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Study focuses on a single Sclerocarya birrea agroforstry tree which is located 
near an ephemeral stream which in the Singou watershed that is part of the 
Volta Basin, Soudanian botanical and climate zone, and is farmed by village of 
Tambarga, part of the commune of Madjoari.  The 8 villages of this commune 
are somewhat isolated, inaccessible and surrounded by game reserves and 
national parks.  
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•  Rain water is depleted over the course of the rainy season (May – October), supporting understanding of the African 
Monsoon system.  

•  Stored water is fairly constant, with a slight enrichment January- April.  
•  Surface water is enriched as it becomes disconnected from the ground water, January to March.  
•  Shallow groundwater is enriched October to January.  
•  Deep groundwater is constant.  
•  Xylem water is enriched from November to April.  
•  Soilwater is enriched from December to May.   
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Soil and Vegetation samples were collected in sealed vials, extracted 
using a vacuum pump, liquid nitrogen trap (Ehleringer, Roden & Dawson 
2000), and an 85oC water bath. Water samples were collected directly. 
Both were analyzed with a Picarro L2130-i CRDS to obtain both O18 and 
DH fractions. All values are in relation to VSMOW standards.  

Additional 
meteorological 

measurements were 
taken with a 

network of wireless, 
autonomous stations 
that communicate 
through the GSM 

network 
(Sensorscope) and 3 

complete energy 
balance and eddy-

covariance stations. 
The same WSN 
stations were 

uniquely configured 
around the S. birrea 
tree to collect and 
transmit the sub-

canopy solar 
radiation, 

throughfall, 
stemflow (Davis 
Inst.), and soil 

moisture (Decagon).  

Sapflow was monitored using a Granier system consisting of a heated and 
non-heated probe (UP Umweltanalytische). The temperature difference 
between the two probes (dT) was converted to sapflux by referencing it to 
a minimal night time “no flow” value to obtain the sapflow density and 
then multiplied by the area of the sapwood.       

with copper-constantan thermocouples and a special heating
wire. Both thermocouples are connected in a way, that the
signal corresponds directly with the temperature difference of
both sensor elements. The two needles are installed one above
the other into the sapwood. The top needle is heated using a
constant current source (120mA). This results in a temperature
difference between both needles depending on the sap velocity.
High flux transports the heat upwards and shows a low signal,
various low flux (e.g. at night) causes the highest temperature
difference (about 10-13℃).» [UPGmbH, 2001]

Figure 2.3: Scheme of a sensor, form UPGmbH, 2001.

The following formula was used to transmute the measured temperature
difference into sap flow :

F = SA · 0.714 ·

(

dTnigth

dTactual

− 1

)1.231

[ml/min]

Were SA is the sapwood area [cm2], and dT the temperature difference be-
tween the two probes. dTnight is the daily maximum temperature difference.

The datalogger recorded every 5 minutes, but for obscure reason, it
appeared that there was an increasing time shift in the data. Typically for
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Canopy cover, as a proxy for leaf area index, was estimated using two 
methods.  First, the difference in solar radiation measured under and 
outside of the tree canopy provided a continuous measure of shading.  
Second, the pixels of pictures (Olympus) taken daily looking up from the 
radiometers (2 & 3) were separated into sky, leaf, and wood areas, and 
calculated as follows (Korhonen et al. 2009): 

The method used here is an adaptation of the projected LAI measure-
ment method, which was originally used to compute the LAI in forest, using
an hemispherical camera. It has less direct physical meaning than the pre-
vious method, as it is a central projection, and the projection angle might
have a big influence. But as the camera used didn’t have a wide-angle, the
projection is a better approximation of an orthogonal projection than for
an hemispheric camera. The use of a standard camera (an Olympus with
an angle of view of 60°) is possible here because the LAI is measured for
one single tree. From these photos, the LAI further used in this document
is defined as :

projected Leaf Area Index = LAI =
leaf area

leaf area + sky area

The areas are based on pixel count. The LAI is a proportion (unit-less),
so cannot theoretically (with this definition) be greater than one, whereas
practically it can happen when there is a lot of leaves. This method is then
well adapted only for trees without an excessive leaf cover. The area of the
stems is deliberately not taken into account, because it is considered to be
just an obstacle to the view, hiding leaves and sky in the same proportion
than on the rest of the tree (Fig. 2.2d).

To apply this definition to each photographs, the distinction had to be
made between the sky, the leaf and the rest of the trunk. First, the sky
had to be separated from the rest of the picture, after enhancing the con-
trast. It is the traditional way of doing [Korhonen and Heikkinen, 2009].
This seems to be the easiest thing to do, because visually, the distinction is
easy. However, manual thresholding is a highly subjective and time consum-
ing method, even with image processing software [Frazer, 1999]. Because
the leaves absorb the blue light the most efficiently, only the blue chan-
nel of an RGB image is used in the process [Nobis and Hunziker, 2005],
to take advantage of the high contrast between the sky and the canopy
[Cescatti, 2007]. It is very challenging to implement an automatic program
for this kind of analysis. But such automatic thresholding algorithms have
already been developed [Gonzalez and Woods, 2002], and a Matlab imple-
mented version by Korhonen et al. [2009] is used here for this first step
(Fig. 2.2b,c).

The Matlab script was completed to further separate leaf pixels from
trunk pixels. As the trunk and branches are near to red and the leaves are
green, it was easy to take advantage of the RGB channels of the image. The
method finally used is barely more complicated than implementing every
pixel with its R value greater than its G one becomes red, and reciprocally
(Fig. 2.2d).
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Analysis of canopy cover through photographic analysis and solar radiation attenuation from October 2011 shows onset 
of leaf-loss to occur in late October and be compete by mid December. Leaf out occurred in early April.  Sapflow 
demonstrates a similar slowing, reaching a minimal rate in February 2012. Theoretical solar radiation according to 
Whiteman and Allwine (1986).  

works using a silicon photodiode to convert incident radiation to electric
current.

The two sensors used were placed at the same position as the one where
photos was taken : SR1 and SR2 on figure 2.1. In the open, an other sensor
have been used for comparison. And over all this data, the theoretical solar
radiation was calculated on a code based on the paper by Whiteman and
Allwine [1986].

These captors are managed with the Sensorscope system. All the sta-
tions are linked with one base station which send the data to Sensorscope
through the GSM mobile network. The data are available to the researcher
on internet for download and in real time.

2.2 Results

The results of the different measurements are presented here and explained
individually why they can be considered valid. LAI follows the expected
pattern and the tree water consumption is compared to other sources. Some
unexpected results were obtained for the soil moisture data with interesting
research perspectives.

LAI

As no review of many techniques have been made to validate the one that
is used in this paper, it can’t be used as an absolute value but rather as a
relative one. The results obtained are relevant and provide a good insight
of the leaf cover. It would be worth to make further studies to define better
this technique in regard to the other existing ones.

04−Sep−2011 24−Oct−2011 13−Dec−2011 01−Feb−2012 22−Mar−2012 11−May−2012 30−Jun−2012
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

LA
I [

%
]

 

 

LAI vue 2
LAI vue 3

Figure 2.4: LAI data from the end of the rainy season to the beginning on
the new one.
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Figure 2.6: Sap flux through the tree.
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Figure 2.7: Evapo-transpiration total calculated with the Sonic anemometer

As expected, the total evapo-transpiration ET measured by the sonic
anemometer of the EC station is greater than the tree transpiration alone
(Fig. 2.7). But during this period, they both have the tendency to decrease.

This next graph (2.8) shows the evolution of the soil humidity at four
different depths extended to four levels of soil down to 1 m deep. The blue
line is from the under tree station, the others are from near but in the open
stations. The blue dashed line is the linear fit of the humidity decrease
under tree. The black one is the mean of the other in the open, reported
to same start point of the blue one.
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Figure 2.9: Solar Radiation

The hole in the data that occur in December 2011 - January 2012 is not
unique. It illustrate the limits of such a system that depends on one base
station and the GSM network. Such lacks can be caused by various reason
and are unfortunately not unusual.

2.3 Discussion

On the following graph (Fig. 2.10), all the previous variables have been
plotted together. Their units and magnitude are not the same, they are
then not numerically comparable. However, the clear relationships between
the shape of the different curves is interesting.
The following observations might seem obvious but they validate the data.

The sensors have detected the increasing incoming solar radiation under
the tree as the leaves are falling. And the fewer leaves, the lower is the tree
activity. The sap flow reflects this activity. Unlike the LAI that goes to
zero, the sap flux reaches a minimum that is not zero.

2.4 Model

Sap flow vs all

In their article, Oguntunde and Van de Giesen [2005] explain the experi-
ments they did in Ghana during rainy season, using the same UPGmbH
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Visual observation of tree confirms conclusion 
that tree access deep ground water in March 

and April, before rain begins and before soil is 
connected to groundwater.  

uuu 
This conclusion was supported by analysis of 
stable isotopes, sap flow, and canopy cover. 

uuu 
Results from the research are being integrated 
into a local outreach project to improve local 

use of agroforestry.  

The relationship between the DH and O18 concentrations of 
water extracted from Soil and Tree samples do not fall along 
the meteologic water (m-)line with a slope of 8 and y-
intercept of 10.  In order to explore whether, this was a 
seasonally driven test, we grouped samples into an 
“evaporated group” or a “meteologic” group based on the 
smaller residual to the m-line or to the evapotranspiration 
(e-) line with a slope of 2.76 and an intercept of -17.13. 
Although more soil samples were found along the m-line 
during the m-line during the rainy season than tree samples 
or dry season soil samples, there was no significant difference 
in days since rain for any group, suggesting that xylem water 
is always under evapo-transpiration stress and soil water has 
undergone evaporation soon after a rain event.   

Examination of the time series of O18 values confirm that soil and xylem water are 
coupled, becoming enriched during the dry season and depleted during the rainy season. 
Xylem water drops to groundwater levels in early March when trees access groundwater 
for leafing out, however soil water does not reach this level until soil moisture increases in 
mid-June.  Regional greenness is observed with the Modis-NDVI product (NASA GSFC) for 
a 20x20m pixel including the agroforestry tree, shown in green to yellow shading.  Soil 
moisture monitored under the tree canopy. Note that difference in 2009 and 2010-2011 
saturation levels are due to a change in instrument from ECTM to 5TM (Decagon).  

Problem	  
Understanding	  water	  use	  by	  agroforestry	  trees	  in	  dry-‐land	  ecosystems	  is	  
essen7al	  for	  improving	  water	  management.	  	  Agroforestry	  trees	  are	  valued	  

and	  promoted	  for	  many	  of	  their	  ecologic	  and	  economic	  benefits	  but	  are	  o>en	  
cri7cized	  as	  compe7ng	  for	  valuable	  water	  resources.	  	  	  

Ques7on	  
How	  do	  the	  isotopic	  signature	  of	  	  flows	  through	  the	  watershed	  from	  

precipita7on	  through	  surface	  and	  groundwater,	  vegeta7on,	  and	  soil	  evolve	  
seasonally? 

Does	  data	  collected	  using	  4	  innova7ve	  methods	  (stable	  isotope	  analysis,	  
canopy	  observa7on,	  sapflow,	  and	  solar	  radia7on	  aHenua7on,	  confer	  on	  7mes	  

of	  leaf	  out,	  access	  to	  groundwater,	  and	  hydrologic	  connec7vity?	  
	  


