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1  Introduction
Agricultural	 intensification,	 or	 the	 increase	 in	 crop	 production	 per	 unit	 land	
area,	 has	 resulted	 in	 high-input,	 large-scale	 monoculture	 cropping	 and	
overall	declines	in	crop	diversity	in	the	USA	(Aguilar	et	al.,	2015)	and	greater	
homogeneity	 in	 the	 crops	 grown	 across	 regions	 at	 a	 global	 scale	 (Martin	
et	al.,	2019).	This	has	often	 resulted	 in	agricultural	 landscapes	devoid	of	 the	
habitat	 and	 floral	 resources	 needed	 to	 sustain	 pollinators.	 In	 addition	 to	 a	
reduction	in	crop	diversity,	the	intensified	use	of	agrochemical	inputs	reduces	
populations	of	flowering	weeds	that	can	provide	floral	resources	for	pollinators	
and	introduces	compounds	into	the	environment	found	to	be	toxic	to	sensitive	
pollinator	species	(van	der	Slujis	et	al.,	2013).	Modern	crop	production	systems	
are,	 thus,	 thought	 to	contribute	 to	declines	 in	pollinator	populations	 that	we	
rely	on	for	the	pollination	of	economically	important	crops	and	wild	plants.

To	 address	 this	 pressing	 issue,	 agriculture	 must	 develop	 practices	 that	
diversify	the	agricultural	landscape	to	enhance	the	availability	of	floral	resources	
and	habitat	within	 the	crop	production	space.	This	approach,	known	as	 land	
sharing,	 is	 in	 contrast	 to	 the	 land	 sparing	paradigm	where	natural	 lands	are	
set	aside	for	conservation	purposes	and	are	distinct	management	units	 from	
agricultural	 lands	 (Phalan	et	al.,	 2011).	The	 land-sharing	paradigm,	however,	
is	 thought	 to	 be	 a	 more	 realistic	 approach	 given	 the	 demands	 a	 growing	
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population	 has	 placed	on	 agricultural	 lands	 and	 the	benefits	 that	 increased	
biodiversity	 has	 on	 agroecosystems	 and	 agricultural	 production	 (Tscharntke	
et	al.,	2005,	2012).

Another	chapter	discusses	in	more	detail	the	management	of	field	margins,	
wildflower	strips,	or	other	adjacent	and	surrounding	habitat	to	crop	fields	that	
contribute	 to	 landscape	diversity	 and	 enhanced	pollinator	 resources.	 In	 this	
chapter,	the	focus	is	on	approaches	to	enhance	plant	diversity	within	the	crop	
production	space.	Approaches	by	which	this	can	be	achieved	include	in-field	
practices	such	as	the	planting	of	flowering	cover	crops	between	crop	rotations,	
intercropped	with	cash	crops,	or	 in	place	of	a	cash	crop,	planting	of	diverse	
perennial	forages	that	also	provide	floral	resources,	and	maintaining	flowering	
weed	communities	if	they	pose	little	threat	to	crop	production.

2  Approaches to managing production space for 
pollinators

2.1  Cover crops

Cover	 crops	 play	 a	 critical	 role	 in	 providing	 habitat	 and	 floral	 resources	 to	
promote	 pollinators	 and	 pollination	 within	 the	 crop	 production	 space	 or	
field,	 i.e.	not	only	field	edges	or	margins	as	discussed	 in	a	previous	chapter.	
Integrating	 flowering	 cover	 crops	 is	 challenging	due	 to	 the	 need	 to	 reduce	
competition	 for	 space	 and	 other	 resources	 with	 the	 primary	 cash	 crop.	
However,	there	are	a	number	of	ways	in	which	this	can	be	achieved,	including	
planting	overwintering	(cold-hardy)	cover	crops	that	provide	early-season	floral	
resources	prior	to	a	cash	crop,	planting	full-season	cover	crops	in	lieu	of	a	cash	
crop	or	 fallow	ground	 (bare	ground	not	planted	 to	 a	 cash	 crop),	 or	 strip	or	
companion	plantings	between	crop	rows	or	on	orchard	floors.

Planting	overwintering	cover	crops	in	the	fall	for	early	spring	flowering	can	
be	an	effective	way	 to	 reduce	competition	with	 the	primary	cash	crop	while	
providing	floral	resources	at	a	time	when	few	are	available	across	the	landscape	
(Bretagnolle	and	Gaba,	2015).	Examples	of	cold-hardy	species	that	also	flower	
early	the	subsequent	year,	which	is	particularly	important	in	northern	growing	
zones,	are	winter	camelina	(Camelina sativa	L.),	winter	canola	(Brassica napus 
L.),	and	pennycress	(Thlaspi arvense	L.)	(Eberle	et	al.,	2015).	Other	cover	crops	
that	 overwinter,	 though	 to	 varying	 extents	 depending	 on	 planting	date	 and	
climate,	include	red	clover	(Trifolium pratense	L.)	and	Austrian	winter	pea	(Pisum 
sativum	 subsp.	 arvense	 L.;	 Ellis	 and	 Barbercheck,	 2015).	 In	 warmer	 climates	
or	 southern	growing	 zones,	 additional	 cover	 crops	will	 likely	overwinter,	but	
the	timing	of	flowering	may	limit	their	use	if	impacts	on	the	subsequent	cash	
crop	 are	 a	 primary	 consideration.	 Further,	 if	 the	 cover	 crop	 is	 to	 double	 as	
an	 economic	 crop	 (winter	 camelina	 and	 pennycress,	 for	 instance,	 are	 being	
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developed	 as	 oilseed	 crops;	 Cubins	 et	 al.,	 2019),	 adjustments	 to	 the	 crop	
rotation	 and	 agronomic	management	would	be	 necessary	 to	 accommodate	
cover	crop	seed	harvest	for	a	relay-	or	double-crop	system	(Patel	et	al.,	2021;	
Ott	et	al.,	2019;	Johnson	et	al.,	2017;	Gesch	et	al.,	2014).

Cover	crops	may	be	planted	as	full-season	crops	for	a	variety	of	reasons.	
They	may	be	planted	in	fields	that	would	otherwise	remain	fallow	or	in	fields	
where	adverse	conditions	such	as	drought	or	excess	moisture	result	in	a	failure	
to	plant	an	insured	crop	by	a	certain	date	(also	known	as	prevented	planting;	
2013	Crop	insurance	handbook,	USDA-RMA,	2013).	Though	not	as	common,	
full-season	cover	crop	mixtures	may	also	be	integrated	into	a	crop	rotation	to	
achieve	soil	health	benefits	and	provide	a	forage	source	for	livestock	(Housman	
et	al.,	2021;	Sanderson	et	al.,	2018).	With	the	inclusion	of	flowering	species	in	
full-season	cover	crop	mixtures,	season-long	floral	resources	that	support	both	
managed	and	wild	pollinators	may	be	achieved,	 though	 cover	 crop	 species	
selection	 and	 mixture	 composition	 will	 influence	 the	 species	 of	 pollinators	
attracted	(Mallinger	et	al.,	2019).

Companion	 planting	 with	 flowering	 cover	 crops	 in	 intercropping	
systems	 is	 another	 approach	 that	 can	 sustain	 pollinator	 communities	 within	
crop	production	fields	(Kordbacheh	et	al.,	2020;	Norris	et	al.,	2018).	 In	some	
instances,	intercropping	with	flowering	species	does	not	only	attract	beneficial	
insects	strictly	for	pollination	services,	but,	as	is	the	case	with	alyssum	(Lobularia 
maritima	(L.)	Desv.)	in	organic	lettuce	(Lactuca sativa	L.)	and	broccoli	(Brassica 
oleracea	 L.	 var.	 italica	Plenck)	production	fields,	 it	may	also	attract	predatory	
insects	such	as	hoverflies	that	reduce	pest	populations	(Brennan,	2013,	2016).	
Intercropping	with	non-flowering	ground	covers	 that	 release	volatile	organic	
compounds	such	as	peppermint	(Mentha × piperita)	can	also	support	pollinators	
and	other	beneficial	insects	(Gowton	et	al.,	2021).	Further,	orchard	production	
systems	with	cover	crop	ground	covers	can	also	act	as	a	companion	planting	
system	to	provide	a	number	of	benefits	including	habitat	and	floral	resources	
for	 pollinators	 (Van	 Sambeek,	 2017;	 Saunders	 et	 al.,	 2013).	 Companion	 or	
intercropping	systems	should,	however,	be	managed	with	a	holistic	approach	
that	reduces	reliance	on	commercial	inputs,	as	pesticide	exposure,	which	is	a	
well-documented	source	of	bee	declines,	is	an	ever-present	risk	to	pollinators	
(Nicholls	and	Altieri,	2013).

2.2  Flowering weeds for pollinators

Within	the	production	space,	floral	resources	for	pollinators	can	be	provided	by	
commercial	crops,	cover	crops,	intercrops,	and	even	flowering	weeds.	Where	
flowering	 weeds	 do	 not	 significantly	 compete	 with	 and	 reduce	 crop	 yields,	
they	 can	 be	 an	 effective	 and	 affordable	 way	 to	 provide	 pollen	 and	 nectar	
for	pollinators.	Flowering	weeds	can	supplement	 the	crop	plant	during	crop	
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bloom,	 as	 an	 alternative	 source	 of	 nectar	 and	 pollen,	 or,	 more	 importantly,	
extend	the	flowering	season	to	provide	floral	resources	for	pollinators	outside	
of	crop	bloom.	Weeds	often	flower	in	high	density	and	require	few	inputs,	thus	
offering	a	cost-effective	way	to	enhance	or	conserve	pollinator	communities.

Weed	 communities	 within	 crop	 fields	 have	 shifted	 with	 increasing	
agricultural	 intensification	 to	 favor	 weeds	 that	 are	 resistant	 to	 herbicides	 or	
germinate	late	to	escape	herbicides,	with	resulting	on-farm	weed	community	
simplification	(Bretagnolle	and	Gaba,	2015).	Nonetheless,	on-farm	weeds	can	
provide	equal	or	even	better	floral	 resources	 for	pollinators	as	compared	 to	
adjacent	natural/semi-natural	habitat	as	the	open	canopy	of	crop	fields	facilitates	
high	flower	density	(Gemmill-Herren	and	Ochieng,	2008).	Furthermore,	weeds	
are	often	top	nectar	and	pollen	producers,	outproducing	intentionally	grown	
plant	species	 that	are	 typically	present	 in	 lower	densities	 (Hicks	et	al.,	2016).	
For	honey	bees,	in	particular,	flowering	weeds	have	been	found	to	be	a	major	
source	of	food	(Requier	et	al.,	2015).

Flowering	 weeds	 can	 enhance	 pollination	 services	 through	 increasing	
crop	flower	visitation	rates	via	a	spillover	effect	 in	which	pollinators	attracted	
to	flowering	weeds	move	over	to	pollinate	the	crop	plant,	or	they	can	enhance	
pollinator	 abundance	 and/or	 diversity	 via	 increased	 season-long	 resource	
availability.	 In	 the	 case	 of	 the	 former,	 effects	 on	 crop	 pollination	 could	 be	
realized	immediately,	while	in	the	case	of	the	latter,	effects	are	typically	seen	1–3	
years	 following	 resource	enhancement.	Examples	 from	sunflower	crop	fields	
have	illustrated	the	benefit	of	weeds	for	pollinator	communities	and	pollination	
services.	For	example,	higher	on-farm	weed	diversity	 in	 sunflower	fields	was	
correlated	with	a	higher	diversity	of	pollinators	visiting	sunflowers,	and	seed	
mass	increased	with	flowering	weed	species	richness.	In	a	different	example,	
the	diversity	 of	weed	 flowers	 had	 a	positive	 impact	 on	 the	 species	 richness	
of	 pollinators	 visiting	 sunflowers	 and	 on	 sunflower	 seed	 set	 (Carvalheiro	
et	 al.,	 2011).	Additionally,	 the	presence	of	flowering	weeds	within	 sunflower	
fields	mitigated	some	of	the	negative	effects	of	reduced	natural	habitat	in	the	
surrounding	landscape	on	pollinator	diversity	(Carvalheiro	et	al.,	2011).	These	
examples	from	sunflowers	illustrate	how	flowering	weeds	can	benefit	not	only	
pollinator	communities	but	pollination	services	and	crop	yields	as	well.

However,	 weeds	 can	 compete	 with	 the	 crop	 plant	 for	 space,	 nutrients,	
and	water,	 thereby	reducing	crop	plant	densities	and	overall	yields	(Sidemo-
Holm	et	al.,	2021).	They	can	also	compete	for	pollinators	if	bloom	time	overlaps	
and	if	they	are	more	attractive	than	the	crop	plant.	To	reduce	competition	for	
pollinators,	weeds	can	be	mowed	or	spot	treated	during	bloom,	but	allowed	to	
flower	outside	of	bloom.	Another	cost	is	greater	pesticide	risk	to	pollinators;	the	
presence	of	flowering	weeds	could	increase	pollinator	exposure	to	pesticides	
applied	outside	of	crop	bloom	with	significant	negative	effects	on	pollinator	
populations	(Larson	et	al.,	2013).	To	prevent	exposure	to	pesticides,	flowering	
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weeds	 should	 be	 mowed	 or	 treated	 prior	 to	 insecticide	 applications	 when	
possible.

2.3  Flowering crops

Large	homogeneous	row	crop	systems	dominated	by	corn	and	soybean,	often	
representative	of	agriculture	in	the	US	Midwest,	do	not	provide	the	nectar	and	
pollen	 resources	 needed	 to	 support	 many	 pollinator	 populations.	 Declines	
in	 crop	diversity	 in	US	cropland	 (Aguilar	et	 al.,	 2015)	have	 resulted	 in	 fewer	
flowering	 crops	 that	 sustain	 pollinator	 resources.	 Therefore,	 diversification	
strategies	 are	 needed	 to	 restore	 plant	 diversity	 and	 re-introduce	 flowering	
economic	 crops	 into	 crop	 rotations	 that	 can	 improve	 habitat	 and	 foraging	
resources	for	pollinators	(Nicholls	and	Altieri,	2013).

Crops	 such	 as	 sunflower	 (Helianthus annuus	 L.),	 buckwheat	 (Fagopyrum 
esculentum	 Moench),	 flax	 or	 linseed	 (Linum usitatissimum	 L.),	 canola,	 and	
other	flowering	 (forbs)	crops	can	provide	floral	 resources	 that	attract	diverse	
species	of	pollinators	at	varying	times	of	the	growing	season	(Mallinger	et	al.,	
2019;	Campbell	et	al.,	2016;	Eberle	et	al.,	2015)	and,	in	some	instances,	may	
also	benefit	from	insect	pollination	(Mallinger	et	al.,	2018;	Witter	et	al.,	2015).	
Forage	crops	such	as	alfalfa	 (Medicago sativa	 L.)	 and	clovers	 (Trifolium	 spp.)	
have	also	been	shown	to	provide	floral	resources	attractive	to	some	pollinator	
species	(Butters	et	al.,	2022;	Bryan	et	al.,	2021),	though	these	crops	are	typically	
harvested	prior	to	mass	bloom	events.

Other	lesser	known	but	emerging	forage	crops	such	as	silflower	(Silphium 
integrifolium	Michx.)	 and	 cup	plant	 (Silphium perfoliatum	 L.)	 support	 a	 high	
abundance	of	diverse	bees	when	planted	as	crop	borders	(Butters	et	al.,	2022),	
but	more	work	is	needed	to	develop	breeding	and	agronomic	management	
strategies	 to	 successfully	 integrate	 them	 into	 crop	 production	 systems	 (Van	
Tassel	 et	 al.,	 2017;	 Lehmkuhler	 et	 al.,	 2007).	 It	 is	 likewise	 worthy	 to	 note	
the	 potential	 for	 extreme	 climate	 scenarios,	 i.e.	 drought,	 to	 reduce	 nectar	
production	of	crops	such	as	buckwheat	and	cup	plant,	 thereby	reducing	the	
benefit	 of	 these	 flowering	 crops	 for	 pollinators	 (Rering	 et	 al.,	 2020;	Mueller	
et	al.,	2020).

2.4  Crop rotations

Rotating	 crops	 across	 growing	 seasons	 and	 years	 can	 mean	 temporally	
inconsistent	 resources	 for	pollinators,	especially	when	nectar	and	pollen-rich	
crops,	 such	 as	melons,	 are	 rotated	 with	 less	 attractive	 and	 resourceful	 crop	
such	as	grains.	However,	crop	rotations	can	be	designed	to	allow	for	pollinator	
populations	 to	persist	 in	heterogeneous	and	disturbed	environments.	 It	may	
be	 particularly	 important	 to	 consider	 how	 crop	 rotations	 affect	 pollinator	
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population	 persistence	 when	 animal-pollinated	 crops	 are	 used	 in	 rotation	
with	non-flowering	crops	or	crops	that	are	wind-pollinated.	Examples	include	
oilseed	 crops	 such	 as	 sunflowers,	 oilseed	 rape,	 and	 flax,	which	 are	 typically	
grown	 on	 3–4-year	 rotations	 with	 wind-pollinated	 crops	 including	 wheat	 or	
barley,	or	with	fallow	fields.	Additionally,	pollinator-dependent	melons,	squash,	
and	other	 cucurbits	 are	grown	on	 a	 3+-year	 rotation	with	 a	 variety	 of	 crops	
including	many	that	do	not	provide	significant	floral	resources	for	pollinators	
(e.g.	greens,	root	vegetables,	legumes,	oats,	and	wheat)	or	with	fallow	fields.

Rotated	 crops	 pollinated	 by	 specialist	 pollinators	 are	 at	 particular	 risk	
of	 experiencing	 reduced	 pollination	 services	 due	 to	 inconsistent	 and	 small	
pollinator	 populations.	 For	 example,	 sunflowers	 in	 North	 America	 receive	
significant	 pollination	 services	 from	 specialist	 bees	 including	 long-horned	
bees	in	the	tribe	Eucerini	that	rely	on	sunflowers	or	other	Asteraceae	species	
(Mallinger	et.	al.,	2018).	Squash	is	also	pollinated	by	a	few	species	of	specialist	
squash	bees	that	rely	on	squash	and	related	Cucurbitaceae	plants	(Tepedino,	
1981).	 For	 specialist	 sunflower	 and	 squash	 bees,	 the	 absence	 of	 their	
preferred	or	required	plant	hosts	 in	some	years	may	limit	population	growth	
and	 persistence.	 Unlike	 with	 generalist	 pollinators,	 these	 specialists	 cannot	
take	advantage	of	other	crops	in	the	rotation	or	flowering	weeds	in	the	crop	
fields.	Thus,	particular	attention	needs	to	be	given	to	designing	crop	rotations	
to	ensure	some	resource	availability	within	the	specialist	pollinator’s	foraging	
range.

Limited research on crop rotation effects on pollinator populations has 
been	 conducted,	 and	 therefore	 recommendations	 are	 also	 limited.	 Rotating	
crops	 at	 the	 level	 of	 individual	 fields,	 and	 staggering	 rotation	 cycles	 across	
adjacent	fields,	can	achieve	the	benefits	of	crop	rotations	for	disease	pressure	
and	 soil	health	while	 still	 ensuring	 that	 the	pollinator	 resources	provided	by	
certain	crops	are	present	in	the	broader	landscape.	Larger-bodied	pollinators,	
including	 some	 specialist	 sunflower	 and	 squash	 bees,	 may	 forage	 a	 few	
hundred	meters	and	up	to	1	km	from	their	nests	(Gathmann	and	Tscharntke,	
2002;	Greenleaf	et	al.,	2007),	though	other	studies	suggest	most	bees	forage	
locally	within	a	small	radius	(Sardiñas	et	al.,	2016).	Thus,	rotations	would	need	
to	be	designed	 to	ensure	 resource	availability	within	a	 few	hundred	meters,	
which	may	not	be	feasible	in	many	landscapes.	However,	some	studies	suggest	
that	consistent	and	high	presence	of	the	focal	pollinator-dependent	crop	in	the	
landscape	does	not	improve	pollination	services	to	the	focal	crop	(Andersson	
et	al.,	2014).	Alternatively,	including	some	flowering	forbs	in	the	landscape	each	
year	or	growing	 season,	especially	 for	generalist	pollinators	 that	 are	able	 to	
take	advantage	of	a	diversity	of	floral	resources,	can	reduce	negative	effects	of	
crop	rotations.	These	floral	resources	could	be	provided	by	other	crops	in	the	
rotation	or	by	stable,	flowering	field	margins	and	flower	strips.	In	some	studies,	
generalist	 pollinator	 abundance	was	 affected	by	 crop	 rotation	 schemes,	but	
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stable	crop	boundary	features	mitigated	the	negative	effects	of	crop	rotations	
on	floral	 resource	availability	and	pollinator	populations.	Thus,	having	 larger	
and	more	stable	areas	of	pollinator	habitat	near	crop	fields	may	be	the	best	way	
to	ensure	temporally	consistent	resources	in	rotational	landscapes	(Marja	et	al.,	
2018;	Gardner	et	al.,	2021).

2.5  Providing protected nesting areas within the production 
space

Many	 pollinators	 need	 nesting	 habitat	 in	 addition	 to	 floral	 resources.	 For	
example,	 the	majority	of	bees	nest	belowground	and	require	soil	of	suitable	
texture,	slope,	and	accessibility,	and	with	minimal	disturbance	(Danforth	et	al.,	
2019).	 For	bees	 that	 nest	 aboveground,	 the	majority	 are	 considered	 renters	
and	need	hollowed	cavities,	while	a	minority	will	excavate	nests	in	a	substrate	
such	as	wood	(Danforth	et	al.,	2019).	While	the	majority	of	research,	particularly	
for	 wild	 bees,	 has	 focused	 on	 nest	 habitat	 adjacent	 to	 the	 field	within	 field	
margins	or	hedgerows,	in	this	section	we	cover	agronomic	practices	to	provide	
or	enhance	nest	habitat	within	the	production	space.	In	fact,	some	wild	bees,	
such	as	specialist	squash	bees,	preferentially	nest	within	crop	fields	over	areas	
adjacent	to	the	field	(Julier	and	Roulston,	2009).

Agronomic	 practices	 that	 can	 affect	 nesting	 habitat	 for	 bee	 pollinators	
include	irrigation	and	tillage,	inclusion	of	trap	nests	for	aboveground	nesting	
bees,	 and	manipulation	 of	 soil	 to	 intentionally	 create	 belowground	 nesting	
habitat.	 Squash	 bees,	 important	 solitary	 bee	 pollinators	 of	 Cucurbita	 spp.,	
have	been	shown	to	prefer	irrigated	soils	(Julier	and	Roulston,	2009),	and	thus	
regular	irrigation	within	these	fields	may	enhance	their	nesting	rates.	However,	
little	 is	 known	about	 how	 irrigation	 affects	 other	bee	 species.	The	effects	 of	
tillage	 are	 better	 documented,	 though	 the	 focus	 is	 largely	 on	 squash	 bees,	
and	results	are	mixed.	In	some	contexts,	squash	bee	abundance	did	not	vary	
across	farms	differing	in	tillage	intensity	(Julier	and	Roulston,	2009),	but	in	other	
studies,	 populations	 were	more	 abundant	 in	 no	 or	 reduced	 tillage	 systems	
(Shuler	et	al.,	2005;	Appenfeller	et	al.,	2020).	In	a	more	controlled	study,	tillage	
moderately	reduced	and	delayed	offspring	emergence	but	did	not	completely	
eliminate	emergence	or	destroy	nests	(Ullmann	et	al.,	2016).	However,	squash	
bees	also	seem	to	prefer	nesting	in	tilled	soils	(Skidmore	et	al.,	2019)	despite	
the	impacts	that	tillage	may	have	on	future	offspring	emergence.	And,	in	the	
lone	 example	 conducted	 in	 other	 agricultural	 systems	 (perennial	 vineyards),	
alternating	tillage	systems	had	a	positive	effect	on	bee	pollinator	abundance	
and	diversity	as	compared	to	no	tillage,	suggesting	that	some	amount	of	soil	
disturbance	can	increase	nesting	rates	and	bee	populations	(Kratschmer	et	al.,	
2019).	These	 studies	 suggest	 overall	 that	 there	may	be	benefits	 to	 reduced	
tillage,	especially	for	squash	bees	and	within	agroecosystems	with	significant	
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tillage	intensity,	though	soil	accessibility	is	also	important	for	bee	nesting	rates	
and	can	be	achieved	through	occasional	or	alternating	tillage	practices.

Intentionally	 creating	nesting	 space	 for	wild	bees	within	 the	production	
space	 is	not	common	and	 limited	to	a	 few	specific	agroecosystems.	Perhaps	
the	most	well-known	example	of	 creating	ground-nesting	habitat	 is	with	 the	
alkali	bee,	an	 important	pollinator	of	alfalfa	 in	western	North	America.	While	
this	bee	is	solitary,	it	nests	in	aggregations	underground	within	soil	of	sufficient	
alkalinity,	 texture,	 and	moisture	 (Danforth	 et	 al.,	 2019).	 These	 soil	 attributes	
have	 been	 successfully	 manipulated	 in	 nest	 boxes	 or	 artificial	 bee	 beds	 at	
ground	level	 through	the	addition	of	soil,	salt,	and	 irrigation,	and	have	been	
shown	 to	 increase	 local	 populations	 (Stephen,	 1960;	 Cane,	 2008).	 Another	
opportunity	 for	 providing	 ground-nesting	 habitat	 is	 for	 the	 Southeastern	
blueberry	bee	Habropoda laboriosa,	an	important	pollinator	of	blueberries	in	
the	Southeastern	USA.	It	has	been	shown	to	readily	nest	in	manmade	holes	in	
the	ground,	 suggesting	 that	nest	habitat	could	be	created	but	 is	also	highly	
sensitive	to	changes	in	visual	cues	associated	with	the	nest	site	(Cane,	1994).	
Finally,	the	use	of	trap	nests	within	the	crop	field	to	provide	nesting	habitat	for	
both	wild	and	managed	aboveground	cavity	nesters	has	been	done	in	alfalfa	
for	the	managed	alfalfa	leafcutter	bee	(Pitts-Singer	and	Cane,	2011),	in	almonds	
for	 the	managed	 orchard	mason	 bee	 (Boyle	 and	 Pitts-Singer,	 2019),	 and	 in	
oilseed	rape	fields	for	wild	bees	(Dainese	et	al.,	2018).

3  Case studies
3.1  Annual row crop systems

Increasing	plant	diversity	within	 row	crop	production	fields	can	be	achieved	
by	integrating	cover	crops	or	native	species	within	a	crop	rotation	using	four	
primary	strategies:	(1)	intercropping	(mixed,	strip,	or	otherwise)	or	companion	
cropping	 with	 cover	 crops,	 forages,	 or	 native	 species	 that	 provide	 floral	
resources	 and	 habitat	 for	 pollinators;	 (2)	 strategic	 placement	 of	 flowering	
cash	 crops	 (including	 forages)	 across	 the	 landscape;	 (3)	 replacement	 of	 a	
monoculture	cash	crop,	fallow	fields,	or	in	prevented	plantings	scenarios	with	
cover	 crops	 in	 the	 rotation;	 and	 (4)	 adding	 overwintering	 cover	 crops	 that	
provide	floral	resources	early	in	the	season	and	do	not	compete	with	cash	crops.	
The	examples	provided	in	this	section	will	focus	on	the	two	latter	strategies.

In	 North	 Dakota,	 USA,	 annual	 cover	 crops	 planted	 specifically	 for	 the	
purpose	 of	 providing	 full-season	 ground	 cover	 and	 floral	 resources	 were	
shown	to	support	diverse	bee	populations	(Mallinger	et	al.,	2019).	Flowering	
cover	 crops	 such	 as	 buckwheat,	 sunflower,	 and	 phacelia	 were	 planted	 in	
single-species	stands,	i.e.	monocultures,	and	in	mixtures	of	two,	three,	and	six	
species	 (with	 cowpea,	 hairy	 vetch,	 and	 kale/mustard).	 Low-diversity	mixtures	
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with	 phacelia	 and	 buckwheat	 provided	 season-long	 floral	 resources	 at	 high	
densities	 that	 supported	 honey	 bees	 and	 generalist	 bumble	 bees.	 Adding	
sunflower	 into	 the	 mixture	 increased	 visitation	 by	 more	 rare	 wild	 bees	 but	
reduced	visitation	by	managed	and	generalist	bees	due	to	lower	floral	density	
of	buckwheat	and	phacelia	flowers.	Thus,	more	diverse	mixtures	increased	bee	
species	richness	but	resulted	in	reduced	visitation	by	more	common	species.	In	
addition,	the	cover	crops	evaluated	in	this	study	attracted	several	bee	species	
considered	 to	be	 in	decline,	many	of	which	were	 also	 recorded	 in	 adjacent	
rangeland	(minimally	managed	grazing	areas).

Providing	early-season	 floral	 resources	 in	 crop	production	 fields	 lacking	
in	plant	diversity	 to	sustain	pollinators	during	 this	critical	 time	of	year	 is	also	
crucial.	Planting	cold-hardy,	overwintering	cover	crops	may	play	an	important	
role	in	filling	this	niche.	In	Pennsylvania,	USA,	increasing	cover	crop	diversity	to	
include	flowering	crops	such	as	canola	(an	early	flowering	crop,	April–May)	can	
support	diverse	populations	of	pollinators	including	honey	bees,	native	bees,	
and	Syrphid	flies	(Ellis	and	Barbercheck,	2015).	However,	crop	rotations	restrict	
the	flowering	window	and	effectiveness	of	other	flowering	service	crops	such	as	
red	clover	and	Austrian	winter	pea	that	flower	later	in	the	season	(May–July).	This	
study	also	demonstrated	the	importance	of	fall	planting	date	on	winter	survival	
and	 spring	 flowering,	 with	 cover	 crops	 planted	 earlier	 (August–September)	
generally	 resulting	 in	 increased	overwintering	 as	well	 as	 earlier	 flowering	 in	
the	spring.	Work	in	South	Dakota	and	Minnesota,	USA,	also	found	variability	in	
winter	survival	of	fall-planted	flowering	cover	crops	(Eberle	et	al.,	2015).	In	this	
study,	pennycress,	winter	canola,	and,	in	particular,	winter	camelina	provided	
floral	and	nectar	resources	early	in	the	season	to	support	pollinators	in	a	corn-
soybean	crop	rotation.	The	extent	to	which	these	floral	resources	benefit	insect	
pollinators,	however,	may	be	impacted	by	weather	variability,	particularly	in	the	
spring	when	conditions	are	often	cool	and	wet	in	this	region	of	the	USA	and	
may	have	variable	impacts	on	pollinator	populations	(Forcella	et	al.,	2020).

3.2  Annual specialty crop systems

Within	annual	cropping	systems,	intercropping	and	on-farm	crop	diversification	
are	 the	 primary	 ways	 in	 which	 the	 production	 system	 can	 be	 modified	 for	
pollinators	 and	 pollination	 services.	 As	 compared	 to	 perennial	 systems	 and	
annual	 row	 crops,	 there	 are	 fewer	 examples	 of	 altering	 crop	 management	
practices	within	the	production	space	for	annual	specialty	crops,	likely	because	
their	high	value	discourages	modifications	within	the	production	space	in	favor	
of	 modifications	 adjacent	 to	 the	 crop	 field	 (i.e.	 field	 margins).	 Additionally,	
there	is	minimal	vertical	structure	to	manipulate	as	in	perennial	orchard	crops,	
and	 many	 specialty	 annual	 crops	 (e.g.	 vegetable	 crops)	 are	 not	 pollinator-
dependent.	Here,	we	present	three	examples	from	annual	specialty	crops.



 Altering crop management practices to promote pollinators10

Published by Burleigh Dodds Science Publishing Limited, 2023.

In	 strawberries,	 intercropping	 with	 Coriandrum sativum  or  Mentha 
arvensis	increased	flower	visitor	frequency	overall	within	the	field	but	reduced	
pollinator	 visitation	 specifically	 to	 strawberry	 flowers,	 suggesting	 that	 the	
intercrops	 competed	 with	 the	 strawberry	 flowers	 for	 pollinators	 (Hodgkiss	
et	 al.,	 2019).	 Treatments	 in	 which	 strawberries	 were	 intercropped	 with	 C. 
sativum or M. arvensis	did	not	show	improved	pollination	or	yields.	However,	in	
a	different	system,	intercropping	bell	peppers	with	basil	increased	pollinator	
visits	to	the	bell	peppers	specifically,	with	resulting	increases	in	pepper	fruit	
and	seed	production	 (Pereira	et	al.,	2015).	Combined,	 the	 research	 to	date	
suggests	 mixed	 effects	 of	 intercropping	 on	 pollination	 of	 annual	 specialty	
crops	 likely	dependent	on	both	the	attractiveness	of	 the	specialty	crop	and	
the	intercrop.	Intercrops	should	be	attractive	enough	to	draw	in	or	enhance	
pollinator	populations,	but	not	significantly	more	attractive	than	the	specialty	
crop	 so	 as	 to	 compete	 for	 pollinators.	 Intercrops	 with	 peak	 bloom	 time	
slightly	before	 the	peak	bloom	of	 the	specialty	crop	may	be	most	effective	
for	facilitating	pollination.	Finally,	in	an	example	of	crop	diversification,	more	
bees	were	found	on	diversified	polyculture	farms	than	on	monoculture	farms,	
including	 more	 specialized	 bees	 such	 as	 the	 squash	 bee,	 but	 there	 was	
no	 assessment	 of	 how	 these	 higher	 bee	 abundances	 affected	 crop	 yields	
(Guzman	et	al.,	2019).

3.3  Perennial orchard systems

While	 within	 annual	 specialty	 crops,	 intercropping	 and	 on-farm	 crop	
diversification	 were	 the	 primary	 management	 strategies	 examined,	 for	
perennial	orchard	systems,	research	focuses	primarily	on	cover	crops	or	living	
ground	cover	with	examples	from	almonds,	vineyards,	and	apples.	Flowering	
ground	 cover	 within	 almond	 orchards	 can	 increase	 pollinator	 abundance	
and	 richness	 as	 well	 as	 fruit	 set.	 On	 small	 farms	 in	 Egypt,	 more	 abundant	
and	 species-rich	ground	 cover	provided	by	both	 crops	 and	wild	plants	was	
associated	 with	 a	 greater	 abundance	 and	 diversity	 of	 pollinators	 within	 the	
orchard	(Norfolk	et	al.,	2016).	Importantly,	the	abundance	and	species	richness	
of	ground	vegetation	were	also	directly	associated	with	increased	almond	fruit	
set	 (Norfolk	et	 al.,	 2016).	 In	Spanish	almond	orchards,	 flower	abundance	on	
the	orchard	floor	positively	predicted	wild	pollinator	visitation	to	almonds	and	
pollinator	species	diversity	and	was	associated	with	increased	almond	set	both	
via	direct	effects	and	 indirect	effects	mediated	 through	 increasing	pollinator	
diversity	(Alomar	et	al.,	2018).	Finally,	in	Australia,	the	richness	of	ground	cover	
plants	in	almond	orchards	was	associated	with	greater	native	bee	abundance	
(Saunders	et	al.,	2013),	though	effects	on	yield	were	not	examined.	Additionally,	
no	examples	from	the	primary	almond	production	region	(California,	USA)	link	
within-orchard	vegetation	to	pollinators,	pollination,	or	yield.
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Within	European	vineyards,	greater	interrow	floral	resource	availability	and	
percent	 vegetation	 cover	 increased	wild	 pollinator	 abundance	 and	diversity	
(Kratschmer	et	al.,	2019),	but	effects	on	crop	production	were	not	evaluated.	
Finally,	 while	 the	 aforementioned	 studies	 all	 examined	 existing	 gradients	 in	
ground	cover	floral	resources,	one	study	found	that	planting	cover	crops	within	
vineyards,	 including	 a	mix	 of	Phacelia tancetifolia,	Ammi majus,	 and Daccus 
carota,	resulted	in	higher	abundance	and	diversity	of	wild	bees	as	compared	to	
control	plots	(Wilson	et	al.,	2018).	The	abundances	of	numerous	individual	wild	
bee	taxa,	including	A. mellifera,	Bombus spp.,	Halictus spp.,	and	Lasioglossum 
spp.,	were	all	higher	in	vineyard	blocks	with	cover	crops	as	compared	to	control,	
though	 again	 effects	 on	 crop	 production	were	 not	 examined	 (Wilson	 et	 al.,	
2018).	Yields	in	these	vineyard	studies	were	likely	not	examined	in	part	because	
wine	 grapes	 have	 overall	 minimal	 dependence	 on	 insect	 pollinators	 (Klein	
et	al.,	2007),	though	in	some	cases	insect	pollination	can	improve	yields	and	
grape	quality	(Sampson	et	al.,	2001).

3.4  Perennial forage systems (pastures and rangelands)

Perennial	forage	systems	offer	perhaps	the	greatest	opportunity	for	improving	
agroecosystems	for	pollinators	due	to	the	large	land	area	that	they	comprise	and	
the	diverse	plant	communities	that	they	can	contain.	Perennial	forage	systems,	
including	pasture	and	rangeland,	are	a	major	land	use	in	North	America	and	
globally.	Pastures	and	rangelands	constitute	approximately	22–26%	of	global	
ice-free	land	surface	area	and	represent	more	land	than	is	in	forest	or	cropland	
(Ellis	et	al.,	2010;	Ellis	and	Ramankutty,	2008;	Klein	Goldewijk	and	Ramankutty,	
2004).	Therefore,	changes	to	perennial	forage	systems	could	have	significant	
impacts	on	pollinator	communities	and	pollination	services.

Perennial	 forage	 systems	can	be	 improved	 for	pollinators	 through	plant	
diversification	 and	 alteration	 of	 management	 practices	 including	 grazing	
intensities	 and	 regimes.	 Adding	 flowering	 plants	 to	 forage	 systems	 has	
been	shown	to	 increase	the	diversity	of	bees	and	other	pollinators,	and	with	
consequences	 for	pollination	 services	provided	 to	wild	 and	 crop	plants.	 For	
example,	in	a	study	comparing	forage	systems	with	(1)	bluestem	grass	only,	(2)	
bluestem	grass	mixed	with	alfalfa,	(3)	alfalfa	only,	and	(4)	mixed	native	grasses,	
there	was	a	higher	insect	pollinator	abundance	and	richness	in	the	plots	with	
alfalfa	and	native	grasses	as	compared	to	bluestem	only	plots,	and	this	trend	
was	driven	 largely	by	native	sweat	bees	 (Bhandari	et	al.,	2018).	Additionally,	
on	working	grasslands,	increasing	plant	richness	by	adding	legumes	and	forbs	
resulted	in	increased	functional	diversity	of	pollinator	communities	(Orford	et	al.,	
2016).	Higher	pollinator	functional	diversity	in	turn	reduced	variation	in	flower	
visitation	rates	to	two	of	three	sentinel	crop	species,	including	strawberry	and	
red	campion,	that	were	placed	within	the	pastures	(Orford	et	al.,	2016).	These	
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results	 conclusively	 show	 the	benefits	of	 increased	 forage	plant	diversity	on	
pollinator	abundance	and	diversity,	with	potential	benefits	for	the	pollination	
of	adjacent	crop	fields.

However,	 one	 limitation	 to	 the	 adoption	 of	 plant	 diversification	 for	
pollinators	 in	 perennial	 forage	 systems	 is	 the	 perceived	 lack	 of	 benefits	 for	
the	farmer	given	that	forage	system	productivity	is	not	generally	thought	to	be	
pollinator-dependent.	There	is	also	limited	information	on	how	diverse	forage	
plant	communities	specifically	designed	for	pollinators	could	improve	animal	
production	or	the	health	and	productivity	of	the	pasture.	Increased	pollinator	
activity	 and	 diversity	 could	 improve	 pollination	 services	 to	 flowering	 forage	
species,	 thereby	 reducing	 the	need	 to	 reseed	 forage	each	year,	but	 this	has	
not	 been	well	 studied.	 If	 benefits	 for	 either	 animal	 production	 or	 long-term	
forage	 quantity	 and	 quality	 could	 be	 demonstrated,	 the	 adoption	 of	 plant	
diversification	for	pollinators	within	perennial	forage	systems	may	be	increased.

Along	with	plant	diversification,	altering	the	grazing	intensity	and	stocking	
levels	 of	 pastures	 can	 influence	 floral	 resource	 availability	 and	 pollinator	
communities.	 However,	 the	 direction	 of	 the	 relationships	 between	 grazing	
intensity,	floral	resources,	and	pollinators	is	variable.	While	some	studies	show	
that	high-intensity	grazing	can	have	negative	effects	on	floral	resources	and	bee	
abundance	and	diversity	 (Kearns	and	Oliveras,	2009;	Kruess	and	Tscharntke,	
2002;	Xie	et	al.,	2008),	other	studies	show	no	or	even	positive	effects	of	high-
intensity	 grazing	 on	 flowers	 and	 bees	 (Vulliamy	 et	 al.,	 2006;	Wallen,	 2010).	
Some	of	this	variability	may	be	due	to	variable	responses	to	grazing	intensity	
across	 bee	 taxa,	 with	 bumble	 bees	 showing	 greater	 sensitivity	 to	 increased	
grazing	intensity,	particularly	 in	the	early	season,	as	compared	to	sweat	bees	
(Kimoto	et	al.,	2012).	Additionally,	 the	relationship	between	grazing	 intensity	
and	floral	resources	may	be	hump-shaped,	suggesting	that	intermediate	levels	
of	 grazing	may	 be	 optimal	 for	maintaining	 abundant	 and	 diverse	 pollinator	
communities	 (Lázaro	 et	 al.,	 2016).	 As	 with	 plant	 diversification,	 modifying	
pasture	management	for	pollinators	is	unlikely	to	be	widely	adopted	unless	it	
can	show	benefits	for	animal	production	or	system	sustainability.

4  Assessing efficacy of alternative agronomic practices
Assessing	the	impact	of	agronomic	practices	on	pollinators	and	farm	productivity	
is	crucial	for	identifying	best	management	practices	and	encouraging	adoption.	
However,	most	studies	examined	the	responses	of	pollinator	abundance	and	
diversity	to	agronomic	practices	but	did	not	include	crop	productivity	and	yield	
responses.	In	notable	exceptions	to	this	trend,	Norfolk	et al.	(2016)	and	Alomar	
et  al.	 (2018)	 were	 able	 to	 link	 increased	 ground	 cover	 diversity	 and	 flower	
abundance	 to	 increased	 almond	 production	 via	 direct	 effects	 and	 indirect	
effects	on	increased	pollinator	abundance	and	diversity.	Other	work	including	
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yield	measures	 found	 contrasting	 conclusions	 with	 intercropping	 having	 no	
effect	on	strawberry	production	(Hodgkiss	et	al.,	2019)	but	a	positive	effect	on	
bell	pepper	production	via	 increased	pollinator	activity	 (Pereira	et	al.,	2015).	
In	all	 these	cases,	 the	 focal	crop	was	a	pollinator-dependent	crop.	Examples	
of	agronomic	practices	for	pollinators	benefiting	crop	productivity	and	yields	
are	more	 limited	 for	 crops	perceived	 to	have	 little	 to	no	benefit	 from	 insect	
pollinators,	 including	vineyards	 (Kratschmer	et	al.,	2019;	Wilson	et	al.,	2018)	
and	 perennial	 forage	 systems.	 For	 crops	 with	 little	 to	 no	 dependence	 on	
pollinators,	 farmer	motivation	 to	 conserve	 or	 enhance	 pollinators	within	 the	
production	space	may	be	out	of	general	conservation	principles	or	because	
such	practices	provide	other	tangible	benefits	to	production.

Additionally,	 the	 scale	 at	 which	 these	 agronomic	 practices	 were	
assessed	 may	 influence	 the	 applicability	 of	 study	 conclusions	 to	 real-world	
agroecosystems.	 Many	 of	 the	 previously-described	 studies	 were	 conducted	
in	small	plots	 (Hodgkiss	et	al.,	2019;	Pereira	et	al.,	2015;	Orford	et	al.,	2016;	
Wilson	 et	 al.,	 2018;	 Bhandari	 et	 al.,	 2018),	 and	 those	 that	were	done	 at	 the	
farm	 scale	 relied	 on	 existing	 gradients	 in	 floral	 resources,	 including	 weeds	
and	intentionally	planted	species	(Norfolk	et	al.,	2016;	Saunders	et	al.,	2013;	
Guzman	et	al.,	2019;	Kratschmer	et	al.,	2019).	Few	to	no	studies	manipulated	
agronomic	practices	at	the	farm	scale.	These	limitations	can	make	it	challenging	
to	draw	conclusions	or	make	predictions	for	working	farms.	When	using	existing	
gradients,	treatments	are	not	randomly	assigned,	and	variables	of	interest	such	
as	floral	resource	availability	and	diversity	are	likely	correlated	with	other	factors	
that	 vary	 across	 farms.	 For	 example,	 farms	with	 greater	 cover	 crop	 diversity	
may	also	have	reduced	chemical	 inputs	or	a	greater	diversity	of	crop	plants,	
which	could	additionally	 impact	pollinator	abundance	and	diversity.	 In	 small	
plot	studies,	treatments	are	typically	randomly	assigned	and	other	variables	are	
better	controlled,	but	these	results	may	not	scale	up	the	level	of	the	whole	farm.	
Thus,	analyzing	the	scale	at	which	the	study	was	conducted,	and	correlations	
among	different	agronomic	practices,	 is	crucial	 for	developing	management	
recommendations	from	study	results.

5  Conclusion
To	 summarize,	 agronomic	 strategies	 that	 seek	 to	 diversify	 crop	 and	 forage	
production	to	support	pollinators	and	the	services	they	provide	continue	to	be	
evaluated,	but	we	must	be	intentional	and	strategic	in	how	we	integrate	them.	
Overall,	given	the	large	land	area	occupied	by	perennial	pasture	and	rangeland	
along	 with	 their	 relatively	more	 diverse	 plant	 communities	 (as	 compared	 to	
crop	production	systems),	these	areas	may	provide	the	greatest	opportunity	for	
altering	management	practices	to	support	pollinators.	However,	acreage	of	row	
crops	such	as	corn	and	soybean,	which	typically	are	characterized	by	large-scale,	
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monoculture,	input-intensive	practices,	has	steadily	increased	over	the	last	year	
30	years	(USDA	NASS,	2020).	In	2021,	corn	and	soybean,	along	with	all	types	of	
wheat,	were	grown	on	227	million	acres	in	the	USA	alone	(USDA	NASS,	2021),	
and	additional	acreage	 is	dedicated	 to	other	 row	crops,	 specialty	crops,	and	
orchard	production.	Thus,	agricultural	lands	overall	represent	opportunities	to	
not	only	 reduce	adverse	 impacts	on	pollinators	but	also	 support	and	sustain	
pollinator	populations	through	strategic	design	and	management	modifications.

One	 challenge	 associated	 with	 these	 approaches,	 particularly	 where	
agrochemicals	are	heavily	used,	is	the	exposure	of	sensitive	pollinator	species	
to	 toxic	 pesticide	 residues.	 Therefore,	 for	 these	 strategies	 to	 be	 effective	
within	 the	 crop	 production	 space,	 use	 of	 agrochemical	 inputs	 would	 need	
to	be	 reduced	 in	order	 to	prevent	 the	agroecosystem	 from	 functioning	as	a	
population	 sink.	 Integrated	pest	management	 (IPM)	and	holistic	 approaches	
would	 need	 to	 be	 implemented	 more	 broadly	 to	 reduce	 adverse	 impacts	
on	 diverse	 pollinator	 populations.	 Conversely,	 IPM	 approaches	 that	 reduce	
insecticide	 applications	may	 support	 greater	 populations	 of	wild	 pollinators	
and	maintain	or	enhance	crop	yields	(Pecenka	et	al.,	2021),	contributing	to	both	
ecosystem	and	agronomic	resilience.

Certainly,	 as	 is	 the	 case	 with	 other	 ecosystem	 services	 such	 as	 carbon	
markets	 and	water	 quality	 credits,	 payments	 for	 pollinator	 provisioning	 and	
habitat	 conservation	 services	may	 be	 one	 of	 several	 approaches	 integrated	
into	a	system	that	 further	 incentivizes	many	of	the	practices	discussed	in	this	
chapter.	 Globally,	 payments	 for	 ecosystem	 services	 have	 increased,	 with	
hundreds	 of	 programs	 now	 in	 existence,	 but	 with	 biodiversity	 PES	 lagging	
behind	other	sectors	(Boetzl	et	al.,	2020;	Geppert	et	al.,	2020;	Salzman	et	al.,	
2018).	Programs	and	structures	that	support	biodiversity	would,	by	default,	also	
promote	 pollinators.	 Finally,	 if	 crop	 rotations	 are	 to	 include	more	 flowering,	
pollinator-dependent	crops,	crop	diversity	must	simultaneously	be	maintained	
to	 support	 greater	biodiversity,	 sustained	pollination	 services,	 and	 the	 long-
term	sustainability	of	agriculture	(Aizen	et	al.,	2019).

6  Future trends in research
Altering	 agronomic	 management	 practices,	 particularly	 within	 the	 crop	
production	space,	is	challenging	and	poses	more	questions	than	we	currently	
have	 answers	 to.	 For	 example,	 the	 literature	 is	 scant	 on	 data	 that	 quantifies	
the	agronomic	(e.g.	yield,	return	on	investment)	and	ecosystem	(biodiversity)	
tradeoffs	 involved	 when	 implementing	 the	 approaches	 described	 in	 this	
chapter.	 Can	 we	 achieve	 an	 optimal	 state	 whereby	 both	 food	 production	
and	 farm	economics	are	balanced	with	pollinator	habitat	and	floral	 resource	
provisioning?	What	 are	 the	 long-term	 impacts	 of	 these	 practices	 compared	
to	 business	 as	 usual	 (current)	 farming	 practices	 and	 how	 do	 they	 impact	
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agroecosystem	 functioning?	 How	 do	 fluctuations	 in	 crop	 commodity	 prices	
and	the	development	of	new	or	emerging	markets	impact	farmer	willingness	
to	alter	their	crop	management	practices?	What	other	ecosystem	services	can	
be	bundled	with	pollinator	services	to	increase	the	use	of	conservation-focused	
agronomic	practices	across	the	agricultural	landscape?

Future	research	should	address	these	and	other	relevant	questions	if	we	are	
to	transition	from	conventional	production	practices	to	more	agroecologically	
based	 approaches.	 Additionally,	 within	 the	 context	 of	 different	 cropping	
systems	 and	 farming	 practices,	 research	 has	 yet	 to	 address	 how	 different	
pollinator	populations	will	respond	to	these	changes	under	current	and	future	
climate	scenarios,	and	how	they	respond	to	landscape-level	changes	beyond	
the	 crop	 production	 space.	 These	 uncertainties	 can	 only	 be	 addressed	 and	
implemented	 at	 a	 transformative	 level	 by	 more	 transdisciplinary	 research	
that	 bridges	 disciplines	 in	 the	 biophysical	 and	 social	 sciences	 and	 invites	
co-production	of	research	with	farmers	and	other	stakeholders.

7  Where to look for further information
The	following	articles	and	guides	provide	a	good	overview:

 • Sustainable	Agriculture	Research	and	Education.	(2013).	Managing Cover 
Crops Profitably: Third Edition.	Available	at	https://www	.sare	.org	/resources	
/managing	-cover	-crops	-profitably	-3rd	-edition/.

 • Green,	R.	E.,	Cornell,	S.	J.,	Scharlemann,	J.	P.	W.	and	Balmford,	A.	(2005).	
Farming	and	the	Fate	of	Wild	Nature,	Science	307(5709),	550–555.

 • Kremen,	 C.	 and	 Merenlender,	 A.	 M.	 (2018).	 Landscapes	 That	Work	 for	
Biodiversity	and	People,	Science	362(6412).

 • Nicholls,	C.	A.	and	Altieri,	M.	A.	(2013).	Plant	biodiversity	enhances	bees	
and	other	 insect	pollinators	 in	agroecosystems.	A	 review,	Agronomy for 
Sustainable Development,	33,	257–274.

 • Phalan,	B.,	Onial,	M.,	Balmford,	A.	and	Green,	R.	E.	(2011).	Reconciling	food	
production	and	biodiversity	conservation:	Land	sharing	and	land	sparing	
compared,	Science	333(6047),	1289–1291.

 • Potts,	S.	G.,	Biesmeijer,	J.	C.,	Kremen,	C.,	Neumann,	P.,	Schweiger,	O.	and	
Kunin,	W.	E.	(2010).	Global	pollinator	declines:	trends,	impacts	and	drivers,	
Trends in Ecology & Evolution	25(6),	345–353.

Key	 research	 and	 resources	 in	 this	 area	 can	 be	 found	 at	 the	 following	
organizations:

 • Food	and	Agriculture	Organization	of	the	United	Nations	(https://www	.fao	
.org	/pollination	/en/).

https://www.sare.org/resources/managing-cover-crops-profitably-3rd-edition/
https://www.sare.org/resources/managing-cover-crops-profitably-3rd-edition/
https://www.fao.org/pollination/en/
https://www.fao.org/pollination/en/
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 • United	States	Department	of	Agriculture	(USDA)	(www	.usda	.gov).
 • Xerces	 Society	 for	 Invertebrate	 Conservation	 (https://www	.xerces	.org	/
pollinator	-conservation).

 • Pollinator	Partnership	(https://www	.pollinator	.org	/international).
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