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Abstract
When	reproductive	success	is	determined	by	the	relative	availabilities	of	a	series	of	
essential,	non-	substitutable	resources,	the	theory	of	balanced	fitness	limitations	pre-
dicts	 that	 the	 cost	of	 harvesting	 a	particular	 resource	 shapes	 the	 likelihood	 that	 a	
shortfall	of	that	resource	will	constrain	realized	fitness.	Plant	reproduction	through	
female	function	offers	a	special	opportunity	to	test	this	theory;	essential	resources	in	
this	context	include,	first,	the	pollen	received	from	pollinators	or	abiotic	vectors	that	
is	used	to	fertilize	ovules,	and,	second,	the	resources	needed	to	provision	the	devel-
oping	seeds	and	fruit.	For	many	plants	realized	reproductive	success	through	female	
function	can	be	 readily	quantified	 in	 the	 field,	and	one	key	potential	 constraint	on	
fitness,	pollen	limitation,	can	be	assessed	experimentally	by	manually	supplementing	
pollen	receipt.	We	assembled	a	comparative	dataset	of	pollen	 limitation	using	only	
studies	that	supplement	pollen	to	all	flowers	produced	over	the	plant's	reproductive	
lifespan.	 Pre-		 and	 post-	pollination	 costs	were	 estimated	 using	 the	weight	 of	 flow-
ers	and	fruits	and	estimates	of	fruit	set.	Consistent	with	expectations,	we	find	self-	
incompatible	plants	make	greater	pre-	pollination	investments	and	experience	greater	
pollen	limitation.	However,	contrary	to	theoretical	expectations,	when	variation	due	
to	self-	compatibility	is	accounted	for	by	including	self-	compatibility	in	the	statistical	
model	as	a	covariate,	we	 find	no	support	 for	 the	prediction	 that	plants	 that	 invest	
more	heavily	in	pre-	pollination	costs	are	subject	to	greater	pollen	limitation.	Strong	
within-	species,	 between-	population	 variation	 in	 the	 expression	of	 pollen	 limitation	
makes	the	quantification	of	mean	pollen	limitation	difficult.	We	urge	plant	ecologists	
to	conduct	more	studies	of	pollen	limitation	using	whole-	plant	pollen	supplementa-
tion	to	produce	a	richer	comparative	dataset	that	would	support	a	more	robust	test	of	
the	balanced	limitations	hypothesis.
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1  |  INTRODUC TION

The	evolutionary	ecology	 literature	 is	 filled	with	controversies	 re-
garding	which	factors	emerge	as	consistent	limits	to	the	reproductive	
success	of	different	organisms.	In	cases	where	ecologists	have	con-
sidered	the	role	of	essential,	non-	substitutable	resources	needed	for	
successful	 reproduction	 in	 an	 unpredictably	 varying	 environment,	
these	controversies	have	historically	often	pitted	different	camps,	
each	championing	a	preeminent	role	for	a	particular	limiting	factor,	
against	 each	 other	 (e.g.,	 Chirichella	 et	 al.,	 2023;	 Fay	 et	 al.,	 2015; 
Harpole	et	al.,	2011;	Kirkwood,	2008;	Rosenheim,	1996;	Sevenster	
et	 al.,	1998;	 Thomas	 et	 al.,	2022;	Wehmann	et	 al.,	2022).	Against	
this	backdrop	of	debates,	theoretical	work	has	coalesced	on	the	pre-
diction	that	natural	selection	will	favor	traits	that	balance	multiple	
limiting	factors,	such	that	different	factors	limit	fitness	at	different	
times	or	places	(Dawkins,	1995;	Haig	&	Westoby,	1988).	But	not	all	
factors	 are	 predicted	 to	 have	 equal	 likelihoods	 of	 limiting	 fitness;	
rather,	balanced	limitations	theory	predicts	that	it	is	the	physiolog-
ical	cost	of	alleviating	the	impact	of	a	particular	limiting	factor	that	
shapes	the	likelihood	of	that	factor	emerging	as	the	limit	to	fitness	
(Ellers	et	al.,	2000;	Rosenheim,	2011;	Rosenheim	et	al.,	2010;	Segoli	
&	Wajnberg,	2020).	The	more	expensive	it	is	to	harvest	a	particular	
resource,	the	more	likely	a	shortfall	of	that	resource	is	predicted	to	
limit	reproductive	success.	Similar	predictions	have	been	obtained	in	
the	fields	of	engineering	and	economics	(Elishakoff,	2004;	Teunter	
et	 al.,	2010),	 suggesting	 that	 a	 positive	 relationship	 between	 cost	
and	limitation	is	fundamental	to	optimization	under	uncertainty.

Tests	 of	 this	 central	 prediction	 of	 the	 balanced	 limitations	 hy-
pothesis	have,	however,	proven	to	be	difficult	to	conduct	in	nature.	
One	exception	has	come	from	a	new	study	of	egg	limitation	in	insect	
parasitoid	wasps:	Segoli	et	al.	(in	press)	demonstrated	that	egg	costs	
(measured	 as	 the	 size	 of	 an	 egg	 relative	 to	 the	 size	 of	 the	 female	
parasitoid)	are	positively	correlated	with	the	likelihood	that	a	female	
parasitoid's	 lifetime	 reproductive	 success	would	 be	 limited	 by	 the	
female's	finite	supply	of	eggs.	In	most	cases,	however,	measuring	re-
alized	lifetime	reproductive	success	in	nature	is	difficult,	and	deter-
mining	what	factor	limits	reproductive	success	for	a	given	individual	
or	across	a	population	is	even	more	difficult.

Here	we	present	a	comparative	test	of	the	hypothesized	positive	
relationship	between	cost	and	limitation	that	capitalizes	on	the	trac-
tability	of	measuring	reproductive	success	of	plants	through	female	
function,	along	with	the	impact	of	a	key	constraint	on	that	reproduc-
tion:	pollen	 limitation.	Plant	ecologists	have	 long	debated	 the	 role	
of	pollen	limitation	as	a	constraint	on	female	reproductive	success.	
Pollen	limitation	occurs	when	lifetime	seed	production	by	a	plant	is	
constrained	by	 inadequate	pollen	receipt,	as	opposed	to	 limitation	
by	 the	 resources	needed	 to	provision	 seeds	 and	 fruits.	 Like	many	
other	 limiting	 factor	 debates,	 different	 authors	 have	 advocated	

essentially	 all	 possible	 viewpoints,	 including	 that	 pollen	 limitation	
should	be	completely	absent	from	plant	populations	(Janzen,	1977; 
Willson,	1979),	 should	 be	 ubiquitous	 (Burd,	2008),	 or	 should	 be	 a	
50%	risk	experienced	by	all	individuals	(Thomson,	2001).	Pollen	lim-
itation	can	be	quantified	experimentally	by	manually	supplementing	
pollen	 received	 by	 some	plants	 and	 comparing	 their	 lifetime	 seed	
output	with	 other,	 comparable	members	 of	 the	 same	 plant	 popu-
lation	 that	 did	 not	 receive	 supplemental	 pollen	 (open	 pollination	
controls).	 The	 balanced	 limitations	 theory	makes	 two	 predictions.	
First,	plant	populations	are	predicted	to	evolve	life	history	traits	that	
allow	them	to	balance	the	impact	of	pollen	limitation	versus	fitness	
limitation	by	the	finite	supply	of	resources	used	to	provision	seeds	
and	fruits.	Thus,	we	do	not	expect	pollen	limitation	to	be	completely	
absent	from	plant	populations	(0%	of	plants	pollen	limited),	nor	do	
we	expect	it	to	be	universal	(100%	of	plants	pollen	limited).	Instead,	
theory	predicts	 intermediate	mean	 levels	of	pollen	 limitation	 in	all	
plant	populations.	Second,	pollen	limitation	is	predicted	to	be	more	
common	for	those	plants	where	the	physiological	costs	of	securing	
pollen	(pre-	pollination	costs	of	seed	production,	including	the	costs	
of	producing	attractive	flowers	and	rewards	for	pollinators)	are	large,	
relative	 to	 the	 costs	 of	 provisioning	 seeds	 and	 fruits	 and	 building	
protective	or	dispersal	 structures	 for	 seeds	 (post-	pollination	costs	
of	seed	production;	Rosenheim	et	al.,	2014,	Schreiber	et	al.,	2015). 
Thus,	 pollen	 limitation	 is	 predicted	 to	be	 relatively	 rare	 for	 plants	
that	whose	flowers	are	small	and	 inexpensive	relative	to	the	costs	
of	the	larger	seeds	and	fruits	(e.g.,	wild	Prunus	spp.),	whereas	pollen	
limitation	is	predicted	to	be	much	more	common	for	plants	whose	
flowers	are	large	and	expensive	relative	to	the	costs	of	smaller	seeds	
and	fruits	(e.g.,	many	orchid	species).

The	empirical	 literature	on	pollen	 limitation	 in	flowering	plants	
is	vast	(e.g.,	Bennett	et	al.,	2020);	however,	because	the	theory	we	
wish	to	test	is	explicitly	concerned	with	limits	to	lifetime	reproduc-
tive	success,	pollen	limitation	must	be	measured	using	an	exacting	
protocol:	 experimental	 supplementation	 of	 pollen	 must	 be	 per-
formed	 across	 all	 (or	 nearly	 all)	 flowers	 produced	 by	 a	 plant	 over	
its	entire	reproductive	life.	Supplementing	pollen	to	a	small	subset	
of	 flowers	 (e.g.,	 individual	 flowers,	 or	 all	 flowers	 produced	 during	
a	 single	 year	 by	 a	 polycarpic	 perennial	 plant)	 has	 been	 shown	 to	
grossly	overestimate	pollen	limitation,	as	plants	often	allocate	extra	
resources	to	supplemented	flowers	at	the	expense	of	other	flowers	
produced	at	different	locations	or	times	(Knight	et	al.,	2006;	Webber	
et	 al.,	2020).	 Because	 few	 researchers	 have	 supplemented	 pollen	
across	all	flowers	produced	by	a	plant,	and	because	pre-	pollination	
and	post-	pollination	costs	are	rarely	reported,	the	dataset	we	were	
able	to	build	was	relatively	small.	Perhaps	in	part	as	a	consequence,	
the	 results	we	present	here	are	 largely	null.	Our	goals	 in	present-
ing	these	results	are	two-	fold:	 first,	 to	avoid	the	distorting	effects	
of	withholding	non-	significant	results	from	the	published	scientific	
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literature,	and	second,	to	encourage	plant	biologists	to	measure	pol-
len	limitation	using	pollen	supplementation	across	all	flowers.

2  |  MATERIAL S AND METHODS

2.1  |  Literature survey of pollen limitation

We	used	the	GloPL	pollen	limitation	database	described	by	Bennett	
et	 al.	 (2018)	 to	 locate	 published	 records	 of	 pollen	 limitation	 esti-
mated	 using	 whole-	plant	 pollen	 supplementation	 for	 monocarpic	
plant	populations	(either	annuals	or	monocarpic	perennials).	A	litera-
ture	search	using	the	Web	of	Science	search	engine	(search	terms:	
“pollen	limit*”	OR	“pollen	supplem*”	OR	“supplem*	poll*”	OR	“hand	
poll*”)	extended	the	 literature	coverage	from	when	GloPL's	review	
ended	 (2017)	 through	 February	 26,	 2021.	 We	 followed	 GloPL's	
approach	 of	 excluding	 crop	 plants.	We	 also	 obtained	 unpublished	
estimates	 of	 pollen	 limitation	 from	 some	 researchers.	 Whenever	
possible,	we	used	the	total	number	of	seeds	produced	per	plant	as	
our	 response	 variable	 for	 measuring	 reproductive	 success;	 when	
this	was	not	available,	we	chose	what	we	deemed	to	be	the	closest	
metric	(e.g.,	seeds	per	fruit	in	studies	that	reported	that	mean	fruit	
number	was	equal	across	the	pollen	supplementation	and	open	polli-
nation	treatments).	We	computed	pollen	limitation	as	[(reproduction	
with	 pollen	 supplementation)	 −	 (reproduction	 under	 open	 pollina-
tion)]/(reproduction	 under	 open	 pollination).	 This	metric	 of	 pollen	
limitation	differs	slightly	from	the	metric	introduced	by	Larson	and	
Barrett	 (2000);	we	use	 it	here	because	 it	 is	 the	metric	used	 in	the	
models	that	generated	the	predictions	that	we	test	here	(Rosenheim	
et	al.,	2014;	Schreiber	et	al.,	2015).	Positive	values	of	this	metric	sig-
nify	 that	 seed	production	under	open	pollination	was	 constrained	
by	pollen	receipt;	a	value	of	1.0	indicates	that	seed	production	was	
increased	by	100%	(i.e.,	seed	production	was	doubled)	by	the	pollen	
supplementation	treatment.	The	magnitude	of	this	pollen	limitation	
metric	 is	expected	to	closely	track	the	proportion	of	 individuals	 in	
the	plant	population	that	are	pollen	limited	(Rosenheim	et	al.,	2014; 
whether	an	individual	plant	is	pollen	limited	or	not	is	difficult	to	as-
sess	 experimentally,	 because	 a	 single	 plant	 can	 only	 be	 observed	
in	 one	 condition—open	 pollinated,	 or	 pollen	 supplemented—but	
not	both).	Pollen	limitation	is	expected	to	vary	strongly	across	time	
and	space.	Some	studies	included	estimates	of	pollen	limitation	for	
multiple	 populations	 of	 the	 same	 species;	we	 included	 these	 rep-
licate	estimates	when	they	were	made	during	different	years	or	 in	
populations	 separated	by	at	 least	1 km.	Data	were	extracted	 from	
published	 tables	 and	 from	 figures	 (using	 WebPlotDigitizer	 v4.6	
(Rohatgi,	2021)),	and	in	many	cases	authors	shared	original	data	files,	
allowing	us	 to	 compute	more	 accurate	 estimates.	 In	 some	 studies	
authors	measured	a	plant	size	covariate	to	reduce	variation	in	total	
seeds	produced	per	plant	due	to	factors	other	than	pollen	receipt;	
we	used	 covariates	 in	 linear	 statistical	models	 of	 seed	production	
in	computing	pollen	 limitation	only	 if	 the	covariate	was	a	measure	
of	a	vegetative	structure	(e.g.,	total	plant	dry	weight,	total	number	
of	leaves	per	plant,	plant	diameter)	and	not	any	trait	directly	related	

to	 the	plant's	 strategy	 for	pollen	harvest	 (e.g.,	 flower	number).	All	
data	extraction	was	performed	 twice,	by	 two	of	 the	authors	 (JAR	
and	NMW)	working	independently,	and	any	discrepancies	in	results	
resolved.

2.2  |  Cost estimates

Costs	of	seed	production	were	estimated	using	the	dry	weight	of	the	
flower	(pre-	pollination	costs)	and	the	mature	fruit	 (post-	pollination	
costs).	 Dry	 weight	 is	 the	 only	 measure	 of	 cost	 that	 is	 commonly	
reported	 in	 the	 literature;	 shortcomings	 of	 this	 metric	 have	 been	
discussed	 (Burd,	 2016;	 Rosenheim	 et	 al.,	 2014).	 For	 flowers	 that	
have	 both	male	 and	 female	 reproductive	 structures	 present,	 pre-	
pollination	costs	of	 female	 reproduction	were	generally	estimated	
as	half	 of	 the	 total	 dry	weight	of	 the	 flower	or,	 in	 some	 cases,	 as	
the	 weights	 of	 specifically	 female	 structures	 (i.e.,	 the	 pistil)	 plus	
half	of	 the	weight	of	 the	calyx	and	corolla.	For	species	 that	 retain	
floral	 structures	on	 the	mature	 fruit,	we	subtracted	 flower	weight	
from	fruit	weight	when	calculating	post-	pollination	costs	 (to	avoid	
double-	counting).	 To	 calculate	 the	 proportion	 of	 the	 total	 cost	 of	
seed	 production	 that	 occurs	 pre-	pollination	 we	 should	 also	 in-
corporate	 the	 influence	of	 fruit	 set	 (proportion	of	 costs	occurring	
pre-	pollination = (dry	weight	of	female	parts	of	flower)/((dry	weight	
of	 female	 parts	 of	 flower) + (fruit	 set)	 (fruit	 dry	weight));	 see	Haig	
&	Westoby,	1991).	 Fruit	 set	 estimates	were	often	 reported	 in	 the	
study	reporting	pollen	limitation.	When	flower	and	fruit	dry	weights	
or	fruit	set	estimates	were	not	reported	in	the	paper	that	reported	
pollen	limitation,	we	searched	the	literature	for	the	needed	informa-
tion	 and	 then	 contacted	 the	 authors	 for	 unpublished	 data	 if	 pub-
lished	data	were	not	available.	Several	authors	returned	to	their	field	
sites	 to	 gather	 additional	 data	 for	 us	 (see	Acknowledgments).	We	
supplemented	data	obtained	from	authors	by	conducting	our	own	
field	studies	to	obtain	needed	estimates.	For	pollen	limitation	stud-
ies	originally	carried	out	in	California,	we	returned	to	the	same	plant	
populations	used	to	obtain	the	original	pollen	limitation	estimates.

Because	including	fruit	set	as	part	of	our	pre-	pollination	cost	cal-
culations	risks	injecting	some	circularity	into	our	test	(low	fruit	set	
elevates	 the	pre-	pollination	cost	metric	 and	can	clearly	be	associ-
ated	with	shortfalls	of	pollen	receipt),	we	conducted	supplementary	
analyses	 in	which	 fruit	 set	was	excluded	from	the	cost	calculation	
(i.e.,	fruit	set	was	assumed	to	be	100%).

2.3  |  Data analysis

Phylogenetic	 relationships	among	plant	 taxa	were	estimated	using	
the	mega-	tree	GBOTB.extended.tre	as	implemented	in	the	R	pack-
age	 “V.PhyloMaker,”	 with	 baseline	 options	 (scenario	 1	 and	 nodes.	
info.1;	Jin	&	Qian,	2019).	Taxonomic	names	of	plants	for	which	we	
obtained	pollen	limitation	estimates	were	updated	to	be	compatible	
with	 GBOTB.extended.tre	 using	 The	 World	 Flora	 Online	 (http:// 
www.	world	flora	online.	org/	;	Accessed	16	March	2023).	Phylogenetic	
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linear	mixed	models	were	fit	using	R	package	“phyr”	(Ives	et	al.,	2022). 
The	model	 included	pre-	pollination	costs	as	the	primary	predictor;	
self-	compatibility	 (self-	compatible,	 self-	incompatible,	 or	 unknown)	
as	a	covariate;	and	species	ID	as	a	random	effect	to	accommodate	
the	multiple	pollen	limitation	estimates	obtained	for	some	species.	
Self-	incompatible	 plant	 populations	 have	 been	 found	 consistently	
to	 express	 higher	 levels	 of	 pollen	 limitation	 (Burd,	 1994;	 Burns	
et	al.,	2019;	Knight	et	al.,	2005;	Larson	&	Barrett,	2000).	Plant	popu-
lations	that	were	capable	of	fully	autonomous	self-	pollination	were	
excluded	from	our	analysis;	thus,	the	self-	compatible	species	studied	
here	are	still	dependent	on	pollen	vectors	for	fertilization	of	ovules.	
Our	response	variable	was	pollen	limitation,	as	described	above	[(re-
production	with	pollen	supplementation)	−	(reproduction	under	open	
pollination)]/(reproduction	 under	 open	 pollination).	 An	 alternative	
response	 variable,	 the	 Log	 Response	 Ratio	 (LRR = ln(reproductive	
output	 of	 pollen	 supplemented	 plants)	 −	 ln(reproductive	 output	
of	open	pollinated	plants))	 that	 is	widely	employed	 in	metanalyses	
(Koricheva	&	Gurevitch,	2014)	 produced	qualitatively	 identical	 re-
sults	 (data	not	 shown).	We	built	 a	 complementary	model	 to	ask	 if	
self-	compatible	 plant	 species	 were	 associated	 with	 smaller	 pre-	
pollination	 costs.	We	also	 computed	 linear	mixed	models	 ignoring	
plant	phylogeny	as	points	of	comparison.	Means	are	reported	±1	SE	
throughout.	The	full	comparative	dataset,	including	pollen	limitation	
and	 pre-	pollination	 cost	 estimates	 for	 41	 populations	 (18	 species;	
e.g.,	Figure 1)	is	presented	in	Table S1.

3  |  RESULTS

A	 phylogenetic	 linear	 mixed	 model	 including	 the	 effects	 of	 vari-
able	 fruit	 set	 on	 pre-	pollination	 costs	 revealed	 no	 support	 for	
the	 hypothesis	 that	 pre-	pollination	 costs	 shape	 the	 realized	 in-
cidence	 of	 pollen	 limitation	 in	 nature	 (effect	 for	 pre-	pollination	
costs = 0.316 ± 0.709,	z = 0.45,	1-	tailed	p = .33,	Figure 2,	Tables S2–
S5).	Very	similar	results	were	obtained	in	an	analysis	that	excluded	
the	 effects	 of	 variable	 fruit	 set	 on	 pre-	pollination	 costs	 and	 in	
analyses	that	fit	non-	phylogenetic	linear	mixed	models	(Tables S2–
S5).	The	weak	positive	trend	observed	across	all	plant	populations	
(Figure 2)	appears	to	be	explained	 largely	by	the	self-	incompatible	
populations	having	both	greater	pre-	pollination	costs	than	do	self-	
compatible	 populations	 (self-	incompatible,	 mean = 0.337 ± 0.037,	
n = 18;	 self-	compatible,	 mean = 0.241 ± 0.030,	 n = 21;	 main	 effect	
for	 self-	incompatibility = 0.181 ± 0.022,	 z = 8.30,	 1-	tailed	 p < .0001)	
and	 greater	 observed	 levels	 of	 pollen	 limitation	 than	 do	 self-	
compatible	 populations	 (self-	incompatible,	 mean = 0.538 ± 0.195,	
n = 18;	 self-	compatible,	 mean = 0.157 ± 0.036,	 n = 21;	 main	 effect	
for	 self-	incompatibility = 0.339 ± 0.211,	 z = 1.60,	 1-	tailed	 p = .05;	
Tables S2–S5).	 Thus,	 self-	incompatible	 plants	 pay	 larger	 costs	 to	
secure	fertilizations	but	still	experience	greater	shortfalls	of	pollen	
receipt	 than	 do	 self-	compatible	 plants.	Nevertheless,	 neither	 self-	
compatible	nor	self-	incompatible	species	showed	clear	positive	rela-
tionships	between	pre-	pollination	costs	and	the	magnitude	of	pollen	
limitation.

4  |  DISCUSSION

Our	 comparative	 analysis	 provides	no	 support	 for	 the	predicted	
positive	relationship	between	pre-	pollination	allocations	and	the	
incidence	 of	 pollen	 limitation.	 Although	 our	 dataset	 was	 small,	
it	 was	 still	 large	 enough	 to	 confirm	 two	 well-	supported	 results	
in	 plant	 reproductive	 ecology,	 namely	 that	 self-	incompatible	
plants	often	make	 larger	 investments	 in	 floral	displays	 to	secure	

F I G U R E  1 Example	of	a	plant,	Castilleja indivisa,	that	was	
included	in	our	comparative	analysis.	This	species	has	the	largest	
value	in	the	comparative	dataset	for	the	proportion	of	the	total	cost	
of	seed	production	that	occurs	pre-	pollination	(0.682);	it	has	large	
attractive	structures	(below)	and	tiny	seeds	(×24	magnified	view	
shown	above)	and	very	high	levels	of	observed	pollen	limitation	
(1.69;	Adler,	2000).	Original	artwork	by	Leah	Y.	Rosenheim.
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adequate	fertilization	of	ovules	(Goodwillie	et	al.,	2010)	and	that,	
despite	these	larger	investments,	self-	incompatible	species	often	
face	elevated	 loss	of	reproduction	due	to	shortfalls	of	pollen	re-
ceipt	(Burd,	1994;	Burns	et	al.,	2019;	Knight	et	al.,	2005;	Larson	&	
Barrett,	2000).

It	is	unlikely	that	the	plants	included	in	our	comparative	analysis	
are	a	random	set	of	plant	species	with	respect	to	the	impact	of	pollen	
limitation;	plant	ecologists	interested	in	pollen	limitation	presumably	
tend	to	choose	study	subjects	that	they	think	will	exhibit	the	phe-
nomenon	 they	wish	 to	 study.	Nevertheless,	mean	 levels	 of	 pollen	
limitation	 in	 our	 dataset	were	 low	 for	 self-	compatible	 populations	
(0.157 ± 0.036,	n = 21)	 and	moderate	 for	 self-	incompatible	 popula-
tions	 (0.538 ± 0.195,	n = 18).	 These	mean	 values	 are	much	 lower—
indeed,	 approximately	 an	 order	 of	 magnitude	 lower—than	 those	
reported	in	much	larger	surveys	that	 included	studies	that	supple-
mented	pollen	to	small	subsets	of	the	flowers	produced	by	a	plant	
over	 its	 reproductive	 life	 (i.e.,	single	flowers,	single	 inflorescences,	
or	 single	 years	 for	 polycarpic	 species;	 e.g.,	 Bennett	 et	 al.,	 2020). 
Thus,	although	all	plant	species	should	be	expected	to	have	some,	
non-	zero	risk	of	experiencing	pollen	 limitation,	 this	 risk	appears	 in	
most	species	to	be	modest	in	magnitude.	There	are,	however,	some	
striking	exceptions,	where	plants	 express	 severe	pollen	 limitation.	
Understanding	the	causes	of	these	instances	of	severe	pollen	limita-
tion	is	an	important	research	goal.

Why	do	we	find	no	support	for	the	prediction	of	a	positive	rela-
tionship	between	pre-	pollination	costs	and	pollen	limitation?	There	
are	 at	 least	 five	 non-	mutually	 exclusive	 possibilities.	 First,	 there	
may	be	 fundamental	 errors	 in	 the	 assumptions	underlying	 the	 life	
history	theory	that	generates	this	prediction.	For	example,	predic-
tions	 of	 pollen	 limitation	 emerge	 from	models	 that	 assume	 strict	
non-	substitutability	of	essential	resources	and	that	do	not	consider	
the	role	of	phenotypic	plasticity	 in	coping	with	uncertainty	 in	pol-
len	availability.	Plastic	responses	such	as	delayed	selfing,	prolonga-
tion	of	floral	lifespan,	production	of	fewer	but	larger	seeds,	and,	for	

polycarpic	species,	 reallocation	of	 resources	between	years,	could	
allow	plants	to	moderate	the	fitness	costs	of	shortfalls	of	pollen	re-
ceipt	(Goodwillie	&	Weber,	2018;	Torres-	Díaz	et	al.,	2011).	Models	
incorporating	 these	 and	other	 potentially	 important	 factors	might	
change	 predicted	 evolutionary	 optima.	 Second,	 the	 studied	 plant	
populations	may	 not	 be	 at	 an	 evolutionary	 optimum	with	 respect	
to	 the	 trade-	off	between	pre-	pollination	and	post-	pollination	allo-
cations	(Knight	et	al.,	2005).	Many	of	the	studied	plant	populations	
occupied	 human-	disturbed	 habitats,	 and	 other	 plant	 populations	
were	 studied	 outside	 their	 native	 range	 (Data	 S1).	 Furthermore,	
competing	trade-	offs	that	are	not	considered	here,	including	those	
connected	 to	 male	 reproductive	 success,	 may	 also	 change	 allo-
cations	 to	 attraction	 of	 pollen	 vectors.	 Selection	 to	 export	 pollen	
efficiently	to	fertilize	ovules	on	other	plants	may	be	just	as	import-
ant	 as	 selection	 to	 import	 sufficient	 pollen	 to	 fertilize	 the	 plant's	
own	ovules	(Delph	&	Ashman,	2006;	Rodríguez-	Otero	et	al.,	2023). 
Third,	the	previously	discussed	problems	with	measuring	the	costs	
of	pre-		versus	post-	pollination	investments	 in	female	reproduction	
almost	 certainly	 inject	 meaningful	 errors	 into	 our	 measurements	
(Burd,	2016;	Rosenheim	et	al.,	2014).	Fourth,	plant	species	with	high	
pre-	pollination	costs	(>0.5)	are	relatively	rare	(only	3	of	the	17	plant	
species	studied	here),	making	it	more	difficult	to	resolve	the	role	of	
those	costs.	And	fifth,	strong	spatial	and	temporal	variation	 in	the	
expression	of	pollen	limitation	may	make	it	more	difficult	to	resolve	
underlying	patterns,	especially	with	a	small	dataset	like	this	one.

Although	we	cannot	authoritatively	assess	the	relative	roles	of	
these	five	factors,	our	dataset	does	underscore	the	 importance	of	
variation	 in	 the	expression	of	pollen	 limitation	 for	 a	 given	 species	
across	populations.	Our	dataset	includes	four	plant	species	for	which	
we	 have	 pollen	 limitation	 estimates	 for	 at	 least	 four	 populations:	
Leptosiphon bicolor	 (pollen	 limitation	 estimates = −0.006,	 0.071,	
0.089,	 and	 0.097;	 n = 4),	 Leptosiphon jepsonii	 (0.013,	 0.051,	 0.091,	
0.105,	0.313,	and	0.498;	n = 6),	Leptosiphon parviflorus	(0.066,	0.185,	
0.230,	 0.252,	 0.300,	 0.431,	 1.173;	 n = 7),	 and	 Ipomopsis aggregata 

F I G U R E  2 Relationship	between	
pre-	pollination	costs	of	seed	production	
and	field-	assessed	impact	of	shortfalls	
of	pollen	receipt	(pollen	limitation)	
on	lifetime	seed	production	by	self-	
compatible	and	self-	incompatible	plants.
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(−0.379,	0.023,	0.302,	0.656,	1.741,	2.908;	n = 6	populations).	Three	
of	 these	 four	 species	 (all	 but	L. bicolor)	 exhibit	moderate	 to	 strong	
variation	 in	pollen	 limitation;	 indeed,	 I. aggregata	 exhibits	both	 the	
very	 lowest	 (−0.379)	 and	 the	 very	 highest	 pollen	 limitation	 value	
(2.908)	in	the	entire	dataset.	As	expected,	unpredictable	variation	in	
the	environment	generates	major	variation	in	the	expression	of	pol-
len	limitation.	Thus,	although	plant	populations	may	represent	some	
of	the	most	tractable	opportunities	for	testing	predictions	from	bal-
anced	fitness	limitations	theory,	even	here	sustained	effort	will	be	
required	to	build	a	robust	dataset.

We	hope	this	paper	will	motivate	researchers	to	conduct	the	field	
studies	that	will,	collectively,	create	a	richer	dataset	that	will	support	
a	stronger	 test	of	balanced	fitness	 limitations	 theory.	We	propose	
that	 the	 plant	 species	 that	will	 be	most	 valuable	 in	 strengthening	
the	comparative	dataset	will	be	those	that	(a)	are	self-	incompatible;	
(b)	have	high	pre-	pollination	costs	 (expensive	 flowers)	and	modest	
post-	pollination	 costs	 (inexpensive	 seeds	 and	 fruits);	 and	 (c)	 are	
experimentally	tractable	(monocarpic,	with	a	total	number	of	flow-
ers	produced	that	is	sufficiently	modest	that	pollen	can	be	supple-
mented	to	all	 flowers	produced	over	 the	plant's	 reproductive	 life).	
Plants	with	this	combination	of	traits	are	not	common	but	are	not	
truly	rare	either	(Rosenheim	et	al.,	2014).	Supplementation	of	pollen	
at	the	level	of	the	whole	plant	and	encompassing	the	full	period	of	a	
plant's	reproductive	effort	will	be	critical	to	establishing	estimates	of	
the	impact	of	pollen	limitation	on	lifetime	reproductive	success	that	
are	not	distorted	by	reallocation	of	plant	resources	within	individual	
plants	(Knight	et	al.,	2006).

AUTHOR CONTRIBUTIONS
Jay A. Rosenheim:	Conceptualization	(equal);	data	curation	(equal);	
formal	 analysis	 (lead);	 funding	 acquisition	 (supporting);	 project	
administration	 (supporting);	 supervision	 (supporting);	 writing	 –	
original	 draft	 (lead);	 writing	 –	 review	 and	 editing	 (lead).	Neal M. 
Williams:	 Conceptualization	 (equal);	 data	 curation	 (equal);	 funding	
acquisition	 (supporting);	 project	 administration	 (equal);	 supervi-
sion	 (equal);	 writing	 –	 review	 and	 editing	 (supporting).	 Joshua M. 
Rapp:	Conceptualization	(equal);	data	curation	(equal);	formal	analy-
sis	 (supporting).	Sebastian J. Schreiber:	 Conceptualization	 (equal);	
funding	acquisition	(lead);	project	administration	(lead);	supervision	
(supporting);	writing	–	review	and	editing	(supporting).

ACKNOWLEDG MENTS
We	are	 extremely	 grateful	 to	 the	 authors	who	 generously	 shared	
original	data	with	us,	or	who	went	to	the	field	to	gather	additional	
data	on	flower	or	fruit	weights	to	help	us	build	the	comparative	data-
set:	Lynn	Adler,	Mary	Kalin	Arroyo,	Rein	Brys,	Nancy	Emery,	Monica	
Geber,	Brian	 Inouye,	Amparo	Lázaro,	David	Moeller,	Ryan	Briscoe	
Runquist,	Nicole	Soper-	Gorden,	Cristian	Torres-	Díaz,	Sarah	Swope,	
Robbin	Thorp,	and	Nora	Underwood.	Joel	Smith	and	Nathaniel	Pope	
assisted	in	the	field	with	measuring	flower	and	seed	costs.

CONFLIC T OF INTERE S T S TATEMENT
The	authors	declare	no	conflict	of	interest.

DATA AVAIL ABILIT Y S TATEMENT
All	 data	 files	 are	 included	 in	 the	 supplementary	 material	 files	 in-
cluded	with	the	submission.

ORCID
Jay A. Rosenheim  https://orcid.org/0000-0002-9228-4754 
Neal M. Williams  https://orcid.org/0000-0003-3053-8445 
Joshua M. Rapp  https://orcid.org/0000-0002-7767-5837 
Sebastian J. Schreiber  https://orcid.org/0000-0002-5481-4822 

R E FE R E N C E S
Adler,	L.	S.	 (2000).	Alkaloid	uptake	 increases	 fitness	 in	a	hemiparasitic	

plant	via	reduced	herbivory	and	increased	pollination.	The American 
Naturalist,	156,	92–99.	https://	doi.	org/	10.	1086/	303374

Bennett,	 J.	M.,	 Steets,	 J.	 A.,	 Burns,	 J.	 H.,	 Burkle,	 L.	 A.,	 Vamosi,	 J.	 C.,	
Wolowski,	M.,	Arceo-	Gómez,	G.,	Burd,	M.,	Durka,	W.,	Ellis,	A.	G.,	
Freitas,	 L.,	 Li,	 J.,	Rodger,	 J.	G.,	 Ştefan,	V.,	Xia,	 J.,	Knight,	T.	M.,	&	
Ashman,	T.	L.	 (2020).	Land	use	and	pollinator	dependency	drives	
global	 patterns	 of	 pollen	 limitation	 in	 the	 Anthropocene.	Nature 
Communications,	 11,	 3999.	 https://	doi.	org/	10.	1038/	s4146	7-		020-		
17751	-		y

Bennett,	J.	M.,	Steets,	J.	A.,	Burns,	J.	H.,	Durka,	W.,	Vamosi,	J.	C.,	Arceo-	
Gómez,	 G.,	 Burd,	 M.,	 Burkle,	 L.	 A.,	 Ellis,	 A.	 G.,	 Freitas,	 L.,	 Li,	 J.,	
Rodger,	J.	G.,	Wolowski,	M.,	Xia,	J.,	Ashman,	T.	L.,	&	Knight,	T.	M.	
(2018).	Data	descriptor:	GloPL,	a	global	data	base	on	pollen	limita-
tion	of	plant	 reproduction.	Scientific Data,	5,	 180249.	https:// doi. 
org/	10.	1038/	sdata.	2018.	249

Burd,	M.	 (1994).	 Bateman's	 principle	 and	 plant	 reproduction:	 The	 role	
of	pollen	limitation	in	fruit	and	seed	set.	The Botanical Review,	60,	
84–139.	https://	doi.	org/	10.	1007/	BF028	56594	

Burd,	 M.	 (2008).	 The	 Haig-	Westoby	 model	 revisited.	 The American 
Naturalist,	171,	400–404.	https://	doi.	org/	10.	1086/	527499

Burd,	M.	(2016).	Pollen	limitation	is	common	–	Should	it	be?	The American 
Naturalist,	187,	388–396.	https://	doi.	org/	10.	1086/	684848

Burns,	 J.	 H.,	 Bennett,	 J.	M.,	 Li,	 J.,	 Xia,	 J.,	 Arceo-	Gómez,	 G.,	 Burd,	M.,	
Burkle,	L.	A.,	Durka,	W.,	Ellis,	A.	G.,	Freitas,	L.,	Rodger,	J.	G.,	Vamosi,	
J.	 C.,	Wolowski,	M.,	 Ashman,	 T.	 L.,	 Knight,	 T.	M.,	 &	 Steets,	 J.	 A.	
(2019).	Plant	traits	moderate	pollen	limitation	of	introduced	and	na-
tive	plants:	A	phylogenetic	meta-	analysis	of	global	scale.	The New 
Phytologist,	223,	2063–2075.	https://	doi.	org/	10.	1111/	nph.	15935	

Chirichella,	R.,	Apollonio,	M.,	Pikorny,	B.,	&	De	Marinis,	A.	M.	(2023).	Sex-	
specific	 impact	 of	 tooth	 wear	 on	 senescence	 in	 a	 low-	dimorphic	
mammal	 species:	 The	 European	 roe	 deer	 (Capreolus capreolus). 
Journal of Zoology,	319,	210–220.	https://	doi.	org/	10.	1111/	jzo.	13038	

Dawkins,	R.	(1995).	River out of Eden: A Darwinian view of life.	Basic	Books.
Delph,	L.	F.,	&	Ashman,	T.-	L.	(2006).	Trait	selection	in	flowering	plants:	

How	does	sexual	selection	contribute?	Integrative and Comparative 
Biology,	46,	465–472.

Elishakoff,	I.	(2004).	Safety factors and reliability: Friends or foes? Kluwer 
Academic.

Ellers,	 J.,	Sevenster,	 J.	G.,	&	Driessen,	G.	 (2000).	Egg	 load	evolution	 in	
parasitoids.	The American Naturalist,	156,	650–665.	https:// doi. org/ 
10.	1086/	316990

Fay,	P.	A.,	Prober,	S.	M.,	Harpole,	W.	S.,	Knops,	 J.	M.	H.,	Bakker,	 J.	D.,	
Borer,	E.	T.,	Lind,	E.	M.,	MacDougall,	A.	S.,	Seabloom,	E.	W.,	Wragg,	
P.	D.,	Adler,	P.	B.,	Blumenthal,	D.	M.,	Buckley,	Y.	M.,	Chu,	C.,	Cleland,	
E.	 E.,	 Collins,	 S.	 L.,	 Davies,	 K.	 F.,	 Du,	 G.,	 Feng,	 X.,	 …	 Yang,	 L.	 H.	
(2015).	Grassland	productivity	limited	by	multiple	nutrients.	Nature 
Plants,	1,	15080.	https://	doi.	org/	10.	1038/	NPLAN	TS.	2015.	80

Goodwillie,	 C.,	 Sargent,	 R.	 D.,	 Eckert,	 C.	 G.,	 Elle,	 E.,	 Geber,	 M.	 A.,	
Johnston,	M.	O.,	Kalisz,	S.,	Moeller,	D.	A.,	Ree,	R.	H.,	Vallejo-	Marin,	
M.,	&	Winn,	A.	A.	 (2010).	Correlated	evolution	of	mating	 system	

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10911 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-9228-4754
https://orcid.org/0000-0002-9228-4754
https://orcid.org/0000-0003-3053-8445
https://orcid.org/0000-0003-3053-8445
https://orcid.org/0000-0002-7767-5837
https://orcid.org/0000-0002-7767-5837
https://orcid.org/0000-0002-5481-4822
https://orcid.org/0000-0002-5481-4822
https://doi.org/10.1086/303374
https://doi.org/10.1038/s41467-020-17751-y
https://doi.org/10.1038/s41467-020-17751-y
https://doi.org/10.1038/sdata.2018.249
https://doi.org/10.1038/sdata.2018.249
https://doi.org/10.1007/BF02856594
https://doi.org/10.1086/527499
https://doi.org/10.1086/684848
https://doi.org/10.1111/nph.15935
https://doi.org/10.1111/jzo.13038
https://doi.org/10.1086/316990
https://doi.org/10.1086/316990
https://doi.org/10.1038/NPLANTS.2015.80


    |  7 of 7ROSENHEIM et al.

and	floral	display	traits	in	flowering	plants	and	its	implications	for	
the	 distribution	 of	mating	 system	 variation.	 The New Phytologist,	
185,	311–321.	https://	doi.	org/	10.	1111/j.	1469-		8137.	2009.	03043.	x

Goodwillie,	C.,	&	Weber,	J.	J.	(2018).	The	best	of	both	worlds?	A	review	
of	delayed	selfing	 in	 flowering	plants.	American Journal of Botany,	
105,	641–655.

Haig,	 D.,	 &	 Westoby,	 M.	 (1988).	 On	 limits	 to	 seed	 production.	 The 
American Naturalist,	131,	757–759.	https://	doi.	org/	10.	1086/	284817

Haig,	D.,	&	Westoby,	M.	 (1991).	Seed	size,	pollination	costs	and	angio-
sperm	success.	Evolutionary Ecology,	5,	231–247.	https:// doi. org/ 10. 
1007/	BF022	14230	

Harpole,	W.	S.,	Ngai,	J.	T.,	Cleland,	E.	E.,	Seabloom,	E.	W.,	Borer,	E.	T.,	
Bracken,	M.	E.	S.,	Elser,	J.	J.,	Gruner,	D.	S.,	Hillebrand,	H.,	Shurin,	
J.	B.,	&	Smith,	 J.	E.	 (2011).	Nutrient	co-	limitation	of	primary	pro-
ducer	 communities.	Ecology Letters,	14,	 852–862.	https:// doi. org/ 
10.	1111/j.	1461-		0248.	2011.	01651.	x

Ives,	A.	R.,	Dinnage,	R.,	Nell,	L.	A.,	Helmus,	M.,	&	Li,	D.	(2022).	Package 
‘phyr’ (ver. 1.1.0), Model based phylogenetic analysis. https://	CRAN.	
R-		proje	ct.	org/	packa	ge= phyr

Janzen,	D.	H.	 (1977).	A	note	on	optimal	mate	 selection	by	plants.	The 
American Naturalist,	 111,	 365–371.	 https://	doi.	org/	10.	1086/	
283166

Jin,	Y.,	&	Qian,	H.	(2019).	V.PhyloMaker:	An	R	package	that	can	generate	
very	large	phylogenies	for	vascular	plants	(ver.	0.1.0).	Ecography,	42,	
1353–1359.	https:// doi. org/ 10. 1111/ ecog. 04434 

Kirkwood,	T.	B.	 L.	 (2008).	Understanding	ageing	 from	an	evolutionary	
perspective. Journal of Internal Medicine,	263,	117–127.	https:// doi. 
org/	10.	1111/j.	1365-		2796.	2007.	01901.	x

Knight,	T.	M.,	Steets,	J.	A.,	&	Ashman,	T.-	L.	 (2006).	A	quantitative	syn-
thesis	of	pollen	supplementation	experiments	highlights	 the	con-
tribution	of	resource	reallocation	to	estimates	of	pollen	limitation.	
American Journal of Botany,	93,	271–277.	https:// doi. org/ 10. 3732/ 
ajb.	93.2.	271

Knight,	T.	M.,	Steets,	J.	A.,	Vamosi,	J.	C.,	Mazer,	S.	J.,	Burd,	M.,	Campbell,	
D.	R.,	Dudash,	M.	R.,	Johnston,	M.	O.,	Mitchell,	R.	J.,	&	Ashman,	T.	
L.	(2005).	Pollen	limitation	of	plant	reproduction:	Pattern	and	pro-
cess. Annual Review of Ecology, Evolution, and Systematics,	36,	467–
497. https://	doi.	org/	10.	1146/	annur	ev.	ecols	ys.	36.	102403.	115320

Koricheva,	J.,	&	Gurevitch,	J.	(2014).	Uses	and	misuses	of	meta-	analysis	
in	plant	ecology.	Journal of Ecology,	102,	828–844.	https:// doi. org/ 
10.	1111/	1365-		2745.	12224	

Larson,	B.	M.	H.,	&	Barrett,	S.	C.	H.	 (2000).	A	comparative	analysis	of	
pollen	limitation	in	flowering	plants.	Biological Journal of the Linnean 
Society,	69,	503–520.	https://	doi.	org/	10.	1006/	bijl.	1999.	0372

Rodríguez-	Otero,	C.,	Hedrén,	M.,	 Friberg,	M.,	&	Opedal,	Ø.	H.	 (2023).	
Analysis	 of	 trait-	performance-	fitness	 relationships	 reveals	
pollinator-	mediated	selection	on	orchid	pollination	traits.	American 
Journal of Botany,	110,	e16128.	https://	doi.	org/	10.	1002/	ajb2.	16128	

Rohatgi,	 A.	 (2021).	WebPlotDigitizer: Version 4.5. https://	autom	eris.	io/	
WebPl	otDig	itizer

Rosenheim,	 J.	 A.	 (1996).	 An	 evolutionary	 argument	 for	 egg	 limitation.	
Evolution,	50,	2089–2094.	https://	doi.	org/	10.	2307/	2410766

Rosenheim,	J.	A.	 (2011).	Stochasticity	 in	reproductive	opportunity	and	
the	evolution	of	egg	limitation	in	insects.	Evolution,	65,	2300–2312.	
https://	doi.	org/	10.	1111/j.	1558-		5646.	2011.	01305.	x

Rosenheim,	 J.	A.,	Alon,	U.,	&	Shinar,	G.	 (2010).	Evolutionary	balancing	
of	 fitness-	limiting	 factors.	The American Naturalist,	175,	 662–674.	
https://	doi.	org/	10.	1086/	652468

Rosenheim,	J.	A.,	Williams,	N.	M.,	&	Schreiber,	S.	J.	(2014).	Parental	opti-
mism	versus	parental	pessimism	in	plants:	How	common	should	we	

expect	pollen	limitation	to	be?	The American Naturalist,	184,	75–90.	
https://	doi.	org/	10.	1086/	676503

Schreiber,	S.	J.,	Rosenheim,	J.	A.,	Harder,	L.	D.,	&	Williams,	N.	M.	(2015).	
Evolutionary	and	ecological	consequences	of	multiscale	variation	in	
pollen	receipt	on	plant	reproduction.	The American Naturalist,	185,	
E14–E29.	https://	doi.	org/	10.	1086/	678982

Segoli,	M.,	Kishinevski,	M.,	&	Heimpel,	G.	(in	press).	The	evolution	of	in-
sect	egg	loads:	The	balance	of	time	and	egg	limitation.	In	M.	Segoli	
&	E.	Wajnberg	 (Eds.),	Life history evolution: Traits, interactions and 
applications.	Wiley.

Segoli,	M.,	&	Wajnberg,	E.	(2020).	The	combined	effect	of	host	and	food	
availability	 on	 optimized	 parasitoid	 life-	history	 traits	 based	 on	 a	
three-	dimensional	trade-	off	surface.	Journal of Evolutionary Biology,	
33,	850–857.	https://	doi.	org/	10.	1111/	jeb.	13617	

Sevenster,	J.	G.,	Ellers,	J.,	&	Driessen,	G.	 (1998).	An	evolutionary	argu-
ment	for	time	limitation.	Evolution,	52,	1241–1244.	https:// doi. org/ 
10.	2307/	2411256

Teunter,	 R.	 H.,	 Babai,	M.	 Z.,	 &	 Syntetos,	 A.	 A.	 (2010).	 ABC	 classifica-
tion:	Service	levels	and	inventory	costs.	Production and Operations 
Management,	 19,	 343–352.	 https://	doi.	org/	10.	3401/	poms.	1080.	
01098 

Thomas,	P.	K.,	Kunze,	C.,	Van	de	Waal,	D.	B.,	Hillebrand,	H.,	&	Striebel,	M.	
(2022).	Elemental	and	biochemical	nutrient	limitation	in	zooplank-
ton:	A	meta-	analysis.	Ecology Letters,	25,	 2776–2792.	https:// doi. 
org/	10.	1111/	ele.	14125	

Thomson,	J.	D.	 (2001).	Using	pollination	deficits	 to	 infer	pollinator	de-
clines:	Can	theory	guide	us?	Conservation Ecology,	5,	6	http:// www. 
conse	col.	org/	vol5/	iss1/	art6/	

Torres-	Díaz,	 C.,	 Gómez-	González,	 S.,	 Stotz,	 G.	 C.,	 Torres-	Morales,	 P.,	
Paredes,	 B.,	 Pérez-	Millaqueo,	M.,	&	Gianoli,	 E.	 (2011).	 Extremely	
long-	lived	stigmas	allow	extended	cross-	pollination	opportunities	
in	 a	 high	Andean	 plant.	PLoS ONE,	6,	 e19497.	https:// doi. org/ 10. 
1371/	journ	al.	pone.	0019497

Webber,	S.	M.,	Garratt,	M.	P.	D.,	 Lukac,	M.,	Bailey,	A.	P.,	Huxley,	T.,	&	
Potts,	 S.	 G.	 (2020).	 Quantifying	 crop	 pollinator-	dependence	 and	
pollination	deficits:	The	effects	of	experimental	scale	on	yield	and	
quality	 assessments.	 Agriculture, Ecosystems & Environment,	 304,	
107106.	https://	doi.	org/	10.	1016/j.	agee.	2020.	107106

Wehmann,	H.	N.,	Engels,	T.,	&	Lehmann,	F.	O.	(2022).	Flight	activity	and	
age	cause	wing	damage	in	house	flies.	The Journal of Experimental 
Biology,	225,	242872.	https://	doi.	org/	10.	1242/	jeb.	242872

Willson,	M.	F.	(1979).	Sexual	selection	in	plants.	The American Naturalist,	
113,	777–790.	https://	doi.	org/	10.	1086/	283437

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Rosenheim,	J.	A.,	Williams,	N.	M.,	
Rapp,	J.	M.,	&	Schreiber,	S.	J.	(2024).	A	test	of	balanced	
fitness	limitations	theory:	Pollen	limitation	in	plants.	Ecology 
and Evolution,	14,	e10911.	https://doi.org/10.1002/
ece3.10911

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10911 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1469-8137.2009.03043.x
https://doi.org/10.1086/284817
https://doi.org/10.1007/BF02214230
https://doi.org/10.1007/BF02214230
https://doi.org/10.1111/j.1461-0248.2011.01651.x
https://doi.org/10.1111/j.1461-0248.2011.01651.x
https://cran.r-project.org/package=phyr
https://cran.r-project.org/package=phyr
https://doi.org/10.1086/283166
https://doi.org/10.1086/283166
https://doi.org/10.1111/ecog.04434
https://doi.org/10.1111/j.1365-2796.2007.01901.x
https://doi.org/10.1111/j.1365-2796.2007.01901.x
https://doi.org/10.3732/ajb.93.2.271
https://doi.org/10.3732/ajb.93.2.271
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.1111/1365-2745.12224
https://doi.org/10.1111/1365-2745.12224
https://doi.org/10.1006/bijl.1999.0372
https://doi.org/10.1002/ajb2.16128
https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
https://doi.org/10.2307/2410766
https://doi.org/10.1111/j.1558-5646.2011.01305.x
https://doi.org/10.1086/652468
https://doi.org/10.1086/676503
https://doi.org/10.1086/678982
https://doi.org/10.1111/jeb.13617
https://doi.org/10.2307/2411256
https://doi.org/10.2307/2411256
https://doi.org/10.3401/poms.1080.01098
https://doi.org/10.3401/poms.1080.01098
https://doi.org/10.1111/ele.14125
https://doi.org/10.1111/ele.14125
http://www.consecol.org/vol5/iss1/art6/
http://www.consecol.org/vol5/iss1/art6/
https://doi.org/10.1371/journal.pone.0019497
https://doi.org/10.1371/journal.pone.0019497
https://doi.org/10.1016/j.agee.2020.107106
https://doi.org/10.1242/jeb.242872
https://doi.org/10.1086/283437
https://doi.org/10.1002/ece3.10911
https://doi.org/10.1002/ece3.10911

	A test of balanced fitness limitations theory: Pollen limitation in plants
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Literature survey of pollen limitation
	2.2|Cost estimates
	2.3|Data analysis

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


