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FOREWORD

This annual report contains data and preliminary results of the first 1%4 years of the water
resources monitoring activities that were started nearly two years ago within the HIMA/Iringa
project.

More than three years have gone since the first concrete steps were taken to establish a Water
Resources Monitoring component within the HIMA/Iringa project. It may seem like a long
time from the initial start until the first preliminary results are presented. For those having
been involved in the long process of initial discussions, planning of activities, procurement
and installation of equipment, and - most important of course - the daily routine data
collection, it is however hard to imagine how things could have been done more speedily.

It would have been impossible to get that far if the cooperation between the involved parties
had been less than optimal. The efficiency and helpfulness of the HIMA-management, all the
way through, is very much acknowledged. Similarly. the actual high quality of data collection
has only been achieved through the dedicated and hard work of the Iringa Regional
Hydrologists Office, in the field as well as in the office. The instrumental role of the
Technical Advisory Services Division of DANIDA Headquarters, Copenhagen in supporting
and facilitating the cooperative monitoring activities 1s also very much acknowledged.

Lyngby in February 1995
Eggert Hansen
Professor of Hydrology

Insttute of Hydrodynamics and Hydraulic Engineering
Technical University of Denmark
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EXECUTIVE SUMMARY

A Water Resources Monitoring comp()nent'was added to HIMA (Iringa) in 1992. The monitoring was
S g started in mid-late March 1993 after the establishment of gauging stations and the installation of

instruments.

The report covers the period from April 1, 1993 until October 31, 1994. In Tanzania the "water year"
as used by the hydrologists runs from November 1 to October 31. Thus the reported period includes
the 1993194 water year which runs from November 1, 1993 to October 31, 1994,

The major findings from this period will shortly be summarized below and discussed in relation to the
two main objectives of the monitoring namely: 1) to monitor the impact of the project’s atforestation
and soil and water conservation activities on the water resources in the project area. 2) to develop a
better understanding of the impact on the water resources of different types of land use and
management practice in the project area,

‘The monitoring is carried out in 4 smaller catchments of about 5 kim? in Kilolo Division, 50-80 km
south of Iringa. The catchments include a forested (evergreen) catchment, Mgera; a cultivated
catchment partly outside the present HIMA priority area, Gendavaki; and two catchments within the
present HIMA priority area, Muhu and Thaka. Approximately 85% of Mgera is covered with forest.
while 65-75% is cultivated in Gendavaki, Muhu and Thaka and the rest include grassland, bush,
.. woodland, and forest/plantations. Rainfall and discharge are measured continuously, and soil moisture
" is measured monthly in Mgera, Gendavaki and Muhu, whereas only rainfall and discharge at the end
#.0f the dry season are measured in Ihaka. Thus most of the findings presented helow are hased on the
 vesults from the three former catchments. Climatic parameters have been measured at a weather station
. placed in the Muhu catchment. Water quality analyses, including physical, chemical, and

w proposal for the use of hydrological monitoring in other HIMA-activities outside the present
fonitoring area are given as well, ' o

nally the collection of data has proceeded as planned and the quality of the data is in general very
1810 lory.

¥ e
he weekly collection of data undertaken by the hydrology technician and the daily rainfall readings
K en by the local farmers have been carried out regularly during the whole period. With a few
ons all U}e planned data have been collected. The few missing data have been due to technical
and discharge data from Muhu for one month were stolen. The technicians have been able

"oyl
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to make the necessary adjustments and repair of instruments. Daily rainfall and runoff data for each
“of the monitored catchments exist for the whole monitoring period, and the missing data have not
impeded the planned analyses. Relatively few discharge measurements exist for high water levels. Thus,
the discharge during heavy rainfall events are not very precise, especially for Muhu and Gendavaki.

The raw data as well as the data analyzed by the hydrological office have been checked, and the
quality is in general very good. However, it has been necessary to change the local observer at one of
the rainfall stations, and it has been necessary to improve the reading from the evaporation pan.

The data material makes more analyses possible than presented here, e.g. detailed analysis of climatic
data, rainfall intensities, infiltration conditions (from soil moisture measurements), etc, which can he
carried out by the hydrological office according to need. :

As one of the aims of the monitoring is to compare the effect on the water resources of different types
of land use and agricultural practices, it is important that the selected catchments, except for the land
use, are similar in terms of physiography. i.e. size. shape. slope gradient, altitude, geology, rainfall, etc.
Achieving that, the differences in hydrological response between the different catchments can be
ascribed to the differences in land use only. In this respect 3 catchments which are very similur in
terms of topography, altitude, and size and shape of the catchinents have been selected. Furthermore,
the rainfall patterns and amounts - at least for the first water year - are very similar as well (see Table
1). These facts are highly facilitating the possibility to link the differences in hydrological response in
the catchments with differences in land use practised in the respective catchments.

Table 1 - Comparison berween some physiographic features in Mgera (forested), Gendavaki
(cultivated) and Muhu (cultivated) carchmenis.

{ MGERA GENDAVAKI MUHU
Yearly rainfall (mm) (1993/94) 1257 1231 _ 1128
Altitude range (1;1) 1890-2030 1895-2045 1850-2030
Catchment size (km?) 5.15 5.13 5.14
Average slope gradients (%) 20-30 20-30 20-30

The impact of the different types of land use on the water resources

As mentioned above the rainfall is very similar in the monitored catchments namely 1257 (Mgera),
1231 mm (Gendavaki), 1128 (Muhu) and {136 mm (haka). According to historical records (1974-30)
the yearly average rainfall in Muhu is 1352 mm. Thus, the rainfall for the 1993/94 water year is lower
than average but can not be considered a dry year. However, the rainy season started late. Apart from
3 days with heavy rainfall in December the continuous rain did not start until the beginning of January.

Annual Report / April 93 - October 94



iater Resources Monitoring Page ii
_HIMA (Iringa) / DANIDA : - i

j'I‘hc monthly average temperature for 1994 varies from 11.6 in August to 16.9 in January. The
sinperature are similar for the recorded period in 1993, The lowest recorded tempcraturc in 1994 is
%6 °C in June and the highest is 25.7 °C recorded in November.

The collected data for rainfall, runotf. and soil moisture make it possible, for each of the three
“ catchments, to establish a yearly water halance for the 1993/94 water year and low flow values for the

dry seasons in 1993 and 1994, which are presented in Table 2.

In gcnerai, the two cultivated catchments, Muhu and Gendavaki, are very similar in terms of
hydmlogiczﬂ response, whereas the forested catchment, Mgera, is quite different from the two cultivated

catchments.

" The yearly runoffs (the amount of water passing the outlet of the catchments yearly) for the 1993/94
water year from Gendavaki and Muhu are almost equal, i.e. 397 mm and 393 mm, respectively.
Although Mgem has received the highest total yearly amount of rainfall, the yearly runoff from this
catchment is 105 mm (or 27%) lower than from the cultivated catchments. Thus the runoff coetficient
(the yearly runoff as the percentage of the yearly rainfall) is 32% and 35% for Gendavaki and Muhu,
while only 25% for Mgera. The actual evaporation from Mgera is considerably higher, namely 960 mm
as compared to 804 mm and 717 mm for Gendavaki and Muhu. respectively. The differences in soil
moisture storages as well as in the groundwater storages from the start of the water year to the end are

estimated to be low as seen from Table 2,

Table 2 - Yearly water balance in mm for the 1993794 water vear (1.11.93 to 31.10.94) and specific
low flows for the 1993 and 1994 dry seasons for Mgera, Gendavaki, and Muhu catchments.

_ MGERA GENDAVAKI MUHU
Water balance components:
Rainfall (P) 1257 1231 1128
Runoff (Q) 290 397 393
Chanlge in soil moisture -3 + 4 + 11
storage _
Change in grousd water + 10 + 27 + 10
storage
Actual evaporaton, E, 960 804 717
Specific low flow: .
Specific low flow 1993 2.0 6.7 R.0
(I/s/km?) :
Specific low flow 1994 3.3 75 8.6
(/s/km?)

It might have been expected that the higher yearly runotf from Muhu and Gendavaki could be ascribed
to higher direct surface runoff during heavy rains caused by cultivation on the steep slopes. However,
a more detailed analysis of the runoff pattern shows that the wet season runoff (December to May)
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i ".;‘)ercentage of the catchments covered by valley bottoms, either natural swamps or area used for
- a gu cultivation, may also play a role regarding the hydrological response and in particular on the
fitual evapotranspiration. As these areas often are water-logged during the rainy season and \.)vater
'"Iogg"’d or having a high soil moisture content during the dry' season, a relatively higher
.. evapotranspiration will take place from such areas compared to the hillslope areas. The fact that the
_"'hj.ghcr rainfall in Gendavaki compared to Muhu results in a higher actual evapotranspiration rather than
_ a higher runoff may be due to differences in the portion of the catchunents covered hy valley
bortom/wetland. Thus, when making a detailed land use survey in each of the catchments. the portion

of the catchments covered by valley bottom/wetland should be specially marked out.

The cultivated catchments are similar regarding total yearly runoff and specific low flow, whereas large
differences exist between the forested catchment and the cultivated catchments for these characteristics.
With regard to runoff during the wet season in general and peak flows during days with heavy rainfall
events all three catchments are quite similar as seen from figures 4.15, 4.17 and 4.19. The direct runoff
(here defined as that part of the rainfall which leaves the catc_hmem as runoft during or within 24 hours
after the rainfall event) makes up a small percentage of the rainfall for all the catchments even during
days with high total rainfall amount and/or high rainfail intensity. For instance. although the average
slope gradient (except the valley bottoms) for all the catchments varies hetween 20-30% and the
1993/94 water year include daily rainfall amounts of 40-50 mm (and a single day with 85 mm at
Gendavaki) and a few 30-min rains of 25-30 mm. the maximum daily runoff during the whole water
- year, even for the cultivated catchments, was only 4.8 mm - including haseflow.

It is known from a number of places in Africa that the major part of the total yearly soil erosion often
happens during few but very heavy rainfall events. Thus the rainfall event at Muhu with the highest
recorded 30-min rainfall intensity was analyzed. The total rainfall was 46.6 mm within 3 hours and the
highest 30-min rainfall was as high as 28.6 mm. However, although this resulted in a considerable
increase in the streamflow, the runoff never exceeded 0.4 mm/hr and less than 2 mm out of the
46.6 mm rainfall, i.e. about 4%, left the catchment as runoff within the succeeding 24 hour after the
start of the rainfall event. An analysis of a heavy rainfall event in Mgera. with a max. 30-min rainfall
of 21.2 mm, showed similar results.

A major part (probably more than 50% in most cases) of the runoff measured at the outlet of the
catchment originates from the riparian area and the valley bottoms/wetland in general, where little
o rainfall can infiltrate due to the high groundwater table or waterlogged soils. The highest daily runoff
during the rainy season was unexpectedly recorded at Mgera, and it is believed that most of this comes
from rainfall in the riparian areas and not from the forest-covered hillslopes. Thus, although the highest

» daily runoff is found at Mgera, it is still likely that the highest daily surface runoff is found in one of
; the cultivated catchmens. It should also be emphasized that the peak flows still are subject to some
E | uncertainties due to relatively few discharge measurements for high water levels. Thus, when more

discharge measurements exist for high water levels, some adjustment of the peak flows may be needed.

Thus, during the day in the 1993/94 water year with the highest recorded 30-min rainfall (28.6 mm)
it might be only about 1-2% of the rainfall from the hillslopes that reach the streams through surface

runoff.
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vy mcapltulate, a few preliminary conclusions can be drawn when comparing the hydrological response
ro: . T thc three catchments from the first 1% years of the Water Resources Monitoring:

1)  The total annual runoff from the forested catchment is considerably lower than from the
cultivated catchments, mainly due to a higher evapotranspiration from the forested

catchment

2) Theacc umulated dry season 1 runoff and in particular the specific low flow is much lower
fmm “the forested catchment than from the cultivated catchments.

3)  The cultivated catchments and the forested catchment show similar hydrological response
in terms of wet season runoff and peak flows as measured at the outlet of the catchments

This indicates that not only eucalyptus and other fast growing tree species, but also natural evergreen
forests may consume water rather than conserve water at least in areas with relatively stable and porot porou\
soﬂs that can resist raindrop splash and maintain a high infiltration capacity without a forest cover.

It should be emphasized that these are preliminary conclusions. However, they are food for thought
as they differ from the view often met in discussion with HIMA staff and officers at district and
regional level.

On the other hand, these indications agree very much with a former study at Mbeya from 1958-1969.
The replacement of an evergreen forest by smallholder cultivation in an area with very steep slopes
(about 30°) resulted in a large increase in yearly runoff. There was only a marginal increase in recorded
surface runoff and sediment yield, whereas the dry season flow was doubled. The low increase in
surface runoff and sediment yield was believed to be due to the remarkably stable, porous nature of
the ash-derived soils typical in the area (Edwards & Blackie, 1981).

The impact of afforestation and soil and water conservation activities on the water resources in the

project area

As the monitoring only has been carried out for 1% year and as relatively few project activities have
been implemented in the monitored catchments yet, it is too early to conclude on the effects of the
project activities on the water resources. However, as outlined in the preceding section, the monitoring
has provided some information about the hydrological response including infiltration conditions, the
extent of surface runoff, and the availability of water in the streams. A few additional comments will
be given below.

As mentioned in the preceding section the percentage of the rainfall on the hillslopes that reaches the
Str_eam via surface runoff is surprisingly small, i.e. 1-2% even during rainfall events with a very high
rainfall intensity.

However, it should be pointed out that this is average values for the whole catchment. Thus in the
more sensitive parts of the catchments, i.e. the steepest slopes and areas where the infiltration

Annual Report / April 93 - October 94
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Sitions are poor and/or the rain are easily directed to the streams, a much larger percentage of
pe runoff may occur.

'\ this case special attention should be given to roads, footpatl_m. and residential areas. Based on
- observations in Muhu during the rainy season it is believed that a major part of the surface runoff and

Bonsequently the soil erosion in the catchment is taking place in connection with foot path, roads and
residential areas, which act as generators of surface runoff (due to low infiltration) and/or conveyors
of surface runoff from other roads/footpaths. roofs of houses and areas around the houses where little
infiltration takes place. The gully along the footpath from Chalinze (one of the sub-villages in
Bomalang’ombe) and down to the bridge at Muhu stream, that has developed within the last 2-4 years.
is an excellent example of the combination of an area with little infiltration (resulting in considerable
surface runoff) and a footpath acting as an medium for the transport of water - directly to the water
course. However, rill erosion has also been observed in the steepest fields in Ihaka with slope gradients
.of approximately 100%.

It should also be noted that a certain part of the surface runoff at the upper part of the slopes may
infiltrate further down the slope before reaching the stream. Therefore the direct runoff measured al
the outlet of the catchment does not necessarily account for all the surface runoff taking place in the
catchment.

As the implementation of soil and water conservation so far has be very limited, it is not believed that
they have had any measurable effect yet. However, there are indications that the farmers now really
start adopting soil and water conservation measures in both Muhu and Thaka, especially the upper pan
of both catchments. Thus it is important that the implementation of conservation measures and the
monitoring are coordinated.

The relatively low surface runoff that is observed is probably mainly due to the soils which, favoured
with a relatively high organic matter content, have good physical properties, including high porosity
and good aggregate stability, which makes them resistant to raindrop splash and ensures a high infil-
tration capacity. Measurements of the saturated hydraulic conductivity in Muhu with a double ring
infiltrometer also indicate that the soils still have good infiltration conditions because values of 7«10
m/s (= 277 mm/h) and 4.2¢10° m/s (= 15 mm/h) were measured for the topsoil and the subsoil,
respectively, When the results of the forthcoming soil analysis in the catchments arrive, they will he
an important contribution to our understanding of the processes taking place in the catchments.

The high specific low flow values for both Muhu and Thaka also clearly demonstrate that infiltration
conditions are good, and the low flow values also seem to be relatively high compared to the demand
of water for domestic purposes in the area if the water at the outlet of the catchment is considered.
From preliminary local information it may be estimated that no more than 2-3000 persons rely on water
for domestic purposes from Muhu. With an estimated consumption of 25 l/day/capita this corresponds
to a average demand of 1.15 I/s assuming that the water is collected between 6 am. and 6 pm. For
comparison the lowest flow recorded at the gauging station is 41.33 I/s. However, most water is
collected in the upper part of the catchment at a collection point that has an estimated catchment area
of about 0.4 km?, If the specific yield for this area is assumed to be as high (although it is more likely
to be a bit lower) as for the whole catchment (5.14 km?) this would correspond to a low flow of 3.21
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mestic use. On the other hand it is not surprising that this is the location with the highest
ical contamination, as this is the sampling point with the expected highest human and
;ctivity. There are three farmers that graze their cattle in the sub-catchment upstream the
BPBE sampling and there is a cattle watering point next to the stream that certainly is an obvious
. for severe microbiological contamination. The high amounts of faecal coliform correspond very
with the fact that diarrhoea is a serious problem in Bomalang’ombe, and that very few people boil
e ater The second and third highest values are found at Ihaka and Muhu gauging stations respect-
‘; , whereas the faecal contamination measured at Mgera is considerably lower than at Muhu,
gossibly due to few human activities. However, the faecal coli content is far above the recommended
fvel of 4 E.Coli counts/ 100 ml for afl samples at all gauging station. It should be mentioned that even

W e water from many water supply schemes contains more than 4 E.Coli counts/100 ml.

.:;" he measured concentration of chemical pollutants has been very low in the water samples collected

om the catchments until now - at least regarding the measured parameters. However, it should be

: n;lennoned that no analyses for the content of pesticides have heen undertaken so far. As pesticides are

commonly used, especially for growing of vegetables (e. ,L_, tomatoes and cabbages) in the valley
bottom, this may result in some pollution of the nearby water sources.

;- The content of nitrogen, in terms of ammonium and nitrate, is very low. The ammonium.content is
F ° almost the same for the different catchments, whereas the nitrate content is highest at Gendavaki and
W" " lowest at Mgera. However, due to the low total nitrogen concentrations for all of the catchments, i.e.
' less than 0.3 mg N/ these differences are not important in evaluation of the effect of the land use on
the nitrogen content in the water, The low levels of ammonia and nitrate during the dry season (where
the water almost solely originates from groundwater) indicate that small amounts of nitrogen are
leached from the root zone in all of the monitored catchments. For instance, with a yearly runoff of
393 mm from Muhu the average contents of ammonium and nitrate at Muhu gauging station of 0.065
mg N/t and 0.14 mg N/1, respectively, correspond to a yearly leaching of 0.8 kg N/ha, which is very
low. This indicates a soil with a low availability of nitrogen (and little use of fertilizers). For compari-
son it can be mentioned that it is not unusual to find nitrate concentrations of 10 mg N/ in the streams
in Denmark and N-leaching losses of 20-50 kg N/ha - especially on sandy soils. It should again also
be emphasized that most of the samples originate from the dry season and therefore do not give
sufficient information on the possible nitrogen losses through surface runoff during periods with heavy
rain, aithough the few measurements during days with relatively heavy rains do not indicate any
- considerable increase in the ammonium and nitrate concentration.

- There is no problems with too high amounts of chloride or fluoride (as ¢.g. experienced in the northern
pan of Tanzania).

The average levels for furbidity (which provide information of the amount of suspended material in
the water) are below the permissible values. The highest values are found at the gauging station in
Muhu, and the values here are almost twice as high as the average value for all stations. This
corresponds very well with the fact that a considerable sediment transport and sedimentation can be
observed at this station the year round. Increased bank erosion, among other things as a result of
vinyungu cultivation. could be a likely explanation for the relatively high turbidity at this collection
point. On the other hand, the low values for turbidity and colour at the upper part of Muhu may be due
to the fact that vinyungu cultivation almost have been abandoned in this part of the catchment. The
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low turbidity at Mgera, which is less than half of the average value from the other stations, may be
a combination of a forest cover on the hillslopes and a swampy area immediately upstream the gauging
station where low flow velocities possibly result in increased sedimentation. :

The average level for colour is also approximately twice as high at Muhu gauging station as compared
to the average of the other stations. It may be expected that the average values for especially these two
parameters would have been higher if more samples had been collected during periods with heavy
rains. - :

In general it can be concluded that there is not as marked differences berween the effects of the land
use on the water quality as the differences between the ¢ffect of the land use on the water quantiry.

Recommendations

Implications of the preliminary results of the monitoring in relation to project activities

The conclusions which have been arrived at are based on the results from the first 14 years of the
Water Resources Monitoring and are still very preliminary and should be considered as such.
Nevertheless, the monitoring has revealed that there are some marked differences between the
hydrological response from the different catchments presently monitored.

The fact that not only the total yearly runoff but also the dry season flow and in particular the specific
low flow are considerably lower at the forested catchment compared to the cultivated catchments
indicates that the often common belief that trees conserve water rather than consume water often is not
true. and therefore the issue should be reconsidered and discussed within the project.

This is not to state that it is not right to plant trees - not at all - as there are many good reasons to
plant trees. not least in Kilolo Division, especially in the most infertile area where fuelwood and timber
production are good alternatives to annual crop production for the farmers in the area.

However, if trees are planted with the aim of improving the amount of water in the streams, it should
be carefully considered whether tree planting is the proper solution. Especially in cases where fast
growing species are used it is most likely to result in decreased water availability. Also, it should be
pointed out that e.g. plantations with a closed canopy often have less ground cover compared to many
types of natural regeneration.

Regarding land use and water resources it would be advisable that catchments protection activities are
planned according to the status/use of the catchments/sub-catchments. E.g. in Muhu the sub-catchment
upstream the point where water for domestic use is.collected covers about 0.4 km? of the 5.14 km® of
Muhu upstream the gauging station. Thus in terms of water source protection this part of Muhu should
be given higher priority than the remaining part of the catchment.

The result from the first 1%4 years of the monitoring also showed that on average for the catchments

a surprisingly small portion (1-2%) of the rainfall, even during the most intense rainstorm, reaches the
stream as surface runoff. This shows that cultivation on steep slopes as in Muhu not necessarily results
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in very high rates of surface runoff in areas where the soils still favour a good infiltration. This could
indicate that physical soil conservation measures can be restricted to those parts of the catchments most
susceptible to soil erosion, e.g. the steepest slopes, in connection with footpaths and runoff from roads
and residential areas. In the remaining part of the catchments biological measures favouring
maintenance of organic matter content and soil nutrient status may be given highest priority. A high
organic matter content will help maintaining a good soil structure (and thereby high infiltration and
resistance to raindrop impact), and an improved soil nutrient status will, apart from its main purpose

~of giving the farmer a higher yield/income, give a better crop cover and thereby a better protection

against raindrop impact and surface runoff.

However, it should be emphasized that these suggestions are hased on preliminary results from the
monitoring and meant as one out of many inputs for future planning. The farmers (and the project) may
have other and more relevant reasons to select other strategies and activities.

Water quality analyses showed that the microbiological contamination of the water is the most serious
problem regarding water quality. As diarrhoea also is reported to be severe in Bomalang’ombe, it is
proposed to identify obvious sources of this pollution in order to reduce it. The cattle-watering point
next to the water collection point is one obvious point of poliution. An improvement and protection
of the collection point itself is also likely to improve the situation. However, it should be kept in mind
that high coliform counts are a very common problem which the DANIDA Water Project also has
faced in many of their schemes. Thus, with the DANIDA Water Project in Iringa having more than
10 years of experience on this issue, it is proposed that HIMA take up this issue with the water project.
Regarding the possible health risk due to the use of pesticides it is proposed that analyses of pesticides
are initiated as discussed below.

Additional activities and adjustment of the activities within the presently monitored catchments

As the data collection in general and the collection of data on water quantity in particular have been
progressing well for a long time. no major changes in the monitoring programme in the four
catchments presently monitored are proposed. Instead the proposals below reflect some additional
activities which are felt necessary to henefit most from the data that are collected in the present
monitoring programme:

1) Discharge measurements

It should be aimed at obtaining more discharge measurements during the rainy season in order to
establish more precise rating curves (relation between water level and discharge) for high water levels.

2) Soil moisture measurements

It is proposed that soil moisture measurements are carried out each fortight at the end of the rainy
season/beginning of the dry season and at the end of the dry seasorvbeginning of rainy season in order
to get a better possibility to make a more detailed calculation of the actual evaporation during the dry
season from the soil moisture data
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3)  Sediment measurements

Sediment measurements would be an important addition to the present monitoring programme in order
to evaluate the extent of soil erosion from the monitored catchments. As the present monitoring

~ activities now are proceeding smoothly both technically and logistically and the hydrology technicians

have become familiar with the new techniques, it will be possible to include this in the monitoring
activities. However. to make proper sediment measurements is difficult and also implies that a lot of
time has to be spent in the field to sample. Therefore it should be planned in close cooperation between
the hydrologists, the project, and the village govemment.

4) Water quality analyses

In order to get a better knowledge of the water quality during the rainy season it is proposed that water
sampling and analyses are made weekly or every fortnight during the months with heavy rains,
primarily January - April. but the analysis should then just include the parameters of major interest
namely: wrbidity, colour. ammonium and nitrate, and faecal contamination. However, all the
parameters included in the programme presently should still be analyzed every second month.

Due to the possible health risk from the use of pesticides. not least in connection with vinyungu
cultivation, and the ongoing debate and uncertainty related to this it is proposed that analyses of
pesticides should be included in the water quality analyses. It is proposed that the agricultural unit
makes a small survey of the type of pesticides (fungicides, insecticides and herbicides) that are used
by the farmers and at whar time of the year in order to find out which type of analyses should be
carried out and which time of the year the sampiing shall take place. The Govemment Chemist in Dar
es Salaam has got a new lahoratory in September 1994 and is now able to carry out analyses for a
number of pesticides.

5) A detailed survey of the catchments.

To be able to make a proper link between the land use practised in the monitored catchments and its
impact of the hydrological response that is monitored, a more detailed description of the catchments
is needed. This includes a more precise estimate of the different types of land use represented in the
catchments, the percentage of the various types of crops grown on the cultivated land, the species
composition in the forest, and the characteristics of the trees regarding e.g. root depth and distribution,
and the portion of the catchments covered with valley bottom/wetland. It is proposed that the activities
mainly shall be carried out by HIMA-staff from the agriculture and forestry units and planned together
with the TUD-consultant during his next visit to the project.

6) A soil survey in the monitored catchments.

This is almost as important as the land use survey. The following analyses with relation to the
physical/hydrological behaviour of the catchment should be carried out:
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a) Saturated hydraulic conductivity as determined with a double ring infiltrometer

b) Determination of porosity and bulk density

¢)  Soilmoisture retention curves (including determination of field capacity and wilting point)
d) Particle size distribution

e) Organic matter content

Furthermore, this could be combined with a number of analyses of soil chemical parameters with more
agronomic relevance if this is wanted by the project.

It is proposed that at least two sampling points should be selected in each catchment and that a double
determination should be made for each parameter. The soil sampling should take place in connection
with the TUD-consultants’ next visit to the project, and the analysis should be carried out at Sokoine
University of Agriculture, Morogoro.

The use of water resources monitoring outside the existing monitored_catchments

1) Water quality analyses

The request from the project to include water quality analyses in areas outside the present monitored
areas can highly be recommended. There exists a ot of statements and beliefs on the impact of various
activities on the water quality but very little knowledge. Water quality analysis is an important tool to
define the extent of the problems and to move from befief to facts.

2) The use of soil moisture measurements to monitor the effect of water/soil moisture conservation
measures

The TDR-technique presently used in the monitored catchments has proved to be a useful tool to
measure changes in soil moisture. Thus, in Mazombe where insufficient soil moisture is one of the
major constraints on crop production, the use of soil moisture measurements could be a important
monitoring tool to study the effect of different types of soil moisture conservation measures, by
measuring possible reductions in evapotranspiration or increases in infiltration. Also, it could be used
as a tool to measure the possible competition for water between annual crops and various tree species
used in agroforestry.

Field scale monitoring of the effect of soil and water conservation measures

The Water Resources Monitoring is monitoring on catchment scale. As such it monitors the integrated
effects of the land use and catchment protection activities. Thus, the monitoring will not be able to
monitor the effect of single conservation measures on the farmers field. For this purpose of getting
more information of the effect of various soil and water conservation measures (not only in relation
to soil erosion but soil fertility as well) the now abandoned experimental plot at Mgera, which was
established as a joint effort between Sokoine University of Agriculture and the Royal Veterinary and
Agricultural University in Copenhagen could be very useful. Furthermore, experience on a field scale
from this plot and experience on catchment scale from the Water Resources Monitoring will
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complement each other. Thus, as also mentioned in the previous progress report, it is suggested that
HIMA ook into ways to utilize this site as both an experimental and demonstration site.

Institutional aspects

During the formulation of the Water Resources Monitoring all units within HIMA were involved, while
the subsequent collection and primary analyses of data have been carried out by the staff from the
Regional Hydrologist’s Office in Iringa, except the readings of rain gauges and the evaporation pan
which have been undertaken by local observers. '

The possibility to collaborate with the Regional Hydrologist’s Office has ensured a high quality of the
collection of data. Thus, there is no reason to make any marked changes in the present arrangement
for the collection of data. On the other hand, it is very important that at least one from each of the
HIMA units (or at least from the agriculture and forestry units) should be involved in the forthcoming
assessments of the implication of the results from the monitoring and that a closer collaboration
between the hydrologists and HIMA-staff is established. However, the fact that the Regional
Hydrologist participates in the Monday moming meeting once a month and that he already has
participated in number of HIMA-activities, including the physical catchment survey and watershed
management activities, will surely facilitate a closer collaboration in relation to the Water Resources
Monitoring as well,

The Water Resources Monitoring has already resulted in a considerable strengthening of the Regional
Hydrologist’s Office. The allocation of 4 computer and printer and the subsequent training programine
have resulted in a considerable increase in the capabhility of the otfice. The use of various software and
programmes now makes it possible to carry out analyses that were earlier impossible or very time-
consuming with pen and a piece of paper. This is important as the present problem at the Mtera
Reservoir and the increased attention focused on the management of the water resources in the Great
Ruaha River Basin have increased the office’s workload considerably. E.g. both TANESCO and the
Rufiji Basin Water Office have requested the office to undertake an increasing number of activities
recently.

Thus, further training activities for the office as suggested by both the Regional Hydrologist and HIMA
are recommended. Part of this training should include training in assessing the impact of the land use
and project activities on the water resources. This part of the training programme shouid include a few
persons from HIMA as well. Based on this training it is proposed that the next yearly report should
be worked out as a joint effort between the hydrologists and HIMA - possibly with limited assistance
from a consultant.

- The Water Officer for the Rufiji Basin Water Office has expressed interest in using the results from

the monitoring as well as participating in some of the overall analyses. As the Regional Hydrologist
also is interested in such collaboration, it is highly recommended that the Water Officer participates
in the analyses. His broad knowledge of the use of computers will also be an important support to the
Regional Hydrologist’s Office.
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1. INTRODUCTION
1.1 Background

In January 1990 the DANIDA-financed Iringa Soil and Water Conservation Project, better known as
HIMA(Iringa), started in Mazombe and Kilolo DlVlSlOl‘lS in Iringa District in the Southem Highlands
of Tanzania.

The long term objectives of the project are that farmers should practice and benefit from improved,
sustainable agriculture and natural resource management by the end of the project in 2005. The mgjor
components in the project activities are: Soil and water conservation, afforestation. agricultural
extension, and community participation. :

Apart from improving the conditions for agricultural production it is envisaged that the conservation
measures and sound agricultural practices eventually will improve the water resources in terms of
quantity as well as quality.

However, whether different land use systems, natural or man-managed, improve or deteriorate the water
resources, and especially to which extent, have been a cause of controversy and debate. E.¢. the effect
of trees on the water quantity has involved very conflicting statements, and so has the effect of
fertilizers on the water quality. One of the reasons is that there are very few data regarding the effects
of land use practice on the water resources, especially in humid tropical climate. Furthermore, the
hydrological response is a combination of climate, catchment characteristics, and human activity. Thus
the effect may vary from region to region, depending on local climate and catchment characteristics.

Thus in 1992 it was decided to establish a Water Resources Monitoring Component at HIMA (Iringa)
and from April 1993 a continuous monitoring has taken place.

1.2 The purpose and the content of the present report

The main aims of the present report are:

1)  to present the data which have been collected since the start of the monitoring in April
1993 and until the end of the first full "water year" in October 1994

2)  toanalyze the data in relation to the original objectives of the monitoring as well as issues
which have been raised by HIMA during the course of the monitoring

Although the report covers the first 1% years of the monitoring, the presentation and analyses of the
data collected within the first "water year", i.e. November 1, 1993 to October 31, 1994 will be
emphasized in this report.
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Some of the hydrological terms used and issues discussed in the report may be rather new to some
within the HIMA project. Thus, it has been attempted to give a short explanation of the terms the first
time they are used. Furthermore, quite a number of figures and tables have been included in order to
present as many of the key data as possible and facilitate the reading of the report. Also, as it is
envisaged that the report will be distributed to a variety of persons and projects outside the HIMA
project, including hydrologists from other parts of the country. it has been aimed at giving a proper
documentation of how the results are arrived at.

This has implied that parts of the report have become quite bulky. Thus, the major findings are
summarized in the executive summary. The recommendations arrived at, based on the findings, are also
found in the executive summary.

The main objectives of the Water Resources Monitoring are outlined in chapter 2.

The monitoring programme, monitoring area, instrumentation. and monitoring activities, have been
described in details in a previous report (Lgrup. 1993) but are brietfly summarized in chapter 3.

Chapter 4 gives a comprehensive presentation and analyses of the quantitative aspects of the monitoring.
On the basis of differences in total yearly runoff, dry seuson runoff and low flow, and peak flows during
heavy rainfall events, the impacts of the different types of land use practice on the quantitative aspects
of the water resources are discussed.

Chapter 5 gives a corresponding presentation and analyses of the impacts of the different types of land
use practices on the qualitative aspects of the water resources.

1.3 Acknowledgements

This report is a result of the joint effort between HIMA (Iringa) and the Regional Hydrologist’s Office
in Iringa which have been responsible for the daily activities in terms of data collection and analyses,
overall planning and logistical support. Although land and water resources are closely linked together,
such collaboration between institutions responsible for management of land resources and water
resources are not common in Iringa Region. In this respect I want to express my sincere gratitude to
both HIMA and the staff at the Regional Hydrologist’s Office for having had the opportunity to
participate in the establishment of this monitoring component at HIMA (Iringa). The helpfulness of
HIMA (Iringa)-management and the CTA, Paul Kerkhot, at the HIMA RPMU and their fruitful ideas
and interest in the monitoring have highly facilitated the establishment of this component within HIMA.
Both in the office during training sessions or analyses and during field activities at remote gauging
stations, the staff from the Regional Hydrologist’s Office has shown a lot of interest, helpfulness and
enthusiasm, which has made the work a big pieasure, hoth professionally and socially.
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2 THE OBJECTIVES OF THE WATER RESOURCES MONITORING
The original aims of the Water Resources Monitoring Component at HIMA (Iringa) are:

- to monitor the impacts of the project’s afforestation and soil and water conservation measures
on the water resources within the project area and thereby provide inputs for planning of future
HIMA activities.

- to develop a better general understanding of the impact of land uses practices in the project area,
including afforestation and soil and water conservation measures, on the water resources.

During the course of the monitoring, strengthening of the capabilities and skills of the personnel at the
Regional Hydrologist’s Office through training activities has been suggested as an additional aim.

Agricultural hydrology has been included in some of the HIMA courses on soil and water conservation
in order to improve the understanding of its role in relation to cultivation, and soil and moisture
conservation in particular. In this context the experience and the results from the water resources
monitoring may be a useful tool.
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3 THE MONITORING PROGRAMME

31 Monitoring strategy

To assess the impact of the project activities and the land use and management practice, in general,
on the quantity and quality aspects of water resources in terms of quantity as well as quality, catchment
studies are the most appropriate approach. This is because: 1) smaller catchments are manageable
physiographic units for water budgeting and 2) smaller catchments often make it possible to select
catchments with a rather uniform land use. For field plot experiments no water budgeting is possible,
and in river basins many different types of land use within the basin make it ditficult to relate the
hydrological response to a certain land use or change in the land use.

All the water leaving the catchment area is drained to a single point. the outlet of the catchment. At
the outlet a stream gauging stations can be established to measure all the water flowing out of the
catchment. -

Apart from monitoring the effect on the water resources the observations and collected data will also
reflect the processes taking place on the hillslopes in the catchment. For instance, the sediment
transport and runoff during heavy rains will provide information about the extent of surface runoff and
soil erosion. Similarly the chemical composition of the water provides information about nutrient losses
from farmers’ fields.

To measure the effect of various land uses and management practices on the water resources different
catchment approaches can be used:

- Paired catchment studies, where the effect on the water resources of two or more
' catchments with different land use practices is compared. Ideally the catchments should
be about the same size with similar soils, geology, topography, and climate, so that the
differences in hydrological response between the catchments can be ascribed to the
differences in land use practice only.

- Longitudinal studies, where a catchment under changing land use is monitored for a longer
period, in order to evaluate the impact of the changing land use practice on the water
resources.

The two methods can he considered complementary, and a combination of the two approaches is
envisaged in the project monitoring. In the short-term. the use of the paired catchment approach will
make it possible to evaluate the differences in hydrological response from the various types of land usc¢
represented in the catchments. Furthermore, as the monitoring programme is planned to be carried out
throughout the project period, i.e. until 2005. it will be possible to study more long term impacts on
the water resources of the project activities (and changes in land use practice in general) within each
of the catchments.
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3.2 Monitoring area

During the first three years the monitoring is carried out in the following four catchments, which are
all located in Kilolo Division 50 to 80 km south of Iringa:

MGERA: A forested (evergreen) catchment which is located within the New Dabaga/Ulan-
gambi Forest Reserve 50 km south of Iringa (see figures 3.1 and 3.5). A minor part
of the catchment (approximately 20%) is located outside the forest reserve, most of
which is cultivated, with maize as the main crop.

GENDAVAKI: The catchment is located north of Bomalang’ombe village, 75 km south of Iringa
(see figures 3.2 and 3.6). The major part of the catchment is cultivated, with maize
as the dominant crop. Only few conservation measures are in existence.

MUHU: The catchment is partly located south of Bomalang’ombe village and partly inside
the village, 80 km south of Iringa (see figures 3.3 and 3.7). It is bordering the Thaka
catchment to the east, and it is one of the catchments within the HIMA area that
have been given high priority. The main part of the catchment is cultivated (about
67%), with maize as the dominant crop. The implementation of soil and water
conservation measures is still on a small scale but the rate of adoption seems to
have increased recently,

THAKA: The catchment is bordering the Gendavaki catchment to the north and the Muhu
catchinent to the west (see figures 3.4 and 3.8). It is similar to the Muhu catchment,
although slightly steeper and with a broader valley bottom. Likewise Muhu it lies
within the HIMA priority area. The main part of the catchment is cultivated with
maize as the dominant crop. The implementation of soil and water conservation
measures is still on a small scale but the rate of adoption seems to have increased
recently.

The catchments are almost of the same size, varying from 5.03 to 5.15 km®. The yearly rainfall is also
of the same magnitude - at least for the first water year - varying from 1128 mm to 1257 mm. The
main physical characteristics for each of the catchments are summarized in Table 3.1 and the locations
of the catchments can be seen on Figure 3.10.

3.3 Activities included in the monitoring

The data collection is coordinated by the Regional Hydrologist in Iringa and the water quantity data
collection is carried out by the technicians from the Regional Hydrologist’s Office in Iringa while the
collection and analysis of water samples are made by the Regional Water Engineer’s water quality
laboratory in Iringa. Construction of gauging stations and installation of instruments were carried by
the staff from the Regional Hydrologist’s Office with logistical support from HIMA and the TUD-
Adviser. The latter also assisted in the installaion of the automatic weather station and the
establishment of the soil moisture stations as this included equipment and procedures which were new
to the hydrology office at that time.
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- Figure 3.1 - Looking upstream in the Mgera catchment at the boundary to the Forest Reserve. When
leaving the Forest Reserve the stream passes through a valley bottom where vinyungu cultivation is
practised in part of it. Burning next to the forest boundary can be seen to the right.

Figure 3.2 - The Gendavaki catchment with cultivation on steep slopes which are characteristic for
' both Gendavaki, Muhu and lhaka catchments.

Annual Report / April 93 - October 94



| DU R WS R, SO

| -

j—

Water Resources Monitoring Page 34
HIMA (Iringa) / DANIDA

: o AT o : : o 2 gl
Figure 3.3 - The residential area in Bomalang’ ombe in the upper part of the Muhu catchment. The
lower part of the footpath seen 1o the left has developed into a gully which ends up in the stream.

Figure 3.4 - Trash lines in a sub-catchment in the upper part of the Ihaka catchment where some of
the steepest slopes in the four monitored catchments are found. Almost all the farmers in this sub-

catchment have agreed to start implementing soil conservation measures. It is planned that vetiver
grass shall be planted along the trash lines.
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Figure 3.5 - The Mgera catchment with the location of the various gauging stations: @) Stream
gauging station, ) Rain gauge station (standard), B) Rain gauge swtion (standard+automatic). a)
Soil moisture station and ®) Site for collection of water samples (]:36.000).
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Figure 3.6 - The Gendavaki catchment with the location of the various gauging stations: ®) Stream
gauging station, J) Rain gauge station (standard), ®) Rain gauge station (standard+automatic), a)
Soil moisture station and ®) Site for collection of water samples (1:36.000).
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Figure 3.7 - The Muhu catchmens with the location of the various gauging stations: O) Climatic
station, @) Stream gauging station, 0) Rain gauge swtion (standard), W) Rain gauge station
(standard+automatic), a) Soil moisture station and ®) Site for collection of water samples (1:36.000).
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Figure 3.8 - The [haka catchment with the location of the various gauging seations: W) Rain gauge
station (standard+automatic), ®) Site for low flow measurements and ®) Site for collection of water
samples (1:36.000).
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Figure 3.10 - The location of the four catchments 50-80 km south of Iringa: Myera, Genduvaki, Muhu and Hhaka (1:100.000).
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Table 3.1 - The main physical churacteristics of the catchments presenily included in the Water

Resources Monitoring Programme.

Yearly runfall 1993/94
(mm}) -

Mgera Gendavaki Muhu Thaka
Catchment size (km?) 5.5 5.13 5.14 5.03
Altitude range () 1890-2030 1895-2045 1850-2030 1815-2060
Average slope gradient 20-30 20-30 20)-30 20-35
()
1257 1231 112¥ 1136

Vegetauon® RS- torest 70 % cultivated | 67% culuvated | 70 % cultivated
{approximaltcty) 15% culuvated® 304%: 23% 0
griassland/bush bush/grasstand grassland/bush
forest/woodland 10 torest/woodland
: forest/woodland
Geology Pre-cambrian metamorphic rocks maindy composed of gneiss, amphibolites
granulates, schists. gquantzite wnd migmatites®
a) The figures Tor Gendavaki and Thaka are very rough estimates as no proper land use survey has been camed out ver
b) A portion of this area is swampy
C) According v URT/DANIDA (1987 and Mrema et al. (19923
o) According 1w a land use survey using ground truth and Panoramic Photography (Krogh, 1992)
3130 Monitoring of water quantity

To assess the impact of the project activities on the water quantity, e.g. surface runoff. flood rsks, and
the low flow during the dry season it is necessary to measure the different components of the
hydrological cycle (rainfall, runoff. evaporation, and water storage) in order to make water halunces
for each of the monitored catchments. The various components of the hydrological cycle are outlined
in Figure 3.9. On the basis of the water balances it is possible to make & quantitative evatuation of
water resources and their change under the influence of man’s activities. The following components
of the hydrological cycle are monitored:

Rainfall:  Rainfall measured at 2-3 manual rain gauges and one automatic rain gauge in each
catchment. The manual rain gauges are read daily. whereas the automatic rain gauges
record continuously and thus provide information on rainfatl intensities. which. more than
the total daily raintall. determines the severity of soil erosion,

Runoff:  The runoft is measured at the strean gauging station at the outlet of the catchments.
Automatic water level recorder and staff gauges are installed. Discharge measurements are
carried out regularly to establish rating curves (relation hetween water level and
streamflow)

The following climatic parameters are recorded continuously at an automatic weather
station in the Muhu catchment: Temperature, relative humidity, wind speed, solar

Climate:
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radiation. wind direction. and rainfall. from which the potential evapotranspiration can be
estimated. The climatic stadon also includes an evaporation pan where evaporaton from
a free water surface is recorded daily.

Soil

moisture:  Soil moisture is measured af fwo sites i each catchment. It is measured by the TDR-
method. Measurements are made monthly to 1 depth of 1.25 m and at a few of the sitex
down to 2.65 m. The measurements are used to calculate the changes in soil moisture
storage and to estimate the actual evaporation during the dry seuason. Furthermove. the
results can also be used to assess the infilration conditions.

Sediment

transport: The plan is to meuasure sediment transport. but it has not started vet. This will be spot
measurements, which will be done regularly dunng the rainy season and with a lower
trequency during the dry season. It should hetp estimating the extent of soil erosion i the
carchments.

C ey fan et _' s 255 .
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Figure 3.9 - A schematic illustration of the hydrological cvcle, showing the various possible routes of
the rainfall. 1) Rainfail, 2) Infiltration. 3) Interception at and subsequent evaporation from the
vegetation cover, 4) Evaporation from the soil surfuce. 5} Water uprake bv and transpiration through

the vegetation, 6) Groundwater recharse. 7) Groundwater flow. 8! Surfuce runoff (overland flow). 9
Streamflow (discharze) and 10) Soil moisture.

However. in Ihaka the monitoring only includes measurements of rainfall. discharge measurements at
the end of the dry season for low flow determination. and water quality analysis, Thus most of the
results and analysis presented in the succeeding chapters originate trom Mgera. Gendavaki and Muhu,
The location of the difterent gauging stations in euch of the catchuments are shown in figures 3.5 o 3.3,
A more detailed description of the monitoring activities. including instrumentation and data collection
and analyses can be found in Lorup (1993),
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3.3.2 Monitoring of water guality

The aim of the water quality analysis is 10 measure the presemt state of the water quality in each of the
catchiments, to evauate the guality ot the water tor domestic use. to compare the guality of water
originating from areas with different types ol fand use practice and to measure the possible impact on
the water guality by land use changes within each of the four catchments.

Walter samples are cotlected and analyzed monthly during the rainy season and every second or third
month during the dry scason. The samples are collected at the outlet of cach of the catchments.
Furthermore, in Muhu catchment samples are collected where the villagers fetch water for domestic
use and in Mgera samples are collected where the stream leaves the Forest Reserve. Later on samples
may also be collected at other poinis e.g. al the outlet ol sub-catchments where intensive conservation
measures have been undertaken or where the water is feared o be heavily polluted. Furthenmore, the
project plans to extend the water quality analyses 1o other project areas of special interest outside the
four catchments.

Monthly collection and analysis of water samples include:

- bacteriofogical analysis (faccal colitoan)
- chemical analysis (e.g. nitrogen. calcium, magnesium. chlornde. iron)
- physical measurements (¢.g. pH. colour. conductivity. turbidity)

It is also the aim to curry out some few pesticide anulyses during the rainy scason,

3.3.3 Land use surveys and soil anafyses

To relate the monitoring results to land use practices in the catchments it is necessary that the land uses
within the catchments are precisely and regularly described. A detailed land use survey of al of the
catchinents is planned in 1995, Also. soif sampling und analysis for Mgera, Gendavaki and Muhu are
planned to be undertaken in 1995, Measurements of saturated infiltration capacity have earlier been
carried out in Muhu and Mgera (Krogh, 1992).

3.34 Training programmes

As an important part of the activities a training programme has been carried out for the personnel al
the Regional Hydrology Office in lringa, Among other things this has included the use of some of the
new methods for data colfection which have heen introduced with the monitoring programme (e.g. the
TDR-method for soil moisture measurements and operation of the automatic weather station) and
training in computer usc for data analysis and report writing. Furthermore, agricultural hydrology and
waler resources monitoring have heen included in some of the courses in soil and water conservation
within the project.
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4. WATER QUANTITY: DATA PRESENTATION AND ANALYSIS

In this chapter all the data regarding water quantity (i.e. raintall, runoff, soil moisture and climatce data)
collected since the start of the monitoring in April 1993 untit Octoher 31, 1994 will be presented und
discussed. However, the data covering the first full water year, i.e. from November |, 1993 until
October 31. 1994, will be emphasized, including the establishment of a yearly water balance for this
period.

Ruainfall. runoff, soil moisture and climatic data will shortly be prescnted separately. The reliability of
data and the differences between the recordings from the various stations will be discussed. At the end
of the chapter a water balance for the three catchments with stream gauging (Mgera. Gendavaki and
Muhu) will he established, and the differences in hydrologicual responses will be discussed in relation
to the specific land use practice within each of the catchments. Differences in total yearly runoff, low
flow during the end of the dry season. and peak flows during rainstorm evenis will e discussed.

4.1 Rainfall
411 Collection and quality of rainfall duta

Almost all the eight standard rain gauges have heen read daily by the locid observers (most often the
tarmer on whose field the rain gauge has been placed. A number of daily recordings are missing al
MU-iL. For the other stations the number of missing recordings is less than [0 (out of 4 total number
of more thun 4000 readings).

The hydrology technicians have visited the stations regularly during the whole period of the monitoring
period. and chants have been collected weekly from the automatic rain gauges as planned. However,
during the period November 1993 10 April 1994 4 number of recordings are missing from the rain
gauge at Mgera due (o problems with the siphoning of the rain gauge during this period. Sinilarly for
the automatc rain gauge in the Muhu catchment, there are no recordings from August 5 to December
29. 1993 partly due to problems with the battery voltage of the automatic weather station caused by
a manufacture failure and partly due to loss of data when the motherboard of the old computer hud
broken down. However, data exist from the corresponding standard rain gauges for these periods at
both of the swtions. Consequently, the missing data do not present a serious problem for the
establishment of the annual water balances.

The quality of the rainfall data has been evaluated regulurty in order to ensure necessary adjustments
to he made when/if needed. The routines for check of rainfall data have included:

i) Misreadings, misplaced decimal points. and errors when entering the recordings into
files
h) Comparison between recordings from stundard and automatic rain gauges at the four

stations where hoth standard and awtomatic rain gauges are placed
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c) Comparison between recordings from rain gauges at ditferent stations mainly within
the same catchment in order to assess whether there is consistency between the
readings

In general the quality of the rainfall data is encouraging. The onily exception is MU-II which is the
only station with more than a few missing data. and where there is some inconsistency with the
recordings from the other stations at especially Muhu. The inconsistencies from this station include a
number of days where no rain was recorded at this station while a considerable amount of rain was
recorded at all the 7 other standard rain gauges. Therefore the average rainfall for Muhu only have
been based on the recordings from MU-I and MU-III rainfall stations.

M stanaard
(3 Automatic

Total roindall 1.4.93 Io 31.10.94

Mgera Gendavaki Muhu Ihaka
Catchiment

Figure 4.1 - Comparison berween rainfall recordings from standard and automatic rain gauges and

rainfall recordings berween the catchments.

During the establishment of rainfall stations and installation of instruments it was decided for each
catrchment to place the automatic rain gauge together with one of the standard rain gauges in order to
be able to make a comparison between the readings from the two types of rain gauges. For all four
catchments Table 4.1 gives the monthly values from the adjacent standard and automatic rain gauges,
respectively. For the whole period the differences in recordings from the two types of rain gauges are
rather small (as it also is illustrated in Figure 4.1) varying from 0.6 to 1.8 per cent. On a monthly basis
the differences are larger. especially February and March 1994, where the largest deviations are found
for most of the catchments. On a daily basis (not shown in Tabie 4.1) some rather big deviations have
be found. However, this has primarily been due to the fact that the standard rain gauges have not
always been read at 9.00 am whereas the automatic rain gauges are atways analyzed trom 9.00 to 9.00
am). Thus considerable deviations between the readings for standard and automatic rain gauges may
result on those days with heavy rains during the moming hours. Therefore. when records for a number
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Table 4.1 - Comparison benveen standard (Std.) and automatic (Aut.) rain gauges for the period April
1. 1993 10 October 1, 1994, The two types of rain gauges are placed at the same location for each of

the catchments. Numbers are in mm.

Month Muhu Thaka Grendavaki Mgera

Std. Aut, Std. Aut. Std. Aut. Std. Aut.
Apr-93 268.0 263.0 2754 275.3 298.0 2080 2594 260.8
May-93 67.7 62.0 60).1 66.0 69.3 70.7 51.7 52.9
Jun-93 6.7 R i V.0 114 13.8 139 54 8.3
Jul-93 4.4 13.0 6.0 35 17.3 17.0 135 139
Aug-93 10.2 1.7 10.8 t04 9.2 .1 49 6.0
Sep-93 10.2 to.2* 6.5 6.8 6.2 6.4 32 31
Oct-93 24.3 24 25.8 24.0) 26.2 25.7 13.1 14.0
Nov-93 41.1 411" 4.5 4.4 287 272 17.1 213
Dec-93 91.0 Y1 1204 1KY 136.3 1354 RIOAY R
Jan-%4 1801 182.2 176.0 177.1 177.6 176.3 240.% 2100
Feb-94 IR [72% TUR.S I8N AN 2055 287 220
Mar-94 3514 330 2214 22000 16Y9.6 167.1 3044 ARG
Apr-94 140.6 139.6 1391 1452 168.2 171.0 1239 1125
May-94 1403 154.0 1596 154.7 167.7 1733 1281 136.1
Jun-94 0.0 2.6 0.5 Lo L4 2.3 2.8 2.0
Jul-v4 7.3 92 6.0 7.7 7.0 6.2 6.3 7.1
Aug-94 16.3 t4.0 1.1 12.0 15.2 157 5.7 7.0
Sep-94 6.0 0.2 7.8 8.5 8.8 u.2 1.5 1.6
Oct-94 393 43.0 4.5 37.2 51.8 52.6 25.6 25.0
Total 1,.587.40 | 157840 | 152960 | 150250 [1,651.20 [1.0672.10 |1.62470 | 1.600.60
Deviation 9.0 27.1 - 209 24.1
(mm)
Deviation 0.6 1.8 - 1.3 1.48
(%)

il) 1 likely that the rather large devinon tor Mpera during this month is due o problems experienced with the
automat rain gauge during this period,

b) As the recordings trom the weather station was lost during the breakdown of the motherboard of the old computer.
recordings from the standard rain gauge are used - therefore the same value appears for standard and automatic ran
gaupe

) The data from the wutomatic rn gauge from this month were stolen - thus the values trom the standard ran gaugy

are used
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of subsequent days are compared. there is a good consistency between records from the corresponding
rain gauges. The fact that the records from the stundard rain gauges match well with the values from
the corresponding automatic rain gauges indicates a high reliability of the readings made by the local
observers.

As part of the data check of the records Trom ihe standard rain gauges cach of the recordings from cach
rain gauge was comparcd with the other rain gauge(s) in the same catchment and with rain gauges in
nearby catchments in order to evatuale the consistency in the recordings. Both on a daily basis as well
as on monthly basis (see Table 4.2) there is a good consistency between the readings from the various
stations. Within each of the catchmenis the vanation of the total amount of rainfall recorded at the
standard rain gauges is largest for Muhu (15.29) and less tor Gendavaki and Mgera. 2.99% and 4.4%
respectively. With the size of the catchments of approximately 5.1 km* and rather large difterences in
altitude within each of the catchments such differences in rainfall are quite likely. For all the 3
catchments the highest rainfall is recorded at the station which is Tocated w the highesi elevation angd
the most easterty. which also is to be expected. In order to check whether the ditference between Mu-|
and MU-III might be due 0 changes in operation of either of the stations a double mass for the two
stations has been drawn in tigure 4.2, The straight line indicates that there have nor been any changes
gauge reader which muy have

o

in either the physical environment or the recording practice by the
caused errors.

Accumulated ratafell for MU-TIT Cmm)

T T T . T T T T T T T [ L | T i T T T I T T T J ! 1
200 300 400 S00 600 700 800 S00 1000711001 2001 30071 4001 5001 5041 700
Accurmulated rainfall for MU—1 (rmmm)

T T T T T

T
100

Figure 4.2 - Double mass curve showing the accumulated rainfall for Mu-1 and MU from 1493
t0 31.10.94.

Based on the discussion above it can he concluded that rainfall data for all the stations exist tor the
whole period and are of good quality.
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Table 4.2 - Momthly rainfall from all the standard rain gauges from 1493 to 31.10.94.
PERIOD MU-I  |MU-IIP | MU-II || GE-I GE-II || MG-1 | MG-IL || IH-I
Apr-93 2680 | 222,60 | 2404 9RS | 3040 2594 | 2355 ) 2754
May-93 67.7 53.9 52.7 69.3 68.5 51.7 45.0 60).1
Jun-93 o 6.7 9.4 4.0 [3.% 12.1 5.4 4.0 9.0
3-93 44 15.7 7.7 17.3 124 3.5 15.5 6.0
Aug-93 10,2 34 6.5 9.2 1.2 49 44 10,8
Sep-93 10.2 6.0 33 6.2 6.0 32 32 6.5
Oct-93 248 6.Y 19.0) 26.2 RRRY 13.1 10.0 253
Total April 93 - 392 319 336 441 448 RES] 318 394
(October 93
Nov-93 41.1 5.1 245 2X.7 RIER 17.1 16.7 M5
Dec-93 9l.l) 42.0 76.3 1363 153.2 RITRY) 20.5 12001
Jan-94 180, 1 182.5 2150 177 .06 fON.S 24hs 2219 F70.0
Feb-94 818 | 1759 | teen | 270 | 2s7o w57 | a2m0 | 1esx
Mar-94 3514 2985 BAURY) 16490 2008 RICERY) iRV 4 220 ‘
Apr-94 [40.6 120.3 12X%.6 1682 173.9 1239 163 1591
May-94 140.5 u7.7 1.2 167.7 171.0 1281 115.5 159.6
Jun-94 0 0 0 14 0y 2.8 2.5 0.3
Jul-94 7.3 1.9 32 7.0 315 6.5 6.2 6.6
Aug-94 16.3 1.4 9.7 15.2 17.0 5.7 5.1 1.1
Sep-94 6. 4.3 33 1.8 240 1.5 1.4 7.8
Oct-94 393 32.2 25.1 518 572 25.6 232 40.5
Total for 1,19540 | 95930 |1,060.80 || 1,211.20 | 1,251.70 || 1,273.50 | 1,239.70 || 1,136.20
Nov93-Oct94 |
Total for 1,587.40 | 1,277.80 | 1,397.00 || 1,651.70 | 1.699.80 || 1.624.70 1,557.30 |} 1.529.80

April 93 - Oct 94

a) The data for this station are considered to he of a rather fow quahty
b) This value is based on MU-T and MU-IL only. as the data from MU-TT are assessed 10 be of too low quality.
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4.1.2 Rainfall amounts, intensities, and temporal distribution

The monthly raintall from all the standard rain gauges is presented in Table 4.2, The ot average
rainfall values for cach catchment at the bottom of the wuble are average values of the ramnfall records

- from the stations in the respective catchment. However. for Muhu the values are average values for

MU-I und MU-III. These average values derived from the standard rain gauges will later be used to
establish the water balance for the water year 1993-94. A later. more detailed analysis of rainfall
distribution may result in another weighting of the stations.

As it appears from the table. both Table 4.1 and tigure 4.1, the total rainfall during the period covered
in this report (i.c. 1.4.93 to 31.10.94) is almost the swne for the four catclunents. In the three
catchments with "full monitoring” (i.c. including a stream gauging and soil moisture stations) the total
rainfail for the water year 1993-94 is almost the same for Mgera and Gendavaki. 1257 mm and 1231
mm. respectively, whereas the rainfall from Muhu is 4 bit lower. 1128 mm. Thaku. which physically
borders both Muhu and Gendavaki has a yearly rainfall similar to Muhu. The lower value at Muhu is
mainly due to the lower rainfall at MU-IIL. The average value for the four catchments is H88 mm.
However. a number of yeuars are needed in order to assess whether the yearly rainfall in general is
similar for the catchments.

When cvaluating the rainfall data and how the catchments have responded 1o the raintall for the
monitoring period April 93 1o October 1994, it is important to know whether the raintall recorded is
above or helow the long term average rainfall that can he expected in the arca. However. the only
historical rainfall records trom the catchments are rainfall records from the school at Bomalang ‘ombe

(close 1o the present location of MU-D) trom 1974 to 1980, The average monthly values are presented

in Table 4.3, The average vearly raintall recorded during this period is 1353 mun which is [57 mm
more than recorded during the 1993/94 water year and 87 mm more than during 1994, However. no
continuous recording took place during 1974-80 as several months are missing. which may indicate
that the religbility of the data is not good.

Table 4.3 - Monthly comparison between historical (1974-80) rainfall data and the values recorded
since the start of the monitoring in April 1993. Both sets of data originate from stundard rain gauges
at the school in Bomalang' ombe and are presented in mm/month.

JAN |FEB |MAR |APR |MAY [JUN [JUL |AUG {SEP |OCT |NOV [DEC |TOTAL

1993 268.0 67.7 6.7 4.4 10.2 10.2 248

91.0

1994 IRO.L (1818 {3514 |140.6 | 1405 0.0 7.3 16.3 6.0) 39.3 288 {1738 | 1266

Although the catchunents are situated less than 100 kin from Iringa, it is interesting to notice that the
average yearly rainfall for all the catchments for 1993-94 (1183.6 mm) and the historical rainfall
records from Bomalang’ombe (1352.6 mm) are about twice as high as the average yearly rainfall
recorded at Iringa (Nduli Airport) during the period 1959-79. namely 650 mm,
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Apart from the total amount of rainfall, the runott amount and pattern from the catchments depend on
the temporal distribution of the rainfall, including the time of the year, the daily amounts, and the
rainfall intensities. The latter heing the most important factor in relation to surface runoff and soil
erosion during the rainstorms.

Table 4.2 shows that the temporal distribution of the rainfall in the respective calchments is very
similar. which also clearly can be seen from Figure 4.3, For the water year 1993-94 most of the rainfall
appeared during December to May with the highest wmounts appearing in February and March, whereas
there is very little rainfall from June to September.

The catchments also show large similarities in terms of the daily amount of rainfull as shown in figure
4.4. For most of the rainy days the amount of rainfall has been less than [0-15 mm. In Tablic 4.4 the
daily rainfall amount for Muhu is compared with the daily max. 30-min rainfall intensity for Muhu,

As seen from Table 4.4 the daily max. 30-min rainfall was less than 2 mm (= 4 mm/hour) for almost
85% of the days (including days with no rainfall) and only 10 days out of 365 had 30-min. rainlall
intensities larger than 10 mm (= 20 mm/houn)” The highest rainfall imensity was recorded on Mareh
7. 1994, with 28.6 mum during the 30 minute period from (0:20 to (250 pm. On this day severe soil
erosion, in terms of soil creep. was observed near Kilolo village.

Table 4.4 - Comparison between the frequency distribuzion for the toral daily rainfall and the may,
daily 30-min intensiry rainfall for Muhu, The inensity data are extracted from the adtomatic rii;
gauge ar the weather station.

Rainfall amounts (mm) | No n.1-2 1A 210 10-18 13.20 | 2025 | I1s30 | 040 | 4060 )
rainfull

Total daily Jo 559 14.5 2.3 7.7 4.7 Y 1.6 o3 (.8 (0.3 (1

rainfalf davs | 202 5 as 2% 17 7 6 | 3 1 0

Daily max. 30-min | % %44 %2 4.7 1.1 0.3 0.5 0.8 0 0 0

rainfall intensity days 08 0 5 | | 5 1 o 0 0

The rainfall data will be discussed in details later in this chapter when discussing the differences in the
hydrological responsc from each of the catchments.

4.2 Streamflow

Contrary to e.g. rainfall, streamflow can not he measured continuously. Instead the streamflow is
measured indirectly through a continuous recording of the water-level at a specific selected site where.
ideally, there is a unique relation herween the water-level and the discharge. In order 1o establish this
relation a number of simultaneous meuasurements of the water level and discharge have heen carried
out. After obtaining this relation between the water-level and the discharge (the Q-H-curve. (Q =
discharge/ streamtlow, H = water level) the meuasured water levels can be converted to discharge.
Siltation and/or any other changes of the physical characteristics of the stream can result in a less
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unique relation between waler level and discharge. Theretore the establishment of the rating curve will
he given special attention regarding the quality of the streantlow data,

120 Coflection and quality of water levels

Ax mentioned in section 3.3.1 there has heen a continuous collection of water levels from automatic
water level recorders in Mgera, Gendavaki and Muhu catchments. Data exist for the whole period since
the start of the monitoring in March/April 1993 except from a few days because broken recorder pens,
However. the number of missing days of records is Iess than 20 days for all the three stations in total.
As all the missing days have occurred during periods with no rain it has been casy 1o determine the
water levels during these days quite preciscly by interpolation. Thus it have been possible, based on
the water levels and the rating curves (see helow), (o cstablish daily streamf{low values during the
whole period for all stations.

4.2.2  Discharge measurcments and establishing ol rating curves (stage-discharge relation)

Since the start of the monitoring discharge measurenicms have heen carried out from time o ume with
the highest frequency during the rainy scason where a much wider range of and much quicker change
in the water level s taking place. A list of all the discharge measurements carried out until mid
November 1994 can be found in the data volume.
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average daity water level recorded from April 1. 1992 10 October 31, 1994,
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Based on the corresponding values of recorded water levels and calculated discharge during these
measurements rating curves have been established for each of the catchments. The quality of the
discharge measurements has been checked by making two subsequent discharge measurement with the
same and with two different current meters respectively and the quality of the discharge measurements
has been found to be very good.

In figures 4.5 to 4.7 are shown the established rating curve for Mgera, Gendaviki, and Muhu,
respectively. These rating curves have been used to convert the water level recordings into the
streamflow data presented later in this chapter.

A common problem conceming the establishment of rating curves is that often it is difficult to obtain
discharge measurements for the very high water levels as they only occur very rarely and for a very

. short time during the heavy rainfall events, On the other hand, it is tnuch easier to cover the lower
water levels as there is very little change in the water levels during the dry season, Therefore the stage-
discharge relation, and consequently the calculated discharge values are more reliable for lower than
for higher water levels. i

Table 4.5 - Comparison between recorded water levels and water levels during discharpe
measurements.

MGERA GENDAVAKI MUHU

Lowest water level (cm) during 16.0 3K.2 29.0

discharge measurement

Lowest recorded daily average 13.1 38.0 290

water level (cm)

Lowest recorded instantaneous 13.1 38.0 29.0

water level (cm)

Highest water level (cm) during 351 549 489

discharge measurement

Highest recorded daily average 43.6 : 61.5 48.3

water level (cm)

Highest recorded instantaneous 63.0 103.0 79
thatcr level (cm)

Number of days where the daily 14 7 0

average water level exceeds the

highest water level during

discharge measurements

In Table 4.5 are shown the lowest and highest water levels for which discharge measurements have
been carried out as well as the lowest and the highest average daily and instantaneous water levels,
recorded during the period. The lowest and highest recorded daily average water levels are also
indicated in figures 4.5 to 4.7 as dotted lines. The figures show that the lower part of the rating curves
has been established from a large number of measurements, whereas the rating curves for the higher
water levels are based on a few number of measurements. For some of the recorded water levels an
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extrapolation of the rating curve has been necessary as the recorded water levels are outside the range
of water levels included in the discharge measurements.

Thus, when new discharge measurements covering the higher water levels are available, it might be
necessary to adjust the rating curve and consequently the calculated discharge values. However, for ail
stations it is still on relatively few days where the average daily water level exceeds the range covered
by the rating curves (although there are more days with instantaneous values outside this range).
Therefore it is evaluated that a possible correction will only result in minor changes in the yearly
runoff. However, the very high peak flow are still due to considerable uncertainty. On the other hand,
it is assessed that the discharge for lower and medium-sized water levels is well determined with the
present rating curves.

At Muhu the stage-discharge relation has been disturbed by siltation at the gauging site. Therefore it
has been necessary to divide the discharge measurements into three groups based on the period they
have been carried out. Thus one rating curve is based on discharge measurements from the start of the
monitoring until August 31, 1993, a second curve covers discharge measurements from September 1,
1993 to February 28. 1994, while the third curve includes discharge measurements from March | to
October 31, 1994. However, hy doing so three relatively good rating curves have been established (see
figure 4.7). After the problem was discovered in August 1993, a regular desilting of the site has been
undertaken, which has solved the problem of the disturbance of the stage-discharge relation,

The streamflow data will be presented in the sections covering the respective catchments and discussed
in details in section 4.5

4.3 Climatic data

Climatic data have been collected from the weather station at the school in Bomalang’ombe. As
mentioned in section 3.3.1 the climatic station at Bomalang’ombe consists of: 1) An automatic weather
station that records temperature, humidity, solar radiation, wind speed, and rainfall and 2) an
evaporation pan (from which the evaporation from a free water surface can be calculated).

The parameters collected at the automatic weather station make it possible to calculate the potential
evapotranspiration by using the Penman-formula. The data collected at the evaporation pan give an
estimate of the evaporation from a free water surface. However, in the absence of climatic parameters
data from evaporation pans have often been used to estimate of the potential evapotranspiration by
multiplying the pan evaporation, E,,,, with a pan coefficient, K, which varies dependent on the
climatic conditions. However, the use of the Penman-equation is widely accepted as being the more
reliable estimate of the potential evapotranspiration and will therefore he used in the subsequent
analysis.

Due to the high cost of a weather station and the possible problem by operating such a station in more
remote area, no weather stations have been established in Mgera and Gendavaki. However. as the
potential evaporation does not show the same local variations as e.g. rainfall, and as the catchments
are close to each other (at least Muhu, Gendavaki and Thaka) and are of the same physiographic nature
(including aititude), it is believed that the records collected at Bomalang’ombe to a large extent also

Annual Report / April 93 - October 94



Ll

Water Resources Monitoring Page 4.13
HIMA (Iringa) / DANIDA

Table 4.6 - Monthly mean values for climatic data collected at the weather station at the school in

Bomalang ’ombe in Muhu catchmen.
Month Mean Mean Mean Mean Total Total Total Pan coef-
Tempera- | Relative Wind Radiation | Rainfall Potential Pan Evap- | ficient
ture Humidity | Speed Evapotranspi- | oration, (E+/E )
ration, B, |
(mm/ (mm/ (mm/
C) (%) (m/s) (W/m?%) month) month) month)
Water year 1992-93 (partly):
Apr-93 15.2 94.5 1.25 151.1 262.0 664707 T 0.924/0.99¢
May-93 14.3 91.7 1.04 165.1 62.0 68/72 70 0.97/1.03
r; Jun-93 11.9 89.3 1.27 156.2 3.8 58/62 36 0.67/0.72
Jul-93 10.6 88.0 1.51 158.9 13.0 60/64 72 0.83/0.39
5 Aug-93 10.7° 63/67 74 0.85/0.91
1 Sep-93 10.2° 7 83/89* 117 0.71/0.76
1 Oct-93 24 .8° 857900 164 0.52/0.55
o Water year 1993-94:
Nov-93 41.1°¢ 97/103° 149 0.65/0.69
Dec-93 91.0¢ 96/107 192° 0.50/0.56
Jan-94 16.9 89.8 1.09 199.1 182.2 97/103 129 0.75/0.80
Feb-94 16.2 92.5 1.01 149.2 172.8 69/73 85 0.81/0.86
Mar-94 16.1 94.6 0.66 169.1 340.0 80/85 104 0.76/0.82
) Apr.94 15.0 94.6 1.25 167.3 139.6 72177 92 0.78/0.84
j May-94 13.6 95.1 1.35 1174 154.0 52/55 67 0.78/0.84
! Jun-94 12.0 89.7 1.39 181.2 2.6 63/68 96 0.66/0.71
. Jul-94 11.7 90.5 1.56 141.0 9.2 57/60 84 0.68/0.71
] Aug-94 11.6 88.8 1.57 141.5 16.0 63/68 82 0.77/0.83
- Sep-94 12.9 . 84.9 1.75 188.7 9.2 83/89 86 0.97/1.03
j Oct-94 14.7 87.2 1.75 167.5 436 85/90 117 0.73/0.77
Water year 1994-95 (2 months):
ﬁ Nov-94 15.8 85.9 1.59 210.0 54.0 97/103
Dec-94 16.3 91.6 1.49 200.1 - 101/107
i Yearly 13.7 884 1.31 157.8 76/82 107 0.71/0.77
(93-94) .
- average
i 1199.9 914/978 1283
b
" 8) 1994-value is used
b) This value seems unrealistically high
- c) Values from the adjacent standard rain gauge are used. _
d) ‘The first number refer to the cultivated areas, whereas the second number refers to the forest at Mgera. The higher evaporation

at the forest is due to the fact that the albedo (the reflection of short-wave radiation) is smaller for the forest.

L e—J
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ultivated land as well. Due to the late installation of the steel rods at Gendavaki, the results from
vivhu and Mgera (where there are measurements for 2 dry seasons) will be emphasized.

}

It has been the plan to make soil moisture measurements at the end of each month. However, for a few
month measurements have not been carried out as the technician doing the measurements has had other

duties within the region.

Although the hydrological office has not been involved in soil moisture measurements prior to the start
of the monitoring, the technician picked up the technique very fast, and the collection of soil moisture
data has proceeded very smoothly. A few stolen steel rods have been replaced.

The quality of the data is in general considered to be very good, and there has been a good consistency
between the two corresponding pair of steel rods for each depth. At the early start of the monitoring,
Sokoine University of Agriculture (SUA), which at that time also used the TDR-instrument, compared
the measured water contents hy using the TDR-method with water contents determined by the gravity
method and found a good correspondence. Such a check of the measurements will also be caried in
connection with the forthcoming soil analyses in the catchments.

By comparing figures 4.9 and 4.10 and figures 4.11 and 4.12 it appears that the soil moisture profile
patiems for 1993 are very similar to those for 1994. This appears even more clearly from Table 4.8

-
] Presentation of the results;
] In order to exemplify the soil moisture depletion during the dry season the soil moisture profiles for
" May, July and November for both the 1993 and 1994 dry seasons are shown in figures 4.9 and 4.10
1 for Mgera and in figures 4.11 and 4.12 for Muhu. For 1993 the soil moisture profiles cover the period
i May 30 to November 12, i.e. approximately 5% month. For 1994 the profiles cover the period May
' 17 to November 24, i.e. approximately 6% month. For both Mgera and Muhu the values comprise
o average values for both stations in the respective catchments.
- Table 4.8 - Comparison between corresponding figures for soil moisture contents in 1993 and 1994.
1
i MGERA MUHU
1993 1994 1993 1994
Soil moisture content (mm) in 309 339 353 399
May (0-1.25 m)
Soil moisture content (nm) in 179 171 263 268
November (0-1.25 m)
Soil moisture content (mm) in 387 400
May (1.25-2.65 m)
Soil moisture content (mm) in 291 285
November (1.25-2.65 m)
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Figure 4.9 - Soil moisture profiles for Mgera Figure 4,10 - Soil moisture profile for Mgera
during the dry season May - November 1993. during the dry season May - November 1994,
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Figure 4.11 - Soil moisture profiles for Muhu Figure 4.12 - Soil moisture profiles for Muhu
during the dry season May - November 1993 during the dry season May - November 1994.
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where soil moisture contents from 1993 and 1994 are compared. Especially the soil moisture content
at the end of the dry season (November) is very similar when 1993 is compared to 1994. The
differences in soil moisture between May 1993 and May 1994 are believed to be due to heavy rain the
days before the measurements in 1994.

From figures 4.94.12 is it also evident that the rate of soil moisture depletion is much higher in the
beginning of the dry season when there is adequate soil moisture for the vegetation. For instance,
although May-July only cover about 1/3 of the period shown (May-November), more than 50% of the
depletion takes place during this period. The figures also show that the depletion takes place much
faster at the upper soil layers, especially the upper 25 cm where almost all the depletion takes place
between May and June. This is partly due to the fact that direct evaporation (through diffusion) takes
place from the soil surface and partly to the fact that the highest root density is found in this part of
the soil profile. ' '

Soil water content (%) ’ Soil water content (%)
0 s 10 15 20 25 30 a5 40 0 5 10 15 20 25 ko] 35 a0

Nov-04 g Naov-9d { Jul-94 Mav-24
ga 05 + [T "."‘_9_" g Q8 +  maeiaaas - o ——

= ) = .

Q 1 o

] t o

T . i g .

0755+ eeeeeimmemea F 05

1.25 ~ 126 L

Figure 4.13a - Soil moisture profile for Muhu Figure 4.13b - Soil moisture profiles for
during the dry season May - November 1994 Gendavaki during the dry season May - November
1994,

On the other hand there is a considerable difference between the profiles at Mgera and at Muhu, While
there is a considerable soil moisture depletion for the entire upper 1.25 m in the forest at Mgera, the
soil moisture depletion at Muhu falls abruptly below 0.75. For instance, both in November 1993 and
November 1994 the soil moisture content at Muhu is more than 30% at between 1.00 and 1.25 m depth
(while only 18-20% at Mgera) and 28-29% at between 0.75-1.00 m (while only 13-14% at Mgera).
This surprisingly high soil moisture content in the maize fields in Muhu at the end of the dry season
is probably due to the fact that there are very few roots below 0.75 m to extract the soil moisture, and
thus the depletion can only take place via diffusion which is a very slowly process. As the depletion
from 1.00-1.25 has been smail it is believed that depletion below the measured depth of 1.25 m also
will be smail.

In Mgera, where the soil moisture has been measured to a depth of 2.65 m, there has been a
considerable soil moisture depletion below 1.25 m and the profiles also indicate that a considerable soil
moisture depletion may take place even below the measured depth of 2.65 m. However, the soil
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moisture from 1.80 to 2.65 m is an average value and it is thus difficult to assess how the true soil
moisture profile should look in this interval.

However, a considerabie soil moisture depletion can take place below 0.75 in a cultivated maize field.
The soil moisture measurements from Gendavaki show a soil moisture depletion pattemn that is quite
different from those from the two soil moisture stations at Muhu. From figures 4.13a and 4.13b, where
corresponding soil moisture profiles for Muhu and Gendavaki are shown for May, July and November
1994, it appears that the soil moisture depletion is similar for Gendavaki and Muhu regarding the upper
0.75 m, but, contrary to Muhu, there is also a considerable soil moisture depletion below 0.75 m at
Gendavaki. This is somehow surprising, as the two soil moisture stations at Muhu show very little
differences and had both very little depletion below (.75 m. One of the explanations could be that the
maize field at Gendavaki had been failow for a number of years, and the field was severely infested
with fern, and it is likely that the deep-rooted fem can he the main reason for the relatively high soil
moisture depletion in Gendavaki as compared to Muhu. Furthermore, the very high soil moisture
content below 0.50 m in May indicate that the soil moisture content is above field capacity. If so, part
of the loss of soil moisture is due to free drainage rather than loss through evapotranspiration. When
the field capacities are known (from the planned soil analyses) a more complete analysis of the soil
moisture profiles can be made.

The differences between the soil moisture stations at Gendavaki and Muhu also clearly illustrate that
the soil moisture data represent the conditions in the field where the stations are established and that
there may be a considerable variation within the catchment even for the same type of vegetation due
to differences in terms of management practice, location on the slope, soil type, etc,

4.5 Rainfall-runoff response

As it appears from section 3.2, the three catchments are very similar in terms of topography (slope
steepness and altitude), geology, and catchment size and shape. Furthermore the rainfall data presented
in section 4.1 have shown that the catchments, at least for the 1993-94 water year, are also very similar
in terms of total yearly rainfall amount, the frequency of the daily rainfall amounts as well as the
temporal distribution. This highly facilitates a comparison between the impact of the different types
of land use on the hydrological regime.

In Table 4.9 are shown the corresponding monthly values for rainfall and runoff for Mgera, Gendavaki

and Muhu. The daily values for rainfall and runoff for all three catchments are shown in figures 4.14
to figure 4.19.

From the corresponding figures showing rainfall and runoff for each of the catchments it can be seen
fhat there is a very good consistency between the rainfall events and the temporal increase and decrease
in daily runoff. In the beginning of the monitoring it was feared that rises and falls in water-levels
du.ring the dry season were due to inaccuracy of the instruments. However, from the corresponding
rainfall and runoff figures it can clearly be seen that these rises are caused by minor rainfall events
during the dry season. The good comrespondence also support the earlier assessment of good quality
rainfall and discharge data. '
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Table 4.9 - Corresponding monthly values of rainfall and runoff for Mgera, Gendavaki, and Muhu
from 14.93 10 31.10.94.

MONTH MUHU GENDAVAKI MGERA
Rainfall Runoff Rainfall Runoff Rainfall Runoff
(mm) (mm) (mm)
Nov-93 188"
Dec-93 55 55 23°
Jan-93 53 53 65°
Feb-93 203* 203 126"
Mar-93 161° 161° 178°
Apr-93 254.2 3013 50.2 2475 46.2
May-93 60.2 375 68.9 394 484 297
Jun-93 5.6 30.3¢ 13.0 279 4.7 17.7
Jul-93 6.1 32.6° 14.9 27.4 145 17.4
Aug-93 8.4 30.4¢ 10.2 25.1 47 15.0
Sep-93 7.8 263 6.1 23 3.2 119
Oct-93 219 27.1 2 11.6

279

328

Nov-93 328 19.2 16.9 R7
Dec-93 83.7 293 1448 24.4 25.7 74
Jan-94 197.6 32.3 173.2 294 2314 20.6
Feb-94 173.9 316 2684 398 3235 359
Mar-94 320.7 532 189.6 48.8 3772 61.1
Apr-94 134.6 384 1711 40.2 120.1 352
May-94 1299 40.8 1694 49.6 1218 374
Tun-94 0.0 30.3 1.2 339 27 213
Jul-94 53 29.3 53 31.2 6.4 18.6
Aug-94 13.0 273 16.1 28.2 54 170
Sep-94 47 25.6 54 23.2 1.5 138

a) Readings by the Agric Unit at the school at Bomalang ombe, the values are used for both Muhu and Gendavaki

b) Readings from the automatic rain gauge established by SUA at Mgera site

c) Readings partly by the Agric Unit at the school at Bomalang’ombe and partly from the WRM rain gauges

d) Due to siltation of the station duning this period, the actual discharge measurements during this period has heen used
to estimate the runoff

€) Notice that Mgera contains one more month (November 1992) of rainfall records than the other stations

) Notice that Mgera and Gendavaki contain one more month of runoff records than Muhu
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Figure 4.14 - Daily rainfall (mmiday) for Mgera from April I, 1993 to October 31, 1994.
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Figure 4.15 - Daily runoff (mm/day) for Mgera from April 1, 1993 to October 31, 1994.
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Figure 4.16 - Daily rainfall (mmiday) for Gendavaki from April 1, 1993 to October 31, 1994.
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Figure 4.17 - Daily runoff (mmiday) for Gendavaki from April 1, 1993 to October 31, 1994.
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Figure 4.18 - Daily rainfall (mmiday) for Muhu from April 1, 1993 to Ocrober 31, 1994.
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Figure 4.19 - Daily runoff (mmiday) for Muhu from May 1, 1993 to October 31, 1994.
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4.6 Discussion of the impact of the land use practice on the water resources

The preceding sections have contained a presentation of data, how they have heen derived, their
reliability, etc. In this section we will try to relate the hydrological observations and the environment
in the three catchments, i.e. to discuss the impact of the different types of land use (represented by the

three catchments) on the water resources, quantitatively.

The discussion will include the following three hydrological aspects:

1) Establishment of yearly water balances
2) Low flows by the end of the dry season
3) Hydrological response during heavy rains (flood flows)

4.6.1 Yearly water balance

The yearly water balance is an important tool when analyzing the response from a «crtain catchment
as it tells how large a part of the rainfall that ends up in the river and how large a part of the rainfall
that evapotranspirated from the catchment, either through direct evaporation from the soil or water
surfaces or through transpiration via the vegetation,

For a river catchiment the yearly water balance (in mm) can be represented by the following equation:
P=Q+E,+ AM+ AG (Ey. 4.1)

where

p = Rainfall

Q = Runoff

E, = Actual evapotranspiration

AM = Change of soil moisture storage

AG = Change of ground water storage

From equation 4.1 it follows that the actual evapotranspiration, E,, can be determined as:
E,=P-Q-AM - AG (Eq. 4.2)
When the water halance is based on a number of years, eq. 4.1 can usually be simpiificd as follows:
P=Q+E, (Eq. 4.3)
as the average yearly changes of ground water and soil moisture storage becomes in-ignificant. Even
within single water years the changes of both the soil moisture storage and ground witer storage will
often be smail, due to the nature of the water year as it runs trom the end of one dry .<u:on to the end

of another dry season. However, in the following estimations of the water balancc:. !or each of the
catchments both soil moisture storage and ground water storage will be accounted .1
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“An estimate of the change of soil moisture storage can be obtained by considering the soil moisture
content at the beginning and at the end of the water year. Unfortunately October 1993 and October
1994 are some of the few months for which no soil moisture measurements were made by the end of
the month. Thus soil moisture measurements from November 12, 1993 and November 24, 1994 have
been used to estimate the soil moisture content at the beginning and at the end of the water year taking
into consideration the amount of rainfall that occurred from 1 to 12 of November 1993 and October
31 to November 24, 1994, The estimated soil moisture content at the beginning and the end of the
water year and the resuiting change of soil moisture for each of the catchments are presented in Table

4.10.

Table 4.10 - Estimated changes of soil moisture constent for the water year 1993-94, based on soil
moisture content at the beginning and at the end of the water year.

MGERA" GENDAVAKI" MUHU*
Estimated soil moisture content (inm) at 470 . 145 262
the beginning of the water year
Estimated soil moisture content (mm) at 467 149 273
the end of the water year
Estimated change of soil moisture -3 + 4 +1F
storage for the 1993-94 water year

a) Includes the upper 2.65 m b) Includes the upper 1.00 m ¢) Includes the upper .25 m

The figures for the changes of soil moisture content given in Table 4.10 only include the part of the
unsaturated zone for which soil measurements are carried out, i.e. the upper 2.65 m in Mgera, the upper
1,00 m in Gendavaki and the upper 1.25 m in Muhu. However, as the changes are very small and the
changes in soil moisture normalily will be most significant at the upper soil layer, the changes of soil
moisture storage below the measured depths can bhe considered insignificant.

Table 4.11 - Estimated ground water storage for the water year 1993-94, based on the baseflow at
the beginning and at the end of the water year and the calculated recession constant of baseflow for
the dry season (June-October 1994).

MGERA GENDAVAKI MUHU
Baseflow (mm/day) 0.32 0.635 0.775
November 1, 1993
Baseflow (mm/day) (.36 0.740 0.790
October 31, 1994
Recession constant for - 0.004216 - 0.003954 - (L0014%6
the baseflow (k) (day™)
Estimated changes in + 10 + 27 + 10
groundwater storage
(mm)
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e considered small if the baseflows at the beginning and at the end of the water year are similar.

In Table 4.11 are presented the estimated baseflows for each of the three catchments at the beginning
¥“and at the end of the water year. The corresponding flows at the beginning and the end of the water
year are within the same order of magnitude for all the catchments. Based on the differences in
baseflow and the recession constant for the baseflow, k., the estimated changes in ground water
storages have been calculated. As it can be seen from the bottom of Table 4.11, changes in ground
water storages are minor compared to the total yearly rainfall.

When P, Q, AM and AS are estimated, the yearly actual evapotranspiration is determined from
equation 4.2. Hence, the total yearly water balance has heen established. All the components of the
water balance for each of the catchments are presented in Table 4.12 together with some other

important hydrological key figures.

Table 4.12 - Yearly water balance in mm for 1993-94 for Myera, Gendavaki and Muhu catchments.

MGERA GENDAVAKI MUHU

Water balance components:

Rainfall (P) 1257 1232 11314

Runoff (Q) 290 397 393

Soil moisture storage =~-3 =+4 =+ 11

Ground water storage =+ 10 =+ 27 =+ 10

Actual evaporation, E, 960 804 717

Other key figures:

Potential evaporation, E, 978 914 914

E /E 0.9% 0.8% 0.78

Runoff coefficient (Q/P) 0.23 0.32 0.35

Minimum specific low 33 7.5 8.6

flow (V/s/km?)
J From Table 4.12 it can be seen that the yearly runoff from the two cultivated catchments, Gendavaki

and Muhu, are very similar, 397 mm and 393 mm respectively, whereas the yearly runoff from the

‘ forested Mgera catchment is considerably lower, namely only 290 mm, Thus, although Mgera has

received the highest amount of rainfall (the rainfall at Gendavaki is only slightly lower though) the

total yearly runoff from the forested catchment is more than 25% lower than the yearly runoff from

both of the cultivated catchments. This also appears from the runoff coefficients (the yearly runoff as

W the percentage of the yearly rainfall) which is only 25% for Mgera while it is 32% and 35% for
Gendavaki and Muhu, respectively.

Annual Report / April 93 - October 94



#Resources Monitoring Page 4.28
i ga) / DANIDA . . i '

~e runoff - a statement I have often been confronted with among HIMA staff and govemment staff
in the region in general. '

e =

Table 4.13 - Distribution of yearly runoff between wet season and dry season flow for the 1993-94
water year.

l?atchment Total yearly runoft Wet season (Dec-May) Dry season (Jun-Nov)
runoff runoff
min %o mm o mm %o
Mgera 290 100 197 68 93 32
Gendavaki 397 100 232 . 58 165 42
Muhu 393 100 226 58 167 42

However, when analyzing the runoff pattemns by dividing the yearly runoff into runoff during the dry
season (which is mainly baseflow and hardly consists of any surfiace runoff) and the wet season it
appears very clearly (see Table 4.13) that the lower yearly runoff from the forested catchment mainly
is due t0 a much lower dry season flow from this catchment rather than a very high runoff from the
cuitivated catchments during the wet season. The wet season flows from the cultivated catchments are
only about 16% higher than from the forested catchment while the dry season tlow is 78% higher from
the cultivated catchments as compared to the forested catchment. Thus. the dry season flow contributes
with 42% of the total yearly runoff from the cultivated catchments while it only makes up 32% of the
total yearly runoff in the forested catchment.

This indicates very clearly that the groundwater recharge in the forested catchment has been much
lower than in the cuitivated catchments - actually only about 50-60% of the groundwater recharge in
the cultivated catchments, and this despite the fact that the total yearly rainfall in Mgera is more than
100 mm higher than in Muhu.

The groundwater recharge, Q,, is equal to the amount of water infiltrating through the soil surface, Q;,
minus the amount of water which is lost through evapotranspiration E, (mainly due to transpiration
through the vegetation):
Qg = Qui - E,

(Eq. 4.3)
Thus, the lower ground water recharge in Mgera may either be due to less water infiltrating through
the soil surface in the forest or due to a higher evapotranspiration from the forest. It is generally
dccepted that the infiltration capacity of a soif of a natural dense evergreen forest in general is higher
compared to a soil on a similar cultivated field. Furthermore, the good ground cover also favour that
a large propontion of the rainfall will infiltrate. Measurements of the saturated hydraulic conductivity
of the topsoils in Mgera and Muhu confirm this. It was found that the saturated hydraulic conductivity
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A sera was twice as high as that of Muhu, i.e. 15¢10° m/s and 7.7¢10”° m/s. respectively, (Krogh,

s the reason for the much lower ground water recharge in the forest catchment must be due to the
gher actual evapotranspiration, i.e. higher water consumption by the forested catchment compared
n the cultivated catchinents.

"Table 4.14 - Calculation of actual evaporation during the dry season from soil moisture depletion and
. taking into the consideration the corresponding rainfall during the dry season.

MUHU 1 MUHU I |MUHU MGERA MGERA MGERA
(Tbumila) (Muhu (average) (Boundary) | (Panel) (Average)
River) .
May 30, 1993 3347 372.1 3534 3114 308.2 309.8
November 12, 1993 240.7 2859 263.3. 165.5 192.3 178.9
Rainfall 30.5 - 12.11 63.6 53.1 584 499 499 499
Soil moisture depletion 157.6 139.3 148.5 195.8 165.8 180.8
in the upper 1.25 m due
1o evapotranspiration
Soil moisture depletion 96.4 96.4 1114
below 1.25 (in forest)

May 17, 1994 341.0 3382 3396
November 24, 1994 236.0 --300.0 268.0 164.1 177.7 1709
Rainfall 17.5 - 24.11 95.6 80.8 88.2 69.7 69.7 69.7
Soil moisture depletion 2322 207.3 219.8 246.6 230.2 238.4

in the upper 1.25 m due
to evapotranspiration

Soil moisture depletion 114.7 1147 1297
below 1.25 m down to
3.25 m (in forest)

From Table 4.12 it can also be seen that the actual evapotranspiration, as determined from the water
balance, is much higher from the forested catchment (Mgera) when compared to the cultivated
catchments. It is approximately 240 mm higher than at Muhu and 150 mm higher than at Gendavaki.

Based on the measured soil moisture depletion and rainfall, the actual evapotranspiration during the
dry seasons 1993 and 1994 has been estimated for Mgera and Muhu in Table 4.14. From Table 4.14
(which corresponds to the soil moisture profiles in figures 4.9 to 4.12) it is evident that the actual
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evapotranspiration at Mgera is much higher than at Muhu, mainly due to the existencc «
areater depth,

vegetation with deeper roots than the maize resulting in soil moisture depletion to a -
However, it should be kept in mind that the soil moisture measurements only represent *1¢ conditions
in a smaller part of the catchments. The comparison between the soil moisture profiles *'f Gendavaki
and Muhu in figure 4.13a and 4.13b indicates that the soil moisture depletion from cultis #¢d land may
be higher than the figures presented in Table 4.14.

During the rainy season the evapotranspiration is also expected to be higher from ”‘? forested
catchment than from the cultivated catchments, because the albedo is lower for an everg-+ forest than
for a maize field or bare soil. This is the reason for giving two sets of figurer 'VF P”‘F'“ia'
evapotranspiration in Table 4.6 - one set for cultivated land and one set for an eveireen forest.
Furthermore, during the rainy season the actual evapotranspiration for the forested catch <t ity even
be higher than the potential evapotranspiration as part of the rainfall will be intercepte and evaporate
from the canopy and therefore never reach the soil surface. '

Table 4.15 - Comparison between E, estimated from a) the water balance and by Vil moisture

measurements and the potential evaporation (measured at the weather station).

PERIOD MGERA GENDAVAKI VIS
2%

E, 1.11t09.12 1993 59 39

a

(from soil moisture measurements)

E, 9.12.93 to 16.5.94 (determined from the 434 414 14
potential evapotranspiration during this
period, E, = E))

E, 17.5 to 31.10 1994 (from soil moisture 368 333 220
measurements)

E, 1993-94 as (determined from soil 861 786 662
moisture measurements and potential

evaporation)

E, 199394 (from water balance) 960 804 T
Difference between E, determined from the 99 18 55

water balance and E, determined from soil 8%
moisture measurements 10% 2% ‘

In Table 4.12 the actual yearly evaporation was obtained by subtracting the runoff, *¢ change of

groundwater, and the change of the soil moisture storage from the rainfall. I Table 4,15 ! 4%empt has
been made to make a rough estimate of the actual evapotranspiration independentl; f the other
components of the water balance. Instead the soil moisture measurements are used o cStmate the
actual evapotranspiration during the dry part of the water year, assuming that the actu;* SVaporation
is equal to the soil moisture depletion. This value is due to some uncertainty as it - difficult o
estimate the soil moisture depletion taking place below the measured depth and he: ~*U5¢ the “‘f"l
moisture measurements not necessarily are representative for the whole catchment. 1€ potential
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e szevaporation has been used to estimate the actual evaporation during the wet part of the water year
assuming that E, = E,.

For Gendavaki there is a good correspondence between E,, as determined from the two methods,
whereas there is a difference of 8-10% for Mgera and Muhu. However, this is not larger deviations
than normally experienced in evaporation studies. The underestimation at Mgera is mainly thought to
be due to the fact that interception and subsequent evaporation from the canopy (as discussed above)
have not been taken into consideration. It is not unlikely that this effect will result in an additional 50
to 75 mm evaporation during the rainy season. Also, the actual evapotranspiration during the dry
season may be higher as the soil moisture depletion below the depth for which we have been
measuring is underestimated. Furthermore, some exfiltration may take place in the lower parts of the
catchment during the dry season as discussed later in section 4.6.2. However, both methods come to
the result that the evapotranspiration is substantial higher from the forested catchment compared to the
cultivated catchments.

4.6.2 Low flow

The low flow indicates the lowest measured discharge (or streamflow) by the end of the dry season.
As the monitoring started late March 1993, the data until now include two dry seasons and thereby low
flow values for two seasons. Furthermore. discharge measurements were carried out in Muhu and
Gendavaki during the establisunent of the stream gauging stations in November/December 1992, which
gives good estimates for the low flow for the 1991-92 water year. The specific low flow indicates the
lowest flow recorded in terms of flow per km’. Thus. the specific low flow is a more relevant figurc
when comparing catchments of different sizes.

Table 4.16 - Specific low flow for 1991792, 1992/93 and 1993/94

Catchment 1991/92 1992/93 1993/94
Date Low Specific | Date Low  |Specific | Date Low Specific
flow low flow low flow low
flow flow flow
s Vs/km® s Vs/km? Vs 1/s/km?
MUHU 26.11.92] 48.7* 9.5 [31.12.94 413 80 [21.11941 443 8.6

GENDAVAKI | 2.12.92 | 42.1* 82 2.1.94 343 6.7 127.1194| 387 7.5

MGERA - - . 1.1.94 10.1 20 1241194 17.2 33

IHAKA - - - 10.12.93| 55.0° | 109 1.1294 ]| 50.3° 0.0

a) These are estimated low flow / specific low flow values based on discharge measurements at the end of the dry
season

While the total yearly runoff and the runotf during the rainy season mainly may be important in
relation to downstream users (e.g. hydropower production and irrigation) the magnitude of the low flow
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e st,é;;;;ﬂow during the dry season in general is important for the people living in or in the
e the catchments as the water from the stream are the source of water for domestic use.

y w‘ﬁow values for the 1992-93 and the 1993-94 water years as well as the estimates for the
RIT.02 water year are presented in Table 4.16.

sile the total runoff during the dry month was 78% higher from the cultivated catchments than from

X3

" the forested Mgera catchment (cf. Table 4.13) the specific low flows for Muhu and Gendavaki are

more than 300 and 260% higher than those from Mgera, as average for 1992/93 and 1993/94. As
discussed in the preceding section this is due to the higher evapotranspiration from Mgera both during

" the wet season and particularly during the dry season where the permanent vegetation with deep roots

as compared to the cultivated catchment is able to extract soil moisture from the deeper soil layers.

Regarding the low flow this effect is enhanced by the fact that the recession constant for the baseflow
(i.e. how quickly the groundwater storage is emptied) is higher for Mgera. Thus, first the groundwater
storage at Mgera at the end of the rainy season is lower than at Muhu and Gendavaki. Secondly, the
ground water storage is emptied faster than the ground water storage at Muhu and Gendavaki, which
is likely to be the reason that the low flow for Mgera is so much lower as that of the two cultivated
catchments. The higher recession constant at Mgera may be due to a slightly different geology
compared to the other two catchments. However, it may also he due to the existence of the swampy
area at the lower part of the catchment, where a certain part of the ground water may evaporate before
it reaches the stream. However, both Gendavaki and Muhu also have a certain part of land which is
more or less wet the year round, Therefore. when more detailed land use surveys are carried out in
each of the catchments, the portion of the catchment that are swampy/wet should be given special
attention. This also includes vinyungu cultivation, which is important in relation to water quality as
well. In Mgera the trees in the lower part of the catchment may have the same effect as the swampy
area, as the possible ability by the trees in this part of the catchment to utilize capillary
water/groundwater may result in some exfiltration.

From Table 4.15 it can be seen that there is relatively little variation in the low flow values from year
to year for Gendavaki and Muhu. The bigger difference for Mgera may because of the higher recession
constant combined with the fact that the rain came very late at the end of 1993,

The values are generally higher for 1992/93 than for 1993/94. This is hecause the rain came late.
Furthermore. it seems that there was less rainfall in 1992/93 than in 1993/94 (see Table 4.9).

4.6.3  Surface runoff and peak flow during heavy rainfall events

As a last analysis in this section we will look at one of the most important hydrological aspects in
relation to agriculture and soil erosion in particular, namely the generation of surface runoff during
heavy rainfall events.

As discussed previously the catchments are very similar physiographically, and, as the analysis in
section 4.1 also showed, that they l}:we very similar rainfall patterns in terms of total rainfall, temporal
distribution, and frequency distribution of daily rainfall amounts. These similarities highly facilitate a
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PEomparison between the catchments in terms of the impact of the land use on the hydrological
' B sl nse-

,n the hydrographs for each of the catchments are compared to the daily rainfall (figures 4.14 to
“'4.19), it is evident for all three catchments that a relatively small portion of the rainfall during the rainy
" season leaves the catchment as surface runoff during or immediately after the rainfall event. In spite
i of a number of days with more than 40-50 mm of rainfall (and for Gendavaki even one day with
1 85 mm) and a few 30-min rainfall intensities of 40-60 mm/hr there are no days in any of the
catchments where the daily runoff exceeds 5 mm.

It can also be seen from figures 4.15, 4.17 and 4.19 that the peak flows during heavy rains are very
similar for the three catchments, which is somehow surprising as it may be expected that the two
cultivated catchments, Muhu and Gendavaki, where cultivation is taking place on hillslopes with slope
gradients of 20-30% (and up to 100% on the steepest parts) would have higher peak flows than the
forested catchment. Actually, the highest total daily runoff, 4,75 mm, is recorded at Mgera. However,
it is likely that a main portion of this runotf originates from rain talling in the lower swampy part of
the catchment and other areas close to the streams rather than being surface runoff from the forested
hillslopes. It should also be kept in mind that a minor portion of Mgera is culuvated (approximately
Qﬁg 15%)

g Experience from a number of places in Africa has shown that most of the yearly soil loss often takes
7 place during a few dramatic rainstorm. Quoting from research in Zimbabwe. Hudson (1981) states that
50% of the annual soil loss occurs in only two storms and that, in one year, 75% of the erosion took
place in ten minutes !!! Near Ibadan, Nigeria, measurements of soil erosion showed that half of the
annual soil loss can occur with between two and seven storms (Lal, 1976). Thus, a few of the heaviest
rainfall events have been analyzed on an hourly basis. In Figure 4.20 are shown corresponding hourly
values for rainfall and runoff in Muhu for 7th and 8th of March during which period the highest 30-
min rainfall intensity during the whole water year was recorded. 28.6 mm of the 46.6 mm was recorded
within an hour.

The rainfall event results in a dramatic increase in the stream flow as expected with such a heavy
rainfall event. However, it is worth noticing that despite the fact that a total amount of 46.6 mm was
recorded within 3 hours (and 28.6 mm within % hour) the hourly total streamflow never exceeds
0.4 mm and less than 2 mm out of the 46.6 mm of rainfall leave the catchment during the succeeding
24 hours after the start of the rainfall event.

It is also worth noticing that the rainfall event took place in March, where the soil moisture content
s 2 normally is high and surface runoff is more likely to occur due to saturation during the rainfall events.
In this case 120 mm of rain had fallen the preceding 7 days before the actual event. Hence, it may be
expected that the soils have reached saturation, Thus, the surprisingly small amount of surface runoff
may be due to good physical features of the soils in particular a high saturated hydraulic

conductivity. This is supported by earlier measurements of the saturated hydraulic conductivity in
Muhu, as measured with a double ring infiltrometer, revealed values of 7.7 = 10”° m/s (= 277 mm/h)
for the topsoil and 4.2 « 10° m/s (= 15 mm/h) for the subsoil. As the soils do not show any sign of
sealing/crusting, the raindrop impact is not expected to result in a major decrease of the infiltration.
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Figure 4.20 - Corresponding hourly values for rainfall (mm/hr) and runoff (mmihr) 7th and Sth of
March, 1994, 28.6 mm of the 30.0 mm rain from 12 to 13 o' clock was recorded within ¥:-hour. and
was the highest recorded rainfall intensity within the 1993-94 water year.
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Figure 4.21 - Corresponding hourly values for rainfall (mmi/hr) and runoff (mmihr) 9th to 12th of
April, 1994 at Muhu. The total amount of rainfall during the period is 60.4 mm.
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Figure 4.22 - Corresponding hourly values for rainfall (mmihr) and runoff (mm/hr) ar 14th and [5th
.of February, 1994 at Mgera. The highest 30-min. rainfall was 21.2 mm.

For comparison between a cuitivated and a forested catchment the comesponding hourly values for
rainfall and runoff for Mgera on 14th and 15th of February 1994 are shown in Figure 4.22. Compared
with heavy rainfall event for Muhu shown in Figure 4.20 it can be seen that the responses are similar.
The slightly less abrupt increase in Mgera as compared to Muhu may partly be due to the less intensive
. rainfall. However, as discussed previously, a major part of the water recorded at Mgera may originate

g: from the riparian areas.

.. Although the runoff caused by this heavy rainfall event is small, it should be emphasized that it is an
" average value. Thus in special sensitive parts of the catchments, i.e. the steepest slopes and areas where
- the infiltration conditions are poor and/or the rain is easily directed to the streams, a much larger
percentage of surface runoff may occur. In this case special attention should be given to roads and
- footpaths. Based on observations in Muhu during the rainy season it is believed that a considerable part
of the erosion in the catchment takes place in connection with foot paths and roads, which both act as
a generator of surface runoff (due to low infiltration) and transport for surface runoff.

In order to illustrate the hydrological response from Muhu during rainfall events without very heavy
rainfall intensities, corresponding values of hourly values of rainfall and runoff during a three day
period from 9th to 12th of April, 1994 are shown in Figure 4.21. The total amount of rainfall during
the period is 60.4 mm, compared to 46.6 mm in Figure 4.20. However, due to more moderate rainfall
intensities it has a less dramatic impact on the hydrograph, but the total amount of rainfall leaving the
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wref! nly slightly lower than for the rainfall event in figure 4.20. This could indicate that a
‘ N— portion of the rainfall-generated runoff may originate from low lying areas close to the
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ection of water samples has so far been planned to take place monthly during the rainy
-and every second month during the dry season as litle variation in the water quality is
uted to take place during this period as the water almost solely criginates from groundwater.
: {samples have been collected at the outet of each of the 4 catctunents, including Ihaka.
Bermore, in Muhu catchment, samples are coflected close to the residential area where villagers’
pach water for domestic use and, in Mgera catchment, where the stream leaves the forest reserve
Porder to be able to assess the impact of the lower, cultivated pan of the catchment on the water
ity. The collection points are indicated on the maps in figures 3.1 to 3.4,

f ﬁformnately some logistical problems implied that no samples were collected during the months

LW

Miof November and December 1993 and January, February and April 1994, Thus the results so far
T bnly contain few samples collected during the rainy season. Thus. water samples collected in

¥ December 1994 are included aithough this is outside the period which is generally covered. The

l-months where water samples have been collected are indicated in table 5.1,

- § Month I un*9'_;; Jul93 | Aug-93 |Sep-93 | Oct-93 | Mar-94 | May-94 1 Jul94 | Oct-94 | Dec-94
1 Mu!\u gauging X x x X X X X X x X
station
_§ Muhu residential X x X X x T
area
X x X % X % X X % x
X X X X X X X X X X
X X X X X X X X X
x x X x x X X X X x
'

All the water samples have been analyzed by the Regional Water Engineer’s water quality laboratory
1n lringa. The analyses include physical, chemical, and microbioiogical analyses, as seen i table 5.2.
The most important parameters in relation to evaluation of the impact of different types of land use
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. Table 5.2 - Water quality results for water samples collected from June 1993 to December 1994, The
" values for all measured parameters are average values for all the samples collected during this period.
- Unit Maximum | Mgera Genda- |Ihaka |Muhu
- permis- vaki
' sible ; . ) ) )
- amount’ Gaggmg Forest Gat‘lgmg qufgmg qufgmg Resi-
station station |staton |station |dental ‘
L) aca
- Number of samples 9 10 10 10 10 6
- PHYSICAL TESTS
= Colour myg Pyl 50 158 (230 {340 |168 |443 | 140
- Turbidity NTU 30 8.1 14.0 147 14.6 2600 | 134
- Conductivity uS/cm 36 32.0 24,7 38.0 253 264
- pH at 25 °C °C 6.5-8.5 6.9 70 7.0 6.9 6.9 72
- | CHEMICAL TESTS
= Alkalinity myg CaCOy!I 61 124 [120 |10 [138 |136
- Hardness mg CaCOy/I 600 483 1350 358 200 |3rs 418
- Calcium mg CaCOyl 300 28 35 3.5 32 | 26 2.1
- Magnesium mg/l 9.9 6.3 6.6 6.8 78 8.7
- Chiloride g/l 200 1.7 0.6 1.7 1.1 12 0.94
- Sulfate mg/l 600 06 | 03 L1 0 065 | 0.52
- Fluoride mg/l 8.5 005 | 016 | 014 | 019 | 008 | 025
- Amimonia mg N1 04 004 | 006 | 005 | 007 | 0065 | 0.04
] Nitrate mg N/ 11 013 | 003 | 022 | 011 0.14 | 0.09
Niaite mg N/ TR® TR TR TR 0.003 | 0.001
B Iron mg/l 1.0 ND* | ND ND ND ND ND
"l: Manganese mg/l 0.5 0 TR 0001 | TR 0003 | 0.02
'L Permnanganate KMnQ,/1 20 5.0 43 3.4 3.7 34 3.9
. Value ‘
- MICROBIOLOGICAL TESTS
- Total coliform nos/100 ml
- Faecal coliform  {nos/100 mi 4 &8 95 98 120 108 159
- a)  For water supply according to Tanzanian standard
- b) ND: Not determined, TR: Trace
.
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Figure 5.1 - The variation in rbidity (NTU). Where there is no column, there is no measurement.
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Figure 5.2 - The variation in faecal coliform (no /| 100 ml). Where there is no column, there is no
measurement.
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and management practice (including use of soil and water conservation measures) on the water
quality are:

1) Turbidity:

This parameter will give an indication of the transport of suspended material in the water. Turbidity
may be caused by a wide variety of materials brought to the streams from the adjacent areas where
farming and other activities disturb the soil. Under heavy rainstorms, considerable amounts of topsoil
may be washed to the streams. Much of the material is inorganic in nature and includes clay and
silt, but a considerable amount of organic matter may be included t0o. As there is often a rather good
comrelation hetween the turbidity and the sediment transport, the turbidity can give at least some
relative indications of the rate of soil erosion. Furthermore, high turbidity is one of the main reasons
that villagers do not accept water from a certain source.

2)  Colour:
The colour in the water originates from contact with organic debns in various stages of decomposi-
tion and inorganic elements as e.g. iron which is often one of the major colouring agents.

3) Ammonia. nitrate. and phosphorus:

This will give an indication of the amount of nitrogen removed from the fields by surface runotf
(rainy season) or through leaching (most easily evaluated during the dry season when there is no
surface runoff). Phosphorus has not heen measured so far due to lack of chemicals.

4)  Faecal coliform:

The presence of faecal coliform indicates faecal waste contamination by warm-blooded animals,
mainly humans and livestock. It is a waming of more recent and more hazardous pollution than the
presence of total coliform. Faecal contamination, which is the main cause of e.g. diarrhoea, dysen-
tery, and typhoid fever, is the most commmon probiem in relation to health risk caused by poor water
quality.

The quality of the data is in general assessed to be good. However, there are a few surprising
fluctuations in the e.g, the nitrate and ammonium content during the dry season, which may retlect
a measuring error, The laboratory has been given some blank specimen for analyses, but the results
were not ready at the time of writing. Corresponding analyses of some samples at another laboratory
would also be advisable. Otherwise possible errors may be difficult to detect.

5.2  Analysis of results

In table 5.2 are given the average values of the parameters for which the water samples have been
analyzed. The table includes all analyses carried out since the collection of water samples were
initiated in June 1993. During the following discussion of the results the parameters most relevant
in relation to evaluation of water quality from different types of land use (a4s mentioned in section
5.1) will be emphasized.
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From table 5.2 it appears that faecal coliform counts are the only parameters that are above the
permissible limit - far above as the lowest average value is 78 nos/100 ml (Mgera gauging station)
as compared to the highest permissible value of 4 nos/100 ml. However, it should be mentioned that
even the water from many water supply schemes often contains more than 4 nos/100 ml and during
the preparation of the Water Master Plan in the early 1980°s analysis of a large number of natural
sources in Mbeya Region revealed that 45% had 0 E.Coli per 100 ml, 36% had 1-100 E.Coli per
100 ml and 19% had more than 100 E.Coli per 100 ml (URT/DANIDA, 1982b).

The highest value for faecal coliform is found at the most critical location, namely the residential
area at MUHU, where a large number of villagers from Bomalang’ombe fetch their water. On the
other hand it is not surprising that this is the location with the highest microbiological contamination,
as this is the sample point with the expected highest human and livestock activity (mainly guinea
pigs, chicken and goats). There are three farmers that graze their cattle in the sub-catchment upstrean
the point of sampling, and there is a cattle-watering point next to the stream, which certainly is an
obvious source for severe bacteriological contamination of the stream. Furthermore, it is quite likely
that the cattle from time to time drink water direct from the stream. Water is fetched from small
water holes, and, as experienced from many similar places, the fetching of water itself is often a
source of pollution.

The high rate of microbiological contamination corresponds very well with the fact that diarrhoea
is a very severe problem in Bomalang'ombe. and that very few people boil their water. Thus to
improve the water quality in the area, the possible sources of microbiological contamination should
be identified. and as a starting point is it proposed that no cattle should graze in the sub-catchment
upstream the point of collection of water for domestic purposes. Presently cattle of a few people
are a health risk to a larger number of villagers.

Although the highest faecal coliform counts are found at the residential area, they are very high for
all 6 locations, and aithough there is a considerable variation in the values from one sampling to
another for each of the six locations all values are far above the maximum permissibie value of 4
counts per 100/ml, meaning that the water at all 6 locations is continuously microbiological
contaminated. It should be mentioned that cattle drinking water close to the gauging sites have been
observed at both Gendavaki and Mgera.

Regarding the microbiological contamination at the forest boundary in Mgera catchment, it is
surprising that the level is so high, actually it is higher than the contamination at the gauging site
at Mgera, where part of the water originates from the cultivated area at the lower part of the
catchment. However, during the last visit to the project, it was found out that the technician no
longer collects the samples at the boundary itself but quite a distance from the boundary where there
is vinyungu cultivation, claiming that there is no longer a permanent stream at the boundary where
water can be collected. This is of course unfortunate, when the aim is to compare water originating
purely from the forest with water which has been influenced by agricuitural activity. A new
collection point has now been selected a few hundred metres inside the forest which will ensure that

~ the analyses will represent the conditions in the forest. Regarding the high content of faecal coliform

at/near the boundary, the flow of water here is much less than at the gauging station. This implies
that the same amount of pollutant added at this point will result in a much higher concentration. This
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may partly explain the higher amount as compared to the gauging station. Analyses of blank
specimens have been made recently to check the reliability of the microbiological analyses but the
results were not ready at the time of writing.

The amount of faecal coliform varies considerably during the monitoring period as shown in Figure
5.2. This is to be expected, as a single/few sources can cause a considerable rise in the faecal
coliform content, and therefore considerable fluctuations even within the same day will be common,
Generally the lowest content is found in the samples collected during the dry season 1993,

Regarding the turbidity and colour the highest values are found at the gauging station at Muhu. The
high turbidity at this location corresponds very well with the fact that a considerable sediment
transport can be observed here the year round, so that desilting is necessary every time during the
weekly visit to the site in order to maintain a proper control for the measurement of discharge. The
sedimentation is considerable even during the dry season despite the fact that there is very little
surface runoff from the cultivated fields during this period. Increased bank erosion, among other
things as a result of vinyungu cultivation could be a likely explanation. However, the average values
given in table 5.2 are still below the pemissible values, but from Figure 5.1 it can be seen that for
the two first water samples from this location the wrbidity was above the permissible value, and
that the value for colour was close to the permissible value. From Figure 5.1 it can also be seen that
tor the other locations none of the samples have values for turbidity and colour above the permissible
limits.

From Figure 5.1 it appears that the turbidity measured at the gauging station at Mgera is considerably
lower than from the cultivated catchments and from the Muhu gauging station in particular. The
existence of a swampy area in the lower part of this caichment is helieved 1o be one of the major
reasons for the low turbidity at this point. The surprisingly high turbidity at the forest boundary is
probably due to the fact that the samples have actually been taken outside the forest boundary as
discussed previously. However, it has also been observed that a considerable amount of fine organic
material, with low specific gravity, is transported in the stream inside the forest even during the dry
season where the flow velocity is low.

In contrast to the microbiological contamination, the values for colour and turbidity are rather low
at the residential area at Muhu, which may reflect the protection of the stream that has been initiated
at this upper part of the Muhu catchment. Unfortunately the technician from the water quality
laboratory has not collected samples at this location for most of 1994. However, collection of
samples at this point will be re-initiated, and this location will be given special attention due to the
high priority this part of Muhu catchment has been given by the village govemment and HIMA.
Since the last water sample was collected here in October, most of the vinyungu cultivation here
has been abandoned, and regeneration of natural vegetation. mainly grasses, has taken place, acting
as an important buffer zone for material transported from above, At the same time the area itself
does not act as a source of pollution. Thus it will be interesting to follow which effect this may have
on the turbidity and the water quality in general.

It should be emphasized that most of the samples have been collected during the dry season. In the
coming water year, a higher collection intensity is planned to take place during the rainy season in
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order to get abetter picture of the water quality, especially the turbidity, during heavy rains, as that
will give a beter idea of the extent of soil erosion in the different catchments. It is also proposed
that the weekly siltation at Muhu should be measured (in terms of buckets filled with sediment) as
this at least will give u picture of the relative variation in the amount of sediment transport.

It was planned that a regular sediment sampling programme should be included in the monitoring,
in order to get 4 more precise estimate of the extent of erosion/sediment transport. Such monitoring
includes a lot of visits to the site, and it was felt that it would be too much to include it tfrom the
start of the monitoring. However, as all the other activities now have become routine for the
technicians, ad as the use of local observers has worked well. it is felt that it is the time to include
sediment sampling in the monitoring programme.

" Regarding the chemical composition of the water samples. the chemical pollution of the water is

not a problem. However. it should be noted that no analyses of pesticides have been carried out 50
far. As the use of pesticides. in the vinyungu cultivation in particular, may constitute a health risk.
it is proposed that analyses of pesticides should he included in the monitoring. It is proposed that
the agricuituml unit makes a small survey of what type of pesticides (fungicides, insecticides und

herbicides) wre used by the famners and at what time of the year and then include analyses of these -

types of pesticides in the water quality analyses during this water year (1994-95). The Government
Chemist in Dar es Salaam has got a new laboratory in September 1994 and is now able to analyze
the water for a number of pesticides.

Furthermore, it should once again also be emphasized that most of the samples originates from the
dry season and therefore do not give a sufficient infonmation on the chemical composition duning
periods with heavy rain. However, the few samples collected during periods with rain (18-19/3 and
5-6/5 1994), also contained very small amounts of ammonium and nitrate - far below the permiss-
ible level. The low level of amnmonia (0.04 to 0.07 mg/M) and nitrate (0.03 to 0.22) during the dry
season also indicates that very small amounts of nitrogen are leached out of the root zone. For
instance, with a yearly runoff of 393 mm the average contents of ammonium and nitrate of 0.065
g N/t and 0.44 mg N/I at Muhu gauging station corresponds to a yearly leaching of 0.8 kg N/ha.
which is surprisingly low. This indicates a soil with a low availability of nitrogen.

For comparison it can be mentioned that it is not unusual to find nitrate concentrations of 10 mg N/
in the streams in Denmark and that 20-50 kg N/ha is leached yearly - especially on sandy soils. This
is mainly ascribed to the very high rates of application of manure and artificial fertilizers in Denunark
and due to the fact that leaching is taking place outside the growing season, which is normally not
the case in the monitored catchunent due to the lack of surplus rainfall outside the growing season.
Due to lack of chemicals no analyses ot phosphorous have been carried out, but hased on the low
content of nitrogen the phosphorous content is also expected to be very low,

The alkalinity and the content of calcium and magnesium vary only little hetween the different
catchment. As these parameters mainly are determined by the type of soil profiles and the geological
formations (and liming where it is practised), this could indicate that the parent materials are simifar
in the catchments.
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