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Societal Impact Statement
The	global	decline	in	pollinating	insect	populations	has	rightly	received	widespread	
news	coverage	as	it	imperils	ecosystem	function	and	human	food	security.	Reversing	
and	addressing	this	decline	is	an	urgent	global	priority.	However,	in	many	locations	
we	do	not	know	what	species	are	present,	how	large	or	small	species	populations	are,	
or	what	types	of	specific	resources	the	populations	require.	By	adopting	novel	net-
work	analyses	approaches	and	by	working	with	monitoring	programs,	such	as	Oxford	
Plan	Bee,	we	may	be	able	to	dramatically	improve	our	ability	to	predict	species	ex-
tinctions	and	facilitate	targeted	conservation	action	to	maintain	abundant,	diverse	
and	stable	pollinator	communities.
Summary
Pollination	is	fundamentally	important	to	ecosystem	function	and	human	food	secu-
rity.	Recent	reports	of	dramatic	insect	declines,	and	pollinator	decline	in	particular,	
have	increased	public	awareness	and	political	motivation	to	act	to	protect	pollinators.	
This	article	maps	commonly	proposed	management	interventions	onto	known	driv-
ers	of	bee	decline,	and	identifies	forage	and	nest	site	provision	as	a	tractable	man-
agement	 intervention	 that	 can	 simultaneously	 address	multiple	 drivers	 of	 decline.	
However,	it	is	recognized	that	there	are	gaps	in	the	knowledge	of	exactly	how	much	
and	which	types	of	forage	resources	are	necessary	to	support	wild	pollinator	popula-
tions.	A	novel	network	analysis	approach	based	on	quantified	floral	 resources	and	
pollination	services	is	proposed,	which	would	illuminate	the	types	and	quantities	of	
floral	resources	and	pollinators	necessary	to	maintain	a	diverse	and	abundant	plant–
pollinator	community.	The	approach	would	also	facilitate	the	prediction	of	species	
extinctions	 in	plant–pollinator	communities	and	help	target	conservation	 interven-
tions.	Finally,	Oxford	Plan	Bee	is	introduced	as	a	new,	citizen‐science‐based	project	
to	monitor	solitary	bee	populations,	and	provide	empirical	data	to	validate	predic-
tions	from	the	proposed	network	approach.	The	over‐arching	aim	of	the	described	
network	 analysis	 approach	 and	 the	Oxford	Plan	Bee	 project	 is	 to	 facilitate	 effec-
tive,	evidence‐based	conservation	action	to	protect	pollinators	and	the	plants	they	 
pollinate	into	the	future.
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1  | INTRODUC TION

Approximately	one	eighth	of	species	on	Earth	are	now	threatened	
with	extinction	 (Díaz,	Settele,	&	Brondízio,	2019).	 In	 line	with	 this	
trend,	there	have	been	dramatic	declines	in	pollinator	species	over	
the	 last	 50	 years	 (Biesmeijer	 et	 al.,	 2006;	 FAO,	 2019b;	 Hallmann	
et	 al.,	 2017;	 Lister	&	Garcia,	 2018;	 Powney	 et	 al.,	 2019;	 Sánchez‐
Bayo	 &	Wyckhuys,	 2019).	 Pollinator	 decline	 threatens	 ecosystem	
function	and	human	 food	security,	because	approximately	88%	of	 
angiosperms	globally	are	animal,	mainly	insect,	pollinated	(Ollerton,	
Winfree,	&	Tarrant,	2011),	 and	of	 the	plants	 cultivated	 for	human	
consumption,	 75%	 benefit	 from	 insect	 pollination	 (Klein,	 Steffan‐
Dewenter,	&	Tscharntke,	2003).	This	means	reversing	pollinator	de-
cline	is	a	global	priority.	The	resources	available	for	conservation	and	
management	interventions	to	reverse	pollinator	decline	are	limited,	
so	it	is	necessary	to	ascertain	the	most	important	drivers	of	decline,	
develop	practical	tools	to	identify	the	species	at	highest	risk	of	ex-
tinction,	understand	the	ecosystem‐wide	implications	of	those	spe-
cies’	extinctions,	and	 identify	the	most	effective	conservation	and	
management	interventions	to	reduce	those	extinction	risks.

Part	1	of	this	manuscript	reviews	the	literature	on	known	drivers	
of	bee	decline	and	 the	broad	 intervention	 types	 that	are	available	
to	land	managers	to	start	reversing	the	trend,	and	identifies	the	in-
terventions	 that	 are	 likely	 to	 be	 the	most	 tractable	 and	 effective.	
The	 manuscript	 focuses	 on	 bees	 because	 50%	 to	 75%	 of	 insect	
pollinators	 visiting	 crops	 are	 bees,	making	 them	 the	most	 import-
ant	crop	pollinators	globally	 (Rader	et	al.,	2016).	 In	addition,	 there	
is	an	extensive	body	of	research	on	bee	decline	which	can	underpin	
a	robust	analysis	of	the	opportunities	to	reverse	the	trend.	There	is	
also	a	strong	emphasis	 in	the	manuscript	on	management	of	agro‐
ecological	 systems.	 This	 is	 because	 agriculture	 (including	 arable	
land,	permanent	crops	and	permanent	pastures)	covers	37%	of	the	
world's	land	area	(FAO,	2019a),	accounts	for	70%	of	the	freshwater	
withdrawals,	mainly	for	irrigation	(FAO,	2012),	and	3%–8%	of	total	
energy	 demand	 (FAO,	 2000).	Moreover,	 approximately	 one	 billion	
people	(1	in	3	of	all	workers)	are	employed	in	the	agricultural	sector	
(FAO,	2012).	The	sheer	area	of	land	and	resources	involved	in	agri-
culture	makes	it	an	important	focus.	In	addition,	agricultural	workers	
have	a	vested	 interest	 in	protecting	and	enhancing	 local	pollinator	
communities	to	provide	pollination	services	for	food	crops,	and	so	
can	be	powerful	allies	in	the	effort	to	protect	pollinators	globally.

Part	2	of	 the	manuscript	presents	a	novel	 approach	 for	devel-
oping	 specific	 guidance	 for	 land	managers	 to	 support	 pollinators.	
There	is	a	recognized	knowledge	gap	regarding	the	very	basic	ques-
tion	of	exactly	how	much	and	which	types	of	forage	resources	are	
necessary	to	support	wild	pollinator	populations	(Dicks	et	al.,	2015).	
A	 novel	 approach	 to	 network	 analysis	 is	 proposed	 in	 this	 section,	
which	would	illuminate	the	types	and	quantities	of	floral	resources	

necessary	 to	 maintain	 an	 abundant,	 diverse	 and	 stable	 pollinator	
community.	The	approach	can	also	help	identify	which	species	are	at	
greatest	risk	of	extinction,	and	which	of	the	available	interventions	
are	most	likely	to	be	effective	in	reducing	those	specific	extinction	
risks.	Finally,	this	approach	offers	a	mechanism	for	local	land	manag-
ers	to	prioritise	interventions,	given	that	most	land	managers	are	not	
in	a	position	to	implement	all	of	the	possible	interventions	to	protect	
and	enhance	local	bee	populations.

Part	3	describes	Oxford	Plan	Bee,	a	new	citizen	science	project. 
The	project	 provides	 empirical	 data	 on	bee	 identity,	 diversity	 and	
abundance	 in	 relation	 to	 local	plant	 species	 identity,	 diversity	 and	
abundance,	thus	providing	empirical	data	to	test	the	predictions	of	
the	approach	described	in	Part	2.

2  | BEE DECLINE

Wild	 bee	 species	 richness	 has	 declined	 over	 the	 last	 50	 years	 in	
North	America	and	Europe	 (Goulson,	Nicholls,	Botías,	&	Rotheray,	
2015),	 and	 localized	 pollinator	 declines	 or	 disrupted	 pollination	
systems	have	been	reported	on	every	continent	except	Antarctica	
(Biesmeijer	 et	 al.,	 2006;	 Díaz	 et	 al.,	 2019;	 FAO,	 2019b;	 Hallmann	
et	al.,	2017;	Kearns,	Inouye,	&	Waser,	1998;	Lister	&	Garcia,	2018;	
Ollerton,	 Erenler,	 Edwards,	 &	 Crockett,	 2014;	 Potts	 et	 al.,	 2010;	
Powney	 et	 al.,	 2019;	 Sánchez‐Bayo	 &	Wyckhuys,	 2019;	Winfree,	
Aguilar,	Vazquez,	LeBuhn,	&	Aizen,	2009;	Woodcock	et	al.,	2016).	
Bee	decline	has	been	attributed	to	habitat	loss	and	fragmentation,	
often	 linked	 to	 agricultural	 intensification	 (Biesmeijer	 et	 al.,	 2006;	
Goulson	et	al.,	2015;	Hallmann	et	al.,	2017;	Kremen	&	Ricketts,	2000;	
Kremen,	Williams,	&	Thorp,	2002;	Ollerton	et	al.,	2014;	Potts	et	al.,	
2016;	 Sánchez‐Bayo	&	Wyckhuys,	 2019;	Vanbergen	&	The	 Insect	
Pollinators	 Initiative,	 2013;	 Winfree	 et	 al.,	 2009),	 climate	 change	
(Díaz	et	al.,	2019;	Memmott,	Craze,	Waser,	&	Price,	2007;	Potts	et	
al.,	2016),	exposure	to	agricultural	chemicals	(Goulson	et	al.,	2015;	
Ollerton	et	al.,	2014;	Potts	et	al.,	2010,	2016;	Woodcock	et	al.,	2016),	
parasites	and	pathogens	(Goulson	et	al.,	2015;	Potts	et	al.,	2016)	and	
alien	species	(Kremen	&	Ricketts,	2000;	Moron	et	al.,	2009;	Potts	et	
al.,	2010,	2016).	Potts	et	al.	(2010)	and	other	authors	recognize	that	
these	drivers	frequently	do	not	act	in	isolation,	and	that	pollinators	
exposed	to	interacting	drivers	may	be	at	even	greater	risk.

There	 are	 seven	 broad	 categories	 of	 interventions	 frequently	
recommended	for	land	managers	attempting	to	protect	and	enhance	
bee	 populations	 under	 pressure	 from	 the	 main	 drivers	 of	 decline	
(Table	1).	These	interventions	vary	in	whether	they	are	implemented	
in	 the	short‐term	or	 long‐term,	whether	 they	 function	at	 the	 local	
(often	 farm‐scale)	 or	 regional	 scale,	 and	 whether	 they	 are	 mainly	
manager‐initiated	 or	 would	 be	 better	 supported	 through	 govern-
ment	policy.	Showler,	Dicks,	and	Sutherland	(2010)	provide	a	review	
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of	the	evidence	for	effectiveness	of	some	of	these	interventions,	but	
as	far	as	I	am	aware	there	has	not	been	a	synthesis	to	identify	the	in-
terventions	that	address	multiple	drivers.	Given	that	the	drivers	are	
thought	to	act	in	concert	(e.g.	Potts	et	al.,	2010),	and	that	there	are	
likely	to	be	economic	costs	to	implementation	of	the	interventions	
(Gill	et	al.,	2016),	interventions	that	address	multiple	drivers	may	be	
expected	to	be	both	effective	and	economical,	and	therefore	attrac-
tive	to	land	managers.

Two	of	the	broad	categories	of	interventions,	‘set	aside	or	active	
provision	of	forage	plants	and	nest	sites’	and	‘diversification	of	land‐
uses’,	are	shown	in	Table	1	to	simultaneously	address	multiple	driv-
ers.	There	is	a	great	deal	of	cross‐over	in	how	different	authors	have	
defined	these	two	intervention	categories,	but	in	general	‘set‐asides’	
are	at	the	very	local	scale,	such	as	field	margins	or	individual	fields	
within	a	farm,	whereas	‘land‐use	diversification’	involves	converting	
multiple	fields	within	a	farm,	or	 larger	areas	across	a	 landscape,	to	
different	 types	 of	 agriculture	 or	 entirely	 different	 land‐use	 types.	
These	two	interventions	most	directly	act	to	mitigate	‘habitat	loss’,	
which	encompasses	total	area	of	forage	plants,	forage	plant	species	
identity	and	diversity,	forage	plant	seasonal	and/or	temporal	span,	
and	the	availability	of	nesting	sites	(see	Dicks	et	al.,	2015).	Provision	
of	forage	plants	and	creation	of	suitable	nesting	areas	through	these	
two	 interventions	 may	 also	 buffer	 pollinator	 populations	 against	
climate	 change	 by	 reducing	 phenological	 mismatch	 between	 pol-
linators	 and	 food	 sources	and	 increasing	pollinator	 abundance,	di-
versity	and	functional	redundancy	(Potts	et	al.,	2016;	Vanbergen	&	
The	Insect	Pollinators	Initiative,	2013).	Non‐crop	areas	also	provide	
refugia	 for	pollinators,	potentially	directly	 reducing	 their	exposure	
to	agrochemicals	and/or	providing	source	populations	that	can	re‐
establish	in	areas	where	populations	have	been	negatively	affected	
by	 agrochemicals	 (Vanbergen	and	The	 Insect	Pollinators	 Initiative,	
2013).	There	is	also	some	evidence	that	pollinators	foraging	on	the	
more	diverse	diets	provided	in	set‐aside	areas,	as	compared	to	sin-
gle	species	crop	areas,	are	better	able	to	detoxify	pesticides	and	re-
sist	parasites	and	pathogens	(Vanbergen	and	The	Insect	Pollinators	
Initiative,	2013).	Although	 there	 is	 abundant	 literature	on	 invasive	
species	and	agriculture	(reviewed	in	Dicks	et	al.,	2013),	what	specific	
affect	 farm	set‐asides	and	 landscape	diversification	might	have	on	
the	sub‐set	of	alien	species	that	directly	affect	pollinators	appears	
to	 be	 an	 area	 open	 for	 research.	Overall,	 the	 provision	 of	 diverse	
and	abundant	 forage	 resources	and	nest	sites	has	 the	potential	 to	
address	at	least	four	of	the	five	main	threats	to	bees.	Three	of	the	
other	 interventions	 in	Table	1,	specifically	 ‘changes	to	the	use	and	
testing	methods	for	agrochemicals’,	‘improved	regulation	of	trade	in	
managed	pollinators’	and	‘use	of	a	wider	variety	of	managed	bee	spe-
cies’,	address	specific	and	acute	threats	to	wild	pollinators,	and	their	
implementation	would	provide	useful,	complementary	interventions	
to	run	in	parallel	with	‘set	aside	or	active	provision	of	forage	plants	
and	nest	sites’	and	‘diversification	of	land‐uses’.

It	 is	 recognized	 that	 there	 are	economic	 ‘opportunity	 costs’	 to	
providing	 forage	 resources	 and	 nest	 sites	 by	 removing	 land	 from	
production,	as	well	as	the	direct	costs	of	establishing	and	maintain-
ing	set‐aside	areas	(Gill	et	al.,	2016).	These	immediate	costs	must	be	

balanced	against	 the	potential	 future	costs	of	pollination	deficit	 in	
economically	valuable	crops,	pollination	deficit	in	wild	plant	commu-
nities	which	could	have	knock‐on	effects	for	water	cycling	and	soil	
retention	and	quality,	 and	 the	 loss	of	pollinating	 insects	as	a	 food	
source	for	other	animals	such	as	birds	(Hallmann	et	al.,	2017;	Møller,	
2019).

To	develop	practical	guidelines	for	land	managers	to	protect	pol-
linators	using	‘set	aside	or	active	provision	of	forage	plants	and	nest	
sites’	and	‘diversification	of	land‐uses’,	we	need	to	know	specifically	
how	much	and	what	type	of	floral	resources	are	needed	to	support	
viable	pollinator	populations,	how	the	 interventions	should	be	de-
ployed	 spatially,	 and	how	much	 and	what	 type	of	 floral	 resources	
are	supplied	per	hectare	of	 farmland	under	different	management	
regimes.	Remarkably,	these	are	still	open	questions	(see	Dicks	et	al.,	
2015).	 Part	 2	of	 this	manuscript	 therefore	 focuses	on	 a	novel	 ap-
proach	to	determining	the	types	and	quantities	of	 floral	 resources	
necessary	 to	 maintain	 an	 abundant,	 diverse	 and	 stable	 pollinator	
community.	 Results	 from	 this	 approach	 would	 provide	 a	 robust	
foundation	for	intervention	guidelines	to	help	protect	and	enhance	
pollinator	populations.

3  | HOW MUCH AND WHAT T YPE OF 
FLOR AL RESOURCES ARE NECESSARY TO 
MAINTAIN AN ABUNDANT, DIVERSE AND 
STABLE POLLINATOR COMMUNIT Y?

Network	 analysis	 is	 a	 mathematical	 technique	 widely	 used	 for	
understanding	relationships	between	actors.	 It	has	been	used	to	
study	a	diversity	of	phenomena,	from	the	flow	of	goods	and	ser-
vices	between	cities	and	information	transfer	in	social	networks,	
to	 the	movement	of	nutrients	within	 slimemolds	 and	 species	 in-
teractions	 in	 plant–pollinator	 communities	 (see	 review	 Landi,	
Minoarivelo,	 Brännström,	 Hui,	 &	 Dieckmann,	 2018).	 Network	
metrics	 can	be	used	 to	quantify	 the	 importance	of	 relationships	
between	individual	actors,	the	importance	of	 individual	actors	in	
the	system	as	a	whole,	and	how	the	system	as	a	whole	responds	
to	the	loss	of	individual	actors.	Network	analysis	therefore	offers	
a	 potentially	 valuable	 tool	 for	 understanding	 which	 species	 the	
other	 species	 in	 the	network	 are	dependent	upon,	 how	 the	 loss	
or	addition	of	species	to	the	network	affects	the	other	species	in	
the	network,	which	 species	 are	 at	 highest	 risk	 of	 extinction	 fol-
lowing	 network	 perturbation,	 and	which	 interventions	 are	most	
likely	 to	 reduce	 the	 risk	 of	 extinctions	 and	 extinction	 cascades	
(e.g.	Memmott,	Waser,	&	Price,	2004).	However,	the	value	of	the	
approach	for	management	recommendations	is	obviously	depend-
ent	on	the	accuracy	of	the	predictions	that	are	generated.	Recent	
studies	of	plant–pollinator	communities	have	found	that	traditional	
network	predictions	showed	little	agreement	with	empirical	data	
(see	Brosi	&	Briggs,	2013;	Timoteo,	Ramos,	Vaughan,	&	Memmott,	
2016).	There	is	therefore	a	recognized	need	to	improve	the	predic-
tive	power	of	ecological	network	analyses	 if	we	are	 to	maximize	
their	potential	as	a	tool	for	understanding	ecological	interactions,	
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identifying	species	at	risk	of	extinction	and	for	developing	and	pri-
oritising	management	and	conservation	interventions.

In	 network	 analysis,	 actors	 (species,	 guilds,	 individuals,	 etc.)	
are called nodes,	 and	 lines	 of	 connection	between	nodes,	which	
represent	interactions,	are	called	edges.	It	is	possible	to	have	net-
work	edges	that	are	weighted	(representing	the	strength	or	impor-
tance	of	the	interaction)	or	unweighted	(present	or	absent).	Edges	
can be symmetric	 (also	 called	undirected;	 the	 two	 species	 affect	
each	other	equally),	or	asymmetric	 (also	called	directed;	 the	two	
species	 affect	 each	 other	 differently),	 and	 positive	 or	 negative	
(Landi	et	al.,	2018).	When	a	node	changes	or	adds	to	 its	 interac-
tion	partner(s)	this	is	termed	rewiring.	If,	following	species	loss,	the	
network	model	does	not	allow	for	nodes	to	rewire,	this	is	termed	
static partner choice.	Network	stability	 is	defined	as	the	ability	of	
the	 network	 to	 return	 to	 a	 stable	 pattern	 of	 function	 following	
disturbance.	Resilience	 is	defined	as	the	ability	of	the	network	to	
resist	the	effects	of	disturbances,	such	as	species	loss	or	species	
invasion,	spreading	and	amplifying	(propagating)	through	the	net-
work	(Ludwig,	Walker,	&	Holling,	1997).	When	analysing	networks,	
the	weights	and	symmetry	assigned	to	edges,	inclusion	of	dynamic	
rewiring	versus	static	partner	choice,	and	the	basis	on	which	re-
wiring	choices	are	made,	have	profound	impacts	on	predictions	of	
network	stability	and	resilience	(CaraDonna	et	al.,	2017;	Tylianakis	
&	Morris,	2017).

One	of	the	great	strengths	of	network	analysis	is	the	capacity	
to	investigate	the	movement	of	actual	material	(e.g.	energy,	nutri-
ents,	currency,	pathogens,	etc.)	along	edges	between	nodes.	Plant‐
pollinator	network	analyses	have	 largely	not	 taken	advantage	of	
this	potential,	instead	using	network	edges	to	represent	binary	or	
qualitative	 node‐node	 interactions,	 or	 proxy	 quantitative	 values	
such	as	interaction	frequency	which	have	been	shown	not	to	ac-
curately	represent	the	importance	of	interactions	(e.g.	Ballantyne,	
Baldock,	Rendell,	&	Willmer,	2017).	This	trend	can	be	explained	by	
the	fact	that	acquiring	plant–pollinator	interaction	data	is	labour‐
intensive,	 published	 data	 on	 per‐pollinator	 pollination	 efficiency	
and	per‐plant	nectar	 and	pollen	 volume	 is	 scarce,	 and	published	
data	on	the	nutritional	quality	of	pollen	and	nectar	 is	even	rarer.	
There	 is	 a	 need	 for	 novel,	 empirically	 based,	 approaches	 to	 de-
fining	interaction	(link)	weights	and	symmetry	in	plant–pollinator	
networks	to	provide	robust	predictions	of	species’	responses	and	
network	 stability	 and	 resilience	 across	 space	 and	 through	 time.	
Networks	 that	 provide	 those	 robust	 predictions	 could	 be	 used	
to	 determine	 how	 much	 and	 what	 type	 of	 floral	 resources	 are	
necessary	to	maintain	an	abundant,	diverse	and	stable	pollinator	
community.

3.1 | ‘Service provision’ – based estimates of 
network links

I	propose	that	link	weights	and	symmetry	should	be	defined	in	terms	
of	‘service	provision’.	Specifically,	both	pollination services to plants: 
the	quantity	 and	quality	of	 the	pollen	 that	 the	pollinator	provides	
to	 the	 plant,	 and	 resource rewards to pollinators:	 the	 quantity	 and	

nutritional	quality	of	the	rewards	the	plant	provides	to	the	pollina-
tor.	These	specific	physical	values	have	been	chosen	because	they	
play	 a	 direct	 role	 in	 reproductive	 success	 for	 the	 plant	 or	 affect	
pollinator	 nutritional	 status,	 which	 affects	 offspring	 quantity	 and	
quality	(Vaudo,	Tooker,	Grozinger,	&	Patch,	2015).	Although	collec-
tion	of	the	necessary	data,	as	described	below,	will	be	an	ambitious	
undertaking,	I	propose	that	quantified	network	interaction	weights	
and	symmetry	based	on	pollination	services	and	resource	rewards	
would	provide	a	more	robust	foundation	for	prediction	of	plant–pol-
linator	network	 stability,	 resilience	and	extinction	probabilities	 for	
individual	species	than	any	that	has	so	far	been	used.

Pollination	services	can	be	calculated	as	the	combination	of	vis-
itation	frequency	 in	 field	observations,	pollen	export	capacity	and	
the	ability	to	deposit	viable	pollen	on	conspecific	stigmas.	It	has	been	
suggested	 that	 pollen	 export	 capacity	 can	 be	 estimated	 as	 insect	
face	hairiness	calculated	using	image	entropy	analysis	(Stavert	et	al.,	
2016).	The	ability	to	deposit	viable	pollen	can	also	be	estimated	in	
single	visit	pollen	deposition	(SVD)	experiments	which	measure	the	
number	of	pollen	grains	deposited	in	a	single	visit	on	a	virgin	stigma.	
Here	I	propose	to	use	all	three	measures:	visitation	frequency,	pollen	
export	capacity	and	single‐visit	pollen	deposition,	to	provide	more	
accurate	 data	 on	 interaction	 specialization	 and	 pollinator	 impor-
tance	for	 individual	plant	species	than	interaction	frequency	alone	
(Ballantyne	et	al.,	2017).

Resource	rewards	have	typically	been	estimated	using	nectar	and	
pollen	volume	per	flower	(e.g.	Baude	et	al.,	2016;	Hicks	et	al.,	2016).	
However,	pollen	of	different	plant	species	varies	in	protein	content,	
amino	acid	composition,	 lipid,	starch	and	vitamin	and	mineral	con-
tent.	Pollen	crude	protein	content	can	range	from	2.5%	to	61%	of	dry	
mass,	and	protein‐bound	amino	acids	can	range	from	3.5%	to	24.9%	
(Vanderplanck,	Leroy,	Wathelet,	Wattiez,	&	Michez,	2014).	Nectar	
also	 varies	 in	 both	 amino	 acid	 content	 and	 sugar	 concentration.	
Nectar	 sugar	 concentration	 can	 range	 from	7%	 to	70%	w/w	 (7	 to	
70	g	per	100	g	of	nectar;	Power,	Stabler,	Borland,	Barnes,	&	Wright,	
2018).	Pollen	quality	and	diversity	has	been	 shown	 to	have	direct	
impacts	on	honeybee	health	(see	references	in	Goulson	et	al.,	2015),	
growth,	 development,	 immuno‐competence,	 longevity,	 body	 size,	
ovary	 development	 and	 larval	 growth	 (Vanderplanck	 et	 al.,	 2017).	
Although	little	is	known	about	the	impact	of	pollen	or	nectar	amino	
acid	content	on	wild	bees	(Goulson	et	al.,	2015),	based	on	Dynamic	
Energy	Budget	Theory	(Sousa,	Domingos,	&	Kooijman,	2008)	we	ex-
pect	a	direct	relationship	between	energy	and	nutrient	uptake	and	
reproductive	output.	Despite	increasing	calls	for	the	integration	of	
foraging	behaviour	studies	with	network	analysis	 (e.g.	Beckerman,	
Petchey,	&	Morin,	 2010),	 network	 studies	 to	 date	 have	 not	 incor-
porated	 variation	 in	 pollen	 or	 nectar	 nutritional	 quality,	 which	 is	
expected	 to	 directly	 impact	 foraging	 behaviour	 and	 reproductive	
output.	I	propose	that	nectar	quantity	should	be	estimated	as	mean	
sugar	mass/floral‐unit/day	and	pollen	quantity	as:	[(total	number	of	
pollen	grains/floral	unit)	×	(mean	volume	per	pollen	grain)]/	per	day	
(Hicks	et	al.,	2016).	Nectar	nutritional	quality	can	be	estimated	as	
sugar	concentration	plus	amino	acid	content	(e.g.	Corbet,	2003),	and	
nectar	 and	pollen	 amino	 acid	 content	 can	be	quantified	 using	 gas	
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chromatography–mass	spectrometry	(GC‐MS)	or	 liquid	chromatog-
raphy	 techniques	 (Power	 et	 al.,	 2018).	 Using	 these	 empirical	 data	
on	plant	 resource	 reward	quantity	 and	quality	 for	pollinators,	 and	
pollination	 service	 rewards	 for	 plants,	 it	would	 be	 possible	 to	 de-
velop	empirically	based	edge	weights	and	symmetry	estimates	 for	
plant–pollinator	networks.	The	stability	and	resilience	analysis	of	the	
network	in	this	case	would	focus	on	how	the	loss	of	a	given	species	
impacts	the	population	growth	rate	of	the	species	to	which	 it	was	
connected,	and	whether	the	remaining	species	avoid	extinction	(e.g.	
Okuyama	&	Holland,	2008).

3.2 | ‘Service provision’ – based predictions of 
network rewiring

Early	plant–pollinator	network	analyses	did	not	account	for	interac-
tion	rewiring	(Abrams,	2010).	However,	because	most	plant–pollina-
tor	relationships	are	not	strictly	specialist	(not	exclusive;	Menz	et	al.,	
2011;	Vázquez	&	Aizen,	2004),	 field	data	 show	 that	 species	often	
interact	with	alternative	partners	 in	 the	absence	of,	or	 in	addition	
to,	favoured	partners	and	loss	of	a	species	does	not	inevitably	mean	
extinction	 for	 its	 partners	 (Carstensen,	 Sabatino,	 Trøjelsgaard,	 &	
Morellato,	2014;	Trøjelsgaard,	Jordano,	Carstensen,	&	Olesen,	2015;	
Tylianakis	&	Morris,	2017).	Moreover,	modelling	studies	have	found	
large	 differences	 in	 network	 stability	 and	 resilience	 when	 nodes	
are	allowed	to	dynamically	rewire	(CaraDonna	et	al.,	2017;	Gilljam,	
Curtsdotter,	&	Ebenman,	2015).	Given	the	wide	variation	in	quality,	
quantity	and	availability	of	resource	rewards	offered	by	plant	spe-
cies,	 and	behavioural	 attributes	 and	physiological	 requirements	of	
pollinators,	pollinators’	choices	of	partners	and	alternative	partners	
is	unlikely	to	be	random	(Trøjelsgaard	et	al.,	2015).	In	support	of	this	
idea,	 network	 modelling	 studies	 which	 include	 dynamic	 rewiring	
have	found	that	even	a	small	amount	of	behaviour‐based	direction	
in	re‐wiring	choices	dramatically	 improves	model	predictive	ability	
compared	to	random	re‐wiring	(Tylianakis	&	Morris,	2017).

Previous	studies	suggest	 that	plant–pollinator	network	 rewiring	
is,	by	necessity,	likely	to	be	based	on	plant	and	pollinator	phenology	
and	abundance	(e.g.	CaraDonna	et	al.,	2017).	I	propose	that	the	nutri-
tional	characteristics	of	plant	species’	pollen	and	nectar	will	also	play	
an	important	role	in	partner	choice.	Specifically,	quantitative	data	on	
resource	rewards,	combined	with	data	on	phenology	and	abundance,	
will	 improve	 the	 accuracy	 of	 prediction	 of	 (a)	 interaction	 partner	
choice:	which	plant	species	a	pollinator	visits;	(b)	interaction	partner	
preference:	of	the	plant	species	visited	by	a	pollinator,	which	are	vis-
ited	most	frequently;	and	(c)	 interaction	rewiring:	which	alternative	
plant	species	are	selected	in	the	absence	of	favoured	plant	species.	
The	ability	of	pollinators	and	plants	to	find	or	be	found	by	potential	
interaction	partners	and	expand	their	repertoire	of	partner	species	is	
likely	to	be	influenced	by	the	size	and	species	composition	of	the	local	
site,	distance	to	neighbouring	sites	with	potential	mutualist	partners,	
and	the	nature	of	the	land	between	patches	where	potential	partners	
are	present.	In	addition,	even	if	new	interactions	are	formed,	whether	
an	 individual	 plant	or	 pollinator	 species’	 population	 is	 stabilized	by	
this	rewiring	depends	on	the	quality	of	the	new	partner(s).

3.3 | Plant–pollinator network boundaries

Networks	can	occupy	a	discrete	spatial	 location	and	be	studied	 in	
isolation;	this	 is	termed	local	network	analysis.	However	 local	net-
works	are	likely	to	be	linked	by	shared	species	and	organism	disper-
sal,	in	which	case	they	may	be	analysed	as	a	‘network	of	networks’,	
a	meta‐network	(Tylianakis	&	Morris,	2017).	A	meta‐network	is	a	set	
of	spatially	distributed	local	networks	of	the	same	type	(e.g.	plant–
pollinator).	 In	a	meta‐network	mobile	species	can	provide	services	
to,	 or	mediate	 interactions	 between,	 species	 in	 networks	 that	 are	
spatially	or	temporally	separated.	In	theory,	meta‐network	connec-
tions	could	decrease	local	network	stability	or	resilience	by	allowing	
perturbations	such	as	disease	to	propagate	across	the	whole‐meta‐
network.	 Alternatively,	 meta‐network	 connections	 could	 increase	
local	network	stability	or	 resilience,	because	 local	extirpation	of	a	
mobile	species	may	not	mean	that	that	species,	or	the	interactions	in	
which	it	participated,	will	be	lost	from	the	local	network	because	the	
species	could	re‐establish	via	dispersal	from	neighbouring	networks	
(source‐sink	dynamics).	Similarly,	local	loss	of	one	or	more	of	a	mo-
bile	species’	requirements	(e.g.	nest	sites,	a	particular	food	source)	
may	not	necessarily	mean	that	the	species	will	be	locally	extirpated,	
because	 the	mobile	 species	could	access	 those	 resources	at	other	
sites.	Meta‐network	approaches	have	provided	useful	insight	when	
investigating	 ecological	 networks	 at	 habitat‐type	 edges	 and	 inter-
faces,	and	when	attempting	to	scale	investigations	up	from	the	field‐
scale	to	the	landscape‐scale	(Tylianakis	&	Morris,	2017).

Meta‐network	 analyses	 to	 date	 have	 created	 edges	 between	
local	 networks	 based	 on	 species	 or	 interaction	 overlap	 (the	 pres-
ence	of	the	same	species	or	interaction	pair	in	separate	networks),	
weighted	by	species	abundance	per	 site,	with	symmetry	based	on	
abundance	 differences	 between	 the	 connected	 sites	 (e.g.	Devoto,	
Bailey,	&	Memmott,	 2014).	Meta‐network	 analyses	 could	use	 em-
pirical	 data	 on	 patch‐to‐patch	 organism	 movement	 to	 quantify	
network‐to‐network	 edges	 (Tylianakis	 &	 Morris,	 2017).	 However,	
to	date	plant–pollinator	network‐to‐network	edge	values	have	not	
been	based	on	empirical	dispersal	data	 (Pilosof,	Porter,	Pascual,	&	
Kéfi,	2017),	largely	because	these	data	are	lacking.	The	current	lack	
of	empirical	data	on	 site‐to‐site	pollinator	dispersal	 is	due	at	 least	
in	 part	 to	 the	 difficulty	 of	 tracking	 individual	 pollinator	 dispersal	
events	 (Nathan	et	al.,	2008).	Studies	of	pollinator	movement	have	
traditionally	 used	 (a)	mark–recapture	methods,	 (b)	 feeding	 station	
observation,	(c)	waggle	dance	analysis	and	(d)	parentage	analysis	of	
plant	 progeny	 arrays.	Mark–recapture	methods	 are	 limited	 by	 the	
fact	that	marked	insect	pollinators	are	inherently	difficult	to	find	and	
recapture	and	 researchers	will	only	 find	marked	 individuals	where	
the	researchers	are	able	or	choose	to	look.	This	makes	the	method	
potentially	suitable	for	finding	out	if	pollinators	visit	a	particular	site	
of	interest	(e.g.	Hagler,	Mueller,	Teuber,	Machtley,	&	Deynze,	2011),	
but	not	for	finding	out	more	broadly	where	insects	travel.	Feeding	
station	observation	can	provide	information	on	how	far	pollinators	
are	capable	of	travelling	to	exploit	an	extraordinarily	rich	resource	
(the	feeding	station),	but	this	does	not	provide	information	on	where	
the	pollinators	would	normally	forage.	Honeybee	researchers	have	
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interpreted	 the	 spatial	 information	 in	 waggle	 dances	 to	 identify	
the	foraging	locations	of	laboratory	populations	of	honeybees	(e.g.	
Couvillon	&	Ratnieks,	2015).	This	method	is,	unfortunately,	 limited	
to	honeybees.	Parentage	analysis	of	plant	progeny	arrays	provides	
information	on	effective	pollination	by	pollinators	moving	between	
adult	individuals	of	a	plant	species	of	interest,	and	plant	population	
genetic	structure	can	provide	insight	into	the	quantity	of	pollen	flow	
between	sites	 (e.g.	Lander,	Bebber,	Choy,	Harris,	&	Boshier,	2011).	
This	approach	unfortunately	does	not	provide	information	on	which	
pollinator	species	are	moving	between	the	sites,	unless	the	plant	has	
a	single	specialist	pollinator.

Individual	 bees	 have	 been	 tracked	 with	 harmonic	 radar	 since	
1997	with	 a	 system	developed	 at	Rothamsted	Research	 (Osborne	
et	 al.,	 1997).	 However,	 there	 are	 three	 main	 limitations	 to	 the	
Rothamsted	 system:	 (a)	 the	 tags	 are	 larger	 than	 most	 insects,	
~1.5	 cm,	 and	 their	 size	disrupts	normal	 behaviour	 (Osborne	et	 al.,	
1999).	The	tags	are	also	arranged	vertically,	which	means	they	get	
tangled	in	vegetation	and	are	unsuitable	for	ground‐nesting	insects;	
(b)	current	radar	transmitter/receivers	are	expensive	and	large	(ap-
proximately	1.5	m	×	1.5	m	×	4	m	tall),	and	require	transport	on	flat-
bed	trucks,	making	them	unsuitable	for	most	field	sites;	(c)	the	low	
signal	strength	achieved	by	the	equipment	means	the	signal	cannot	
penetrate	vegetation	and	it	 is	limited	to	use	in	low‐growing	herba-
ceous	 fields.	As	 soon	 as	 the	 target	 insect	 travels	 over	 a	 hedge	or	
beyond	a	 line	of	 trees,	 the	system	 is	not	able	 to	 track	 it	 (Osborne	
et	al.,	1999).	There	 is	an	open	niche	 for	a	new	approach	 to	 insect	
tracking	that	uses	smaller,	lighter	tags,	has	a	signal	which	penetrates	
vegetation,	uses	a	more	portable	transmitter/receiver,	and	provides	
accurate	geo‐location	of	the	tagged	insect.	A	number	of	labs	in	the	
UK	are	developing	new	approaches	to	insect	tracking	which,	to	date	
are	not	published	or	field	ready.	When	available	these	approaches	
will	 significantly	 improve	 the	study	of	 insect	behaviour	and	 forag-
ing	and	make	a	step‐change	in	our	ability	to	analyse	plant–pollinator	
meta‐network	connections.

In	 summary,	 the	 proposed	 network	 analysis	 approach	 would	
provide	practical	guidance	on	how	much	and	what	type	of	floral	re-
sources	are	needed	to	support	diverse	and	abundant	pollinator	pop-
ulations	and	how	the	interventions	should	be	deployed	spatially,	give	
new	insight	into	plant–pollinator	community	dynamics,	and	provide	
robust	predictions	of	species‐level	extinction	probabilities.	However,	
it	is	reliant	on	empirical	data	for	parameterization	and	prediction	val-
idation.	In	Part	3	I	describe	a	new	citizen	science	project	to	collect	
data	on	bee	identity,	diversity	and	abundance	in	relation	to	local	plant	
species	identity,	diversity	and	abundance.	The	data	collected	can	be	
used	to	validate	predictions	of	the	network	approach	described	here.

4  | OXFORD PLAN BEE: CITIZEN SCIENCE  
TO DE VELOP PR AC TIC AL L AND 
MANAGEMENT GUIDANCE

Oxford	Plan	Bee	 (https	://oxfor	dplan	bee.web.ox.ac.uk/)	 is	 a	 citi-
zen	science	project	 to	collect	empirical	data	which	can	be	used	

to	 test	 the	 predictions	 of	 the	 approach	 described	 in	 Part	 2.	
Specifically,	 the	 project	 collects	 annual	 data	 on	 cavity‐nesting	
solitary	bee	species	identity,	diversity	and	abundance	in	relation	
to	local	plant	species	identity,	diversity	and	abundance,	as	well	as	
other	habitat	characteristics,	for	a	network	of	135	bee	nest‐boxes	
across	the	city	of	Oxford	and	in	Wytham	Woods,	Oxfordshire,	UK	
(Figures	1	and	2).	Members	of	the	general	public	tend	to	be	most	
familiar	with	eusocial	honey	bees	and	bumblebees,	but	~85%	of	
the	~20,000	bee	species	in	the	world	are	solitary	bees	(Figure	2)	
(Batra,	 1984).	 The	 term	 ‘solitary	 bees’	 is	 used	 as	 an	 all‐encom-
passing	term	to	include	non‐parasitic,	non‐corbiculate,	non‐Apis	
(honeybee)	 and	 non‐Bombus	 (bumblebee)	 bees	 that	 do	 not	 live	
in	large	colonies	(Wood,	Holland,	&	Goulson,	2016).	In	a	‘classic’	
solitary	bee,	each	adult	female	builds	a	separate	nest	consisting	
of	a	series	of	chambers	or	cells,	each	containing	a	single	egg	plus	
a	provision	ball	of	nectar	and	pollen.	The	cells	are	separated	by	
walls	made	of	soil	or	plant	material.	Solitary	bees	can	make	nests	
in	 soil,	 masonry	 and	 even	 snail	 shells,	 and	 about	 5%	 of	 all	 bee	
and	wasp	 species	 nest	 in	 above‐ground	 holes	 in	 dead	wood	 or	
grass	stems	and	can	be	expected	to	make	nests	in	bee	nest‐boxes	
(Tscharntke,	 Gathmann,	 &	 Steffan‐Dewenter,	 1998).	 Although	
cavity‐nesting	bees	are	only	a	proportion	of	all	bee	species,	they	
are	 ecologically	 important	wild	 pollinators,	 and	 they	 have	 been	
shown	 to	 be	 useful	 bioindicators	 of	 habitat	 quality	 for	 a	 diver-
sity	of	insects,	including	butterflies	and	other	pollinator	species,	
as	well	 as	 bioindicators	 of	 dead	wood	habitat	which	 is	 vital	 for	
numerous	saproxylic	 species,	and	effective	habitat	connectivity	
(Tscharntke	et	al.,	1998).

F I G U R E  1  Oxford	Plan	Bee	nest‐box

https://oxfordplanbee.web.ox.ac.uk/
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In	addition	to	providing	data	to	validate	predictions	of	the	pro-
posed	network	 analyses,	Oxford	Plan	Bee	 aims	 to	 collect	 data	on	
year	to	year	changes	in	solitary	bee	species’	abundance	and	diver-
sity,	and	capture	population	declines	over	 time	should	 they	occur.	
Our	understanding	of	the	pattern	and	extent	of	bee	decline	is	limited	
because	even	in	places	as	well‐studied	as	the	UK,	we	know	broadly	
where	species	are	present,	but	in	most	cases	we	do	not	know	how	
many	individuals	there	are	in	a	given	area	(Goulson	et	al.,	2015).	That	
means	a	species	could	decline	from	abundant	to	infrequent	at	a	site,	
but	as	long	as	it	 is	sighted	during	a	field	survey	it	could	be	consid-
ered	‘present’	and	there	would	be	no	reported	change	in	presence	or	
range.	Range	shifts	and	species	declines	are	generally	only	discov-
ered	when	there	are	local	extinctions	or	catastrophic	population	de-
clines,	meaning	the	window	of	opportunity	for	conservation	action	
may	have	been	missed	(Goulson	et	al.,	2015).	The	long‐term	species‐
level	data	collected	by	Oxford	Plan	Bee	is	expected	to	complement	
the	data	collected	by	other	national	pollinator	monitoring	programs	
such	 as	 the	 UK	 Pollinator	 Monitoring	 Scheme	 (https	://www.ceh.
ac.uk/our‐scien	ce/proje	cts/polli	nator‐monit	oring	),	 which	 collect	
data	on	a	wider	diversity	of	pollinator	groups,	but	to	a	very	low	taxo-
nomic	resolution	(citizen	scientists	are	asked	to	group	flower	visitors	
into	categories	such	as	‘small	insects	under	3	mm	long’,	‘bumblebees’,	
‘hoverflies’).	These	programs,	together	with	other	initiatives,	should	
help	to	identify	local	bee	species	declines	while	there	is	still	an	op-
portunity	for	intervention.

5  | CONCLUSIONS

Recent	analyses	showing	dramatic	declines	in	insects,	and	particu-
larly	pollinators	 (Powney	et	al.,	2019;	Sánchez‐Bayo	&	Wyckhuys,	
2019)	received	widespread	news	coverage.	Against	this	apocalyptic	

background,	predicting,	monitoring	and,	most	importantly,	revers-
ing	 insect	decline	 is	a	global	priority.	However,	 in	most	places	we	
do	not	know	what	species	are	present,	or	how	many	of	them	there	
are,	 or	 how	much	 or	what	 types	 of	 specific	 resources	 they	 need	
to	stabilize	their	populations.	Here	I	propose	that	monitoring	pro-
grams	such	as	Oxford	Plan	Bee,	which	collect	data	on	bee	species’	
presence,	 abundance	 and	 resource	 requirements,	 combined	 with	
service	provision‐based	estimates	of	species’	dependencies,	would	
dramatically	improve	our	ability	to	predict	species	extinctions	and	
network‐wide	 extinction	 cascades,	 and	 also	 facilitate	 targeted	
conservation	action	to	establish	the	types	and	quantities	of	floral	
resources	most	 likely	to	maintain	an	abundant,	diverse	and	stable	
pollinator	community.
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