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Abstract Many environmental factors constrain the produc-

tion of major food crops in Sub-Saharan Africa and South

Asia. At the same time, these food production systems them-

selves have a range of negative impacts on the environment.

In this paper we review the published literature and assess the

depth of recent research (since 2000) on crop x environment

interactions for rice, maize, sorghum/millets, sweetpotato/yam

and cassava in these two regions. We summarize current un-

derstandings of the environmental impacts of crop production

systems prior to crop production, during production and post-

production, and emphasize how those initial environmental

impacts become new and more severe environmental con-

straints to crop yields. Pre-production environmental interac-

tions relate to agricultural expansion or intensification, and

include soil degradation and erosion, the loss of wild

biodiversity, loss of food crop genetic diversity and climate

change. Those during crop production include soil nutrient

depletion, water depletion, soil and water contamination, and

pest resistance/outbreaks and the emergence of new pests and

diseases. Post-harvest environmental interactions relate to the

effects of crop residue disposal, as well as crop storage and

processing. We find the depth of recent publications on envi-

ronmental impacts is very uneven across crops and regions.

Most information is available for rice in South Asia and maize

in Sub-Saharan Africa where these crops are widely grown

and have large environmental impacts, often relating to soil

nutrient and water management. Relatively few new studies

have been reported for sorghum/millets, sweetpotato/yam or

cassava, despite their importance for food security on large

areas of marginal farmland in Sub-Saharan Africa – however,

there is mounting evidence that even these low-input crops,

once thought to be environmentally benign, are contributing

to cycles of environmental degradation that threaten current

and future food production. A concluding overview of the

emerging range of published good practices for smallholder

farmers highlights many opportunities to better manage crop x

environment interactions and reduce environmental impacts

from these crops in developing countries.
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Introduction

A wide range of naturally occurring biotic and abiotic con-

straints, including poor soils, water scarcity, crop pests/dis-

eases/weeds, and unsuitable temperatures, are well-known to

reduce the productivity of food crops, leading to low
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efficiencies of input use, suppressed crop output, and ultimate-

ly reduced food security (e.g., Strange and Scott 2005;

Gregory et al. 2005; Lal 2009; Waddington et al. 2010;

Knox et al. 2012). But there has also been growing concern

that farming practices themselves, both in extensive food crop

production systems (found widely in Sub-Saharan Africa) and

intensifying systems (common in South Asia) are exacerbat-

ing biotic and abiotic constraints on food production through

negative impacts on the environment (Poppy et al. 2014;

Dogliotti et al. 2014; Chartres and Noble 2015). Common

examples include environmental degradation through

agriculture-related deforestation, soil erosion, nutrient

mining, water depletion, soil/water/air pollution, biodiver-

sity loss, and climate change; all of which threaten the

long-term viability of agriculture and agro-ecosystems

(Cassman et al. 2003; Keating et al. 2010; Phalan et al.

2011; Pretty et al. 2011; Tilman et al. 2011; Chartres and

Noble 2015).

This paper reviews the current body of knowledge on a

broad suite of crop x environment interactions, including both

the constraints on crops imposed by the environment and the

impacts of crop production systems on the environment. We

focus on key food crops in smallholder production systems in

Sub-Saharan Africa and South Asia, including rice, maize,

sorghum/millets, sweetpotato/yam, and cassava. We summa-

rize environmental constraints on crop yields (including poor

soils, water scarcity, crop pests and disease) and impacts of

crop production on the environment (such as soil erosion,

water depletion, pollution and pest resistance) at three stages

of the crop value chain (pre-production, during crop produc-

tion, and post-production). Constraints and impacts are then

reviewed separately for each crop and region, using publica-

tion analysis to assess the relative severity of crop x environ-

ment interactions and the quantity of recent research on crop

environmental impacts as reflected in the published literature

since 2000. Future areas of potentially high value study are

suggested given the importance of the crop, the intensity of the

crop x environment relationship, and the depth of what we

currently know and do not know in the literature to date. We

conclude with an overview of good practices from the litera-

ture and from expert experience for overcoming environmen-

tal constraints and minimizing negative environmental im-

pacts in smallholder crop production across regions and farm-

ing systems.

By synthesizing the available evidence across these impor-

tant crops, and emphasizing the feedback loops inherent in

agro-ecological systems, we seek to provide a framework for

stimulating across-crop discussions and informed debates on a

range of crop x environment interactions in agricultural devel-

opment initiatives. This work can help research planners, pol-

icy makers and funding agents have a better understanding of

environmental constraints and impacts associated with food

crop production practices, and a better appreciation of

established good practices to overcome constraints and miti-

gate impacts.

Materials and methods

Systematic review of crop x environment interactions

Drawing on the academic literature and the field expertise of

crop scientists we reviewed how environmental factors con-

strain the production of important food crops (rice, maize,

sorghum/millets, sweetpotato/yam, and cassava) in Sub-

Saharan Africa and South Asia and how, in turn, their

cropping impacts on the environment.1

As an organizing principle we adopted a value chain ap-

proach (Gómez et al. 2011), highlighting key types of envi-

ronmental constraints and impacts at three stages of the food

crop value chain:

& Pre-production, including site/field selection, land clear-

ing, soil tilling, and other land preparation for planting;

& Production, including natural and synthetic inputs for crop

production (nutrients, water, agro-chemicals) and the con-

sequences of nutrient and water management and pest

control strategies; and

& Post-production, such as crop residues and other waste

disposal, and waste and/or pollution attributable to crop

transport, processing and storage.

Peer-reviewed published literature was obtained through

searches of the Scopus academic database, through supple-

mental searches of published and grey literature in Google

Scholar, and from a range of institutional sources including

international agricultural research centers, U.N. agencies and

the World Bank.

Additionally, using publication analysis (John and

Fielding 2014) we undertook a semi-quantitative assess-

ment of the severity of crop x environment interactions

and the amount of published research, using results from a

systematic Scopus search of literature published since

2000 covering a wide range of categories of environmen-

tal constraints and environmental impacts. Good practices

to manage constraints and reduce the impacts of these

crop systems on the environment were also systematically

assessed and summarized.

1 This research began as a series of Agriculture-Environment briefs on

important food crops in Sub-Saharan Africa and South Asia, produced

by the Evans School Policy Analysis and Research Group (EPAR) for

the Agricultural Development Group at the Bill and Melinda Gates

Foundation. They covered rice (Brief No. 208), maize (No. 218),

sorghum/millets (No. 213), sweet potato/yam (No. 225), and cassava

(No. 228).
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Knowledge assessment of crop x environment interactions

There is a large but variable body of knowledge in the peer-

reviewed literature about the many biotic and abiotic con-

straints on crop yields, and an increasing amount known about

how agriculture affects the environment. We evaluated the

relative importance of crop x environment interactions by

assessing (i) the frequency with which an environmental con-

straint to crop production, or environmental impact from crop

production, is mentioned in the peer-reviewed literature, and

(ii) whether it is characterized in that literature as minor, mod-

erate or severe. This accounting depends on the stock of liter-

ature, so we also assessed the amount of research (number of

published papers) on these environmental topics for each crop

in each region. This helped us to identify apparent gaps in

research on crop x environment interactions.

Three criteria were used to summarize the recent evidence

currently available in peer-reviewed scholarship:

& Severity of environmental constraints reported. We sum-

marized, for six general categories, the relative signifi-

cance of various environmental constraints on crop pro-

duction based on a comprehensive review of published

literature and consultation with crop experts. The catego-

ries include land availability, nutrient constraints, water

constraints, biotic constraints, climate change, and post-

harvest losses.

We assessed the severity of these categories of environ-

mental constraints for each crop on a 5-point scale as follows:

0. No mentions of the environmental constraint in published

literature or expert accounts on the crop

1. Rarely mentioned or a minor constraint

2. Sometimes mentioned as a moderate constraint

3. Consistently mentioned as a moderate constraint

4. Sometimes mentioned as a severe constraint

5. Consistently mentioned in published literature or expert

accounts on the crop as a severe constraint.

Initial assessments weremade by the senior author and then

small panels of 2–4 researchers (the authors, plus 1 or 2 sci-

entists with crop-specific expertise) validated or modified the

categorizations. The resultant categorization indicates the rel-

ative importance, in very broad terms, of different environ-

mental constraints on crop yields.

& Severity of environmental impacts reported. Precise esti-

mates of crop-specific environmental impacts are rarely

available. However based on the published literature and

expert opinion some assessments of the relative severity of

different environmental impacts could be made. Thirteen

major categories of environmental impact were identified

from the detailed crop-based reviews of literature: land

degradation, wild biodiversity loss, agro-biodiversity loss,

water depletion, water pollution, soil nutrient depletion,

soil pollution, pest resistance, methane (CH4) greenhouse

gas (GHG) emissions, nitrous oxide (N2O) GHG emis-

sions, air pollution (largely relating to burning), storage

chemical contamination, and post-harvest losses.

We classified the severity of crop environmental impacts as:

0. No mentions of the environmental impact in published

literature or expert accounts on the crop

1. Rarely mentioned or a minor impact

2. Sometimes mentioned as a moderate impact

3. Consistently mentioned as a moderate impact

4. Sometimes mentioned as a severe impact

5. Consistently mentioned in published literature or expert

accounts on the crop as a severe impact.

Assessments of impacts were similarly made by the authors

and small panels as described for constraints, though with

more difficulty as while ‘yield gaps’ and ‘percentage losses’

represent useful accepted measures of the severity of environ-

mental constraints on crop yields (Waddington et al. 2010; van

Ittersum et al. 2013), there are no such established methods for

evaluating the environmental impacts of crop production.

Nevertheless, our categorization provides some indication of

the relative importance of different environmental impacts

both within crops and across different crops and systems as

judged by the academic and expert communities to date.

The assessment of the severity of crop x environment in-

teractions also depends on how much we know about the

issues, i.e., how much research has been completed on a par-

ticular problem, which was assessed by our third criterion.

& Depth of research on crop x environment impacts. We

conducted a comprehensive series of searches in the

Scopus academic database for peer-reviewed articles pub-

lished between 2000 and 2014 on the 13 categories of

environmental impact for each crop and region.

Appropriate sets of terms were constructed for the

searches in consultation with crop experts and the search

information compiled in spreadsheets. Counts of peer-

reviewed articles published on the various aspects of en-

vironmental interactions were then generated for the dif-

ferent crops and regions. These provide quantitative infor-

mation on the degree to which environmental problems

have received attention in recent scholarly debates.

The number of environmental studies retrieved through our

Scopus searches is highly uneven across crops, across envi-

ronmental impacts, and across regions and continents. The

quality and depth of studies conducted also varies by crop
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and region. In an attempt to ensure only quality papers were

included in the counts (but still enable under-researched crops

such as sweetpotato and cassava to be well represented), we

eliminated all papers published before 2013 that Scopus re-

ported had been cited fewer than two times. We also report

papers cited only 2–4 times separately from more extensively

cited papers (with 5 or more citations since their publication).

Finally, as the quality of very recent publications may not yet

be reflected in citation counts, all papers published in 2013–

2014 with 0–1 citations to date are reported independently as

Bnew publications.^

Crop x environment interactions through the value

chain

Pre-production

For all food crops, farming decisions (including the choice

of crop or variety to plant, the types and amounts of

inputs and their management) are directly shaped by the

availability and quality of cropland. In areas where land

suitable for crop production remains relatively abundant –

such as in much of Sub-Saharan Africa – the dominant

response to land constraints continues to be conversion of

forests, grasslands and other non-agricultural land to crops.

In South Asia, where land is now relatively scarce,

farmers have primarily responded to land constraints

through a process of intensification, involving multiple

cropping during the year, typically facilitated by the adop-

tion of irrigation, mechanization, organic and synthetic fer-

tilizers, and pesticides. In both cases – whether expanding

agricultural production onto new land, or intensifying ag-

ricultural production on existing cropland – cropping de-

cisions have direct and often significant impacts on land

cover, soil structure and soil nutrients, as well as implica-

tions for on-farm and off-farm biodiversity (Stevenson

et al. 2014).

Key environmental impacts from agricultural expansion

and intensification broadly include:

& Land degradation and erosion: Land clearing exposes

land to physical and chemical degradation, as well as con-

tributing to air pollution. Over-cultivation and tillage of

degraded and marginal lands damages soil structure,

drives soil loss through erosion processes and reduces

water retention capacity (e.g., Fowler and Rockström

2001; Hobbs et al. 2008). Loss of vegetative cover also

worsens wind and water erosion on sloping uplands (Bai

et al. 2008). Land clearing and tillage may also have en-

vironmental impacts in the form of fossil fuel use for ma-

chinery, or forage/feed production and GHG emissions

associated with draft animals.

& Loss of wild biodiversity, both off-farm and on-farm:

Cropland expansion, cropping intensification and repeat-

ed plantings can negatively affect wild biodiversity direct-

ly (e.g., removal of tropical forests, habitat loss, or pesti-

cides killing non-target organisms), as well as indirectly

(by disrupting breeding cycles and destroying habitats of

sensitive species) (Phalan et al. 2011).

& Loss of food crop genetic diversity: Shifts to more-

intensive farming systems often reduce the number of crop

species in agro-ecosystems (e.g., by removing trees or

intercrops from farm fields). Replacement of multiple

locally-adapted and genetically diverse crop landraces or

varieties with a smaller number of modern varieties also

reduces local and regional agro-biodiversity; in some

cases increasing vulnerability to drought, pest infestations

and other abiotic or biotic threats (Altieri and Nicholls

2004; Snapp et al. 2010).

& Climate change and air pollution: GHG emissions (such

as CO2, CH4 and N2O) from crop fields tend to increase

with increased cropping intensity, and when forests/

grasslands are converted to food cropping. CO2 emissions

arise primarily from land conversion (releasing C stored in

forests), soil tillage (releasing soil C) and burning of fields

and crop residues which releases both GHGs and particu-

late air pollution. Other major GHG sources are more

crop- or system-specific: CH4 emissions are primarily as-

sociated with flooded rice fields, and N2O emissions arise

from N fertilizer application (Reay et al. 2012).

The environmental and productivity-related impacts of

land-use decisions are not only direct, but also systemic and

cyclical in nature. For example, in addition to the intrinsic lost

value of wild biodiversity, impacts stemming from land-use

decisions may also inhibit provision of valuable ecosystem

services such as pollination and pest control, with implications

for future crop production (Bommarco et al. 2013). Similarly,

climate change, though far less controllable by individual

farmers, has impacts on both the global environment and on

future local crop production in some specific regions (Burke

et al. 2009). Consequently, interventions directed at minimiz-

ing or eliminating the environmental impacts of cropping pre-

production can have positive implications throughout current

and future crop production cycles and in locations far from

their origin.

Production

Once crops have been selected and planted, various environ-

mental factors (including inadequate access to and use of soil

nutrients, water shortages and drought, and direct damage

from pests, weeds and diseases) can substantially compromise

production in both Sub-Saharan Africa and South Asia. At the

same time, common responses to these production constraints
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such as applying chemical fertilizers, water extraction and

irrigation, and applying pesticides and herbicides often them-

selves pose significant environmental risks and costs for

crops, wildlife and human populations.

Key environmental impacts from crop production practices

include:

& Soil nutrient depletion (Bnutrient mining^): Nutrient min-

ing occurs when cropped soils experience negative nutri-

ent balances, with extraction losses occurring faster than

the replacement of nutrients (Cobo et al. 2010). Effects

may be especially severe when food crops are integrated

into intensive repeated sequences and rotations with inad-

equate nutrient management, as is common in South Asia

(Timsina et al. 2010), or when socio-economic circum-

stances and limited technical options prevent adequate

replenishment of nutrients on depleted soils, as in much

of Sub-Saharan Africa (Vanlauwe et al. 2010; Shiferaw

et al. 2011).

& Soil and water contamination: Excessive applications of

synthetic nutrients can accumulate in and acidify soils, and

runoff nutrients may accumulate in rivers and lakes and

leach into groundwater (Fageria 2011). Already a severe

problem in large parts of South Asia, nutrient

contamination/accumulation is currently only a local issue

in Sub-Saharan Africa (where fertilizer underuse is pre-

dominant) but will grow as systems intensify. Overuse of

synthetic N is also a major source of global GHG emis-

sions (associated with fertilizer manufacture and use)

(Reay et al. 2012). Meanwhile overuse or improper use

of pesticides and other agrochemicals in intensifying sys-

tems may threaten human health (via poisoning) and fur-

ther contaminate soil and water, in addition to being an

inefficient use of scarce farm resources (Oluwole and

Cheke 2009; Gupta 2012).

& Water depletion: Drought and water shortages represent

significant constraints to yields and reduce viable

cropping areas (de Fraiture et al. 2010; Li et al. 2011),

with climate change effects predicted to increase both

the severity of droughts and the area of cropland that is

drought-prone (Gregory et al. 2005). Efficient irrigation

technologies can address water constraints to a degree,

but the shortage and depletion of surface water (especially

in Sub-Saharan Africa where irrigation is poorly devel-

oped) and groundwater resources (mainly in South Asia

where more irrigation systems already exist) are growing

problems (Ali et al. 2009; Wada et al. 2010).

& Outbreaks, pest resistance, and new pests and diseases:

Pests and diseases are frequent constraints and can be

sufficiently devastating for some crops that they severely

restrict cropping, as is the case with viral diseases of cas-

sava in parts of East Africa (Legg et al. 2006, 2014; Beed

2014). Application of pesticides and shifts towards pest-

and disease-resistant crop varieties have gone hand-in-

hand with the emergence of resistance in some pests,

sometimes resulting in devastating outbreaks (Oerke

2006). In other cases, efforts to address crop production

constraints have inadvertently introduced new pest and

disease problems – for example, the development and

use of early-maturing varieties of sorghum and millet to

overcome drought constraints has exposed grains to fungi

and molds that now devastate harvests in some regions

(Haussmann et al. 2012).

As with pre-production decisions, the environmental and

productivity-related impacts of crop management and input-

use practices are both direct and systemic. For example, while

synthetic N will often increase crop production, particularly in

the many nutrient-depleted farms of Sub-Saharan Africa, the

efficiency with which crops are able to convert synthetic N

fertilizers to increased production hinges upon the availability

of micronutrients and water (often environmentally deter-

mined). In the absence of these other inputs, the addition of

large amounts of synthetic N will not be cost-effective for

farmers, and may further exacerbate other environmental con-

straints such as soil acidification or contamination of water

supplies with implications for current and future farm produc-

tion and livelihoods.

Post-production

Noteworthy crop- or system-specific environmental impacts

in post-production include the introduction of environmental

or human health toxins in crop storage (either from storage

chemicals, or from contaminants of bitoic origin such as afla-

toxin (Gnonlonfin et al. 2013), as well as the emission of

GHGs from the burning of crop residues (Andreae and

Merlet 2001; Lal 2005; Smith et al. 2008). Burning harms

local air quality and contributes to respiratory ailments, as well

as depleting soil organic C that could otherwise be used to

stabilize soil structure, maintain soil fertility and raise the

water-holding capacity of soils.

Cereal crops such as maize also suffer significant losses in

traditional storage from various pests and diseases (Tefera

2012), while inadequate harvest, storage and processing

methods are major problems leading to high rates of post-

harvest spoilage among root and tuber crops such as cassava

and sweetpotato (Lebot 2009). This lost production equates to

not only wasted effort by farmers, but also wasted land clear-

ing (in extensive cropping systems) and wasted agro-chemical

application (in more intensive systems) for the production of

food that will never be eaten. In other words, post-harvest

losses of crops carry the burden of all resources consumed

in producing the harvest that is lost. Reducing post-harvest

losses from poor processing or storage pests thus both
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increases food availability and reduces the per-unit weight or

per-unit area environmental impact of a given crop harvest.

Current understanding of crop x environment

interactions by crop and region

While the many environmentally-determined biotic and abiot-

ic constraints have long been a mainstay of the agricultural

research and development literature, there has been a relative-

ly recent increase in the number of studies examining the

environmental and human health implications of food

cropping systems (Fig. 1a). We identified 3694 articles pub-

lished since 2000 that address crop x environment interactions

in some form for at least one of our five focus crops in the two

regions (Fig. 1b).

The following sections summarize the current status of

published findings on crop x environment interactions by crop

and by region.

Rice crop x environment interactions

Rice is the most widely consumed food crop of the developing

world, and includes two species (Oryza sativa, native to the

Asian continent, and Oryza glaberrima, native to Africa)

grown on over 155 million (M) ha worldwide (FAOSTAT

2013). Our assessment of the severity of categories of rice

environmental constraints and impacts is summarized in

Fig. 2a–f.

In both the dryland upland rice systems predominant in

Sub-Saharan Africa and the irrigated rice systems of South

Asia, the single most significant environmental constraint to

rice production is water (Fig. 2a): rice is 2–10 timesmore water

intensive than other major crops (Bouman et al. 2007). Other

common rice system constraints include inadequate soil nutri-

ents, weeds (in non-flooded systems), insects, rodents and as-

sorted other pests (Waddington et al. 2010; Norton et al. 2010;

Witt et al. 2007), with the shortage of land also a major issue in

South Asia (Fig. 2d). Especially in South Asia, agricultural

intensification (involving the adoption of modern irrigation,

fertilizers, improved seeds, and pesticides) has contributed to

dramatic gains in rice yields since the 1960s (Dawe et al.

2010). However, increasing evidence suggests that intensive

rice systems, if not properly managed, can cause serious envi-

ronmental harm by reducing soil fertility, polluting soil and

water, depleting groundwater, using large amounts of fossil

fuels for water pumping, and contributing to climate

change (IRRI 2004). Many of these issues are especially acute

for high-yield intensive irrigated winter season rice, which has

become very important in parts of South Asia in recent decades

(Ali et al. 2009; Barker et al. 2010; Timsina et al. 2010, 2011).

An additional environmental impact unique to flooded rice

systems is an increase in insect-borne disease: flooded rice

fields have been associated with an increase in malaria trans-

mission among farmers, workers, and communities adjacent

to flooded rice-producing areas in both Africa and Asia

(Larson et al. 2010).

Sub-Saharan Africa rice systems

Most smallholder rice production in Sub-Saharan Africa is

rainfed, low-input and low-yield upland rice. The overall rice

area remains relativelymodest in Africa, though recent growth

trends have been dramatic: the rice area harvested more than

doubled between 1982 and 2012, from 4.9 M to 10.8 M ha

(FAO 2013). Some of this expansion is due to intensification

made possible by irrigation and the introduction of Asian

sativa varieties into lowland and wetland areas of Sub-

Saharan Africa (this has led to shifts from one to two crops

per year, resulting in double-counting of some areas planted to

rice) (Larson et al. 2010). But for most smallholders, rainfed

rice-fallow systems producing one crop per year remain com-

mon (Dawe et al. 2010). Major environmental constraints in

the region (Fig. 2a) include water constraints, making up as

a Articles on crop x environment interactions since 2000 
by stage in the crop value chain

b Articles on crop x environment interactions since 2000 
by crop and region
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much as 10–31 % of the rice yield gap in Sub-Saharan Africa,

nutrient constraints (15–30 % of the yield gap) and weeds,

especially where flooding is not an option for weed control

(Dobermann and Fairhurst 2000; Waddington et al. 2010).

Relative severity of environmental impacts Africa’s largely

dryland rice systems are relatively insignificant contributors to

environmental impacts typical of more intensive rice systems,

such as water resource depletion, CH4 emissions or chemical

runoff (Yan et al. 2009). The key environmental threats from

extensive low-productivity rice in Sub-Saharan Africa take the

form of degradation of fragile and erosion-prone uplands (Bai

et al. 2008), or the expansion of new sativa flooded rice pro-

duction into ecologically important lowland/wetland ecosys-

tems (Rodenburg et al. 2014) (Fig. 2b). The relatively recent

introduction of formal irrigation into rice production in Sub-

Saharan Africa has been linked to dramatic increases in rice

productivity – in 2009 only 14% of rice area in the region was

irrigated, but this area made up 33 % of total rice produced

(Africa Rice Center 2010). Although intensification also en-

tails impacts such as chemical runoff and GHG emissions,

such impacts have received little empirical attention in the

published scholarship to date.

Research on environmental interactions and areas of

debate Overall research on environmental impacts of rice is

limited in Sub-Saharan Africa (Fig. 2c). No estimates of im-

pacts such as land conversion or biodiversity loss attributable

to upland rice are available, though some research is under-

way (Phalan et al. 2011). Moreover an expanding body of

research surrounding the successes and failings of new

NERICA varieties (open-pollinated improved varieties of

a Relative Severity of Rice Constraints (SSA) 

b Relative Severity of Rice Impacts (SSA) 

c Research on Rice-Environment Interactions (SSA)

d Relative Severity of Rice Constraints (SA) 

e Relative Severity of Rice Impacts (SA) 

f Research on Rice -Environment Interactions (SA)

>5 citations since 2000 2-4 citations since 2000 New publication (2013-2014)

Fig. 2 a–fRelative severity of environmental constraints and impacts, and the depth of environmental research for rice in Sub-Saharan Africa (2a–c) and

South Asia (2d–f)
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upland rice) is beginning to identify upland rice constraints

and impacts with greater detail (see e.g., Kijima et al. 2011).

Research on environmental impacts in new irrigation-based

rice systems in Sub-Saharan Africa lags behind research on

production, and as there is very limited local information,

current reviews of Sub-Saharan Africa rice environmental im-

pacts largely draw on the Asian experience with rice intensi-

fication (Larson et al. 2010). Site-specific (and somewhat

more contested) studies on improved soil and water manage-

ment in Sub-Saharan Africa such as the System of Rice

Intensification (SRI), which was originally developed in

Madagascar (see Dobermann 2004; Uphoff et al. 2008), sug-

gest significant opportunities for increasing yields, water effi-

ciency and pest management in Sub-Saharan Africa.

South Asia rice systems

In South Asia, smallholder rice is produced principally during

the monsoon season under rainfed conditions, but increasingly

also under irrigation pre-monsoon. With most of the land suit-

able for rice already under production, the necessarily inten-

sive South Asia rice systems face several well-known biotic

and abiotic constraints (Fig. 2d).Most farmers are reliant upon

synthetic fertilizers and pesticides (often at high rates) to

maintain yields. Soil nutrient shortages, particularly N, P and

K, seriously limit production (Witt et al. 2007; Waddington

et al. 2010) while pests including insects, rodents and disease

also significantly reduce rice yields (Singleton 2003; Mejia

2004). Water constraints meanwhile are ubiquitous, account-

ing for as much as 23 % of rice crop losses, including in

irrigated rice and rice-wheat systems (Li et al. 2011).

Relative severity of environmental impacts Far more pub-

lished research is available for environmental impacts of

South Asian rice production systems as compared to African

rice systems (Fig. 1b). Rice production in South Asia has

many known environmental impacts, with water depletion

and contamination, the evolution of pest resistance and

GHG emissions among the most important (Fig. 2e). Many

of these environmental impacts are severe and commonly

found due to the relatively chemical-intensive and irrigation-

based production practices typical of widespread smallholder

double-crop South Asian rice production. Irrigation is a key

driver of water depletion in South Asia, with 50 % of all

irrigation used for rice (Wada et al. 2010). Meanwhile, the

overuse of synthetic fertilizer and other chemicals has been

linked to runoff and even poisonings, partly owing to input

use beyond prescribed levels (Pingali 1995; Peng et al. 2006).

Historically, an overuse of insecticides for rice has also re-

duced populations of pests’ natural enemies, leading to pest

outbreaks (Heong and Schoenly 1998). Finally, rice systems

are estimated to constitute 10 % or more of global annual CH4

emissions, with emissions concentrated in the flooded rice

fields of India and China (Yusuf et al. 2012).

Research on environmental interactions and areas of

debate There is a wealth of research on the environmental

impacts of rice production in South Asia (Fig. 2f), includ-

ing recent reviews (Pandey et al. 2010). In particular, water

and soil pollution related to rice has featured in many re-

cent publications. Rice pre-production (land clearing) is

relatively under-studied but also fairly low-impact: as most

potential arable land in South Asia has already been con-

verted to agriculture, the new biodiversity and habitat im-

pacts of rice are likely to be small – although the high

pressure for continued blanket cropping of rice means it

is unlikely that some rice land will be returned to more

‘natural’ agro-ecosystems. Meanwhile the effects of rice

farming on soils and chemical runoff rates vary by system

and by crops planted between rice harvests. There is grow-

ing consensus on the non-sustainability of intensive pre-

monsoon/winter irrigated rice systems in terms of nutrient

demand, agro-chemical use and water management (e.g.,

Ali et al. 2009; Timsina et al. 2010). Perhaps most visible

among these rice-environment interactions is the effect of

rice-related water depletion on rice productivity – already

the high financial cost (associated with pumps and fuel) of

irrigated winter rice production has encouraged farmers on

the eastern Gangetic Plain to scale back on this production

system. There is also increasing consensus on the signifi-

cant role of irrigated rice in climate change via CH4 emis-

sions (Yan et al. 2009; Yusuf et al. 2012).

Maize crop x environment interactions

Globally, maize is an extremely important food crop. The

area of maize harvested worldwide increased 69 % be-

tween 1961 and 2012 , f rom 106 to 179 M ha

(FAOSTAT 2013), accompanied by trends towards inten-

sified maize production systems. During the 20th and into

the 21st century, maize has become the principle food

crop produced and consumed by Sub-Saharan Africa

smallholder farm households (Shiferaw et al. 2011) and

it is an increasingly important smallholder food and cash

crop in South Asia (Joshi et al. 2005). This growth stems

from a combination of non-agricultural land converted to

maize-based agriculture, existing cropland converted to

higher-yielding maize, and maize intensification through

annual double-harvests from fertilized and irrigated fields.

Maize production systems and environmental impacts dif-

fer among the regions, as we indicate below.

Maize production has important environmental conse-

quences in both extensive systems (such as habitat loss,

soil degradation and GHG emissions from deforestation in

Africa) and intensive systems (via nutrient mining and
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contamination, and pesticide contamination in South

Asia) (Fig. 3b, e). The relatively widespread and rising

use of synthetic fertilizers in maize systems is also re-

sponsible for the release of GHGs, both during manufac-

ture of the fertilizer and in its use (Reay et al. 2012).

Sub-Saharan Africa maize systems

The area dedicated to maize in Sub-Saharan Africa more than

doubled (15.5 to 34.1 M ha) from 1961 to 2012 (FAOSTAT

2013). Maize dominates in southern and eastern Africa, con-

stituting 20 to 50 % of food consumption. In recent decades,

maize has also spread in western and central Sub-Saharan

Africa (Shiferaw et al. 2011). The crop is typically grown in

Africa as a primary food crop, in rainfed smallholder farming

systems, often on marginal soils and/or newly cleared land,

and with inadequate or no synthetic inputs.

Soil infertility and nutrient shortages represent the most

severe and widespread constraints to maize yields in Sub-

Saharan Africa (Mueller et al. 2012). Drought is also a major

constraint (Waddington et al. 1995; Gibbon et al. 2007), with

small changes in rainfall patterns/amounts and temperatures

leading to appreciable loss of yield (Lobell et al. 2011a). Pests

such as downymildew, grey leaf spot, armyworm, stemborers,

and the parasitic weed Striga spp. also hamper production

(Pingali and Pandey 2000). Pests also damage maize post-

a 

b 

Relative Severity of Maize Constraints (SSA) 

Relative Severity of Maize Impacts (SSA)

c Research on Maize-Environment Interactions (SSA)

d Relative Severity of Maize Constraints (SA)

e Relative Severity of Maize Impacts (SA)

f Research on Maize-Environment Interactions (SA)

>5 citations since 2000 2-4 citations since 2000 New publication (2013-2014)

Fig. 3 a–f Relative severity of environmental constraints and impacts, and the depth of environmental research for maize in Sub-Saharan Africa (3a–c)

and South Asia (3d–f)
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harvest, with losses in Africa estimated by the World Bank

(2011) to be 10–20 % of production (Fig. 3a).

Relative severity of environmental impacts The environ-

mental impacts of maize cropping in Sub-Saharan Africa

largely relate to land clearing and degradation, soil erosion,

nutrient depletion and biodiversity loss (Fig. 3b). Because

maize is so widely grown in Africa, these effects are widely

seen. Maize is a common first crop after slash and burn clear-

ing as farmers value its ability to utilize nutrients released by

the burning to boost yields (Binam et al. 2004). Deforestation

destroys wildlife habitat and releases GHGs (Fargione et al.

2008), with maize-related clearing continuing in several large

African countries including Nigeria, Ethiopia and Sudan

(Phalan et al. 2013). Efforts to improve soil management

(through minimal tillage, residue retention and intercropping)

can reduce soil erosion and nutrient losses, but adoption of

conservation agriculture techniques in Sub-Saharan Africa re-

mains limited (Bossio et al. 2010; Erenstein et al. 2012). Other

impacts such as nutrient and chemical contamination are only

localized in much of Africa; in most areas fertilizers and pes-

ticides are generally underused.

Research on environmental interactions and areas of

debate There has been a considerable amount of research

on the environmental impacts of maize in Sub-Saharan

Africa in recent years (Fig. 1b), with most of the publications

covering soil degradation, nutrient depletion and pests

(Fig. 3c). Continuous production of maize with limited fertil-

izer inputs is commonly reported to contribute to the depletion

of soil nutrients and soil erosion is common in maize cropping

systems, but maize-specific data on land degradation in Sub-

Saharan Africa are only now emerging (Cobo et al. 2010).

Moreover, the net effects of maize on land and climate are

unclear as higher-yield maize might decrease land clearing

compared to reliance on lower-yield traditional cereals.

There is near consensus that the impacts of climate change

will be severe for rainfed maize in several large parts of the

continent such as in southern Africa and the Sahel (Schlenker

and Lobell 2010).

South Asia maize systems

Total maize area harvested in South Asia is less than half

that of Sub-Saharan Africa, but the area grew rapidly by

92 % percent from 6.0 M ha in 1961 to 11.5 M ha in 2012

(FAO 2013). Much of the growth reflects a switch from

rice, wheat, or dryland cereal crops, and an increase in

winter and spring (pre-monsoon) maize (Ali et al. 2009;

Joshi et al. 2005). In India and Nepal, farmers have tradi-

tionally grown rainfed upland maize during the monsoon

season as a supplemental food and income source.

Increasingly, maize is also grown as a high-input crop

both in the monsoon and with irrigation during the winter

season, in sequence with other crops such as monsoon

rice, to produce feed for sale to expanding poultry indus-

tries (Joshi et al. 2005). Very recently, maize has also

become more significant during the spring (pre-

monsoon) season. Thus there are now very large areas

with relatively fertile soils and developed irrigation sys-

tems planted to intensive maize in South Asia, as well as

the more traditional systems (Timsina et al. 2010, 2011).

Constraints to maize in South Asia vary by sub-region.

A 2001 survey of farmers in India found post-flowering

stalk rot to be the most widespread severe constraint

(Gerpacio and Pingali 2007). Soil nutrient deficiencies

are also a yield barrier (though less severe than in

Africa), reducing output by up to 14 % (Gibbon et al.

2007). Losses from drought are relatively modest and oc-

cur mainly in rainfed upland maize systems (which none-

theless support some 48 million rural poor). Post-harvest

losses are also generally modest, estimated at 2–15 % of

production (Fig. 3d).

Relative severity of environmental impacts South Asian

maize is now commonly a high-input crop produced using

hybrid seed, irrigation, fertilizer (up to 100–200 kg N/ha),

pesticides and herbicides (Ali et al. 2009; Joshi et al. 2005).

As with many intensive systems, repeated cultivation and the

overuse of synthetic inputs may degrade soils and contaminate

soil and water. Pesticides can destroy beneficial species that

manage pests; pesticide poisoning and other human health

impacts have also been reported (Gupta 2012). Herbicide

use risks killing crops that are often intercropped or rotated

with maize, including beneficial legumes (Kanampiu et al.

2002). All of this makes soil degradation, water depletion

and pollution, nutrient depletion and chemical pollution key

impacts (Fig. 3e), though our review found little data specific

to maize for the intensive multi-crop systems increasingly

typical of South Asia.

Research on environmental interactions and areas of

debate Concerns with sustainable soil and nutrient manage-

ment have emerged recently in South Asian maize systems

and are receiving more attention in recent scholarship (Ali

et al. 2009; Timsina et al. 2010, 2011), as are climatic factors

such as high temperatures. But overall published environ-

mental research specific to maize appears to be very thin in

South Asia (Figs. 1b and 3f). As with Africa, the net envi-

ronmental impacts of maize in South Asia are also some-

what ambiguous – in the face of water constraints and

major environmental impacts from intensive rice farming,

maize is seen as a relatively high-yield and water-efficient

alternative crop for promoting both food production and

resource use efficiency in this region (Ali et al. 2009;

Timsina et al. 2011).
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Sorghum/millets crop x environment interactions

Sorghum andmillets (which are a diverse group of small-grain

annual cereal grasses including pearl millet, foxtail millet,

finger millet and several others) are particularly important

for smallholder farmers on marginal lands that are prone to

drought. Sorghum and millet production systems and environ-

mental impacts differ vastly across regions. In Sub-Saharan

Africa, sorghum and many different millets (though increas-

ingly pearl millet is dominant) are typically grown as the pri-

mary food crop in dry rainfed systems on poor soils with

minimal synthetic inputs. In contrast, South Asian sorghum

and millet crops are increasingly irrigated and higher-input,

grown for market sale in sequence and rotation with other

crops. In both Sub-Saharan Africa and South Asia, sorghum

and especially the millets have suffered from a dearth of em-

pirical research, both on environmental constraints and envi-

ronmental impacts (Fig. 1b). Our assessment of the relative

severity of a range of environmental constraints and impacts

for sorghum and millets is given in Fig. 4a–b and d–e.

Sorghum and some millets are tolerant of low soil fer-

tility and drought in comparison to other cereals, and so are

widely grown in areas with unreliable rainfall and few in-

puts in Sub-Saharan Africa and parts of South Asia (Garí

2002; Waddington et al. 2010), often on ecologically-

fragile land (Tari et al. 2013). Shortened fallows and ex-

pansion onto marginal lands with little use of fertilizer has

led to declining soil fertility and yields on sorghum/millet

plots (Clay 2004). Though relatively drought-tolerant, the-

se crops still yield far less under drought conditions

(Waddington et al. 2010; Mutava et al. 2011). As the rain-

fall season is frequently short and intense in sorghum and

millet growing regions and soil cover sparse, problems

such as waterlogging, water runoff and soil erosion repre-

sent major yield constraints (Witcombe and Beckerman

1987; Murty et al. 2007). Low temperatures, low soil P,

Fe toxicity, acid soils, and wind damage (blown sand) also

hinder crop yields, while downy mildew, insect pests, and

weeds such as Striga cause severe losses (Michels et al.

1993; Jeger et al. 1998; Clay 2004; Singh et al. 2009; Tari

et al. 2013).

Sub-Saharan Africa sorghum/millets systems

In 2012, sorghum and millets together accounted for 40 % of

the cereal area harvested and 23 % of cereal production in

Sub-Saharan Africa (FAOSTAT 2013). Sorghum is the more

commonly grown of the two cereals, and its area harvested in

Sub-Saharan Africa increased by 72 % from 1982 to 2012,

with the former Sudan and Nigeria making up much of the

new area (FAOSTAT 2013). Millets represent 10% of the area

harvested for all crops in Sub-Saharan Africa, and are

especially important for smallholder farmers on drought-

prone marginal lands.

Sorghum andmillets are often low yielding (<500 kg/ha) due

to genetic and environmental factors (Ahmed et al. 2000), and

frequently yield far less than the common alternative of maize in

many sub-humid smallholder systems in Sub-Saharan Africa

(e.g., Rurinda et al. 2014). Nevertheless, locally adapted varie-

ties remain very important for food security – pearl millet, finger

millet and Bminor millets^ like fonio or tef are often planted on

the most marginal lands where maize and even sorghum fail

(Mohamed et al. 2002). Sorghum and millet cultivation is ex-

pected to expand in Sub-Saharan Africa as an adaptation to

climate change (Cooper et al. 2008; Sultan et al. 2013).

Relative severity of environmental impacts The environ-

mental impacts of sorghum and millets in Sub-Saharan

Africa largely relate to land clearing and degradation (includ-

ing nutrient depletion) on marginal soils (Fig. 4b). The overall

environmental impacts of sorghum and millet cultivation are

generally considered less severe than other major crops owing

to the sparse and low-input nature of production. However the

crops’ adaptability to marginal soils can lead to planting on

nutrient-depleted soils and sloped and erosion-prone fields

that would otherwise be left undisturbed, contributing to a loss

of soil and biodiversity. On-farm biodiversity is also decreas-

ing – while historically smallholders planted multiple local

species and varieties of millets (and sorghum) with different

agronomic and nutritional attributes, and end uses, pearl millet

now makes up 90 % of the millet grown in Sub-Saharan

Africa (Haussmann et al. 2012).

Additionally, the use of sorghum and millet residues for

fodder, fuel and construction has become widespread.

Although the integration of sorghum crop residues into soils

is widely recommended for increasing soil fertility and mois-

ture retention on fields, and to reduce CO2 emissions

(Valbuena et al. 2012), this deprives farmers of valuable fod-

der, fuel, and incomes from stover. The removal of crop res-

idues further exposes soils to wind and water erosion, depletes

soil nutrients for future crops and contributes to air pollution.

In such situations, increased judicious use of agricultural in-

puts (including fertilizers) may reduce environmental impacts

by increasing the productivity of grain and stover, and slowing

the damaging expansion of agricultural land.

Research on environmental interactions and areas of

debate The overall literature on environmental impacts of

sorghum and millets in Sub-Saharan Africa is thin (Fig. 4a).

The impacts of sorghum/millets on soils in Sub-Saharan

Africa have only recently begun to be studied (Subbarao

et al. 2000; Fageria 2011) while little is known about climate

change, weeds, and pests with these crops. Research is also

minimal on disease, post-harvest losses, biodiversity loss, and

GHG emissions. Research and discussion may be hindered in
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part by the many species classified as millets, and by the range

of (often harsh and remote) sorghum and millet growing en-

vironments that present challenges for researchers.

South Asia sorghum/millets systems

In 2013, sorghum and millets accounted for 12 % of the

cereal area harvested and just 4 % of cereal production in

South Asia (FAOSTAT 2013). The area planted with sor-

ghum or millets has declined steeply since 1980, but aver-

age yields have remained steady or increased owing to the

adoption of improved varieties and more-intensive cultiva-

tion practices (Basavaraj et al. 2010). Sorghum and millets

in South Asia are typically grown for grain and fodder as

dryland non-irrigated crops, often in rotation with pulses or

oilseeds. Smallholders in southern India grow sorghum and

four types of millet (pearl millet, finger millet, little millet,

and foxtail millet) in diverse combinations depending on

local preferences and ecologies. In some parts of South

Asia, sorghum and pearl millet are increasingly irrigated,

especially to raise fodder production (Basavaraj et al.

2010).

Relative severity of environmental impacts With recent

trends to intensify production (Pray and Nagarajan 2009),

sorghum and millet systems in South Asia exhibit some of

the adverse environmental impacts of other intensive crop

systems, such as soil degradation, nutrient mining, water de-

pletion and agro-chemical runoff (Fig. 4e). Irrigation of sor-

ghum and pearl millet threatens already scarce water resources

in South Asia (García-Ponce et al. 2013). The emergence of

new pest and pathogen strains is another major concern in this

region. In the past, use of early-flowering varieties of pearl

millet (bred to overcome drought constraints) also exposed the

a Relative Severity of Sorghum/Millet Constraints (SSA)
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Relative Severity of Sorghum/Millet Impacts (SSA)

 Research on Sorghum/Millet-Environment Interactions 
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d Relative Severity of Sorghum/Millet Constraints (SA)

e Relative Severity of Sorghum/Millet Impacts (SA)
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f

Fig. 4 a–f Relative severity of environmental constraints and impacts, and the depth of environmental research for sorghum and millets in Sub-Saharan

Africa (4a–c) and South Asia (4d–f)
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developing grain to wet conditions in which grain molds

thrive (Williams and Rao 1981).

Research on environmental interactions and areas of

debate Sorghum and millet production impacts in South

Asia are rarely studied alone, but are usually treated in the

literature on the multi-crop systems of which they are a part.

The volume of research on environmental impacts of sorghum

is only slightly more than that of millets in South Asia. Water

constraints and drought, and soil nutrient limitations are com-

monly considered to be important with sorghum and millets in

this region, but the roles of climate change, weeds, and pests

are less clear (Fig. 4b). There appears to be very little pub-

lished on diseases, post-harvest impacts, biodiversity loss, and

GHG emissions associated with sorghum and millet small-

holder cropping. Overall, however, while these crops have

long been considered minimally damaging to the environ-

ment, recent research emphasizes the contributions of inten-

sively cultivated sorghum and millets to the broader soil and

water problems that threaten South Asia’s intensifying food

cropping systems.

Sweetpotato and yam crop x environment interactions

Root and tuber crops (including sweetpotato, yams, and cas-

sava) represent (after cereals) the second-most cultivated

group of food crops in tropical countries (FAOSTAT 2012).

Yam is almost exclusively grown in Sub-Saharan Africa rather

than in South Asia, while sweetpotato is favored in both re-

gions because of its low labour needs, low input costs and

relatively low production risk (Low et al. 2009).

Additionally, sweetpotato is tolerant of diverse growing con-

ditions (Edison et al. 2009), providing good yields even with

poor soils, extreme temperatures and prolonged dry seasons

(Paeth et al. 2008; Claessens et al. 2010; Kyamanywa et al.

2011; Thornton 2012; Bagamba et al. 2012).

Sweetpotato and yam are low-input crops – and are regu-

larly grown without inputs (Andrade et al. 2009) – although

some chemical pesticides are increasingly used to address ma-

jor pests and diseases such as sweetpotato weevil and the

insect-borne yam mosaic virus. When grown using traditional

methods, sweetpotato and yam are considered to have few

negative environmental impacts relative to most cereal crops.

Both plants are easily intercropped (or grown in soil mounds

for home gardens), and their fast growth and dense foliage

help reduce soil erosion (ASARECA 2005). Figure 5 provides

our assessment of the severity of sweetpotato and yam envi-

ronmental constraints and impacts.

Sub-Saharan Africa sweetpotato and yam systems

East and West Africa account for 93 % of the African

sweetpotato area, with intensive production around Lake

Victoria (CIP 2010). For yam, West Africa contains 90 % of

the global area planted and 90 % of global harvests (CIP

2010). Sweetpotato and yam in Sub-Saharan Africa are often

secondary crops grown by female smallholders in polyculture

systems on small marginal plots (Low et al. 2009; Andrade

et al. 2009; Ewell 2011). In addition to cropped fields,

sweetpotato is widely found on patches of mounded/ridged

land near homesteads or in gardens.

Yield constraints for sweetpotato and yam in Sub-Saharan

Africa include drought, disease, and soil infertility. In a survey

of farmers in East Africa, drought was considered the largest

production constraint to sweetpotato (Fuglie 2007).

Sweetpotato is also susceptible to viral infections, with over

15 known viruses reported (Valverde et al. 2007). Damage

from pests and vegetative propagation using contaminated

vine cuttings exacerbate disease risks.

For yam, the infertility of soils is the key constraint in

intensive yam-producing areas of West Africa (Lebot 2009).

Experiments in Nigeria saw yam yields decrease by 50 % in

5–6 years because of declining soil fertility (Agbaje et al.

2005). Yam is more drought tolerant than sweetpotato

(Lebot 2009), but insects and disease seriously reduce yam

yields. The yam tuber beetle, scale insects and termites are

major pests (Lebot 2009); nematodes (Agbaje et al. 2005)

and mealybugs (Peters 2000) are also threats. Anthracnose

and yam mosaic virus are significant yam diseases (Peters

2000; Amusa et al. 2003).

Relative severity of environmental impacts More research

is available for environmental impacts of Sub-Saharan Africa

sweetpotato/yam production systems compared with those in

South Asia (Fig. 5ab). Although sweetpotato and yam are

usually considered relatively low-impact crops in Sub-

Saharan Africa, both may contribute significantly to agricul-

tural expansion, the loss of biodiversity, and land degradation

on marginal cropland where they are regularly grown across

large areas in parts of Africa (Fig. 5a). Particularly in the

presence of pests or disease, sweetpotato and yam may also

experience high crop losses during post-harvest processing

and storage, representing potentially significant wasted labor,

land, and other resources in production (Fig. 5a). Use of ag-

rochemicals for sweetpotato/yam remains rare in most of Sub-

Saharan Africa (with the notable exception of Nigeria).

However pesticide use is growing in some areas (including

Uganda).

Research on environmental interactions and areas of

debate Pest and disease outbreaks and resistance have

attracted major research attention with sweetpotato/yam in

Africa (Fig. 5c), with some work on soil degradation, nutrient

depletion, and post-harvest loss, but little published in other

areas. Some research indicates sweetpotato and yam may be

relatively resilient to climate change, but other work
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(including Ringler et al. (2010) and Srivastava et al. (2012))

suggest sweetpotato and yam yields will decrease by 14 % or

more, depending on the soil type and climate change scenario.

South Asia sweetpotato systems

South Asia is not a significant producer of sweetpotato com-

pared to Sub-Saharan Africa, and no yam production is offi-

cially reported (FAOSTAT 2013). Due to the relative lack of

land to expand agriculture in South Asia, sweetpotato is a

component of more intensive uses of existing cropland, par-

ticularly multi-crop sequences and rotations with major ce-

reals and legumes. In contrast to the low-input sweetpotato/

yam systems typical of Sub-Saharan Africa, in South Asia

both biological and chemical inputs are widely used in

sweetpotato cultivation.

Key yield constraints for sweetpotato in South Asia include

soil depletion/soil infertility, water unavailability and crop

pests. Soil infertility is considered a severe constraint

(Edison et al. 2009) though estimates of the yield gap are

not available. Estimates of water constraints are similarly un-

available or outdated – in an early study in Tamil Nadu, for

example, Goswami et al. (1995) found that irrigating three

times during the growing season increased sweetpotato yields

by 24 % over non-irrigated sweetpotato crops. More recent

field trials in Orissa, India have shown that intercropping

sweetpotato with pigeonpea can increase soil quality, water

retention and tuber yields under rainfed conditions

(Nedunchezhiyan 2011).
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Fig. 5 a–f Relative severity of environmental constraints and impacts, and the depth of environmental research for sweetpotato and yams in Sub-

Saharan Africa (5a–c) and South Asia (5d–f)
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Regional pest control research is focused on weevil dam-

age (Lebot 2009). Irrigation and the flooding of fields (which

keeps the earth from cracking thus reducing weevil habitat)

reduced weevil damage in some parts of Asia (Stathers et al.

2003).

Relative severity of environmental impacts Though

sweetpotato production in South Asia is considered to have

a low impact on the environment relative to cereal crops, some

local environmental impacts may be appreciable owing to the

relatively chemical-intensive production practices typical for

many farmers in the region. The repeated cropping of

sweetpotato as part of intensive multi-crop sequences and ro-

tations in South Asia threatens to contribute to the degradation

of soils and depletion of soil nutrients (Fig. 5e).

Research on environmental interactions and areas of

debate We found limited research on environmental con-

straints or impacts of sweetpotato production in South Asia,

with some attention on pest resistance (Fig. 5f). Almost no

information is available for yam (which remains very uncom-

mon in South Asia).

Cassava crop x environment interactions

Cassava (Manihot esculenta) is a widely-grown staple food

root crop in the tropical and subtropical regions of Africa,

Asia, and Latin America. Globally, the harvested area of cas-

sava more than doubled between 1961 and 2012, from

9.6 M ha to 20.8 M ha. Africa produced 149 M t of cassava

in 2012, 56 % of global production, followed by Asia with

33 % (FAOSTAT 2013).

Probably due to its far greater importance and distribution

in Sub-Saharan Africa, more research is available for environ-

mental constraints and impacts of African cassava production

systems compared to South Asian systems (see Fig. 6a–f).

Nevertheless, considering its major importance in Africa there

are relatively few publications available on cassava environ-

mental interactions (Fig. 1b).

Traditional smallholder cassava systems (as found in much

of Africa) have few environmental impacts in comparison to

cereal crops – cassava does not require total clearing of forest

for planting, it is easily intercropped, and (like other root

crops) cassava can tolerate water stress better than many grain

staples (Fermont et al. 2008; Fermont 2009). Cassava is also

frequently grown with few inputs – minimizing environmen-

tal impacts from chemical contamination – although the crop

tends to be grown on marginal nutrient-depleted soils and the

disturbance of soil to harvest roots can lead to soil erosion.

Biotic environmental constraints have major effects on cassa-

va (see Fig. 6), particularly pests (mites, mealybugs, whiteflies

(Bellotti 2002)) and associated viral diseases (cassava mosaic

disease, cassava brown streak disease (Legg et al. 2006, 2011,

2014; FAO 2010)), as well as competition from weeds.

Sub-Saharan Africa cassava systems

Sub-Saharan Africa has experienced most of the worldwide

increase in cassava production over the past 30 years, largely

due to expanded area planted rather than yield gains (Fermont

et al. 2008, 2009; Fermont 2009). The crop is widely grown in

humid and sub-humid root crop-maize based farming systems

across Sub-Saharan Africa (Waddington et al. 2010). The area

of cassava harvested in Sub-Saharan Africa increased from

5.6 M ha in 1961 to 14.0 M ha in 2012 (FAOSTAT 2013).

Many environmental impacts from cassava in Sub-Saharan

Africa are land-use related (see Fig. 6a). Cassava often oc-

cupies hillsides, drought-prone areas and acidic soils where

other crops cannot be grown or only with high inputs

(Hershey and Howeler 2000). In West and East Africa,

farmers frequently plant cassava on otherwise exhausted fields

where little else will grow (e.g., Adjei-Nsiah et al. 2007;

Fermont et al. 2008). Despite the crop’s adaptability to poor

soil conditions, depletion of soil fertility is an increasing chal-

lenge for cassava in many parts (Fermont et al. 2009). Crop

losses due to poor soil fertility are severe (Waddington et al.

2010), with continuous farming of cassava harming soil fer-

tility (Fermont et al. 2008). Little synthetic fertilizer is used for

cassava, with fertilizers unavailable in remote areas, too cost-

ly, or reserved for other (mainly cereal) crops (Fermont 2009;

Fermont et al. 2009; FAO 2001).

Biotic constraints and impacts are also important

(Fig. 6a). Viral diseases (spread by the whitefly vector)

are major concerns in Sub-Saharan Africa, especially

cassava mosaic and cassava brown streak virus diseases

which have devastated production in East and Central

Africa (Legg et al. 2006, 2011, 2014; FAO 2010).

Cassava bacterial blight (CBB) caused substantial yield

losses throughout Sub-Saharan Africa in the 1970s,

though much less research is available on the current

impacts of the disease (Wydra and Verdier 2002;

EPAR 2015). Pests, including mites and mealybugs,

can reduce yields as much as 80 % in Africa (Bellotti

2002), while uncontrolled weed growth can reduce

yields by 95 % (Melifonwu 1994), although hand-

weeding (which is widely used) substantially reduces

actual losses.

Additionally, cassava is highly susceptible to post-

harvest physiological deterioration (PPD). Harvested cas-

sava roots deteriorate even more rapidly than those of

other root/tuber crops such as yam or sweetpotato, which

can lead to large volumes of the harvested crop being

wasted (Karim and Fasasi 2009; Lebot 2009; Hodges

et al. 2011; EPAR 2015).
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Relative severity of environmental impacts Cassava in

Sub-Saharan Africa is often grown in or near forested

agro-ecologies so expanding its area can continue to drive

forest loss. Loss of biodiversity is also important (Fig. 6a,

b), associated with the extremely large areas of cassava in

the region and the important role of the crop in many of

the areas undergoing deforestation for agricultural expan-

sion. As little fertilizer is used on cassava in Africa, direct

environmental impacts from fertilizer use are not substan-

tial. Similarly, pesticides or herbicides have only local

environmental impacts in Sub-Saharan Africa cassava

systems because they are rarely used. However, hand

weeding contributes to soil erosion (Melifonwu 1994)

causing significant soil losses. Environmental damage

associated with post-harvest processing and storage is also

a concern, while substantial root losses add to the indirect

environmental impacts of cassava through wasted effort in

production.

Research on environmental impacts and areas of

debate Once regarded as a relatively environmentally benign

crop, the continued expansion of cassava into forested and

marginal lands in Sub-Saharan Africa has increased the loss

of forest, soil degradation and erosion. Considering its major

importance in Africa, the research base on cassava interactions

with the environment is (other than for pest resistance) gener-

ally extremely thin (Fig. 6c). This suggests that additional

broad-based work studying environmental impacts with

Relative Severity of Cassava Constraints (SSA)

Relative Severity of Cassava Impacts (SSA)

Research on Cassava-Environment Interactions
(SSA)

Relative Severity of Cassava Constraints (SA)

Relative Severity of Cassava Impacts (SA)

Research on Cassava-Environment Interactions
(SA)

>5 citations since 2000 2-4 citations since 2000 New publication (2013-2014)

a

b

c

d

e

f

Fig. 6 a–fRelative severity of environmental constraints and impacts, and the depth of environmental research for cassava in Sub-Saharan Africa (6a–c)

and South Asia (6d–f)
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cassava systems in Sub-Saharan Africa (and their alleviation)

could have high value.

South Asia cassava systems

Although widely grown overall in Asia, cassava is a crop of

only secondary importance in South Asia. The area of cassava

harvested in South Asia increased from 0.31 M ha in 1961 to

0.55M ha in 1975, but had fallen to 0.25M ha by 2012, in part

due to yield gains through intensification and to emerging

preferences for other food crops. India is the principle cassava

producer in South Asia, producing 8.7 M t in 2012

(FAOSTAT 2013). The crop is mainly grown in the southern

states of Kerala and Tamil Nadu, with some production in

Andhra Pradesh and the northeast (Onwueme 2002; Patil

and Fauquet 2009).

The 2012 average yield for cassava in India was 36.1 t/ha,

compared to only 10.7 t/ha for Sub-Saharan Africa

(FAOSTAT 2013). Higher yields in India are attributed to

fewer pests and disease and more-intensive cropmanagement,

including irrigation and use of fertilizer, especially in Tamil

Nadu (FAO 2001). Production practices vary by sub-region,

with about 70 % of India’s cassava grown as a monoculture,

and 30 % intercropped with groundnut, vegetables and coco-

nut (Hershey and Howeler 2000; Onwueme 2002).

Supplemental irrigation is practiced only in the commercial

cassava fields of Tamil Nadu (Howeler 2000).

Relative severity of environmental impacts Environmental

impacts of cassava production in South Asia are mainly soil

and water depletion and pollution attributable to the relatively

intensive agricultural production practices employed (Fig. 6e).

In the most intensive commercial cassava systems in south

India, soil preparation with heavy machinery increases soil

density and creates hard pans, degrading soils (FAO 2001;

El-Sharkawy 2006), while synthetic fertilizer and pesticide

application, along with irrigation, can contaminate soils and

water sources or deplete supplies of surface and groundwater.

Research on environmental impacts and areas of

debate Hardly any research has been published recently on

the environmental impacts of cassava in South Asia (Fig. 6f).

Unlike in Sub-Saharan Africa, issues with agricultural expan-

sion seem irrelevant in the region as the cassava area is

contracting. Agricultural intensification, however, can have

negative environmental impacts – although such potential im-

pacts remain under-studied in South Asia cassava systems.

Like Sub-Saharan Africa, cassava in South Asia depletes soil

nutrients, but it is possible the widespread use of fertilizers in

Indian cassava production may have a net positive impact on

nutrient management. Nevertheless, as fertilizer use has con-

tinued to grow in South Asian cassava farming systems (both

directly for cassava and indirectly through application for

intercrops) there is potential for exacerbating other environ-

mental problems such as the pollution of soil and water.

Discussion

Severity of environmental constraints across regions

and crops

While it is clear that many different types of production

constraint affect all food crops in Sub-Saharan Africa and

South Asia, our study suggests large differences in the

relative importance of different categories of constraint

by crop and by region.

Land constraints are considered among the most severe

barriers to rice production in South Asia, but barely feature

in the published literature on Sub-Saharan Africa. Limited or

unpredictable water supplies are assessed as severe for rice in

both regions, but are especially acute in Sub-Saharan Africa.

Limited and depleting nutrients are also felt severely in both

regions (Fig. 2). For maize, many diverse constraints are con-

sidered important, especially in Sub-Saharan Africa (Fig. 3).

Among these, those related to soil fertility and nutrients are

especially severe, as are land availability and biotic constraints

in SouthAsia.Water constraints, biotic constraints and climate

change are all also rated important for maize in Sub-Saharan

Africa. With sorghum/millets, water shortages are considered

extremely severe in Sub-Saharan Africa, but far less so in

South Asia (Fig. 4). Biotic constraints are felt to be severe in

both Sub-Saharan Africa and South Asia, as are nutrient con-

straints. Limited land availability is also an issue for sorghum/

millets, but for the most part only in South Asia. For

sweetpotato/yam in both Sub-Saharan Africa and South Asia

biotic constraints are considered to be the most severe, while

water constraints also feature highly, especially in South Asia

(Fig. 5). Post-harvest losses and nutrient constraints, mean-

while, are more important in Sub-SaharanAfrica. Finally, with

cassava, the pattern of importance among constraint catego-

ries is viewed very similarly for both Sub-Saharan Africa and

South Asia (Fig. 6). Those related to biotic constraints and

post-harvest losses are cited as the most severe, followed by

nutrients and then water constraints. Indeed, in general, biotic

constraints such as diseases and pests are frequently consid-

ered more severe for root crops than the cereals, which are

affected more by various abiotic constraints, particularly ac-

cess to water and soil nutrients (Figs. 2, 3, 4, 5 and 6).

Severity of crop x environment impacts and depth

of recent research

Drawing on the results of our search of the Scopus database

for papers published since 2000 (and acknowledging several

methodological limitations that we discuss below), we find
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that evidence on environmental impacts in smallholder crop

production systems is also highly uneven across crops and

across the Sub-Saharan Africa and South Asian regions and

ecologies. While some environmental impacts of smallholder

agricultural systems are consistently reported in the literature

(indicating a relatively strong understanding and/or consensus

on these impacts) others are not (suggesting the need for more

research, especially for severe impacts). In other cases, scien-

tific consensus for a given environmental impact is high but

much of the literature with a crop or farming system is more

than 10 years old, possibly reflecting earlier but now declining

interest in the issue. One example is the significant amount of

older work that was published on soil losses from agricultural

systems. In this case although commonly recognized as still a

key concern, the importance of soil losses may not be fully

reflected in recent publications.

Despite the variations, there were some notable patterns in

the treatment of crop x environment interactions in the pub-

lished literature revealed by our 2000 to 2014 Scopus litera-

ture search (Figs. 2, 3, 4, 5 and 6 and summarized in Fig. 7).

The relative attention to different crops and different environ-

mental factors in Sub-Saharan Africa is in clear contrast to

South Asia (Fig. 1b). For Sub-Saharan Africa, several catego-

ries of environmental impact across the crops are well repre-

sented in the literature, especially those covering land degra-

dation, soil nutrient depletion and pest resistance. There has

been a particular emphasis on the land degradation and soil

nutrient depletion impacts of maize and to some extent for

sorghum/millets, and major attention given to pest resistance

and post-harvest loss issues with sweetpotato/yam. Other im-

pacts, especially agro-biodiversity loss, water depletion, air

pollution, GHG emissions, and storage chemicals barely fea-

tured in the literature for Sub-Saharan Africa. Most of the crop

x environment literature we found for South Asia is for rice,

followed by maize and sorghum/millets (mostly pearl millet).

As with Sub-Saharan Africa, in South Asia there is substantial

representation of work on soil degradation, pest resistance and

soil nutrient depletion in the literature. Additionally there is an

emphasis (much greater than with Africa) on water pollution,

soil pollution, and to a lesser extent air pollution, with all three

issues dominated by research for rice and rice-wheat systems.

Few publications were found for biodiversity and storage

chemicals, while numbers of publications on water depletion

and GHG emissions are intermediate but again almost exclu-

sively reported for rice.

There have been also interesting changes in the amount of

reported work on the impact categories over the period 2000–

2014 (Fig. 8a–b). The emphasis on publications that address

land degradation and soil nutrient depletion for maize systems

in Sub-Saharan Africa was especially strong in the 2000s but

has declined in recent years (Fig. 8b). Several publications on

water and soil pollution with maize have appeared since 2010,

unlike the early 2000s when there were very few. In South

Asia, the frequency of publications on soil and water pollution

and on land degradation for rice is also increasing. Only in

recent years have a few papers been published on biodiversity

loss in rice systems in South Asia. There has also been a trend

to more publications on soil nutrient depletion with maize in

South Asia in recent years, while almost all those on water

depletion, water pollution and soil pollution for maize started

to appear only after 2005.

In contrast to increased published research with all the oth-

er crops, there has been a decline in the number of sorghum/

millet publications for several environmental issues in recent

years, including those on soil nutrient depletion, pest resis-

tance and post-harvest issues. However, interest in wild bio-

diversity loss has risen somewhat, as is also noted for the other

cereals. With sweetpotato/yam in Sub-Saharan Africa, some

of the issues that received considerable attention in the early

2000s appear to have further increased in popularity since

Fig. 7 The number of publications on 13 categories of environmental impact for important food crops in Sub-Saharan Africa and South Asia, 2000–

2014
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then, including pest resistance, post-harvest losses, and land

degradation. Finally, cassava is a crop of some importance in

parts of south India, but apart from a little work on pest resis-

tance there is almost no published research on other environ-

mental impacts of cassava production, including potential im-

pacts with direct repercussions for future cassava production,

especially soil nutrient depletion and water depletion.

Some noteworthy gaps in crop- and region-specific research

emerge from this summary assessment of the recent literature.

For example, given the rising concern about water depletion

and scarcity in agriculture in Sub-Saharan Africa, the under-

representation of work in this area is surprising (much of the

research on water scarcity would be crop-related and thus

should feature in our Scopus counts) and merits increased con-

sideration. The paucity of maize research in South Asia is

another noteworthy gap, although as maize becomes more im-

portant in South Asian cropping systems it is likely to feature

more in environmental impact work that currently appears to

have been almost exclusively for rice. There also remain

literature gaps in research on water depletion for sorghum/mil-

lets, and on ways to address biodiversity issues for the varied

intensive cereal systems in South Asia. On- and off-farm bio-

diversity loss for crops such as maize, sorghum/millets and

cassava, and GHG emissions and air pollution more generally,

could all benefit from more attention, particularly in Sub-

Saharan Africa. And given that cassava is such an important

and widely grown food crop in Africa, there is surprisingly

little published literature available for most potential environ-

mental impacts, suggesting another research area of high value.

Limitations to the assessments

There are several scale- and method-related limitations to

these crop-based assessments of environmental impacts

and constraints.

Firstly, smallholder farmers grow these crops in diverse

and sometimes complex farming systems, rather than inde-

pendently. Thus the degree of interaction of crops with the
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environment varies widely across the many farming systems

within Sub-Saharan Africa and South Asia. The food crops we

included in this assessment are very important in at least four

major farming systems in Sub-Saharan Africa (according to

the farming systems classification described in Dixon et al.

(2001)). These include the Root Crop system (yams, cassava

and sweetpotato, with sorghum, maize and rice in some areas),

the Cereal-Root Crop Mixed system (sorghum, millets, cassa-

va, yams, sweetpotato, maize and rice), the Maize Mixed sys-

tem (largely maize, with some cassava, millets, sorghum and

sweetpotato), and the Agro-Pastoral (Millet/Sorghum) system

(sorghum and pearl millet, with some maize). In addition, root

crops and maize are also found in other Sub-Saharan Africa

systems such as the Humid Lowland Tree Crop system, the

Forest Based system and the Highland Perennial system. Rice

is increasingly important in the Irrigated system. Five farming

systems incorporate the crops in South Asia; the Highland

Mixed system (where rice and maize are very important),

the Rice system (two-season rice (rainfed and irrigated) is

important, with some maize, and some cassava in the south),

the Rice-Wheat system (rainfed and irrigated rice and maize

are important, with some sorghum), the Rainfed Mixed sys-

tem (rice, rainfed maize, sorghum and millets), and the Dry

Rainfed system (sorghum and millets are important, with

some other irrigated cereals).

Because combinations of crops are important in many

farming systems, for these multi-crop systems the environ-

mental constraints and impacts are a summation of contribu-

tions from several single crops, and there may sometimes be

complex interactions among the multiple crops in the systems

and the environment. Additionally, other food crops such as

wheat and grain legumes, and livestock – not included in the

current paper – are widely found in some systems and these

also have important environmental impacts. The different

crops can have contrasting roles in the farming system and

different types and levels of environmental interaction. In

the Maize Mixed and Cereal-Root Crop Mixed systems in

Sub-Saharan Africa for example, maize may often be found

as an initial crop associated with land clearing and slash-and-

burn agriculture, while cassava may be a last resort-crop on

exhausted fields in those systems before the fields are returned

to bush fallow. Necessarily, intensive cultivation of rice in the

Rice and Rice-Wheat systems of South Asia will have far

greater impacts on soil nutrient depletion, and water and pes-

ticide contamination than does sparse low input and output

sorghum and millet production in the Agropastoral system

of Sub-Saharan Africa. Also, the types of environmental im-

pacts may differ widely for the same crops in different sys-

tems. For example, while rice and maize are often associated

with soil erosion on hill slopes in the Highland Mixed system

of South Asia, those same crops may be linked more with the

buildup of pests and weeds on the intensively cultivated flat-

land in the South Asia Rice system.

Additionally, there are limitations to the publication analy-

sis methods used in the present study. By restricting the quan-

titative analysis to peer-reviewed papers published since 2000

we are omitting a great deal of older published work and non-

peer-reviewed reports on crop-environmental interactions. By

relying on the Scopus citation database we are also missing

many non-English journals as well as various national and

regional journals that are making significant contributions.

Finally, a large body of important research on relevant large-

scale environmental issues has been conducted without refer-

ence to specific crops and farming systems. The loss of bio-

diversity associated with agricultural activity, for example, is

often demonstrated for an agroecology or ecosystem rather

than for a crop grown on farm fields, while climate change

effects can be found globally, frequently well away from the

origin of their causes. Soil-related environmental interactions

such as erosion are often assessed for a watershed, soil catena

or soil type (rather than for a specific crop), and the environ-

mental impacts of pesticides, air pollution and storage

chemicals are often associated with biodiversity or human

health studies which may not reference specific crops. To

the extent that only general studies (rather than crop-specific

or region-specific studies) existed on a given environmental

problem relevant information was selected where possible;

but it remains true that some of this broader work will not

have been captured in the literature surveys we reported here.

Good practices to manage crop x environment

interactions

Since the environmental constraints and impacts of greatest

significance vary by crop and by farming system, the Bgood^

practices to manage them are numerous and often context-

specific (Waddington et al. 2010). Appropriate strategies to

overcome constraints and minimize environmental impacts

vary widely based on factors such as local environmental con-

ditions, household resources, cultural preferences, production

practices, market access, and public policies, and lessons

learned in one region may only be loosely applicable to the

same crops being grown in a different region with a different

ecological and social context (Pingali 2012). Moreover

Bgood^ practices in a given place may change over time with

changing crop systems and a changing climate (Lobell et al.

2011b).

Nevertheless, in virtually all smallholder crop systems,

yield gains can be realized – and many environmental dam-

ages reduced or averted – through the relatively well-

understood interventions of:

& Improved water management, including proper soil prep-

aration, crop selection and timing of planting to reduce

runoff and utilize available water resources even in the

absence of irrigation (Pretty et al. 2006, 2011; Pfwaster
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et al. 2011; Chartres and Noble 2015). Efforts to overcome

water constraints on crop production in smallholder sys-

tems include irrigation and other water management prac-

tices, and the use of diverse and drought resistant varieties,

depending on local contexts (de Fraiture et al. 2010; Li

et al. 2011);

& Improved soil management, including ensuring farmers

do not over-use fertilizers, and promoting the use of

crop rotations, intercropping with leguminous species,

reduced tillage and incorporating agricultural residues

(Snapp et al. 1998; Singh et al. 2009; Vanlauwe et al.

2010; Fageria 2011; Chartres and Noble 2015).

Minimal tillage and the retention of crop residues in

particular can often reduce soil erosion, reduce GHGs

and support soil fertility, and may raise yields (e.g.,

Tuong et al. 2005; Hobbs et al. 2008). For many Sub-

Saharan Africa smallholder cropping systems,

implementing rotations and intercrops, along with or-

ganic manures and targeted small amounts of synthetic

fertilizer all frequently raise crop yields and financial

returns from investments in inputs, while also improv-

ing food system stability (reducing risks of total crop

failure) and the diversity of foods produced (e.g.,

Snapp et al. 1998, 2010; Twomlow et al. 2010; Pretty

et al. 2011; Thierfelder et al. 2012);

& Improved pest ( including disease and weed)

management through integrated pest management

(IPM), including judicious pesticide use (Oerke and

Dehne 2004; Williamson et al. 2008) but relying pri-

marily on interventions supporting crop health and

discouraging pest outbreaks (such as through

intercropping and use of ‘push-pull’ systems to attract

and trap pests (Khan et al. 2011)), have seen growing

effectiveness and acceptance among farmers.

Improved pre-production decisions, including sparing mar-

ginal lands and ecologically important areas from cropping, as

well as efforts to reduce post-harvest losses through improved

storage methods and facilities (World Bank 2011; Tefera

2012) are additional general considerations to mitigate envi-

ronmental impacts that apply across the crops and regions.

Indeed, a growing body of empirical evidence from Sub-

Saharan Africa suggests more concerted efforts to match the

Bright use to the right land^ could result in increased food

production and increased wild habitat conservation simulta-

neously (Rodenburg et al. 2014). Concentrating farmers’

cropping efforts on relatively more productive croplands can

directly increase harvests (e.g., Giller et al. 2006), while spar-

ing ecologically sensitive (and often low-productivity) sloped

and hilltop land from cropping can further increase the amount

and stability of crop yields through improved water retention,

erosion control, and provision of ecosystem services

(Rodenburg et al. 2014).

Advances in crop breeding also help to alleviate some en-

vironmental constraints and possibly reduce negative environ-

mental impacts of crop production – although to date the ef-

fectiveness of modern varieties for advancing smallholder

productivity has been mixed and there is little evidence that

they reduce environmental impacts of cropping. Much of the

breeding in sorghum and millets, for example, has focused on

increasing yields under ideal conditions, rather than in vari-

able climatic conditions or on marginal land (Schlenker and

Lobell 2010). And many of the advances with hybrid maize

crops have focused on sole crop high-input systems typical of

industrialized ‘Western’ agriculture rather than complex

lower-input systems used by most farmers in Sub-Saharan

Africa and many in South Asia. For these conditions there

often remain more-traditional cereal varieties that, though

lower-yielding under ideal conditions, generally perform well

and may out-perform many modern varieties in times of

drought or input scarcity, making these varieties attractive to

risk-averse smallholders in low impact systems.

Climate change may offer new cost-effective opportuni-

ties for African smallholder farmers to combine the appro-

priate choice of crops and improved varieties with suited

management options such as modified planting dates and

fertilizer use to mitigate climatic effects (e.g., Waha et al.

2013; Rurinda et al. 2014). Future climate change will

likely be especially damaging to maize yields in Sub-

Saharan Africa, exacerbating the severity of several biotic

and abiotic constraints, including high temperatures,

drought and pests, and reducing the areas where maize

can be grown. Some progress has been made to breed

and use maize with better tolerance to drought and high

temperatures (see Bänziger et al. 2006; Shiferaw et al.

2011; Cairns et al. 2013), but larger improvements are

needed as maize production is likely to be substantially

constrained by these abiotic stresses in Sub-Saharan

Africa and South Asia.

For rice in South Asia, several improved land and crop

management practices can raise yields while reducing envi-

ronmental impacts, including more efficient irrigation, direct

seeding, improved fertilization and effective weed control

(e.g., Tuong et al. 2005; Pampolino et al. 2007). Several re-

duced tillage management options to help conserve soils in

South Asia rice-wheat cropping systems have been developed

and are increasingly used (Gupta and Sayre 2007; Erenstein

et al. 2012), while the rising costs of irrigation are already

driving shifts from irrigated rice towards other more water-

efficient food crops such as maize (Pfwaster et al. 2011).

With maize, there is now a substantial body of research on

the sustainable intensification of maize-based cropping sys-

tems in Sub-Saharan Africa, and increasingly so in South

Asia. Many good practices and technologies are available to

manage the environmental impacts of maize systems (see

Pretty et al. 2011), and frequently similar prescriptions also
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apply to sorghum/millets production. These include improved

soil and water conservation methods (e.g., Fowler and

Rockström 2001; Hobbs et al. 2008; Erenstein et al. 2012),

integrated nutrient management (e.g., Vanlauwe et al. 2010;

Timsina et al. 2010, 2011), the retention and use of biodiver-

sity on crop fields (Mapfumo et al. 2005; Snapp et al. 2010)

and the improved management of farm fields with different

nutrient status (e.g., Giller et al. 2006; Tittonell et al. 2008).

Across Sub-Saharan Africa, many of the more-traditional

maize systems maintain productivity while reducing abiotic

and biotic environmental impacts by intercropping or rotating

leguminous trees and shrubs, and annual legumes with maize

(Snapp et al. 1998, 2010; Waddington et al. 2007; Ajayi et al.

2011; Pretty et al. 2011), or by incorporating legume weed

residues into croplands (Mapfumo et al. 2005). The expansion

of such practices should be encouraged. Improved small-scale

on-farm post-harvest processing and storage technologies in-

clude better grain drying procedures and the use of small metal

silos and hermetically-sealed air-tight plastic grain bags and

drums that are very effective for cereals including rice, maize,

wheat and others (e.g., Tefera 2012).

As for the lesser-studied root and tuber crops, good

practices for sustainable and low environmental impact

sweetpotato and yam production include manure applica-

tion and mulching to increase soil nutrients and moisture

(Bridge et al. 2005), as well as crop rotation, intercropping

and site cleaning (burning infected plant material) to re-

duce pest and disease risks (Stathers et al. 2003). The use

of disease-free growing material and judicious use of

chemicals (e.g., dipping vines in insecticide prior to plant-

ing to delay infestations) is also recommended to mitigate

potentially heavy losses from disease (Lebot 2009). Also,

while climate change has the potential to lower the yields

of many crops across Sub-Saharan Africa and South Asia

(Srivastava et al . 2012), some research suggests

sweetpotato and yam may be relatively resilient to chang-

ing climate, and could help fill gaps left by declining pro-

duction in other crops.

Good practices to manage environmental impacts of cassa-

va include the expanded use of intercropping (including with

trees and bushes) and the incorporation of crop residues into

soils after harvest to maintain soil fertility (Howeler 2002).

The use of clean planting material is key to managing viral

diseases with cassava, but delivering that requires coordinated

work in several areas such as surveillance, integrated whitefly

pest management, crop breeding and seed systems (Legg et al.

2006, 2014). Better storage of roots in the soil, improved

harvest and storage practices and improved processing

methods are especially useful to reduce post-harvest losses

with cassava (Lebot 2009). For the future, largely because of

its tolerance to drought and high temperatures, cassava is ex-

pected to be more resilient to climate change than maize, rice,

sorghum, and some of the millets and may be increasingly

used as a replacement for cereals (Paavola 2008; Jarvis et al.

2012).

Conclusions

All agriculture inevitably changes the natural environment.

However in many instances, harm to natural ecological systems

is either unnecessary (as all or part of the ecosystem could be

maintained without significant losses in food output) or outright

undesirable (because a wholly or partially intact ecosystem

could provide more benefits in terms of local or regional food

production than cultivating an extra parcel of marginal crop-

land). This review of five important food crops in Sub-Saharan

Africa and South Asia has emphasized that there are feedback

loops inherent in all agro-ecological systems – the environmen-

tal constraints that limit crop productivity cannot be fully un-

derstood independently of the crop management practices that

comprise and impact the environment. Our assessment indi-

cates that the production of these food crops has diverse and

sometimes large impacts on the environment which vary by

crop and region. To sustain productive agriculture, these im-

pacts need to be managed and reduced. Much is now known

about a widening array of good management practices to miti-

gate environmental impacts. This value-chain and crop x envi-

ronment interaction framework and the findings on environ-

mental impacts and good practices should help support further

across-system and across-crop discussions on the wide range of

crop x environment interactions encountered in agricultural de-

velopment initiatives.
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