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Abstract: This study aims to assess spatial patterns of Malawian agricultural productivity trends
to elucidate the influence of weather and edaphic properties on Moderate Resolution Imaging
Spectroradiometer (MODIS)-Normalized Difference Vegetation Index (NDVI) seasonal time series
data over a decade (2006-2017). Spatially-located positive trends in the time series that can’t otherwise
be accounted for are considered as evidence of farmer management and agricultural intensification.
A second set of data provides further insights, using spatial distribution of farmer reported maize
yield, inorganic and organic inputs use, and farmer reported soil quality information from the Malawi
Integrated Household Survey (IHS3) and (IHS4), implemented between 2010-2011 and 2016-2017,
respectively. Overall, remote-sensing identified areas of intensifying agriculture as not fully explained
by biophysical drivers. Further, productivity trends for maize crop across Malawi show a decreasing
trend over a decade (2006-2017). This is consistent with survey data, as national farmer reported
yields showed low yields across Malawi, where 61% (2010-11) and 69% (2016-17) reported yields as
being less than 1000 Kilograms/Hectare. Yields were markedly low in the southern region of Malawi,
similar to remote sensing observations. Our generalized models provide contextual information for
stakeholders on sustainability of productivity and can assist in targeting resources in needed areas.
More in-depth research would improve detection of drivers of agricultural variability.

Keywords: agriculture; productivity; Normalized Difference Vegetation Index (NDVI);
proxies; intensifying

1. Introduction

1.1. Background on Agriculture Production

Agriculture systems offer multi-functional services that support and regulate natural services, as
well as provide income, food, fodder, and fuel [1,2]. Variation on climate and land use changes have
impacted vegetation patterns and global ecosystem resilience [3,4]. In many low latitude countries,
climate change, population pressures, and socio-economic inequity have posed challenges to food
production [5].

Sub-Saharan Africa is a vulnerable region for agriculture production. The predominant smallholder
agriculture systems are rain-fed with limited use of inputs [6]. Recent studies show that shrinking
farm sizes are associated with increasing population pressures, however, farm productivity trends in
these areas are also influenced by socio-economic drivers and institutional policies, resulting in a wide
range of agricultural pathways, from extensification to intensification [6,7]. Past studies show that
food production can be improved through sustainable intensification practices [8].
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Sustainable Intensification (SI) of agriculture optimizes agricultural resource use to produce
more food per unit, area of land, while conserving and protecting the environment [9,10]. There
remain conflicting scientific ontologies and sustainable intensification solutions: Some researchers
suggest revisiting the theories driving sustainability, while others propose consideration of ‘ecological
intensification” as an alternative concept in which biological processes, rather than chemical inputs,
support environmentally-friendly production systems [11,12].

Research on SI strategies mainly focuses on field experimentation and community level studies,
with limited research that addresses SI practices at the sub regional through national scales, and
involving biogeographic conditions across different spatial and temporal scales [13].

1.2. Crop Production in Malawi

Malawi is among the food insecure countries in Sub Sahara Africa. However, Malawi does
have unique drivers that make it an interesting study; rainfall patterns are changing, with notable
extreme weather events in past decades [14,15], and has typically low nutrient soils due to inadequate
resource inputs and continuous maize cultivation [16]. Socio-political factors such as colonial models
of land resource management [17], access to education, and health-HIV/AIDS combine to increase food
insecurity vulnerability at both household and community levels, and these drivers vary across the
country [18].

The Malawian government has taken steps to increase agricultural production through the
Fertilizer Input Subsidy Program (FISP) that provided farmers with input resources such as improved
seeds and inorganic fertilizer [19]. Malawi’s district based agricultural extension services system
(DAESS) was involved in the promotion of FISP and innovative interventions aimed to assists farmers
in improving farm productivity and livelihoods [20]. In recent years, there have been debates on
whether and to what extent maize yields and productivity increased, as remote sensing productivity
trends are flat or declining, and are not in line with Malawi maize yield statistics [21,22].

Additionally, since the early 2000s, the Government of Malawi has invested in smallholder
scale irrigation development, implemented through the Malawi Ministry of Agriculture, Irrigation,
and Water Development with partners from international donor communities [23]. Two irrigation
projects enhancing crop production in medium and small farming communities across Malawi are the
Smallholder Irrigation and Value Addition Project (SIVAP) and the Shire River Basin Management
Programme Project (SRBMP) [24]. As of 2014, irrigated cropland in Malawi was 4%, or 104,000 hectares;
these comprise 46% estates, and 54% smallholder owned, and mainly grow maize, rice, sugarcane, and
vegetables [25].

Some studies show that smallholder farmers who have access to inputs and participate in
agricultural system interventions often have improved farm productivity and are likely to practice
mixed-maize systems, which includes crops such as millet, root crops, pulses, and fruit trees for local
consumption [26]. Additionally, studies have reported that smallholder systems can increase biological
and environmental resilience through application of perennial crops and legume diversification [27,28].

Few studies of smallholder agricultural development capture long-term performance or
multidimensional scaling [11,22]. There remains a knowledge gap in scaling across multiple mapping
extents and political boundaries using explicit measures of agriculture intensification across time and
scale. Measuring and identifying spatial-temporal patterns of intensification of agriculture is critical
for the development of rain-fed smallholder farming systems, as this is linked to improving farmer
livelihood and food security. The main purposes of this study are to establish sustainability indicators
in a regional context and identify locations and patterns of agricultural intensification in Malawi. This
study seeks to improve our understanding of agricultural intensification and associated spatial and
temporal patterns. Our primary question is “where is agriculture productivity intensifying in Malawi?”
Our null hypothesis is “locations with increased trends in agricultural productivity are intensifying”.
To locate areas where intensification of agriculture occurs, we propose to use remote satellite imagery
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to develop proxies to identify productivity trends that are not influenced by good climate conditions
and soils.

1.3. Proxies

The intensification of agriculture has a strongly spatial character. Capturing agricultural
intensification patterns requires empirical analyses that embed space-time interactions [29,30]. Remotely
sensed time series datasets offer the requisite archival observations, allowing agricultural modeling
over both space and time [31]. The significance of remote sensing time series data derived indicators
then is to supply information indirectly through measurements as proxies of smallholder farming
system trends detected across spatial and temporal scales [32,33]. A proxy is a remotely sensed derived
estimate of an observed phenomenon. An example of a proxy indicator is the Normalized Difference
Vegetation Index (NDVI) that is used as a biomass estimate, and thus a proxy for productivity [34].

In smallholder farming systems, biophysical characteristics and farmer input resources, goals, and
practices are among the main influencers of intensification. Long-term monitoring and spatial mapping
of these drivers are best captured in remote sensed time series datasets [35-38]. To understand this
complex system of food production, we develop our geographic theory of intensification, where we
observe a pixel over time for intensifying agriculture and theorize that potential areas of intensification
are found in productivity scenarios presented in Figure la—d. The theoretical diagrams illustrate
(a) increasing, (b) stable, (c) declining productivity trends, and (d) divergent productivity trends per
pixel from a single point in production. The lines present different trajectories of productivity. For
example, a farm with low productivity might increase production over time, whether through increased
labor, fertilizer, or sustainable practices (A-Low). Further, this might be in response to improving,
stable, or worsening climate and edaphic conditions. In Figure 1d, divergent trajectories might emerge
from places with identical biophysical endowments as starting condition, and disentangling those
trajectories and identifying those locations elucidates the manifestation of sustainable farming.
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Figure 1. Theoretical model of trends in agricultural productivity per pixel over time. (a) Increasing
productivity trends, (b) stable productivity trends, (c) decreasing productivity trends with a potential
of pixel shifting from low getting medium or medium getting high where intensification of agriculture
is occurring. (d) Divergent productivity trends from a single point in production.

2. Malawi—Study Area

Malawi is a small country located in southeastern Africa. The country occupies approximately
118,480 km?, one-fifth of which is covered by Lake Malawi [39], (Figure 2). Malawi has complex
topography along the latitudinal gradient of the rift valley, contributing to diverse geographical
gradient [40], including low Shire Valley plains (<200 m), Lake Malawi shore, middle and upper Shire
(200 to 760 m), mid-elevation upland plateau (760 to 1300 m) and highlands (>1300 m) plateaus [41].
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Figure 2. Study Area displaying three aspects: Agroecology zones based on elevation above sea level,
district boundaries, and the three administrative regions of Malawi; Northern, Central, and Southern
regions (District boundaries shown).

Malawi’s uni-modal climate is influenced by the latitudinal (north-south) shifting of the
intertropical convergence zone (ITCZ) [39]. The rainy season starts in mid-October, peaks in January,
and extends through to early March or April, while the dry season starts from May to early October
(Malawi Meteorology Services). In Malawi, climate change manifests as seasonal shifts in rainfall
pattern, such as the number of dry days and extreme events [15,42]. Average temperatures range from
29 °C in October to 7 °C in February, and average annual rainfall is between 725 mm and 2500 mm
(Malawi meteorology services). Malawi has a rapidly growing population, from 15 million people in
2012 to a projected 26 million by 2030 [43], with a majority (85 percent) of Malawians living in rural
areas and making their livelihood from agricultural production [44,45].

3. Data

The datasets used in this study include: Long term vegetation estimated from Moderate
Resolution Imaging Spectroradiometer (MODIS), 16 days interval-Normalized Difference Vegetation
Index (NDVI)—MOD13Q1 version 6, at 250 m (https://doi.org/10.5067/MODIS/MOD13Q1.006) [46].
Precipitation dataset is derived from MODIS-Climate Hazards group Infrared Precipitation with Stations
(CHIRPS) data product at 1km resolution for precipitation [47], and MODIS-8 day Interval-Land
Surface Temperature (LST) MODIS11A2.006, representing surface temperature at 1km spatial resolution
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(https://doi.org/10.5067/modis/mod11a2.006) [48]. Ancillary datasets to derive long term agriculture
include: MODIS Land Cover at 500 m (https://doi.org/10.5067/MODIS/MCD12Q1.006) [49]. Glob Cover
2009 land cover at 300 m resolution http://due.esrin.esa.int/page_globcover.php) [50], FAO-Africover
2010 at 30 m resolution, European Space Agency (ESA) time series 1992 to 2015 land cover at 300 m
resolution [51], and a Malawi’s soil suitability spatial distribution product from [52] were used for our
analysis (Table 1).

Table 1. Climatic and land cover datasets used to determine productivity trends and intensification
of agriculture.

Dataset Time Span  Resolution  Source

Land Surface Temperature (LST)

MODIS/006/MOD11A2-8-day 2006-2017 1km NASA EOSDIS
interval

NDVI MODIS/006/MOD13Q1 2006-2017 250 m NASA EOSDIS
UCSE CHG/CHIRPS/DAILY 2006-2017  5km UCSB/CHG
rainfall data

Malawi land suitability [52] - [52]

European Space Agency (ESA) website
(https://www.esa-landcover-cci.org/)
MODIS MCD12Q1 Land cover 2006-2017 500 m NASA EOSDIS

European Space Agency (ESA) website

Annual global land cover time series  1992-2015 300 m

Global land cover GlobCover 2009-2010 300 m .
(https://www.esa-landcover-cci.org/)
FAO-Africa Cover Malawi’s Land FAO GeoNetwork Website (http://www.
2010 30 m !
Cover Product fao.org/geonetwork/srv/en/main.home)
4. Methods

4.1. Measurement of the Spatial Distribution of Productivity

We use biomass estimates as a proxy for productivity by taking the 10-year record of mean
MOD12Q1, NDVI, 16-day interval, at 250 m spatial resolution during the November to April growing
period for maize. This measures the onset of greenness, peak time, and maximum NDVI in one
growing season [53]. The mean value per pixel was computed across the growing season for each
year (t) (2007 to 2017) across Malawi [53]. To derive the trend and calculate the slope coefficients for
each pixel, we used a linear function (y = m+bt), where y is dependent variable (NDVI), and (t) time
as the independent variable, and apply the model over the complete time series [54-56]. This linear
trend technique allows per pixel comparison between NDVI and other datasets to examine long term
trends, unlike using nonlinear approach, since nonlinearity would not allow clear pixel comparisons
between datasets [55]. One caveat here is that our linear function does not take into account model
assumptions of serial correlation [57]. However, the Mann-Kendall test was used to compute serial
correlation on mean annual NDVI time series, and a Theil-Sen (TS) slope estimator was computed
on mean annual NDVI to identify significant trends [58,59]. This method handles seasonality more
efficiently than the trend-over time linear model [60,61]. Additionally, Mann Kendall’s decomposition
function separates deterministic series from the original data time series and breaks down the data
seasonality from the trend, and remaining or random data as the annual anomalies [60]. The observed
NDVI trends from the maize growing season over time are classified into high, minimal change, and
low trends using equal interval classification in ArcGIS to determine NDVI signal attributed to high,
minimal change, and low pixel values. We use minimal change term for precision in our analysis,
pixels with minimal change are referred to as stable; these two terms are used interchangeably in the
study. Stable production can be an indicator of sustainability as climate or other conditions decline.
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4.2. Biophysical Drivers

We calculate average values on the MODIS 11A2 -8-day interval temperature and precipitation
time series from the growing season (November to April) over 2006 to 2017, to derive the trend and
slope coefficients for each pixel, as previously described with the NDVI dataset above. A linear function
is developed on both the temperature and precipitation datasets (y = m+bt), where y =the dependent
variable as the (LST_Day_lkm band) for temperature, and precipitation estimates for precipitation,
while (t) = time per year over a ten-year period, independent variable.

4.3. Malawi Land Cover

Malawi’s agricultural lands were identified using four different land cover products:
FAO-Africover 2010 product at 30 m resolution, European Space Agency (ESA) 1992 to 2015-time
series land cover at 300 m resolution, Glob-Cover 2009 land cover at 300 m to look at intensification
aggregates, and the MODIS Land cover from 2000 to 2013 at 500 m that uses land cover assessment
from five global land cover classification systems.

We resample all low spatial resolution land cover data sets to the finest spatial resolution of 30 m
using nearest neighborhood sampling method, and use a binary reclassification for the agricultural
classes, and nonagricultural classes. The four land cover layers are summed, resulting in a combined
output with five agricultural class categories 0, 1, 2, 3, and 4. The ‘0" category are pixels classified
as non-agriculture based on the combined land cover class product, while “1” is some agriculture,
and ‘2, 3, 4’ pixel categories have increasingly reported agricultural cover, and are representative of
Malawi’s agricultural land area of 50,236 km?, which differs only slightly from the FAO 2010 cropland
area of 55,720km? [62].

4.4. Land Suitability Spatial Distribution

Most of the agricultural land in Malawi is degraded or of marginal quality due to continuous
cultivation and expansion onto hill slopes [52]. To characterize agricultural suitability, we used the
spatial distribution of land suitability product developed by [52], which addresses land favorable for
cultivation based on topographical conditions, that is; terrain, soil erosion risk, and soil characteristics
such as texture, soil organic carbon (SOC), pH, depth, drainage, erosion potential, Cation Exchange
Capacity (CEC). We rate the land’s ability for agricultural production by reclassifying the soils into:
Suitable soils for crop cultivation (that represent highly suitable, moderately suitable classifications
in [52]) and poor soils (marginally suitable, and unsuitable soils in [59]).

4.5. Spatial Distribution of Productivity, Soil Suitability, Precipitation, and Temperature

The spatial distribution of agricultural production incorporating climate and edaphic conditions is
derived via a two-step process. In the first step, multiple datasets; NDVI (productivity), soil suitability,
and climate pixel values calculated from above section are imported into ArcGIS. Each dataset;
NDVI, soil suitability, and climate values are reclassified into categories, that is; NDVI increasing,
minimal change, decreasing trends (1,2,3), temperature increasing/decreasing trends (1,0), precipitation
increasing/decreasing trends (1,0) and soil suitable and unsuitable classes (1,0). These multiple datasets
are combined to derive their spatial information using spatial analysis combine feature in ArcGIS
environment, where a total of 40 unique combinations are realized. The 40 unique realization layer is
superimposed to agricultural layer, and all non-agricultural areas are masked out. Figure 5 shows the
40 combinations of the four variables (productivity (P), rainfall (R), soil (S), and temperature (T)) we
analyzed. In the second step, we identify locations of potentially intensifying agriculture, we query
for pixels where increasing productivity is not driven by good climate and suitable soils from the
40 unique realization layer from step one above.

We use high spatial resolution satellite imagery from Google Earth Pro to carry out a visual
inspection of identified intensifying agriculture pixels above. The intensifying pixels’ layer was



Sustainability 2020, 12, 1313 7 of 22

rendered in Google Earth Pro, we used archived Landsat satellite images of 30-m resolution found
between 2013 to 2016 for Malawi growing season and dry season captured to determine the land use in
the “intensification” pixels. We randomly zoomed into locations in the north, central, and southern
Malawi, where these increasing productivity pixels seem to be located, that is mostly in mountainous,
forested, or flood plain areas.

4.6. Agricultural Input Resource Management

To explore social drivers of agricultural production, and disentangle these social drivers from
intensification, we present farmer reported yields and input practices as reported by farmers interviewed
in two cross sectional instrument surveys: Third Integrated Household Survey—2010-2011 and Fourth
Integrated Household Survey—2016-2017 Living Standards Measurement Study (LSMS), respectively,
implemented by the Malawi National Statistical Office [63-65] These surveys were used to monitor
and evaluate the Malawian households for poverty and vulnerability, to assist with evidence-based
policy formulation for strategic national development [66]. The Integrated Household Surveys—IHS3
was implemented between March 2010-2011 using 12,271 households and Integrated Household
Survey—IHS4 was implemented between April 2016—-April 2017 using 12,447 households.

We developed a database to be able to manage these data subsets and also linked each data
subset using a unique identifier. We created queries to minimize data errors from the surveys, where
we considered only the data where (a) farmers reported plot yields greater than 0 and less than
10,000 kg/hectare and also reported use of fertilizer inputs greater than 1000 grams. The 20102011
survey sample size was filtered to 9939 samples, similarly, 2016-2017 survey sample size was filtered
to 10,757 households. Additionally, in both datasets, only maize crop information was included. The
farmer reported plot yields units for both surveys were standardized to yields in Kilograms units
using 2009 world bank crop conversion standards. In both surveys, we considered the agricultural
management questions that asked farmers the use of organic fertilizer (Yes/No) and use of inorganic
fertilizer (Yes/No) per plot. Additionally, in both surveys, farmers were asked to rate how they
perceived the soil quality on their plots, as good, fair, or poor. Household geographic coordinates used
in both surveys are offset approximately five kilometers from the actual physical household location for
privacy reasons, and their plot geographic coordinates were recorded as distances from the household
to plot location, not actual plot locations. The outputs from the database on both survey datasets above
were used to create distribution maps (layers) in ArcMap software. Distribution maps created were for
farmer reported yields, organic and inorganic inputs use, and soil quality responses, respectively. We
overlay each layer over the identified potentially intensifying agriculture layer from Section 4.5 above.

Our models are interpreted using regions as depicted in study area Figure 1, and for ease of
reference, we also distinguish locations based on their topographical features.

5. Results

5.1. Descriptive Statisics of Trend Analysis

The dominant trend apparent in Malawian agriculture is one of decline. Figure 3a, shows the
mean NDVI correlation coefficient of —0.31, significant at 0.05 level. NDVI trend declined at a value of
—0.003 per year over growing season period between 2006-2017. Further examination of trend using
the Mann Kendall test shows a tau value of —0.0633, and an overall trend is negative, and the trend is
worsening at a magnitude of —0.0002 for annual NDV], significant at 0.05 level. The mean seasonal
rainfall also shows a declining trend by —13.8 mm per year over the 10 year growing season period,
with a correlation coefficient of —0.331, significant at 0.05 level (Figure 3b). Mean temperature displays
an increasing trend of 0.1 Celsius per year over 10-year period, with a correlation coefficient of 0.26 at
0.05 significant level (Figure 3c).
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Figure 3. Annual mean trend over time including regression coefficient of (a) MODIS-NDVI,
(b) CHIRPS-Precipitation, and (c) MODIS-Land Surface Temperature (2006 to 2017 time series for
Malawi’s main growing season (November—April).
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Decomposition of NDVI time series is shown in Figure 4. The top section is the original data
series, the next is a seasonal component that illustrates the expected vegetation growing pattern from
start to end of growing season, the third section is a trend component that captures distinct increases
or decreases in NDVI value; declines are visible in 2009, 2012, and 2015 that coincides with observed
flooding and drought events [67]. The remainder or noise component, which is the difference of the
original data minus the seasonal component and direction of change-trend is shown in the last section
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Figure 4. Mean NDVI growing season time series decomposition for Malawi. First part of graph is the
original data series, second part is the seasonality component of the data, trend part of the data and
remainder—that is the original data minus the seasonal and direction of change (trend). The plot has
solid bars on the right hand side that show the data range and assist with comparisons.

5.2. Spatial Distribution Pattern Analysis

The spatial distribution map highlights the growing season NDVI slope coefficients per pixel
that range from 2.5 (increase), —1.7(decrease) over 2006 to 2017 (Figure 5a). NDVI pixels in green
color have increasing high slope coefficient values, these are found in the high to mid-altitude plateau
areas, circled in the figure, while pixels in orange located mostly in lakeshore plains and upper Shire
valley show decreasing low —1.7 value slope coefficients. Precipitation displays a latitudinal trend
with increasing rainfall moving from south to north (Figure 5b). Land surface temperature exhibits
decreasing trends in the northern regions and mountainous areas like Dedza in the central region and
Mount Mulanje found in the south, while increasing temperature trends are found towards central and
southern plains, respectively (Figure 5c).

Malawi’s dominant soil texture is well-drained loamy clay sands that have adequate to low
nutrient levels [68]. Overall, sandy clay loam is found across 78% of the country, with the remaining
soils; 10% sandy loam, 8.4% sandy clay, and 4% blend of clay loam soils [52]. Figure 5d displays
Malawi’s soil suitability map, illustrating that unsuitable soils are coincident with high slope areas,
for example, in the Nyika highlands located in the northern region, the rift valley escarpment in the
central region, and the Shire highlands in the southern region. Suitable soils are found in mid-altitude
plateaus and lake plains, such as Nkhata bay.
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Figure 5. (a) Malawi’s NDVI slope coefficients, few high pixels are seen scattered, while the majority
of pixels dominate the landscape. (b) Precipitation trend displaying the latitudinal (north-south
gradient); with increasing pixels shown in green color, while decreasing pixels are in orange color.
(c) Land surface temperature trend displaying a latitudinal (north-south) increasing pixels (orange)
and decreasing (blue). (d) Spatial distribution of soil suitability data source from [52]. In all the figures
above, agriculture land cover is shown, while all other land cover types are masked out in white color.

Figure 6 shows the spatial distribution map of pixel-by-pixel combinations of NDVI, rainfall,
temperature, and soil suitability, and their percentage pixels in each category. Here, the northern
region has more high productivity pixels as indicated by NDVI, while others are scattered across
Malawi, in high plateau areas of Dedza mountains, and the southernmost tip of Malawi (lower Shire
valley). Overall, 21% of agricultural lands are associated with an increasing agricultural productivity
trend. This could be largely attributed to higher levels of precipitation (900 mm to 1200 mm) in
these high elevation areas, in contrast to the lower precipitation (725 mm to 800 mm) and higher
evapotranspiration in the lowlands. About 35% of agricultural lands are associated with no changes
in productivity. These areas are found primarily in the central and southern regions. About 43% of
all agricultural lands present decreasing productivity trends. These lands are predominantly in the
southern region. Less than one percent of pixel combinations show increasing productivity trends
associated with suitable soil pixels, with either decreasing rainfall and temperature trends, or vice versa.

Figure 7a,b display scenarios queried from above pixel by pixel combinations; (a) decreasing
productivity trends, poor climate, and poor soils (b) stable productivity, poor climate, poor soils
(c) increasing productivity, poor climate, poor soils. The pixels selected are not a composition of
increasing precipitation and suitable soils, which takes 62% of all the pixels, but the remaining 38%-pixel
combination as potential locations where agriculture is intensifying. From these remaining pixels; 7%
are located in sites that were associated with trends of decreasing productivity, lower rainfall trends,
and poor soils. These sites are primarily located along Lake Malawi shore. Another 23% of sites were
associated with trends of decreasing productivity, poor soils, and increasing rainfall, and were located
in the central and south-west tip region of Malawi (Figure 7a). Another 7% of sites were associated
with stable productivity trends, decreasing rainfall, and poor soils are found scattered in central and
along Lake Malawi shoreline (Figure 7b). These sites may represent sites of intensification. Drivers
may include various social or biophysical factors, including a shorter cultivation history and forest
border effect. Decreasing trends can be associated with temperature-induced drought stress in these
regions based on the different years of irregular rainfall or heavy downpours that flooded areas close
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to water bodies, based on the Government of Malawi floods and drought alerts in April 2016, and
flooding incidents in 2017 [69,70]. Figure 7c displays increasing high productivity trends in areas with
decreasing rainfall, and unsuitable soils, 0.07% of these pixels are found in the south-east lower areas
in the floodplains of Shire river and Lake Chilwa, while in the central regions, the pixels are adjacent to
forest cover masked areas.
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Figure 6. Spatial distribution of all pixel by pixel possible combinations of the four maps from Figure 5
of variables under study NDVI (P), Soil (S), Temperature (T), and Rainfall (R). Agriculture land cover is
displayed; all other land cover types are masked out.

Figure 8a,b displays the Malawi farmer reported yields in Kilogram per Hectare (Kg/Ha) during
2010-2011 and 20162017 from the national LSMS-IHS3/4 surveys overlaid on the intensifying areas
layer. In 2010-2011 surveys, 61% of farmers reported yields below 1000Kg/Ha. Of these households,
37% are located in the southern region, while the central region has 14%, and the northern region has
10%. Households with yields between 1000-2000Kg/Ha make up 25% of farmers, and are found in
few areas in the north at 10%, and in central region at 14%, while 13% of farmers were found in the
south region. Households with yields between 2000-3000kg/Ha make up 8% scattered across Malawi.
Households with yields greater than 3000 Kg/Ha are sparsely distributed across Malawi, and make up
less than 6% of households. These high productivity farms are mostly located in the southern and
central regions.



Sustainability 2020, 12, 1313 12 of 22

Decreasing
productivity trends,
poor climate and soils.

Increasing
productivty trends,
poor climate and soils

Minimal change in
productivity trends, ¥
poor climate and soils
iy Shire river and
Lake Chilwa
floodplains

0 2550 100

Kilometers.

Figure 7. NDVI trend pixels in cyan color, some illustrated in circles, three most likely scenarios on
poor climate and soils from above Figure 6 pixel by pixel combinations. (a) Decreasing productivity
trends, poor climate, and poor soils. (b) Minimal change in productivity, poor climate, poor soils.
(c) Increasing productivity, poor climate, poor soils, deemed to be intensifying areas.
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Figure 8. Geographic distribution of (a) households that reported yields for 2010-2011 growing season
(source data: LSMS-IHS3 (n = 9,939 households); (b) households that reported yields for 2016-2017
growing season (source data: LSMS-IHS4 (n = 10,757 households) overlaid in the areas predicted to
intensify with increasing productivity and poor climate and soils.



Sustainability 2020, 12, 1313 13 of 22

In the 2016-2017 survey, 69% of farmers reported yields below 1000 Kg/Ha. Of these households,
37% were located in the south, while 22% are in central, and the remaining 10% are found in the north.
20% reported yields were between 1000 to 2000 Kg/Ha, evenly distributed throughout the central and
south regions, with less than 0.5% in the northern region. 10% farmers reported yields greater than
3000 Kg/Ha, and these were also mostly located in the southern and central regions (Figure 9a,b).

IHS§3 2010-2011

i ili { s e di® IHS4 2016-2017
Inorganic F ertilizer (Yes/No) ;.,'0.-»;3 L] '. . Inorganic Fertilizer (Yes/No)
® ves roedidy d"?“." ® v -
© No 570 ERge s gy ® es
® Be 2 © No
Increasing produdiivity, /& £0 \:-'u
poor soils and climate . L:‘ 5 _,., o ) Increasing produdtivity,
.,,' = poor soils and climate
N B
s N
0 2550 100
—:— .
Kilometers s W

Figure 9. Spatial distribution of households that reported Yes or No to applying (a) inorganic fertilizer
to their fields for 2010-2011surveys (source data: LSMS-IHS3 (n = 9939). (b) Households that reported
applying inorganic fertilizer to their fields for 2016-2017 surveys (source data: LSMS-IHS3 (n = 10,757),
overlaid in the areas predicted to intensify with increasing productivity and poor climate and soils.

In 2010-2011 surveys, 77% farmers reported having applied inorganic fertilizer in their plots.
Not surprisingly, the majority were located in the southern region of Malawi with the poorest soils
(Figure 9a). Likewise, in 2016-2017 surveys, 68% farmers reported applying inorganic fertilizer, again
most commonly in the southern region (Figure 9b).

Figure 10a,b shows the spatial distribution of farmers who reported using organic fertilizer in
their plots across Malawi. A proportion of farmers 24% in 2010-11 survey, and 20% of farmers in
2016-17 survey reported applying organic fertilizer, and overall livestock presence as a source of
organic fertilizer is low, especially in the southern region (Figure 10).
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Figure 10. Spatial distribution of (a) households that reported applying organic fertilizer to their
fields for 2010-2011 growing season (source data: LSMS-THS3 (n = 9939); (b) households that reported
applying organic fertilizer to their fields for 20162017 (source data: LSMS-IHS3 (n = 10,757). Overlaid
in the areas predicted to intensify with increasing productivity and poor climate and soils.

Farmers reported their perceptions of their plot soil quality using three categories: Good, fair, and
poor ratings. In 2010-11 surveys, 44% of farmers perceived plot soil quality to be good, 44% perceived
their soil quality to be fair, while 12% replied poor for plots’ soil quality (Figure 11a). In 2016-2017
surveys, 50% of farmers rated their plots’ soil quality to be good, while 36% perceived their plot soil
quality to be fair, and 14% perceived their plot quality to be bad (Figure 11b). In both surveys, only
16% of farmers in the northern region rated their plots’ soil quality as bad, and 21% of farmers found
their plots to be fair, while 20% of farmers reported their plots’ soil quality as good. In contrast from
the north, over 50% of farmers in the south rated their plots’ soil quality between bad or fair (in both
surveys), whereas in the central region, 30% of farmers rated their plots’ soil quality as bad or fair,
and a small percentage rated the soil quality as good (Figure 11a,b).

Figure 12 visualizes the pixels identified as intensifying (defined by increasing productivity, poor
climate and soils) in Figure 7c. Here, we show land cover during the main growing season—wet
season—and the dry season where imagery was available for assessment of the land use in these
intensifying pixels. The image data suggest land use with mixed cropping, or under-irrigation. The
temporal imagery on these intensification pixels show that the land use (agricultural management
activity) identified in these pixels may suggest that these management activities are associated
with intensification.
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Figure 11. Spatial distribution of farmer response to whether the soil quality was (Good, Fair, or Bad).
(a) Farmer responses on soil quality of their plots in 2010-2011 surveys (source data: LSMS-IHS3
(n =9939). (b) Soil quality of their plots in 2016-2017 surveys (source data: LSMS-IHS3 (n = 10,757).
Overlaid to areas predicted to intensify with increasing productivity and poor climate.
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Figure 12. Land use and land cover of available cloud-free satellite imagery of selected intensifying
pixels as viewed using Google Earth Pro application. Satellite imagery is Landsat 30 m resolution. The
circles in the map represent the areas in which the imagery was taken (Source: “Malawi”, Google earth,
2013, 2016 imagery, August 01 2019).
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6. Discussion and Conclusions

6.1. Malawi’s Productivity Trends

There are few biophysically based longitudinal studies that consider productivity over time, and
we know of no other that addresses this in smallholder agriculture in Africa. This critical aspect of
agricultural sustainability is evaluated here based on spatial-temporal patterns of intensification of
agriculture for maize crop growing season (November to April) from 2006-2017 using generalized
models on Malawian farmland productivity trends. We hypothesize that locations with increasing
trends in agricultural productivity are intensifying, and specifically highlight areas where productivity
trends are increasing and not fully explained by climate trends and soil conditions. Our results partly
agree with the [71] study, showing spatial distribution of Malawi’s productivity trends as influenced
by climatic factors and agricultural input resources.

Increasing productivity in some locations (Figure 7c) with suboptimal climate and soils for maize
is evidence of intensifying agriculture across Malawi. We have observed that farmers with farms in
these marginal environments are intercropping with legumes, growing a significant number of trees for
green manure, or adopting other climate and soil resilient strategies. Previous studies for Malawi that
show mixed cropping systems with tree species are widespread, especially in the northern and central
regions, nitrogen-fixing trees such as Glirididia sepium, Sesbania sesban, Tephrosia vogeii, and Faidherbia
albida, that improve soil fertility, are common [72-75]. Additionally, increasing productivity located
close to or within forested areas may suggest forest cover conversion to agriculture. In such areas, few
farmers practice shifting cultivation—letting the soil rest in natural forest regenerations or in some
cases; slash and burn practices are carried out [73].

Intensifying agriculture located close to lakes and river plains may be further explained by
supplemental irrigation. Since early 2000, the government of Malawi has increased supplemental
irrigation schemes for small scale farming [76]. Within the lakes and river catchments, ongoing,
low-cost, community-led irrigation scheme projects promote sustainable intensification and allow
small scale farmers to cultivate diverse crops such as rice, vegetables, or sugarcane through the dry
season [23,77,78].

Remote sensing imagery captured intensifying agricultural areas that have mixed cropping and
agroforestry practices, and also showed farming landscapes likely involving irrigation. The findings are
consistent with studies that note that land access to input resources may boost productivity in changing
climates [79-81]. Our findings also show—decreasing productivity trends, especially in the southern
region, correlate with a rainfall gradient that follows a north to south pattern [82]. The decreasing
productivity across Malawi suggests that the landscape is homogenous in terms of vegetation types
and cropping systems; areas with sparse vegetation have effect vegetation apparent reflectance lost
due to the soil or bare areas, while in drier areas, the vegetation reflectance values are not expected to
change much over time [55,83]. Decreasing trends that occur during main growing season, suggest crop
failure due to erratic weather across Malawi, as prior extreme weather events, as reported in earlier
years 2009, 2012, and 2015, subsequently affected crops in the main growing season [69]. In 2015-2016,
Malawi’s main growing season experienced late onset of rains, and a prolonged dry spell, possibly
driven by EI Nino conditions that impacted crop development [84].

6.2. Malawian Spatial Distribution

Low productivity was observed in surveys as well as remote sensing. The general spatial
observation of lower yield reported in the south is also reflected in FAO statistics, however, the amount
is 50% less from farmer reported survey data here. In the southern region, farmers reported maize yields
are less than 2000 kg per hectare in both surveys, and we attribute this to the fact that farming in the
southern region is challenged by dense local populations, and livestock populations competing for the
same small land sizes for sustenance. The central and northern regions have dissimilar opportunities
and challenges relative to those found in the south. Land resources are abundant in the northern region
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due to lower population density, and thus flexible to crop diversification. Additionally, the majority
of land ownership in Malawi is through customary laws, while the rest is either public or private
lands [85]. In the central region, farmers typically cultivate small to medium size landholdings, and
thus may be involved in cash cropping (e.g., tobacco, cotton, and horticulture], also farmers own small
livestock such as goats, pigs, and chickens for food and manure [86]. In the northern region, there are
livestock farmers who own cattle and have bigger landholdings, and most of these farmers are from
medium to high income households [87].

From both IHS surveys, the majority of farmers reported soil quality as fair or bad. This is
likely an indicator of crop health and yield performance history. Previous studies have shown that
continuous cultivation in smallholder farming is a major factor contributing to soil degradation,
leaving soils depleted of nutrients [16]. The majority of households in central and southern Malawi
reported using inorganic fertilizer, however, few households reported using organic manure for soil
amelioration, as this resource is linked to ownership of livestock [88]. It is difficult to quantify organic
and inorganic fertilizers use and productivity at the national scale due to other unobserved variables,
such as field conditions, input application timing, and inorganic fertilizer use associated with access
and affordability [89].

Malawi’s agricultural practices dissemination is limited by the limited number of extension
educators, with extension to farmer ratio ranging from 1:1600 to 1:3000 per district. In contrast, the
nationally recommended ratio is extension to farmer of 1:750-1:850 [90]. Some studies also report that
resource-poor farmers have limited capacity to participate in extension activities, particularly women
farmers [90,91].

While our study provides insights regarding the spatial distribution of agricultural intensification
in Malawi, there are limitations. We base our analysis on diverse time series satellite data products
available for Malawi, including gridded climate datasets with spatial resolutions ranging from 1km to
5km. These were chosen due to high temporal resolution; however, the spatial resolution is coarse,
and if a high spatial resolution product existed, this would enable improved detection of local drivers
of agricultural variability [92]. Additionally, sustainability presents an imprecise endpoint and is, as
we define it, a trajectory of production resulting from the complex interplay of diverse phenomenon.
We acknowledge that we cannot account for all factors nor disentangle all drivers producing particular
classes of results measured in pixels. Another challenge is that the two cross-sectional household
surveys were not directly comparable since different households were sampled in 20102011 versus
20162017 surveys. However, the cross-sectional households are considered nationally representative
of households.

This study contributes to the literature on agricultural intensification of small scale farming
(e.g., [93-95]) by highlighting patterns of increasing productivity not driven by a changing, mesic
climate or land suitability. Market access to inputs and outputs, farmer knowledge, and goals are all
expected to influence agricultural intensification.

Few studies have focused on trend analysis in resource-poor regions where intensification of
agriculture is occurring despite biophysical impediments to productivity. Overall, there are worrying
downward productivity trends on Malawi agricultural lands. At the same time, spatial identification
of sites associated with agriculture intensification for maize over a 10-year time series suggests that
Malawian farmers are adopting and improving the use of available natural and social resources. Such
efforts are likely to improve crop productivity over time despite challenging climate, social, and
edaphic factors. This research improves our understanding of agricultural intensification at multiple
scales, to better inform decision makers on the use of spatial information for targeted solutions that
address sustainable intensification of agriculture.
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