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  Abstract:  Mineral malnutrition is widespread in sub-Saharan Africa but its extent is diffi cult to quantify. 
Using Malawi as a case study, the aim of this work was to investigate the adequacy of calcium (Ca) and 
magnesium (Mg) nutrition by combining national food supply and food composition data with a new 
spatial survey of maize grain. Non-maize dietary sources of Ca and Mg were estimated using existing 
food supply and composition data. Calcium and Mg concentrations in maize grain were determined 
at 88 fi eld sites, representing > 75 % of Malawi’s land area in terms of soil classifi cation. Median maize 
grain concentrations from the survey were 34 and 845 mg kg –1 , representing a  per capita  supply of 12 
and 299 mg d –1  of Ca and Mg, respectively. Combining these data with food supply and composition 
data reveals that average Ca nutrition is likely to be inadequate for many individuals, whereas average 
Mg nutrition appears adequate. Optimal supply of Ca  per capita  depends critically on balanced food 
availability and choice. Since maize grain sourced from highly calcareous soils is still unlikely to deliver 
> 5 % of estimated average requirements, agronomic solutions to rectify Ca malnutrition  via  maize are 
limited, in comparison with strategies for dietary diversifi cation. 
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 Introduction 

 Calcium (Ca) and magnesium (Mg) are among the 
most abundant mineral components of the human 
body. There are many physiological disorders associ-
ated with Ca and Mg defi ciency [1 – 3]. Calcium defi -
ciency is linked to bone-related disorders; for example, 
rickets and osteomalacia are associated with inad-
equate Ca intake and poor absorption. Magnesium 
defi ciency affects energy metabolism and electrolyte 
balance, and is linked to cardiovascular, neuromuscu-
lar, and personality disorders. However, identifying 
Ca and Mg defi ciency in human populations is diffi cult 
because there are no reliable biomarkers of Ca and 
Mg status due to their tight homeostatic regulation. 
Hence, data on the global extent of Ca and Mg defi -
ciencies in humans are limited [4]. 

 The prevalence of inadequate intakes of Ca and Mg 
is typically used to identify population groups most 
at risk of defi ciency [1 – 4]. Unfortunately, few low-
income countries have conducted national food con-
sumption surveys, so the global extent of inadequate 
intakes of Ca and Mg is unknown. However, alterna-
tive sources of information such as data from Food 
Balance Sheets (FBSs) published by the Food and 
Agriculture Organization (FAO) for ~180 countries 
and territories can provide suggestive evidence of the 
adequacy of Ca and Mg intakes in low-income coun-
tries. National FBSs indicate the quantity produced 
of each foodstuff, plus imports, which is then adjusted 
to take account of changes of stocks in storage [5]. 
Subsequently, utilization quantity is obtained after 
adjustments for exports and non-food uses including 
livestock feeds and seed production. Estimates of food 
supply are based at a retail level; i. e. they represent the 
supply of a foodstuff leaving the retailer or otherwise 
entering the household. No account is made for losses 
of a foodstuff at a household level. Furthermore, FBSs 
do not provide information on seasonal changes in 
supply, or information on food supply at the household 
or individual level. 

 The aim of this work was to estimate the risk of 
inadequate Ca and Mg nutrition from the national 
food supply among a population in Sub-Saharan Af-
rica (SSA), using Malawi as a case study. Malawi was 
chosen primarily because it has a large rural popula-
tion engaged in subsistence agriculture, whose diets 
are dominated by maize [6]. Furthermore, detailed soil 
maps exist for Malawi (1:50,000 scale), which provide 
a framework for data integration if it is assumed that 
the transfer of mineral nutrients from soil to crops is 
similar within each soil type [7]. Food composition 
data are also available for Malawi [8, 9] and neighbor-

ing Tanzania [10]. In a previous study we used FBSs, 
along with new survey data for soils and maize grain 
and spatially informed extrapolations based on soil 
type, to show that ~90 % of the population of Malawi 
is likely to have access to < 30 μg  capita  –1  d –1  of the 
essential micronutrient selenium (Se) [7], refl ecting 
a suboptimal level of intake. A similar strategy was 
adopted in the present study. 

 Materials and Methods 

 The average  per capita  supply of Ca and Mg was esti-
mated from food supply and food composition data. 
Food supply data were sourced from the most recent 
FAO databases [11], which provide FBSs for 2007. 
Food composition data for the major categories of 
FAO food commodities were sourced primarily from 
studies by Ferguson and colleagues [8, 9]. These stud-
ies are based on information collected for up to 44 
foodstuffs purchased at three local markets and used 
at a household level within a rural village in Zomba 
District. Calcium concentrations were measured using 
fl ame atomic absorption spectrophotometry (AAS); 
Mg concentrations were measured using X-ray fl uo-
rescence (XRF). Where Ca and Mg data for the major 
FAO food commodities were not provided by Fergu-
son and colleagues [8,9], data were sourced from the 
 Tanzania Food Composition Tables  [10] or from the 
United States Department of Agriculture-Agricultur-
al Research Service (USDA-ARS) Nutrient Database 
for Standard Reference [12]. 

 A spatially-referenced survey of soil and maize 
grain was conducted to improve assessments of di-
etary supply of Ca and Mg. Sampling procedures are 
described in a previous study of Se [7]. Briefl y, in 2009, 
soil and maize grain were sampled from 73 sites, rep-
resenting seven of the eight Agricultural Development 
Divisions (ADDs) and > 75 % of the national soil types 
based on primary FAO soil classifi cations. In 2010, a 
further 15 sites with high soil pH values (>6.5) were 
sampled at locations in the Shire Valley ADD. Each 
sample represents a composite pool of eight subsam-
ples. Sample preparation and analysis are described 
in detail by Chilimba and colleagues [7]. Dried and 
sieved (<2 mm) soils (~0.2 g dry weight, DW) were 
digested fully in open top vessels using Trace Analysis 
Grade (TAG) 70 % HF, 70 % HNO 3 , and 60 % HClO 4  
(Fisher Scientifi c UK Ltd, Loughborough, Leicester-
shire, UK). Dried and fi nely milled samples of maize 
grain (~0.4 g DW) were microwave-digested in 3.0 mL 
of 70 % TAG HNO 3 , 2.0 mL H 2 O 2 , and 3.0 mL milli-Q 
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Table I: Contribution of 26 major food commodity groups to average daily per capita Ca and Mg supply in Malawi. 
Food supply data were sourced from FAO Food Balance Sheets for 2007 [11]. Sources of food composition data are 
given as superscripts in the “Notes” columns: a[8], b[9], c[10].

FAO supply data Calcium Magnesium

Category and supply
(g capita–1 d–1)

Notes Conc.
(mg g–1)

Supply
(mg capita–1 d–1)

Notes Conc.
(mg g–1)

Supply
(mg capita–1 d–1)

Total supply (g capita–1 d–1) 306.4 789.0

Maize 354 aWhite ufa 
(nsima)

0.03 10.6 bMgayewa fl our 1.52 538.5

Potatoes 275 cCooked 0.05 13.7 cCooked 0.25 68.7

Cassava 197 bBoiled 0.26 51.3 bBoiled 0.22 43.4

Bananas 67 cRipe 0.05 3.3 cRipe 0.27 18.0

Plantains 56 aBanana 0.09 5.1 cRipe 0.27 15.2

Fruits, Other 46 bRaw 0.12 5.5 cRipe, fresh, 
edible portion

0.09 4.1

Veg, other 42 aChinese 
cabbage

0.97 40.8 bChinese 
cabbage

0.15 6.3

Beverages, 
Fermented

41 cBeer, 
local, grain

0.05 2.0 cBeer, local, 
grain

0.06 2.4

Sugar (raw) 33 cSugar 0.01 0.3 cSugar 0.00 0.0

Pulses, other 23 aPigeon pea 0.42 9.8 bCow pea 0.48 11.2

Wheat 17 cFlour, 
whole grain

0.15 2.6 cFlour, 
whole grain

0.22 3.8

Beans 13 aBengal 
beans

0.24 3.2 bBengal beans 0.28 3.7

Freshwater 
Fish

13 bCatfi sh (dried) 9.29 119.7 bCatfi sh (dried) 1.61 20.8

Groundnuts 
(shelled)

13 aBoiled 0.41 5.3 cGroundnuts 1.68 21.6

Rice (milled) 12 bRice 0.00 0.0 bRice 1.69 20.9

Onions 10 cRaw 0.23 2.3 cRaw 0.10 1.0

Milk, excl. 
butter

10 cWhole, 
3.25% fat

1.15 11.1 cWhole, 3.25% 
fat

0.11 1.1

Tomatoes 7 cRipe 0.05 0.3 cRipe 0.11 0.8

Sorghum 6 aSorghum fl our 0.07 0.4 cSorghum 
total grain

0.34 2.0

Millet 6 cFinger, grain 
or fl our 

2.75 15.6 cFinger, grain 
or fl our

0.27 1.5

Beer 5 cCommerc-ial 0.05 0.3 cCommercial 0.06 0.3

Bovine Meat 5 cMedium fat, 
cooked

0.04 0.2 cMedium fat, 
cooked

0.23 1.2

Pig Meat 5 cMedium fat, 
cooked

0.18 0.9 cMedium fat, 
cooked

0.17 0.8

Mutton & Goat 
Meat

3 cGoat meat 0.04 0.1 cGoat meat 0.23 0.8

Eggs 3 cChicken 0.50 1.6 bDuck 0.14 0.4

Poultry Meat 3 cBoiled or 
roasted

0.13 0.4 cBoiled or 
roasted

0.20 0.6
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water (18.2 MΩ cm; Fisher Scientifi c UK Ltd). El-
emental analysis was conducted using inductively cou-
pled plasma-mass spectrometry (ICP-MS; X-Series II , 
Thermo Fisher Scientifi c Inc., Waltham, MA, USA), 
following appropriate dilutions. Internal and external 
quality controls were used including certifi ed refer-
ence materials and sample blanks. Grain data were 
excluded from the analysis if there was evidence that 
> 25 % of the grain Ca and Mg concentration could be 
attributed to soil contamination, based on soil:grain 
aluminum (Al) concentration ratios. 

 Data from soil and maize grain surveys were inte-
grated spatially within the geographical information 
system (GIS) described by Chilimba and colleagues 
[7]. First, median grain Ca and Mg concentrations 
for each primary soil classifi cation were calculated. 
Second, the area represented by each primary soil 
classifi cation within each administrative unit (District; 
n = 28) was estimated using ArcGIS (v. 9.3, ESRI, Red-
lands, CA, USA), using the most recent cartographic 
data for FAO soil series [13]. Third, by extrapolation, 
grain Ca and Mg concentrations were predicted for 
crops growing on soils representing > 75 % of the land 
area in Malawi. Dietary Ca and Mg intakes from maize 
were estimated assuming a homogeneous  per capita  
consumption of maize derived from FBSs. 

 Results and Discussion 

 Food supply data  per capita  for 92 categories of food 
commodities were combined with food composition 
data for Malawi [8, 9], or, where these data were un-
available, for Tanzania [10] or the US [12]. Across all 
92 categories of food commodities, the average daily 
supply of Ca and Mg is 341 and 792 mg  capita  –1  d –1 , 
respectively. Data for the 26 dominant major food 

commodities, ranked in terms of their contribution 
to food supply in terms of grams  per capita  per day, 
are summarized in Table I. Taken together, these 
26 food commodities accounted for 98.1 and 99.3 % 
of the total supply of Ca and Mg in 2007. The domi-
nant food groups for Ca supply (mg Ca  capita  –1  d –1  in 
parentheses) are freshwater fi sh (120), followed by 
cassava (51), other vegetables (41; N.B. these data 
are based on composition data for Chinese cabbage), 
millet (16), potato (14), and maize (11). The domi-
nant food group for Mg supply (mg Mg  capita  –1  d –1  
in parentheses) by far is maize (539), with potato 
(69), cassava (43), groundnut (22), rice (21), and 
freshwater fi sh (21) contributing smaller amounts. 
Based on the World Health Organization (WHO)/
FAO estimated average requirement (EAR) for Ca 
of 833 mg  capita  –1  d –1  for adults aged 19 to 50 years 
[14], these data suggest the potential for dietary Ca 
inadequacies within the national food system in Ma-
lawi. Conversely, given an EAR of 217 mg  capita  –1  
d –1  of Mg for adult males, the supply of Mg is likely 
to be suffi cient within Malawi. 

 To refi ne Ca and Mg supply data, spatially-refer-
enced soil and maize grain data were obtained (Ta-
ble II). Median maize grain concentrations were 34 mg 
Ca kg –1  and 845 mg Mg kg –1 . Based on a supply of 354 g 
maize  capita  –1  d –1 , which represents ~50 % of dietary 
energy availability in Malawi, these grain composition 
data translate to a supply from maize of 12 and 299 mg 
 capita  –1  d –1  of Ca and Mg, respectively. Published maize 
grain composition data for Malawi [8, 9] indicate a sup-
ply from maize of 11 and 539 mg  capita  –1  d –1  of Ca and 
Mg, respectively (Table I). Thus, whilst the new survey 
data reveal lower mean Mg concentrations in maize 
grain, national Mg supply is still suffi cient in overall 
terms. Risk of defi ciency may still result from inequali-
ties of food distribution, food preparation (especially 
grain milling), and health complications. 

Table II: Soil and maize grain concentration data for Ca and Mg. Samples were collected at 88 sites [7].

Soil concentration (g kg–1) Grain concentration (mg kg–1)

Ca Mg Ca Mg

Mean 10.15 5.08 38 871

Median 5.09 2.88 34 845

n 82 82 83 86

Minimum –a 0.35 15 554

Maximum 43.23 26.10 99 1388

Intake (mg capita–1 d–1) 12 299
aBelow limit of detection
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 To explore further the dietary supply of Ca and Mg 
 via  maize in Malawi, the data for the nutrient status 
of grain were integrated spatially using the approach 
described previously for Se [7], in which the median 
grain concentration for each element was extrapolated 
across primary soil classifi cations (Table III). Grain 
sampled from crops growing on calcareous (pH>6.5) 
Eutric Vertisols, in the Shire Valley ADD, had higher 
levels of Ca and Mg than other soil types. This extrapo-
lation can be visualized in graphical terms (Figure 1). 
Although such maps are necessarily speculative, they 
nevertheless reveal the extent to which common soil 
types could infl uence mineral supplies through the 
food chain, thereby providing a framework to identify 
sites for further geochemical investigation. The effect 
of soil type on grain Ca and Mg concentration is low 
compared to previous studies of Se [7]. Thus, even 
grain from the upper 25 th  percentile (75.4 mg kg –1 ) of 
Ca concentrations from Eutric Vertisols would only 
supply 26.7 mg  capita  –1  d –1  of Ca; i. e. 3.2 % of the 
WHO/FAO EAR for Ca. Whilst liming or fertilization 
strategies to improve dietary Ca intake  via  horticul-
tural crops may be feasible [4], it seems unlikely that 
the application of such agronomic measures to maize 
would be suffi cient to address the shortfall of Ca in 
the food supply chain. 

 Published national food supply and food compo-
sition data reveal a signifi cant potential shortfall in 
Ca supply to the Malawi population. These data are 
consistent with new information from wider sampling 

of maize grain from soils representing > 75 % of the 
primary soil classifi cations in Malawi. There is no 
evidence of similar national shortfalls in Mg supply. 
There are some caveats to this analysis. The fi rst is that 
data from FBSs do not account for food supplied by 
non-commercial production, which will include some 
foods high in Ca, such as small fi sh eaten whole with 
bones, vegetables, or dairy products from domestic 
goats. To address this issue, estimates of food supply 
can be improved through the use of dietary surveys. 
In a recent study, Ecker and Qaim [15] estimated di-
etary intake of iron and zinc in Malawi using food con-
sumption data for 11,280 households from the second 
Malawi Integrated Household Survey (IHS; 2004/05). 
We therefore tested our  per capita  estimates of Ca and 
Mg supply from FBSs against HIS consumption data 
[15]. From IHS data, dietary Ca intake estimates are 
507 mg  capita  –1  d –1 ; i. e. approximately one third more 
than estimates of dietary Ca intake based on FBSs. 
This is due primarily to the reported consumption of 
29 g  capita  –1  d –1  of freshwater fi sh in the IHS, compared 
to the supply of 13 g  capita  –1  d –1  reported in the FBSs 
(assuming that fi sh bones are consumed). If fi sh data 
are excluded from the comparison, dietary Ca intake 
estimates from the IHS are within ~5 % of those based 
on supply data from the FBSs. Thus, data from the IHS 
still shows risk of widespread dietary Ca defi ciency in 
Malawi. Dietary Mg intake estimates from the IHS 
(807 mg  capita  –1  d –1 ) are within ~2 % of those based 
on supply data from the FBSs (792 mg  capita  –1  d –1 ) 

Table III: Median maize grain Ca and Mg concentrations according to primary FAO soil classifi cation [13].

FAO soil classifi cation Grain Ca concentration Grain Mg concentration

Group Area (m2) n Percentiles (mg kg–1) n Percentiles (mg kg–1)

25th 50th 75th 25th 50th 75th 

Haplic Lixisols 25,691 11 29.2 36.2 40.1 11 750 853 1,025

Chromic Luvisols 21,546 22 29.5 31.4 37.0 22 755 799 915

Eutric Cambisols 13,026 11 32.7 38.1 41.4 11 798 836 922

Haplic Luvisosols 4,801 3 27.3 29.3 30.5 3 790 798 816

Ferralic Cambisols 3,778 6 22.1 28.4 40.6 6 762 866 925

Rhodic Ferralsols 1,553 7 22.2 29.0 38.7 7 681 744 907

Chromic Cambisols 1,346 6 18.7 20.0 33.7 6 779 845 869

Eutric Planosols 859 2 – 33.5 – 2 – 802 –

Humic Alisols 486 2 – 19.5 – 2 – 624 –

Eutric Vertisols 473 13 58.1 65.6 75.4 16 967 1,029 1,134

Other soil types 21,821 – – – – – – – –

Total area 95,380
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and transport routes which will affect the consumption 
of many food groups, especially fi sh. Finally, for both 
FBSs and IHS data, there are diffi culties in resolving 
nutrient supply at an individual level. For example, 
fi sh consumption is linked to both gender and socio-
economic status and can lead to substantial differ-
ences in dietary mineral intake between and within 
households [16]. 

 Despite these caveats, strategies to address a short-
fall in dietary Ca supply in Malawi appear to be re-
quired. At a production level, the integration of aqua-
culture and agriculture strategies [17] can increase fi sh 
consumption and is a valuable strategy for increasing 
the dietary supply of Ca. Also at a production level, 
there is scope for increasing Ca intake through addi-
tion of lime or fertilizers to horticultural crops whose 
edible leaves can accumulate signifi cant quantities 
of this element. The Ca composition of seeds, fruits, 
roots, and tubers is much more diffi cult to alter using 
agronomic approaches due to the relative immobil-
ity of Ca in the phloem of plants, in contrast to Mg 

across all data sources. Notably, 381 g  capita  –1  d –1  of 
maize is reportedly consumed in the IHS study, com-
pared to 354 g  capita  –1  d –1  of maize in the FBSs. Thus, 
estimates of dietary supply based on FBSs are likely 
to be relatively robust in Malawi whenever maize is 
the dominant source of a particular nutrient. 

 The second caveat is that the analysis is clearly 
very sensitive to certain food composition data, and 
these are typically based on single sample-types. For 
example, 13 g of smoked catfi sh including bones is 
reported in FBSs and delivers 120 mg Ca to the diet 
(Table I). If fi sh meat is consumed without bones, 
dietary Ca intakes will be much lower. It is therefore 
clear that additional food composition data are needed 
to reduce these sources of uncertainty. There is also 
a need to consider dietary intakes of minerals from 
water, which could be signifi cant for some minerals. 
Furthermore, there is also a clear need to take account 
of spatial variation in (1) soil geochemistry and soil 
to crop transfer of minerals for all crops, including 
vegetables; and (2) population access to rivers, lakes, 

      Figure 1:  Extrapolated maize grain a) Ca and b) Mg concentration. Data represent the median grain Ca and Mg concen-
tration for each soil type according to quintiles. Blue areas represent water bodies, grey areas represent soil types not 
included in the study. Figure produced using ArcGIS (v. 9.3).   
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which is highly phloem-mobile [4, 18, 19]. In addition to 
strategies based on production, there is also scope for 
educational approaches including the encouragement 
of increased consumption of small fi sh (whole with 
bones), milk, and milk products at the household level. 
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