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Abstract: Using wastewater accumulating around rural waterpoints to irrigate community gardens,
borehole-garden permaculture (BGP) presents a method of sustainable water management. BGP also
presents public health benefits through the removal of stagnant water around boreholes, key Malaria
breeding grounds, and through providing year-round food to supplement diets. By analysing a
dataset of over 100,000 cases, this research examines the awareness and adoption of BGP across
Malawi. Generalised linear models identified significant variables influencing BGP awareness and
uptake revealing that socioeconomic, biophysical and waterpoint-specific variables influenced both
the awareness and adoption of BGP. BGP had low uptake in Malawi with only 2.4% of communities
surveyed practising BGP while 43.0% of communities were aware of BGP. Communities in areas
with unreliable rainfall and high malaria susceptibility had low BGP awareness despite BGP being
particularly beneficial to these communities. This work suggests that future work in the promotion
of BGP should focus their efforts within these areas. Furthermore, this work highlights the value of
community networks in knowledge sharing and suggests that such social capital could be further used
by NGOs and the Government of Malawi in the promotion of BGP and other sustainable practices.

Keywords: permaculture; borehole management; sustainable practice; SDG6; Malawi; Africa; adop-
tion; awareness; generalised linear model

1. Introduction

Malawi is a largely agro-based economy marked by subsistence, small-holder farming.
Almost 80% of the population is reliant on rain-fed, small-holder agriculture [1]. Malawi
is one of the poorest countries in the world with 50.7% of the population living below
the poverty line and 25% living in extreme poverty [2]. Food insecurity is also prevalent;
around 20% of the population are classed as undernourished [3]. The largely rain-fed nature
of subsistence farming and limited resources of many farmers make Malawi’s food supply
particularly sensitive to water and climate stresses [1,2,4]. Climate change will worsen the
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fragility of agriculture in the region through an increased frequency and intensity of extreme
weather events such as droughts and floods [5,6]. Pressure is further applied to natural
resources and food security due to the growing population; Malawi is projected to have a
five-fold population increase by 2100 [7]. Furthermore, plans for agricultural development
in Malawi including the expansion of irrigation, will result in more water-stress in some
regions [8]. Conservation and climate-smart agricultural technologies will be an important
part of ensuring a sustainable future in Malawi’s agricultural development [2,9–11], this
has been acknowledged in country’s own development plans [1]. To ensure maximal
uptake of such practises, understanding how communities become aware of and adopt
sustainable agricultural practises will be critical.

Over 100,000 water-points such as boreholes, hand-dug wells, and surface water
provide the domestic water supply for around 65% of Malawi’s population (82.3% of
the rural population and 19.8% of the urban population respectively) [12]. Most of these
water-points consist of boreholes fitted with hand pumps designed to provide water for
up to 250 people. Many boreholes were originally constructed by the Government of
Malawi (GoM); however, since the 1990s, non-governmental organisations (NGOs) and
the private sector have massively increased the number of boreholes. Boreholes provide
improved water provision as they are not reliant on rainfall and river flow which can
be unreliable; however, unsustainable water use is currently leading to the depletion
and degradation of groundwater in Malawi [13–15]. Unsustainable water use in Malawi
is anticipated to increase with population growth and an increasingly commercialised
agricultural system implementing large-scale irrigation [12]. Encouraging patterns of
sustainable water management and will be essential for Malawi in achieving sustainable
development goal 6 (SDG6): clean water and sanitation [16]. Furthermore, ensuring
sustainable agricultural practices that promote sustainable water management strategies
will be key to ensuring Malawi will meet sustainable development goal 2 (SDG2): zero
hunger [17].

Borehole-garden permaculture (BGP) presents one example of sustainable water
management. Excess water around boreholes accumulates as a result of rainfall, water spilt
during borehole use, and some users using the borehole as a washing point [18]. Many
boreholes are fitted with concrete ’aprons’ at the base of boreholes alongside a soakway
used to channel runoff water away from the waterpoint [19]. BGP proposes a method of
borehole management in which excess water accumulating around boreholes is channeled
into community-managed gardens (typically at the end of the soakway), providing a
low-cost and sustainable method of irrigation for community gardens [20,21]. Effective
BGP gardens can provide year-round food to supplement diets and have therefore been
proposed as a method of increasing food security. Training, resourcing, and promotion
of BGP is provided by a variety of stakeholders including NGOs and the GoM [20,22,23].
Alongside the benefits of sustainable water use and increased food security and nutrition,
BGP presents public health benefits through removal of stagnant water which act as key
breeding grounds for the malaria transmitting Anopheles mosquitoes and other water-borne
diseases such as bilharzia [24]. Rivett (2018) [20] also proposed that funds generated from
BGP could supplement the costs of borehole maintenance in Malawi. Work to expand
the scope of sustainable agricultural and water management techniques, such as BGP,
in Malawi has been carried out for more than 30 years [20,22,23]. However, despite the
many advantages of the practice, this study found that uptake of BGP around Malawi has
remained low with only 2.4% of water-points across Malawi adopting BGP.

Malawi’s agricultural development plan involves the formation of cooperatives by
small-holder farmers; small-holder cooperatives would enable access to increased financing
to adopt technologies [25]. As a largely community-led practice, understanding the uptake
of BGP should elucidate some of the complex nature of community adoption of agricultural
techniques [26–29]. Understanding decisions made by group co-option of sustainable
agricultural practises may further illuminate how best to target messaging regarding
climate-smart agriculture to newly formed small-holder cooperatives. The lessons learnt
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relating to how a community adopts BGP may become evermore important in the changing
landscape of Malawi’s agricultural sector.

This study aimed to enhance the understanding of BGP in Malawi through focusing
on the research questions: (1) What is the extent of BGP awareness and adoption in Malawi?
(2) Do the analysed variables influence BGP awareness and adoption? (3) What lessons
for the future promotion of BGP can be learnt from where communities are aware of or
adopt BGP? A dataset of over 100,000 water-points from across Malawi was analysed to
identify the scope of BGP awareness and adoption. Evaluating socioeconomic, biophysical,
and waterpoint specific factors through generalised linear model construction enabled this
study to identify the key driving factors in BGP awareness and adoption.

2. Materials and Methods
2.1. Research Context

Malawi is a landlocked country in Sub-Saharan Africa, Figure 1. The current popula-
tion of 19 million people is projected to increase by five-fold within the next 80 years [7]. As
a largely agrarian state, agriculture contributes around 21% of the country’s gross domestic
product (GDP) [30] and 75% of its exports [31]. Rain-fed agriculture is prominent, and
most of the population (almost 80%) are reliant on rain-fed small-holder agriculture [1].
However, such reliance on rain-fed agriculture makes Malawi’s food supply vulnerable to
climatic events; the combined effects of devastating floods in 2014–2015 and dry periods in
2015–2016 resulted in agricultural drought, this is estimated to have left over 6.7 million
people food-insecure [32]. Furthermore, Malawi loses an average of 1.7% of its GDP each
year to losses resulting from droughts and flooding [33]. Malawi’s vision of becoming
an inclusive and self-reliant nation [1] recognises the need for developing a more reliable
and resilient food system, this includes proposing the expansion of irrigation to provide
a reliable water supply. Malawi has seemingly rich water resources due to the presence
of lake Malawi and a network of rivers. However, Malawi’s water resources will be put
under increasing pressure due to climate change, projected population growth, and the
intensification of agriculture including the expansion of irrigation [5–8,34]. Changes in land
use, such as deforestation, largely influenced by agricultural development, will further
place pressure on water resources [1,34–37].

Figure 1. Map of Malawi with the point locations of water-points analysed in this study.
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2.2. Waterpoint Survey

Data from over 100,000 water-points across Malawi, regarding the status of each rural
waterpoint, was collected by the GoM through the Climate Justice Fund (CJF) between
2012–2021 [13,14,38,39]. Rural water-points around Malawi were systematically visited
by trained GoM staff members who conducted questionnaire-based site inspections of the
waterpoint and surveyed community members involved its management. Surveys were
conducted in either English or Chichewa and the surveyors received training in survey
conduction prior to the data collection. Data were quality-controlled at the University of
Strathclyde. The data are accessed via a Management Information System (MIS) on the
platform mWater [39,40]. A mixed-methods approach, qualitative and quantitative, was
adopted to analyse the data [41].

The Malawian waterpoint survey provided qualitative survey data regarding how
communities heard of BGP and, if rejected, why they rejected the practise [13]. Commu-
nities that reported they were aware of BGP but were not practising the technique were
asked why they were not practising the technique. This was collated to identify some of the
major reasons for the rejection of BGP. We identified the perceived barriers to the adoption
of the practise.

2.3. Variable Selection

To inform the selection of variables, an exploration of literature evaluating variables
influencing adoption of sustainable agricultural practices was conducted. Both ’social’
and ’natural’ variables were considered [42]. Biophysical constraints on the adoption of
a sustainable practice are important for adoption [43,44]; however, social networks and
social capital are also important [26–29,42]. Tey et al. 2013 [45] produced literature review
of variables influencing the adoption of sustainable agricultural practices in Sub-Saharan
Africa, these were classified into 6 major categories: socioeconomic, agroecological, insti-
tutional, information, perceived attributes, and psychology. Information regarding the
perceived attributes of BGP, the psychology, information available, and institutional ties
of the adopters were unavailable and beyond the scope of this research. Therefore, this
research focused on variables classified as socioeconomic and biophysical (or agroecologi-
cal) variables. Biophysical variables were identified as variables relating to the physical
location of the waterpoint including climatic factors, biological factors, and connectivity to
resources such as markets or other communities. Furthermore, variables relating to the wa-
terpoint itself and waterpoint management were analysed based on literature highlighting
the significance of the waterpoint committee in BGP adoption [20]. We investigated the
influence of neighbour adoption of sustainable agricultural techniques through calculating
the distance from each waterpoint to the nearest BGP practising waterpoint. The variables
selected for analysis are summarised in Table 1.

2.4. Variable Extraction

Initial cleaning of the dataset to remove incomplete or duplicate cases resulted in
75,013 boreholes for analysis. Variable data were collected from open-source data in-
cluding datasets from the Regional Centre For Mapping Of Resources For Development
(RCMRD) [46] and SERVIR-Eastern and Southern Africa [47]. Data on the locations of
districts and traditional authorities in Malawi was accessed from The Human Data Ex-
change [48] and was provided by the Malawi National Statistical Office in 2018.

Data were accessed as a raster file and the variables at each individual waterpoint
were extracted using a geographic data analysis and the modelling tool ‘Raster’ [49] using
R Statistical Software (version 4.1.0) [50] in RStudio [51]. Further information regarding
the sources for each variable, their definitions, and the values of the data is provided in the
Appendix A. Variables relating to the status of the specific waterpoint and management
of the waterpoint were gathered from the waterpoint survey [13]. The distance between
each individual waterpoint to the closest BGP practising waterpoint was calculated using
information about the point locations of each waterpoint using Pythagorean theorem.
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The closest BGP practising waterpoint was identified though iterative calculation of the
distances and updating the closest distance if a closer waterpoint was identified.

Table 1. Variables investigated for their influence on the adoption of BGP. Variables are grouped into
3 categories (Socioeconomic, biophysical, and waterpoint specific features).

Category Subcategory Variable

Socioeconomic

Education
Mother education

Literacy level

Population Population density

Poverty Average poverty level

Healthcare Healthcare infrastructure

Female-headed Female-headed
household household index

Biophysical

Climate and Temperature trend

water availability Precipitation trend

Irrigation index

Extreme weather events
Forest fires index

Riverine flooding index

Soil Soil organic carbon index

Malaria susceptibility Malaria susceptibility index

Connectivity
Market accessibility time

Distance to closest
BGP practising waterpoint

Waterpoint

Waterpoint committee Number of people WPC

specific features

(WPC) Number of women on WPC

Waterpoint users
Number of waterpoint users

Maximum distance of users
to the waterpoint

Waterpoint functionality Number of months water
is unavailable

Maintenance and
Preventative maintenance

management
performed

Tariff or user fee for
the waterpoint

2.5. Generalised Linear Model Construction

The adoption of BGP was viewed as a two-stage process: awareness of BGP followed
by the decision to adopt or reject the technique [44]. Variables influencing both stages were
investigated through the construction of generalised linear models (GLMs) [52]. The use of
a GLM enabled the relationship between the binary response variable and independent,
continuous, and binary predictor variables to be analysed. The adoption (or knowledge) of
BGP was modelled as a binary variable, ’yes’ being the practise (or knowledge) of BGP and
’no’ being where BGP was not practised (or heard of). The default variable is taken as ’No’.
As both categorical and continuous variables were being used to model a binary response
variable, a logistic regression model was used [53] The GLM function in base R [50], using
RStudio [51,54] was applied to generate the models.
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Forward-variable selection was used to generate a model providing the simplest
possible explanation of the variables by iteratively adding predictor variables. The Bayesian
Information Criterion (BIC) value was calculated at each stage and the model with the
lowest BIC value was selected, therefore selecting the model which could adequately
explain the data with the fewest variables [55]. The method is less susceptible to collinearity
than reverse variable selection models (although collinearity between variables was also
calculated, Section 2.6), which was particularly important for the selection of variables here
as many of the variables are interrelated.

The data were subsetted into a training and testing dataset [56] through the random
allocation of 70% of the dataset being used to generate the model and testing the model with
the remaining 30% of the data [57]. The training subset was used to generate a GLM, and
the R ’Predict’ function [58] was used to predict whether a given waterpoint would adopt
(or be aware of) BGP based on variable values. The predicted outcome was compared to
the testing subset of the dataset [59]. A confusion matrix was used to calculate the accuracy,
sensitivity (true positive rate), and specificity (true negative rate) of the model. Models
containing all variables (not generated through forward-variable selection) were generated
for where communities were aware of or practising BGP to confirm that forward-variable
selection did not result in the loss of predictive power (Appendix A Tables A5 and A6).
Repeating the process of forward-variable selection with different randomly generated
training datasets resulted in the same variable selection.

Due to the low percentage of BGP adoption, an imbalance classification problem
was identified in the model where BGP was adopted in communities aware of BGP. The
ROSE function [60] was used in RStudio to oversample the minority class in the training
dataset. Oversampling was selected as a method of balancing the highly unbalanced
dataset as it ensures that there is no information loss [61]. There were no changes made to
the testing dataset.

2.6. GLM Assumptions

GLMs have several probabilistic assumptions: linearity, response distribution, inde-
pendence, and multicolinearity. [59]. Assumptions were checked for both GLM models
using the R functions lm [62] and the Variance Inflation Factor (VIF) [63]. All assumption
plots are in the Appendix A.

Linearity between the transformed response variable and the predictor is a key as-
sumption of GLM. The linearity assumption was checked using a residuals vs fitted values
plot, this was to confirm that there was no significant trend in the residuals. The models met
the assumption on response distribution through examining the approximate normality
of the deviance residuals. A Q-Q plot was constructed to identify any deviance residuals
that are significantly non-normal. The independence assumption was confirmed through
the absence of autocorrelation in residuals. The lack of autocorrelation in residuals was
identified through deviance residuals plots to confirm the absence of significant tracking of
residuals. Finally, the assumption of a lack of multicolinearity was confirmed through the
calculation of the VIF for each variable. The VIF value calculates the linear relations; a VIF
value exceeding 5 suggests a problematic level of colinearity [64]. All VIF values calculated
were below 3, confirming there was no problematic level of multicolinearity, Table A1.

3. Results
3.1. Extent of Borehole-Garden Permaculture Uptake and Spatial Variation

Overall, 43.0% of surveyed water-points in Malawi were aware of BGP (32,256). Of
those water-points, 5.6% (1800) had adopted the practise; an overall adoption of 2.4% across
all surveyed water-points in the cleaned dataset (75,013). A map of where BGP is practised
highlights the spatial variation in BGP practise in Malawi with some regions showing a
much greater percentage adoption than others, Figure 2.
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Figure 2. The distribution and percentage adoption of BGP in Malawi. (a) Depicts whether each
waterpoint surveyed practised BGP (yellow), were aware of BGP but was not practising it (magenta)
or had not heard of BGP (blue). (b) The percentage of water-points in a district which practise BGP.
Traditional authority lines are shown too.

The district with the lowest BGP practise, Likoma, had 0.08% of water-points practising
BGP, while the district with the highest percentage of BGP, Rumphi, had 4.5% of water-
points practising BGP, Table 2. A summary of the individual adoption percentages of each
district is provided in the Appendix A.

Table 2. Percentage of waterpoint in each district that adopted BGP.

District Percentage of BGP Practise

Rumphi 4.53

Chikwawa 3.72

Mwanza 3.55

Chipita 3.25

Karonga 3.20

Nkhatabay 3.17

Phalombe 3.01

Thyolo 3.01

Nsanje 2.97

Mzimba 2.95

Mulanje 2.79

Blantyre 2.44

Ntcheu 2.42

Dedza 2.39

Chiradzulu 2.38

Kasungu 2.21
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Table 2. Cont.

District Percentage of BGP Practise

Lilongwe 2.16

Zomba 2.16

Mangochi 2.06

Ntchisi 1.86

Machinga 1.66

Balaka 1.63

Neno 1.60

Lilongwe 1.46

Dowa 1.44

Nkhotakota 1.38

Mchinji 1.28

Salima 0.09

Likoma 0.08

3.2. Variables Influencing Knowledge of BGP

Of BGP practising water-points that responded to the question ‘How did you learn
about permaculture?’, 52.6% reported having heard about BGP from neighbours, 25.3%
from the GoM, and 22.1% from an NGO, Figure 3. The locations of communities practising
BGP and how they learnt about BGP were plotted to see if there were any significant
differences in the spatial distribution of how communities had learnt of the practise. No
noticeable clustering of how boreholes had come to learn about BGP was evident with the
Malawian government, neighbours, and NGO capacity building about BGP widespread
across Malawi.

200 km

N
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14°S

12°S

10°S

32°E 33°E 34°E 35°E 36°E
Longitude

La
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ud
e

Figure 3. How communities practising BGP were aware of the technique represented spatially.
Individual BGP practising water-points that were aware of BGP from the GoM are in red, neighbours
are shown in yellow, and NGOs are shown in blue.
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The production of a forward-variable selection GLM enabled further investigation of
variables contributing to where communities were aware of BGP, the results of the model
are summarised in Table 3. The GLM correctly predicted whether 71.9% of communities
were aware of BGP.

Table 3. GLM produced using forward-variable selection to explain variables influencing where
communities are aware of BGP. Variable estimates alongside standard deviation (shown in brackets)
are given. BIC Value: 39,500. AIC Value: 39,300. The model correctly predicted 71.9% of cases
where BGP has been heard of (9219 correct predictions, 3603 incorrect predictions). Sensitivity 0.516,
specificity 0.684). Significance codes: *** (0 < p ≤ 0.001); ** (0.001 < p ≤ 0.01); * (0.01 < p ≤ 0.05).
Non-significant results (p-value > 0.05) are marked with ‘NS’.

Variable Variable Estimate (×0.001) Significance

Socioeconomic Variables

Female-Headed Household +16.3 ± 1.17 ***
Mother education level +4.21 ± 0.423 ***

Population −14.0 ± 4.90 **
Poverty +11.1 ± 1.59 ***

Biophysical Variables

Irrigation +9.59 ± 2.01 ***
Malaria susceptibility −11.9 ± 0.864 ***

Market accessibility time +2.1 ± 0.665 **
Precipitation trend +6.94 ± 0.908 ***
Riverine flooding −12.4 ± 3.49 ***

Soil Organic Carbon −27.9 ± 3.24 ***
Distance to a BGP practising water−point −166 ± 10.6 ***

Water−point (WP) specific Variables

How many people usually use this WP +0.0706 ± 0.0235 **
How many women are on the WPC? −8.97 ± 7.42 NS

Maximum distance a user walks to WP +0.112 ± 0.0264 ***
Preventative maintenance performed −133 ± 29.8 ***

Tariff or user fee for the WP +142 ± 35.8 ***

3.3. Variables Influencing Adoption of Borehole-Garden Permaculture

The forward-variable selection GLM of where BGP was adopted in communities that
were aware of BGP using a balanced dataset correctly predicted 61.4% of where BGP was
adopted. The results of the GLM model are summarised in Table 4.

3.4. Reasons for Rejection of Borehole-Garden Permaculture

The reasons given for why communities that were aware of BGP did not adopt the
practise are summarised in Table 5. The most common reason was a lack of common land at
the end of the soakway, this included both no land and owners of the land disallowing BGP.

The fourth most commonly listed reason for why BGP was not practised was due to
non-functionality of the waterpoint or limited water. The functionality of surveyed water-
points is shown in Table 6. Functionality is a temporally sensitive variable and represents
only a ‘snap-shot’ of functionality at a given point in time [38,65], the classification of
‘partially functional’ alongside ‘functional’ and ‘nonfunctional’ water-points enables a
clearer depiction of waterpoint functionality over time.
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Table 4. GLM using forward-variable selection to explain variables influencing where BGP is
practised in places where it has been heard of. BIC value: 1920 AIC value: 1840. Correctly predicted
the status of which boreholes adopted BGP in 61.4% of cases (3440 correct and 2165 false predictions).
Sensitivity 0.551, specificity 0.617. A sample dataset an equal number of water-points that adopted
and rejected BGP was analysed, a ratio of 70:30 was used for the data used for training:testing.
Significance codes: *** (0 < p ≤0.001); ** (0.001< p ≤0.01); * (0.01 < p ≤0.05).

Variable Variable Estimate (×0.001) Significance

Socioeconomic Variables

Healthcare infrastructure +4.08 ± 1.14 ***
Mother education level +3.80 ± 4.63 ***

Female-headed household −8.01 ± 1.08 ***
Poverty +9.11 ± 2.22 ***

Biophysical Variables

Precipitation trend +21.1 ± 0.984 ***
Soil organic carbon +45.2 ± 4.00 ***

Riverine flood index −76.2 ± 12.9 ***
Market accessibility time +3.80 ± 0.716 ***

Temperature trend +8.57 ± 1.86 ***
Irrigation +11.8 ± 2.51 ***

Waterpoint (WP) specific Variables

Number of months water is not available −120 ± 1.10 ***
Number of women on the WPC +104 ± 7.84 ***

Maximum distance a user walks to the WP +0.336 ± 0.0274 ***

Table 5. The most common reasons given by communities that were aware of BGP but were not
practising the technique for why they were not practising BGP.

Reason for BGP Rejection Incidence Percentage

No common land at end of soakway/not allowed 13,000 42.2

Not interested 7070 23.0

Lack of knowledge/awareness/no community training 4310 14.0

Limited water/nonfunctional waterpoint 2380 7.74

Limited money 981 3.19

No access to seeds 712 2.31

Yet to start/temporary pause 649 2.11

Animals (eat crops or drink surplus water) 497 1.61

Salty water/poor water quality 457 1.48

Table 6. Functional status given of water-points surveyed. Functional: a waterpoint that provides
year-round water. Partially functional: a waterpoint that provides water but is not reliable. Nonfunc-
tional/No longer exists or abandoned: water-points do not provide any water.

Waterpoint Functionality Incidence Percentage

Functional 45,300 61.3

Partially functional but in need of repair 15100 20.4

Not functional 8410 11.4

No longer exists or abandoned 5100 6.9



Sustainability 2021, 13, 12196 11 of 25

4. Discussion

The variables influencing the awareness and adoption of sustainable agricultural
techniques are complex [10,11,45,66–71]. BGP implementation requires decisions through
community management and engagement. The adoption of BGP, and other sustainable
agricultural techniques, is dependent on communities being aware of BGP and choosing
to adopt the practise [10,44]. Both stages are influenced by a range of factors including
socioeconomic, biophysical, and waterpoint specific variables [20,42,43]. Investigating
the processes of communities becoming aware of BGP and adoption of the practise as
individual steps, with unique variables influencing them, can help to elucidate areas of
focus for policy and practise.

4.1. Limitations

Although this research analysed a range of variables including socioeconomic, bio-
physical, and waterpoint specific variables, this study did not analyse all the variables
which influence this process, and it does not aim to provide a conclusive description of all
variables involved. The socioeconomic variables analysed were a measure of the average
level of the specific socioeconomic variable at a given location. Although this aimed to
provide information on the average status of the community (i.e., poverty level), this may
not be a true reflection of the status of the community as a whole. In the case of poverty, the
average poverty level in a region may not sufficiently explain the availability of financing
to a given community. This study revealed the large spatial heterogeneity of BGP adoption,
while this may reflect the socioeconomic, biophysical, and waterpoint specific variables
explored in this study, there are also significant regional differences. Many of these dif-
ferences centre around traditional authorities and may reflect the differences culture and
ethnography between regions. Although this study does explore some of the reasons why
communities did not adopt BGP, further qualitative data would be beneficial to further
explore the reasons behind BGP adoption and rejection.

4.2. Summary of Variables Influencing BGP Awareness

The knowledge of BGP is influenced by a range of variables including socioeconomic
and biophysical variables as well as waterpoint specific considerations [10,42]. Population
density was found to be an important variable, communities in areas with lower population
densities (rural areas) were more likely to be aware of BGP, Table 7. The rural nature of
BGP practise may also explain some of the other variables found to be significant in where
communities were aware of BGP including poverty levels and the proportion of female-
headed households, both of which are higher in rural areas [72]. However, such trends
may not be completely explained by differences in rural and urban areas. For example,
NGOs may also focus work in poorer areas too therefore leading to a higher level of BGP
knowledge in poorer areas.

Biophysical geographical variables were significantly linked to where communities
were aware of BGP, Table 7. Increased water availability, both through irrigation and
precipitation, resulted in an increased knowledge of BGP. Areas with higher levels of
irrigation generally have a more established agricultural sector, it may be that they are
more likely to have heard of sustainable agricultural practises such as BGP. Although in
the case of irrigation this may be partially explained by population density, no significant
relationship between precipitation and population was observed indicating that the link
between precipitation and BGP awareness cannot be explained by population density.
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Table 7. Summary of the results of analysed variables on BGP knowledge and adoption in a the
minimal-variable GLMs in which variables were selected by positive variable selection. (+) denotes a
significant positive variable estimate, (−) denotes a significant negative variable estimate and ‘NS’
(not significant) is written for any variable estimate with a p-value of >0.05.

Variable BGP Awareness BGP Adoption

Socioeconomic Variables

Female-headed household + −
Healthcare infrastructure +
Mother education level + +

Population density −
Poverty + +

Biophysical Variables

Irrigation + +
Malaria susceptibility −

Precipitation trend + +
Riverine flooding − −

Soil organic carbon − +
Market accessibility time + +

Distance to BGP practising waterpoint −
Temperature trend +

Waterpoint (WP) specific variables

Maximum distance a user walks to the WP + +
Number of months water is unavailable −

Number of users of the WP +
Number of women on the WPC NS +

Preventative maintenance performed −
Tariff or user fee for the WP +

However, although areas with unreliable rainfall were less likely to be aware of BGP,
these are some of the areas where BGP could be most beneficial through providing reliable
irrigation to the BGP garden and enabling year-round food production [20]. Sustainable
water management will become more critical with projected increases in temperature
and reductions in rainfall in Malawi due to climate change, particularly in areas already
experiencing water scarcity [5,6]. Areas already experiencing unreliable precipitation
should be key targets of sustainable water management techniques such as BGP. As well
as areas with lower precipitation trends, areas with high malaria susceptibility would
benefit from BGP as the removal of stagnant water around boreholes prevents mosquitoes
breeding [24]. However, despite the evident benefits, areas with an increased malaria
susceptibility were less likely to be aware of BGP. Furthermore, this trend cannot be
explained by communities in rural areas being more aware of BGP as Malaria susceptibility
is negatively correlated with population density. This trend also does not appear to be
the result of BGP practises already implemented in the area as adoption rates of BGP are
not high enough to significantly change the malaria susceptibility. The underlying reason
for why areas with less reliable rainfall and higher malaria susceptibility were less to be
aware of BGP is not entirely clear. It is likely that these reflect where NGOs and influential
individuals have focused efforts in expanding the knowledge of BGP [23].

Communities in which users walked further to access the waterpoint reported higher
awareness of BGP, this may be explained in that rural areas have more disparate users
and therefore this reflects the higher awareness of BGP in rural areas. Water-points with
more users also had higher BGP awareness, despite rural areas having fewer users; the
importance of the number of users of a waterpoint in where communities had heard of
BGP highlights the importance of community knowledge [26–29,73,74]. The importance of
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community knowledge and social capital in where communities were aware of BGP was
further highlighted by the significant role that neighbours played in increasing knowledge
of the practice; communities closer to other communities practising BGP were significantly
more likely to have heard of the practice. Furthermore, awareness of BGP from neighbours
was the most commonly cited reason for how communities became aware of the practice,
Figure 3.

External inputs also had a significant effect on which communities were aware of
BGP. Communities that pay a tariff or user fee for the waterpoint had higher levels of
BGP awareness. This may indicate that communities with active management have more
external input and are more likely to be aware of BGP. However, the opposite trend
was observed for communities with water-points for which preventative maintenance is
performed; where preventative maintenance was performed there was reduced awareness
of BGP. This was a surprising result and understanding the dynamics for why this may
be the case was beyond the scope of this study; however, it does suggest that providers of
preventative borehole maintenance could be used more in promoting awareness of BGP
in communities.

4.3. Summary of Variables Influencing Where BGP Is Adopted

Regarding where borehole-permaculture is most likely to be adopted if communities
are aware of the practice, physical constraints are important [43,67]. Communities in areas
with reliable rainfall (higher precipitation trend) were more likely to adopt the practice.
Communities in areas with increased levels of irrigation were also more likely to adopt
BGP, suggesting a similar trend to precipitation in that communities in areas with greater
water availability are more likely to adopt BGP. It may be that areas with more reliable
rainfall and increased irrigation have a more robust agricultural system and therefore may
be more inclined to adopt new agricultural techniques. Alternatively, areas with lower
water availability may have alternative water priorities. For example, ‘animals’ was given
as a reason for the rejection of BGP in areas aware of it in almost 500 cases: this referred
to either animals eating crops grown or excess water being used as drinking water for
animals. When limited water is available, retaining pools of water around boreholes to
use as drinking water for livestock may be a higher priority for communities than using
the water for crops [20]. Rivett et al., 2018 [20] suggested that water quality/salinity could
be a constraint on BGP adoption as water salinity can prevent crop growth. Drier areas
may have greater problems with salinity and therefore this may explain the reduced BGP
adoption in areas with reduced precipitation trend [75]. The observed result that 457
water-points listed salinity or poor water quality as a reason for BGP rejection supports this.
Although communities in areas with increased water availability showed greater adoption
of BGP, communities at risk of riverine flooding were less likely to adopt BGP. This may
become an evermore important consideration in encouraging the adoption of sustainable
agricultural practices as climate change is likely to lead to an increased frequency of extreme
weather events [5,6]. In the case of BGP adoption, the formation of a BGP garden requires
investment of both time and finances. Communities at risk of riverine flooding may be
less willing to invest the temporal and financial commitment required to develop a BGP
garden if the garden is at risk of destruction by extreme weather events such as flooding.
The temperature trend is another climatic variable that was significant in where BGP was
adopted. Communities that were aware of BGP in areas with higher temperature trends
were more likely to adopt BGP, the underlying reason for this trend is not understood. Soil
fertility was another important consideration in BGP adoption, communities in areas with
higher soil organic carbon were more likely to adopt BGP. It may be that areas with high
soil organic carbon have a more robust agricultural sector and are more willing to adopt
agricultural practises. Communities that had reduced access to markets were also more
likely to adopt BGP. It may be that communities with reduced market accessibility have
a greater requirement to grow their own food and therefore BGP gardens have a more
significant role in supplementing diets.
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Other physical constraints, such as the absence of common land at the end of the
soakway, were highlighted from asking communities why they were not practising BGP,
Table 5. This was often due to land around boreholes being owned by individuals rather
than by the water-users association of waterpoint committee. Such physical constraints
in land availability may partially explain some of the increased prevalence of BGP in
more rural communities. Waterpoint functionality is also a significant physical constraint;
communities with water-points where water is unavailable for some months of the year
were less likely to adopt BGP. Furthermore, partial or non-functionality was the 4th most
commonly listed reason for why BGP was not taken up by communities aware of BGP.
35.2% of the surveyed water-points reported some level of non-functionality, ensuring
improved waterpoint functionality in Malawi will therefore also be important in expanding
the adoption of BGP.

The presence of an established waterpoint committee was an important variable in
where BGP was adopted, emphasising the importance of community organisations and co-
ordination in natural resource management [76]. The number of women on the waterpoint
committee was a significant variable in where BGP was adopted; waterpoint committees
with more women were more likely to adopt the practice. Waterpoint committee guid-
ance stipulates that at least 50% of the waterpoint committee members should be women.
Committees following the waterpoint committee guidance regarding female representation
may be more likely to adopt other good practices in waterpoint management such as BGP.
The maximum distance a user walks to collect water from a waterpoint was a statistically
significant variable too, communities with more dispersed users appeared more likely to
adopt BGP. It is not clear why this would be the case; however, the distance users walk
is strongly correlated with both population density and the number of people who use
the waterpoint.

Socioeconomic factors were also significant in where BGP was adopted in communities
that were aware of BGP. The development of a BGP garden requires financial investment,
limited money and no access to seeds were both cited as reasons for why communities
that had heard of BGP did not adopt the practice, Table 5. Therefore, it was surprising that
communities in areas with higher poverty levels were more likely to adopt BGP. It may
be that communities in areas with high poverty levels are more reliant on initiatives such
as BGP gardens to supplement diets and provide an additional source of income. Areas
with higher levels of mother education had higher levels of BGP adoption highlighting
the important role of women in BGP adoption. Female-headed household index was
also an important variable in where BGP was adopted, communities in areas with higher
proportions of female-headed households were less likely to adopt BGP. This may reflect
the largely male-dominated nature of land holding and ownership in Malawi [77] in which
the capacity for women to adopt BGP is restricted by land ownership, this would be an
insightful area for further study. Healthcare infrastructure was another significant variable
in where BGP was adopted, areas with more healthcare infrastructure had higher levels
of BGP adoption. It is not entirely clear why this would be the case, however, as BGP
has important public health benefits it may be that communities in areas with increased
healthcare infrastructure will receive more encouragement to adopt practises which lead to
the removal of stagnant water, such as BGP.

4.4. Key Lessons for Government and NGOs

BGP presents an effective technique for ensuring sustainable water use and is par-
ticularly beneficial as a method of sustainable irrigation in areas with unreliable rainfall.
The removal of stagnant water from boreholes furthermore presents an important public
health benefit through the removal of mosquito breeding grounds [24]. However, despite
the evident benefits to communities, this investigation found communities in areas with a
lower precipitation trend (unreliable rainfall) and with higher malaria susceptibility were
less aware of BGP; the areas that stand to benefit most from the technique are less likely to
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have heard of BGP. This research therefore suggests that NGOs and the GoM should focus
their work on expanding the awareness of BGP to such areas over the coming years.

Community management of boreholes has the capacity to provide a sustainable and
empowering method of waterpoint management; reducing the reliance on external NGOs
and government input [78]. However, concerns have been raised regarding community’s
capacity to reliably manage water-points [13,79,80]. Indeed, this study found that 35.2%
(28,560) of water-points surveyed reported being partial or non-functionality. Using pro-
ceeds from BGP to maintain boreholes provides an innovative solution to many of the
challenges communities face in the management of boreholes [20]. Collaboration between
stakeholders in sustainable agriculture and water management in Malawi is well estab-
lished [9], this research highlights that collaboration between stakeholders in waterpoint
management and those involved in BGP is also necessary in maximising the benefits and
extent of BGP practise. Currently, areas with preventative maintenance performed on the
water-points are significantly less likely to have heard of BGP, despite these water-points
with greater external input. Engaging service providers responsible for borehole mainte-
nance in spreading awareness of BGP and how to access training provides one method of
ensuring increasing synergy between borehole management practises.

It is well established that social ties represent a critical consideration in the adoption
of sustainable practises [26–29]. Throughout the process of the promotion of BGP, the value
of neighbours and community ties cannot be underestimated. The proximity to neighbours
practising BGP was not found to be a significant variable in where BGP was adopted in
communities aware of it; this is despite this having been shown to be a significant variable
in the adoption of other sustainable agricultural techniques [28,29]. This may partially
be a reflection that social ties are more complex than merely a product of proximity [73].
However, proximity to a borehole-practising waterpoint was a significant variable in which
communities were aware of BGP, highlighting the importance of social networks in the
sharing of information [73,74]. Furthermore, neighbours represented the main way in
which surveyed water-points reported being aware of BGP. NGOs and governments could
capitalise on this resource by equipping communities to educate neighbouring communities
about sustainable practices. Similar examples of practices have been seen in the promotion
of sustainable agricultural practises elsewhere; for example, the Ethiopian government
implemented an agricultural extension model bringing together a ’role model farmer’ with
four neighbouring farmers to promote social learning [29].

5. Conclusions

Combining qualitative and quantitative data collected in an extensive survey of over
100,000 water-points across Malawi [13,14,38,39], this research developed understanding
of the status of BGP adoption in Malawi. Building on literature reporting the adoption of
sustainable agricultural practises [20,26–29,42,43,45,71], this study identified some of the
variables influencing where BGP is adopted and whether communities were aware of BGP
by investigating socioeconomic, biophysical and waterpoint specific variables [44].

5.1. A New Focal Area for BGP Promotion

43.0% of communities surveyed had an awareness of BGP. However, despite inputs
from the GoM and many NGOs, BGP was practised at just 2.4% of the water-points investi-
gated. The knowledge and uptake of BGP were dependent on a range of socioeconomic,
biophysical, and waterpoint specific factors. This study highlighted areas where communi-
ties could benefit most from BGP, due to unreliable rainfall and high malaria susceptibility,
were less likely to be aware of BGP. This research provides key policy recommendations
suggesting that NGOs and the GoM should focus their work on expanding the awareness
of BGP to these communities over the coming years.
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5.2. Context Is Key

Although the encouragement of sustainable techniques such as BGP are highly ben-
eficial, they cannot be considered in isolation. The encouragement of BGP should be
considered alongside other principles in waterpoint management such as the development
of an established waterpoint committee and ensuring maintenance and proper functioning
of water-points [78]; waterpoint functionality and waterpoint committee structure were
key variables in the adoption of BGP. BGP adoption must also be considered in the context
of the specific community and waterpoint, accounting for limitations in the context such as
land ownership challenges or conflicting priorities for land and water usage such as live-
stock. However, the context of communities may also present an invaluable asset through
pre-established social capital. Capitalising upon social contacts both between neighbour-
ing communities and external service providers could provide an efficient mechanism of
expanding the awareness of BGP in Malawi [26–29].

5.3. Future Directions

Ensuring the most effective method for the promotion of BGP will not only be crit-
ical in ensuring the maximal benefit of this technique but also provides key lessons in
understanding the adoption of other sustainable techniques in Malawi. With pressure on
Malawi’s water resources projected to increase due to climate change [5,6], population
growth [7] and agricultural intensification [1] understanding sustainable practises will
be critical in achieving SDG2 [17] and SDG6 [16] (zero hunger and access to clean water
and sanitation respectively). Furthermore, the proposals for the expansion of small-holder
farmer cooperatives in Malawi’s agricultural development [25] emphasise the need for
understanding community decision making in sustainable land and water management. In-
vestigating factors influencing the awareness and adoption of BGP in Malawi provides one
example of community management of land and water. Exploring community awareness
and adoption of other sustainable techniques in Malawi’s land and water management will
further guide policy makers and stakeholders in the promotion of sustainable practices.
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The following abbreviations are used in this manuscript:

MDPI Multidisciplinary Digital Publishing Institute
DOAJ Directory of open access journals
GoM Government of Malawi
BGP Borehole-garden permaculture
CJF Climate Justice Fund
MIS Management Information System
GLM General linear model
RCMRD Regional Centre For Mapping Of Resources139For Development
BIC Bayesian information criterion
VIF Variance inflation factor
NGO Non-government organisation
SDG Sustainable development goal

Appendix A

Figure A1. Residuals vs fitted for GLM model of where BGP is adopted in cases where communities
are aware of BGP.

Figure A2. Residuals vs fitted plot for GLM model of communities have been aware of BG.
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Figure A3. Q-Q plot for GLM model of communities have been aware of BG.

Figure A4. Q-Q plot for GLM model of where BGP is adopted in cases where communities are aware
of BGP.

Figure A5. Residuals plot for GLM model of communities have been aware of BGP.
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Figure A6. Residuals plot for GLM model of where BGP is adopted in cases where communities are
aware of BGP.

Table A1. Variance inflation factor (VIF) for variables incorporated the GLM of where BGP has been
heard of.

Variable VIF Value

Number of women on the Waterpoint Committee 1.03
Preventative maintenance performed on the waterpoint 1.07

How many people usually use this waterpoint 1.09
Female-headed household 2.31

Soil organic carbon 1.29
Malaria susceptibility 2.13

Distance from other waterpoint practising BGP 2.22
Poverty 1.21

Mother education 1.43
Precipitation trend 1.39

Tariff or user fee for water use 1.07
Irrigation 1.07

Riverine flooding 1.02
Market accessibility time 1.21

Maximum distance a user walks to this waterpoint 1.08

Table A2. Variance inflation factor (VIF) for variables incorporated the GLM of where BGP is
practised where communities are aware of it.

Variable VIF Value

How many women are on the Waterpoint Committee 1.02
Preventative maintenance performed on the waterpoint 1.05

Precipitation trend 1.16
Maximum distance a user walks to this waterpoint 1.04

Market accessibility time 1.18
How many months water is not available 1.04

Population density 1.05
Riverine flooding 1.01

Healthcare infrastructure 1.39
Soil organic carbon 1.61

Mother education level 1.44
Female-headed household index 1.58

Temperature trend 1.52
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Table A3. Summary of quantitative variables, description, values and their sources.

Variable Description Source Minimum; Maximum;
Mean

Female-headed household Index of number female-headed
households. Source: RCMRD 0.00; 100; 63.7

Poverty index Index of poverty level. Source: RCMRD 0.00; 99.5 ; 82.8

Healthcare infrastructure Index of healthcare infrastructure. Source: RCMRD 0.00; 100; 80.6

Mother education level Index of education level of mothers. Source: RCMRD 0.00; 100; 65.2

Precipitation trend

Long-term trend indicating increasing or
decreasing precipitation over the rainy

reason. Higher number refers to increasing
precipitation over the rainy season and

therefore more reliable rainfall.

Source: RCMRD 0.00; 95.6 ; 38.1

Market accessibility time
Index of time taken to travel to closest

market. Higher number relates to areas
further from a market

Source: RCMRD 0.14; 100; 24.3

Malaria susceptibility index Index of malaria susceptibility using the
standardised P. falciparum parasite rate Source: RCMRD 0.00; 99.3 ; 56.9

Literacy levels Index of literacy levels. Source: RCMRD 0.00; 100 ; 24.1

Soil organic carbon
Higher soil organic carbon is also

associated with higher soil fertility and
moisture retention.

Source: RCMRD 0.00; 57.9 ; 8.84

Population density Population density index. Source: RCMRD 0.00; 100; 1.32

Temperature trend High trend in temperature indicates an
increase in temperature. Source: RCMRD 0.00; 100; 59.8

Riverine flood index Index of the risk of an area to river
flooding. Source: RCMRD 0.00; 100; 0.48

Forest fires Index of the risk of an area to forest fires. Source: RCMRD 0.00; 63.6 ; 0.77

Irrigation
Access to irrigation. Amount of area

equipped for irrigation as a percentage of
the total area.

Source: RCMRD 0.00; 100; 97.7

Maximum distance a user
walks to the WP Distance walked one way in metres. Source: Waterpoint

survey 0.00; 10000 ; 401

Months water is unavailable Number of months in a year that water is
unavailable from the waterpoint

Source: Waterpoint
survey 0.00; 12.0 ; 0.64

Number of people on WPC How many people on the waterpoint
committee

Source: Waterpoint
survey 1.00 ; 20.0 ; 9.10

Number of women on the
WPC

How many people on the waterpoint
committee

Source: Waterpoint
survey 1.00 ; 20.0 ; 5.29

How many people usually use
the waterpoint Number of regular users of the waterpoint Source: Waterpoint

survey 1.05 ; 250 ; 115

Table A4. Summary of binary response variables.

Variable Number of “Yes” Responses Number of “No” Responses

Is preventative maintenance
performed on the waterpoint?

Source: Waterpoint survey
48,100 16,100

Is there a tariff or user fee for
the waterpoint? Source:

Waterpoint survey
51,400 13,900
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GLM with all variables for where BGP had been heard of.

Table A5. Results of generalised linear regression model for variables influencing where BGP
has been heard of in Malawi combining all analysed variables. BIC Value: 13,960.35. AIC Value:
13,786.31. The model correctly predicted 59.83% of cases where BGP had been heard of (18,565 correct
predictions and 12,462 incorrect predictions). Significant p values are marked with one or more
asterisk (*). Significance codes: *** (0 < p ≤ 0.001); ** (0.001 < p ≤ 0.01); * (0.01 < p ≤ 0.05).

Variable Variable Estimate (×0.001) Significance

Female-Headed Household +16.2 ± 1.02 ***
Poverty + 10.6 ± 1.48 ***

Healthcare infrastructure −0.928 ± 1.03 NS
Mother education level +3.84 ± 0.393 ***

Precipitation trend +6.71 ± 0.891 ***
Market accessibility time +2.27 ± 0.591 ***

Malaria susceptibility −11.3 ± 0.793 ***
Literacy level +1.76 ± 1.57 NS

Soil organic carbon −29.2 ± 3.11 ***
Population density −13.5 ± 4.91 **
Temperature trend +0.0418 ± 1.57 NS

Riverine flood −12.8 ± 2.90 ***
Maximum distance a user walks to the WP +0.0601 ± 0.0228 **

Distance to a BGP practising WP −158.8 ± 12.46 ***
Forest fires +7.16 ± 2.78 *
Irrigation +8.62 ± 1.74 ***

Number of months water not available +1.55 ± 7.42 NS
How many people are on the WPC −9.45 ± 6.93 NS
How many women are on the WPC −8.15 ± 8.07 NS

How many people usually use this WP 0.121 ± 0.0217 ***
Preventative maintenance performed 120 ± 25.7 ***

Tariff or user fee for water use −149 ± 30.6 ***

GLM with all variables for where BGP has been adopted.

Table A6. Results of generalised linear regression model for variables influencing where BGP is
practised in places aware of BGP. BIC Value: 33000. AIC Value: 32800. Correctly predicted the
status of which boreholes adopted BGP in 53.6% of cases (3006 correct predictions and 2599 incorrect
predictions). Sensitivity 0.647, specificity 0.530. Significant p values are marked with one or more
asterisk (*). Significance codes: *** (0 < p ≤0.001); ** (0.001 < p ≤ 0.01); * (0.01 < p ≤ 0.05).

Variable Variable Estimate (×0.001) Significance

Female-Headed Household −8.60 ± 1.29 ***
Poverty +8.43 ± 2.29 ***

Healthcare infrastructure +2.61 ± 1.35 NS
Mother education level +4.25 ± 0.508 ***

Precipitation trend +19.7 ± 1.29 ***
Market accessibility time +3.32 ± 0.777 ***

Malaria susceptibility 2.458 ± 1.11 *
Literacy level −3.78 ± 2.29 NS

Soil organic carbon +46.9 ± 4.06 **
Population density −27.0 ± 9.54 **
Temperature trend 9.04 ± 2.09 ***

Riverine flood −74.5 ± 13.0 ***
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Table A6. Cont.

Variable Variable Estimate (×0.001) Significance

Maximum distance a user walks to the WP +0.355 ± 0.0284 ***
Distance to a BGP practising WP +9.22 ± 15.7 NS

Forest fires −2.01 ± 3.53 NS
Irrigation +11.4 ± 2.54 ***

Number of months water not available −125 ± 11.1 ***
Number of people on the WPC +12.6 ± 9.24 NS
Number of women on the WPC +99.2 ± 1.00 ***

Number of people usually use this WP −0.125 ± 0.0257 ***
Preventative maintenance performed −95.7 ± 33.6 **

Tariff or user fee for water use −44.9 ± 41.5 NS

Table A7. Reasons given for rejection of BGP by communities who became aware of BGP but were
not practising the technique.

Reason for BGP Rejection Incidence

No common land at end of soakway 13,000

Not interested 7070

Lack of knowledge/awareness/no community training 4310

Limited water/nonfunctional waterpoint 2380

Limited money 981

No access to seeds 712

Yet to start/temporary pause 649

Animals 497

Salty water/poor water quality 457

River nearby/natural irrigation 64.0

Not allowed by health ministry/WUA/bylaws 44.0

New borehole/under construction 38.0

Unsuitable conditions 37.0

Not allowed by landowner 35.0

Conflict/disagreement 32.0

Close to dambo/use special dambo 27.0

No soakway/drainage at borehole 27.0

Vandalism/abuse of garden 26.0

Theft 25.0

Work overload 25.0

Borehole located in a school 19.0

People use their own gardens 16.0

Committee is changing/new/disorganised/not present 13.0

No security 13.0

Bills/charges 10.0
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