). HL has been described in

many natural tree–grass mixtures and ecosystems (Burgess

et al., 1998; Caldwell et al., 1998; Ludwig et al., 2003). Although

the direction of water movement is typically upward, towards

drier, shallow soil layers, recent measurements of sap flow in

taproots and lateral roots of trees have demonstrated that

roots can also redistribute water either downward or laterally

from moist surface soils to drier regions of soil (Burgess et al.,

1998; Hirota et al., 2004). The bidirectional movement of water

was termed ‘‘hydraulic redistribution (HR)’’ instead of

‘‘hydraulic lift’’ according to Burgess et al. (1998). HR benefits

plants in several ways: it allows for higher daytime water

uptake using water brought to the well-rooted topsoil through

the maintenance of the viability of their fine roots (Burgess

et al., 1998; Ludwig et al., 2003), thus preventing total stomatal

closure (Domec et al., 2004); it also facilitates nutrient acquisi-

tion and biogeochemical nutrient cycling processes (Horton

and Hart, 1998).

The ecological importance of HR and its effect in relation to

the ecosystems were reported by many authors (Caldwell

et al., 1998; Warren et al., 2005, 2007). Published estimates of

the volume of water lifted varied from 5% to 30% of daily

evapotranspiration, and indicated that hydraulic redistribu-

tion can postpone the emergence of water stress and mitigate

the drying of soil layers (Emerman and Dawson, 1996;

Caldwell et al., 1998; Oliveira et al., 2005). In the dry savanna

parkland systems of the West African Sahel, it is hypothesized

that one of the reasons trees and crops can co-exist in

parklands is due to the occurrence of HR. Erratic and not

well-distributed rains are common at sowing and grain filling

periods in these regions, which are the conditions under

which HR is likely to have a significant impact on trees and

associated crops in terms of improving their survival and/or

grain filling. However, HR has not yet been studied in agrofor-

estry systems in the Sahel in which the contribution of

hydraulically redistributed water (HRW) could be important

for the sustainability of traditional food production in rain-

fed agriculture. In addition, the availability of data on HR

will contribute to a better understanding of the hydrology of

agroforestry parkland systems and improve the accuracy of

water balance calculations of these systems. Water in the

superficial layers is also important for nutrition by making

more accessible the soluble elements.

This study aimed to investigate the occurrence and role of

hydraulic redistribution in two important native trees species

(Vitellaria paradoxa and Parkia biglobosa) and its contribution in

bringing additional water to the agroforestry parkland

systems of dry savannas in West Africa by monitoring the

soil water potential around and below these trees species.

The amounts of water redistributed were thereafter compared

with the daily transpiration of these two species measured

using the Granier method (Granier, 1987).
Please cite this article in press as: Bayala, J. et al., Hydraulic redist
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2. Materials and methods

2.1. Study site

The study was carried out in the parklands of the village of Sap-

oné (12�030 N and 1�430 W and at an altitude of 200 m) in Burkina

Faso, West Africa. The parklands were located in the bush area

on a rather flat terrain. Soil texture data showed higher clay

content under karité (16.6%) compared to néré (13.7%) and their

open areas (13.3%). According to FAO (1988) classification

system the major soils types are Ferric/Luvisols. The mean rain-

fall of the last 30 years was 730 mm (Fig. 1a); it was 879 mm in

2004 and 889 mm in 2005 (Fig. 1b), with the maximum occurring

between July and August. Annual potential evapotranspiration

calculated according to Penman is 1963 mm, while annual

maximum temperature is 34.9 �C and minimum 21.5 �C (Siva-

kumar and Gnoumou, 1987). The description of the vegetation

showed the existence of 35 species of 27 genera and 17 families

(Bayala, 2002). The dominant tree species of agroforestry park-

land systems in Saponé are Vitellaria paradoxa (known as karité

in French and Shea butter tree in English) and Parkia biglobosa

(known as néré in French and Locust bean in English). The

two tree species are scattered forming an open permanent

over-storey of associated annual crops consisting of millet

and sorghum rotation (Bayala, 2002).

2.2. Experimental design layout

Six mature trees of karité and néré were selected and the area

around each tree was subdivided into four concentric tree

influence zones: 0–2 m from the trunk (zone A), from 2 m to

half diameter of the crown (which was at 3.8 m from the trunk

for karité and 5.1 m for néré) (zone B), from half diameter to the

edge of the crown (which was at 7.7 m from the trunk for karité

and 10.1 m for néré) (zone C), and from the edge of the crown to

3 m outside of the crown (zone D).

2.3. Data collection

2.3.1. Soil water potential measurements
Soil water potential (js) was measured using thermocouple

psychrometers (TP) (Wescor, model PST 55, Logan, Utah,

USA). The measurements of js were made at 1-min intervals

with a 30-s cooling time for Peltier effect and the 10-min

mean values were stored on a data logger (PSYPRO, Wescor,

Logan, UT) for a total of 6 days before moving to another

tree and species. The first measurements were done to assess

the effect of distance from tree trunk on HR and the sensors

were installed at four distances from each tree (zones A, B, C

and D) and at four cardinal compass directions at a depth of

40 � 5 cm. These measurements began 1 month after the end

of the rainy season 2004 (4 November 2004) and lasted up to 5

February 2005 for 12 trees (6 of each species); these data will

be referred to in the text as 2004. The second measurements

were done to assess the effect of soil depth on HR and took

place from the 10 December 2005 to the 7 February 2006;

these data will be referred to in the text as 2005. These later

measurements were done following the same approach as

the first ones in the four zones but at four depths (20 cm,
ribution study in two native tree species of agroforestry park-
16/j.actao.2008.06.010
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Fig. 1 – Mean rainfall (mm), mean PET (mm) and mean temperature ( 8C) of the last 30 years (a) and rainfall of 2004 and 2005

(b) of Saponé, Burkina Faso (leaf fall in karité, open bars; leaf fall of néré, closed bars).
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40 cm, 60 cm and 80 cm) on six trees (three of each species).

The psychrometers were corrected for temperature effect

using the curve supplied with each psychrometer to deter-

mine the correction factors for each sensor. For the two

sets of data, the average daily variation in soil water potential

(Djs) was calculated as the maximum (js,max) minus

minimum soil water potential (js,min) during the 24-h period,

corrected for the overall trend by subtracting the absolute

value of the measurement at 12:00 at the beginning (js,0:00)

and at the end of the day (js,24:00), i.e.

Djs ¼
�
js;max � js;min

�
�
���js;0:00 � js;24:00

��� (1)

A psychrometer was considered to indicate hydraulic redistri-

bution if js increased during the night and decreased during

the day (Millikin and Bledsoe, 2000) and if Djs � 0.05 MPa

(Yoder and Nowak, 1999). Data of sensors that displayed an

offset value greater than 3 mV were discarded to limit the

effects of temperature gradients on js. This led to reduced

numbers of measurements for individual tree locations, but

no one of the trees was completely removed.

2.3.2. Hydraulically redistributed water
Based on soil density, soil texture (clay and silt contents) and

organic matter content obtained on composite soil samples at

different depths, soil water content q values were calculated
Please cite this article in press as: Bayala, J. et al., Hydraulic redist
lands of West African dry savanna, Acta Oecolo. (2008), doi:10.10
using pedotransfer equation from WaNuLCAS 3.1 model (van

Noordwijk and Lusiana, 1999; van Noordwijk et al., 2004). Soil

characteristics used in the equation were different according

to depths under karité, which were 20 cm (clay 15.1%, silt

21.8%, organic matter 0.78%, bulk density 1.5 mg m�3), 40 cm

(clay 22.4%, silt 20.9%, organic matter 0.89%, bulk density

1.6 mg m�3), 60 cm (clay 30.7%, silt 20.4%, organic matter

0.52%, bulk density 1.63 mg m�3) and 80 cm (clay 32.1%, silt

19.8%, organic matter 0.41%, bulk density 1.63 mg m�3). The

soil characteristics were also different at studied depths under

néré, which were 20 cm (clay 19.1%, silt 18.9%, organic matter

1.46%, bulk density 1.5 mg m�3), 40 cm (clay 25.6%, silt 17.4%,

organic matter 0.98%, bulk density 1.6 mg m�3), 60 cm (clay

30.6%, silt 17.7%, organic matter 0.71%, bulk density

1.63 mg m�3) and 80 cm (clay 29.8%, silt 19.1%, organic matter

0.54%, bulk density 1.63 mg m�3). The method described by

Emerman and Dawson (1996) was then used to estimate the

volume of hydraulically redistributed water after fitting a sinu-

soidal curve to the measured data (Fig. 2). The calculations of

the volume of hydraulically redistributed water were per-

formed using average Dq values of each zone for each soil

depth (Table 1). The amount of water in each layer in each

day was summed for the four depths to give the total volume

redistributed for each species, which was compared to the

transpiration measurement the following day.
ribution study in two native tree species of agroforestry park-
16/j.actao.2008.06.010



Fig. 2 – Soil water content (Theta in cm3 cmL3) inferred from soil water potential (js) measured in 2004 in the four zones

(A, B, C, D) with psychrometers installed at 40 ± 5 cm depth under néré (Parkia biglobosa) compared with the best-fit steady

state sinusoidal curves superimposed upon the linear trend (black bars [ night time).
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2.3.3. Tree transpiration
Tree transpiration rate, which is an expression of water use by

the tree, was estimated from sap velocity measured using

Thermal Dissipation Probes (TDP) type SV1 (DeltaT Devices
Table 1 – Summary of data for Karité (Vitallaria paradoxa) and
sinusoidal equations from the pedotransfer equations of WaN
based on js values according to zones (a) and soil depths (b)

Species a: According to zones

A

Karité Trend (cm3 cm�3 h�1) 6.40E-06

R2 0.88

Amplitude (cm3 cm�3 day�1) 0.00098

Offset (hours) 6.375

Level (cm3 cm�3) 0.375

Néré Trend (cm3 cm�3 h�1) 7.16E-05

R2 0.93

Amplitude (cm3 cm�3 day�1) 0.00137

Offset (h) 8.625

Level (cm3 cm�3) 0.378

b: According to soil depths

20 cm

Karité Trend (cm3 cm�3 h�1) �1.44E-05

R2 0.62

Amplitude (cm3 cm�3 day�1) 0.00097

Offset (hours) 9.1

Level (cm3 cm�3) 0.398

Néré Trend (cm3 cm�3 h�1) 6.17E-06

R2 0.88

Amplitude (cm3 cm�3 day�1) 0.0011

Offset (h) 9.8

Level (cm3 cm�3) 0.397

Please cite this article in press as: Bayala, J. et al., Hydraulic redist
lands of West African dry savanna, Acta Oecolo. (2008), doi:10.10
Ltd, UK). This TDP method measures an integral of the sap

velocity over the radial thickness of the sapwood. Measure-

ments were made every 1 min and 10 min mean values stored

on a DL2e data logger (DeltaT Devices Ltd, UK). Data were
Néré (Parkia biglobosa) on the amplitude and trend of the
uLCAS 3.1 model used to infer soil water content (q) values

Zones

B C D

1.20E-05 5.06E-06 �8.20E-06

0.53 0.57 0.70

0.00060 0.000667 0.00070

7.725 7.375 5.475

0.378 0.379 0.377

2.66E-05 2.70E-05 �1.20E-06

0.47 0.84 0.85

0.00062 0.00083 0.00147

8.4 5.425 9.3

0.374 0.374 0.375

Soil depths

40 cm 60 cm 80 cm

7.59E-06 6.25E-06 2.31E-05

0.88 0.673 0.46

0.00098 0.00046 0.00044

4.1 5.125 8.625

0.369 0.369 0.373

5.13E-05 �1.60E-06 2.11E-05

0.86 0.46 0.46

0.001475 0.0002 0.0004

2.5 10.825 8.625

0.367 0.369 0.370

ribution study in two native tree species of agroforestry park-
16/j.actao.2008.06.010
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collected on all six sample trees (three of each species) of 2005.

On each tree, three sets of probes were used and these pairs

were installed at 120-degree intervals around the stem at

1.5 m above ground. Each probe consisted of a pair of thermo-

couple needles of 1.1 mm diameter, each of which was inserted

8 cm into the sapwood of the tree bole with 4 cm distance

between them (Granier, 1987). The probe needles measure

the temperature difference (dT) between the heated needle

above and the sapwood ambient temperature measured by

the reference needle below. The dT variable and the maximum

dTm at zero flow provide a direct and calibrated conversion to

sap velocity (Granier, 1987). Each TDP set on the tree stem was

insulated against solar radiation, wind and rain by covering it

with aluminium foil. The measurement on each tree lasted

for 6 days before the equipment was moved along with the

other instrument (Psypro) to another tree and species. Then

transpiration rate per tree was calculated from the adjusted

sap velocity and sapwood cross-sectional area of each tree.

Mean sapwood cross-sectional area per tree was obtained by

taking wood cores with an increment borer at two opposite

positions in the trunk of each sample tree. An Excel spread-

sheet supplied by the manufacturer (DeltaT Devices Ltd, UK)

was used for computing the sap flow based on the daily

maxima of dT and the cross-sectional area of each tree.

2.4. Data analysis

All the above-mentioned data were analysed for single effect of

the factors (tree species, zones, compass directions and soil

depths) as well as for all the interactions, using GenStat 5

Release 8.11 (Rothamsted Experimental Station). Data from

the sensors which did not display HR were removed; this

made the design unbalanced, and as a result the Restricted

MaximumLikelihood (REML) method was used for the analysis.

The test of effects was carried out using Wald tests with chi-

squared distribution used for calculating significance levels

(Piepho et al., 2003). Since the analysis revealed two-way and

three-way interactions between factors, we then analysed

separately data for each factor using one-way ANOVA, and

statistical differences given refer to 5% probability levels. We

also assessed the potential effect of temperature gradients on

diel fluctuations of soil water potential by regressing tempera-

ture values against offset values.
3. Results

3.1. Soils water potentials

Under both trees species we found distinct diel fluctuations in

js indicating HR regardless of the factors considered (Table 2).

Our data for individual trees and soil layers show a substantial

range of patterns: upward, downward or neutral trends in soil

water potential over a weekly measurement period (Fig. 3). The

upward trend of js curve was more frequent at 40 cm depth in

karité whereas such trend was observed only in one tree out of

three in néré in 2005. We also found linear relationships

between soil temperatures and offset values for depths 20 cm

and 40 cm, indicating a possible impact of temperature gradi-

ents on the pattern of js fluctuations (data not shown). Values
Please cite this article in press as: Bayala, J. et al., Hydraulic redist
lands of West African dry savanna, Acta Oecolo. (2008), doi:10.10
of js of soil under néré (�1.77 MPa) were higher compared with

those of the soil under karité (�2.10 MPa) in 2004 while they

were significantly lower under néré (�3.48 MPa) compared to

karité (�3.14 MPa) in 2005. These are strongly negative poten-

tials encountered in the superficial layers, indicating that this

layer is actually dryer than wilting point (assuming that wilting

point is generally encountered around pF ¼ 4.2 or�1.585 MPa).

So the probability for roots to extract important amounts of

water in these layers is weak. Fluctuations in js or Djs varied

from 0.05 to 0.75 MPa for karité species and from 0.05 to

0.80 MPa for néré species in 2004 when discarding every fluctu-

ation <0.05 (Fig. 4a,b). In 2005, the ranges were 0.05–0.83 MPa

for karité species and 0.05–0.34 MPa for néré species

(Fig. 4c,d). The analysis showed a statistically significant differ-

ence between species with significant two-way and three-way

interactions between factors in 2004 and 2005 (Table 3). Due to

the interactions, examination of the effects of zone, orienta-

tion and depth factors was done per species. One-way ANOVA

revealed no significant difference for Djs between zones in kar-

ité whereas this was the case in néré (P < 0.05) in 2004

(Fig. 4a,b). No significant effect of orientation was observed

both in karité and néré in 2004 as well as for zone in karité in

2005. In turn, zone differed significantly in néré in 2005

(P < 0.05) and a significant decreasing trend with soil depth of

Djs was found both in karité (P < 0.01) and néré (P < 0.05) in

2005 (Fig. 4c,d).

3.2. Volume of hydraulically redistributed water and
tree transpiration

Fig. 5 shows that HL seems to be under the control of stomatal

closure and/or reduction of potential evapotranspiration

because the increase in js starts as soon as the transpiration

starts decreasing even before night. According to the estima-

tion, karité lifted 73.0 L (DBH 0.64 m, height 11.7 m, crown

diameter 7.7 m) and néré 247.1 L (DBH 0.90 m, height 15.3 m,

crown diameter 10.1 m) on a diurnal basis in 2005 for a soil

layer of 80 cm. During the same period, we estimated using

TDP that the same trees, on average, transpired around 121 L

and 463 L per tree per day for karité and néré, respectively

(Fig. 5). Thus hydraulically redistributed water would be

equivalent to 60% of the volume of water transpired by karité

and 53% for néré species in a day, assuming that the calibra-

tion of the TDP probes on our species yielded accurate results.
4. Discussion

Our results suggest that HR does occur both in Vitellaria para-

doxa and Parkia biglobosa because under all the trees we

studied, distinct diel fluctuations in js in 2004 and 2005 were

observed. During the night js increased, then it decreased

again the following day in both years (Figs. 2 and 3). These

fluctuations are similar to those reported in previous studies

(Emerman and Dawson, 1996; Burgess et al., 1998; Ludwig

et al., 2003).

Despite the very negative soil water potentials registered in

the present study, trees were still able to extract water, sug-

gesting that these species may be very resistant to water stress,

which could explain their adaptation to such a dry region. HR
ribution study in two native tree species of agroforestry park-
16/j.actao.2008.06.010



Table 2 – Percentage (%) of zones, orientations and soil depths that displayed diel fluctuations under Karité (Vitallaria
paradoxa) and Néré (Parkia biglobosa) in Saponé, Burkina Faso

2004 Zones Orientations

A B C D East North South West

Karité 58 63 63 63 75 50 63 58

Néré 38 50 50 29 25 42 46 54

2005 Zones Soil depths

A B C D 20 cm 40 cm 60 cm 80 cm

Karité 50 17 33 25 25 50 42 8

Néré 17 25 25 25 25 50 8 8
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may play a key role in regulating root water status by limiting

embolism during the day and by refilling xylem conduits at

night as reported by Domec et al. (2006). For these authors, daily

embolism and refilling roots is a common occurrence and thus

may be an inherent component of hydraulic signalling mecha-

nism, enabling stomata to maintain the integrity of the

hydraulic pipeline in long-lived structures such as stems.

However, it is very unlikely that roots extract much water at

soil water potentials below wilting point (�1.6 MPa). It is even

likely that fine roots cavitate at such levels of water potential

encountered in the superficial layers. The hypothesis of easy

access to deep soil water layers or water tables is actually

compliant with important recharge of the superficial layers

during the night, using the HR mechanism. Therefore, the

studied trees may probably be deeply rooted and have eventual

access to the water table, which is between 3 and 5 m depth at
Fig. 3 – Overview of patterns (upward, downward, neutral; stron

(a and b) and soil temperature (8C) (c and d) under néré (Parkia b

time).

Please cite this article in press as: Bayala, J. et al., Hydraulic redist
lands of West African dry savanna, Acta Oecolo. (2008), doi:10.10
the study area (personal observation). Such a phenomenon of

phreatophytic functioning of trees has been reported by Rou-

psard et al. (1999) in parkland of Faidherbia albida.

Except soil depth that showed a clear decreasing trend for

Djs in both species (Fig. 4c,d), the effects of orientation and

zone were either non-significant in both species or significant

in néré with an unclear pattern in both years. This situation

corroborates the findings of Bayala et al. (2004) who reported

a clear decreasing trend in root length density only in the

upper 0–10 cm layer in karité whereas such a trend was

observed at all soil depths for the first year in néré. In the

two following years of their study these authors found no

clear trend, suggesting that such a trend is year dependent.

The lack of clear pattern may be due to spatial variability of

HR which is dependent on sensor proximity to roots, soil

pores, organic matter, rocks, small animals and soil water
g and weak) day–night cycles of soil water potential (MPa)

iglobosa) at 20, 40, 60 and 80 cm depth (black bars [ night

ribution study in two native tree species of agroforestry park-
16/j.actao.2008.06.010
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Fig. 4 – Average Djs measured under Vitallaria paradoxa (a [ in 2004; c [ in 2005) and Parkia biglobosa (b [ in 2004; d [ in

2005) at Saponé, Burkina Faso. Each bar represents the average (±S.E.) of data collected according to the distance from tree

trunk and the four soil depths.
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content as reported by Warren et al. (2007). On the other hand,

the decreasing pattern is well related to the decrease of fine

root length density in soil profile of these two species as

reported by Bayala et al. (2004) for the same species and at

the same site, but not on the same individuals. This rooting

pattern is due to better recharge of water and higher level of

nutrients in the upper soil layer (Bayala et al., 2002; Caldwell

et al., 1998; Warren et al., 2007), and it generates gradients

that acts as the driving force for HR (Warren et al., 2007).

Thus, transpirational water loss generates tension, which is

transmitted through continuous water columns running

from the evaporative surface to the roots (Domec et al., 2006).

Our data for individual trees and soil layers show a substan-

tial range of patterns: upward, downward or neutral trends in
Table 3 – Restricted Maximum Likelihood analysis of diel fluct
paradoxa) and Néré (Parkia biglobosa) in Saponé, Burkina Faso

Fixed term 2004

Wald statistic d.f. Wald/d.f.

Species 543.04 1 543.04

Zone 103.34 3 34.45

Orientation 394.77 3 131.59

Species.Zone 210.54 3 70.18

Species.Orientation 365.65 3 121.88

Zone.Orientation 638.83 9 70.98

Species.Zone.Orientation 350.65 8 43.83

Please cite this article in press as: Bayala, J. et al., Hydraulic redist
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soil water content over a weekly measurement period (Fig. 3).

This phenomenon may be attributed to:

� The impact of temperature gradients on the pattern of js

fluctuations as we found linear relationships between soil

temperatures and offset values for depths of 20 and 40 cm

despite the fact we have discarded the data of sensors

with offset values greater than 3 mV.

� The measurement period was just after crop harvest, when

the soil–tree system was recovering from the high water

demand in the topsoil during the end-phase of the cropping

cycle (Fig. 1).

� Litterfall of trees, starting in October for karité or December

for néré (Fig. 1), may have reduced their current demand of
uations data of 2004 and 2005 under Karité (Vitallaria

2005

chi pr Wald statistic d.f. Wald/d.f. chi pr

<0.001 380.51 1 380.51 <0.001

<0.001 151.93 3 50.64 <0.001

<0.001 375.08 3 125.03 <0.001

<0.001 678.34 3 226.11 <0.001

<0.001 317.09 3 105.7 <0.001

<0.001 357.71 4 89.43 <0.001

<0.001 130.39 1 130.39 <0.001
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Fig. 5 – Daily patterns of soil water potential (MPa), soil temperature (8C) and tree water use (L hL1 treeL1) of Parkia biglobosa

in 2005 at Saponé, Burkina Faso (black bars [ night time).
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water due to a corresponding reduction of the extractive

activity (or biomass) of fine roots to maintain the functional

equilibrium as reported by Bayala et al. (2004). The associa-

tion between fine roots demography and tree phenology has

been suggested in previous studies (Caldwell et al., 1998;

Espeleta et al., 2004).

� Finally, the seasonality in the phenology of these two species

(Fig. 1) may correspond to a seasonality in the main source of

water used according to the two main seasons (Hultine et al.,

2003), even though HR is not associated only with arid zones

or strongly seasonal environments (Oliveira et al., 2005; Zou

et al., 2005).

As with other semi-arid zones species, karité and néré have

been reported to have very widely spread root systems (Tomlin-

son et al., 1998). Such root systems may explain why we found

changes in js even in zone D outside the influence zone of trees.

On average diel fluctuations of karité (0.18–0.23 MPa) and néré

(0.15–0.17 MPa) were close to the figures reported by Ludwig

et al. (2003). With such a level of fluctuation, the volumes of

water redistributed in the present study would be 73.0 L and

247.1 L per tree for karité and néré, respectively. Thus the roots

of trees and crops take up more water during the day than the

trees exude at night, as attested by the amounts of water tran-

spired by karité (121 L tree�1) and néré (463 L tree�1) over the

same period. The values of water redistributed were close to

the range of 70–235 L reported by Ludwig et al. (2003). The quan-

tity found in karité was equivalent to 60% of the volume tran-

spired per tree and in néré, 53%. However, the quantity of

hydraulically redistributedwatermay have been overestimated

by the model, judging by the high values of theta in Fig. 2 giving

an average soil water content of about 37%. Such an amount of

soil water may be more than 3-fold larger in comparison with

the actual soil water content because over the same period (in

November 2004), we monitored this variable at Gonsé, a site

55 km from Saponé, using Diviner 2000 and we found a value

of around 10% for the upper 0–70 cm layer (Bayala, unpublished

data). Based on this observation, the quantity of hydraulically

redistributed water would be equivalent to around 20% and

17.5% of the volume transpired per tree for karité and néré,

respectively. These figures are within the range reported by

Caldwell et al. (1998) for transpiration, therefore HR may play
Please cite this article in press as: Bayala, J. et al., Hydraulic redist
lands of West African dry savanna, Acta Oecolo. (2008), doi:10.10
a critical role in delaying soil drying and preventing small and

fine roots in the upper layers from losing hydraulic conductivity

(Caldwell et al., 1998; Domec et al., 2006). Such benefits may

have been the primary force in the adaptation of these two

species to dry conditions, explaining why they are dominant

in the natural stands (Bayala, 2002). HRW may also contribute

significantly towards water needed for grainfillingof associated

cereals in parkland systems. However, there is no guarantee

that crops can actually take up the HRW as reported by Ludwig

et al. (2004). According to these authors, although acacia trees

redistributed large amounts of water (Ludwig et al., 2003),

a trenching experiment showed that grasses were still better

off without tree roots (Ludwig et al., 2004). Because a tree–crop

mixture takes up more water from the upper soil layers than

is exuded by the tree each night, this can limit the beneficial

effect of HR for the associated crops (Ludwig et al., 2003).

Thus, the importance of either complementarity via HR or

competition for water may depend upon how wet or dry the

soil is as well as other factors known to shape plant–plant inter-

actions (Ludwig et al., 2003; Hirota et al., 2004).

In conclusion, the present study showed evidence of the

occurrence of HR in V. paradoxa and P. biglobosa. HRW

appeared to represent a certain proportion of water used in

the surroundings of these two species during the study period.

Therefore, this phenomenon may play an important role in

the adaptation of these two species to dry conditions by pro-

longing fine-root activity during the long dry seasons. The

occurrence of HR in the two dominant species of parkland

systems suggests facilitation for the associated crops even

though this is still to be proven. Thus, knowledge of the extent

of such transfers and of the seasonal patterns is required and

is of paramount importance in parkland systems. More inves-

tigations are needed on such processes in parkland systems to

fully explain their functionality and in formulating manage-

ment options to improve the performance of the overall

system.
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