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Abstract: Malagasy subsistence farmers, who comprise 70% of the nearly 26 million people in
Madagascar, often face food insecurity because of unreliable food production systems and adverse
crop conditions. The 2020-2021 drought in Madagascar, in particular, is associated with an exceptional
food crisis, yet we are unaware of peer-reviewed studies that quantitatively link variations in weather
and climate to agricultural outcomes for staple crops in Madagascar. In this study, we use historical
data to empirically assess the relationship between soil moisture and food production. Specifically,
we focus on major staple crops that form the foundation of Malagasy food systems and nutrition,
including rice, which accounts for 46% of the average Malagasy caloric intake, as well as cassava,
maize, and sweet potato. Available data associated with survey-based crop statistics constrain our
analysis to 20102017 across four clusters of Malagasy districts. Strong correlations are observed
between remotely sensed soil moisture and rice production, ranging between 0.67 to 0.95 depending
on the cluster and choice of crop calendar. Predictions are shown to be statistically significant at the
90% confidence level using bootstrapping techniques, as well as through an out-of-sample prediction
framework. Soil moisture also shows skill in predicting cassava, maize, and sweet potato production,
but only when the months most vulnerable to water stress are isolated. Additional analyses using
more survey data, as well as potentially more-refined crop maps and calendars, will be useful for
validating and improving soil-moisture-based predictions of yield.
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1. Introduction

Madagascar has one of the highest rates of poverty in Africa, with 42% of the country’s
children under five experiencing chronic malnutrition and stunting [1]. Farmers comprise
approximately 70% of the population and the majority of these farmers are smallholders
cultivating for subsistence [2]. Malagasy farmers, particularly smallholders, are extremely
vulnerable to disruptions in production due to their high dependence on agriculture for
livelihoods, low rate of imports, chronic food insecurity, poor infrastructure, and lack of
social safety nets [3-5]. For example, the 2020-2021 drought in Madagascar, which is one of
the most severe in 30 years [6-8], has “created a nutritional crisis of exceptional gravity”
according to aid organizations [9].

Understanding how variations in weather affect agricultural production is useful when
developing climate adaptation strategies, such as the selection of crops and varieties as well as
management of water resources [2,3]. Empirical studies underscore that increasing agricultural
production in Madagascar is an important strategy to reduce poverty and food insecurity rates
in rural regions [10], where most of the population resides (61% in 2020) [11]. To our knowledge,
however, there are no peer-reviewed studies quantitatively linking variations in weather to
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agricultural outcomes at the sub-national scale across Madagascar. A review of local and
regional crop forecasting approaches found no studies focusing on regions within Madagascar,
out of 362 studies across 71 other nations [12]. Furthermore, a recent literature review on
climate change in Madagascar and set of interviews with Malagasy development agencies,
non-government organizations, and other stakeholders identifies information regarding how
local climate variations affect agricultural yields as an important information gap [13].

The under-representation of developing nations, like Madagascar, in the crop forecasting
literature is variously attributable to the small plot sizes, mixed cropping, limited availability of
climate data, and scarcity of crop statistics [12]. For example, empirical crop models that rely on
remotely sensed land surface characteristics, which are independent of geopolitical boundaries,
still require crop statistics for training, as well as crop distribution maps and crop calendars to
isolate the relevant signal from remotely sensed observations [14,15]. Isolating the crop signal
from remotely sensed observations can be particularly challenging for measurements with a
low spatial resolution [16], but they are nonetheless necessary to use due to their higher return
frequency or longer record availability.

In this study, we assess the potential to predict variations in the production of rice,
cassava, maize, and sweet potato in Madagascar from 2010 to 2017 using remotely-sensed
soil moisture and survey-based crop statistics. These four staple crops account for approxi-
mately 75% of daily caloric intake in Madagascar (46.4% for rice, 20.7% for cassava, 5.1%
for maize, and 2.4% for sweet potato) [17]. Rice, often eaten at every meal [18], is of key
importance to Malagasy people both culturally and nutritionally [3,19,20]. We focus on
empirically relating the production of these crops to water availability, as indicated by soil
moisture. Such an approach is informed by the fact that droughts are a leading cause of
food scarcity in Madagascar [3], especially in the arid south, and that a strong relationship
generally exists between water availability and both dry and flooded rice production [21].
Furthermore, the 2010 to 2017 time period encompasses a period of increasing dryness
across Madagascar [22]. Soil moisture observations have also been shown to track crop
outcomes better than other metrics of water availability, such as precipitation [23,24].

Our primary research objective is to quantify the empirical relationship between soil
moisture and the production of rice, cassava, maize, and sweet potato production across
Madagascar. Two supporting objectives stem from the facts that location and seasonality
of crop growth is critical for assessing relationships with soil moisture. We, therefore,
also evaluate the sensitivity of the production-soil moisture relationship to a set of crop
distribution maps and crop calendars. Furthermore, because the applicability of existing
crop calendars are unclear for the crops we evaluate in Madagascar, we develop and
apply a crop calendar based upon the normalized difference vegetation index (NDVI).
Throughout this study, we use crop distribution maps, crop calendars, and remotely sensed
observations of vegetation and soil moisture that are globally-resolved to facilitate future
analogous studies in other developing nations, which are also generally under-represented
in the literature [12] and vulnerable to agricultural climate shocks [25], including climate
change [26].

2. Materials and Methods
2.1. Study Region

Madagascar encompasses diverse hydroclimates [27]. Trade winds lead to zones of
high orographic precipitation along the East; cyclones develop seasonally in the North;
and anticyclonic fronts intermittently bring rainfall in the South and West. Annual clima-
tological precipitation in the Southwest is only 350 mm, whereas the East Coast receives
4000 mm [22]. There are generally two distinct seasons: a wet and hot season from Novem-
ber to April and a cool and dry season from May to October. Interannual rainfall, influenced
by dynamics associated with the Intertropical Convergence Zone and linkages with the
El-Nifio Southern Oscillation and Southern Oscillation, is highly variable [22,28,29].
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2.2. Data
2.2.1. Satellite-Based Vegetation Activity and Soil Moisture

Remotely sensed vegetation activity is represented by the Normalized Difference
Vegetation Index (NDVI) from the MODIS/ Terra Vegetation Indices Monthly L3 Global
(MOD13C2v006) dataset [30], which is at a 0.05-degree spatial resolution and available
from 2000 to present (Figure 1b). This dataset was chosen because it spans the period of
interest (2010-2017), provides monthly estimates, and is known to track crop characteristics,
as described in recent review articles [14,15]. NDVI from MODIS, for example, has been
used to estimate yields (e.g., [31]), identify irrigated regions (as described in the review
by [32]), and determine crop phenology (e.g., [33]).

45°E 50" E 45°E 50" E
(a) (b)
15" 8 15" 8
20°S 20°S
25°S R 25°S
100 9 190 290 390 4(?0 SOP km
0.1 0.15 0.2 0.25 0.3 0 0.2 0.4 0.6 0.8 1
Soil Moisture (cm?/cm?) NDVI

Figure 1. Satellite-based annual average (a) soil moisture and (b) vegetation activity (NDVI) from
2010 to 2017. Districts are outlined on each map.

Near-surface daily soil moisture observations (in units cm®/cm3) are from the Euro-
pean Space Agency’s Climate Change Initiative (ESA-CCI) soil moisture project version
5.2 [34-36] and are provided at a 0.25-degree spatial resolution (Figure 1a). This data prod-
uct combines single-sensor active and passive microwave remotely-sensed soil moisture
observations from various platforms. Daily soil moisture observations are available from
1979 to the present, with the number of observations increasing over time as new satel-
lites observations become available. This dataset covers the entire period of record from
2010 to 2017, although it should be noted that measurements are only of near-surface soil
moisture, down to approximately 5 cm, which is less than the typical crop rooting depth.
Soil moisture observations are averaged to the monthly time scale analogous to NDVI and
down-scaled to match the 0.05-degree spatial resolution of NDVI using nearest-neighbor
interpolation. This down-scaling procedure is used to facilitate spatially weighting soil
moisture observations that are, ultimately, averaged to the district-level, whereby each
0.05-degree grid box center that falls within a district boundary is included in the district
average, rather than using the native 0.25-degree grid box centers.



Remote Sens. 2022, 14,1223

40f16

2.2.2. Survey-Based Crop Production

We obtain reports of crop production for rice, cassava, maize, and potato from the
Malagasy Ministry of Agriculture (Figure 2a—d). Reports of “potato” are interpreted to
represent sweet potato, as they align well with the national-level production of sweet potato
reported by the Food and Agriculture Organization’s (FAO) Statistics Division (FAOSTAT)
(Figure S1). Production is reported for each of the 114 districts, which range in size from
31 km? (Toamasina I) to over 17,000 km? (Thosy). To estimate district-level production, the
Ministry executed a nationally representative agricultural census in 2004-2005. Fokontany,
equivalent to a village, were sampled with equal probability and without replacement at
a rate of 30%, with 4407 Fokontany sampled out of a total of 14,299. Randomly-sampled
agricultural plots were surveyed for each selected Fokontany such that approximately 7% of
all 731,629 farm plots in Madagascar were surveyed. Following 2005, production estimates
involved a combination of less-intensive data collection and statistical modeling leveraging
the detailed 20042005 census. We focus our analysis on explaining crop production,
measured in tonnes, rather than crop yield, in tonnes/hectare, because harvested area is
unavailable at the district level.
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Figure 2. Survey-based average crop production (in tonnes) for each district, including (a) rice,
(b) cassava, (c) maize, and (d) sweet potato and the associated harvested area fractions for (e) rice,
(f) cassava, (g) maize, and (h) sweet potato. The harvested area fraction represents the average
fractional proportion of a 0.05-degree grid box that was harvested in a crop during the 1997-2003
era [37]. In (e-h), grid boxes with harvested area fractions less than 0.001 are colored gray.

Although district-level production data is nominally available from 2005 to 2017, we
analyze the observations only between 2010 to 2017 on account of seemingly anomalous
behavior in the data prior to 2010 in two respects. First, cassava and sweet potato production
is reported as nearly constant prior to 2010, with an interannual standard deviation of
2.8 x 10* tonnes for cassava prior to 2010, for example, as compared to 3.9 x 10° tonnes
from 2010 onward (Figure S1). Second, there are larger disagreements between the sum
of the district-level data and national-level statistics provided by FAOSTAT from 2005 to
2009 for all four crops, especially for maize, cassava, and sweet potatoes (Figure S2). For
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example, average annual absolute differences over time in production for maize, cassava,
and sweet potatoes between the two datasets are, respectively, 16,600 tonnes, 41,400 tonnes,
and 90,100 tonnes from 2005 to 2009 but only 7000 tonnes, 300 tonnes, and 22,000 tonnes
from 2010 to 2017. Note that the median absolute difference between datasets from 2010
to 2017 is less than 2 tonnes for rice, cassava, and maize, reflecting that discrepancies are
largely confined to specific years, whereas discrepancies exceed 10* tonnes for each crop
for each year between 2005 and 2009.

We focus on production reporting practices, as opposed to physical or observational
shifts because there appears no analogous shift in remotely sensed observations of soil
moisture and NDVI over the 2005 to 2017 period. In particular, regional anomalies in
soil moisture and NDVI remain highly correlated from 2005 to 2017 (Figure S3). These
seeming data inhomogeneities are not, however, documented in national-level quality flags
from FAOSTAT and district-level data are not associated with quality flags. The lack of
documentation and the shortness of the available record leads to our viewing these results
as provisional pending further historical or near-present analysis.

2.2.3. Crop Distribution

We select agricultural regions from the gridded remotely-sensed observations using
maps of harvested area for rice, cassava, maize, and sweet potato (Figure 2e-h) [37]. These
crop-specific harvested area maps are each re-gridded from a 5-minute spatial resolution
to the 0.05-degree spatial resolution grid associated with NDVI by finding the nearest
observation. Each 0.05-degree grid box is associated with a fractional harvested area of rice,
cassava, maize, and sweet potato.

There are other remotely-sensed data products that specify the location of croplands
without distinguishing between different crops, such as the MODIS Terra+Aqua Combined
Land Cover product (MCD12C1v006) [38] (Figure S4a) and Global Food Security-Support
Analysis Data at 30 m (GFSAD30) [39] (Figure S4b). We base our primary results on the
crop-specific maps [37] because of large regional differences in where rice, cassava, maize,
and sweet potato are grown across Madagascar. One issue in using the crop-specific maps
is that they are static and representative of the year 2000, whereas the MCD12C1v006
data are dynamic, changing each year to represent changes in land cover. Interannual
variations between 2010 to 2017 in the MCD12C1v006 generic cropland maps are, however,
small relative to regional variations between different crops in the crop-specific maps.
For example, if we compare spatial variations between crops, we find that 19% of the
0.05-degree grid boxes across Madagascar have a crop factional area greater than 0.001 for
sweet potato, while 71% of grid boxes have a crop factional area greater than 0.001 for rice.
Temporal variations from the MCD12C1v006 cropland map, on the other hand, indicate that
total cropland fractions greater than 0.001 have changed by less than 2% from 2010 to 2017.
It follows that the use of crop-specific maps leads to greater skill in predicting production
relative to the dynamic MCD12C1v006 map. Results using the generic GFSAD30 and
MCD12C1v006 maps are shown in Table S3 and Table 54, respectively.

2.2.4. Crop Calendars

We consider four different calendars for the months in which water availability in-
fluences production for each considered crop (Figure 3 for rice; Figures S5-S7 for cassava,
maize, and sweet potato). The first two calendars are based on crop-specific growing
seasons, starting at a mean planting date and ending at a mean harvesting data. Calendar 1
(Figure 3a,e), referred to as C1, is globally-resolved and frequently used for analyses of
crop-climate interactions in other countries and at the global scale [40]. For example, it was
used as the main crop calendar in the recent Global Gridded Crop Model Intercomparison
(GGCMI) Phase 2 experiment by the Agricultural Model Intercomparison and Improve-
ment Project (AgMIP) [41]. The planting and harvest dates are prescribed as uniform across
Madagascar for each of rice, maize, and sweet potato, which is a major simplification given
spatial heterogeneity in climate (Figure 1) and planting practices, as indicated by the FAO
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Starting month

Ending month

(described below as Calendar 2). There are some regional variations for cassava in C1, with
the center of Madagascar differing from the rest of the country (Figure S5a,e).
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Figure 3. The four calendars used to temporally average soil moisture anomalies for comparison
with rice production anomalies (see Figures S5-57 for analogous plots of cassava, maize, and sweet
potato). The top row represents the starting month of the temporal average for calendars (a) C1,
(b) C2, (c) C3, and (d) C4. The bottom represents the ending month of the temporal average for
calendars (e) C1, (f) C2, (g) C3, and (h) C4. C1 and C2 represent mean planting (start) and mean
harvesting (end) dates, while C3 and C4 represent temporal periods based on NDVI. For C2 (b,f), we
have mapped the rainy season calendar (see Fig S8 for separate maps of the rainy and dry seasons
and Supplementary Data 1 for details on C2). The starting month for C3 (c) and C4 (d) are identical,
as they represent the minimum in NDVI after the climatological seasonal cycle is smoothed with a
5-month moving window. For all calendars, the starting month can be in the year prior to harvest.

The second calendar (C2; Figure 3b,f) comes from the FAO’s Crop Calendar Informa-
tion Tool (accessed on 16 August 2021, https://cropcalendar.apps.fao.org/). This dataset
specifies ranges of crop planting and harvesting dates at the district-level, which we use to
estimate the mean planting and harvesting months for each crop and district. C2 contains
more spatial heterogeneity than C1 for all four crops. C2 also specifies two rice growing
seasons for each district— a rainy growing season and a dry growing season (Figure S8).
There are also 35 districts that have a third growing season for rice called the “mid-season”,
which falls between the rainy and dry seasons. We merge all three growing seasons (rainy,
mid, and dry) for purposes of making evaluations. There is less skill in predicting rice
production when the rainy or dry seasons are evaluated separately relative to the merged
growing season (Table S5), which follows the fact that reported rice production represents
the sum across all seasons. For maize, there is only one growing season specified for each
district, while there are occasionally two growing seasons specified for cassava and sweet
potato, which we merge for purposes of evaluation similar to rice. We do not assess the mid-
season rice or individual growing seasons for cassava or sweet potato separately, as done
for dry and rainy season rice (Table S5), because these growing seasons are limited to only
small regions of Madagascar. C2 does not specify any growing season for cassava, maize,
and sweet potato in certain districts even though the survey data indicates production,
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in which case we assign growing seasons at the grid-box scale based on the nearest grid
box with a specified growing season (Figure S9). The rainy, mid, dry, and merged growing
seasons for each crop and district specified by C2 are detailed in Supplementary Data 1.

In Calendars 3 and 4 (C3 and C4), we define a spatially-varying calendar using
NDVI [30] that allows for spatial heterogeneity within districts. In particular, our NDVI-
based calendar starts in the month of minimum NDVI at a given grid box after smoothing
NDVI using a five month running weighted average. We assume the minimum in NDVI
signifies the start of a new crop season. In one version (C3; Figure 3c,g), we average
across eight months from the starting calendar month, and in another (C4; Figure 3d,h)
we optimize by selecting a number of months that gives the highest absolute correlation
(Pearson’s r) between soil moisture and production observations, again starting at the
month of minimum NDVI. Thus, C3 and C4 both start at the same time- the month of
minimum NDVI (Figure 3¢,d)—but can end at different times. We choose 8-months as our
baseline for C3 because it captures the majority of the growing season and is the mode
of the optimal length across all four crops and regions. C4 should not be interpreted
as a growing season, but rather the months in which anomalies in soil moisture most
influence crop production. C4 may be overfit but is useful for indicating an upper bound
on predictive skill.

2.2.5. Regional Definition

Given the limited number of years that are available, it is important to take advantage
of the regional variability that is present. There is substantial covariation in soil moisture
in neighboring districts (Figure 1a), however, such that each district-year should not be
considered independent. In order to define more distinct regions, we cluster districts
based upon average soil moisture (Figure 4). Average soil moisture ranges between 0.4
to 0.7 cm3/cm? across the four regions, and seasonal amplitudes are generally larger in
drier regions. The resulting clusters closely agree with Képpen climate classifications [42]
(Figure 510), and we refer to the four clusters, or climate-zones, as arid, semi-arid, semi-wet,
and wet. Results are similar if districts are instead classified based on the mode of their
Koppen climate classification (Table S6), rather than their average soil moisture conditions,
or using three soil moisture-based clusters instead of four (Figure S11 and Table S7).

Production also varies substantially between the four regions, with the arid and
semi-arid regions producing less relative to the semi-wet and wet regions (Table 1). More
specifically, the sum of production in arid and semi-arid regions accounts for 23% of total
rice production, 35% of total cassava production, 33% of total maize production, and
39% of total sweet potato production. For completeness, we also evaluate variations in
production at the national-scale by relating national variations in production to anomalies
in national-average soil moisture.

Table 1. The average production (in tonnes x 10°) of rice, cassava, maize, and sweet potatoes in each
climate-zone and nationally from 2010-2017.

Arid Semi-Arid Semi-Wet Wet National
Rice 1.86 7.36 19.47 10.87 39.56
Cassava 5.81 451 11.05 8.48 29.85
Maize 0.50 0.72 1.57 0.90 3.69

Potato 3.10 1.10 3.16 3.31 10.68
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Figure 4. Districts are grouped into four climate regions based on the average soil moisture within
the district from 2010 to 2017. We refer to these regions from low to high soil moisture as “arid”,
“semi-arid”, “semi-wet”, and “wet”.

2.3. Relating Variations in Soil Moisture to Production
2.3.1. Yield and Soil Moisture Time Series

To relate soil moisture conditions to interannual variations in yearly crop production,
we temporally average the soil moisture (SM) at each 0.05-degree grid box according to
each of the four different calendars. The production reported for each year is assumed to
represent the crop harvested in that year, though it may be planted and grown in the year
prior. Both production and SM are detrended from 2010 to 2017 using a linear regression
model. Trends are removed at the lowest resolved level, or at each 0.05-degree grid box
for SM and the district level for crop production. Detrending the data allows for better
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isolating weather influences, rather than multi-year trends that are often associated with
changes in technology, farming practices, or other land-use changes [43].

District-scale soil moisture averages are obtained by averaging across grid boxes that
have crop-specific fractions greater than 0.001. Note that many grid boxes have small crop
fractions; for example, 41% of all grid boxes with non-zero rice production have fractions
between 0.01 and 0.001. Results are generally consistent if the minimum crop fraction
is raised to 0.01 or 0.025 (Tables S8 and S9). Regional-scale soil moisture is obtained by
averaging across districts using weights that are proportional to production. Other plausible
changes to the crop-production and weighting procedures have negligible influence on the
results (Table S10).

2.3.2. Scaling

After spatial and temporal averaging to match the scale of the production data, anoma-
lies in SM (SM) are linearly scaled to anomalies in crop production ('),

P =aSM +b 1)

where a is a sensitivity coefficient and b is a constant offset. We assess the strength of the
relationship between SM' and P’ using the Pearson correlation coefficient (r). Confidence
intervals for r are estimated by bootstrapping the observations with 10° samples (Table 2
for 90% confidence intervals; Table S1 for 95% confidence intervals). The magnitude of
a is difficult to compare across crops and regions because it reflects both the sensitivity
to soil moisture and magnitude in production variability, although its sign is useful for
distinguishing between greater explanatory power associated with anomalies toward
saturated or drought conditions.

We assess the performance of Equation (1) using an out-of-sample approach in order
to aid assessment of whether Equation (1) is overfit given the small number of years
available. The coefficient of determination (r?) is determined out-of-sample by developing
the predicted time series through estimating 2 and b after excluding one year of data and
predicting the anomaly in crop production for the excluded year using the estimated 2 and b
coefficients. The excluded year is sequentially shifted until a full time series is predicted. To
compute out-of-sample 72 values (), the normalized residual sum of squares is calculated
from these out-of-sample predictions (Table S2). Values of 2, are often within 20% of 72,
indicating that the correspondence that we obtain between predictions and observations is
not heavily influenced by overfitting. Note that negative values of 2, can occur because
it is estimated out-of-sample and, unlike in-sample 72, the out-of-sample residual sum of
squares can be larger than the total sum of squares. The 72, is negative when predictions
fit worse than would be the case if simply using the mean of the observations.

3. Results

There are numerous combinations of calendars and crop distribution maps that can be
used to evaluate the relationship between soil moisture and production, and these can be
applied over a range of spatial averages, using district, regional (Figure 4), or national data.
We compare various combinations of calendars (C1-C4), maps (crop-specific vs. generic),
and spatial averages of results to those that correspond to regional-scale averages using
crop-specific distribution maps and C3, or the NDVI-based growing season with a fixed
eight-month growing season, as a baseline (Table 2). In this baseline case, variations in
rice production are well captured across each of the four regional clusters and nationally,
with all r values significantly greater than zero at the 90% confidence level. Soil moisture
anomalies using C3 (%/) also well track variations in cassava in the arid region (r = 0.88;
90% CI: 0.67-0.96) and at the national scale (r = 0.92; 90% CI: 0.73-0.98). In the semi-wet
region, correlations between cassava production and soil moisture are lower (r = 0.75;
90% CI: 0.21-0.94), while there is no correspondence in the semi-arid or semi-wet, i.e., the
confidence intervals bound zero. Similar patterns are found for maize, with predictive
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power in the arid region (r = 0.70; 90% CI: 0.34-0.90) and nationally (r = 0.93; 90% CI:
0.70-0.99), but insignificant correlations elsewhere. Unlike rice, cassava, and maize, though,
we find no correspondence between variations in sweet potato production and ST@/ in
any region, although the national-level r-value is 0.68 (90% CI: 0.04-0.94).

Table 2. The correlation (r) between SM' and P’ for each crop across four climate-zones and nationally.
Values in parentheses represent 90% confidence intervals. We evaluate Equation (1) using soil
anomalies that are based on planting and harvesting dates (Sﬂ&l and Sﬂ&z) and based on NDVI,
with a fixed length of eight months (W/@) and an optimal length (W’M). The optimal lengths are
shown in (Table 3).

Calendar 1
Arid Semi-arid Semi-wet Wet National
Rice 0.83 (0.6-0.96) 0.94 (0.84-0.97) 0.67 (0.11-0.92) 0.73 (—0.2-0.91) 0.56 (—0.1-0.88)
Cassava 0.76 (0.29-0.92) 0.24 (—0.3-0.75) 0.46 (—0.2-0.88) —0.24 (—0.93-0.43) 0.72 (0.37-0.92)
Maize 0.66 (0.2-0.88) —0.04 (—0.64-0.63) 0.31 (—0.41-0.7) 0.15 (—0.64-0.7) 0.65 (0.13-0.95)
Potato 0.25 (—0.39-0.91) 0.49 (—0.59-0.9) 0.45 (—0.1-0.85) 0.54 (—0.07-0.87) 0.65 (0.1-0.92)
Calendar 2
Arid Semi-arid Semi-wet Wet National
Rice 0.78 (0.5-0.93) 0.94 (0.81-0.97) 0.77 (0.38-0.92) 0.77 (—0.45-0.91) 0.69 (0.22-0.9)
Cassava 0.87 (0.57-0.96) 0.3 (—0.44-0.7) 0.47 (—0.23-0.89) —0.19 (—0.87-0.49) 0.8 (0.44-0.97)
Maize 0.51 (—0.12-0.88) 0.19 (—0.81-0.75) 0.93 (0.79-0.98) 0.57 (—0.21-0.89) 0.47 (—0.36-0.84)
Potato 0.03 (—0.66-0.94) 0.78 (—0.24-0.98) —0.05 (—0.9-0.8) 0.74 (0.17-0.97) 0.49 (—0.1-0.96)
Calendar 3
Arid Semi-arid Semi-wet Wet National
Rice 0.73 (0.38-0.93) 0.91 (0.74-0.96) 0.94 (0.81-0.98) 0.85 (0.19-0.95) 0.89 (0.57-0.96)
Cassava 0.88 (0.67-0.96) 0.49 (—0.26-0.81) 0.75 (0.21-0.94) —0.24 (—0.86-0.72) 0.92 (0.73-0.98)
Maize 0.7 (0.34-0.9) 0 (—0.61-0.61) 0.38 (—0.34-0.81) 0.57 (—0.19-0.9) 0.93 (0.7-0.99)
Potato 0.29 (—0.42-0.97) 0.43 (—0.65-0.92) 0.74 (—0.05-0.98) 0.65 (—0.06-0.95) 0.68 (0.04-0.94)
Calendar 4
Arid Semi-arid Semi-wet Wet National
Rice 0.74 (0.44-0.93) 0.95 (0.83-0.98) 0.95 (0.87-0.99) 0.93 (0.7-0.96) 0.9 (0.57-0.98)
Cassava 0.89 (0.71-0.96) 0.66 (—0.22-0.94) 0.75 (0.23-0.94) —0.24 (—0.87-0.71) 0.92 (0.74-0.98)
Maize 0.7 (0.34-0.9) 0.66 (0.07-0.92) 0.61 (0.01-0.86) 0.84 (0.52-0.94) 0.93 (0.7-0.99)
Potato 0.93 (0.82-0.99) —0.93 (—0.99-—0.6) 0.74 (—0.05-0.98) 0.83 (0.5-0.96) 0.81 (0.38-0.97)

Using crop calendars that are based on mean planting and harvesting dates (C1 and
C2) give results with less skill relative to C3 (Table 2). For example, C1 and C2 both
show insignificant relationships in the wet region for rice, with the 90% confidence inter-
vals bounding zero, while C3 and C4 show significant relationships (C3: r = 0.85, 90%
CI: 0.19-0.95; C4: r = 0.93, 90% CI: 0.7-0.96). It is important to note the wide confidence
interval for C3, though, which is partially a result of the short time interval of eight years.
At the national-level, C1 gives an insignificant relationship between soil moisture and
rice production, whereas C2, C3, and C4 all give significant relationships. Furthermore,
C2 gives an insignificant relationship for maize and sweet potato, while C1 gives signif-
icant relationships. As noted, C3 and C4 both give significant relationships for all four
crops nationally.



Remote Sens. 2022, 14, 1223

11 of 16

Table 3. The optimal number of months for the soil-moisture-averaging period for each crop over the
four climate-zones and nationally. This optimal length is determined by maximizing the absolute
correlation coefficient (r) between variations in soil moisture and production. The start of the
averaging period varies within the regions based on the minimum NDVI of each 0.05-degree grid box.

Arid Semi-Arid Semi-Wet Wet National
Rice 9 12 11 11 11
Cassava 7 5 8 8 +* 8
Maize 8 5% 7% 3 8
Potato 2 1 8 11 5

+ The 7 is not significantly different from zero at the 90% confidence level (see C4 in Table 2). * The r2,, is negative
(see Table S2), indicating that P’ is better captured by its mean than SMcy.

Optimizing the growing season length for each climate-zone and crop leads to small
improvements in r for rice, cassava, and maize and large improvements in r for sweet
potatoes (C4, Table 2). An already strong relationship between rice P’ and W/@ is slightly
improved by lengthening the annual interval over which soil moisture is averaged from
8 months to 9, 11, or 12 months (Figure 5; Table 3). The r between sweet potato P’ and soil
moisture increases from values that are indistinguishable from zero to r = 0.93 (90% CI:
0.82-0.99) in the arid region and r = —0.93 (90% CI: —0.99——0.6 ) in the semi-arid region by
decreasing the interval over which soil moisture is averaged from 8 to only 2 and 1 months,
respectively. These short intervals may be interpreted as the months in which variations in
soil moisture most influence production. The fact that the inferred relationship between
sweet potato P’ and Sﬂ& in the semi-arid region is negative suggests that wet conditions
adversely affect production. As the length of the averaging period increases, the correlation
and sensitivity coefficient become positive, indicating that an overall reduction in water
availability limits production (Figure S15).

Comparable correlations are obtained if crop predictions are made using the Global
Food Security-Support Analysis Data (Table S3), instead of the crop-specific maps that we
rely upon from [40]. Using the MCD12C1v006 dynamic cropland map [38], though, leads
to worse predictions at both the regional and national-scales relative to the crop specific
maps and the GFSAD30 data product (Table S54).
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Figure 5. Observations and predictions of rice production anomalies (tonnes) in the (a) arid, (b) semi-
arid, (c) semi-wet, and (d) wet climate-zones. Note that the y-axis of each subplot has a different
scale. Anomalies in production are computed as a deviation from a least-squares fit linear trend
(see Table 1 for the average total production in each region). Predictions are made using the optimal
growing season length (W’Ol) following Equation (1). Observations are plotted with a solid line
and predictions with a dotted line. See Figures S12-S14 for analogous plots for maize, cassava, and
sweet potatoes.
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4. Discussion

There are three major components to our prediction involving climate variables, crop
calendars, and crop maps.

We focus on resolving the response of crop-specific production to soil moisture, rather
than variables such as temperature and precipitation, because of the recent droughts in
Madagascar [6-8] and the generally strong relationship between water availability and
both dry and flooded rice production [21]. Rice in Madagascar is mainly grown in irrigated
lowlands (66% of rice area), though rainfed lowland rice (27%) and upland rice (7%; often
referred to as “tanety”) are important cultivation methods for many farmers [44]. The
sensitivity of rice production to soil moisture likely depends on cultivation method but,
without maps of cultivation practices, making such distinctions is not currently feasible.
Considering both rainfed and irrigated rice, water stress is estimated to account for between
10-31% of the rice yield gap in Sub-Saharan Africa [45]. In a review of constraints on crop
production in Sub-Saharan Africa [46], researchers found that water stress is the leading
environmental driver for reductions in rice production, but that water stress is comparable
or relatively less important than biotic and nutrient constraints for cassava, maize, and
sweet potato. This ranking accords with the higher Pearson correlation values for rice than
other crops, averaged across climate-zones for each calendar (Table 2).

Previous studies have found temperature and precipitation to be relevant explana-
tory variables when estimating crop production in other agricultural systems, including
Mozambique (e.g., [47]), Malawi (e.g., [48]), and across Sub-Saharan Africa (excluding
Madagascar) (e.g., [49,50]). It is important to recognize that the influence of both tempera-
ture and precipitation is partially reflected in the remotely sensed soil moisture signal at
synoptic and inter-annual time scales due to its physical coupling with temperature and
precipitation [51]. Disentangling these drivers would benefit from a more-refined analysis
wherein variability in temperature and water availability was assessed at daily timescales,
but which is beyond the scope of the present analysis.

When relating remotely sensed soil moisture to variations in production, we find that
the strength of the relationship is highly dependent on the months of the year over which
soil moisture is averaged. Given the spatial heterogeneity in climate across Madagascar
(Figure 1), it can be assumed that this temporal interval also varies spatially, as well as by
crop because different crops have distinct growing periods and sensitives to water stress.
Soil moisture measured over the intervals defined in calendars C1 and C2 generally capture
less production variability than soil moisture averaged over the more-detailed NDVI-based
calendars (C3 and C4). Interestingly, the correlation between production and soil moisture
is not improved by the spatial heterogeneities introduced by C2 relative to that of C1.
Though C1 and C2 have similar planting times, they differ widely with respect to their
harvesting dates for rice (Figure 3e,f) as well as planting and harvesting dates for sweet
potatoes (Figure S6).

Averaging soil moisture from the minimum in NDVI over an 8-month period (C3)
performs relatively better than either C1 or C2. Because NDVI observations contain a
mixture of signals from natural vegetation, agriculture, and other activities, this calendar
represents general environmental variability. An important question is the degree to which
natural vegetation, which is typically perennial, versus agricultural activity, often involving
annuals, undergoes a similar cycle of greening and drying. This question might be further
pursued by looking for differences in seasonality depending on the mixture of crops and
natural vegetation.

We refine C3 by finding the optimal number of months after the minimum in NDVI
that best correlates with variations in production, giving C4. C4 represents the period
in which soil moisture most influences production, which is potentially distinct from a
growing season. Correlations between soil moisture and production under C4 are almost
all significantly different than zero for the different crop-climate combinations (13 of the
16; Table 2). The optimal number of months can be short (Table 3), such as in the case of
sweet potatoes in the semi-arid region, which exhibits a strong anti-correlation between soil



Remote Sens. 2022, 14, 1223

13 of 16

moisture and production during the month of minimum NDVI. The decline associated with
wet conditions may also be associated with flooding, possibly as a result of cyclones that
primarily affect the east and west coasts and the northwestern region of Madagascar [52]. A
future model could incorporate the influences of both wet and dry soil moisture conditions
on different stages of sweet potato production, though we refrain from fitting a more-
detailed model at this stage on account of the limited data. It may also be the case that crop
substitution is an important factor in production anomalies, but analysis of which requires
accurate estimates of the farmland devoted to different crops.

The correlations between soil moisture and crop production are comparable when
using the Global Food Security-Support Analysis cropland maps (Table S3) and the crop-
specific maps [40]. There are three possible reasons for this similarity. First, soil moisture
anomalies within clusters are similar to one another. The average pairwise correlation
between the grid box time series of 8-month seasonal average anomalies in soil moisture
within clusters is 0.63 for the arid region, 0.30 for the semi-arid region, 0.21 for the semi-
wet region, and 0.55 for the wet region (when all grid boxes, regardless of crop fraction,
are included). Second, soil moisture observations at the grid box scale are noisy, and
averaging more locations together, insomuch as the underlying soil moisture anomaly
signal is consistent across boxes, leads to a higher signal to noise. When the minimum
crop fraction is set to 0.001, GFSAD30 involves averaging 53% of the grid boxes across
Madagascar, whereas the crop specific distribution maps for rice, cassava, maize, and sweet
potato correspond with 71%, 47%, 37%, and 19%, respectively. If the minimum crop fraction
is set to 0.025, GFSAD30 involves averaging 32% of the grid boxes across Madagascar,
whereas the crop specific distribution maps for rice, cassava, maize, and sweet potato
correspond with 20%, 5%, <1%, and <1%, respectively. Finally, the location of specific crop
production is uncertain and includes year-to-year variability that is not accounted for in
the crop-specific maps from [37] or GFSAD30.

In contrast, using the generic cropland map from MCD12C1v006 (Table S4) leads to
lower correlations between soil moisture and crop production relative to using the GF-
SAD30 cropland map (Table S3). The correlation between soil moisture and national-scale
production of rice for C3 under MCD12C1v006 is 0.8 (0.21-0.98), whereas under GFSAD30
it is 0.86 (90% CI: 0.41-0.96). Although the MCD12C1v006 and GFSAD30 datasets are
meant to both represent the spatial distribution of croplands, there are notable differences
across Madagascar (Figure S3) that contribute to the large differences in skill. Our result
indirectly suggests that cropland areas from GFSAD30 are more representative of actual
agricultural areas in Madagascar compared to MCD12C1v006, although a more direct
analysis would involve land-use validation datasets that are beyond the scope of this
study. Future work may also involve incorporating dynamic harvested area maps, as there
has been considerable deforestation, for example, in Eastern Madagascar associated with
swidden agricultural practices (“tavy”) [53]. According to the Global Forest Watch, shifting
agriculture is the dominant driver of tree cover loss in Madagascar, accounting for over
96% of the total 4.13 Mha tree cover loss from 2001 to 2020 ([54]; accessed through Global
Forest Watch on 2 January 2022, www.globalforestwatch.org).

Although a district-level analysis would be ideal, as it is the most well-resolved, we
find that the district-level relationships between production and water availability are too
noisy for interpretation (Figure 516), likely due to errors in reported production data, crop
calendars, and crop maps but whose influence was reduced by averaging over larger climate-
zones. Errors in the reported production data, for example, may degrade the correspondence
between production and soil moisture [55]. Regional analyses by climate-zones allows for
important spatial heterogeneity to be resolved, though, that is not apparent in nationally
reported statistics or predictions. For example, the anomaly in national rice production in 2011
was —1.7 x 10° tonnes, but this anomaly was the small residual of strong positive anomalies
in rice production in arid and semi-arid regions (Figure 5a,b) and negative anomalies in wet
and semi-wet regions (Figure 5c¢,d). Reported regional variations in rice production are all
well captured by the NDVI-based calendars (C3 and C4). Since the majority of Malagasy
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people depend on local food sources, particularly in the South during the wet-season when
roads are difficult to travel [56], resolving these regional differences is of high priority.

5. Conclusions

Our results provide a basis for understanding and predicting staple food production
in Madagascar using satellite-based soil moisture observations. The available data suggests
that anomalies in rice production can be well explained across all climate-zones using
remotely-sensed soil moisture when the relevant time of year is isolated as the 8-months
after the minimum in NDVI (C3). Furthermore, optimizing the length of the averaging
period increases the correlations substantially (C4) for sweet potato, though this comes
with the strong caveat that the calendar may overfit the eight years of observations.

We intend for this work to serve as a proof of concept that remotely sensed soil
moisture can be related to regional Malagasy crop statistics, even though there remains
large uncertainties in crop calendars and distribution maps. Furthermore, accounting for
additional growth determinants including soils (e.g., [57]), temperature (e.g., [50]), storms
(e.g., [5]) that are understood as important controls in Madagascar and elsewhere will
be useful insomuch as sufficient additional observational and theoretical constraints can
be incorporated into future analyses. This modeling framework can also be applied in
other developing nations, though the skill would need to be assessed in detail for each
application. Given the severity of recent droughts in Madagascar and their associated
impacts on food insecurity and severe malnutrition, we hope this study encourages future
work using soil moisture predictions to forecast near and long-term changes in Malagasy
agricultural production so that future droughts do not incur similar damage.
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