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Abstract
1.	 Ecological	trait	diversity	metrics	have	been	used	to	highlight	the	impacts	of	agricul-
ture.	Such	metrics	can	also	be	used	to	include	human	nutrition—an	important	di-
mension	of	human	well-being—into	assessments	of	 agroecosystem	 function	and	
services.	 Although	 crop	 yield	 is	 a	 common	 agroecosystem	 metric,	 it	 does	 not	
	capture	the	multiple	ways	in	which	agriculture	impacts	people	and	the	environment.

2.	 Given	that	nutrient	composition	of	crops	is	a	set	of	functional	traits,	I	apply	a	suite	
of	 functional	 diversity	 metrics—functional	 divergence,	 richness,	 evenness	 and	
	dispersion—to	crop	production	data	from	south-eastern	Senegal.	I	also	propose	a	
new	nutritional	diversity	metric—potential	nutrient	adequacy—to	assess	nutritional	
	outcomes	of	different	agricultural	systems.

3.	 I	demonstrate	high	variability	in	nutritional	diversity	and	potential	adequacy	among	
households	and	administrative	departments	in	south-eastern	Senegal.	I	show	that	
most	households	produce	nutritionally	similar	crops,	 rather	 than	crops	with	high	
nutritional	diversity.	As	a	result,	most	households	currently	do	not	produce	enough	
nutrients	to	meet	minimal	nutritional	requirements.

4.	 Using	a	scenario	approach,	I	show	that	intensifying	yields	of	staple	crops	and	diver-
sifying	production	to	include	non-staples	can	increase	nutritional	production	and	
the	potential	to	meet	nutritional	needs.	I	further	show	that	a	combination	of	inten-
sification	 and	diversification	 is	 needed	 to	meet	 the	 need	 for	 a	 diverse	 group	of	
nutrients.

5. Policy implications.	 I	develop	a	new	metric	that	 indicates	the	potential	 for	a	food	
system	to	meet	the	nutritional	requirements	of	a	population.	This	tool	will	allow	
practitioners	 to	 assess	 the	nutritional	 adequacy	of	 a	 food	 system	and	 to	design	
food	systems	that	optimize	nutritional	outcomes.	Application	of	this	metric	to	dif-
ferent	production	scenarios	showed	that	combining	yield	intensification	with	crop	
diversification	is	important	to	meeting	full	nutritional	targets	for	smallholder	agri-
culture.	There	is	a	broader	need	for	incorporating	other	social	and	socio-ecological	
traits	into	trait-based	assessments	of	agroecosystems.
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1  | INTRODUCTION

Gains	 in	 agricultural	 productivity	 since	 the	 mid-	20th	 century	 have	
been	 associated	with	 a	 decrease	 in	 the	 number	 of	 crops	 produced	
(Khoury	 et	al.,	 2014)	 and	 stagnation	 in	 the	 production	 of	many	 nu-
trients	 and	vitamins	needed	 for	healthy	human	diets	 (DeFries	 et	al.,	
2015).	Providing	an	adequate	supply	of	nutrients	is	a	key	service	pro-
vided	 by	 agriculture	 (Arimond	&	Ruel,	 2004).	However,	 the	metrics	
used	to	evaluate	agricultural	systems	rarely	explicitly	incorporate	nu-
tritional	 information	 (Khoury	 et	al.,	 2014;	Welch	 &	 Graham,	 1999).	
New	research	has	used	ecological	 trait	diversity	metrics	 to	estimate	
the	 nutritional	 diversity	 of	 food	 systems—referred	 to	 here	 as	 nutri-
tional	functional	diversity—as	a	way	to	integrate	nutritional	informa-
tion	 into	 a	metric	 of	 food	 and	 agricultural	 systems	 (Remans,	Wood,	
Saha,	Anderman,	&	DeFries,	2014;	Remans	et	al.,	2011).

Multidimensional	functional	trait	diversity	metrics	aggregate	infor-
mation	on	physiological	 and	 life-	history	properties	of	 species	 into	 a	
metric	that	represents	the	diversity	of	functional	roles	in	an	ecosystem	
(Weiher,	 2012).	 These	 metrics	 are	 functional	 because	 they	 provide	
more	detailed	 information	 about	how	 species	 contribute	 to	 specific	
ecosystem	outcomes	 as	 a	 function	 of	 their	 individual-		 and	 species-	
level	properties.	Application	of	a	functional	trait	approach	to	agroecol-
ogy	has	potential	to	advance	a	more	predictive	understanding	of	how	
diversity	in	agriculture	is	connected	to	ecosystem	services	(Martin	&	
Isaac,	2015;	Wood	et	al.,	2015).

There	are	many	functional	traits	relevant	to	the	multiple	ecosys-
tem	 services	 provided	 by	 agriculture	 (Wood	 et	al.,	 2015).	 Nitrogen	
fixation	in	a	leguminous	crop	(either	as	a	rate	or	categorical	property)	
is	an	important	physiological	trait	that	influences	soil	biogeochemical	
cycling—an	 ecosystem	 function.	 Crop	 photosynthetic	 rate—a	 trait—
could	be	relevant	for	understanding	soil	carbon	sequestration—a	func-
tion—because	photosynthetic	rate	is	related	to	the	amount	of	carbon	
secreted	from	plant	roots	(Kuzyakov	&	Gavrichkova,	2010),	that	help	
form	soil	aggregates	(Rillig	et	al.,	2015)	and	stable	soil	organic	carbon	
compounds	 (Schmidt	 et	al.,	 2011).	 Because	 agricultural	 systems	 are	
socio-	ecological	 systems,	 the	 human-	derived	 benefits	 from	 agricul-
ture—such	 as	 nutrition—are	 also	 important	 functions	 of	 agriculture.	
Following	this	logic,	the	folate	content	of	a	crop	is	a	functional	trait,	
where	 the	 ecosystem	 service	 is	 human	 nutritional	 benefit.	A	 nutri-
tional	 functional	 trait	 diversity	 approach	 assesses	 crop	 functional	
diversity	in	terms	of	a	set	of	nutrient	traits,	such	as	folate,	energy,	pro-
tein	and	others.	More	generally,	the	amount	of	nutrients	in	a	crop	is	a	
set	of	functional	traits	related	to	the	nutritional	benefits	people	derive	
from	agricultural	systems.	It	should	be	noted	that	assessing	nutritional	
functional	diversity	is	not	the	same	as	assessing	nutrition	outcomes—
like	over-		or	under-	nutrition—which	is	determined	by	many	interacting	
social,	 economic	and	political	 factors	other	 than	 the	availability	 and	
consumption	of	a	diverse	diet.	Nutrient	diversity	only	describes	 the	
potential	of	a	cropping	system	to	provide	adequate	nutrition.

Despite	much	ecological	research	using	functional	trait	metrics,	
there	 is	 no	 single,	 best	 measure	 of	 functional	 diversity	 (Weiher,	
2012).	 Rather,	 different	 metrics	 capture	 different	 aspects	 of	

diversity,	 such	 as	 evenness,	 richness,	 dispersion	 and	 divergence	
(Weiher,	 2012).	 Ecologists	 have	 recommended	 the	 adoption	 of	
multiple	metrics	that	capture	the	multiple	components	of	diversity	
(Weiher,	 2012).	When	 applied	 to	measure	 the	 diversity	 of	 nutri-
ents	in	a	food	system,	these	ecological	diversity	metrics	have	been	
correlated	with	nutrition-	related	human	health	outcomes	(Remans	
et	al.,	2014).	But	for	practitioners	not	trained	in	the	theory	of	func-
tional	diversity	metrics,	it	can	be	difficult	to	interpret	which	levels	
of	 diversity	 scores	 should	 be	 considered	 adequate	 for	 achieving	
nutritional	 goals.	 DeFries	 et	al.	 (2015)	 proposed	 an	 easily	 inter-
pretable	metric	 of	 nutritional	 yield,	which	 is	 the	 number	 of	 peo-
ple	 potentially	 nourished	 per	 nutrient	 per	 hectare	 (DeFries	 et	al.,	
2015).	 This	 has	 allowed	 for	 more	 in-	depth	 analysis	 of	 trade-	offs	
among	different	benefits	provided	by	crops	 (DeFries	et	al.,	2016).	
However,	 the	metric	 is	 calculated	on	a	per-	nutrient	 and	per-	crop	
basis.	 For	 analyses	 that	 require	 simultaneously	 analysing	multiple	
crops	 and	 multiple	 nutrients,	 a	 composite	 metric	 is	 needed	 that	
clearly	reflects	nutritional	adequacy	among	different	food	systems,	
regardless	of	scale.

Application	 of	 nutritional	 approaches	 to	 agricultural	 systems—
whether	 through	nutritional	 trait	 diversity,	 nutritional	yield	or	other	
metrics—has	largely	been	used	to	describe	systems,	rather	than	com-
pare	 different	 production	 systems.	 At	 the	 global	 scale,	 approaches	
have	looked	at	changes	in	nutritional	content	and	crop	diversity	over	
time	(DeFries	et	al.,	2015;	Khoury	et	al.,	2014;	Remans	et	al.,	2014).	
At	a	local	scale,	approaches	have	described	nutritional	diversity	within	
a	 location	 (Remans	 et	al.,	 2011)	 or	 compared	nutritional	 production	
to	other	indicators	of	agricultural	sustainability	(DeFries	et	al.,	2016).	
There	is	also	need	to	use	metrics	to	compare	among	production	sce-
narios	 to	 guide	 decision-	making	 about	 which	 scenarios	 would	 be	
optimal.

In	this	study,	 I	sought	to	employ	functional	trait	diversity	met-
rics	to	better	understand	crop	nutrient	diversity	among	agricultural	
production	 units.	 More	 specifically,	 this	 research	 integrates	 data	
on	nutritional	content	 from	multiple	production	systems	 in	south-	
eastern	 Senegal,	with	metrics	 from	 the	 trait-	based	 ecology	 litera-
ture,	 to	 evaluate	 and	 identify	management	 systems	 to	 potentially	
optimize	 nutrient	 diversity.	 To	 do	 this,	 I	 applied	 functional	 trait	
diversity	metrics	to	crop	nutrient	contents,	which	calculates	nutri-
tional	 functional	 trait	 diversity.	 Plant	 traits—such	 as	 leaf	 area	 and	
photosynthetic	 rate—are	 important	 traits	 to	 ecosystem	processes;	
functional	trait	diversity	metrics	connect	the	diversity	of	these	traits	
as	the	mechanism	by	which	plant	diversity	impacts	ecosystem	func-
tioning.	Analogously,	I	use	crop	nutrient	content	as	a	functional	trait	
that	would	be	the	mechanism	by	which	crop	diversity	 impacts	nu-
trition.	As	actual	human	nutrition	outcomes	are	complex	and	multi-	
causal,	I	do	not	seek	to	explicitly	connect	nutritional	functional	trait	
diversity	with	actual	nutritional	outcomes	(cf.	Remans	et	al.,	2014),	
as	 individual-	,	community-		or	population-	level	nutritional	outcome	
data	are	not	available	 for	 the	study	 region.	 Instead,	my	work	here	
presents	a	trait-	based	evaluation	of	differences	in	nutrition	poten-
tial,	among	different	management	systems.
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2  | MATERIALS AND METHODS

2.1 | Study area

Data	for	this	study	come	from	the	region	of	Kedougou,	Senegal.	The	re-
gion	of	Kedougou	is	divided	into	three	departments:	Salemata,	Kedougou	
and	Saraya	(Figure	1).	Most	agricultural	production	in	Kedougou	goes	to	
household	consumption	or	within-	region	trade.	There	is	little	large-	scale	
agriculture	exporting	products	to	other	regions	or	internationally.

The	climate	 in	Kedougou	 is	highly	seasonal,	with	a	cool	and	dry	
winter,	 hot	 and	 dry	 spring,	 hot	 and	wet	 summer,	 and	 hot	 and	 dry	
fall.	Mean	annual	temperature	is	25°C	(Wood	&	Mendelsohn,	2015).	
Precipitation	 comes	 during	 a	 single	 monsoon	 season,	 between	 the	
months	 of	 May	 and	 October.	 Average,	 aggregate	 annual	 rainfall	 is	
about	1,000	mm,	but	can	vary	across	the	region	from	900	to	1,300	mm	
(Wood	&	Mendelsohn,	2015).

Kedougou	has	c.	1%	of	the	national	population,	with	15%	in	the	de-
partment	of	Salemata,	52%	in	the	department	of	Kedougou	and	34%	in	
Saraya	 (Table	1).	The	total	 land	area	of	Kedougou	 is	c.	12%	of	Senegal. 
Agricultural	production	 in	Kedougou	 is	dominated	by	staple	grains	and	
legumes.	The	most	important	crops	are	maize	and	peanuts.	More	minor	
crops	are	cultivated	for	cultural	importance,	to	make	use	of	specific	en-
vironmental	 conditions	 such	 as	 flood-	prone	 soils,	 or	 are	 food	 security	
buffers.	These	crops	include	rice,	fonio,	millet	and	sorghum,	potato,	taro,	
peanuts,	cowpea	and	cassava.	Some	rural	households	produce	and	con-
sume	fruits	and	vegetables	seasonally,	but	they	are	not	a	significant	por-
tion	of	the	annual	diet.	Consumption	of	meat	and	dairy	is	irregular	in	rural	
settings	and,	as	such,	does	not	contribute	significantly	to	daily	dietary	re-
quirements	over	the	entire	year.	Data	on	production	and	consumption	of	
vegetables,	fruits,	dairy	and	meat	are	not	monitored	in	the	region.

2.2 | Data

2.2.1 | Production data

I	 collected	 regional-	scale	 production	 data	 from	 the	 Ministry	 of	
Agriculture	 office	 in	 Kedougou,	 Senegal.	 Production	 estimates	 are	
collected	annually	for	the	region	by	extension	agents	who	combine	
survey-	based	yield	estimates	with	direct,	in-	field	yield	measurements.	
Data	are	aggregated	to	the	department	and	regional	 level.	Data	are	
available	back	to	the	early	1990s,	but	I	selected	the	years	2010–2012	
because	before	2010	data	were	only	available	for	a	small	number	of	
crops	and	there	were	several	years	with	missing	data	points.	Though	
national	 agricultural	 statistics	 can	 be	 biased	 because	 of	 monitor-
ing	difficulties,	these	are	the	best-	available	data	covering	the	entire	
region.

I	collected	more	detailed,	household-	level	production	data	through	
a	2010	survey	of	127	households	across	38	villages	in	the	region.	I	use	
the	term	“household”	because	each	household	can	be	made	up	of	sev-
eral	 farms,	 each	of	which	 could	 contain	multiple	 fields,	which	would	
be	managed	by	different	household	members.	Production	data	were	
collected	at	the	household	level.	Quantitative	reports	of	amounts	pro-
duced	 for	 non-	staple	 crops	 (fruits,	 vegetables,	meat	 and	 dairy)	were	
not	reliable	because	of	difficulty	recalling	amounts	produced	and	ex-
changed	of	highly	seasonal	and	marginal	 food	 items.	However,	 I	 col-
lected	 reliable,	 household-	level	 production	 data	 for	 the	 same	 staple	
crops	 reported	 in	 the	 regional	 dataset,	 as	well	 as	potatoes	 and	 taro.	
Specifically,	 quantitative	 production	 data	 were	 collected	 for	 fonio,	
maize,	millet,	peanuts,	potatoes,	rice	and	taro.	Because	of	differences	in	
survey	approach	and	sampling,	the	quantitative	values	between	regional	
estimates	 and	 household-	level	 estimates	 differ	 slightly.	 Qualitative,	
presence–absence	data	were	collected	additionally	for	bissap,	 jakatu,	
cabbage,	cassava,	okra	and	cowpea.	Further	description	of	the	survey	
data	is	given	in	Wood	and	Mendelsohn	(Wood	&	Mendelsohn,	2015).	
This	study	qualified	for	exemption	by	the	Human	Subjects	Committee	
of	Yale	University	on	9	March	2010,	IRB	protocol	no.	1003006393.

2.2.2 | Nutrition data

Crop	nutrient	data	were	compiled	 from	a	West	Africa-	specific	 food	
composition	database	compiled	by	Smith,	Micha,	Golden,	Mozaffarian,	
and	Myers	(2016).	Nutrient	content	for	each	crop	is	reported	in	Table	
S1.	Recommended	daily	allocation	(RDA)	data	for	each	nutrient	were	
compiled	from	the	Institute	of	Medicine	of	the	National	Academies	of	
Science	(Suitor	&	Meyers,	2006).	Nutrient	content	data	are	for	the	ed-
ible	portion	of	each	crop—in	some	cases	seeds,	in	other	cases	tubers	
and	in	other	cases	leaves.	For	some	crops,	multiple	crop	components	
are	consumed,	but	that	is	not	the	case	in	this	specific	study.	RDA	val-
ues	are	targeted	to	specific	age	groups.	 I	used	an	unweighted	aver-
age	RDA	value	for	each	nutrient	that	averaged	the	needs	of	children,	
adolescents	and	adults.	Other	approaches	have	used	demographically	
weighted	RDA	values	(Smith	et	al.,	2016),	which	I	was	unable	to	use	
because	of	a	lack	of	demographic	population	data	for	the	region.	The	
RDA	table	used	is	given	in	Table	S2.

F IGURE  1 Map	of	the	study	region.	Senegal	is	shown	embedded	
in	Africa.	Within	Senegal	is	the	region	of	Kedougou	and	its	three	
departments:	Salemata,	Kedougou	and	Saraya
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2.2.3 | Nutritional calculations

Presence–absence, nutritional functional diversity
To	 demonstrate	 differences	 in	 nutrient	 composition	 of	 different	
crops	in	the	regional	crop	pool,	I	calculated	functional	diversity	from	
Petchey	and	Gaston	(2002)	as	a	presence–absence-	based	measure	of	
nutritional	 functional	diversity.	This	metric	was	 reported	by	Remans	
et	al.	(2011)	as	a	measure	of	nutritional	functional	diversity	when	reli-
able	abundance	data	are	lacking.	Because	many	of	the	household-	level	
crops	 in	the	survey	do	not	have	abundance	data—see	Section	2.2.1.	
Production	data	above—I	used	a	presence–absence	approach	to	visu-
alize	the	potential	diversity	of	the	overall	crop	pool.	To	do	this,	I	calcu-
lated	a	“regional”	nutritional	dendrogram	for	all	of	the	crops	produced	
by	at	 least	one	household	 in	my	dataset	 (Figure	2).	To	calculate	 the	
Petchey	and	Gaston	metric,	I	used	nutritional	information	for	20	nutri-
ents	and	13	crops	(Table	S1).	I	calculated	an	influence	statistic	for	each	
crop,	which	is	the	change	in	total	dendrogram	branch	length	if	the	crop	

were	to	be	removed	from	the	dendrogram.	A	higher	score	 indicates	
a	greater	change	in	dendrogram	structure	with	the	loss	of	that	crop.

Abundance- weighted measures of household nutritional 
functional diversity
When	abundance	data	are	available,	presence–absence-	based	met-
rics	of	functional	diversity	can	mischaracterize	the	true	distribution	
of	 functional	 diversity	 because	 of	 missing	 information	 on	 differ-
ences	in	relative	abundances	of	species	and	crops.	In	cases	where	
abundance	data	are	available	and	multiple	traits	are	present,	a	set	
of	multiple	functional	diversity	metrics	are	useful	to	categorize	the	
multiple	components	of	functional	diversity;	thus,	the	relevance	of	
metrics	 using	 presence–absence	 data	 is	 limited	 to	 circumstances	
where	abundance	data	are	not	available	(Weiher,	2012).	I	calculated	
metrics	of	 functional	divergence	 (FDiv),	 functional	 richness	 (FRic)	
and	functional	evenness	(FEve)	(Villéger,	Mason,	&	Mouillot,	2008),	
and	functional	dispersion	(FDis)	(Laliberté	&	Legendre,	2010)	for	all	
crops	and	households	for	which	I	had	quantitative	production	data.

To	explore	 relationships	between	 these	diversity	measures	under	
a	null	scenario,	I	simulated	random	communities	for	twenty	traits—the	
number	of	traits	included	in	the	calculations	described	above—but	vary-
ing	levels	of	species	richness.	I	varied	species	richness	from	three	to	15	
species,	with	a	regional	species	pool	of	15,	which	I	chose	to	reflect	the	
number	of	species	in	the	regional	species	pool	(13)	shown	in	the	func-
tional	dendrogram	(Figure	2).	I	simulated	200	communities	for	each	spe-
cies	richness	level.	Traits	were	assumed	to	be	uniformly	distributed,	and	
species	abundances	were	assumed	to	be	log-	normally	distributed	based	
on	visual	inspection	of	histograms	of	trait	distributions	and	crop	relative	
abundances	 in	 the	 collected	dataset.	Because	of	 the	high	number	of	
traits	relative	to	species,	 I	ran	a	sensitivity	test	with	three	traits,	such	
that	the	number	of	traits	was	never	greater	than	the	number	of	species.	
These	results	are	presented	in	Figure	S1.	The	R	code	for	diversity	met-
ric	calculations	and	simulations	is	made	publicly	available	in	a	GitHub	
repository:	https://github.com/swood-ecology/kdg_nutrient_diversity.

Potential nutrient adequacy, household and department scales
I	used	data	on	the	amount	of	each	crop	produced—both	for	the	re-
gional	and	 the	household	datasets—to	quantify	 the	amount	of	each	
nutrient	 produced.	 To	 calculate	 daily	 production	 of	 each	 nutrient,	
I	 multiplied	 production	 data	 by	 the	 amount	 of	 nutrients	 per	 mass	
of	 food	 item	and	divided	by	 the	number	of	days	 in	 the	year.	 I	 then	
calculated	 the	number	of	people’s	RDA	 requirements	 that	 could	be	
met	 for	 each	 nutrient	 by	 dividing	 daily	 nutrient	 production	 by	 the	
nutrient-	specific	RDA	value.	I	then	summed	these	values	for	all	crops.	
For	 the	household	dataset,	 I	 summed	all	 crops	by	household	 to	get	
a	 household-	specific	 value	 of	 nutrient	 production.	 For	 the	 regional	
dataset,	I	summed	within	a	year	and	within	a	region	to	determine	the	
total	number	of	people,	for	example,	in	the	department	of	Saraya	in	
2010,	 whose	 nutrient	 requirements	 could	 potentially	 be	 met	 with	
the	given	amount	of	production.	 I	 later	took	the	average	across	the	
3	years	for	each	department.

To	calculate	 the	 fraction	of	 the	population	whose	nutritional	 re-
quirements	 could	 be	 potentially	met	 by	 production	 levels,	 I	 divided	

TABLE  1 Crop	production	and	demographic	indicators	for	
Kedougou

Area  
(ha)

Yield  
(kg/ha)

Production  
(t)

Population  
(people)

Entire	region

Fonio 700 1,198 840 151,357

Maize 4,185 1,655 6,899

Millet 73 600 65

Peanuts 6,123 1,048 6,421

Rice 793 1,076 854

Sorghum 2,432 902 2,186

Kedougou

Fonio 444 1,179 523 78,522

Maize 2,322 1,882 4,365

Millet 60 300 54

Peanuts 3,021 1,016 3,070

Rice 364 1,107 409

Sorghum 723 990 718

Salemata

Fonio 121 1,166 141 22,111

Maize 945 1,544 1,375

Millet 0 0 0

Peanuts 784 1,055 827

Rice 116 1,019 116

Sorghum 539 701 471

Saraya

Fonio 136 1,289 176 50,724

Maize 918 1,149 1,160

Millet 12 300 11

Peanuts 2,318 1,106 2,524

Rice 314 1,050 329

Sorghum 1,524 858 1,345

https://github.com/swood-ecology/kdg_nutrient_diversity
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the	total	number	of	people	whose	nutritional	requirements	could	be	
met	by	actual	population.	For	the	regional	analysis,	I	used	each	depart-
ment’s	population	from	national	population	statistics.	For	each	house-
hold,	 I	 used	 the	 reported	 number	 of	 household	 members	 regularly	
eating	within	the	household.	This	generated	a	value	for	each	nutrient	
by	location	and	by	year	in	the	regional	analysis.

I	also	proposed	an	aggregate	indicator	of	potential	nutrient	ad-
equacy	 (PNA),	 which	 combines	 the	 magnitude	 of	 the	 fraction	 of	
people	potentially	nourished,	with	 the	evenness	of	PNA	across	 all	
of	the	different	nutrients.	To	do	this,	I	calculated	the	fraction	of	all	
nutrients,	for	an	observation,	that	exceeded	one.	I	multiplied	this	by	
the	average	fraction	of	nutrient	needs	potentially	met	across	all	of	
the	nutrients	for	a	given	observation.	This	is	a	functional	trait	metric	
because	the	value	depends	on	specific	species	properties—different	
levels	 of	 nutrients	within	 a	 crop—and	 not	 just	 in	 the	 presence	 or	
abundance	of	a	species	 itself.	 If	s	 is	an	observation-	specific	vector	
of	nutrients—for	which	values	are	the	fraction	of	that	observation’s	
population	 whose	 nutrient	 needs	 could	 be	 potentially	 met—then,	
PNA	is	calculated	as:

where N	is	the	number	of	nutrients,	s̄,	is	the	average	of	all	N	nutrients	
for	a	given	observation,	and	[si>1]	is	the	number	of	nutrients	whose	
value	exceeds	1.

For	example,	a	department	or	household	that	could	meet	a	rela-
tively	constant	fraction	of	its	population’s	nutritional	needs	across	all	

nutrients	would	have	a	higher	score	than	a	department	or	household	
in	which	values	were	high	for	some	nutrients	but	low	for	others.	This	
is	 relevant	 for	 nutrition	 because	 humans	 require	 access	 to	multiple	
nutrients	simultaneously.	The	magnitude	of	the	proportion	of	people	
potentially	nourished,	of	course,	 is	also	important,	 in	addition	to	the	
evenness	of	nutrients.	Hence,	multiplication	by	 the	average	 fraction	
value	across	all	nutrients.	Observations	that	tend	to	be	able	to	poten-
tially	nourish	a	higher	 fraction	of	 their	population,	 for	a	given	even-
ness,	will	therefore	have	higher	values	of	PNA.

I	compared	PNA	with	the	functional	diversity	metrics	calculated	above.	
To	assess	how	all	of	these	metrics	change	with	species	richness,	I	used	a	
linear	modelling	approach,	the	results	of	which	are	reported	in	Table	2.

2.2.4 | Production scenarios

To	 see	 how	 PNA	 could	 change	 under	 different	 production	 systems,	 
I	 created	 three	 hypothetical	 production	 scenarios—an	African	Green	
Revolution	scenario	of	increased	yields	for	staple	grains;	a	crop	diversifi-
cation	scenario	that	adds	horticultural	crops	with	staple	grains	(but	with	
no	yield	increase);	and	a	joint	scenario	that	combines	yield	increases	for	
staple	grains	with	diversification	 into	horticultural	 crops.	The	African	
Green	Revolution	 scenario	uses	 yield	 targets	 established	under	opti-
mal	 farming	 practices	 promoted	 by	 proponents	 of	 an	African	Green	
Revolution	(Table	S3).	These	targets	were	drawn	from	(Breisinger,	Diao,	
Thurlow,	&	Al	Hassan,	2011;	HarvestChoice,	2016;	Koo,	2014).	At	the	
regional	level,	I	used	reported	production	area	and	multiplied	area	by	
target	 yield	 to	 estimate	 production	 under	 African	 Green	 Revolution	

∑N

i=1
[si>1]

N
× s̄

F IGURE  2 Functional	dendrogram	of	nutritional	relatedness	for	all	crops	grown	in	the	region	of	Kedougou.	More	closely	connected	crops	in	
the	dendrogram	are	more	nutritionally	similar.	The	influence	of	each	crop	to	overall	dendrogram	structure	is	given	below	the	crop	name	and	is	
the	change	in	dendrogram	total	branch	length	after	a	species	is	removed.	The	dendrogram	is	generated	based	on	nutritional	content	of	nutrients	
summarized	in	Table	S1		[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

Based on all nutrients of crop species 2.86

2.86

1.86

1.86

1.74

1.67

1.16

1.16

2.82

3.53

7.13

7.13

48.39
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practices.	 At	 the	 household	 level,	 I	 used	 the	 same	 approach	 where	 
I	multiplied	 reported	 farm	 size	 for	 each	 crop	by	 the	optimal	 yield	of	
that	crop.	In	the	case	of	the	regional	analysis,	production	is	directly	cal-
culated	 from	measured	yields,	making	comparison	between	 reported	
production	and	hypothetical	production	fairly	straightforward.	At	the	
household	 level,	 however,	 reported	 production	 (used	 in	 the	 metrics	
described	above)	are	values	self-	reported	 from	farmers	after	 in-	field,	
transport	and	storage	losses.	These	values	therefore	do	not	necessarily	
reflect	total	production	well.	Therefore,	comparison	of	optimal	produc-
tion	scenarios	to	reported	production	is	tenuous.

At	the	household	level,	I	created	a	second	production	scenario	(di-
versified	production)	 in	which	staple	yields	were	calculated	based	on	
reported	area	(as	in	the	African	Green	Revolution	scenario),	but	using	
regional	average	yields.	I	then	assumed	that	each	household	added	a	
100-	square-	metre	garden	space	in	which	they	produced	cabbage,	bit-
ter	eggplant	(Solanum aethiopicum)–known	locally	as	 jakatu–and	okra,	
the	 three	most	 common	 garden	 crops	 in	 the	 region.	 I	 assumed	 100	
square	metres	based	on	the	size	of	successful	gardens	I	have	observed	
in	 this	 area.	 I	 assumed	 a	 yield	 value	 of	 10	t/ha	 of	 cabbage,	 15	t/ha	 
for	 bitter	 eggplant	 and	 6	t/ha	 for	 okra	 based	 off	 of	 data	 from	 the	
Senegalese	government	(CDH,	1992).	In	the	third	scenario,	I	combined	
yield	increases	for	staple	grains	from	the	African	Green	Revolution	sce-
nario	with	the	additional	crops	in	the	diversification	scenario.	For	each	
scenario,	I	calculated	the	same	nutritional	indicators	as	above.	Although	
at	the	household-	level	comparison	between	the	scenarios	and	reported	
values	 is	tenuous,	comparison	between	the	scenarios	 is	more	sound.	 
I	 did	 not	 create	 a	 regional-	scale	 scenario	 for	 diversified	 production	
because	I	did	not	have	a	good	a priori	estimate	for	a	reasonable	area	
estimate	of	garden	production	at	the	regional	and	departmental	scales.

3  | RESULTS

3.1 | Presence–absence, nutritional functional 
diversity

For	 the	nutritional	dendrogram	of	 all	 crops	produced	 in	 the	 region,	
bissap (Hibiscus sabdariffa)	had	the	greatest	 influence	on	the	overall	

dendrogram	 structure	 with	 an	 influence	 score	 nearly	 seven	 times	
greater	 than	 the	 next	 most	 influential	 crop	 (Figure	2).	 The	 second	
most	 influential	 food	 category	was	 legumes	 (cowpea	 and	 peanuts),	
followed	by	vegetables	(Figure	2).	Staple	grains	had	the	least	impact	
on	dendrogram	structure	(Figure	2).

3.2 | Abundance- weighted measures of household 
nutritional functional diversity

In	the	household	production	data,	functional	trait	metrics	were	not	highly	
correlated	 (Figure	3a).	Functional	dispersion	 increases,	but	 saturates,	
with	the	number	of	crops	included	in	a	household	(Figure	3b;	Table	2).	
Functional	divergence	and	evenness	do	not	change	with	crop	species	
richness	between	three	and	four	species	(Table	2).	Functional	richness	
increases	with	the	number	of	species	(Table	2).	These	findings	confirm	
other	results	exploring	relationships	between	metrics	in	ecological	set-
tings	(Weiher,	2012).	For	simulated	communities,	metrics	did	not	have	a	
strong	correlational	pattern,	as	observed	in	the	production	data	(Figure	
S2).	Functional	dispersion	 increased	 in	a	saturating	way	with	species	
richness,	while	functional	divergence	and	evenness	did	not	change	with	
richness	(Figure	S3).	Functional	richness	increased	linearly	with	species	 
richness	(Figure	S3).

3.3 | PNA, household and department scales

At	the	regional	scale,	the	department	of	Salemata	had	the	highest	average	
PNA	score	(Table	3).	The	average	PNA	score	across	all	households	(0.39;	
Table	3)	corresponded	with	the	average	PNA	for	the	region	of	Kedougou	
(0.40;	Table	4).	PNA	did	not	differ	by	number	of	crops	(Table	2)	and	was	
not	highly	correlated	with	other	functional	diversity	metrics	(Table	3).	For	
households,	departments	and	the	entire	region,	there	was	wide	variation	in	
the	fraction	of	people	potentially	nourished	among	nutrients.	For	the	entire	
region,	the	fraction	potentially	nourished	ranged	from	30%	for	potassium	
to	160%	for	copper	(Table	3).	The	range	was	similar	for	each	of	the	depart-
ments.	Households	ranged	from	23%	for	potassium	to	148%	for	carbohy-
drates	(Table	4).	The	fraction	of	households	that	could	meet	their	nutritional	
needs	ranged	from	2%	for	riboflavin	to	63%	for	carbohydrates	(Table	5).

TABLE  2 Regression	results	of	diversity	metrics	and	crop	species	richness.	For	the	models	(1)	and	(5),	the	case	of	one	crop	is	the	reference	
case.	For	models	(2),	(3)	and	(4),	diversity	scores	were	not	able	to	be	calculated	for	one	and	two	species	so	the	case	of	three	crops	is	the	
reference	condition

Functional  
dispersion (1)

Functional  
divergence (2)

Functional  
evenness (3)

Functional  
richness (4)

Potential nutrient 
adequacy (5)

Two	crops 2.233***	(0.456) 0.423	(0.597)

Three	crops 3.473***	(0.445) 0.377	(0.582)

Four crops 3.699***	(0.453) −0.023	(0.021) 0.001	(0.033) 5.935***	(0.759) 0.500	(0.594)

Constant −0.000	(0.434) 0.807***	(0.012) 0.740***	(0.020) 4.601***	(0.447) 0.451	(0.568)

Observations 127 95 95 95 127

R2 0.503 0.013 0.000 0.397 0.001

Adjusted	R2 0.491 0.003 −0.011 0.390 −0.017

Residual SE 0.752 (df	=	123) 0.097	(df	=	93) 0.155 (df	=	93) 3.520	(df	=	93) 0.984	(df	=	123)

***Significant	at	the	1%	level.
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3.4 | Production scenarios

At	the	regional	and	departmental	scales,	the	African	Green	Revolution	
scenario	had	a	greater	average	fraction	potentially	nourished	than	re-
ported	production	(Table	3).	At	the	household	scale,	all	three	scenarios	
had	 greater	 PNA	 and	 average	 fraction	 potentially	 nourished	 values	
than	 under-	reported	 production	 (Table	4).	The	 increase	 in	 PNA	 and	
average	fraction	potentially	nourished	were	highest	for	the	combined	
scenario,	followed	by	yield	increase	alone	and	then	only	diversification.

All	scenarios	exhibited	high	inequality	among	households	in	frac-
tion	of	household	potentially	nourished,	but	the	difference	between	
the	maximum	and	minimum	households	was	lower	under	crop	diver-
sification—both	because	of	higher	minimum	values	 and	 lower	maxi-
mum	 values	 (Table	4).	 Similarly,	 all	 scenarios	 had	 higher	 fraction	 of	
households	 that	 could	 potentially	meet	 their	 nutritional	 needs	 than	
reported	production	(Table	5).	The	greatest	was	for	the	combined	yield	
and	diversification	 scenario,	with	 a	minimum	of	60%	of	households	
able	to	meet	their	needs	for	riboflavin	(compared	with	2%	for	reported	
production	data).

4  | DISCUSSION

Assessing	 the	 structure	 and	 function	 of	 agroecosystems	 through	
functional	 trait-	based	 metrics	 can	 have	 immediate	 implications	 for	
comparing	and	predicting	a	 range	of	ecosystem	services	within	and	
among	agricultural	systems	(Martin	&	Isaac,	2015;	Wood	et	al.,	2015).	
The	 results	 here	 indicate	 that	 trait-	based	 approaches	 can	 also	 be	
used	to	inform	and	present	a	detailed	and	nuanced	understanding	of	

nutrition	potential	in	agroecosystems,	as	it	relates	to	the	presence	or	
dominance	of	particular	crops.

4.1 | Nutritional functional diversity

Based	on	the	trait-	based	analysis,	bissap	was	the	most	influential	crop	
in	the	regional	dendrogram.	This	is	because	bissap	is	a	hibiscus	flower	
that	has	a	distinct	nutritional	profile	from	the	other	crops,	 including	
high	amounts	of	vitamin	A,	beta-	carotene,	folate,	and	vitamin	C	(Table	
S1).	This	crop	 is	not	produced	 in	 large	volume	by	most	households,	
although	 it	 is	consumed	 in	 the	 form	of	 juice	and	sauce	served	over	
grains.	The	juice	is	more	likely	to	contribute	to	nutrition	in	urban	areas	
where	 it	 is	more	regularly	 found	because	of	greater	 income	to	pur-
chase	sugar,	which	is	needed	to	reduce	the	sourness	of	the	infusion	
with	the	flower	petals.	In	rural	areas,	it	is	more	often	consumed	as	a	
sauce	added	to	a	staple	grain	dish.

4.2 | Potential nutrient adequacy

I	 proposed	 PNA,	 which	 captures	 both	 the	 average	 fraction	 of	 the	
population	potentially	nourished	for	each	nutrient,	as	well	as	the	vari-
ability	 in	 this	 fraction	 potentially	 nourished	 among	 all	 nutrients.	 At	
the	regional	scale,	the	department	of	Salemata	had	the	greatest	PNA	
score,	but	 there	was	high	variably	within	each	 region.	The	elevated	
score	 for	Salemata	 reflects	 that	 the	department	had	both	a	greater	
mean	proportion	of	population	nourished	and	that	there	was	greater	
evenness	in	potential	proportion	nourished	across	all	nutrients.	At	the	
household	 scale,	 the	 average	 PNA	 score	 across	 all	 households	was	
similar	to	that	of	the	entire	region	of	Kedougou.

F IGURE  3 Nutritional	functional	diversity	metrics	of	household	production	on	127	farms	in	south-	eastern	Senegal.	Metrics	are	not	highly	
correlated	and	thus	capture	different	aspects	of	functional	diversity	(a).	PNA	does	not	significantly	increase	with	the	number	of	crops	observed	
(b).	Axes	in	panel	(a)	correspond	to	the	scores	of	the	indices—that	is,	the	bottom-	left-	most	sub-	panel’s	y-	axis	is	FRic	and	its	x-	axis	is	FDis.	Upper	
cells	in	(a)	show	correlation	coefficients	of	metrics,	with	text	size	weighted	proportional	to	correlation	strength

(a) (b)
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For	individual	nutrients,	there	was	a	wide	range	in	the	fraction	of	
the	 population	 potentially	 nourished.	One	 potential	 reason	 for	 high	
variability	among	nutrients	is	that	certain	foods	that	provide	micronu-
trients	 and	vitamins—namely	 fruits,	 vegetables,	meat	 and	 dairy—are	
missing	from	this	analysis.	Thus,	I	cannot	conclude	from	this	analysis	
that	a	 low	fraction	potentially	nourished	 for,	 say,	 folate	 is	 indicative	
of	actual	nutrient	shortages	 in	the	region.	However,	macronutrients,	
such	as	energy	and	carbohydrates,	which	are	largely	provided	by	sta-
ple	crops,	should	reflect	their	actual	amount.	It	was	therefore	surpris-
ing	to	find	that	the	fraction	potentially	nourished	for	energy	(58%)	was	
lower	than	for	many	micronutrients	and	vitamins.	In	fact,	only	10%	of	
households	were	 found	 to	 be	 able	 to	 potentially	meet	 their	 energy	
needs.	A	high	 fraction	of	households	 (63%)	were	potentially	able	 to	
meet	carbohydrate	needs,	however.	For	micronutrients,	some	of	the	
values	 of	 fraction	 potentially	 nourished	were	 greater	 than	 100%	 in	
this	dataset.	Therefore,	the	actual	amount	when	accounting	for	fruits,	
vegetables,	meat	and	dairy	is	likely	to	be	even	higher.	However,	only	
around	a	third	of	all	households	could	potentially	meet	their	needs	for	
micronutrients	and	vitamins.

4.3 | Production scenarios

The	 analyses	 here	 also	 demonstrate	 that	 crop	 functional	 diversity,	
measured	at	the	individual	crop	or	species	level,	can	scale	up	to	in-
form	broader	comparisons	and	evaluations	of	the	services	provided	
by	agroecosystems.	For	instance,	our	analysis	here	suggests	that	at	

the	 regional	 and	 department	 scales,	 the	 African	 Green	 Revolution	
scenario	had	a	greater	mean	fraction	of	population	potentially	nour-
ished	than	observed	data,	for	all	nutrients.	This	increase	in	potential	
nourishment	was	associated	with	 increases	 in	PNA.	For	household	
data,	 all	 three	 scenarios	had	higher	 average	number	of	people	po-
tentially	 nourished	 than	 baseline	 production	 data.	 The	 combined	
scenario	always	had	 the	greatest	 fraction	of	population	potentially	
nourished.

All	scenarios	exhibited	high	inequality	among	households	in	frac-
tion	of	household	potentially	nourished,	but	inequality	was	particularly	
high	 for	 scenarios	 that	 included	yield	 increases.	This	high	 inequality	
highlights	that	farmers	with	greater	farm	area	will	benefit	more	from	
yield	increases	than	farmers	with	less	area.	This	echoes	other	concerns	
about	African	Green	Revolution	scenarios	and	their	 likelihood	to	ex-
pand	inequality	among	households	(Bezner	Kerr,	2012).

All	scenarios	increased	the	fraction	of	households	that	could	po-
tentially	meet	 their	nutritional	needs,	but	 the	greatest	 level	was	 for	
the	combined	scenario.	This	suggests	that	pairing	crop	yield	gains	with	
crop	diversification	will	be	important	for	achieving	nutritional	objec-
tives	 in	sub-	Saharan	Africa,	as	yield	 increases	focus	on	staple	grains	
that	are	deficient	in	some	micronutrients.

4.4 | Need for nutritional functional diversity metrics

Functional	 trait	 metrics	 have	 been	 used	 previously	 to	 categorize	
nutritional	 diversity	 (Remans	 et	al.,	 2011,	 2014).	 For	 users	without	

TABLE  3 Fraction	of	population	whose	nutritional	needs	could	be	met	with	current	production	of	staple	grains	for	each	nutrient	and	
administrative	region.	Values	are	averages	from	2010	to	2012	with	SD	in	parentheses.	African	Green	Revolution	scenario	values	are	reported	
area	of	production	for	each	crop	multiplied	by	target	yields	for	the	scenario,	given	in	Table	S3

Observed African Green Revolution

Entire region Kedougou Salemata Saraya Entire region Kedougou Salemata Saraya

Energy 0.59	(0.10) 0.59	(0.14) 0.66	(0.19) 0.59	(0.21) 0.77	(0.15) 0.73	(0.19) 0.94	(0.07) 0.79	(0.30)

Carbohydrates 1.14	(0.27) 1.20	(0.29) 1.45	(0.41) 1.02	(0.56) 1.69	(0.43) 1.60	(0.45) 2.37	(0.08) 1.69	(0.78)

Copper 1.60	(0.20) 1.54	(0.34) 1.61	(0.48) 1.73	(0.45) 1.88	(0.28) 1.78	(0.42) 2.04	(0.35) 2.03	(0.64)

Dietary	fibre 0.84	(0.14) 0.88	(0.20) 0.98	(0.23) 0.74	(0.29) 1.12	(0.21) 1.10	(0.26) 1.48	(0.07) 1.04	(0.39)

Folate 0.46	(0.06) 0.44	(0.10) 0.46	(0.14) 0.49	(0.13) 0.54	(0.08) 0.51	(0.13) 0.59	(0.09) 0.57	(0.18)

Iron 1.24	(0.20) 1.22	(0.32) 1.35	(0.41) 1.29	(0.43) 1.57	(0.29) 1.48	(0.41) 1.90	(0.21) 1.68	(0.59)

Magnesium 1.13	(0.17) 1.10	(0.25) 1.23	(0.37) 1.19	(0.38) 1.41	(0.24) 1.32	(0.33) 1.69	(0.22) 1.52	(0.51)

Niacin 1.46	(0.17) 1.39	(0.35) 1.40	(0.43) 1.62	(0.36) 1.65	(0.21) 1.58	(0.40) 1.67	(0.34) 1.78	(0.52)

Phosphorus 1.02	(0.18) 1.01	(0.25) 1.15	(0.35) 1.05	(0.37) 1.33	(0.26) 1.24	(0.33) 1.65	(0.16) 1.40	(0.50)

Potassium 0.30	(0.04) 0.29	(0.07) 0.32	(0.09) 0.31	(0.09) 0.37	(0.06) 0.35	(0.09) 0.43	(0.04) 0.38	(0.13)

Protein 0.90	(0.14) 0.88	(0.22) 0.95	(0.29) 0.95	(0.30) 1.12	(0.20) 1.05	(0.28) 1.31	(0.16) 1.20	(0.41)

Riboflavin 0.32	(0.05) 0.33	(0.06) 0.37	(0.10) 0.32	(0.11) 0.42	(0.07) 0.40	(0.09) 0.53	(0.04) 0.43	(0.15)

Thiamine 1.40	(0.19) 1.39	(0.32) 1.46	(0.39) 1.41	(0.40) 1.69	(0.26) 1.64	(0.39) 1.95	(0.14) 1.70	(0.55)

Vitamin	B6 0.87	(0.11) 0.86	(0.15) 0.92	(0.25) 0.90	(0.26) 1.06	(0.16) 1.01	(0.21) 1.22	(0.15) 1.11	(0.37)

Zinc 0.66	(0.11) 0.65	(0.16) 0.74	(0.23) 0.68	(0.25) 0.86	(0.17) 0.81	(0.22) 1.06	(0.12) 0.92	(0.34)

Potential	
nutrient	
adequacy

0.40	(0.18) 0.44	(0.31) 0.55	(0.40) 0.43	(0.38) 0.74	(0.28) 0.65	(0.37) 0.99	(0.14) 0.78	(0.51)
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training	 in	mathematics	and	ecological	 theory,	 it	can	be	challenging	
to	understand	what	specific	levels	of	these	metrics—when	applied	to	
nutrition—represent	 adequate	 vs.	 inadequate	 nutrition.	 Nutritional	
yield	was	proposed	as	a	more	interpretable	metric,	but	it	can	only	be	
applied	to	single	nutrients	and	single	crops	(DeFries	et	al.,	2015).	The	
metric	 I	propose	 in	this	manuscript,	PNA,	 incorporates	 into	a	single	
metric	the	fraction	of	a	population	potentially	nourished	for	all	nutri-
ents.	The	metric	score	increases	both	with	a	greater	fraction	poten-
tially	fed	and	with	a	greater	evenness	across	nutrients,	as	a	healthy	
human	 diet	 requires	 adequate	 consumption	 of	 multiple	 nutrients	
simultaneously.

Future	 research	should	also	 focus	on	 identifying	overlap	between	
how	 functional	 trait	 diversity	 contributes	 to	 nutrition-	related	 human	
health	 outcomes	 and	how	 it	 contributes	 to	 other	 agroecological	 out-
comes.	 Other	work	 has	 connected	 nutritional	 functional	 diversity	 to	
health	outcomes	(Remans	et	al.,	2014),	but	I	was	unable	to	do	that	here	
because	of	a	lack	of	data	on	nutrition	outcomes	for	the	region	studied.	
In	some	cases,	nutritional	diversity	may	overlap	with	other	ecosystem	
processes.	For	instance,	system-	level	nutritional	diversity	conferred	by	
inclusion	of	legumes	in	food	systems	could	increase	nutritional	diversity	
above	solely	staple	grain	production.	 It	would	also	 increase	soil	nutri-
ent	stocks	by	fixing	N2,	which	may	interact	with	nutrition	by	providing	
more	nutrients	 for	growth	and	nutrient	 concentration	of	other	 crops.	
Some	nutritional	traits,	however,	may	not	overlap	with	biogeochemical	
traits—or	other	agroecological	traits—and	so	identifying	where	nutrition	
overlaps	with	other	processes	and	services	will	be	an	important	future	

direction	in	linking	nutrition	into	agroecosystems	through	a	functional	
trait	approach.

4.5 | Caveats about nutritional functional 
diversity metrics

Nutritional	 functional	 diversity	 metrics	 should	 be	 presented	 with	
some	caveats.	First,	the	nutritional	content	data	used	do	not	account	
for	 changes	 in	 nutritional	 composition	 during	 food	 processing.	 So,	
the	amount	of	nutrients	 in	a	 food	 is	not	 likely	to	be	the	amount	of	
nutrients	consumed.	Second,	only	a	 fraction	of	nutrients	consumed	
are	 assimilated	 and	 used	 for	 physiological	 activity	 by	 the	 human	
body.	The	data	used	in	this	analysis	(and	in	others)	do	not	account	for	
physiological	losses.	In	addition	to	physiological	loss	of	nutrients,	the	
assimilation	of	some	nutrients	depends	on	the	presence	of	other	nu-
trients	in	key	amounts.	Third,	nutritional	composition	can	vary	based	
on	crop	variety	and	environmental	conditions.	I	tried	to	account	for	
some	of	this	variation	in	this	analysis	by	taking	nutritional	data	from	a	
database	specific	to	West	Africa.	This	shortcoming	is	a	data	challenge,	
rather	than	a	shortcoming	of	metrics—many	diversity	metrics	can	ac-
count	for	interspecific	variation	in	functional	traits.	In	theory,	an	anal-
ysis	could	be	done	that	used	farm-	specific	nutrient	values,	although	
these	data	are	not	currently	available.	Fourth,	because	of	data	limita-
tions,	this	analysis	only	focuses	on	a	small	subset	of	crops	that	does	
not	include	all	fruits,	vegetables	and	animal	products	from	this	region.	
Other	analyses	have	incorporated	staples,	fruits	and	vegetables,	and	

TABLE  4 Average	fraction	of	household	whose	nutritional	needs	could	be	met	with	current	agricultural	production	for	each	nutrient.	
Average	values	are	given,	with	minimum	and	maximum	given	in	parentheses.	African	Green	Revolution	scenario	values	are	calculated	from	
multiplying	reported	area	of	production	for	each	crop	by	target	yields	for	the	scenario,	given	in	Table	S3.	Diversified	production	scenario	values	
are	calculated	by	multiplying	reported	area	by	current	average	yields	at	the	regional	level,	adding	potential	production	of	okra,	jakatu	and	
cabbage

Reported production Higher yield Diversified production
Higher yield + diver-
sified production

Energy 0.58	(0.01–3.93) 3.35	(0.10–32.70) 1.75	(0.17–11.09) 3.46	(0.21–32.78)

Carbohydrates 1.48	(0.05–10.52) 4.44	(0.23–16.96) 0.69	(0.08–4.15) 4.71	(0.34–17.90)

Copper 1.43	(0.05–8.81) 10.91	(0.14–127.19) 2.08	(0.23–10.13) 11.56	(0.72–127.66)

Dietary	fibre 0.67	(0.01–2.64) 4.06	(0.11–38.00) 1.45	(0.26–3.97) 4.84	(0.43–38.57)

Folate 0.38	(0.01–2.41) 3.10	(0.05–36.78) 1.37	(0.23–4.43) 4.09	(0.51–37.50)

Iron 1.01	(0.02–5.51) 7.14	(0.20–76.65) 1.63	(0.22–6.68) 7.76	(0.48–77.10)

Magnesium 1.00	(0.03–5.40) 6.68	(0.16–71.14) 1.29	(0.15–5.55) 6.97	(0.40–71.35)

Niacin 1.06	(0.01–7.66) 10.70	(0.09–136.51) 1.35	(0.10–7.85) 10.99	(0.43–136.72)

Phosphorus 0.85	(0.01–4.58) 5.64	(0.17–57.96) 1.15	(0.14–5.18) 5.94	(0.29–58.17)

Potassium 0.23	(0.00–1.33) 1.79	(0.04–20.01) 0.75	(0.13–2.24) 2.30	(0.27–20.38)

Protein 0.77	(0.01–4.92) 5.51	(0.12–60.73) 1.01	(0.11–5.41) 5.75	(0.29–60.91)

Riboflavin 0.34	(0.02–1.42) 1.71	(0.06–15.35) 0.70	(0.11–1.95) 2.07	(0.24–15.61)

Thiamine 1.07	(0.01–6.16) 8.77	(0.21–102.01) 1.42	(0.17–6.34) 9.12	(0.43–102.26)

Vitamin	B6 0.94	(0.05–4.84) 5.47	(0.10–56.43) 1.67	(0.23–6.32) 6.20	(0.61–56.96)

Zinc 0.63	(0.02–3.50) 3.61	(0.11–34.68) 0.86	(0.11–3.96) 3.83	(0.24–34.84)

Potential	nutrient	adequacy 0.39	(0–4.52) 5.23	(0–58.77) 0.86	(0–5.64) 5.80	(0–59.09)
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animal	products	when	all	data	have	been	available	(e.g.	Remans	et	al.,	
2014).

4.6 | Synthesis and applications

There	is	growing	interest	in	using	ecological	approaches	to	quan-
tify	 the	multiple	 impacts	 of	 agriculture	 and	 people	 and	 environ-
ment.	 Most	 existing	 applications	 of	 these	 approaches	 focus	 on	
biophysical	outcomes—such	as	crop	yield—for	which	existing	eco-
logical	 traits—such	as	nutrient	acquisition	strategy—can	easily	be	
applied.	Here,	I	demonstrate	the	possibility	for	integrating	differ-
ent	 types	of	 traits—socio-	ecological	 traits—into	a	 functional	 trait	
assessment	of	agricultural	systems.	Specifically,	I	apply	ecological	
trait	 diversity	metrics	 to	 assess	 nutrient	 diversity	 of	 agricultural	
production	 systems.	 I	 presented	 a	 new	 metric—PNA—that	 cal-
culates	 the	 diversity	 of	 nutrients	 for	which	 a	 population	 can	 be	
potentially	 nourished.	 The	 ability	 of	 trait-	based	 approaches	 to	
connect	 ecological	 processes	 to	 a	wide	 range	 of	 human-	derived	
benefits	will	require	broadening	the	notion	of	functional	traits	to	
include	those	properties	of	species	that	infer	a	wide	range	of	ben-
efits	 to	people.	This	could	 include	traits	related	to	nutrition,	me-
dicinal	applications	and	aesthetic	properties.	Agroecosystems	are	
complex	socio-	ecological	systems,	and	functional	trait	approaches	
to	agriculture	will	require	socio-	ecological	functional	traits,	as	well	
as	ecological	traits.

ACKNOWLEDGEMENTS

This	project	was	supported	by	funding	from	a	Borlaug	Food	Security	
Fellowship	from	USAID’s	Feed	the	Future	programme	and	a	Fulbright	
Fellowship.

DATA ACCESSIBILITY

Data	available	from	the	Knowledge	for	Biocomplexity	data	repository	
https://doi.org/10.5063/f11z42jx	(Wood,	2017).

ORCID 

Stephen A. Wood  http://orcid.org/0000-0002-9551-8165  

REFERENCES

Arimond,	M.,	&	Ruel,	M.	T.	(2004).	Dietary	diversity	is	associated	with	child	
nutritional	status:	Evidence	from	11	demographic	and	health	surveys.	
Journal of Nutrition,	134,	2579–2585.

Bezner	Kerr,	R.	(2012).	Lessons	from	the	old	Green	Revolution	for	the	new:	
Social,	 environmental	 and	 nutritional	 issues	 for	 agricultural	 change	
in	 Africa.	 Progress in Development Studies,	 12,	 213–229.	 https://doi.
org/10.1177/146499341101200308

Breisinger,	 C.,	 Diao,	 X.,	 Thurlow,	 J.,	 &	Al	 Hassan,	 R.	M.	 (2011).	 Potential	
impacts	 of	 a	 green	 revolution	 in	Africa	 –	 the	 case	 of	 Ghana.	 Journal 
of International Development,	 23,	 82–102.	 https://doi.org/10.1002/
jid.1641

CDH.	 (1992).	 Liste	Varietale	D’Especes	Maraicheres	 Pour	 La	Culture	Au	
Senegal.	Dakar.

DeFries,	R.,	 Fanzo,	J.,	Remans,	R.,	Palm,	C.,	Wood,	S.,	&	Anderman,	T.	 L.	
(2015).	 Metrics	 for	 land-	scarce	 agriculture.	 Science,	 349,	 238–240.	
https://doi.org/10.1126/science.aaa5766

DeFries,	 R.,	 Mondal,	 P.,	 Singh,	 D.,	 Agrawal,	 I.,	 Fanzo,	 J.,	 Remans,	 R.,	 &	
Wood,	S.	(2016).	Synergies	and	trade-	offs	for	sustainable	agriculture:	
Nutritional	 yields	 and	 climate-	resilience	 for	 cereal	 crops	 in	 Central	
India.	 Global Food Security,	 11,	 44–53.	 https://doi.org/10.1016/j.
gfs.2016.07.001

HarvestChoice.	(2016).	Commodities,	https://harvestchoice.org/commodities
Khoury,	C.	K.,	Bjorkman,	A.	D.,	Dempewolf,	H.,	Ramirez-Villegas,	J.,	Guarino,	L.,	 

Jarvis,	A.,	…	Struik,	P.	C.	(2014).	Increasing	homogeneity	in	global	food	
supplies	 and	 the	 implications	 for	 food	 security.	 Proceedings of the 

Households potentially able to meet nutritional needs (%)

Reported Higher yield Diversification
Higher yield + 
diversification

Energy 0.10 0.67 0.75 0.72

Carbohydrates 0.63 0.94 0.17 0.96

Copper 0.48 0.92 0.78 0.98

Dietary	fibre 0.22 0.74 0.74 0.96

Folate 0.06 0.42 0.69 0.89

Iron 0.29 0.88 0.78 0.96

Magnesium 0.30 0.87 0.55 0.90

Niacin 0.33 0.81 0.43 0.84

Phosphorus 0.25 0.83 0.46 0.87

Potassium 0.03 0.26 0.20 0.54

Protein 0.23 0.79 0.31 0.84

Riboflavin 0.02 0.36 0.17 0.61

Thiamine 0.34 0.84 0.56 0.90

Vitamin	B6 0.35 0.81 0.75 0.95

Zinc 0.16 0.71 0.27 0.82

TABLE  5 The	fraction	of	households	
potentially	able	to	meet	nutritional	needs	is	
the	fraction	of	households	whose	
production	of	each	nutrients	would	be	
sufficient	to	satisfy	the	nutritional	needs	of	
all	of	the	members	of	the	household

https://doi.org/10.5063/f11z42jx
http://orcid.org/0000-0002-9551-8165
http://orcid.org/0000-0002-9551-8165
https://doi.org/10.1177/146499341101200308
https://doi.org/10.1177/146499341101200308
https://doi.org/10.1002/jid.1641
https://doi.org/10.1002/jid.1641
https://doi.org/10.1126/science.aaa5766
https://doi.org/10.1016/j.gfs.2016.07.001
https://doi.org/10.1016/j.gfs.2016.07.001
https://harvestchoice.org/commodities


     |  11Journal of Applied EcologyWOOD

National Academy of Sciences of the USA,	111,	4001–4006.	https://doi.
org/10.1073/pnas.1313490111

Koo,	J.	(2014).	Maize	Yield	Potential.	In	K.	Sebastian	(Ed.),	Atlas of African 
agriculture research and development	 (pp.	 58–59).	 Washington,	 DC:	
International	Food	Policy	Research	Institute.

Kuzyakov,	Y.,	&	Gavrichkova,	O.	(2010).	Time	lag	between	photosynthesis	
and	carbon	dioxide	efflux	from	soil.	Global Change Biology,	16,	3386–
3406.	https://doi.org/10.1111/j.1365-2486.2010.02179.x

Laliberté,	E.,	&	Legendre,	P.	(2010).	A	distance-	based	framework	for	mea-
suring	functional	diversity	from	multiple	traits.	Ecology,	91,	299–305.	
https://doi.org/10.1890/08-2244.1

Martin,	A.	R.,	&	Isaac,	M.	E.	 (2015).	Plant	functional	traits	 in	agroecosys-
tems:	A	blueprint	for	research	ed	P.	Manning.	Journal of Applied Ecology,	
52,	1425–1435.	https://doi.org/10.1111/1365-2664.12526

Petchey,	O.	 L.,	 &	Gaston,	 K.	 J.	 (2002).	 Functional	 diversity	 (FD),	 species	
richness	 and	 community	 composition.	 Ecology Letters,	 5,	 402–411.	
https://doi.org/10.1046/j.1461-0248.2002.00339.x

Remans,	R.,	Flynn,	D.	F.	B.,	DeClerck,	F.,	Diru,	W.,	Fanzo,	J.,	Gaynor,	K.,	…	
Palm,	C.	A.	(2011).	Assessing	nutritional	diversity	of	cropping	systems	
in	 African	 villages.	 PLoS ONE,	 6,	 e21235.	 https://doi.org/10.1371/
journal.pone.0021235

Remans,	 R.,	 Wood,	 S.	 A.,	 Saha,	 N.,	 Anderman,	 T.	 L.,	 &	 DeFries,	 R.	
S.	 (2014).	 Measuring	 nutritional	 diversity	 of	 national	 food	 sup-
plies. Global Food Security,	3,	 174–182.	 https://doi.org/10.1016/j.
gfs.2014.07.001

Rillig,	 M.	 C.,	 Aguilar-Trigueros,	 C.	 A.,	 Bergmann,	 J.,	 Verbruggen,	 E.,	
Veresoglou,	 S.	D.,	&	 Lehmann,	A.	 (2015).	 Plant	 root	 and	mycorrhizal	
fungal	traits	for	understanding	soil	aggregation.	New Phytologist,	205,	
1385–1388.	https://doi.org/10.1111/nph.13045

Schmidt,	M.	W.	 I.,	Torn,	M.	 S.,	Abiven,	 S.,	Dittmar,	T.,	Guggenberger,	G.,	
Janssens,	 I.	A.,	 …	Trumbore,	 S.	 E.	 (2011).	 Persistence	 of	 soil	 organic	
matter	 as	 an	 ecosystem	 property.	 Nature,	 478,	 49–56.	 https://doi.
org/10.1038/nature10386

Smith,	 M.	 R.,	 Micha,	 R.,	 Golden,	 C.	 D.,	 Mozaffarian,	 D.,	 &	 Myers,	 S.	
S.	 (2016).	 Global	 expanded	 nutrient	 supply	 (GENuS)	 Model:	 A	
new	 method	 for	 estimating	 the	 global	 dietary	 supply	 of	 nutri-
ents.	 PLoS ONE,	 11,	 e0146976.	 https://doi.org/10.1371/journal.
pone.0146976

Suitor,	C.,	&	Meyers,	L.	(2006).	Dietary	reference	intake	research	synthesis:	
Workshop	summary.	Washington,	DC.

Villéger,	 S.,	 Mason,	 N.	 W.	 H.,	 &	 Mouillot,	 D.	 (2008).	 New	 multidi-
mensional	 functional	 diversity	 indices	 for	 a	 multifaceted	 frame-
work	 in	 functional	 ecology.	 Ecology,	 89,	 2290–2301.	 https://doi.
org/10.1890/07-1206.1

Weiher,	E.	(2012).	A	primer	of	trait	and	functional	diversity.	In	A.	Magurran	
&	B.	McGill	(Eds.),	Biological diversity: Frontiers in measurement and as-
sessment	(pp.	175–193).	Oxford,	UK:	Oxford	University	Press.

Welch,	R.	M.,	&	Graham,	R.	D.	(1999).	A	new	paradigm	for	world	agricul-
ture:	Meeting	human	needs.	Field Crops Research,	60,	1–10.	https://doi.
org/10.1016/S0378-4290(98)00129-4

Wood,	 S.	 A.	 (2017).	 Kedougou	 nutrient	 diversity.	 Knowledge for 
Biocomplexity,	https://doi.org/10.5063/F11Z42JX

Wood,	S.	A.,	Karp,	D.	S.,	DeClerck,	F.,	Kremen,	C.,	Naeem,	S.,	&	Palm,	C.	
A.	(2015).	Functional	traits	in	agriculture:	Agrobiodiversity	and	ecosys-
tem	 services.	Trends in Ecology & Evolution,	30,	 531–539.	 https://doi.
org/10.1016/j.tree.2015.06.013

Wood,	S.	A.,	&	Mendelsohn,	R.	O.	 (2015).	The	 impact	of	climate	change	
on	agricultural	net	 revenue:	A	case	study	 in	 the	Fouta	Djallon,	West	
Africa.	Environment and Development Economics,	20,	20–36.	https://doi.
org/10.1017/S1355770X14000084

SUPPORTING INFORMATION

Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
	supporting	information	tab	for	this	article.

How to cite this article:	Wood	SA.	Nutritional	functional	trait	
diversity	of	crops	in	south-	eastern	Senegal.	J Appl Ecol. 
2017;00:1–11. https://doi.org/10.1111/1365-2664.13026

https://doi.org/10.1073/pnas.1313490111
https://doi.org/10.1073/pnas.1313490111
https://doi.org/10.1111/j.1365-2486.2010.02179.x
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1111/1365-2664.12526
https://doi.org/10.1046/j.1461-0248.2002.00339.x
https://doi.org/10.1371/journal.pone.0021235
https://doi.org/10.1371/journal.pone.0021235
https://doi.org/10.1016/j.gfs.2014.07.001
https://doi.org/10.1016/j.gfs.2014.07.001
https://doi.org/10.1111/nph.13045
https://doi.org/10.1038/nature10386
https://doi.org/10.1038/nature10386
https://doi.org/10.1371/journal.pone.0146976
https://doi.org/10.1371/journal.pone.0146976
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1016/S0378-4290(98)00129-4
https://doi.org/10.1016/S0378-4290(98)00129-4
https://doi.org/10.5063/F11Z42JX
https://doi.org/10.1016/j.tree.2015.06.013
https://doi.org/10.1016/j.tree.2015.06.013
https://doi.org/10.1017/S1355770X14000084
https://doi.org/10.1017/S1355770X14000084
https://doi.org/10.1111/1365-2664.13026

