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A A ;‘ Three Aquifer Groups of Malawi
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Kidd (1983) Neuland (1984) Drayton (1984)
Time Period 1954 to 1979 1954 to 1979 1953 to 1974
Precipitation (mm) Inflow 1414 1374 1350
River discharge (mm) Inflow 1000 693 693
Evaporation (mm) Outflow 1872 1605 1610
Discharge from lake (mm) Outflow 418 404 334
Change in Storage +112 +58 +59
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precipitation estimates were obtained from the TRMM 3B42 (Huffman, 1997; Huffman,

2012; Huffman et al., 1997; Huffman et al., 2007; Hufman et al., 2001; Huffman et al.
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Recession limb

+ Precipitation

+ Surface water (mainly GW baseflow)

- Evaporation

- Outflow to Shire River (controlled by barrage)
- Direct GW abstraction near-shore

Rising limb

+ Precipitation

+ Surface Runoff

+ Groundwater discharge

Inflection point

Rate of decline

1) Decline in recession limb due to evaporation, outflows
to rivers and near-shire groundwater abstraction

2) Increases in volume of water in the Lake is from precipitation
in the dry season and GW baseflow to rivers

Lake level /m

3) The rate of lake level decline can be attributed to a change in
_river/ GW baseflow (after adjustments due to increases in water
released for energy purposes at the barrage) and evaporative losses

Recession period [

Wet season Dry season Time
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Table 3: Storage reserves estimates (Robin et al,
WRA Storage Reserve (1§ Annual Average BFI* Rank
Fractured | Weathered Storage BFI
rock rock
aquifer aquifer

1 1.27x10 0.64 5 5
2 1.75x10 0.32 14 14
3 3.55x10 0.57 8 7
4 2.00x16 2.27x10 0.49 4 9
5 1.91x16 4.14x10 0.68 1 4
6 2.97x10 2.47x10 0.37 3 12
7 7.88x10 3.07x10 0.73 2 3
8 5.01x16 8.85x10 0.60 7 6
9 3.15x16 4.22x10 0.51 6 8
10 1.23x10
11 1.99x16 0.45 13 10
14 3.18x16 0.39 10 11
15 2.77x10 0.33 11 13
16 3.47x16 0.73 9 2
17 2.73x16 0.78 12 1

*calculated using Kelly et al (2020) average annual BFI values in Table 3.
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Baseflow (n¥/s) Surface flow (n¥/s) Total Discharge (n¥/s)

November 55.71 34.68 99.40
December 157.26 126.09 283.35
January 315.99 257.38 573.37
February 449.01 363.04 812.05
March 478.38 365.50 843.87
April 384.95 262.46 647.42
May 269.51 33.52 303.03
June 174.52 19.94 194.46
July 139.25 15.53 154.46
August 113.97 12.35 126.32
September 88.81 9.47 98.29
October 69.54 7.29 76.83
Annual 229.04 128.01 357.06
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Abstract

We apply a global hydrological model, the Community Water Model (CWatM), to Malawi. To effectively
OADPOAOGAT O - Al AxEB O x AOA@sobibdiedid AAC@dtM(5abc mhlted@blulionA E E C
with MODFLOW (5km resolution), enabling a higitesolution, national surface and groundwater model. Semi
OOOOAOOOAA OOAEAET T AAO ET OAOOEAxO xAOA AT 1T AOAOAA Oi
identifying key adjustmerts that reflect national water resources. Model modifications were implemented

based on stakeholder engagement. Notably, we implement modifications to account for srdadlider

ACOEAOI OOOA AT A OAAI AT &8 xAOI AT AOG8 onké@ddish iAciudeds el OAA O A
model was developed to include pilatrine sanitation, used by over 90% of the population. Spatial variation

within domestic water use, both source and quantity, between urban and rural areas was also incorporated.

Such model modfications significantly improved model performance, we suggest similar developments should

be considered in modelling national water resources in otheBouthern-African countries.

Basinwide scale model validation was undertaken by comparison with remote sensing observations of
evapotranspiration, precipitation, and changes in total water storage (using GRACE Satellite data). Model

calibration was undertaken by comparison to river dscharge data at 35 national discharge stations.

We model that 652km?3 of available groundwater was stored within aquifer units in Malawi by the end of 2009

(the currently available estimate of groundwater storage in Malawi is between 96.7 and 1,108 km3). Our

puvp



model shows a consistent decline in groundwater levels since 1980 (the beginning of our study period). In

total, we estimate a decline of 17.8km3 in groundwater storage in Malawi from 198R009, raising significant
concerns for future water security in thecountry. Not only does this model provide unprecedented insight into

-Al AxEBO xAOAO OAAOOEOUh DPAOOEAOI AOI U OACAOAET ¢ OEA

development will enable forecasting of future water security issues under cliate and socieeconomic change.
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1. Introduction
1O | ZFOEAA3O OEEOA 1 AOCAOO 1 AEAh AT A OEA EZEEOE 1 AOCA
-Al AxE 1T 0 ,AEA . UAOAQ AT T ETAOAO -Al AxEGO0 xAOAO OAC
OO0O0OZAAA xAOAOSO AT I BEJOMAN AN GER ONTAOIAQODND CEAOEAMO 11 00 b
over 80% of domestic needg¢Graham and Polizzotto, 2013)Within domestic water dynaVICS rural
communities are typically more reliant on groundwater; it is estimated that 82% of the rural ppulation and
20% of the urban population depend on groundwater to meet their water needs (Chavula, 2012). This makes
rural communities particularly vulnerable to reduced groundwater levels in the dry season as well as
declining groundwater tables (Adams ad Smiley, 2018). Groundwater dyn&lICSalso have significant
consequences for surface water security, playing a critical role in river flo@elly et al., 2020)and influencing
, AEA - Al AxE3 0O x A OGnfpeep),ifukhi@rfeimphasizidgithéif implr@ncdih tAehconsideration of
ATU AOPAAO T &£ -Al AxEBO xAOAO OAOTI OOAAO8 51 AAOOOAT AE
COEAET ¢ OOOOAET AAT A xAOAO bBI1 EAU8 9 A Gdsourtds @pdindalgel) E E C

understudied and misunderstood (Kalin et al., 2022).

-TTEOI OET ¢ AT A APPOI POEAOA 1 ATACAT AT O T &£ -Al AxES0O C
groundwater monitoring (Mleta, 2010; IGRAC, 2013; Kalin et al., 2022). There is little contiguous, reliable, and
sustained data on groundwater management in Mawi (Kalin et al., 2022). Some of the barriers to reliable
groundwater monitoring arise from challenges in infrastructure. Whilst Malawi currently has 71 groundwater
monitoring wells nationally, the network of monitoring wells is troubled by vandalism andnsufficient or

failing equipment, e.g. data loggers (Kalin et al., 2022). Since construction of monitoring wells began in 2009,
at least 10 are already known to be noffunctional due to vandalism (Kalin et al., 2022). Monitoring is also not
appropriately distributed with some regions having no groundwater monitoring, (Mleta, 2010), therefore
limiting national level groundwater assessment. Even where infrastructure is available, regular monitoring is
limited with data often not being appropriately downloaded and stored (Kalin et al., 2022). Challenges in
appropriate data management and coordination of groundwater monitoring data has identified as barrier to
monitoring not only within Malawi but across the Southern African Development Community (SADC) (IGRAC
2013). Finally, with the earliest monitoring networks only being established in 2009, even where reliable data
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is available, insight into longterm groundwater trends cannot be provided(Kalin et al, 2022). Consequently,

Ol AROOOAT AET ¢ T &£ OEA AOOOAT O NOAT OEOU 1T &£ AT A EEOOI
I AAEET ¢C8 4EA T17T1U AOAEI AAT A TAOQETT AT AOOEI AGA T £ - A
Pl AAAO - Al A x Esfofage@et®deri96.A & 1,108 km? (not including the saturated thickness of

each aquifer unit)(Kalin et al, 2022) Anecdotal evidence points to sustained groundwater decline impacting

water access (personal correspondence), however, there is currently no data to support this. National level

and long-term data is needed to inform decision making and guide water managent. The lack of

understanding of both quantity and trends in groundwater availability limits effective and informed policy

making.

Hydrological modelling can provide a system to fill this knowledge gap. ThroughEi O1 AOET ¢ xAOAO
AUF AA3 EUAOT T T CEAAT 1T TAATTETC AAT ET &£ Oif O1 AAROOOAT AE
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Specifically, this study addresses the following research questions:

1) Can stakeholderinformed hydrological models better represent water resources within a sutsaharan
African basin?

2) TEAO EO OEA OOAOOO 1T &£ -Al AxEBO CcOiI O1 AxAOAO OAOGIT ¢
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2. Methodology

2.1 Context andtudy area

Lake Malawi Catchment ] ]
- This study focuses on the Lake Malawi
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catchment and Shire River <catec

. EO EO OEAOAAE OA AAT O
respectively. Makor | akes and
water security (Nhamo et al., 2016)
Whilst the LMSRB lies mostly within Malawi, the LMSRB is a transboundary system with ~21% of the
catchment lying in Tanzania and ~10% in MozambiquéBhave etal., 20203 ! O OEA , 3-2" AT Il E

water resources, this study focuses on water management scenarios within Malawi and their influence on the

The region has a mild tropical climate with a rainy season (November to April), in which it is estimated that
95% of precipitation falls (Streefkerk et al., 2022) and a dry season (May to Octobe(Yincent et al., 2014)
Throughout the dry season (MayOctober), groundwater plays a particularly important role in sustaining river

flows, making up to 97% of river flow through baseflow(Kelly et al., 20198 3 AAOT 1T A1 OAOEAOQEI
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hydrology is also exhibited in seasonal wetlands (dambos) that delay groundwater baseflow expression by
buffering precipitation events (Kalin et al., 2022) Within the LSMRB, Lake Malawi is the biggest storage of
surface water, with a volume of 8,400krf. The Kamuzu barrage, built in 1965, regulates lake outflow to the

Shire River, controlling both Lake Level and contributing to flood controlSehatzadeh et al., 2017)

-Al AxEGO 1T ATA AT A xAOAO OOA EO AT i ETAOAA AU ACOEAOQI
2021 (World Bank, 2024). The majority of agricultural land is used as cropland, making up 47.75% of total

land area use in 2019 (Li et al., 2021 )accurately representing the nature of agriculture and crop growth

within a model is critical. A large portion of agricultural land within Malawi is used for smallholder,
OOAOEOOAT AA ACOEAOQI OO0OAN wnbkp DAOAAT O istedEe fardrsANPES O DI
2020). Smallholder farmers typically operate rainfed agriculture, however, smallholder irrigation has been
significantly increasing (Mapemba et al., 2020); an estimated 41,053 hectares of Malawian smallholder land

was under irrigation in 2016, rising to 59,655 hectares in 2019 (Chafuwa, 2017; Government of Malawi, 2019).
Expansion of smallholder irrigation has been specified as a critical priority by the Government of Malawi, with

a target of an annual 2% growth in smallholder irrigaton (Wiyo and Mtethiwa, 2018). Since 2004, smallholder
irrigation has been growing at half of this targgtl% annual growth) (Wiyo and Mtethiwa, 2018). However,

the type of irrigation system varies between commercial and smallholder farms. Whilst commercial farms

typically implement high-cost irrigation technologies such as motorised sprinklesystems (Wiyo and

Mtethiwa, 2018), irrigation systems used by smallholder farmers generally are gravitfed systems (47%),

treadle or motorized pumps (43%) (Government of Malawi, 2019; Wiyo and Mtethiwa, 2018), and watering

cans (10%) (Government of Malawi2019).

2.2 Stakeholder engagement

This work sits within an ongoing process of stakeholder engagement spanning over 20 years, forming part of a
partnership between the Scottish Government and Malawian Government under the Climate Justice Fund

Water Futures Program. Ongoing work has developleunderstanding of groundwater and surface water
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resources, notably resulting in a revised Groundwater Atlas which has contributed to the much of the

conceptual understanding of the water dynMICSwithin this paper (Kalin et al., 2022)

Directed stakeholder consultation was sought to guide themodelling process, enabling the development of a
model more relevant to the context and tailored to stakeholder needs. Three key stakeholders were identified
from both governmental and norgovernmental organisations and provided personal opinions and
perspectives ;m water management in Malawi. The organisations were Baseflow, a ngevernmental

Malawian groundwater social enterprise; the National Water Resources Authority (NWRA), a government
appointed body monitoring and managing water resources; and the Ministry of Water and Sanitation. These
organisations were selected to provide engagement with both governmental and nagovernmental
organisations, to interrogate a range of opinions and approachés water management, and to gain expertise

AOI T OI OOAAO OADPOAOGAT OET ¢ OEA ODPAAOOOI 1T A& AAOI OO0 EI

Stakeholder engagement was conducted through seratructured interviews. The interviews focused on
gaining insight into what stakeholders perceived to be significantonsiderationsfor water management,
particularly focusing on groundwater, both currently and in the future. During interviews, the overall model
structure of CWatM was discussed, stakeholders were encouraged to comment on the model structure,
identifying gaps and areas whee the model should be tailored to the context. Space was also given for
stakeholders to identify areas where future hydrological modelling would be most beneficial. The interview
guestions, through which these comments were collected, are provided in ti8ipplementary Information.

Following stakeholder interviews, feedback was evaluated and categorised into thematic groups.

2.3 CWatM Model Initalisation and Modification

This research used the operaccess, hydrological Community Water Model (CWatM) (Burek et al., 2020). The
CWatM enables the integration of multiple hydrological processes and water management scenarios. Both the
default and stakeholder model were run at aigh resolution of 5-arc minutes (approximately 10km at the
equator) for the basin. The representation of Lake Malawi within the CWatM was modified for both models to

account for the presence of the Kamuzu Barrage and regulated lake outflow which has sigpaifit implications



for river flow. A regular discharge, different in the dry and wet season, as a proportion of the lake volume was

set based on literature estimate¢Bhave et al., 2020)

The model was run from 19652009. The start date of model simulation was determined as after the

construction of the Kamuzu Barrage, built in 196%Sehatzadeh et al., 2017)The end data of simulation was
determined due to the availability of consistently measured historical meteorological data for 1962009. The
AEOOO pu UAAOO 1T £ OEIGHGSAGEAQGE 1xAA OON OGN A CE GFE GOEPAE TC O

1980-2009 are evaluated here.

A stakeholder informed model was developed based on stakeholder feedback and knowledge surrounding the

hydrological context. Figure 2 provides an overview of the use of stakeholder feedback in the modelling
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Area of Modification Rationale Method of modification
modification
Hydrological / Groundwater Within the CWatM model, there is The CWatM hydrological model was
geomorphological 1 AOAOAT . no lateral flow within coupled with the three-dimensional
representation groundwater (Burek et al., 2020). finite -difference groundwater flow
This particularly holds back model MODFLOW at 5km resolution to
modelling of groundwater table as outlined by Guillermont et al., 2022
depth. (Langevin, 2017; Guillaumot et al.,
2022).
Aquifer Aquifer porosity and thickness A shapefile of the three main aquifer

DOl PAOOE.

Wetlands/
$AT AT O =

impact groundwater flow
regimes, particularly influencing
groundwater-surface water
dynaMICS(Kalin et al., 2022).
Porosity and thickness vary
between aquifer types.

O$ Al AT OB
hydromorphic soils) act to retain
water (Kalin et al., 2022; von der
Heyden, 2003) thereby strongly
influencing groundwater
dynaMICSand surface water
flows.

i xAOI AT

units in the study area was generated
to capture the dynaMICSof the
hydrogeology of the study area (Kalin
et al., 2022). The main aquifer units
considered were: consolidated
sedimentary rock units,
unconsolidated sedimentary units
overlying a weathered basement, and
weathered basement units overlying
fractured basament. Based on
literature estimates, aquifer porosity
and thickness estimates were set for
each aquifer type (Kalin et al., 2022)
and used to create a hetergeneous
raster file of aquifer thickness and
porosity. The given values selected for
the aquifer units are summarised in
Table 2.

To simulate the water retention within
wetlands, a wetland shapefile was
generated using satellite imagery to
identify areas as wetlands. In wetland
areas, the channel gradient was
reduced and the channel length was
increased to simulate longer water
retention times within these areas.

Water management

Domestic water
abstraction
source
(groundwater vs
surface water) *

There is significant variation in
the source ofdomestic water use
in urban and rural areas with a
more substantial reliance on
groundwater in rural areas.
Groundwater is estimated as the
main water source for domestic
use for 82.3% of the rural
population and 19.8% of the
urban population (Chavula,
2012).

A raster file for the basement was
developed at 5 arc minute resolution.
Regions within Malawi were
categorised as urban or rural.

In urban areas 80% of water demand
was assumed to be met by surface
water (reservoirs) and the remaining
20% from groundwater. Within rural
areas 20% of water demand was met
from surface water (reservoirs) and
the remaining 80% was supplied from
groundwater.
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Domestic water ~ Urban areas have highpercapita ! OAOOAO EFEI A 1T £ -
demand * water consumption rates (mainly  divided by rural and urban areas
due to differences in sanitation (Hinton et al.,in review) was multiplied
and hygiene practices). Rural per by estimates of domestic water
capita daily water requirementis  withdrawal and consumption
estimated at 36L (Mkondiwa et requirements for urban and rural

al., 2013) whilst the urban populations. Rural consumption was
requirement (taking the case of assumed to be 36 L/person/ day
Blantyre City), is estimated as whilst urban consumption was
152L (Maoulidi, 2012 ). assumed to be 152 L/person/day.
Irrigation * Over 80% of the population of The percentage of land used for
Malawi practise smallholder smallholder farming was taken from
farming (NPC, 2020), making IFPRI Harvest Choice estimates (Koo €
smallholder agriculture an al., 2020).
important consideration in land
management. Due to the We assume that 5% of smallholder
seasonality ofprecipitation, most  land is irrigated (to the same intensity
agriculture in the dry season as commercially irrigated farmland). It
requires irrigation (Mapemba, was assumed that irrigation was
2020). evenly distributed among all land with

smallholder agriculture.

To account for the increase in irrigated
cropland, land classified (land use
raster file) as grassland was selected
for reclassification to irrigated

cropland.
Sanitation (pit- The majority of the population of  Where pit-latrines are used,
latrines) * Malawi uses pit latrines as their wastewater is routed to enter
primary sanitation source (Hinton groundwater recharge rather than be
et al., 2023). Wastewater is discharged into rivers. The percentage

assumed to be discharged into of the population using pit latrines was
river systems in CWatM; however, added as an additional variable, by

in the case of pitlatrines this default this is set to 92% (Hinton et al.,
wastewater enters soil systens 2023).

and into groundwater storage.
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Aquifer unit Porosity/%  Thickness/m
Consolidated sedimentary rock units 10 50
Unconsolidated sedimentary units overlying weathered basemen 25 35
Weathered basement units overlying fractured basement 5 25

2.4Validation and calibration

Basinwide scale model validation was undertaken by comparing model outputs with remote sensing
observations of precipitation and evapotranspiration, the major input and output (respectively) within the

model. These were obtained for the study area usingp@gle Earth Engine (Gorelick et al., 2017). Daily
precipitation estimates were obtained from the TRMM 3B42 (Huffman, 1997; Huffman, 2012; Huffman et al.,
1997; Huffman et al., 2007; Hufman et al., 2001; Huffman et al., 1995). Meanwhile, 5 evapotranspiratio

remote sensing datasets, at varying temporal and spatial resolutions, were used for comparison: NASA GLDAS
(Rodell et al., 2004), MODIS 500m (Running and Mu, 2015), Terraclimate (Abatzoglou et al., 2018), NASA
SMAP (Reichle et al., 2022), and PML_V2 (Bbeet al., 2019; 2016; Gan et al., 2018). The PML_V2 estimate
breaks down evaporation into 3 components (Ec, Ei, and Es), to evaluate total evaporation these were summed

(Zhang et al., 2019; 2016; Gan et al., 2018).

Manual model calibration was achieved through comparison on observed and simulated streamflow. River
flow data was provided by the Government of Malawi, Ministry of Water and Sanitation. Monitoring stations
on 35 rivers, representing all regions of Malawiwere selected for comparison. Only monitoring stations with

port



more than 15 years of data were utilised. Where multiple monitoring stations were available for a given river,
the monitoring station furthest downstream was selected. The monitoring stations and rivers are summarised
in Appendix Table lalongside thedates for which measured streamflow data was available. Ten major rivers
were identified as particularly important monitoring stations and are highlighted in bold. The locations of the

discharge stations (with major river discharge stations labelled) is shown in Figure 1.

North Lake Malawi catchment
Rukuru —

Shire River catchment

. Major river discharge station

@ Minor river discharge station
“~~Lake Malawi =

Ruo / \

N

0 100 200
— — ilOM eters

Fi gd4reStudy area, Lake Mal awi Shire River Basin

shown. Major stations are highlighted in red an

Model performance, comparing simulated to observed streamflow, was calculated using the Kli@gpta

Efficiency (KGE) in equation 1.

LO0p I p — p — piprqQ
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evaluate the model performance of the default model in comparison to the stakeholder informed model, KGE
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values at the 35 national monitoring stations were compared, evaluating the number of discharge stations in

which streamflow was adequately represented.

2.4 Total water storage

Changes in the total water storage, the volume of water stored within all surface water, groundwater, and soil
systems, were evaluated in the models. Remote sensing estimates via the Gravity Recovery and Climate
Experiment (GRACE) satellites were used talidate variations in the total water storage of the basin

(Swenson, 2012; Landerer and Swenson, 2012; Swenson and Wahr, 2006). The GRACE total water storage
estimates analysed differences in total water storage compared to the average total water stordgam 2004-
2009. To enable validation with GRACE satellite data, the total water resources for the basin modelled through
CWatM were compared to the average modelled estimates from 20@009. Three different datasets of GRACE
data from three processing cemnes were used: JPL (Jet Propulsion Laboratory), GFZ (GeoforschungsZentrum
Potsdam), and CSR (Center for Space Research at University of Texas). Total water storage change measured

by GRACE was compared to the default and stakeholder informed models.

To evaluate the fit of the simulated data to the GRACE data, four goodness of fit indices were employed to
better capture the difference characteristics of GRACE data in comparison to the simulated TWS (Akl and
Thomas, 2022): the KlingGupta Efficiency (K&), Root Mean Squared Error (RM$Bash Suttclife Efficiency
(NSE), and the Spearman Correlation (SC) (Akl and Thomas, 2022). These indices, summarised in Equations 1

4, were used to evaluate the performance of the default and stakeholder informed CWatM models.

YO YO -B ‘ ‘ i ¢q
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Where N is the number of data points, is the measured streamflowand * is the predicted streamflow,’ I,'E 0]
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2.4 Groundwater Storage

The model with the best performance was selected based on the number of discharge stations
adequatelysimulated as well as identifying the model with the best overall performance, across
multiple indices, for simulation of GRACE TWS data. The total groundwater storage was also
evaluated for the model with best performance. To estimate the equivalent grodwater table
height (m), the total volume of groundwater (n¥) was divided by the total basin surface area
(m2). Simulated groundwater storage from 19862009 was analysed to evaluate groundwater

storage change over time.

3. Results

3.1 Stakeholder engagement

All stakeholders identified the influence of a growing population, and meeting the domestic

water requirements of such a population, as a critical consideration for current and future water
management. There was a consensus among stakeholders that, eve@ @l ET ¢ A OAT 1 OOAT (
water supply, the growing population will result in falling water resources per capita, pushing

Malawi closer to water scarcity. The difference in water demand (both volume and source)

within urban and rural areas was also identified as critical consideration in national water

demand dynaMICS To meet future domestic water demand within urban areas, plans have been

developed to expand surface water abstraction through further dam construction and, notably,

by proposed developments to pipe water from Lake Malawi to meet the growing water

requirements of Lilongwe City (Lilongwe Water Board, 2018). Proposals to pie water from Lake

Malawi to Lilongwe city were mentioned multiple times by stakeholders as essential

considerations in future water managementO) £ EO x1 OEOh EO | AU AEAT CA «

supplyo 8

Within the context of domestic water management, the type of sanitation used was

acknowledged to influence both (ground)water abstraction, as water demands vary between

o L POX
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sanitation infrastructure, and groundwater recharge. Sanitation was also highlighted as a
significant driver within water quality due to faecal water contamination (Hinton et al.jn
review; Graham and Polizotto, 2013). It was even suggested that this could also influence the
demand for groundwater/ piped surface water, with the potential for people to prefer piped

water sources as sanitation infrastructure may contaminate groundwater sources.

The interface between surface water and groundwater was also mentioned as a significant
AAAOT O ET O1T AAOOOAT AET C - Al AxEB8O xAOAO OAOTI OOAAC
COl 61 AxABAO AT A OOOEAAAA xAOAO Ei -AilshxEB8O0 xAOAO

Agriculture was also identified as an important consideration in water management in Malawi
due to water use in irrigation (NPC,2020Mapemba et al., 2020). The impact of agriculture on
water management in Malawi was discussed as distinct for commercial agriculture compared to
smallholder agriculture through the differences in irrigation previously discussed. Planned

developmentstoincA AOA OEA A@OAT O T £ ATi1 1 AOAEAI ACOE I

o1 O
AAOTI 06 xAO T ATOETTAA AWEANAEBAIHTAGEAMOIA BT TAAETG -AA

water demand (NPC, 2020).

However, the importance of accounting for smallholder irrigation and smallholder agriculture

within models of water management in Malawi was identified as a critical component of

iTAATTEITC -Al AxEBO xAOAO OAOI OOAA@ padiceddy OEA A@(
over 80% of the population (NPC, 2020). Stakeholders iterated that the majority of smallholder

farmers practice rainfed, subsistence agriculture and do not have intensive irrigation, as seen in

more commercial farming sectors (Mapemba et 312020). It was highlighted that smallholder

farmers do implement some irrigation systems to enable agriculture during the dry season

when there is limited precipitation: OAT I T 00 A1 1 Oi AT 1 ET 1 AAO EAOI AOO |
EOOECAOQOET T h AObDAAE Atiwhsineniiédd&iEhat@groviegipush OwardO A A OT 1 6 8
solar-powered pumps for groundwater abstraction, increasing capacity for yearound
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irrigation as well as enabling groundwater abstraction in areas where it was previously

unfeasible, may have important consequences for groundwater abstraction.

It should be noted that land use and agricultural land management changes also have
implications for groundwater recharge. Industry was also mentioned as an area of water
abstraction that is highly connected with agriculture. Climate change and deforestation were
both mentioned as factors influencing groundwater recharge within Malawi but were mostly

discussed when considering future influences on groundwater management. The importance of

L L POw
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catchment restoration, reforestation, and alternative groundwater recharge initiatives was

highlighted as apotential future policy intervention in groundwater management.

The areas of modulation identified by stakeholders and sourced by literature are summarised in

figure 3.
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3.2 Model performance
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The major model inputs and outputs were identified as precipitation and evapotranspiration
(Supplementary Data, Figure 1). Basiwide validation of evapotranspiration and precipitation
was conducted by comparison to remote sensing data and was considergupeopriate, figures

are provided in Supplementary Information Figures 2 and 3.

Streamflow predictive performance was usedo evaluate model performance through the Kling
Gutpa Efficiency (KGE). Table 3 summarizes the model performance at predicting streamflow
for 35 discharge stations nationally. Cases where the streamflow was inadequately predicted
(KGE<-0.4) (EImi et al.,2024) are marked with an asterisk. Major rivers are highlighted in bold.
The average KGE value for all monitoring stations under the original model wa$.5263, under

the stakeholder informed model the average KGE value w&3.2206.
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3.3 Total Water Storage

Total water storage was calibrated against GRACE data. A comparison of GRACE data to total
water storage data under 4 goodness of fit metrics (Akl and Thomas, 2022) is summarised in
Table 4. For NSE, KGE, and RMSE, the stakeholder informed model providstebpredictions

of total water storage change for all sources of GRACE data (CSR, GZP, and JPL). The default
model had higher Spearman correlation for all sources of GRACE data. Both models under

predicted the extend of annual fluctuations in total wateistorage.

AAAA T T AT AOGO T £ YEO 1T £ OEI O1 AOGAA O1 OA1 xAOAO Oc¢
01 OAT xAOAO 001 OAcCA8 4EA 11T AAl xEOE OEA AAOO bPA-z
Ol OOAA T &£ '2'#% AAOA EO EECEER @H GAA ERAIA AIAIOORA O 64
DAOAI OI ATAA EI O .3%h +' %h AT A 2-3% xEEI OO0 OEA A}

#1 OOAI AOEIT T 8

Model Goodness of fitindex GRACE CSI GRACE GZI GRACE JPI
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+' % dp 8 Y w £ 8V 0o 4 8puy
2-3%F Al M8wWN¢ P8¢ p8pT
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As the stakeholder informed model had better model performance for streamflow data and for

GRACE data comparison, it was used to evaluate the groundwater storage change. The change in
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TWS compared to GRACE data for the stakeholder informed model is summarised in

supplementary information.

Xx8W -Al AxEB0 COI 6T AxAOAO OAOI OOAAO

4EA AEAT CA ET -AlT AxEB0 COI OT AxAOAO OAOT OOAARADO xAC
model, as this had better model performance for simulating discharge data and TWS. The

change in groundwater storage is shown in Figure 4.

From 1980-2010, there was a decrease in groundwater storage from an average of 670.4 km3 in
1980 to 652.5 km3 in 2009 (end), this represents a 17.83 km3 reduction over 30 years and a
loss of 2.66% of total groundwater storage from 1980. This corresponds #mn initial equivalent
groundwater table depth of 4.27m for 1980 falling to 4.15m by 2009, representing an 11.4 cm

average drop in groundwater table depth over the 30 years and an average decline of 3.79mm/
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year. A constant linear trend line is fitted (R= 0.908) as well as a local regression (loess) trend

line, span 0.75.
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4. Discussion

4.1 Stakeholder informed model of water resources

Hydrologic modelling can provide a valuable tool to enhance understanding of both current and

future water resources (Chen et al., 2021). It can be of particular benefit in areas whenesitu

data is limited due to logistical or resource constraints# E A OA O O g DA GrdubdwaAtérBh ¢ 1t ¢ ¢
an aspect of water resource management that can be particularly hard to monitor and manage,

typically requiring significant investment to develop groundwater monitoring wells which

subsequently require continuous management to ensure maintenance and gather data (Kalin et

al., 2022; IGRAC, 2013). In regions where there is limited groundwater monitoring data,

hydrologic models provide a way tdill the knowledge gap. Yet, despite the potential benefits of
appropriate modelling of water resources, particularly groundwater, many hydrologic models

groundwater resources { OET 1 AOI 1 . AO Al 8h c¢mc¢cg

Malawi is a context in which enhanced understanding a@froundwater resources is greatly

TAAAAA8 $AOPEOA CcOl O1 AxAOAO AARET ¢ A AAT OOAT AT I E
for over 80% of domestic water use (Graham and Polizotto, 2013), both the quantity and trends

ET -Al AxEB80 CcOI 01 A x Anknhvih (KaID et@IA 2022). Fhe lAck bfAOC AT U
understanding of groundwater is largely due to an inadequate network of monitoring wells,

which limit current monitoring, as well as there being no histeic measurements of

groundwater data (Kalin et al., 2022). Anecdotal evidence suggests that groundwater levels

have been declining, with some areas experiencing a drop of 1m groundwater/ year (personal
correspondence), however, such data is unable to guidational level policy decisions. Such a

lack of understanding of groundwater greatly restricts the ability for policy decisions to be

sufficiently informed as well as effective water management in general within Malawi.

Here, we apply to global Community Water Model (CWatM) to the Lake Malawi Shire River

"AOGET j,-32"q Ol ET & Oi O1 AAROOGOAT AET C 1T &£ - Al AxEG&
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#1 OAOET C wtb T £ -AIl AxES80 1 AT A AOAA AT A AAAT Ol OEI
OEA 1100 OEGCI EEAEAAT O AAOGET A1 O -Al AxES0 xAOAO Of
simulated critical components of the LMSRB (Bhave et al., 2020; 205Bthatzadeh, 2011) but no

O0OO0OAU EAO UAO AAOGAT T BPAA A 1 1TAAT 1T &£ OEA AAOGET 860
gaps and inform national policy, the model was coupled with the groundwater flow model

MODFLOW to better simulate groundwater dynslICS(" &1 1 AOI T O ). A mAdeldvas ¢ Tt ¢ ¢
calibrated with discharge data from monitoring stations on 35 rivers nationally and validated

with remote sensing data of evapotranspiration, precipitation, and total water storage. The

model failed to adequately simulate river flowin 29%d £ OEOAOO CAT AOAT T U AT A «

(10) major rivers, limiting inference into the model outputs.

30AEAET 1 AAO AT CACAI AT O xAO OOAA O1 EIT & O AT A Al
resources. A stakeholder informed modelling approach was used to modulate the CWatM to

AAOOAO OADPOAOGAT O - Al AxEB3 O x Adréctirediriteividwls@ad OE OT OCE
identification of areas for modulation. The stakeholder informed model incorporated context

specific modification of hydraulic properties (groundwater representation, aquifer properties,

AT A OEA DPOAOGAT AA 1T £ xAOI AT AOT Qdbrderhdticdd q Al 1T T COE/
(domestic water demand and source, sanitation, and agricultural practices). Model performance

for the stakeholder informed model was compared to the default model structure (both

calibrated and with MODFLOW and the Kamuzu Barrage represation). Overall, the

stakeholder informed model had much improved model performance; the stakeholder model

adequately predicted 89% of all discharge station streamflow data and 90% of the streamflow

at discharge stations on the major rivers.

These findings suggest that stakeholder informed modelling approaches are not only good

practice in hydrological modellingi %A AT AOh ADARBGOIc@pipg ET AAOOAO EIi B
DI 1 EAU OAAT I 1 AT AACERBIAD QRO MRED AH T8O ¢jm'¢dpaphi AOO A
PAOAEI Oi ATAA OEOI OCE Ei Ol OAA OAPOA@BI4EMOEATIOE £ |
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EECEI ECEOO OEAO OEEO APPOIi AAE AAT EAOA PAOOGEAODI A
EUAOI 1T CEAAT 1T TAAT O 1 AU PAOA&EI Oi OEA xi 000 AT A UA
¢m¢ecQq8 4EA 1T AENEAAQEI T O EECEI ECEORALEIED IOEEBAD x1 C
AEEAAOEOGAT U T TAATTETC T &£ -Al AxEB30 xAOAO OAOI OOAA
I OEAO AACEBAEBARGRHEDN MIEMA8 311 A T £ OEA 11 AENEAAO
AAGET O AOA OEAZEI AROOCECBEAGEDOPAADEDOOAT EOAOET T C

AAT AT O j xAOI AT AOGQs8

4.2 Evaluation of model performance

Of the 35 major stations used for measured and simulated streamflow comparison, streamflow
at only 1 station was inadequately represented in both the default and stakeholder informed
models, station 6D10 on the Dwanga river. The station is located within &er Resource Area
(WRA) 6, an area featuring many dambos/ seasonal wetlands (Kalin et al., 202Zbhe default
model consistently underpredicted water flow within this station, with simulated streamflow
falling to approximately O over the dry season andesulting in poor model performance. This is
likely due to an underrepresentation of baseflow within this region which, on average, accounts
for 97% of river flow in the dry season in Malawi (Kelly et al., 2020). The stakeholder informed
model generated a nodel modification to simulate dambos (seasonal wetland areas), these
geographic features increase water retention and, consequently, baseflow in these regions
(Kalin et al., 2022; von der Heyden, 2003). This resulted in an improvement in streamflow
representation for the two monitoring stations within WRAG, stations 6C5 and 6D10 on the
small- PAOAAUE AT A 1 AOCA $ Fddbtgidn 6CoFo0ReMpadd) AverptidsA OE OA T U:
modification resulted in substantial model improvement, from inadequate streamflow
prediction under the default model to adequate prediction under the stakeholder informed
model. However, after noting the modificéion, station 6D10 on the Dwanga river had an
overprediction of streamflow and inadequate model performance, suggesting ¢ine was too
strong a simulated influence of dambos at this station. Despite both models having inadequate

S L pPXY
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prediction of streamflow data, the stakeholder informed model did have an improved predictive
Pl xAOh OOCCAOOETI ¢ OEAO OEA ET AT OPT OAQEIT 1 &
resource modelling. Further work should build upon the representation bdambos within this
model, particularly with regard to the potential for heterogeneous representation of wetlands

influence to improve model performance in other contexts.

The change in TWS (total volume of water stored in surface water, groundwater, and soil
systems) was also evaluated for both models to evaluate model performance. This was
compared to remotely sensed estimates of TWS from GRACE satellite data (Swenson2201
Landerer and Swenson, 2012; Swenson and Wahr, 2006). For each model (default and
stakeholder informed), simulated TWS was compared to GRACE satellite data estimates of total
water storage using four goodness of fit metrics to better capture dyMdlCSin TWS and GRACE
data (Akl and Thomas, 2022). The stakeholder informed model had improved fit with the
GRACE data than the default CWatM simulation, with NSE values of 60381 and 0.22 for the
stakeholder informed model and default models respectively. THRSE value of the default
model indicated inadequate performance whilst the improved NSE value of the stakeholder
informed model is in line with literature estimates of moderate performance for GRACE data
(Tangdamrongsub et al., 2015). However, both modethid not fully capture the dynavllCSof

TWS measured by the GRACE data, with both underpredicting extremes in annual TWS change.
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2AAREAE ' + (ETOI1 eT QY

O

—



This may be partially due to the inherent challenges of applying GRACE data on the LMSRB due

to the very significant impact of Lake Malawi on TWS.

Overall, the stakeholder informed model had better model simulation of both discharge and
GRACE total water storage estimates than the default CWatM simulation, however, further

development could enhance the representation of both dymMalCSof streamflow and TWS.

4.3 Simulating groundwater resources

0OOET O O OEEO xi OEh OEA 171U AOOEI AOA T £ - Al AxEG
methodology to estimate- AT AxE80O COI O1 AxAOAO OOI OACA AO AAOxA
including the saturated thickness of each aquifer unit) (Kalin et al., 2022). We used the
OOCAEAET T AAO ET &1 Of AA 11T AAT O ET OAOOECAOA - Al AxE
model peformance. The model estimated53 km3 of groundwater storage in Malawi at the end

of 2009, falling within the range proposed by Kalin e&l. (2022). We show that there has been a

reduction in groundwater storage by 17.83 kmd over 30 years, representing a 2.66% reduction

in storage from 1980 and a reduction in groundwater storage of almost 1% each decade. The

annual reduction in groundwater storage of 0.594kr#/ year is a loss of approximately a third of

OEA OiI1OI A T &£ -Al AxEGO OAATT A 1 AOGCAOO 1 AEAn |, AE/

$AATETET ¢ COI O1T AxAOAO OO01 OAGCA DT OAO A OECT EEEAAI
availability, likely resulting in an increase in boreholes facing noifiunctionality or seasonal

water scarcity (Andres et al., 2018). Non functionality of boreholes isr@ady a pressing issue

Al O - Al AxEGO xAOAO OAAOOEOUh xEOE tmbkb | &£ AT OAETI
abandoned (Kalin et al., 2019). Meanwhile, high levels of seasonal water shortage further limit

water access, with 34.5% of boreholes under 10m g¢h experiencing seasonal water shortages

for one month or more per year (Kalin et al., 2019).

Fluctuations in groundwater storage between the wet and dry seasons, which result in changes

in seasonal water availability, are on average-8km3 annually, with an equivalent annual

o L pym
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change in equivalent groundwater table depth of 1-3.2 cm. The current fluctuations in
groundwater storage seen on an annual basis, that result in seasonal water scarcity, are
significantly less than total change in equivalent groundwater table depth th@sobserved from
1980-2009 of an 11.4 cm average drop in groundwater table depth. Each decade, Malawi has a
drop in the average groundwater storage table (3.8cm) that is more than is witnessed in even
the most extreme seasonal fluctuations (3.2cm), this cages cause for concern considering that
such seasonal fluctuations currently result imore than 10% of boreholesexperiencing

seasonal water shortagesind over 30% less than 10ndeep (Kalin et al., 2019) Sustained and
continuous depletion of groundwater storage in Malawi may result in many boreholes currently
experiencing seasonal water shortages having more prolonged periods of water shortage, whilst

boreholes with current year-round access may begin texperience seasonal water availability.

Interannual fluctuations in groundwater storage were also observed, with decadal fluctuations
in storage likely reflecting longterm metrological patterns of rainfall and solar intensity. This
has been observed specifically within Lake Malawi where groundater storage change
contributes to changes in lake level (Kalin et alin prep). Further investigation of patterns in

groundwater storage will be vital for appropriate groundwater management and policy.

4.4 Methodological limitations and future work

This study explores water dynMICSwithin a transboundary basin, the LMSRB, as a
OAPDOAOGAT GAGETT 1T £ -Al AxE8O0 xAOAO OAOI BDOAAOS
close stakeholder consultation with partners within Malawi, the model production and

calibration for in situ data, as well as stakeholder engagement process, is tailored specifically to
Malawi. This limitation is considered appropriate as 69% of the basin falls within Malawi.
Furthermore, the modifications made, notably those relating tdlomestic water and sanitation

as well as smallholder irrigation, are consistent with water resource management scenarios in

the transboundary regions of Mozambique and Tanzania. The model data is used to provide

ET OECEO ET O - Al AxB06 0 A AGAG\ xEDA GADOMA ARO AIA A AEA
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OEAOAAZEI OA AT T ETAOET ¢ AT 1 OEAARAOAOEIT O ET -Al AxEGBO
AT 1T OEAAOAA APPOI POEAOA &I O AgPITOEIC - Al AxEB0O xA
the transboundary nature of this basin and ensure transboundary cooperatiomidevelopment

of water resource management plans (Fraser et al., 2020).

The lack of national level groundwater monitoring stations limits the capacity for model
calibration and validation of groundwater levels (Kalin et al., 2022). Remote sensing of TWS
through GRACE data is utilised to provide some validation of groundwatetosage, however,

this was limited and does not model groundwater specific data. Model development with
alternative meteorological data, extending beyond 2009, could enable some comparison to
measured groundwater table depths, with the first groundwater moitoring available from

2009 (Kalin et al., 2022). However, even where groundwater table data is available it is highly
limited with incomplete data and little sustained monitoring (Kalin et al., 2022; Mleta, 2010).
Future work should consequently not onlyincorporate longer simulation to enable calibration
with groundwater table depth but should also be coupled with improvedn situ groundwater

table monitoring.

Whilst we assign a linear trend to groundwater decline, estimating approximately a 1% decline

in groundwater storage per decade, the longerm change in groundwater availability is likely to

follow a non-linear trend; non-linear population growth in particular is likely to influence

groundwater resources. Uncertainty in the future of water resources and a call for enhanced

modelling of future scenarios of water resources in Malawi was emphasised by stakeholders. A

need to better understand the implicationss £ Al Ei AOA AEAT CA OAAT AOET O 1
resources was expressed through interviews. Future work and model development should

simulate future scenarios accounting for multiple scenarios of climatic and socioeconomic

change. Future model development sbuld also account for changes in government strategy and

o pPUg
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different policy scenarios, focusing particularly on agricultural development and irrigation

policy scenarios, to provide a better framework for future water management scenarios.

The addition of dambo/ wetland areas improved model performance. Improved model

performance was seen particularly in WRAG (stations 6C5 and 6D10 ontheDPAOAAUE Al A

$xAT CA OEOAOOQq AO xAll AOG 72! x j30A0EITO xs$yh x°
AT A .1 OOE 20i PEE OEOAOO OAOPAAOGEOGAI UQ AT A 72! v j
Ei DOT OAA 11 AAl PAOA& Oi AT AA ORARG OQEAAOCBARAEDDHEA
Ei DOT OAT AT OO xEOEET OEA 1T AATTEIC T £ AADARIOTEDAA
OEA AAOA 1T &£ iTAATTEIC AEOAEAOCA AO OEA $xAl CA OE
Al 1T OAOAOOEI AGETT 1T &£ AAOGANI T x AT A ET AAANOGAOGA i1 4
OEi 61 AGAA ETnNi 6ATAA 1T &£ xAOIi AREAG8AT 61 A AT AAT A Ei &

Finally, model generation would benefit from enhanced model calibration schemes which
enable automatic calibration. The model presented here underwent manual calibration which
was less efficient than automated schemes and limited capacity for parameter dysis.
Automated calibration was not conducted due to the incorporation of MODFLOW (Langevin et
al, 2017), as the MODFLOW maodel is not able to run under specific conditions, therefore
crashing under some parameter combinations. Further modelling efforts stuld enable model
function even under unsuitable MODFLOW parameters to enable automated calibration and

parameter analyses, such as sensitivity analysis.

4.5 Policy implications

Limited and largely anecdotalevidence within Malawi has long pointed to a growing concern
about the diminishing groundwater table. Whilst this has created a stronger awareness of
groundwater resources, a lack of estimates of groundwater storage that are both quantifiable
and representtive of Malawi nationally, rather than restricted to weltstudied regions, have

held back the formulation of appropriate policy and prioritisation of groundwater protection.

o L puwo
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This work provides national level estimates of groundwater levels, emphasising the trend of
diminishing groundwater storage. For longterm water security in Malawi, the growing risk of
depleting groundwater must be an area of focus (Kalin et al., 2022). Yéaresource policy
should account for groundwater decline, this will be particularly important due to the increase
of agricultural water use as the extent of commercial farming increase$\jyo and Mtethiwa,

2018).

Whilst this study provides evidence of groundwater decline, enhanced understanding of
groundwater security will be needed to ensure sustainable water policy. Alongside
computational modelling, as presented herdn situ monitoring of groundwater storage will be
necessary to inform appropriate water management. Expansion of the limited national
groundwater monitoring network should be promoted in national water policy (IGRAC, 2013;

Mleta, 2010; Kalin et al., 2022).

An increased burden of borehole noffunctionality due to seasonal and longerm water

scarcity, directly resulting from groundwater table decline, is likely to threaten domestic water

resources, which are heavily dependent on groundwater (Graham and Poltm et al., 2013).

Not only does groundwater depletion threaten domestic water security, a growing burden of

borehole non£0T AOET T A1l EOU DPOAOGAT OO A OEOE 1T £ OOOOAT AAR
in water infrastructure (Kalin et al., 2019). Egaging communities in locallevel sustainable

water management will be an important part of safeguarding water resources (Hinton et al.,

2021). National water policy should consider the local level nature of borehole use,

management, and functionality alogside the national challenge of groundwater protection.

5. Conclusion
Comparing model performance of a global hydrological model for Malawi under default
conditions with a model modified according to stakeholder engagement revealed improved
model performance where the model was informed by stakeholders. This not only adds igbt

to the influence of stakeholder engagement, as it resulted in better implementation of

o L purt
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recommendations (BasceCarrera et al., 2021), but also improved model performance. Notably,
appropriate representation of water demand, including spatial variation in domestic water use
and sanitation as well as smalholder farming, is an important consiceration to better enable

hydrological modelling, particularly for SubSaharan African basins.

Through the development of a context appropriate hydrological model, this work provides the

AEOOO OUOOAI 11T AAITTAA AOOEI AOA T &£ -Al AxEBO c¢OI Ol
worrying trend of a consistent decline in groundwater storage from 1982009 and a loss of
APDPOI GEIi AOGAT U pb 1T & CcOI O1 AxAOAO OO1 OACA PAO AAAA
management must address the growing challenge of groundwater insecurity to meet the water
requirements of its growing population. As emphasised by stakeholdensMatawi will continue

to be dependent on groundwater for some timetocame D OT OAAOET ¢ OEEO OEOAI

OEAOA Al OA Aflve cantifu®dn th®dCebt drends, it will be tragic8
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6.2 Discharge stations
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6.3 Water balance
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6.4 Evapotranspiration and precipitation validation
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6.5 Total Water Storage

20- ‘,i i
1" 1 il
I
e Ao | CWatM simulated
% i total water storage
= ' o
5 i o Trend in CWatM
>0 i oo simulated total
o 1 it water storage
Q O O B
b ST N T O GRACE Total
S L H IR K O Water Storage CSR
o R AR
~ 4 O O T L O
ko) m ittt st HET ——— GRACE Total
0’ P R B Water Storage JPL
= RERIHERVEY NS
© 1 i [N ! i
E B A B == == == GRACE Total
p Y | Water Storage GFZ
g E i oo !
o i [ S ¢
@10- b Y )
. Co [
£ Sl B
©
2
T
o
20~
1980 1990 Year 2000 2010

Suppl ementary I nformation Fig20@94(edo}) awi

stakehol der informed CWatM simul ati on. Com

2 AAAEAE ' + (ETOII eT QY



2AEAOAT AAO
I AAOUR C1868h 38:8 $1 AOI xOEEh 38! 8 @@lwe@sl(AQmwéé

AAOAOAO i£ i1T1060EIU Al EIi AOGA AXApAhE GEROENBGAOSADAALAS

I AAT Oh %8! 8n 31 EI AUh 38,8 c¢npy8 50AAT ZOOOAI 7AO0AO ' AA

-TTEOI OET ¢ OEA SOOOAEIAAIA $AOAT T DI AicGph T A1 68 . AOOOAI
ATEdpm8pfmwas XBpXPUumns

l'ETh -8h 4ETTAOh "8&88 ¢m¢gg8 %OAI OAOET ¢
| AAROOAAU &£ O -1 1TEOIQEBL! ' B OAAKAOAAOEUCA
$AAAT AAO ¢ndHoh oBA8 (qu4

= A

OE
¢ papg

'T AOAOh ,8!18h #EAI 1 AOAEh '8h $AOCODPOAh " 8hoT EJAGAET OEUh

El . ECRIEHAQHIIT Aie 'T %i PEOEAAT ' TAITUOGEO T £ #11 O0OEADOO
3AOEAO .18 wouyywh 771 01 A "ATER 7AOEEI COIl $#8
"AG@AAOOAOAR ,8h 9AT cUOAh 98h 2ET Eh $838 ncp8 3O0AEAEI]

-AAEATEOI &I O 3000AET AAT A $AOGATT PI Al 08 )Tq , AAlT  &EI EI
i AROQ 0AOOT AOOCEEDPOAKED ODEACERAS O83 HGOAANET ABI A $AOAIT BI
EOOPOGTTAI ESI DA mB Y T wx Y

"EAOGAh 18 '8h " OiI AT AEh ,8h $AOO0OAEh 38h #11xAUhR $8h *A
, AEA - Al AxEBO0 OEOAOQOEIT 121 AAGIAKDL | IOIOHATT OIOAGRIEDINT AGH OAT O
AEAT CA8 *1 OOT Al 1T AE8(UAOITTCUh vyth pgrtoxp

EOOPOGTTAT EBTI OCTEOODPOQITAT EST OCTpmn8pnpeTEBEEUAOQOT I 8¢ g
"EAOAh 118 "' 8h #I11xAUh $8h $AOOAERDADOES ICOARIOAR T 1pd Ad &Oh
DAOExAUO O1 AAO A ARBRATA@GENUCA ADAA GGAQU ZARKAME AOEALA OB OAA
OEEI T Ol PEEAA] 40AT OAAORIOEQR | ABEGRA h2 DEAIOERIAAE AOW % CEI
oynj ccepq8 EOODPOQFTTATI EBTI OCTpn8pnwpfFrOOOA8cngp8nport

"OOAEh 08h 3AO0OIEh 98h +AEEI h 48h 4ATCch 48h ' OAOAh 08h
$AOATTDPIATO T £ GEA #1111 01 EQA rABAHADI HDOARI E@'@©L|QE Al
CiTAAT AT A OACEIT Al xAOGOADO OAKDI @ ORAAOCETT GAAGCADOARA @h Al A

ccwyh EOOPOQITAIEDICGEITomMBULP wt FCI A
#Al AAOh )8 28h (Al 1T h 28 ,8h "AOOAATI AAh (8 '"8h ' O1 0011
Ei DPAAO T £ 1 ATA OOA AEAIBCAE AGATx AGRXE AP TAO AAIMATEITETOCDAOD

*T 00T Al T &£ (UAOTI)iwg2l8 j 6118 pxmQs8 %, 3 %6

#EAAEOxAh #8 c¢mpx8 OOEI OEOEAO &£ O EOOECAOEI T ET OAOOI Al
YT OAOT AGET T AT &I TA ol1EAU 2A0AAOAE )1 OOEOOA ) &02) Qs
EOODPTTAAOAOQOUSBEADOEST OCTAAI TOAAETAT 11 AAQGET T TPpuxoypAlll
#EAOAOOgDAKh 38 "8h 7AO01T AOh -8h 3A1 AUAOh *8 &8h O 6AO0C
OOO0OAFAAA 11 AAT O ACAEDBOOAA208IWPEAAIA AAAED8 (UAOITT CcUu Al
COj po G cTa 80 EOOPOQTITAE@Ioc@ioqa8uvpwt TEAOD

#EAOOI A ' -38 ¢mpc8 -AlAxE8 )1 d BAEADAXAOMKOERARBAEIAA DRIOE

ne&£OAAT Al 61 OOEAO8 0AOGATEA 0 AO Ai 8 j wAOQ8 )1 OAOT AOGEI
#EATh '8h (OAh 78h &AT Ch 8®RMOATARIxCOE#S8MOET, EH A8Ad EJ 1€¢ B8
(UAOTTTCEA -TAAITETC 3UOOAI 8 7A0A0Oh pojuqh xtt18 EOODPO(
#ET h 38 *8h +1 AT URh #8h " AOOAOT h BBAARAA®®]I A8h *0h# EDAA
¢ngo8 #1111 AAT OAGEOGA 7AO0AO00EAA -1 AAT ETZCAQDA 3DABAEGT 0 TAIAE
I OOAOCOI AT O ET 3A0BxENORDhAT AQUEDP8j 6QA8AGO0I0ODPOYTTAT EBIT OC

PWT
2AAAEAE ' + (ETOIT otou


https://doi.org/10.1007/978-3-319-71067-9_34-1
http://ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/131376

$0AUOGTTh 28 38 pwywt8 B6ADEADPEI { 0OAGI 1 OERAAROARQE AIEARAEAT
EOCOPOGTITAI ESBT OCTpn8pmYNIMCOPCOQOQOYTMWT WNMWP Y

AATh 38h -ACAAIT h 38h 3EAI EOh %8h #EEAZh +8h OQ -
(UAOT 1T CEAAT -TAAT O1 ,ETE 3O0AEAEI T AAO %l CACAI AT O
EOOPOGTTAT EST OCTpnN800wnNIxYMuUTMCpPQ

TOO ,
x E €

&OAOAOR #8-8nN +AIlEITh 28-8n +Ail EAUAR -8nN 5EAR :8 ¢mnc¢m8
| NOEAAO (1 OBRAAIAA AId GTOEOAO - AT ACAT Aizpgoc@AOAO )T OAO
Al Edpmn8pnynZncumnymnemn8¢n¢n8pPogxtyxs

"ATh 28h : EATCh 9818h 3EEh (8h 9AT Ch 9848h %Al OOh $8h
AOAA ET AA@ AOOEI AGET ¢ AOADI OOAT OPEOAOGEITT AT A COI 00 ACcC
Al Edpn8pnmn¢TAAT 8pwxT

"TATTh 38h 2AET AAEAh 28h 3O0AETh ,8h 7AAAR 98h 4EEAOUNR
+1 OOOT1T O1 EOh !''8h (AT AGAEERh .8h ' OEIT AEEOh -8h ' 101EICH
&O01T AGET T Al OMIAGEH AMEERH A AMAGEN OEA xAOAO AUAI A OADPOAO.
. AODOOA 7A0AGPTTERIY cEOBOPAYHT Al EBlcB@PAMB8 prioPpT Ot T1CCpP

"1 OA1T EAER .8h (AT AEAOR -8h $E@IiTh -8h )IUOOEAEATEI h 3
o1 AT KOVWAW CcAT OPAOGEAT AT AT UOGEO &£ O AOAOUIT A8 2AI 1T OA 3,
"TOAOTT AT O T £ -Al AxEh -ETEOOOU 1T £ ! COEAOI OOOAR ) OOECA
$AGAT T PI AT O 2APT 0068 | OAEI AAT A TTT1ETA AOgq EOODPOGTITACOE
" OAEAIT h *8 08h O OI1EUUIOOTh -8 ,8 ¢mpao8 0EO 1 AOOET AC
OAOBRAGEOT 11 AT OAT EAAp Ok @iwAuBO®AAOEOAOA

*OEI 1 AGi16h ,8 h 31 EITOEAh -8 h "OOAER#I0OBDPIREIAA A OIOAEQ
OAAT A EUAOITT CEAAT 11 ADRO] #0AET T OgdDp Q1 AKABAA BECEK IIA
AOOAOGO OEA Ei PAAO T £ EOOECAOGEIT AO OACEI 1Z2Apc ®AAI A8 ' [/
PTBU P WHIBCT &EWIG ¢

(AOAAT AT OFh #8 %8 pwywt8 )1 OAT 06T OU T &£ OEA 11 OPET I AOOE?-Z

OEA x1 O A8
(ETOITh 28" 8+h
cOi 01 AxAGAO AiI 10O
Al OTDOWBO 2BAOAAOEE
Cm¢gT8

ETh 28-8h +AT EAPAR OADEABADBAL 08 WA
TAROGHEEIT TA GO DO AR OEOG 1T GErG AE TQRAITIEADAOET 1
AO EOQOODOd ¥ it EEBYN OICT pat 8¢; @A I TEOOB o

+ Al
Ai B
8

(ETO0ITh 28"8+8n -AAIT AT Ah #8*8!1 8N 4011 AAT OCh

-Al AxEq )O 3%$' 98¢ ! AEEAOAAI Ae )1 OAOT AGET T A1~
puvcyh Al Edpn8cocwnfEEAOPEcmpuouUCYS

+ Al EA
of Al 1

(OFE&EI ATh '"8*8h pddMANDBAOERI AQARAT T £%DDI O £ O &ET EOA 3AI
0OAAEPEOAOGEI T h »Hg npmbl 8 - AOAT 08h ppwp

(O&EI ATh "8*8h ¢npg8 !'1Ci OEOEI 4EAT OAOGEAAT " AOEO $1 AC
0OOAAEPEOAOQGEITT -AAOCOOAI DAOCOAI TEOGH PRAODGADHARD' ﬁ@bOBDEAA;
* OAAT AAil Oh h ¢cw DPD8

28&8 ! Al Aoh "8 20AT1 PEh 58 3AEI AEAAON

- $
(O&A&EI AT h ' 8*8h h

OA EIZDAGAAABOEGEICAGAORT 2 £EBR ' AOCA 1 Al UOGEO

I Th

h

iT A 4AAET EN
0OAAEDPEOAOQEI )y T Al PicAddBI *8 #1 EI 8h yh pcuyrt

(OFEEI ATh '8*8h 28&8 ! Al AOh $848 "1 1O0ETh '8 ' Oh %8*8
AEA 42- BAGONIOENOADPEOAOET Iz NTTAATHARGH GBAADT AA0OAAEDEOA
%OOEI AOAOG AO &ET A 3AADA8 *8 (UAOIT T AOGAT O8h wjpQqh oy

P WU
2AAAEAE ' + (ETOIT otou



(O&F&EI ATh '8*8h 28&8 ! Al AOh -8 -1 OOEOOAUh $848 "11 OETAh
OOAAEPEOABDECOAAOSAEIRAU 2 ABIAIORGH IEIO AEDTAIO A-OMAGE T 1ZO8 *8 (|
v T8

(O&£&£I ATh '8*8h 28&8 ! A1l AOh 08 ! OEET h '8 #EAT Ch 28 &AO
3AET AEAAOh pwwxd 4EA '"11TAAl O0OAAEDPEOAOEIT #I1 EI AOTITT1cCU
"0l 8 1'i AO8 - &Od 08 31T A8h xuyh v

YT OAOT AGET T AT * O1 61 AxAOAO 2A01 OOAN DI AXGORG AT G E#ON TOED A
31$# 2AOEDDBEAXx DPOADPAOAA &£ O OEA 30T AEETII 7101 A 7A0AC
AT ETh 28-8h (ETOITHh 28'8+h 2EAAAiIh ,8h 2EOAOOR -8h -
.CiTchih @8APOI O1T AxAOAO 301 OACA AO A EAU OAI pi OAT AT A
AOAEI AAET EOU O1 , AEA - Al AxE8 *1 OO0O1 Al T &£ (UAOITITTcCUS8

+ATETh 28N -xAT Ai OAEAR *8n #1 01 O0iTh 18n 21 AAOOOI T h $8
AO A +AU #1171 AAPO O1 ' OEAA )1 OGAOGOI AT O 300A0ACEAO &I O 3
Al Edqpn8cownZxppmTmy ng 8

+AITETh 28-8h -1 AOARh 08h ' AAEOITHh -8*8h " Al AAh , 8#8h
-Ai ABI bh *h OEEOEh /8#8h +Ai ABGEOh $8%$8h - Al AAh *8h X
'O 61 AxAOAO 106A1T EOU !t &1 EOODE | Kl RABBRO" A1 BABET EOADBET 1 h

) 3" . Dhdvpp dndw puvpbHD

+ATETh 28-8h -1AOARh 08h ! AAEOTTh -8*8h " AT AAh , 8#8h
-Ai AOi Oh *h OEEOER /8#8h +Ai AOEOh $8%$8h - AT AAR *8h ' x
01 01 AxAOGAO 10AI EOU | EIORD® A& OALI Al BH FADADx 2 ADT OOAA 1
7A0A0 AT A 3ATEOAOQEI T h ' iI2vApb indkgwOYt ED- Al AXxEh ) 3" . wxu
+A1T1TUhRh ,8h "AOOOAih $8h +AITETHh 28h .CiITCITAIh #8h O 3
4A1T BT OAl 6AOEAOQETT O ET ' O O1T AxAOAO $EOAEAOCA O 2EOAO
%l CET AAOET Ch o¢jpQqh ocw8 DPABPOAOQATANESPOCTpni8ppeT YTEBAE x
+711AOh 38 *8h 0O -A@xAl 1T h 28 -8 c¢nay#dd#ABdROBOOOMEAR E
DOi AAOOAOG OOET ¢ Al ET OACOAOAAR AEOOOEAOOAA xAOAOOEAA
EOCOOPOGTITAI ESBTI OCTpn8pmMCWICMNMINX72MMNQTTT

+1Th *Axiin ATA 0OAOAAUhR OEEIED '8 c¢nc¢mn8 (AOOAOO#EI EAA
ACOEADI OO0OAT OAAETIT T i cU AAOGAIT T PI AT O AT A AAI POEI T8 00i
&I TA 011 EAU 2A0AADAED Q4 DDEIOBDAOCT @02 Q8w PpuxowAlT11¢8
+O0OA&£ZOh "8h *OT Ch -8h +7a01AOh -8h +1 EOAI Ah 38h Q 2AEA
EUAOT 1T CEAAT AUAI A8 (UAOIITTCU pipAhT1BAOOE 3UOOAI 3AEAT A
EOOPOGTITATI ESI R@p@dicgwt TEAOGO

+0i AT AAT Ah 08 '8 ¢mnmpn8 $ADPAOCOI AT O 1T £ #EOET %l CET AAOEI

Al O - Al AxE xEOE O0OAOOEAOI AO %i PEAOEO 11 .1 00E AT A #A1C
, ATAAOAO &878 AT A 3xAT O 1T h 38 #8 c¢np¢g8 ! AAOOAAU 1 £ OA
7AO0A0 2A01 6OAAOG 2AOAAOAEHR 611 tyh 7ntuvoph pp 00h AT Eg
, ATAOOOTaih #8h 3AO0I EAT O h %8h O 7EAOQIT OAh 38 *38 3

CmCo
I DO AGAOGET 1 EOO b AXOAA GEGTAOGHO I1GARNAOAES 31 AEAT 3 00A
EOCOOPOGTITATI EBTI OCTpm8ppXXTMOMPOPCXCOPP WWECCT

,ETTTCxA 7A0A0 "1 AOA8 c¢mnpws %l OEOITI1 AT OAI ATA 31 AEAI
00T EAAO A O ,EITTCxA #EOUN -ETEOOOU 1 &£ ! COEAOI OO0OAR )
- AT AxEhRN

pwo

2AAAEAE ' + (ETOIT otou


https://doi.org/10.2499/p15738coll2.133807

,UlTTO0h 28 08h +0T 11 h #8 AMhATQAR AEEUAQIN T#EBEA 8 TcAdplp 8EIA
"AOET h %AOO ! ZAOEAA8 ' 1 1ZAQwpBA 01 AT AOAOU #EAT CAh xuvuijp
EOOPOGTTAT E8BI OCTpn8pmnpeTES8CI T Pl AAEA8B8cmpn8pmn8mpn

- Al O1 EAEh -8 ¢mp¢g8 7AOA0 AT A OAT EOAOGEITT 1TAAAO AOGOAOOI
xI OEET ¢ PABRAQ AGHEEGRIOD )T EOEAOEOAR %AOOE )1 OOEOOOAR #I1
-APAi AAh ,8h #EAAUAh 78h -OUATCAh -8 ¢me¢mnm8 5111 AEEIC
| COEADOI OOOA 3AAOI 08 -x1 0141 )T OOEOOOA 71 OEET C 0APAO
#EOUh , EITT1CxA - Al AxE #EEIORIACANF®EOAR / £& "1 AT OUOA 3¢
-ACAAT h 38 "8h wAATh 38h O 3EAIEOh %8 ¢mn
xAOAO OAOI BOAAO 1 AT ACAT A1 68 )1 7AOAO j 3x
EOOPOGTTAT E8STI OCTpN800WNTIXWNOTP W

px8 7A0AO0 cCicC
EOQUAOI AT AQ j 6

-ETTAExAh -8n *Oi AAh #82 8\A&En 174 UIARA AC80 801 ¢ 1t pAakal G0AT QO BGAL
OEAAT AA A£O0T i1 200A1 -Ail AxE8 1z&£0BAART &4 O AR pRBAK O O E A
-1AOA h 08 ¢npm8 !'T AT AT UOEO 1 £ cOi 01 AxAOAO ET - AEETE
.1 OAI AAO ¢mpms8

, ATCAOET h #8%$8h (OCEAOh *8%$8h " AT OAh %828h 001 OI OOh !
-1 %$&,17 ¢ -1TAOIAO (UAOIITTCEA -TAAl ¢ 5838 "Ai 11T CEAAI 3
EOOPOGTTAT E8I OCTpn8umeeT&X@lp616

.AQOETTAT O1ATTEIC #1 1T EOOQEIT j.0#Q8 ¢m¢p8 -Al AxE ¢mooc
3A2/M EATO . AGET 18 . AGEITTAI OI1ATTEIC #1111 EOQOEITT j.o0#Qh
.AOT AT AR (8h pwwt8 ! AT T O Al » EECHEA OORDAD® 10A OAIOD AIGA ,OAKRA
AAEAOGET 60 1T £ OEA 1 AEA xAZvkG 81 AOGAT O ' AT 1 00T Al wj tqd o
.EAITh ,8h -AAEAOAEEh 48h Q -ACii AAUEh - 8

cmpe8 )i DOI
OEOI OCE ET AOAAOGAA AOiI P xAOAO POI ABAGEOGEOU EI

- Al AxES
EOOPOGTTAT E8STI OCTpN800wWNIXYNMWNT PP
2AEAEI Ah 28(8h '8 $A ,ATTTURh 28%$8 +1 OOAOh 7848 #OI xh
17 AAT OO U wZ BEAWBOBAAAA AT A 2110 :1T1TA 3TEI -T1TEOOOOA
OOAOGAO OOAAYS8 "1 O1 AABRTAI I BORAT A2 3 AAI 3AOAAGAT OADO $E

# A1 OAO8 AT Edpmn8umex¥, 7*¢94&03:2"0

2AET AAEAR 28h 7AAEEI T Uh !'8h -AEiIh 38h &i CIEAh ,8h . EA
2A01 1 OOETT ET "1TAAT 'O O1 AxAOHQ o-81 AAT ET ¢8 ' O O1T AxAOR
EOCODPOGTITAI EBT OCTpn8ppppXCxAO08pCcwwg

2T AAT 1T h -8h 0828 (1 O0OAOh 5& 8 A TAITOh +8 ' O ODIOABGBIADRENS +

2AAAET OEAEh -8 "1 OEI T OEAEh *8+8 %l OETh *808 7AI EAOh $
Il OOEI E1 AGET T 3UOOAI Wuy GighaovpipAds - AOAT 08 371 A8

201 TETCch 38h -0h 18 ¢mpu8 -/ $p@AkU-,/18) ' 3ITI4ARDIOAL DA D3I YOC
131, 0 $!1#8 EOODYITAI E8I OCTpn8umnmexX-/$)3T-/%$p@! ¢8mm
BAEAOUAAAER -8 ¢mpp8 ' OI OT AxAOGAO -T AAT T ETC ET OEA #EE

AOOAO 4EAOCEO ET CAT OAEAT AAh 51 EOAOOEOU T &£ /10114 $ADA
. AOOOAIT 3AEAT AAOS

3AEAOUAAAER -8h 3AAT OEOTh .8 28h Q 21 O0OER *8 !'8 ¢(mpx8
- Al BEEOA 2EOAO OUOOAI 8 00AOAT OGAA AO ' &2)#! c¢mpyx (UAOI
-1 01T AAT 8 ! OB8EO8 TAAOT ¢ s t8yruruypArA80 8EREBE: Quyift F8AT nE8pi MO C ¥ p

3EAI Ah /8.8h ¢nnnh .1 OAl AAO8 . AOOOAI EGAQEIT 1 &£ , AEA -

71 28&3! 7T7ADRIODIAGE O ¢ 3O00OAET AAT A 50A 1T &£ 7AOAO 2A01 OOAA

o L p WX
2AAREAE ' + (ETOI1 eT QY


https://doi.org/10.5066/F76Q1VQV

300AANEAOER )8 .8h OAT AAT (11 AAOCh -8 *8 #8h 7EEONEA
#1 1 AOh 48h QO %OOOATh -8 78 c¢mcc8 #i 1 OA@OOAT EQOET ¢ OAAOQ
iIT AOI OCEO ElT - AAGAKEQU 1 En ARy 8 ADOEROGT T AT E8T OCTpmn8pn
3xATOITh 38 #8 ABOIARAODEECh OAMA@®AIOINTOG® Al OOAT AGAA AOOI
2A08 , AOO8h ocoh , nmytmnch AT Edpmn8pmncwlf¢mnnu’' , TcucyPus
3xAT OITh 38#88 ¢mpg8 "2 #% I 1TTOEI U 1 AT A xAOAO 1 AOGO cc
5318 $A0ACAO ZAR AKODDAEOOROGTITAI E8NAgBpn8unnexXT4%, . $
4AT CAAT OT T COBDORT Adh 3B8OAARKA O1T OAOh "8 #8h $EOI AOh 08
AOOEI E1 AGETT T & '"2!#% OAOOAOOOEAT xAOAO 0OOI OACA AOOEI

2EOAO AAOGET h (UAOT I 8 paArO OFEOC GR@DBY A 1AHBH & @hyhot &hugxwr T EA OO

6EI T AT Oh "8 "8h ' OEANEOEh $8 ,8h +1 EOEAUR !'8h Q !'1AGQC
Al 1T AADPDOOAT IATAABERDAE GEHIOBAI 6 A AAOA OOBAU BI -ACEA 6
%l OEOT 11 AT OAl 3UOOAI O -1l EBINICEITQM 8phy pxa FOAD | BE BQBQquAD A
Oir1 AAO (AUAATh #8*8 ¢nmo8 .Axh -8'"8 4EA 211 A T £ A $A
.AOxT OE $1 x1 OOOAAI 8 (UAOI I 1T CUzdl xAh %A CBOiFp Z@8odCdn & SB8AAEAR T A
7EUTh +8Nn - OAOEExAh *8 c¢mpywy8 ! OAOEAx | £ EOOECAOEIT A
AEAI 1T AT CAO8 1 OOT Al 1T &£ 0OAT EA ' AT ET EOOOAOGETT AT A $AOS

: EATCh 98h +11Ch $8h 'Alh 28h #EEAxh &8(838h - A6EAAOh
vl  AIAU OAOT 1 OOETT cCci T AAT AOADPT OOAT OPERAQEIsST AT A CO
2AT 1T OA 3A1 08 up QEOT ABERa@BAI@omIys8pc8nop

: EAT Cch Z29BA1 XAABAMh *8, 8h - AGEAAOh 4828h #EEAxh &8(838h

-EOAT 1T AOh $8' shADAARAARAIL 8BOAKInMA@BEIT OCIOIEAAT OAOOAOOOEAT A
Al T BI 1T AT 008 3AE&EJ2ABD o TOOAOPRPA T

o L pPwy
2AAREAE ' + (ETOI1 eT QY



180®p O0OEAAA

AEEO x1 ORMOEAT ABAOA OUOOGAT 11T AAITTAA AOGOEI AGAOG T £
OEAOAAU bPOi OEAEI ¢ AOOAT OEAI ET & Oi AGETT OiI COEAR
iTAAT OEAO AAAT O1 00) ABEO T EOTAxGOBAART GAUA ACT T AAT  x
j #7A0-qQ xEOE -/ ARi, a1 CRA AGAKRACT EMOAOGET 00 11 AAT O
OAOT GEROARA DOAORIEOE AIOI AERIED O AAAI-QHAO A D ICW 1017 1AL
A xAOAO AAT AT EAOCAPBOI ARBh curp SIOAUAATAA R OA G\ 1A8Ih8 hp o
AO Aimh+ ®iAitAAT A AO Al 8h ¢mpnn g&AI AEADI @l BhAKIn
i TAENEAAQCEI T O O OANI AA&BT OEA pRI OAAZOT KA - PADYEE OC
i T OA OAPOAOGAT OAGEOA 11T AAT 1T &£ -Ai AxE80 xAOAO OAOI
OEOI OCE T AATETC CcOi O1T AxAOAO OAOI OOAAG T OAO OEI A
x ABDOEAAT AAA AT A NOAT OENEAA £ O OEA NEOOO OEI A8 4
AT AAAT OAT AOEAATAA T &£ 11T AAT CcOIl 01 AxAOAO ADARAT A AZ
ORADPI AGET ¢ xAOAO OAOT OOAAOC | PAOCKOKLOAROADODRRDPADEL
OEACERDOAI EOU 1T £ COi O1 Ak ®OAOCAAOEOEABDAOOEAT AAER O A£G
4EEO PAPAO AEOAAOI U OAOPITAAA O 21p OEOI OCE AAE
COi 01 AxAOAO OOI OACA ET OEA ,-32"8 4EEO xAO OOAA
AOAEI AAET EOU EAO AEAT CAA 1T OAO OAAAG @ QAKROOBA & AAI
AADPT AGETT O1 -Al AxESQB] BPABGAOEOAEAGABEWVS ALEARE O AD ECAA A

AApP1 AGEI T O xAOR® OAAOAEOU E - Al A

P WW
DAAREAE * + (ETOIT otou



t8t#1 1 Al OOETI T O1 OEEO AEADPOAO

4EEO AEAPOAO AAAOAOOAA 21p O7TEAO AOA AEAI T AT CAO
Oi Agbi 1 OA OEA Ei PIEAAQGETTO 1T £ CcOl 01 AxAOAO &I O ¢
El OAOOECAOETI C6BDk OABBAEOAEARPBEAOAA AU CcOi OT AxAOAC
OET x1T O1 AA Ei pAAOAA AU CcOI 01 AxAOAO AEAT CAh Al BE

OAABOEOU E -ATAxE 1000 AAAT 61 O &£ O cOi 61 AxAOAO¢E
- Al AxEB O CAIADTAN x AEG A0 O @ ABRATTT B A OGRAMIAEOEI hOEA ¢/
i £ A Ei1l EOOEAh OOAEAET T AAO ET £ O AA EUADT 11T CEAAI
TTO6 1TT1TU AT EIi DOl OAA AT A 11 O6A1 ET OAOOECAOEIT 1 &
ET OECEO ET O1 EUAOT 10 @AM OATI MMAGOEESA] 4HOITGERA A 1T AA
-Al AXxEB8O CcOi 01T AxAOAO OAOI OOAAOh A OOAAG 1 £ AAAIE
AOGEAAT AAA &£ O OEA NEOOO OEi Ah OAEOEI C AiI 1 AAOI O ¢/
AEAOA OAOOI OO POAOCGAT O A COAOA AiI T AAOT A& O - Al AxE
AT 1 O0O0AT O 1 AOGAT T &£ xAOGAO OAOI OOAAORh - Al AxE EAO Al
AAOT 1 OOA xRPDBROOAAABHOEDAD OEA OACAAOAR A OAOAT OAA
DAOEADO AOGAT 171 OA x1 OOUET C DPOI EAAQGEIT 1T &£ AAIT1ETC
AEAI T AT CAO T £/ ARAT ETETC xAOAO OAOI OGOAAO AT A COI x
OAAOAEOU OAEOEIT C ATTAAOTI O OCEACEGUAITADAE 104U 10MA AE
I OECET Al 1 U OET OCEOs8

(T xAOAOh xAOAO OAAOAEOU i 6OO AA AT 1 OEAAOAA Al T T
Al O Ail18 AT A AAEEAOEI C 3%$' oh T1T O0OAAT U xAOAO RNOAIE

Ol Ax@G@ABHL OAAOOEOUS

4EA TAGO AEADPOAO AXA GER ARG & EIAOAOI NOAT EOU
i £ A1 OOOET ¢ OAT AAT xAOAO AAAAOOE xEOEET 3%$' ¢8
CTIT

2AAAEAE ' + (ETOIT otou



18188 ¢ OAOCAO DI A EOMBAO KD

4EEO AEADPOAO DADEIA GBI' Up APNVOTARGAROFES xd 8 T OGALD OROL
x AOAO &£ O Al 18h 383" ¢BDOAOAMIAG EGA AWBE @U AATRA ' xBOAC
xAOAO OAI AOGAA AAIT OUOOAI 66 xEEAE Ai PEAOEOAO OEA 1
xEEAE AOA AAAOAOOAA xAAYEFQE |G EhE OO BAEEGA OXHAAES0 A OEIAOT
AEAT T AT CAO EAAET ¢ A OOAT OAT O1 AAOU xAOAO OUOOAI R

3$' 98uv OET OACOAOAA AAOQAD O AIADTAIAAT ® ADADEDD 6 8

M €} HDEED pé%@

6 Lb¢9Dw! ¢95

! @owL b Y2Liberofl2 1 ¢ o 1t wy Ll [

¢wib{.h!bs5
2 | |
hwi RELUEREES d  hhtowicLh

CECO&AHA 31 OAOGCAOO AAAOAOOAA xEOEET OEEO AEADOAC

OOAEZA AOETEET C xAOAO A O Al KOAATAMEYFEN EAd (A UG8AOA O

o L Cmp
2AAAEAE ' + (ETOII eT QY



2 AAAEAE

+

(ETOT 1

#EEAEAXxA AODOA
4ET OCKEAOEA ADDPHEG OO All IAG

Cmg
PT QY



2AAAEAE




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































