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Hydrological behaviour of banana crops on a tropical sou: Estimation of the properties of an andosol and identification of the water processes at local scale

The intensification of banana cropping in the French West Indics linked with high levels of fertilizer and pesticide application and heavy rainfalls is responsible for serious water pollution. This phenomenon is worsened by the fact that the banana canopy concentrates rainwater of the banana tree foot. So inputs are likely to be displaced by surface runoff and drainage.
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The climate is subtropical tempered by trade winds and the humidity is moderately high. There are two externe seasons per year: a dry one during February-March and the rainy season between July and October [START_REF] Théault | Guadeloupe Geoguide[END_REF]. Natural phenomena on a large scale (cyclones, for example), or on local scale (often violent and stormy 

Background of information about banana crop

Banana is a Musa species of the family of Musaceae. It is a tree-like herb with a rhizome whose terminal bud produces the inflorescence and then dies. A series of bunches is produced from a single plant. The sequence can be repeated so the plant is considered to be a perennial. The stages of development of banane plants include sucker appearance, growth, flowering and harvest as shown in Figure 1-2. The minimum amount of water needed for good growth is 2000-2500 mm/year and good sou l drainage is required [START_REF] Samson | Tropical fruits. Tropical agriculture series[END_REF]. • SSC 2: "water way" -the area in inter row, eroded by the surface runoff.

• SSC 3: "crust and moss" -an area not affected by the water flow where a crust is formed and vegetation used to grow.

• SSC 4: "banana foot" -dovvnstream of the pseudo-stem where the soil is quite often removed by the stemflow. 

Objectives

The Experimental methods exist to find the static and dynamic sou l properties but they are valid at local scale and are laborious to undertake. Empirical methods using the hydrodynamic soil properties are easier to carry out. The following three were used to analyse the existing raw data and the results compared with each other:

Estimation of the soli hydrodynamic properties

• The Beerkan method;

• The disk infiltrometer of Decagon type;

• The Wind's evaporation method.

The objective was to try to validate the Beerkan method as a reference method to estimate the hydrodynamic properties of a sou l and to find the key components of the Richard's equation used when modelling water movement through soi!.

The Beerkan method

The method called "Beerkan" method developed by Haverkamp is an indirect method for the determination of the soit hydrodynamic properties in situ (Haverkamp et aL 1998). It is an infiltration method at zero pressure head. The hypothesis is that every infiltration curve can be modelled to an adimensional one. According to [START_REF] Braud | Use of scaled forms of the infiltration equation for the estimation of unsaturated sou l hydraulic properties (Beerkan method)[END_REF], this method "provides the most efficient and cost-effective way to estimate soul scaling factors and soil hydrodynamic properties at a large number of sampling point". 

The tension dise infiltrometer of Decagon type

ln(q.,(h))=1n(K(h)[1+ -4 1+ ah (4)

This is a linear equation with a, the slope and ln(K( h)[1 + 4/01r) The une between the potential -2 cm and -0.5 cm has been used to estimate the hydraulic conductivity near saturation. The method has been undertaken inside and outside the experimental plot for the different sou l surface characteristics to verify that the sou l hydraulic properties are the same in both areas as the other methods cannot measure them on-site as they are destructive.

The Wind's evaporation method

The Wind's method is a reference method which allows the simultaneous determination of hydraulic conductivity curve in an unsaturated media (h between -50 and -700 cm) and the water retention curve 

Estimation of the variation of water storage

After the data calibration step described in Appendix 5.4, the tensiometer data are expressed in matric potential h (m). To estimate the variation of water storage in the soi!, the soil water content is needed. The water retention curve h(0) given by Van Genutchen (Appendix 5.1) has been used (equation ( 7)).
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The variation of water storage AS (mm) can be estimated using the variation of soil water content during a rai event (equation( 8)).

AS (t0
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Zys, is the lysimeter depth (600 mm), dz is the variation of depth The variation of depth dz has been estimated by calculating the space between each tensiometer as shown in Figure 2 The variation of water storage during an event can be estimated by the calculation using the tensiometers explained above (AS.) or by deduction from the rainfall, runoff and drainage ASc (equation ( 6)). The AS c has been compared to the AS m to see if the approximations done to calculate the ASm are correct in order to be sure of the results given by the tensiometers.

Spatial analysis of the water pathways in the plot

For each selected event, data from the tensiometers and the lysimeters has been analysed in order to see how the water is drained, where it is stored in the experimental plot and where the runoff begins.

For the drainage, it consists on plotting the evolution of the drainage measured by the four lysimeters. The objective is to check which lysimeter collect the more or the less drained water in order to confirm the hypotheses about the water movement through sou.

For the tensiometers, it consists on looking at the different tensiometer measurements according to its depth and its location inside the plot during the rai events. Hypotheses about surface and subsurface water movements are expected. The sou l structural parameters 00 and 0, were directly from [START_REF] Martin | Observation et quantification des principaux processus gouvernant le fonctionnement hydrologique du système sol-bananier sur andosol de Guadeloupe, à l'échelle locale de la placette[END_REF] for each infiltration measurements undertaken. 1 -Accumulation area, 2 -Water pathway, 3 -Crust & moues, 4 -Banane pseudo-stem,

Results and Discussion

Comparison betvveen the Decagon tension dise infiltrometer and the Beerkan methods

The idea was to be able to describe the hydraulic conductivity at saturation anywhere in the plot by using a non destructive method. The tension disc infiltrometer method is a non destructive method which operates at a very small scale (approximately 2 cm). This method enables easy and quick measurements of replicates but is highly dependant on local variability of soil properties and does flot give direct access to the hydraulic conductivity at saturation. It cannot be considered as a reference. The Beerkan method is a destructive method that provides K s and was used as the reference method. We tried to find a relationship between both methods.

The tension dise infiltrometer K given in the Table 3- This value was, however, used in order to compare the two methods. Some samples did flot give physically realistic results, for example the hydraulic conductivity was higher at -2 cm of matric potential than at -0.5 cm. So, they have flot been used for the interpretation of the results. This suggests some problems with the experimental methods. Some technical problems occurred with Decagon devices: the porous membrane sometimes presented some lealcages and the tension control tube were flot always well stuck to the water reservoir, so some air leakage occurred which might have altered the suction applied.

For each SSC and each method outside and inside the plot, the results are very different.

Obviously, a problem occurred during the experimentation undertaken inside the plot, the measured values are incoherent with the literature values mentioned previously. So no generalisation about the value of the hydraulic conductivity at a particular SSC can be made.

Measurement carried out outside the plot show that SSC 3 was clearly the one which had the lowest hydraulic conductivity as commentecl in the previous section. This type of surface develops crusts and mosses which substantially reduced its permeability.

Comparlson between the laboratory and Beerican methods

The 1{, obtained with the constant-head permeameter are consistent between each other as shown in Table 3-3. The hydraulic conductivities at saturation in depth are higher than the one at the soil surface: The K, at sou l surface from the Beerkan experiment and at 3-10 cm deep from the Wind one are expected to be quite similar as the samples were taken at a close depth, but the To conclude, only the qualitative trends of each method have to be retained, but the absolute values of Ks cannot be used with confidence.

Ks (50-57 cm deep) > Ky (30-37 cm deep) > Ky (10-17 cm deep) > Ks (3-10 cm deep)

K3

Static parameters: h(0)

The results from the Wind's experimentation undertaken in 2000 and 2004 were comparai to the Beerkan ones. Table 3- 

Water balance at banana tree scale

To evaluate the water stored in the soi!, the relation h(t9) derived from the laboratory method because it is a direct physically-based method and so assume more reliable.

Between both sets of data, the one from 2004 was kept because the beginning of the experiments on the plot began the same year.

Description of the rai events

In The mean rainfall intensity of events 1 and 5 are similar (14 and 13 mm/h respectively). The initial soil water content before event 2 was less than before event I (Table 345).

Thus, the water storage increased more during event 2 than during event 1. The soit was able to store more water during event 2 because it was initially drier.

During event 4, 64% of the precipitation drained through the soit. This is a consequence of the low rainfall intensity (mean of 4 min)h) during the 20 h of rainfall and the high initial sou l water content. The water had Lime to infiltrate; therefore the runoff water quantity is small. Also, the rainwater Gould flot be stored in large quantities as the soil water content was initially high. Consequently, the drained water quantity was very Large. At the end of the event, the soit water content recorded is the highest of ail the selected events.

So, the hydrologkal behaviour of the plot during a rai event depends on the rainfall intensity and amounts, and the initial hydraulic conditions of the soil.

Variation of soil water storage

Comparison between the two calculations of the sali water storage

The variation of water storage during an event can be estimated by the tensiometers Nevertheless, the two methods reveal that the sets of data are consistent with each other,

Stemflow influence on surface rune and drainage

Some rai events were recorded when ail the stemflow was intercepted but technical problems occurred so the data couici flot be analysed. Event 5 is the only event selected for which stemflow data existed. The Figure 3-6 shows how much water was concentrated by the banana canopy during the event 5. For this event, the stemflow was up to 37 times the precipitation in terni of water depth. This is comparable to the approximation of Cattan et aL (2003) who found 10 to 30 times the incident rainfall.

This point confirmed that the rai is redistributed by banana tme canopy and dramatically concentrated at the tree stem. For events 3 and 5, the contribution of lysimeters 3 and 4 appeared very small compared to the other events. During event 4, the greatest event in term of rainfall quantity, the contributions of lysimeters 3 and 4 were more substantial. Lysimeter 4 located between two rows contributed more than lysimeter 3 located outside the area covered by the canopy. This phenomenon can be related to the larger amount of water present above lysimeter 4, in the water pathway where rai water was conoentrated.

It would help understanding the water regime of the banana tree plantation to observe w-hen drainage started in the lysimeters. Unfortunately, the measurement occurred in cans which were linked with pipes to the lysimeters. So there was an unknown lag Lime between actual drainage onset and beginning of measurements, which hindered such a study.

Tlme course of sou l miter content Inside the plot

As there were implemented at different locations and different depths inside the plot, a comparative analysis of the data recorded by the tensiometers should highlight some preferential water ways. The Lime course of each tensiometer according to its depth and for each rainfall event is summarized in Appendix 5.8. The main characteristics analysed are the initial soil water content or sou l matric potential, the hydrodynamic soul properties (SSC), location of the tensiometers inside the plot (under or outside the canopy and close or far from the banana tree stem) and the rainfall event (rainfall amount and intensity, runoff coefficient, etc). The following section aims to describe the hydrological behaviour of the plot to be able te model it in the future.

Without taking into account the banana tree and the spatial rainfall redistribution, the initial matric potential is assumed to increase with depth (Figure 345678). During the rain event, an increase of sou l water content is expected due to the input of water. The tensiometers located above lysimeter 3 and inside the subplot 5 (in inter row, sec 

Partial conclusion

The (1-e) + e's =1

Then the shape parameter q can be estimated: To find m (and n), the soit porosity is needed and to estimate 90 and 0,, the soul moisture, w needs to be measured. 'These parameters were estimated by [START_REF] Martin | Observation et quantification des principaux processus gouvernant le fonctionnement hydrologique du système sol-bananier sur andosol de Guadeloupe, à l'échelle locale de la placette[END_REF]. 

Analvels of Precioitation

Concerning the rainfall data, the data logger has recorded the number of times the bucket tipped. So, the data have to be multiplied by the height of water corresponding to a bucket (0.18 mm) and to be summed to give rainfall in mm.

Anal vais of Runoff

For the runoff vat, the following equations translate the pressure P (mm) into water height H (mm). 3-4 for the horizon A.

• if( P -Po

Comparison between the Beerkan and tension dise infiltrometer methods

• a variation of more and less 10% was applied to Os;

• a variation of more and less 20% was applied to Or;

• hg was multiplied and divided by 2; and

• values of 1.05, 1.1 and 1.3 were tested for n.

These variations were tested for each event (see the following graphs). The thicicness of sou l allocated to each tensiometer implemented near the sou l surface should be decreased (sec the following Table ). AS" for Or +20% (mm)

AS", for 0r 20% (mm) 
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  Pente, PO, YO, a4, a3, az, ai and b are parameters of calibration of each device on the experimental plot. Guadeloupe is a French overseas department situated in the Caribbean area. Mainland Guadeloupe comprises two islands divided by a narrow channel as shown in Figure 1-1. (Ministère de l'Outre-Mer 2005). The larger, western Basse-Terre is covered with a very dense forest. It is a volcanic region dominated by the volcan° of La Soufrière. The smaller, eastern Grande-Terre is low limestone formation and the low altitude plate is favourable for agriculture.
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 11 Figure 1-1 : Map of Guadeloupe showIng locality Source: Ministère de l'écologie et du développement durable (2005) and Radio club india(2002) 

  sometimes terrible bad weather, sources of catastrophic floods or strong winds. The cyclonic season extends normally from June to October (Metéofrance 2003). A spatial variability of rainfall occurs due to the direction East-West of trade winds, called alizés, and the presence of the volcano (Bonen and Prim 2001). "The average annuel rainfall decreases from 4000 mm at 400 m above sea level (as» (22 °C) to 2500 mm at 30 m asl (26 °C)" (Ndayiragije and Delvaux 2004). At the top of the volcano, it can be greater than 8000 mm. So, Basse-Terre receives important precipitation contrary to Grande-Terre where the rai is less and consequently, the hydrological network is poor. The water resource in Guadeloupe is also unequally distributed spatially: most of the water resource is located in Basse-Terre which possesses more than 50 perennial watercourses and important aquifers (Bonen and Prim 2001).
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  Figure 1-2 : Development stages of banane plant function. Source: Tixier et al.(2004) 
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  Figure 1-4 : Heterogeneity of the raInfall IntensIty arriving at the sou l surface of a banana plantation
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 15 Figure 1-5 : Hypotheses concerning the water pathways at the soli surface and subsurface

  Figure 1-1. The field experiment was conducted at "Espérance-Haut" with a 6000 m 2 surface area and an average slope of 12% (Cattan et al. 2005). A small part of this field (8.8m2) called "the plot", has been used to conduct an experiment at the banana tree scale and is described in the section 2.3.1.
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 21 Figure 2-1 : Demonstration of the Beerkan method. Source: Haverkamp and Angulo-Jaramillo (2004)
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 22 Figure 2-2 : Algorithm descrIbing the calculations when analysing the Beerkan data
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  Figure 2-3 : Schematic diagrem of the Decagon tension dise infiltrometer

Figure 2 - 4 :

 24 Figure 2-4 : Explanatlon of the method of Reynolds and ElrIcks

  Figure 2-5. The experiment finishes when air penetrates in one of the tensiometers. At the end, the sou l sample is weighed, dried in the oven and weighed again to determine the water content at each specific time.
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 2526 Figure 2-5 : Picture of the Wind's method experimentation Source: laboratory of Climate Soil and Environment -INRA Avignon 2005
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 27 Figure 2-7 : Scheme of the water balance at the plot scale
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 28 Figure 2-8 : Division of the plot in subplot to estimate the drained water volume The green disc represents the banane tree

  (mm) and to and tend are respectively the beginning and the end of the rai events (d). According to the position of the tensiometers inside the plot, a weight has been allocated at each of them to know the mean soil water content of the plot taking into account the depth at which the tensiometers are established (Table 2-1). This procedure is similar to the one used to evaluate the drained water depth (Figure 2-8). The tensiometer locations inside the plot are shown in Figure 2-6.

  Figure 2-9 : CalculatIon of the difference of depth between the tensiometers
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 31 Figure 3-1 : Facperimental and modelled perfide slze distribution eu» of surface soul
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  Figure 3-2 : Exploitation of the difference between 10 and 3D analyses of data
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  Figure 3-3 : Compitieon behvaen 10 and 30 hydraulic conductivities et saturation
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 34 Figure 3-4 Cheractsrlestion of the hydraulic conductivity of the soif surface usina the Beerkan method in one-dimension.

  2 was calculated from the linear equation between the potential of -2 cm and -0.5 cm extrapolated at 0 cm of suction. The raw data are available in Appendix 5.5. This extrapolation is a lower bound approximation due to the non-linearity of K near saturation as shown in Appendix 5.1.

  . (2005) used a controlled-suction dise infiltrometer and found a mean K. of 135 mm/h for the horizon A (0 -30 cm) and 32 mm/h for the horizon B (30 -60 cm) for an untilled sou. On a txaditional management of the field, the mean K s for the horizon A was 265 mm/h. The possible explanation of low K. for the sou l horizon B is the hypothetical presence of a ploughing layer at about 30 cm deep where the samples were undertaken in Caftan et al. experiment. The Beerkan samples were taken below 30 cm. It is difficult to decide which of both methods give the more realistic values since the experiments undertaken and their results are quite different. The laboratory method can be considered the most reliable as it is commonly used for a large range of soil (ISO 2004), however, it can present some artefacts due to preferential flow betvveen the cylinder and the sou. The Beerkan method has the advantage of being an in situ method.

  of the parameters of the water retentlon curve The Beerkan result for horizon A is the mean of each parameter for the 11 samples taken at the sou l surface whatever the sou l surface characteristic. For horizon B, it is the mean result of the experiments undertaken at 30 cm deep. The number of samples is too low to carry out a complete relevant statistical analysis. Nevertheless, some general trends can be highlighted. Although the data are highly variable, there were no big differences between the Wind's results of 2000 and 2004. A Student' s T-test was carried out on 1/hg and n to compare at 5% probability level for horizon A, horizon B and the whole profile (A+B). The test revealed that only the means on 1/hg of horizon B cannot be assumed equal. The Beerkan results are close to those from the laboratory. However, the variances of the values are high so do flot allow a strong relationship hetween both methods could flot be correlated satisfactorily to the non destructive Decagon tension dise infiltrometer method. The discrepancies betvveen both methods were due to technical malfunction of Decagon devices and different operating scales. The comparison between Beerkan results and the laboratory WIND's results showed a general agreement in spite of large uncertainties. The use of those three methods may be questionable in the case of andosol as the concepts of saturated and residual water contents are poorly defined for andosols in which water is one of the components of soil solid structure. For instance, the Beerkan method proved to be useful to determine the hydrodynamic parameters in a soil cultivated with beans subjected to dry period in Brazil (Souza et al. 2003). This method may, however, be suitable for certain types of soil and flot adapted to andosol. Further experiments are required to address this point.

  high mean rainfall intensity (14 mm/h) the rai during event 1 did flot have time to infiltrate into the soi! and 35% of the precipitation ran off. In Guadeloupe very high rainfall intensity is around 30 mm/h[START_REF] Rossignol | Les Régimes Pluviographiques de la Guadeloupe[END_REF]). This is a maximum recorded over a period of one minute; the intensity calculated here is a mean on the event. This event lasted 23 min. Nevertheless, some water was drained through the soit (18%). The rest of water was stored in the soil (47%). Event 2 lasted 3 h 41, and the mean rainfall intensity was less important (2 mm/h). Only 8% of the precipitation ran off and 5% drained. Consequently, the water storage had increased greatly after the event: 88% of the precipitation was stored which represents 5.8 mm.II•s•s•••

Figure 3 - 5 :

 35 Figure 3-5 : Evolution of the runoff, drainage and water storage during the rai events

  and seems to be linked with the amount of rainfall evacuated by runoff (35 and 42% respectively).Cattan el al. (2005) demonstrated that despite the high infiltration capacity of the sou, moderate runoff may occur in banana plantation on andosol (mean runaff coefficient of 5-11% but less than 34%). Precipitations were quite high during July and August which can explain higher runoff coefficient found.

(

  Sm) or calculated with the water budget from the rainfall, runoff and drainage terms (A,Sc). The cemparison of both methods allows to check if the data recorded were consistent with each other. .dsS may have been overestimated as the evaporation, the evapotranspiration and the amount of water absorbed by the plant were flot taken into account, àSm is estimated using an empirical equation and the data recorded by each tensiometer. So, uncertainties exist in both methods. As it appears in Figure 3-5, the two methods present well marked differences for the events I and 2. The measured variation of AS m was very high, and even higher than the Cranfield University at Silsoe, Soizic HEUZ 2005 240140 240,95 241.00 241.05 241.10 241.15 241.20 precipitation for the event 1 and 2. It is flot possible as the unique input of water is from the rainfall, so the method overestimates Sm. Nevertheless, the shapes of both AS i" and ASc are similar. It is important to find out why both methods differ to ensure the consistency and the quality of the experimental data. By analysing each parameters entering in the calculation of AS., it has been found that the shape parameter n of the water retention curve has been overestimated (Appendix 5.7). As mentioned above, die particle size analysis of the sou l is flot reliable, a value of 1.1 for n should have corresponded to a soit composed mainly by clay parades and AS", should have been closed to AS c.

Figure

  Figure 3-6 ; Conwerison bebveen ths starabow (black Mn.) and reinfell (blue line) emount water during the avent 8

Figure 3 -

 3 Figure 3-7 and Table 3-6 show that lysimeter 2, immediately down slope lysimeter 1, is collected more water than lysimeter 1 located just below the banana stem. Moreover, lysimeter 2 received little direct rainwater as it vas protected by the banana canopy, but collected more water than the rainfall amount. That means that even though a small proportion of the water collected was coming directly from precipitation, the main quantity was from stemflove. This point highlighted the influence of stemflow on drainage and suggested that a redirection of stemflow occurred down the banana tree foot in direction of lysimeter 2. This redirection occurred from the soit surface runoff flow (vertical infiltration) or in fonn of subsurface flow (lateral horizontal flow) as suggested by Martin (2004) and Sansoulet et al, (2003) (number 3 Figure 1-5).
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 37 Figure 3-7 : Evotution of the drained men-clapets

  Figura 3-8). Moreover, there was a delay between the variation of matric potential recorded by the tensiometers located at 6, 25 and 55 cm deep. This traced the natural water flow through the soif from the soil surface to the deepest horizon.

F

  stemflow was infiltrated quickly in the interception area located down slope the banana tree stem (about lm long by 0.5 m wide) or evacuated by runoff down to an area where infiltration could occur. The fact that the stemflow can feed the runoff pathways remains a hypothesis which needs to be confirmed. It is in this interception area where the rai water was drained to the deeper sou l horizon. The presence of a lateral subsurface water flow and the redistribution of surface runoff suggested by the results of in this study and by those of[START_REF] Martin | Observation et quantification des principaux processus gouvernant le fonctionnement hydrologique du système sol-bananier sur andosol de Guadeloupe, à l'échelle locale de la placette[END_REF] needs to be described with more accuracy which the tensiometer study could flot achieve. Runoff initiations occurred mainly at banana tree foot as also demonstrated byCaftan et aL (2005). The fact that the drainage is more important below the water pathways than below other areas flot affected by stemflow is a hypothesis which needs to be confirmed.An integrated study of the plot may be improved by installing tensiometers regularlythroughout the plot at different depths, for example on a grid. This depends on the resource allocated for such a survey and can disturb the processes inside the plot. Moreover a description of the SSC where each tensiometer is located should be useful in order to study the link between the SSC and possible surface pathways.To conclude, the objective of this section was to describe as precisely as possible the water pathways at a single banana tree scale to understand better and eventually model the water regime of a banana tree plantation. This objective was partially reached but new questions arose. On September -November 2005, a second experimentation will be carried out on the same plot. It will be specifically designed to tackle these new questions and aims at precising, confirming or rejecting the corresponding hypothesis formulated in this manuscript and by[START_REF] Martin | Observation et quantification des principaux processus gouvernant le fonctionnement hydrologique du système sol-bananier sur andosol de Guadeloupe, à l'échelle locale de la placette[END_REF].Cranfield University atSilsoe, Soizic HEUZÉ, 2005 a...Me="Malle 4 Conclusions and Recommendations This MSc project aimed at determining the role of heterogeneous soil properties on the genesis and the transfer of runoff using different methods to evaluate sou l hydraulic properties. The final objective of the project was to describe and understand the hydrological behaviour of the soil-banana tree system by quantifying the water amounts stored in the soil or lost by drainage and runoff. The use of three different methods (Beerkan, Decagon and Wind) provided different results but permitted to point out a general trend of sou l hydraulic properties: low K s of the crust and vegetated areas (10-30 mm/h) which mainly contributed to runoff, and high Ks, typical of andosols, of the areas down slope the banana tree stem (430-690 mm/h). The Beerkan method proved efficient even though it could flot be validated. The results disparities and the lack of link with other methods were the main causes. Also, the three methods showed their limits in the case of an andosol in which water is a structural component of the sou. Nevertheless, measurements showed that the water fluxes inside the banana plantation were highly linked to the spatial rainfall redistribution by banana tree canopy which, in tum, induced a great spatial variability of the hydraulic sou l surface properties. In ternis of water regime, the analysis of the experimental measurements showed that the data recorded on the plot were reliable. Measurements confirmed the moderate percentage of runoff on the plot (8% for a small event -42% for a large and intense event). The water processes depended mainly on the rainfall amount and intensity, and the initial moisture conditions of the sou. Under banana tree canopy several phenomena successively occurred: (i) the stemflow infiltrated totally at banana tree foot (high K 8) in the few square meter down slope the tree, till soil saturation was reached, (ii) then runoff initiated and runoff flow infiltrated where the soil water conditions were favourable and/or join main pathways and was evacuated from the plot. Drainage was maximal in lysimeters 1 and 2 as confinned by the sharp patterns of the tensiometers above those lysimeters. The fact that the stemflow can represent a significant fraction of surface runoff has flot been clearly demonstrated in this study. Outside the banana canopy, the rai water flowed from the sou l surface to the deepest horizon of the soil where it was stored preferentially. Drainage seemed to be larger below the water Cranfield University at Silsoe, Soizic 1-1EUZÉ, 2005 pathways than below other areas flot affected by stemflow. Moreover, the hypothesis of the presence of a ploughing layer or lateral flow between both soil horizons noticed by Perret and Dore! (1999) and Martin (2004) has flot been confirmed. Finally, the presence of a lateral subsurface water flow and/or the redistribution of surface runoff suggested by the results of this study and by those of Martin (2004) needs to be described with more accuracy which the tensiometer study could flot achieve. To conclude, the objective of the study was partially reached but new questions arose. On September -November 2005, a second experimentation will be carried out on the same plot. It will be specifically designed to tackle these new questions and aims at confirming or rejecting the corresponding hypothesis formulated in this manuscript and by Martin (2004). It will be based on a better implementation of the tensiometers. Also, runoff genesis and transfer is expected to be visualised on video camera. A period of data collection without stemflow should be renewed to be able to confirm its impact. As mentioned in the introduction, erosion and water pollution occur in the banana plantation, so a weighing of the particles collected in the runoff vat and an analysis of water quality in the runoff vat and the drainage cans should highlight the impact of hydraulic fluxes on surface and deep water pollution. Finally, Sansoulet et al. curve h(6, varies with the soil type but it is a static parameter for a given soit. It depends on the soil properties such as soil texture and the hysteresis associated with the phenomenon of saturation/drying of the soit. The decrease of the matric suction of a sou l is linked with the increase of sou l water content (see the following Figure). The hydraulic conductivity K(0) or K(h) is a measure of water velocity in a soit under the influence of the total potential head (sum of the pressure and gravitational potential heads). It is a dynamic sou l parameter. When the soit becomes dry, the hydraulic conductivity decreases (sec the following Figure). has to be studied to determine the shape parameters m and n which are linked mathematically and 77. The soit texture is related to physical and chemical soit properties and the distribution of sou l particles. These parameters are relatively constant for a given soit and are related to particle shape and size. Three samples of sou l were taken from the field and the soit particle size analysis was undertaken by the Laboratory of soit analyses of Arras (France). Haverkamp et al. (1998) showed using the theory of geometric similitude that a relation exists between the pore distribution in a sou l and the cumulative frequency distribution of the soif particle size. The data obtained from the soit texture provide the cumulative frequency distribution F(d) as a function of particle diameter d to which the following equation of Haverkamp et a/. (1998) is fitted: is the cumulative frequency distribution of the sou l parade size, d particle diameter (m), dg a scale parameter for the particle diameter (m) and M et N shape parameters. The normalized parameter for the particle diameter dg and the shape parameter N have be,en optimized by the least squares methods using the Microsoft Excel Solver. Then, the shape parameters for the water release curve m and n can be estimated using the theory of similitude explained by Haverkamp et al. solution of the last equation. e is the sou l porosity. It is a structural parameter and the method to measure it is explained in the following section.

  characteristic of the arrangement of soil particles and can be described by the soit porosity 4 the dry bulk density Pb and the soit water content O. K, and hg depend on the soit structure. Contrary to soil texture, the sou l structure is changing with time and space due to agricultural practices, growth of vegetation and animal activities in the soi!, for examples.

00, 0 ,

 0 and w were estimated by taking a sample of a known volume of soil and by weighting it at different water content: initial, at saturation and after drying it in the oven. The porosity can be obtained using the following equations. initial mass of soil sample and VI the volume of soit taken. The soit moisture is measured initially Ivo and at saturation ws to obtain &and 0mass of water in a sample of sou, is the difference between the initial mass of the soi! M, and the one alter drying the sample in the oven. potential (sum of the capillarity and electrostatic forces) and the osmotic potential (negligible). Two measurements of temperature had been done for the 25 tensiometers. • One circular receptacle halfway up the banana tree stem to estimate the stemflow. At the beginning of the experimentation, the stemflow was flot intercepted.From the 30th of July, ail the stemflow was collected but then from the 5 th of August, only around 10% of the stemflow was intercepted for measurement and the remained 90% was released at banana tree foot to be able to estimate the surface T2 + a3 T+ a2 U.T +alU + b Q4, a3, a2, al and b are calibrated coefficients. For the lysimeters and the runoff vat, the coefficient a4 is nul!.

  , Po, « fi and Yo are given by the calibration of vat done by[START_REF] Martin | Observation et quantification des principaux processus gouvernant le fonctionnement hydrologique du système sol-bananier sur andosol de Guadeloupe, à l'échelle locale de la placette[END_REF]. The following figure explains the use of the previous equations.

  more of Wind's parameters to describe the water retention curve (Os, 4., hg and n) have flot been well estimated. Both of these assumptions were tested varying one by one each parameter and comparing the corresponding Sm to the reference LtS m estimated for unchanged parameters. A smaller representative thickness of sou l has been allocated at the tensiometers implemented at 6 and 25 cm deep (respectively 10 cm and 20 cm, so 30 cm were allocated to the deeper tensiometers). Variations of the Wind's parameter have been chosen using the sensitivity range found in Table

Table 2 -1: Weight allocated to each tensiometer to estimate the water storage variation 21Table 3 -1 : Parameters found with the parade size distribution curve 24Table 3 -2: Hydraulic conductivities estimated with the Beerkan and tension dise infiltrometer for two sou l water potentials. 27Table 3 -3 : K, values found with the Wind and Beerkan methods 28Table 3 -4 : Summary of the parameters of the water retention curve 30Table 3 -5 : Main characteristics of the five selected rainfall events 33Table 3 -6: Cumulative amounts of water (mm) collected in each lysimeters at the end of each event 38
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	Symbols	Units	Meaning
	M	(-)	Shape parameter linked with the particle size distribution curve
	Ms	(kg)	Initial mass of soul
	Mw	(kg)	Mass of water
	N	(-)	Shape parameter linked with the particle size distribution curve
	P	(mm)	Pressure of water
	PMN		

Table 2 -1 : WeIght allocated to each tensiometer to estimate the water stora e variation Subplot (sec Figure 2-9) Tensiometer nurnber at 6 cm deep 1 4 mean of( 10 and 11 ) 7 mean of ( 28, 13 and 20) total

 2 

	Weight allocated	1/8	1/8	1/8	1/8		1/2	1
	Tensiometer						mean of (14,	
	number at 25 cm	2	5	12	8		16, 18, 23,	total
	deep						24and29)	
	Weight allocated	1/8	1/8	1/8	1/8	,	1/2	1
	Tensiometer number at 55 cm deep	3	6	mean of( 6 and 9 )	9		menu of( 19 and 26 )	total
	Weight allocated	1/8	1/8	1/8	1/8		1/2	1

Table 3 -1 : Parameters found with the partici° size distribution cunre At sou l surface I At 30 cm dee
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	e	0.7168	1	0.7739
	dg		0.0002	
	M		0.1865	
	N		2.4584	
	m	0.1645		0.1552
	n	1.1969		1.1837
	ii	13.1593		13.2724

Table 3 -2 : Hydraulic conductivitles estimated with the Beerican and tension dise inflitrometer for two soli water potentiels.
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	Son Surface Characteristic		Infiltrometer implemented outside the plot	Infiltrometer implemented inside the plot	Beerkan
			K (-2 cm)	Ks	K (-2 cm)	Ks	Ks
	1	mean (mm/h)	121	398	-	-	218
	Accumulation	cr/mean (f)	66	73	-	-	124
	area	sample number	4	4	-	-	3
		mean (					

mm/i,) 10 22 179 2138 194 2 Water pathway crimean (e)

  

			74	75	67	106	71
		sample number	8	8	6	6	3
	3	mean (mm/h)	4	9	58	1447	26
	Crust &	almean (90	54	64	35	50	21
	mosses	sample number	6	6	5	5	3
	4 Banana stem	mean (mm/h) cr/mean (%) sample number	17 59 4	40 65 4	77 70 3	1428 132 3	564 52 2
		mean (mm/h)	30	90	103	1559	221
	Total	cr/mean (%)	181	206	93	105	109
		sample number	22	22	16	16	11

Table 3 -3 : K, values found wfth the Wind and Beerkan methods depth (cm) Ks (mm/h) Mean (mmih) a (mmfti) Semple size

 3 

	WIND (2004)	3-10 10-17 50-57	16 727 2862 13	1680	15 1756	2 -1070	2 1 3
			SSC1	22	528	106		
	BEERKAN	Surface	S8C2 39 SSC3 30	237 23	399 12	221	239	11
			SSC4 689	438			
		30-37	211	162	225	199	33	3

Table 3 -5 : Male characterlatlas of the flve setected Metall «enta

 3 

	Event	Start	Duration (h : min)	Pr (mm)	R (mm)	D (mm)	ASe Onm)	mean intensity (mrivh)	1 R/Pr D/ Pr ,sS/ Pr	% ai 6cm deep	Otat 6cm deep	80 at 25cm 25cm Eh at deep deep	00 at 55cm deep	01 at 55cm deep
	1	3f7/04 2:38	0:23	5.58 1.95 1.02 2.61	14.35	0.35	0.18	0.47 0.639 0.642 0.648 0.652 0.661 0.666
	2	11/7/04 1:12	3:41	6.66 0.52 0.28 5.87	1.80	0.08	0.04	0.88 0.578 0.624 0.599 0.613 0.649 0.662
	3	11/7/04 6:00	2:51	21.60 7.01 9.07 5.52	7.54	0.32	0.42	0.26 0.624 0.628 0.613 0.639 0.662 0.665
	4	15/7/04 3:36	2OE48 80.82 17.15 51.86 11.81	3.88	0.21	0.64	0.15 0.634 0.644 0.631 0.652 0.666 0.691
	5	27/8/04 21:36	4:02	51.1221.55 14.88 14.70	12.63	0.42	0.29	0.29 0		

.629 0.621 0.629 0.637 0.647 0.667 Pr: PrecipitatIon, R : Runoft, D: Drainage, eiS,: Calculated variation in %mater storage, 9 0 and 01 : Mean initial and final soil water contents. Cranfield Universîtv at Silsoe, Soizie HEUZE, 2005

  

							Precipitation (mm)
							Rune (mm)
						MB»	Drainage (mm)
							AS, calcutated variation
						g
	137.2	137.4	' 197 .5	1 197.9	1930	240.9 241.0 241.1 241.2 241.3 2414 241.5 241.5
			Ume (cl)			Ume (ci)

of water storage (min) AS", measured variation of ibvater storage (mm)

  

Table 34 : Cureutethre antountre of enter (nue) c011eeted in eech lyellnelere et the end of each event
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	Event Lyeloteter 1 Lyelnieter 2 Lyelswiter 3 Lyeliiveter 4		
	1	2.116	3.52	0.00	0.00	1.02	5.56
		1.03	0.00	0.00	0.30	0.26	6.66
	3	21.94	29.11	0.18	1.67	9.07	21.60
		75.31	121.31	14.31	34.03	51.86	6012
	, 5	39.95	51.41	0.00	0.49	14.98	51.12

Hydraulic conductivities (mm/h) estimated with the Beerkan and tension disc infiltrometer for two sou l water potentials

  

	Sou Surface Characteristic	Infiltrometer implemented outside the plot	Infiltrometer plot implemented Inside the	Beerkan
		K (-2cm)	Ks	K (-2cm)	Ks	Ks
	1 Accumulation area	228 77 49 128	809 327 127 329			22 528 106
	rnean	121	398			218
		79	2 71
		17	37	114	426	39
		8	19			237
		21	43	99	5889	
	2	1	1	359	4016	
	Water pathway	4	10	304	1118	
		3	5	89	555	
		10	19	108	824	305
		16	41			
	iman	10		179 '	2138	1
	C	7	1 7	1	2272	138
		2	5	79	922	30
	3 Crust & mosses	5 7 3 2	10 19 7 4	80 40 40 52	2033 449 2087 1743	23 12
		3	7			
	iman		9	58	1447	26
	er	2	5	20	_ 727	5
	4 Banana stem	13 30 17	25 75 46	93 17 122	656 47 3580	689
	----..........1..-	7	16			438
	, mean	17	40	77		584 ----

Maximum and average difference of son water storage (em ; mm) over five feinta events when varying each parameter

  

			os	ho
			+10% -10% +20% -20%	/2	1.3	1.05
	Maximum difference	-2.88 2.93 -2.93 -2.42 2.42 -3.56 2.43 10.33 -11.32
	Average difference	-1.71	1.91 -1.91 -1.58 1.58 -1.85 0.88 6.55 -7.34

Cranfield University et Silsoc, Soizic HEUZÉ, 2005

  

			Event 1	Mi 1 '-	eit-',4•.,,.	/e-je"-Event 2	-	Event 3
	OZ4					
	te•				î E c	
					t	
	-4 1				e ---1 / e ..;
							1934	193Z	193.8	194.0
							s	tins (d)
					193.05	193.10	123.15	193.20	19325
							time (d)
							AS, calculated welter
							storage variation (mm)
							AS, initiai measured
							water storage variation
							(mm)
	••••					
							AS" for hg x2 (mm)
							AS, for hg /2 (mm)
	i7.2	137.4	' 197.5	197.8	125.0	
			Ume (d)			
	197.2	197.4	137.8	197.8	199.0	
			lime (d)		

-Cranfield University at Silsoe, Soizic HEUZE, 2005
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List of Symbols and Abbreviations

Symbols

where K, is the hydraulic conductivity at saturation, and q a curve shape parameter.

• the Gardner's equation (1958, cited by [START_REF] Coquet | Caractérisation hydrodynamique des sols à l'aide de l'infiltromètre à disques[END_REF] for the hydraulic conductivity curve K(0) :

K(h) = K, exp(a h)

where a is a characteristic constant of sou.

Description of the experimental plot

Around the banana tree, a boundary was built using metallic plate to prevent water from entering or leaving the plot. At 90 -100 cm deep, the sou l is supposed to be impermeable due to the presence of a volcanic base. So the plot is hydraulically isolated and considered as an entity as shown in Figure 23456.

The following description is mainly from [START_REF] Martin | Observation et quantification des principaux processus gouvernant le fonctionnement hydrologique du système sol-bananier sur andosol de Guadeloupe, à l'échelle locale de la placette[END_REF]. All the devices are linked with a data logger which records the measurement of each device settled in the plot:

• • One runoff vat to collect the surface water was located at the lowest point of the plot. The system to measure the water height inside the vat was the same as the one used for the lysimeters.

• 25 tensiometers at three different depths (6, 25 and 55 cm) measured the water potential of the sou. The water potential is the sum of the gravitational potential, matric

Scheme of the runoff vat

Analyste of Draina»

For the drainage, the equation translates the pressure P (mm) in the 4 cans into a water height H (mm).

H = Pente ( P -Po)

The coefficients Pente and Po, are given by the respective calibration of the 4 cans.

Analyste of the soit water Potentiel

The 

Analvsis of stemf

The following relation translates the pressure P recorded in the stemflow can into a volume of water V(L).

V = Pente ( P -Po)

To be able to compare it with the precipitation for example, it is necessary to transfo= it in height of water H (mm).

V ,., H = iu6 r 2

where r is the diameter of the banana tree stem estimated at 25 cm. 

Parameters to select rai events

To ensure the independence of each event, parameters of the choice of events are:

• A significant amount of rainfall were recorded in a short time (twenty minutes to a day);

• The rainfall height during the three hours before the event is less than 2 mm; and

• The rainfall height alter the event is less than 10 mm with no event recording more than 3 mm of rainfall.

The last constraint is to be able to visualise the amount of drainage without the interference of another event.

Sinnamary of the min charade:Mc of emelt testalomeler (Ta) durhtg the ftve raki «enta. h l, ht and 11",,« are the Initiai, final and maximum soit matric potentiels Event 1 t" is the time to reach h,,,,," In green are the Ts implementecl at 6 cm deep, in black at 25 cm deep and in red at 55 cm deep. Tri01 Ts02 Ts03 Ts04 Ts05 Ts06 1%07 Ts08 Ts09 Ts10 1%11 Ts12 Tr.13 Ts14 Ts28 Ts16 Ts18 Ts19 Ts20 Ts29 Ts22 Ts23 Ts24 Ts25 Ts26 -031 -0 23 -0.15 -0.34 -0,25 -0.12 -(,37 -0.32 -0.49 -034 -0.34 -0.29 -0.40 -0.33 -0,45 -0.37 -0.26 -0.36 -0.37-0.45 -0.43 -0.33 -033 -2.22 0.81 -0,31 -0 24 -0.13 •0.32 -0.24 -0.11 -0.35 -0.27 -0.41 -0.32 -0.33 -0.25 -0.38 -0.28 -0.42 -0.32 -0.23 -0.26 -0.24 -0.51 -0.41 -0.31 -0.29-1.94 -0.73 -0.02-006 -0.07 -004 -0.11 -0.06 -0.17 Event 3 1s01 Ts021 Ts03 Ts04 Ts05 Ts06 Ts07 Ts08 Ts09 Ts 0 Ts11 Ts12 Ts13 Ts14 Ts28 Ts16 Ts18 Ts19 Ts20 Ts29 Ts22 Ts23 Ts24 Ts25 Ts26 hi (m) -0.20 -0.20 , -0.11 -1.52 -0,61 -0.14-0.39 -0.85 -0. -0.43 -033 -0.19 -0.47 -0.33 -0.17 -0,46 -0.35 -0.29 -0.43 -0.51 -0.31 0.56 -0.34 -1.09 -0.34 -0.28 -0.18 -0.48 -2.10 -0.74 -0.41 -0.35 -0.35 -0.75 hy,,,, (m) 0.03 -005 -0.03 -0.07 -0.04 -0.01 -0,10 -0.10 -0.04 -0.02-0.04 -0.05 -0.08 -0.08 -0.23 -0.18 -0.10 -0.15 -0.12 -0.22 -0.07 -0,27 -0.07