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Abstract
Island	systems	have	long	served	as	a	model	for	evolutionary	processes	due	to	their	
unique	species	interactions.	Many	studies	of	the	evolution	of	species	interactions	on	
islands	have	focused	on	endemic	taxa.	Fewer	studies	have	focused	on	how	antago-
nistic	 and	mutualistic	 interactions	 shape	 the	phenotypic	divergence	of	widespread	
nonendemic	species	living	on	islands.	We	used	the	widespread	plant	Tribulus cistoides 
(Zygophyllaceae)	 to	 study	 phenotypic	 divergence	 in	 traits	 that	mediate	 antagonis-
tic	 interactions	with	 vertebrate	granivores	 (birds)	 and	mutualistic	 interactions	with	
pollinators,	 including	 how	 this	 is	 explained	 by	 bioclimatic	 variables.	We	 used	 both	
herbarium	specimens	and	field-	collected	samples	to	compare	phenotypic	divergence	
between	continental	and	island	populations.	Fruits	from	island	populations	were	larger	
than	on	continents,	but	the	presence	of	lower	spines	on	mericarps	was	less	frequent	
on	islands.	The	presence	of	spines	was	largely	explained	by	environmental	variation	
among	 islands.	 Petal	 length	was	on	 average	9%	 smaller	 on	 island	 than	 continental	
populations,	an	effect	that	was	especially	accentuated	on	the	Galápagos	Islands.	Our	
results	show	that	Tribulus cistoides	exhibits	phenotypic	divergence	between	island	and	
continental	habitats	for	antagonistic	traits	(seed	defense)	and	mutualistic	traits	(floral	
traits).	Furthermore,	the	evolution	of	phenotypic	traits	that	mediate	antagonistic	and	
mutualistic	 interactions	partially	depended	on	the	abiotic	characteristics	of	specific	
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1  |  INTRODUC TION

Islands	have	long	served	as	models	for	understanding	the	processes	
that	 shape	 the	 evolution	 of	 life.	 Species	 living	 on	 islands	 provide	
powerful	 systems	 for	 testing	 evolutionary	 hypotheses	 and	 theo-
ries	 (Bramwell	 &	 Caujapé-	Castells,	 2011;	 Losos	 &	 Ricklefs,	 2009; 
Whittaker	&	 Fernandez-	Palacios,	2007).	 The	 appeal	 of	 island	 sys-
tems	comes	from	their	unique	species	diversity	and	simplified	spe-
cies	interactions,	making	it	easier	to	identify	the	drivers	of	adaptive	
evolution	 (Barrett,	1996;	Grant,	 1998;	 Traveset	&	Navarro,	 2018).	
Moreover,	 large	differences	 in	the	biotic	and	abiotic	environments	
between	island	and	continental	habitats	can	lead	to	divergent	selec-
tion	between	conspecific	populations,	potentially	leading	to	pheno-
typic	differentiation	of	island	populations	and	speciation	(Whittaker	
&	Fernandez-	Palacios,	2007).	Here	we	compared	conspecific	pop-
ulations	of	a	globally	distributed	tropical	plant,	Tribulus cistoides L. 
(Zygophyllaceae),	 to	 understand	 whether	 divergent	 antagonistic	
and	mutualistic	communities	between	islands	and	continental	hab-
itats	 drive	 divergent	 phenotypic	 plant	 traits	 that	 mediate	 species	
interactions.

Island	 and	 continental	 habitats	 frequently	 differ	 in	 their	 biotic	
communities.	Islands	typically	have	fewer	native	mammalian	herbi-
vores,	favoring	birds	and	reptiles	with	high	dispersal	capacity	over	
water	(Burns,	2019).	This	discrepancy	can	lead	to	the	evolutionary	
loss	 of	 antiherbivore	 defenses	 in	 plants	 (Baier	 &	Hoekstra,	2019; 
Cummins	et	al.,	2020).	For	example,	spines	largely	evolve	as	protec-
tion	against	vertebrate	herbivores,	as	in	the	case	of	the	Island	Bush	
Poppy	 (Dendromecon rigida harfordii)	 on	 the	 Island	 of	 Santa	 Cruz,	
California,	where	these	plants	evolved	reduced	spines	due	to	a	his-
torical	lack	of	herbivores	(Bowen	&	Vuren,	1997).	However,	the	loss	
of	antiherbivore	defenses	on	islands	is	not	universal	for	all	species	
(Meredith	 et	 al.,	 2019;	 Monroy	 &	 García-	Verdugo,	 2019;	 Moreira	
et	al.,	2021).	The	Hawaiian	Prickly	Poppy	(Argemone glauca)	evolved	
greater	spine	density	than	their	continental	sister	species	(A. mexi-
cana),	putatively	because	of	selection	by	an	extinct	herbivorous	duck	
that	was	common	in	Hawaii	(Hoan	et	al.,	2014).	Additionally,	a	recent	
meta-	analysis	 of	 plant	 defenses	 found	no	 significant	 difference	 in	
either	plant	physical	or	chemical	defenses	between	insular	and	con-
tinental	plant	populations,	and	in	fact,	there	was	a	trend	for	physical	
defenses	 to	be	higher	on	 islands	 (Moreira	et	al.,	2021).	This	 range	
of	results	shows	how	variation	in	antagonistic	interactions	between	

island	and	continental	communities	can	influence	the	evolutionary	
processes	of	defense	traits.	However,	there	is	still	the	need	for	more	
studies	of	insular	plant–	animal	interactions	to	understand	the	con-
ditions	that	lead	to	the	evolution	of	increased	versus	decreased	de-
fenses	on	islands	compared	with	continental	populations.

Mutualistic	 interactions	 also	 frequently	 differ	 between	 island	
and	continental	communities,	with	the	diversity	of	mutualists	(e.g.,	
pollinators	 and	 dispersers)	 typically	 being	 lower	 on	 islands.	 It	 is	
often	predicted	that	the	absence	of	mutualistic	species	could	lead	
to	 the	 loss	of	 traits	 that	mediate	mutualistic	 species	 interactions	
on	 islands	 (Janzen,	1973).	 Specifically,	 in	 the	 case	 of	 pollination,	
pollinators	 tend	 to	be	 less	diverse	and	 less	specialized	on	 islands	
than	 on	 the	 continent	 (Barrett,	 1996;	 Burns,	 2019;	 Traveset	 &	
Navarro,	 2018).	 Less	 specialized	 pollinators	 can	 give	 an	 advan-
tage	 to	 more	 generalized	 flowers,	 and	 lead	 to	 the	 evolution	 of	
selfing	and	wind-	pollination	and	thus	smaller	attractive	structures	
(Bramwell	&	Caujapé-	Castells,	2011;	Burns,	2019;	Carlquist,	1965).	
Various	studies	support	these	observations	(Inoue	&	Amano,	1986; 
Martén-	Rodríguez	et	al.,	2015;	Yamada	et	al.,	2010).	However,	as	
with	 antiherbivore	 defenses,	 there	 is	 a	 large	 variation	 in	 results,	
calling	 into	question	whether	general	predictions	can	be	made.	A	
recent	comparative	analysis	between	continental	insect-	pollinated	
taxa	and	their	 island	endemic	sister	taxa	showed	that	on	average	
there	was	no	overall	reduction	in	flower	size	on	islands,	although	
specific	 lineages	 (e.g.,	 Asteraceae,	 Solanaceae)	 and	 island	 groups	
(e.g.,	 Galápagos,	 Revillagigedo	 Islands)	 did	 fit	 that	 expectation	
(Hetherington-	Rauth	 &	 Johnson,	2020).	 These	 results	 show	 that	
the	evolution	of	reproductive	traits	such	as	flower	size	on	islands	is	
species-	specific	and	context-	dependent,	making	it	difficult	to	gen-
eralize	 and	highlighting	 the	need	 for	 further	 research	 that	 inves-
tigates	divergent	 evolution	of	 reproductive	 traits	 between	 island	
and	continental	populations	(Burns,	2019),	which	our	study	seeks	
to	address.

Tribulus cistoides	 (L.,	 Zygophyllaceae)	 is	 an	 excellent	 system	 to	
study	 the	phenotypic	variation	of	 reproductive	 traits	on	 islands	 in	
response	to	species	interactions.	Tribulus cistoides	is	found	on	many	
tropical	 islands	 and	 continents	 throughout	 the	 world.	 The	 spines	
of	 T. cistoides	 fruits	 lead	 to	 them	 being	 carried	 by	 larger	 animals	
and/or	 seabirds,	 which	 facilitate	 their	 arrival	 to	 islands,	 making	
them	potentially	native	to	many	areas	of	the	world	(Hooker,	1847; 
Porter,	1971).	In	the	same	way,	humans	are	also	effective	dispersers	

islands.	This	study	shows	the	potential	of	using	a	combination	of	herbarium	and	field	
samples	for	comparative	studies	on	a	globally	distributed	species	to	study	phenotypic	
divergence	on	island	habitats.

K E Y W O R D S
Darwin's	finches,	flower	morphology,	fruit	morphology,	herbarium	collections,	mericarp,	
phenotypic	divergence,	phenotypic	variation,	pollinators,	seed	predation,	Tribulus cistoides

T A X O N O M Y  C L A S S I F I C A T I O N
Biogeography,	Botany,	Community	ecology,	Evolutionary	ecology,	Seed	ecology
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of	T. cistoides	and	have	helped	the	plant	distribute	throughout	the	
world	(Johnson	et	al.,	2020).	Classic	expectations	for	the	evolution	
of	Tribulus	antiherbivore	defenses	of	their	fruits	are	complex	owing	
to	the	evolution	of	endemic	granivores	on	some	island	archipelagos.	
With	respect	to	mutualistic	interactions	in	continental	populations,	
T. cistoides	are	typically	pollinated	by	a	diversity	of	insects,	including	
bees	and	butterflies	 (Huffaker	et	al.,	1983).	On	 islands,	T. cistoides 
is	mainly	pollinated	by	an	endemic	community	of	pollinators.	These	
attributes	 make	 T. cistoides	 well-	suited	 to	 study	 how	 the	 unique	
communities	and	environment	of	 islands	affect	 the	phenotypic	di-
vergence	of	traits	associated	with	antagonistic	and	mutualistic	inter-
actions	(Carvajal-	Endara	et	al.,	2020;	Morrison	&	Scott,	1996;	Rivkin	
et	al.,	2021;	Scott	&	Morrison,	1996).

Here	we	investigate	whether	T. cistoides	exhibits	phenotypic	di-
vergence	in	traits	associated	with	antagonistic	and	mutualistic	inter-
actions	 across	 continental	 and	 island	 habitats.	Our	main	 question	
was:	How	does	insularity	affect	phenotypic	divergence	in	plant	re-
productive	traits	that	mediate	species	interactions	with	antagonist	
vertebrate	granivores	(i.e.,	mericarp	size	and	number	of	spines)	and	
mutualistic	pollinators	(i.e.,	flower	size)?	We	expect	that	plant	traits	
that	mediate	 species	 interactions	will	 diverge	 between	 island	 and	
continental	 populations	 due	 to	 differences	 in	 community	 interac-
tions	and/or	divergent	environmental	 conditions	 found	on	 islands.	
Specifically,	 for	 antagonistic	 interactions,	we	 expect	 that	T. cistoi-
des	 fruits	to	be	 larger	and	have	more	spines	 (i.e.,	better	defended)	
on	islands	where	vertebrate	granivores	are	present,	whereas	on	the	
continent	there	are	mainly	insect	predators.	For	flowers	that	medi-
ate	mutualistic	 interactions	with	pollinators,	we	expect	 that	 island	
T. cistoides	populations	will	evolve	smaller	 flowers	because	 islands	
generally	have	depauperate	and	generalized	pollinator	communities	
compared	with	the	continent	(Burns,	2019).	Our	study	uses	a	com-
bination	of	field-	collected	samples	and	multiple	herbaria	samples	to	
account	 for	both	fruit	defensive	traits	and	floral	mutualistic	 traits.	
Fruit	 samples	 were	 collected	 from	 the	 field	 and	 from	 herbarium	

collections,	and	floral	traits	were	collected	exclusively	from	herbar-
ium	samples	(Appendix	S1;	see	Supplemental	Data	with	this	article).	
The	inclusion	of	herbarium	samples	allowed	us	to	test	our	expecta-
tions	more	broadly	and	to	compare	multiple	continental	and	island	
populations	throughout	the	world.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

Tribulus cistoides	 is	 a	 perennial	 plant	 that	 is	 widely	 distributed	 in	
tropical	 and	 subtropical	 regions	 across	 the	 world	 (Porter,	 1971,	
Appendix	S2).	Plants	spread	on	the	ground	via	long	prostrate	stems	
that	 radiate	 out	 from	 a	 central	 rootstock	 (Kearney	 et	 al.,	 2020).	
Tribulus cistoides	 has	 perfect	 flowers	 with	 five	 petals	 arranged	 in	
a	 radially	 symmetric	 pattern,	 measuring	 20–	40 mm	 in	 diameter	
(Porter,	1971;	Wiggins	&	Porter,	1971).	Petals	have	nectaries	at	their	
base,	 and	 although	 they	 can	 self-	pollinate,	 they	 are	 usually	 out-
crossed	by	insect	pollinators	(Porter,	1971).	Plants	typically	grow	in	
well-	drained	sandy	or	gravel	soil	on	beaches,	loose	soil	by	field	mar-
gins,	roadsides	or	paths,	and	arid	lowlands	(Goeden	&	Ricker,	1973; 
Squires,	1979).	Tribulus cistoides	 produce	hard	 fibrous	 fruits	 called	
schizocarps,	which	have	five	 individual	segments	called	mericarps,	
each	 containing	 1–	7	 seeds	 (Figure 1).	 As	 mericarps	 mature,	 they	
dry	 and	 fall	 adjacent	 to	 the	 plant.	Mature	mericarps	 can	 hold	 vi-
able	seeds	for	many	years	(Goeden	&	Ricker,	1973;	Johnson,	1932).	
Mericarp	changes	are	minimal	once	they	fall	from	the	plant,	although	
spines	tend	to	wear	and	break	over	time	due	to	dispersal	 (Ernst	&	
Tolsma,	1988;	Scott	&	Morrison,	1996).	Mericarps	vary	substantially	
in	overall	size,	as	well	as	the	number	and	length	of	spines.	Spine	size	
and	number	can	change	due	to	selection	for	both	dispersal	(Johnson	
et	 al.,	 2020)	 and	 protection	 against	 avian	 granivores	 (Carvajal-	
Endara	et	al.,	2020; Figure 1).

F I G U R E  1 Morphology	of	Tribulus 
cistoides	fruits	and	flowers.	(a)	A	mature	
T. cistoides	schizocarp,	containing	
four	developed	mericarps	plus	one	
underdeveloped	mericarp.	(b)	T. cistoides 
mericarps,	showing	their	upper	and	
lower	spines.	(c)	Mericarp	predation.	The	
left	mericarp	was	depredated	by	birds,	
showing	the	open	gap	that	remains	after	
seed	removal.	At	the	right	is	a	mericarp	
being	fed	on	by	insect	larvae.	(d)	Flower	
showing	both	male	(anthers)	and	female	
(pistil)	parts.	(e)	An	individual	T. cistoides,	
showing	prostrate	growth	habit.
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Antagonistic	 interactions	 such	 as	 seed	 predation	 differ	 be-
tween	continental	and	island	populations	of	Tribulus.	 Insect	preda-
tion	 is	 prominent	 on	 continental	 populations,	where	weevils	 (e.g.,	
Microlarinus lareynii, M. lypriformis	 [Coleoptera:	 Curculonidae])	 are	
used	 as	 a	 control	 agent	 to	 prevent	Tribulus terrestris	 from	 spread-
ing	on	cropland	(Huffaker	et	al.,	1983),	and	the	weevil	also	attacks	
T. cistoides	 (Maddox,	1976;	 Stegmaier,	1973).	Other	 studies	 report	
predation	by	cattle,	although	this	 is	not	 intentional	and	potentially	
harms	 the	 animal	 (Johnson,	 1932;	 Squires,	 1979).	 Bird	 predation	
of	T. cistoides	seeds	has	been	observed	on	Laysan	Island	in	Hawaii	
(Conant,	 1988)	 but	 is	 best	 known	 from	 the	 Galápagos	 islands	
(Carvajal-	Endara	et	al.,	2020;	Grant,	1981).	Several	species	of	ground	
finch	(Geospiza	spp.)	feed	on	the	seeds	of	T. cistoides,	and	their	feed-
ing	 behavior	 differs	 among	 species	 depending	 on	 their	 beak	 size.	
The	largest	beaked	species,	Geospiza magnirostris	and	Geospiza con-
irostris,	crack	mericarps	more	quickly	than	the	medium	ground	finch	
Geospiza fortis	 (Grant,	 1981).	Being	 able	 to	 crack	T. cistoides meri-
carps	increases	the	survival	of	G. fortis,	especially	during	dry	years	
when	preferred	 seeds	of	other	 species	are	depleted	 (Grant,	1981; 
Grant	 &	 Boag,	 1980).	 Correspondingly,	 T. cistoides imposes selec-
tion	on	G. fortis	beak	size	(Boag	&	Grant,	1981),	which	drives	rapid	
adaptive	evolution	 (Boag	&	Grant,	1981).	Finch	predation,	 in	 turn,	
imposes	 selection	 on	 T. cistoides	 mericarp	 morphology	 (Carvajal-	
Endara	 et	 al.,	 2020).	 Mericarp	 size	 and	 spine	 number	 affect	 the	
probability	of	seed	predation	by	finches.	Specifically,	the	presence	
of	lower	spines	(Figure 1)	decreases	predation	in	populations	where	
G. fortis	are	present,	but	it	does	not	affect	predation	by	G. magniros-
tris	(Carvajal-	Endara	et	al.,	2020).

Mutualistic	 interactions,	such	as	plant-	pollinator	 interactions,	
also	 differ	 for	 Tribulus	 between	 island	 and	 continental	 commu-
nities.	 In	 continental	 communities,	 T. cistoides	 interacts	 with	 a	
more	diverse	array	of	generalist	 and	 specialized	 insects,	 such	as	
Hymenoptera	(mainly	various	species	of	Apidae	but	also	Scolidae),	
Diptera,	 Coloeptera,	 Lepidoptera,	 and	 Thysanoptera,	 to	 name	 a	
few	groups	(Austin,	1972;	Reddi,	1981).	On	the	Galápagos	Islands,	
T. cistoides	 is	 considered	 a	 network	 hub	 for	 endemic	 and	 intro-
duced	 pollinators	 alike	 (Traveset	 et	 al.,	2013).	 Its	 most	 general-
ized	 pollinator	 is	 the	 endemic	 carpenter	 bee	 Xylocopa darwinii 
(Hymenoptera).	 Apart	 from	 another	 endemic,	 Leptotes parrha-
sioides	 (Lepidoptera),	 its	 other	 pollinators	 include	 introduced	 in-
sects:	a	lycaenid,	a	wasp	(Hymenoptera),	and	a	hoverfly	(Diptera;	
Traveset	et	al.,	2013).

2.2  |  Data collection

2.2.1  | Mericarps

Mericarps	(n =	5084)	were	collected	from	field	and	herbarium	sam-
ples.	 Field	 samples	 were	 collected	 from	 Galápagos	 and	 Florida.	
Herbarium	 samples	 were	 collected	 from	 the	 California	 Academy	
of	Science	(CAS),	the	Missouri	Botanical	Garden	(MOBot),	Harvard	
University	 Herbarium	 (HUH),	 and	 the	 Charles	 Darwin	 Research	

Station	 Herbarium	 (CDRS).	 Mericarp	 samples	 were	 collected	 be-
tween	1873	and	2018,	and	across	12	countries	on	three	continents	
(Figure 2,	see	Appendix	S1	for	details	on	sample	size).	Linear	mixed	
models	were	used	to	account	for	the	unbalanced	design	as	described	
below	(see	Section	2.3).

The	morphology	of	mericarps	was	 characterized	by	measuring	
five	traits.	These	traits	included	mericarp	length	(mm),	width	(mm),	
depth	(mm),	spine	tip	distance	(mm)	(hereafter	“spine	size”),	and	the	
presence/absence	of	 lower	spines	 (see	Section	3.1.1).	These	 traits	
were	 included	 because	 they	 vary	 among	 mericarp	 populations	
(Appendix	 S3),	 and	 they	have	been	 shown	 to	be	 subject	 to	 selec-
tion	by	Darwin's	finches	in	past	studies	(Carvajal-	Endara	et	al.,	2020; 
Grant,	1981;	Rivkin	et	al.,	2021).	For	herbarium	mericarps,	we	only	
measured	mericarps	that	had	complete	spines,	and	we	did	not	mea-
sure	mericarps	that	showed	damage.

2.2.2  |  Flowers

We	characterized	floral	morphology	from	herbarium	specimens.	We	
obtained	 high-	resolution	 images	 of	 specimens	 (n =	 772)	 from	 the	
Smithsonian	Institute	Herbarium,	the	Harvard	University	Herbarium	
(HUH),	and	the	Charles	Darwin	Research	Station	Herbarium	(CDRS).	
Collection	dates	ranged	from	1800–	2014	and	included	samples	from	
42	countries	across	five	continents	 (Figure 2,	see	Appendix	S1	for	
details	on	sample	size).	We	focused	on	flower	size	quantified	as	the	
length	of	petals	because	flower	size	is	a	key	trait	influencing	pollina-
tor	attraction,	and	this	 trait	could	be	reliably	measured	from	most	
flowering	herbarium	samples.	Petal	length	(mm)	was	measured	from	
the	base	to	the	tip	of	the	petal,	from	up	to	three	separate	flowers	per	
plant	 (see	Section	3.1.2).	All	measurements	were	performed	using	
ImageJ	(Schneider	et	al.,	2012).

2.2.3  |  Bioclimatic	data

We	 downloaded	 the	 data	 from	 the	WorldClim	 database	 at	 a	 30 s	
resolution	(~1	km2)	(Fick	&	Hijmans,	2017).	We	used	four	WorldClim	
variables:	Bio1	(Annual	Mean	Temperature),	Bio4	(Temperature	sea-
sonality),	Bio12	(Annual	precipitation),	and	Bio15	(Precipitation	sea-
sonality).	The	location	coordinates	and	climate	data	were	matched	in	
QGIS	 (version	3.18.2-	Zürich;	QGIS	Development	Team,	2022).	We	
used	the	tool	Fill No Data	by	a	maximum	distance	of	10	pixels	to	pro-
ject	the	climate	information	and	reduce	NAs	from	locations	that	may	
be	too	small	to	have	estimated	data.	Then,	we	extracted	the	biocli-
mate	information	using	the	Sampled Raster Values	tool	and	included	
the	estimated	data	in	our	mericarp	and	flower	datasets.	In	addition,	
we	used	the	projected	bioclimate	estimates	of	Weigelt	et	al.	(2013)	
for	specific	locations	that	we	were	unable	to	extract	using	the	pro-
jected	maps	(Shungu-	Mbili	island,	Tanzania;	Heron	Island,	Australia,	
the	Kure,	Pearl	and	Hermes	Atolls,	Hawaii;	and	the	Lucayan	Islands,	
Bahamas).	However,	 for	 these	 locations,	Weigelt	 did	 not	 estimate	
Bio4.
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    |  5 of 15REYES-CORRAL et al.

2.3  |  Statistical analyses

We	used	linear	mixed-	effects	models	implemented	in	R	version	4.0.3	
(R	Core	Team,	2020).	Our	analytical	approach	involved	the	use	of	two	
models.	Model	1	compared	differences	between	populations	located	
on	continental	versus	island	habitats.	We	used	the	definition	of	true	
oceanic	islands	mentioned	by	Whittaker	and	Fernández-	Palacios,	as	
land	surrounded	by	water	(Whittaker	&	Fernandez-	Palacios,	2007).	
Model	2	focused	on	islands	only	and	compared	populations	on	the	
Galápagos	versus	other	 island	systems.	We	used	the	 lmer	package	
(Bates	et	al.,	2022)	for	the	analysis	of	most	traits,	except	for	the	pres-
ence	 of	 lower	 spines,	which	were	 fitted	 to	 binomial	 and	 negative	
binomial	type	II	distributions,	respectively,	with	a	 log	 link	function	
implemented	in	the	glmmTMB	package	(Brooks	et	al.,	2017).	Trait	val-
ues	typically	varied	among	years,	and	so,	the	year	of	collection	was	
included	as	a	quantitative	covariate.

We	also	included	whether	samples	came	from	herbarium	or	field	
samples,	 to	 test	 any	 potential	 effect	 of	 shrinkage	 due	 to	 age,	 and	
sample	ID	was	treated	as	a	random	effect	to	reflect	the	nonindepen-
dence	of	multiple	measurements	made	per	sample.	Our	full	statistical	
model	(Model	1)	for	testing	the	effects	of	islands	versus	continents	on	
traits	was:	trait ~ continental/island + year + herbarium + (1|ID).	For	flower	
size,	 we	 also	 contrasted	 the	 Galápagos	 islands	 versus	 other	 islands	
using	 the	 following	 model	 (Model	 2):	 petal length ~ Galápagos/other 

island + year + (1|ID).	Model	2	did	not	 include	the	herbarium	covariate	
because	all	flower	samples	came	from	herbaria.	We	omitted	model	2	
in	our	mericarp	dataset	because	we	did	not	have	enough	samples	from	
other	 islands	 to	perform	a	 robust	analysis	 (Appendix	S1).	Sample	 ID	
allowed	us	to	take	multiple	measurements	from	a	single	location,	al-
lowing	us	to	accurately	estimate	the	effects	of	each	factor	in	the	model	
without	 pseudoreplication,	 while	 accommodating	 the	 unbalanced	
sampling	 design	 inherent	 to	 using	 a	mixture	 of	 field	 and	 herbarium	
samples.	Sample	ID	referred	to	a	single	herbarium	specimen	or	single	
field	location	for	field	samples.	The	year	of	collection	was	significant	
for	some	traits,	and	it	allowed	us	to	partition	temporal	trends	in	plant	
traits	that	may	be	associated	with	phenotypic	change	or	collector	bias.	
There	was	no	significant	difference	between	herbarium	and	field	sam-
ples.	For	lower	spines,	the	model	differed,	and	we	removed	the	effect	
of	year:	lower spines ~ continental/island + herbarium + (1|ID)	because	the	
model	would	not	converge	otherwise.

We	 used	 the	 Anova	 function	 from	 the	 car	 package	 (Fox	
et	al.,	2012)	and	fit	the	models	to	Type	II	sums-	of-	squares	to	test	for	
the	significance	of	fixed	effects	in	the	model,	with	marginal	means	
estimated	using	the	package	emmeans	(Lenth	et	al.,	2022).	We	used	
the Dharma	package	 (Hartig	&	Lohse,	2022)	 to	assess	whether	re-
siduals	met	assumptions	of	homogeneity	of	variance	and	normality	
in	 lmer	models.	Based	on	 these	diagnostics,	we	 assessed	whether	
the	raw	data	or	transformed	data	better-	fit	model	assumptions.	For	

F I G U R E  2 Distribution	of	samples	of	Tribulus cistoides	collected	for	this	study.	Most	samples	around	the	world	were	collected	from	
herbarium	collections.	Field	samples	collected	by	the	authors	are	marked	as	orange	circles	including	samples	from	Galápagos	and	Florida.	In	
the	large	map,	the	Galápagos	archipelago	is	outlined	in	red,	with	a	blow-	up	of	the	archipelago	shown	as	an	inset.	The	mericarp	dataset	was	
collected	mainly	from	a	combination	of	field-	collected	samples	and	herbarium	vouchers.	The	flower	dataset	was	exclusively	collected	from	
herbarium	samples.	See	Appendix	S1	for	details	on	sample	numbers	for	each	location.
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6 of 15  |     REYES-CORRAL et al.

mericarp	traits	in	Model	1,	untransformed	values	of	mericarp	length	
and	depth	met	model	assumptions,	whereas	width	was	squareroot	
transformed.	 For	 spine	 size,	 3.1%	 of	 mericarps	 (n =	 158)	 lacked	
upper	spines	(Appendix	S3)	but	only	on	the	Galápagos.	Even	so,	no	
difference	was	evident	between	continental	and	island	populations	
for	the	presence/absence	of	upper	spines	(χ2 =	0.7423,	p =	.3889),	
and	so	we	removed	all	mericarps	lacking	upper	spines	from	subse-
quent	analyses	of	this	trait.	We	further	removed	two	large	outliers	
(residuals>|9|)	for	spine	size.	For	flower	traits	in	Model	1,	we	filtered	
outliers	 (residuals	>|5|).	 For	Model	 2,	 we	 squareroot	 transformed	
petal	length	to	meet	the	assumptions	of	ANOVA.

We	 reran	 the	models	 described	 above	 to	 include	 all	 bioclimatic	
variables	 as	 covariates	 in	 Model	 1	 and	 Model	 2	 to	 understand	
whether	 abiotic	 environmental	 variables	 helped	 to	 explain	 pheno-
typic	 divergence:	 trait ~ continental/island + year + herbarium +  Bio1 + 
Bio4 + Bio12 + Bio15 + (1|ID)	 (Model	 1);	 petal length ~ Galápagos/other 
island + year + Bio1 + Bio4 + Bio12 + Bio15 + (1|ID)	 (Model	 2);	 and	 lower 
spines ~ continental/island + herbarium + Bio1 + Bio4 + Bio12 + Bio15 +  
(1|ID)	for	the	presence	of	lower	spines.	We	expected	that	the	first	set	
of	analyses	without	bioclimatic	variables	would	show	whether	there	is	
an	overall	effect	of	island	on	phenotypic	evolution.	The	second	set	of	
models	that	included	bioclimatic	variables,	tested	whether	the	climate	
of	the	island	predicted	the	results	instead	of	insularity	per	se	(i.e.,	bio-
climate	variables	were	significant	and	continent/island	became	non-
significant	 after	being	 initially	 significant),	 or	whether	 there	was	an	
effect	of	island	independent	of	climate,	which	would	indicate	that	in-
sularity	of	plant–	animal	interactions	itself	influences	evolution	(island/
continent	is	significant	after	including	bioclimate	variables).

Given	our	unequal	 replication	between	 sampling	 locations,	we	
considered	three	different	approaches	to	further	asses	the	robust-
ness	of	our	results	for	mericarps.	First,	we	took	the	mean	trait	value	
from	each	sampling	 location	and	reran	 the	analyses	 to	 test	 for	di-
vergence	 between	 island	 and	 continental	 populations.	 Second,	
we	 removed	some	 individual	herbarium	vouchers	 that	account	 for	
whole	island	systems	to	further	reduce	potential	individual	bias.	We	
removed	samples	from	two	island	systems,	Cape	Verde	(n =	3)	and	
Shungo-	Mbili	 Island	 (n =	5),	and	reran	the	analysis	between	 island	
and	 continental	 populations.	 Finally,	 to	 assess	 the	 unbiased	 sam-
pling	effort	from	Galápagos,	which	accounts	for	most	of	our	field-	
collected	 samples	 (n =	 3245).	 We	 removed	 Galápagos	 from	 the	
analysis	and	reran	the	models	with	only	samples	from	other	island	
systems.	Then,	we	reran	the	analysis	using	only	the	Galápagos	and	
continental	samples	to	compare	results.	All	these	analyses	showed	
similar	effects	and	results	to	the	original	analyses	and	are	presented	
in	the	supplements	(Appendices	S4–	S7,	respectively).

Finally,	 we	 used	multivariate	 analysis	 to	 further	 explore	 how	
mericarp	 morphology	 differed	 between	 continental	 and	 island	
populations	because	mericarp	length,	width,	depth,	and	spine	size	
strongly	 covary	 (Appendix	 S8).	 First,	 we	 normally	 standardized	
each	variable	using	the	scale	 function	 in	R	and	performed	princi-
pal	 component	 analysis	 (PCA)	 using	 the	prcomp	 function.	We	vi-
sualized	the	PCA	using	the	FactoExtra	package	 in	R	 (Kassambara,	
2017).	Then,	we	extracted	the	scores	from	PC	1	and	used	the	val-
ues	to	fit	model	1	used	for	the	univariate	analysis	above.	We	used	

the Anova	 function	 to	 test	 for	 the	 significance	 of	 the	 effect	 of	
habitat	and	bioclimate	variables.	We	performed	multivariate	anal-
ysis	for	the	additional	analyses	mentioned	above	when	applicable	
(Appendices	S4,	S6,	and	S7).

3  |  RESULTS

3.1  |  Phenotypic divergence between island and 
continental habitats

3.1.1  | Mericarp	morphology

Mericarps	 phenotypically	 diverged	 between	 island	 and	 continental	
populations.	Mericarps	were	 on	 average	 7%	 longer,	 6%	wider,	 and	
12%	deeper	on	islands	compared	with	continental	populations.	Spine	
size	was	also	6%	longer	on	islands	(Table 1).	At	the	same	time,	lower	
spines	were	59%	more	common	 in	continental	populations	 than	on	
islands	(Figure 3).	When	we	included	bioclimatic	variables	in	analyses,	
the	effect	of	 island/continent	was	qualitatively	 similar	 in	 the	direc-
tion	of	effect	but	became	nonsignificant	for	length	(p =	.388),	width	
(p =	.132),	spine	size	(p =	.393),	and	lower	spines	(p =	.215),	while	it	
remained	significant	(p =	.01)	for	mericarp	depth.	Bioclimatic	variables	
explained	variation	in	multiple	traits:	Bio4	(Temperature	Seasonality)	
predicted	variation	 in	mericarp	 length	and	Bio15	 (Annual	precipita-
tion)	 predicted	 mericarp	 depth	 (Table 2).	 All	 bioclimatic	 variables	
(Annual	 Mean	 Temperature,	 Temperature	 Seasonality,	 Annual	 pre-
cipitation,	 and	 Precipitation	 Seasonality)	 predicted	 variation	 in	 the	
presence/absence	of	lower	spines	(Table 2).	These	changes	in	the	sig-
nificance	of	the	effect	of	islands	imply	that	some	of	the	divergence	in	
mericarp	traits	is	explained	by	variation	in	bioclimatic	differences	be-
tween	islands	and	continents	instead	of	the	insularity	of	plant–	animal	
interactions	itself	(Table 2).

Our	additional	analysis	showed	the	same	trend.	There	was	a	gen-
eral	effect	of	increased	mericarp	size	that	was	lost	after	accounting	
for	environmental	 factors,	which	explained	the	observed	variation	
(Appendices	S6	and	S7).	However,	we	found	that	lower	spines	were	
not	significant	when	we	removed	the	Galápagos	from	the	analysis	
(p =	.246;	Appendix	S6,	Table S9).

Multivariate	analysis	explained	86%	of	the	variation	in	mericarp	
morphology	and	 further	 supported	 the	univariate	analyses,	 show-
ing	 that	mericarps	 differed	 between	 continental	 and	 island	 popu-
lations	 but	 also	 became	 nonsignificant	when	 bioclimatic	 variables	
were	added	(Figure 3; Table 2).	PC1	explained	71%	of	the	variance	in	
mericarp	morphology	and	was	mostly	associated	with	mericarp	size	
(length,	depth,	width),	and	PC2	explained	15%	of	the	variance	and	
was	mainly	associated	with	spine	size	(Figure 4).

3.1.2  |  Flower	size

Flower	size	differed	between	island	and	continental	habitats,	but	these	
effects	were	only	apparent	after	accounting	for	bioclimatic	variation	
among	sample	 sites	 (Figure 5; Table 2).	When	we	 fit	Model	1	 there	
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was	no	clear	effect	of	 island/continent	(p =	 .239,	Table 1),	but	when	
we	 included	bioclimatic	 variables,	 the	 effect	 of	 island/continent	 be-
came	highly	significant	(p =	.001,	Table 2),	with	petals	on	the	continent	
being	on	average	9%	longer	than	petals	on	islands.	Bio1	(Annual	Mean	
Temperature),	Bio4	(Temperature	Seasonality),	and	Bio15	(Precipitation	
Seasonality)	all	predicted	variations	in	petal	size	(Table 2).	This	result	
shows	that	abiotic	 factors	have	a	 large	 impact	on	 the	divergence	of	
flower	size	among	sampling	locations,	and	island/continent	divergence	
in	flower	size	is	only	apparent	after	accounting	for	this	effect.

Our	 additional	 analysis	 showed	 that	 the	 insularity	 effect	 be-
comes	nonsignificant	when	we	remove	the	Galápagos	samples	and	
only	 use	Other	 Islands	 (p =	 .118;	Appendix	 S6,	 Table S9).	 But	we	
found	 the	 same	bioclimatic	 variables	predicted	variation	 in	 flower	
size	(Appendix	S6,	Table S10).

3.2  |  Phenotypic divergence between the 
Galápagos islands and other island groups

3.2.1  |  Flower	size

We	 found	 that	T. cistoides	 flowers	on	 the	Galápagos	were	 smaller	
than	on	other	islands.	Specifically,	the	petal	length	of	T. cistoides	was	
46%	shorter	on	the	Galápagos	than	on	other	islands	(Figure 5	).	This	
effect	was	apparent	whether	bioclimatic	variables	were	included	or	
not,	with	no	bioclimatic	variables	significantly	predicting	variation	in	
flower	size	when	only	island	sites	were	included	in	analyses	(Table 2).

4  |  DISCUSSION

We	found	that	fruit	and	floral	 traits	that	mediate	antagonistic	and	
mutualistic	species	interactions	with	T. cistoides	frequently	diverged	
between	island	and	continental	populations.	Mericarps	were	larger	
and	deeper	on	 islands	but	more	 frequently	 lacked	 lower	 spines	 in	
comparison	to	continental	populations.	After	accounting	for	climatic	
variation,	the	divergence	in	all	mericarp	traits	except	depth	became	
nonsignificant,	while	 climatic	 variables	 frequently	 predicted	 varia-
tion	 in	mericarp	morphology.	By	contrast,	 flower	 size	 consistently	
diverged	to	be	smaller	on	island	than	continental	populations,	par-
ticularly	after	accounting	 for	bioclimatic	variation	among	sampling	
sites.	Plants	on	the	Galápagos	islands	had	substantially	smaller	flow-
ers	 than	 plants	 from	 other	 islands.	We	 discuss	 the	 importance	 of	
these	results	for	understanding	how	insularity	influences	the	evolu-
tion	of	traits	associated	with	species	interactions.

4.1  |  Divergence of antagonistic traits between 
islands and continent

The	morphological	 divergence	 observed	 between	 island	 and	 con-
tinental	 populations	 is	 partially	 consistent	 with	 our	 expectations	
of	evolution	in	response	to	changes	in	herbivore	communities.	We	
expected	 that	mericarps	would	 be	 larger	 and	 better	 defended	 on	
islands	 if	 vertebrate	 seed	predation	was	 an	 important	 and	unique	
agent	of	selection	on	islands	(Boag	&	Grant,	1981;	Carvajal-	Endara	

TA B L E  1 Model	estimates	of	the	effects	of	population	and	year	of	collection	on	mericarp	and	flower	traits.

(a) Mericarp –  Continental vs. island

Trait

Continental/Island Year Field/Herbarium

χ2 p χ2 p χ2 p

Length 14.139 <.001 6.176 .012 0.489 .484

Width 12.047 <.001 3.228 .072 0.012 .910

Depth 51.506 <.001 11.107 <.001 0.309 .578

Spine	size 5.850 .015 0.731 .392 1.077 .299

Lower	spines 77.921 <.001 — — 3.254 .071

Mericarp	Size	(PC1) 24.992 <.001 7.298 .006 0.198 .655

(b) Flowers –  Continental vs. island

Trait

Continental/Island Year Field/Herbarium

χ2 p χ2 p χ2 p

Petal	length 1.386 .239 15.623 <.001 — — 

(c) Flowers –  Galápagos vs. other islands

Trait

Galápagos/Other islands Year Field/Herbarium

χ2 p χ2 p χ2 p

Petal	length 157.147 <.001 9.453 .002 — — 

Note:	(a,	b)	Model	1	estimates	from	continental	and	island	populations.	(a)	Individual	mericarp	traits	and	mericarp	size	(PC1).	(b)	Petal	length.	(c)	Model	
2	estimates	from	the	effect	of	Galápagos	and	other	non-	Galápagos	island	populations	on	petal	length.
Bold	values	indicate	statistically	significant	results	at	p	<	0.05.
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8 of 15  |     REYES-CORRAL et al.

F I G U R E  3 Mericarp	traits	compared	between	island	and	continental	locations.	Plots	show	the	least-	squares	mean	estimates	(±1	SE)	using	
PC1	as	a	summary	of	mericarp	size	(length,	width,	depth,	and	spine	size)	and	the	presence	or	absence	of	lower	spines.	p-	values	correspond	
to	the	difference	between	island	and	continental	plants.	(a,	b)	Estimates	of	continental	and	island	populations	only.	(c,	d)	Estimates	of	the	
island	effect	from	the	model	after	accounting	for	bioclimatic	variation.	(e)	Diagram	of	mericarp	measurements:	Length	was	measured	along	
the	ventral	border	of	the	mericarp	where	the	seeds	are	contained	within.	Width	was	measured	as	the	distance	across	the	base	of	the	upper	
spines.	Depth	was	measured	as	the	distance	from	the	ventral	and	dorsal	border	in	the	middle	of	the	mericarp.	Spine	size	was	the	distance	
between	the	upper	spine	tips.	Lower	spines	were	considered	present	if	they	were	longer	than	1 mm	and	located	at	the	base	of	the	mericarp.
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et	 al.,	2020).	We	 found	 that	mericarp	 depth	was	 still	 significantly	
different	between	island	and	continental	plants	after	the	 inclusion	
of	bioclimate	variables.	Increased	mericarp	depth	may	increase	the	
survival	 of	 mericarps	 when	 vertebrate	 predators	 are	 present.	 In	
the	 case	 of	 ground	 finches	 on	 the	Galápagos,	 the	 birds	 crack	 the	
mericarps	transversely,	twisting	the	lower	surface	of	the	mericarp,	
such	that	a	deeper	mericarp	may	increase	handling	time	for	finches	
(Grant,	1999).	Mericarp	size	is	especially	important	for	finches	with	
medium-	sized	beaks	because	it	takes	them	more	time	to	handle	large	
mericarps	when	 extracting	 seeds.	 By	 contrast,	 the	 less	 numerous	
large	beaked	 finches	open	 larger	mericarps	more	easily	 to	extract	
seeds	(Grant,	1999).	Previous	field	experiments	showed	that	on	av-
erage	the	ground	finches	on	the	Galápagos	imposed	phenotypic	se-
lection	in	favor	of	larger	Tribulus	mericarps,	and	longer	upper	spines	
(Carvajal-	Endara	et	al.,	2020;	Rivkin	et	al.,	2021).

We	expected	that	if	mericarps	were	better	defended	on	islands,	
then	lower	spines	would	be	more	frequent	there	than	in	continental	
plants.	For	example,	the	presence	of	lower	spines	on	the	Galápagos	
increases	 survival	 from	 vertebrate	 predators	 (Carvajal-	Endara	
et	al.,	2020).	In	general,	we	found	that	lower	spines	were	less	com-
mon	on	 islands.	However,	 the	difference	 in	 the	presence/absence	
of	spines	between	 island	and	continental	populations	disappeared	
when	 the	 Galápagos	 samples	 were	 removed	 (Appendices	 S6	 and	
S7),	indicating	that	the	loss	of	spines	was	mainly	a	phenonemon	re-
stricted	 to	 the	Galápagos.	Moreover,	bioclimatic	variation	was	 the	

best	 explanation	 for	 variation	 in	 the	 presence/absence	 of	 lower	
spines.	This	may	have	occurred	because	precipitation	and	season-
ality	drive	increased	seed	production	of	a	diversity	of	plant	species	
on	 islands.	 The	 abundance	 of	 alternative	 seed	 sources	 alleviates	
predation	and	antagonistic	selection	on	defense	traits	of	T. cistoides,	
which	 is	 a	 nonpreferred	 food	 source	 when	 other	 more	 easily	 ac-
quired	seeds	are	available	(Carvajal-	Endara	et	al.,	2020;	Grant,	1999; 
Grant	&	Boag,	1980).	The	effects	of	 seasonal	 climatic	 variation	 in	
predation	could	facilitate	the	maintenance	of	variation	in	traits	like	
lower	spines.

Another	explanation	for	the	decreased	frequency	of	lower	spines	
on	islands	could	be	differences	in	dispersal	between	islands	and	con-
tinents	(Cody,	2006;	Cody	&	Overton,	1996).	Upper	and	lower	spines	
of	T. cistoides	are	involved	in	dispersal	and	defense,	in	that	the	fruits	
become	 attached	 to	 animals	 (Johnson	 et	 al.,	 2020;	 Porter,	 1971; 
Wiggins	&	Porter,	1971).	These	spines	might	be	an	especially	import-
ant	mechanism	for	dispersal	in	continental	populations	but	could	be	
disadvantageous	on	islands,	especially	if	dispersal	disproportionately	
leads	to	seeds	being	deposited	in	unfavorable	habitats.	As	suggested	
by	Porter	 (1971),	 seabirds	may	carry	T. cistoides	mericarps,	 poten-
tially	depositing	them	in	the	ocean.	Alternatively,	 larger	seeds	may	
help	seedling	establishment	while	islands	may	lack	dispersal	agents,	
leading	to	higher	costs	of	maintaining	lower	spines	without	substan-
tial	benefits	(Burns,	2019;	Kavanagh	&	Burns,	2014).	If	the	cost:	ben-
efit	ratio	of	maintaining	spines	is	high	on	islands,	then	larger	seeds	

F I G U R E  4 Principal	component	
analysis	of	mericarp	traits.	Points	
represent	all	individual	mericarps	
sampled.	Vectors	are	proportional	to	the	
contribution	and	direction	associated	
with	each	trait.	Groups	are	separated	into	
island	and	continental	populations.	Larger	
circles	represent	the	centroid	of	the	
ellipses	with	a	95%	confidence	interval.	
Although	individual	mericarps	are	shown	
here,	statistical	tests	between	island/
continental	sites	were	based	on	scores	
along	PC1	fit	to	a	GLMM	using	Model	1,	
which	accounted	for	nonindependence	
of	mericarps	from	the	same	sampling	
location.
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    |  11 of 15REYES-CORRAL et al.

F I G U R E  5 Petal	length	estimates	from	island	and	continental	plants.	The	plots	show	the	least-	squares	mean	estimates	(±1 SE)	using	petal	
length.	p-	values	correspond	to	the	difference	between	island	and	continental	plants	(Model	1),	and	the	difference	between	the	Galápagos	
Islands	and	Other	(non-	Galápagos)	islands	(Model	2).	(a)	Estimates	of	continental	and	island	populations	only.	(b)	Estimates	of	Galápagos	and	
other	(non-	Galápagos)	islands	only.	(c,	d)	Estimates	of	the	island	effect	from	the	models	after	accounting	for	bioclimatic	variation.	(e)	Diagram	
of	how	petal	length	was	measured:	from	the	base	to	the	tip	of	the	petal.
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could	explain	both	why	fruits	tend	to	be	larger	and	lower	spines	are	
less	frequent	on	islands.

Conflicting	selection	due	to	antagonistic	and	mutualistic	interac-
tions	on	fruits	may	frequently	lead	to	phenotypic	divergence	among	
populations.	For	example,	Siepielski	and	Benkman	(2010)	found	that	
seed	predation	by	squirrels	led	to	the	selection	of	pine	cones	to	be	
more	defended	and	contain	fewer	seeds.	In	the	absence	of	squirrels,	
seed	dispersal	by	nutcrackers	selected	for	pinecones	to	have	lower	
investment	in	defenses	and	larger	seeds.	When	both	agents	of	se-
lection	were	present,	it	led	to	the	contrasting	selection	and	greater	
phenotypic	variation	within	populations.	Notably,	we	also	observed	
greater	 variation	 in	morphological	 traits	 on	 islands	 than	 on	 conti-
nents	(Figure 4).	This	type	of	opposing	selection	by	antagonistic	and	
mutualistic	interactions	may	similarly	explain	why	fleshy	fruits	that	
rely	on	seed	dispersers	often	have	spines	(e.g.,	Ribes	spp.,	Durio	spp.),	
and	why	many	types	of	fruits	are	chemically	defended	(e.g.,	Solanum 
spp.,	 Hippomane mancinella).	 These	 contrasting	 traits	 may	 allow	
plants	to	attract	beneficial	dispersers	and	deter	costly	predators.	It	
seems	likely	that	the	evolution	of	many	plants'	fruit	and	seed	traits	
reflects	a	balance	of	conflicting	selection	between	antagonistic	and	
mutualistic	interactions	(Blake	et	al.,	2012;	Jordano,	1995;	O'Farrill	
et	al.,	2013;	Stiles,	1980).

4.2  |  Divergence of mutualistic traits between 
islands and continents

We	expected	that	flowers	on	islands	would	be	consistently	smaller	
because	islands	commonly	have	lower	diversity	and	more	general-
ized	 pollinators.	 This	 expectation	 is	 founded	 on	 the	 Island	 Floral	
Syndrome	 Hypothesis	 (Hetherington-	Rauth	 &	 Johnson,	 2020),	
which	stems	from	observations	made	by	naturalists	during	the	past	
two	centuries	(Bramwell	&	Caujapé-	Castells,	2011;	Carlquist,	1974; 
Darwin,	1845;	Wallace,	2013).	These	naturalists	claimed	that	islands	
typically	have	small	 inconspicuous	flowers.	Our	results	differ	from	
this	expectation,	in	that	there	was	no	consistent	difference	in	petal	
length	 between	 island	 and	 continent	 populations	 (Appendix	 S6).	
However,	our	results	are	consistent	with	this	expectation	after	ac-
counting	 for	 climatic	 variation	 among	 sampling	 sites,	 and	 on	 the	
Galápagos	archipelago	especially,	where	flowers	were	about	half	the	
size	of	flowers	than	on	other	islands	or	continental	populations.

Our	results	for	other	 island	systems	are	supported	by	a	recent	
large	comparative	analysis	across	the	Pacific	Islands.	Hetherington-
Rauth	&	Johnson	(2020)	found	that,	across	many	taxa,	flowers	were	
not	on	average	smaller	on	islands	than	on	the	American	continents.	
Interestingly,	 Galápagos	 was	 a	 notable	 exception	 in	 their	 study,	
where	endemic	species'	flowers	were	consistently	smaller	on	the	ar-
chipelago	compared	to	their	continental	sister	taxa.	Tribulus cistoides 
was	not	used	in	that	study,	and	so	it	is	striking	that	our	results	align	
with	their	previous	macroevolutionary	results	for	other	species	on	
the	same	archipelago.	This	correspondence	raises	the	question:	why	
is	the	Galápagos	an	exception	and	why	do	we	observe	the	evolution	
of	smaller	flowers	both	within	and	between	species?

In	 the	 case	 of	T. cistoides	 in	Galápagos,	 changes	 in	 flower	 size	
could	be	explained	by	the	evolution	of	increased	selfing,	divergence	
in	 pollinator	 communities,	 or	 climatic	 differences.	 Tribulus cistoi-
des	 is	self-	compatible	(Chamorro	et	al.,	2012),	but	seed	production	
is	 thought	 to	 rely	 mostly	 on	 outcrossing	 mediated	 by	 pollinators	
(Reddi,	1981).	It	is	conceivable	that	island	populations	of	T. cistoides 
are	evolving	increased	selfing	rates	and	consequently	smaller	flower	
sizes.	This	possibility	deserves	further	investigation.	Divergent	polli-
nator	communities	on	islands	may	also	contribute	to	the	evolution	of	
smaller	flowers.	For	example,	there	is	only	a	single	native	bee	species	
found	on	the	Galápagos,	the	large	endemic	carpenter	bee	Xylocopa 
darwinii.	The	paucity	of	bee	species	in	the	Galápagos	could	lead	to	
high	 competition	 among	 plant	 species	 for	 attracting	 pollinators,	
which	might	drive	the	evolution	of	smaller	flower	sizes	in	T. cistoides 
to	attract	different	pollinators,	such	as	smaller	Hymenoptera,	day-	
flying	butterflies,	or	even	nocturnal	moths,	many	of	which	are	 in-
troduced.	Introduced	species	comprise	~25%	of	all	Galápagos	insect	
species	(Traveset	et	al.,	2013).	If	introduced	pollinators	are	sustained	
by	nonendemic	or	generalist	plants,	they	may	impose	selection	for	
smaller	 flowers.	Finally,	 it	was	clear	 from	our	 results	 that	environ-
mental	variation	among	populations	explained	differences	in	flower	
size.	Specifically,	there	was	a	significant	effect	of	temperature	and	
precipitation	 seasonality	 for	 island	 and	 continental	 populations.	 It	
is	possible	that	environmental	factors	are	the	main	source	of	selec-
tion	 for	 flowers,	or	 that	 they	modulate	 the	strength	and	direction	
of	 biotic	 selection,	 as	 suggested	 by	 the	 differences	 in	 flower	 size	
between	 islands	and	continents	 that	were	only	 apparent	 after	 ac-
counting	for	climate.

An	alternative	explanation	to	the	possibilities	above	is	that	the	
smaller	flowers	of	T. cistoides	are	not	an	example	of	adaptive	evolu-
tion	to	a	depauperate	pollinator	community	but	instead	reflect	recent	
hybridization.	The	Galápagos	is	just	one	of	two	locations	in	the	world	
where	the	larger	flowered	T. cistoides	and	the	smaller	flowered	T. ter-
restris	 coexist.	 If	 these	 species	 have	hybridized	on	 the	Galápagos,	
then	 the	 observation	 of	 their	 smaller	 flowers	 could	 reflect	 segre-
gating	hybrid	variation.	Porter	(1971)	reported	that	diagnostic	floral	
characteristics	of	these	two	species	were	intermediate	and	variable	
among	T. cistoides	plants	on	the	Galápagos.	Our	own	data	show	that	
mericarps	 on	 islands	 exhibit	 greater	 variation	 in	morphology	 than	
on	the	continent	(Figure 5),	as	expected	if	there	is	hybrid	segregat-
ing	variation	on	Galápagos	but	not	elsewhere.	These	observations	
are	not	conclusive	evidence	of	hybridization,	and	genomic	analyses	
would	be	required	to	further	test	whether	hybridization	is	occurring	
on	the	islands	and	accounting	for	increased	phenotypic	variance.

4.3  |  Limitations

Our	study	has	two	main	limitations	that	need	to	be	considered	when	
interpreting	our	results.	First,	our	mericarp	dataset	was	unbalanced,	
in	that	we	had	an	abundance	of	mericarp	data	from	the	Galápagos	is-
lands,	yet	relatively	few	mericarp	samples	from	other	island	systems.	
Few	herbarium	specimens	containing	mericarps	were	available	from	
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other	islands	and	visiting	many	additional	islands	across	T. cistoides'	
global	distribution	was	 logistically	 infeasible.	As	such,	most	of	our	
mericarp	 field	 samples	 came	 from	 the	 Galápagos	 and	 continental	
Florida,	whereas	all	other	continental	and	island	samples	distributed	
around	the	world	came	from	herbarium	specimens.	Thus,	our	results	
that	compare	continental	and	Galápagos	populations	are	robust,	but	
our	ability	to	compare	morphological	patterns	of	mericarps	on	the	
Galápagos	versus	other	islands	is	limited.	Second,	our	results	reflect	
phenotypic	differences	among	 field	 samples,	 yet	we	cannot	parti-
tion	the	effects	of	genetic	versus	environmental	differences.	Given	
our	 large	 replication	and	the	magnitude	of	 the	differences	we	ob-
served,	plus	previous	results	showing	evidence	consistent	with	her-
itable	variation	in	some	of	these	traits	(Carvajal-	Endara	et	al.,	2020),	
it	is	reasonable	to	conclude	that	much	of	this	variation	is	genetically	
based.

5  |  CONCLUSIONS AND FUTURE 
DIREC TIONS

Our	results	show	that	T. cistoides	exhibits	phenotypic	differences	in	
fruit	and	floral	traits	between	island	and	continental	habitats.	Many	
of	these	differences	are	consistent	with	antagonistic	and	mutualistic	
interactions	driving	divergent	evolution	between	continental	and	in-
sular	populations,	while	in	other	cases	climatic	variation	appears	to	
be	the	main	driver,	or	at	least	modulates	biotic	selection.	This	study	
shows	 the	 potential	 of	 using	 a	 species	 that	 is	 globally	 distributed	
and	shows	unique	interactions	in	the	context	of	island	populations.	
These	characteristics	make	Tribulus	a	potential	species	for	multiple	
avenues	 of	 research	 answering	 questions	 on	 island	 evolution	 and	
ecology.	The	global	distribution	of	T. cistoides	 and	 the	 inclusion	of	
herbarium	samples	is	an	asset	for	pursuing	large-	scale	comparative	
studies	in	the	tropics.	For	island	systems	specifically,	there	is	poten-
tial	for	controlled	experiments	to	address	specific	dynamics	of	ver-
tebrate	and	invertebrate	predation	on	islands.	Observed	phenotypic	
divergence	on	mericarps	or	flowers	could	be	further	explored	with	
common	 gardens	 that	would	 allow	 for	 the	 partitioning	 of	 genetic	
and	plastic	differences	 in	phenotypic	traits	 (i.e.,	presence	of	 lower	
spines)	observed	within	and	among	populations.	Molecular	analyses	
would	help	establish	whether	hybridization	on	islands	is	contributing	
to	 the	observed	phenotypic	variation	 in	plant	 traits	of	T. cistoides. 
Furthermore,	field	experiments	of	pollinators	and	dispersers	could	
help	to	establish	how	selection	by	mutualists	is	shaping	the	evolution	
of	mericarp	and	floral	traits.	Overall,	our	study	shows	the	potential	
for	using	Tribulus	as	a	study	system	to	understand	co-	evolutionary	
dynamics	driven	by	mutualistic	and	antagonistic	interactions.
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