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Abstract
1.	 Many	pairwise	interactions	in	ecological	communities	are	thought	to	be	structured	
by	 co-	evolution,	 a	 process	 difficult	 to	 study	 on	 a	 community	 level.	 Traditional	
methods	 can	 reveal	 correlated	 phylogenies	 between	 interacting	 organisms,	 
suggesting	a	co-	evolutionary	association.	However,	several	processes	could	lead	to	
cophylogeny,	 including	 (1)	 vicariance,	 (2)	 phylogenetic	 tracking	 and	 (3)	
co-	evolution.

2.	 We	present	 a	 framework	 to	 investigate	diffuse	 co-	evolution	between	groups	of	
interacting	 taxa.	 Our	 methodology	 incorporates	 two	 complementary	 statistical	
methods	to	test	for	evolutionary	signals.	First,	we	test	for	correlated	taxonomies	
between	interacting	species,	and	then	we	test	for	an	association	between	the	pat-
tern	of	interactions	and	taxonomy	of	interacting	species.	We	use	these	methods	to	
clearly	 distinguish	 between	 three	 possible	 explanations	 of	 cophylogenies,	 when	
present.

3.	 Our	methodology	is	designed	to	explore	diffuse	evolutionary	signals	among	many	
interacting	 taxa:	 it	 is	 robust	 to	polytomies	 and	generalization	 and	 can	use	 taxo-
nomic	trees	in	place	of	phylogenies.	Thus,	we	use	taxonomic	distances	to	identify	
groups	of	associated	taxa,	as	opposed	to	specific	co-	evolutionary	relationships.

4.	 In	a	case	study,	we	find	significant	evidence	for	phylogenetic	tracking,	vicariance	
and	asymmetry.	Generally,	our	method	can	be	applied	whenever	relevant	taxon-
omy	is	well	resolved	and	includes	sufficient	variation	at	multiple	taxonomic	ranks	
between	two	groups	of	 interacting	 taxa.	This	adaptable	method	can	 incorporate	
many	types	of	data	on	species	traits	or	behaviours,	such	as	phylogenetic	related-
ness,	pollination	efficacy,	interaction	strengths	and	visitation	rates.	The	analysis	we	
provide	here	may	be	of	use	to	a	broad	range	of	ecologists	interested	in	evaluating	
diffuse	evolutionary	patterns	in	groups	of	interacting	species.
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1  | INTRODUCTION

Co-	evolution	 is	 the	process	by	which	 reciprocal	 selection	acts	upon	
interacting	 species	 (Janzen,	 1980).	 Two	 species	 coevolving	 inde-
pendently	 of	 their	 community	 context	 is	 referred	 to	 as	 specific	 co-	
evolution,	whereas	diffuse co-evolution	occurs	when	there	are	multiple	
species	interacting	and	their	selective	effects	are	dependent	on	each	
other	 (Janzen,	 1980).	 Although	 these	 definitions	 have	 an	 intuitive	
appeal,	 there	 is	an	active	debate	about	how	co-	evolution	should	be	
defined	 and	 quantified,	 what	 constitutes	 evidence	 for	 diffuse	 co-	
evolution,	 and	 to	what	 extent	 it	 has	 been	 demonstrated	 in	 specific	
systems	(Althoff,	Segraves,	&	Johnson,	2014;	de	Vienne	et	al.,	2013;	
Nuismer,	Gomulkiewicz,	&	Ridenhour,	2010).	Many	lines	of	evidence	
have	been	used	to	support	co-	evolution:	covariation	of	traits	between	
populations	 (Johnson	 &	 Anderson,	 2010),	 trait	 adaptations	 specifi-
cally	 for	 the	 interaction	 (Hu,	Dilcher,	Jarzen,	&	Taylor,	2008),	 spatial	
correlation	 of	 traits	 (Thompson,	 2005)	 and	 congruent	 phylogenies	
of	 interacting	 taxa	 (Jousselin,	Rasplus,	&	Kjellberg,	 2003).	However,	
recent	 studies	 suggest	 the	 broad	 phylogenetic	 patterns	 resulting	
from	 co-	evolution	may	 not	 be	 predictable	 and	 that	 congruent	 phy-
logenies	in	particular	are	neither	necessary	nor	sufficient	evidence	of	
co-	evolution	(Janz,	2011;	Nuismer	et	al.,	2010).	Indeed,	there	are	sev-
eral	alternative	hypotheses	that	could	explain	correlated	phylogenies	
among	 interacting	partners	 (Althoff	 et	al.,	 2014).	Therefore,	 there	 is	
a	clear	need	to	establish	a	quantitative	framework	for	detecting	co-	
evolution.	Althoff	et	al.	 (2014)	advanced	 four	hypotheses	 to	explain	
how	congruent	phylogenies	might	arise.

1. Vicariance	 can	 produce	 signals	 of	 cophylogeny	 when	 both	 in-
teracting	species	experience	similar	abiotic	isolation	events	within	
a	 given	 geographic	 area.	 Isolation	 of	 populations	 in	 both	 inter-
acting	 groups	 leads	 to	 parallel	 branching	 in	 phylogenetic	 trees	
because	the	evolutionary	history	of	both	organisms	tracks	similar	
abiotic	histories.	For	example,	sets	of	interacting	ancestral	species	
might	 diverge	 in	 response	 to	 changes	 in	 their	 distributions.

2. Phylogenetic tracking	occurs	 if	 there	 is	 strong	asymmetry	 in	 the	
interaction	 between	 two	 species,	 implying	 one	 species	 is	 much	
more	dependent	on	the	other.	This	 leads	to	parallel	phylogenetic	
trees	 if	 the	 dependent	 species	 diversifies	 to	 utilize	 niche	

opportunities	created	by	speciation	of	the	other.	For	example,	the	
phylogenetic	tree	of	an	obligate	parasite	might	closely	track	that	of	
its	host	species,	while	the	evolution	of	the	host	itself	could	remain	
relatively	unaffected	by	the	parasite.

3. Co-evolution	can	lead	to	congruent	phylogenies	if	interactions	be-
tween	 two	 species	 directly	 influenced	 the	 fitness	 of	 both.	 This	
often	 leads	 to	matching	branches	of	 interacting	pairs	 of	 species.	
However,	co-evolution	can	also	lead	to	many	mismatches	in	phy-
logenies	in	communities	where	host	switching	is	possible.

4. Vertical transmission	of	a	parasite	from	a	host	to	its	offspring	can	
also	 lead	 to	 congruent	 phylogenies.	 In	 this	 case,	 there	would	 be	
cophylogeny	because	the	evolution	of	the	parasite	would	track	that	
of	the	host.

Case	4	above	is	a	special	case	of	2,	and	while	vertical	transmission	
is	 an	 important	 consideration	 for	bipartite	 interactions	between	hosts	
and	vertically	transmitted	parasites,	we	do	not	consider	this	for	our	case	
study	involving	plants	and	their	visitors.

These	hypotheses	provide	a	framework	for	evaluating	complex	re-
lationships	between	selection	and	interaction.	Here,	we	deploy	a	com-
posite	 statistical	 approach	adapted	 to	 this	 framework,	which	 allows	
for	novel	tests	of	evolutionary	signals	among	two	groups	of	interacting	
species.	We	are	particularly	interested	in	identifying	congruent	taxon-
omies	 and	 distinguishing	which	 of	 the	 possibilities	 described	 above	
is	a	likely	cause	for	congruence	(Table	1).	However,	we	also	describe	
other	indicated	outcomes	that	do	not	involve	congruence,	as	there	are	
cases	where	congruence	 is	not	necessary	 for	co-	evolution	 (Nuismer	
et	al.,	2010).

Our	methodology	is	designed	to	solve	a	particular	problem:	study-
ing	 diffuse	 co-	evolutionary	 relationships	 in	 datasets	with	 little	 phy-
logenetic	 information	 and	 frequent	 interactions	 between	 generalist	
participants.	Traditional	phylogenetic	methods	require	detailed	phylo-
genetic	information	and	one-	to-	one	relationships	and	cannot	tolerate	
polytomies	(de	Vienne,	Giraud,	&	Martin,	2007).	The	tools	we	provide	
here	 can	be	 applied	 to	 explore	 diffuse	 co-	evolution	 in	 any	 commu-
nity	 of	 two	 sets	 of	 interacting	 species	 for	which	 reliable	 taxonomic	
information	can	be	obtained.	For	demonstration	purposes,	we	use	a	
legacy	dataset	 from	Charles	Robertson	as	a	case	study;	 this	dataset	
captures	interactions	between	1,629	plant	and	insect	species	over	a	

TABLE  1 Potential	outcomes	of	fourth-	corner	and	Mantel	tests	and	how	they	relate	to	the	three	hypotheses.	Where	the	fourth-	corner	test	
shows	no	relationship,	the	Mantel	test	may	still	indicate	the	importance	of	the	interaction	with	a	significant	correlation	between	taxonomy	and	
interaction	structure.	This	may	mean	either	the	interaction	significantly	affected	the	evolution	of	the	interacting	partner	with	a	significant	
Mantel	test,	or	the	taxonomy	of	the	interacting	partner	is	associated	with	the	interaction	(e.g.	proboscis	length	relates	both	to	taxonomy	and	
possible	plant	hosts)

Fourth- corner significant Fourth- corner not significant

Phylogenetic 
tracking Vicariance Co- evolution Asymmetry No relationship Symmetry

Both	Mantel	tests	significant X X

Neither	Mantel	test	significant X X

Insect	Mantel	test	significant X X

Plant	Mantel	test	significant X X
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period	of	33	years	(Robertson,	1929).	Its	large	study	area,	long	time-	
scale	and	comprehensiveness	offer	an	unprecedented	view	into	rela-
tionships	between	plant–insect	interactions	and	taxonomic	structure	
at	a	regional	scale	(Webb,	Ackerly,	McPeek,	&	Donoghue,	2002),	and	
permit	statistical	testing	at	significance	levels	unavailable	from	smaller	
datasets.	Importantly,	the	broader	taxonomy	of	the	legacy	dataset	we	
selected	as	a	 case	 study	 suits	 the	 focus	of	our	methodology,	which	
explores	diffuse	rather	than	specific	co-	evolution.

Pollination	 systems	 are	 often	 thought	 of	 as	 prime	 examples	 of	
co-	evolution,	 and	 there	 are	many	 classic	 examples	 of	 tight	 special-
ization	and	specific	co-	evolution	in	pollination	systems:	for	example,	
Darwin’s	 sphinx	moth	 (Arditti,	 Elliott,	Kitching,	&	Wasserthal,	 2012;	
Darwin,	1877),	or	figs	and	fig	wasps	(Cruaud	et	al.,	2012).	Most	pol-
lination	systems,	however,	do	not	exhibit	the	specialization	found	in	
host–parasite	 interactions	 and	 tight	 interactions	 are	 the	 exception	
rather	than	the	rule	(Waser,	Chittka,	Price,	Williams,	&	Ollerton,	1996).	
Instead,	plant–pollinator	 interactions	are	possible	candidates	for	dif-
fuse	co-	evolution	(Janz,	2011).	In	a	plant–pollinator	community	with	
generalized	interactions,	reciprocal	selective	forces	are	more	likely	to	
be	diffuse,	acting	weakly,	jointly,	and	severally	on	all	interactors.	Yet,	
at	a	broader	taxonomic	scale,	certain	taxa	of	pollinating	insects	tend	to	
visit	particular	plant	taxa.	This	is	exemplified	by	pollinator	syndromes,	
in	which	plants	are	organized	into	functional	groups	with	similar	suites	
of	morphological	traits	related	to	their	interaction	with	pollinators,	and	
it	is	thought	that	these	functional	groups	also	affect	the	selective	pres-
sures	exerted	on	pollinators	(Fenster,	Armbruster,	Wilson,	Dudash,	&	
Thomson,	2004;	but	see	Ashworth	et	al.,	2015;	Ollerton	et	al.,	2009).

Our	 approach	 allows	 us	 to	 evaluate	 the	 same	 community	 from	
both	plant	and	insect	perspectives,	in	contrast	to	most	previous	stud-
ies,	which	have	been	plant-	centred	(Strauss	&	Irwin,	2004).	The	pat-
terns	 for	which	we	 test	 are	 broadscale,	 community-	wide	properties	
that	may	 support	 or	 refute	 the	 three	 of	 the	 four	 hypotheses	 listed	
above	(hypothesis	4	involving	vertical	transmission	is	not	relevant	for	
flower–insect	interactions)	in	each	case	of	congruent	phylogeny,	and	
further	narrow	the	number	of	possible	explanations	where	testing	for	
congruent	 phylogeny	 is	 not	 possible.	 First,	we	directly	 compare	 the	
taxonomic	 structure	 of	 interacting	 organisms	 to	 test	 for	 congruent	
taxonomies	 using	 the	 fourth-	corner	method	 (Legendre,	 Desdevises,	
&	 Bazin,	 2002;	 Legendre,	 Galzin,	 &	 Harmelin-	Vivien,	 1997).	 Then,	
we	 compare	 the	 taxonomic	 structure	 of	 each	 set	 of	 organisms	 (e.g.	
plants	and	 insects)	with	 their	 interaction	structure	using	 the	Mantel	
test	(Mantel,	1967).	Together,	these	tests	allow	us	to	identify	groups	
where	vicariance,	 phylogenetic	 tracking	 or	 co-	evolution	 is	 the	most	
likely	process	responsible	for	taxonomic	costructure	(Table	1).

2  | MATERIALS AND METHODS

The	methodology	presented	here	can	be	applied	to	any	set	of	bipar-
tite	 or	 pairwise	 ecological	 interactions	with	 sufficiently	 diverse	 and	
resolved	taxonomies.	 It	 is	designed	to	solve	some	of	 the	difficulties	
associated	 with	 exploring	 co-	evolution	 in	 plant–pollinator	 interac-
tions.	We	expect	 less	 than	perfect	congruence	 in	a	plant–pollinator	

system	because	host	switching	may	be	common	(e.g.	Patiny,	Michez,	
&	 Danforth,	 2008)	 and	 these	 interactions	 are	 highly	 generalized	
(Waser	 et	al.,	 1996).	 Previous	 studies	 of	 phylogenetic	 patterns	 in	
plant–pollinator	 interactions	 have	 demonstrated	 that	 cophylogeny	
can	predict	coextinction	cascades	 (Rezende,	Jordano,	&	Bascompte,	
2007)	and	specialized	interactions	between	plants	and	pollinators	can	
be	asymmetrically	phylogenetically	structured	(Ramírez	et	al.,	2011).	
Asymmetry,	 in	 this	 case,	 indicates	 that	 the	 interaction	 structure	 is	
correlated	with	the	phylogeny	of	one	interacting	partner,	but	not	the	
other.	For	example,	orchid	phylogeny	appears	to	track	diversification	
of	orchid	bees,	while	the	orchid	bee	phylogeny	does	not	track	orchid	
diversification	(Ramírez	et	al.,	2011).

Traditional	methods	of	evaluating	cophylogeny	do	not	work	well	
in	 plant–pollinator	 communities	 because	of	 the	 generalist	 nature	of	
most	interactors	(de	Vienne	et	al.,	2007).	Furthermore,	phylogenies	of	
all	interacting	partners	in	sets	of	community	interaction	data	are	rarely	
known.	Subsetting	data	to	specifically	look	for	co-	evolution	between	
well-	known	pairs	restricts	the	analysis	and	also	precludes	studies	of	
diffuse	 co-	evolution,	 which	 is	 likely	 to	 act	 across	 broad	 taxonomic	
scales.	The	nature	of	our	methodology	is	that	a	correlation	between	
two	interacting	groups	demonstrates	an	association	at	a	higher	taxon	
level;	host	switching	within	genera	or	even	families	has	less	of	an	influ-
ence	on	the	outcome	of	the	algorithm.	Such	associations	would	make	
sense	if	traits	related	to	the	interaction	were	broadly	conserved	within	
taxa,	and	specific	adaptations	are	less	relevant	to	the	larger	patterns.	
For	 the	 purpose	 of	 detecting	 broad	 signals	 of	 diffuse	 co-	evolution	
therefore,	 we	 tested	 the	 taxonomic	 groupings	 of	 order	 and	 family.	
However,	the	methodology	presented	here	can	be	applied	to	any	tax-
onomic	or	phylogenetic	grouping	applicable	to	the	study	question.

2.1 | Fourth- corner test and congruence  
of taxonomies

To	test	for	correlations	between	taxonomic	structures	of	interacting	
species,	we	 used	 Legendre’s	 fourth-	corner	method	 to	 analyse	 rela-
tionships	between	the	rows	and	columns	of	a	presence/absence	ma-
trix	(Legendre	et	al.,	1997,	2002;	ter	Braak,	Cormont,	&	Dray,	2012).	
We	 arrange	 a	 binary	matrix	L,	 representing	 interactions	 between	n 
plant	 species	 and	m	 insect	 species,	R,	 which	 is	 the	 n × n	 matrix	 of	
taxonomic	 distances	 between	 plant	 species,	 and	 Q,	 which	 is	 the	
m × m	matrix	of	taxonomic	distances	between	insect	species	in	such	
a	 fashion	 that	 the	 missing	 fourth	 corner	 represents	 a	 contingency	
table	 reflecting	 interaction-	mediated	 congruence	 among	 plant	 and	
insect	 taxonomies	 (Figure	1).	Note	 that	 although	we	use	 taxonomic	
distances	here,	it	is	equally	feasible	to	use	phylogenetic	data	to	gen-
erate	distance	matrices	(see	below).	The	fourth-	corner	algorithm	is	a	
permutation	 test	 identifying	 significant	 patterns	 in	 this	 contingency	
table.	Significance	is	calculated	by	permuting	rows	of	the	interaction	
matrix	L	to	create	a	distribution	of	chi-	squared	statistics	(R	Core	Team,	
2013).	We	applied	the	fourth-	corner	method	to	identify	correlations	
at	the	order	and	family	levels,	running	999	permutations	to	determine	
significance	for	each	test	(see	Data	S1	for	code).	The	fourth-	corner	al-
gorithm	has	previously	been	used	to	test	cophylogenetic	relationships	
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in	 host–parasite	 systems	 (Balbuena,	 Míguez-	Lozano,	 Blasco-	Costa,	
Naisbit,	&	Alvarez,	2013;	Legendre	et	al.,	2002);	we	know	of	no	appli-
cation	to	much	more	generalized	interactions,	such	as	those	between	
plants	and	pollinators.

2.2 | Mantel Test and correlations between 
interaction and taxonomic structure

The	 fourth-	corner	 algorithm	 allows	 us	 to	 look	 for	 correlational	 re-
lationships	 between	 phylogenies	 (or	 taxonomies)	 on	 a	 broad	 scale	
(Legendre	et	al.,	1997,	2002).	However,	to	fully	differentiate	between	
the	alternative	scenarios	proposed	by	Althoff	et	al.	 (2014),	we	must	
also	understand	the	relationship	between	the	structure	of	interactions	
among	taxa	and	their	taxonomic	structure.	One	way	to	test	for	this	
association	 between	 evolutionary	 history	 and	 ecological	 function	 is	
to	compare	taxonomic	distance	(or	phylogenetic	distance	when	avail-
able)	and	ecological	dissimilarity	matrices	 (Mantel,	1967).	We	calcu-
lated	statistical	significance	with	Mantel	permutation	tests	separately	
for	 plant	 and	 insect	 matrices	 and	 applied	 a	 Holm–Bonferroni	 cor-
rection	for	multiple	tests	(Ludbrook,	1998;	R	Core	Team,	2013).	The	
Mantel	test	shows	whether	more	taxonomically	related	insect	or	plant	
species	are	significantly	more	 likely	 to	 interact	with	similar	partners	
than	expected	by	chance	alone.

Significant	correlations	from	Mantel	tests	indicate	closely	related	
species	tend	to	interact	with	similar	partners,	but	the	correlation	sta-
tistics	 are	constrained	 to	 small	values	by	 the	nature	of	 the	method,	

and	the	size	of	the	input	matrices	(Urban,	Goslee,	Pierce,	&	Lookingbill,	
2002).	 Thus,	 strength	 of	 the	 correlation	 statistics	 presented	 by	 our	
method	should	be	 interpreted	as	a	 relative	metric,	and	not	be	com-
pared	between	subtests.	Further,	whenever	binary	interaction	matri-
ces	are	used,	correlations	will	generally	be	low	(Epperson,	1995).

Although	the	Mantel	test	has	been	criticized	for	having	low	power	
relative	to	standard	phylogenetic	measures,	such	as	K	values,	it	is	the	
only	 test	 available	 for	 traits	 that	 can	only	 be	 expressed	 as	 pairwise	
distances	 (Harmon	 &	 Glor,	 2010),	 such	 as	 the	 interaction	 data	 we	
use	to	generate	our	distance	matrices	here.	Furthermore,	the	power	
of	the	Mantel	test	increases	with	the	number	of	traits	tested	(Hardy	
&	Pavoine,	2012),	which	gives	our	methodology	greater	power	when	
analysing	large	interaction	matrices.	Finally,	the	Mantel	test	is	robust	
to	polytomies,	which	cause	many	standard	phylogenetic	methods	to	
fail	(de	Vienne	et	al.,	2007).	Thus,	the	Mantel	test	is	a	useful	solution	
for	testing	correlations	between	interaction	and	taxonomic	matrices.

2.3 | Addressing the hypotheses

1. If	 the	 taxonomic	 structure	 (taxonomic	 distance	 matrices)	 and	
interaction	 structure	 (ecological	 dissimilarity	 matrices)	 (Mantel	
test,	 see	 below)	 are	 not	 correlated,	 but	 the	 taxonomic	 structure	
of	 interacting	 partners	 (fourth-corner	 test,	 see	 below)	 is,	 this	
suggests	vicariance	 has	 influenced	 the	 evolution	 of	 both	 groups	
(Table	1).	 In	 this	 scenario,	 the	 structure	 of	 the	 taxonomic	 trees	

F IGURE  1 A	heuristic	diagram	
demonstrating	the	fourth-	corner	
application	for	our	problem.	An	interaction	
matrix	among	plant	and	insect	species	
(top	left,	species	labelled	as	lower-	case	
letters)	has	both	a	taxonomy	for	insect	
(top	right)	and	plant	species	(bottom	left),	
both	with	genera	labelled	as	capital	letters.	
With	the	fourth-	corner	method,	we	test	
for	correlations	in	the	taxonomies	of	
interacting	partners.	The	matrix	(bottom	
right)	shows	a	significant	relationship	
between	plant	genus	I	and	insect	genus	B
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was	not	significantly	 influenced	by	the	 interaction,	but	branching	
patterns	 are	 similar	 between	 interacting	 partners,	 suggesting	
some	 selective	 force	 outside	 the	 interaction	was	 acting	 on	 both	
partners.	 In	 other	 words,	 the	 interactions	 between	 plants	 and	
visiting	 insects	 are	 not	 phylogenetically	 conserved,	 but	 demon-
strate	 a	 cophylogenetic	 pattern.

2. In	contrast,	if	only	one	partner	has	correlated	interaction	and	taxo-
nomic	 structure	 and	 the	 taxonomies	 are	 directly	 correlated,	 we	
have	 support	 for	phylogenetic tracking,	 inconsistent	with	 vicari-
ance	and	co-evolution	(i.e.	interaction	is	important	for	one	interact-
ing	partner	but	not	the	other).	In	this	case,	the	focal	group	(plants	or	
insects,	 but	 not	 both)	 demonstrates	 phylogenetically	 conserved	
interactions.

3. Finally,	if	there	is	a	significant	correlation	between	each	partner	and	
its	interaction	structure	as	well	as	direct	correlations	between	the	
taxonomies,	we	may	consider	 this	 to	be	evidence	for	diffuse co-
evolution,	as	the	 interaction	 is	significantly	correlated	to	the	tax-
onomy	 of	 each	 interacting	 partner,	 and	 there	 are	 congruent	
taxonomies.	Where	this	is	true,	we	consider	it	evidence	that	phylo-
genetically	 conserved	 interactions	 are	 related	 to	 cophylogenetic	
structure.

It	 is	 also	 possible	 for	 co-	evolution	 to	 occur	without	 cophylogeny	
(Nuismer	et	al.,	2010)	and	we	do	present	cases	of	significant	correlations	
between	taxonomic	and	 interaction	structure	without	cophylogeny.	 In	
cases	where	 the	 fourth-	corner	 test	 shows	no	 relationship,	 the	Mantel	
test	alone	may	indicate	the	importance	of	the	interaction	with	a	signifi-
cant	correlation	between	taxonomy	and	interaction	structure.	For	exam-
ple,	where	there	is	no	correlation	between	the	interaction	structure,	but	
one	partner	exhibits	 a	 correlation	between	 interaction	and	 taxonomic	
structure,	we	call	the	interaction	asymmetric	(the	interaction	is	important	
to	the	evolution	of	one	partner,	but	the	phylogeny	does	not	track	that	
of	 the	other	partner).	 If	 there	 is	a	correlation	between	 the	 interaction	
and	taxonomic	structure	of	both	partners	(but	no	cophylogeny),	we	call	
the	interaction	symmetric.	The	scenario	where	the	interaction	structure	
is	significantly	correlated	to	the	taxonomy	of	one	or	both	partners,	but	
the	taxonomies	of	 interacting	partners	are	not	directly	correlated	may	
suggest	the	interaction	is	important	to	the	fitness	of	one	or	both	part-
ners	with	no	reciprocal	relationship	(Table	1).	An	alternative	explanation	
is	morphological	characters	driving	the	interaction	of	a	given	partner	also	
drive	 its	 taxonomic	 classification,	 or	 the	 interaction	 drives	 taxonomic	
patterns	 in	 morphological	 characters.	 Further	 research	 could	 demon-
strate	which	alternative	scenarios	indicate	diffuse	co-	evolution.

A	lack	of	any	phylogenetic	signal	(i.e.	no	significant	results)	could	
mean:	(1)	the	interaction	is	not	important	to	the	fitness	of	either	inter-
acting	species,	(2)	our	test	is	not	sensitive	enough,	and/or	(3)	strong	
and	important	interactions	are	masked	within	largely	generalist	taxa.	
Our	case	study	dataset	has	several	features	that	may	mask	a	signal	of	
co-	evolution,	including	the	presence	of	non-	native	species	and	the	ab-
sence	of	abundance	and	phylogenetic	data.	These	shortcomings	could	
be	 improved	with	 further	 research;	however,	 it	 is	 important	 to	note	
any	dataset	will	ultimately	be	incomplete	and	the	one	we	use	here	is	
notable	for	its	size	and	scale.

2.4 | Conditions where tests are not compatible

Many	scenarios	arise	where	 it	will	not	be	possible	 to	apply	either	
the	 fourth-	corner	 or	 the	 Mantel	 test.	 For	 example,	 when	 taxo-
nomic	matrices	have	no	variation	 (e.g.	when	all	 species	are	 in	 the	
same	genus,	or	every	genus	 is	 represented	by	a	 single	 species),	 it	
will	not	be	possible	to	utilize	the	Mantel	test.	Similarly,	the	fourth-	
corner	 algorithm	 requires	 a	 large	number	of	 subgroupings	 to	 test	
for	 a	 correlation	 (i.e.	 genera	 within	 families,	 or	 families	 within	 
orders).	Although	we	are	unable	 to	 identify	 the	evolutionary	pro-
cess	 driving	 the	 interaction	 structure	without	 both	 tests,	 just	 the	
fourth-	corner	or	 just	 the	Mantel	 test	allows	us	to	rule	out	certain	
scenarios.	Where	only	the	fourth-	corner	test	can	be	applied,	we	can	
determine	whether	any	evolutionary	scenarios	proposed	in	Althoff	
et	al.	(2014)	are	possible.	If	the	Mantel	test	is	not	significant	for	ei-
ther	of	the	groups,	this	gives	evidence	against	phylogenetic	tracking	
and	diffuse	co-	evolution.	We	include	cases	where	the	Mantel	test	
alone	can	be	applied	in	Data	S2.

2.5 | Case study

To	 demonstrate	 our	 methodology,	 we	 used	 a	 dataset	 compiled	 by	
Charles	Robertson,	who	observed	insects	visiting	flowers	in	a	tallgrass	
prairie	from	1884	to	1916	over	more	than	225,000	hectares	in	Illinois	
(USA)	and	published	his	data	in	Flowers and Insects	(Robertson,	1929).	
This	dataset	has	been	analysed	for	other	questions	(e.g.	Memmott	&	
Waser,	2002),	and	for	a	large	portion	of	this	dataset,	one	of	us	previ-
ously	updated	the	taxonomy	of	the	plant	species	and	all	taxa	of	insect	
visitors,	 except	 predatory	 wasps	 and	 short-	tongued	 bees	 (Graham,	
Tooker,	&	Hanks,	 2012;	Tooker	&	Hanks,	 2000;	Tooker,	Hauser,	&	
Hanks,	2006;	Tooker,	Reagel,	&	Hanks,	2002).

We	address	a	subset	of	Robertson’s	full	dataset	comprising	para-
sitoid	wasps	(Tooker	&	Hanks,	2000),	Lepidoptera	(butterflies,	skippers	
and	moths	 (Tooker	 et	al.,	 2002)),	 Diptera	 (flies	 (Tooker	 et	al.,	 2006),	
Coleoptera	(beetles,	Graham	et	al.,	2012)),	Hemiptera	(true	bugs)	and	
bees	 (Table	1).	 The	 only	 original	 group	 omitted	 from	 our	 dataset	 is	
the	predatory	wasps,	the	taxonomy	of	which	has	not	been	updated.	
Taxonomy	of	short-	tongued	bees	(Andrenidae,	Colletidae,	Halictidae)	
relies	 on	 Robertson’s	 original	 nomenclature,	 whereas	 the	 long-	
tongued	bees	(Apidae,	Megachilidae)	were	updated	(Krombein,	Hurd,	
Smith,	 &	 Burks,	 1979;	Michener,	 2000)	 and	verified	 by	Dr.	 Charles	
Michener	(University	of	Kansas)	 in	2001.	We	updated	the	taxonomy	
of	 Hemiptera	 using	 primary	 literature	 and	 Planetary	 BioDiversity	
Inventory	for	Plant	Bugs	(http://research.amnh.org/pbi/).

The	 dataset	 contains	 13,106	 unique	 interactions	 between	
m =	1,174	 insect	species	of	 five	orders	and	n =	455	plant	species	of	
37	orders.	The	broad	geographic	and	temporal	scales	of	Robertson’s	
observations	make	them	a	useful	 tool	 for	evaluating	community	dy-
namics	between	plants	and	floral	visitors	and,	 for	our	purposes,	dif-
fuse	evolutionary	processes.	Because	Robertson	did	not	provide	data	
on	 strictly	 defined	 pollination	 events,	we	 use	 visitation	 events	 as	 a	
proxy	for	mutualistic	 interactions	as	with	most	pollination	networks,	
although	we	recognize	visits	do	not	necessarily	imply	pollination.

http://research.amnh.org/pbi/
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For	our	analysis,	 the	matrix	L	 represents	 interactions	between	n 
plant	species	and	m	insect	species.	The	binary	interactions	represent	
the	presence	or	absence	of	an	 interaction	between	plant	and	 insect	
species.	From	the	binary	matrix,	we	generate	two	matrices	of	ecologi-
cal	dissimilarities	using	a	Jaccard	algorithm	(Chao,	Chazdon,	Colwell,	&	
Shen,	2005).	The	algorithm	quantifies	the	dissimilarity	of	interactions	
between	pairs	of	insect	species	or	pairs	of	plant	species.	This	process	
results	in	two	square	matrices:	one	of	insect	dissimilarities	and	one	of	
plant	dissimilarities.	A	0	 in	 the	 insect	dissimilarity	matrix	 represents	
insect	species	with	complete	overlap	in	plant	visitation,	and	a	positive	
value	implies	some	overlap;	an	index	of	1	indicates	the	two	insect	spe-
cies	visit	no	common	plant	species.

We	generate	 two	square	matrices	of	 taxonomic	distances	 (R	 for	
plants	and	Q	for	insects).	These	have	decreasing	values	for	increasing	
relatedness	between	species.	A	value	of	0	 indicates	two	species	are	
congeners,	 1	 that	 they	 belong	 to	 the	 same	 family	 but	 not	 genus,	 2	
that	they	belong	to	the	same	order	but	not	family	and	3	that	they	are	
in	different	orders	 (Rezende	et	al.,	2007).	These	 taxonomic	distance	
matrices	 are	 the	 best	 proxies	 of	 phylogenetic	 relatedness	 available	
at	 such	broad	 taxonomic	 scales.	Datasets	 of	 phylogenetic	 distances	
could	effectively	be	substituted	for	these	taxonomic	distance	matrices	
in	future	studies,	as	demonstrated	below	on	a	subset	of	the	data.

2.6 | Comparing the tests on phylogenetic data

To	compare	the	performance	of	our	methodology	on	matrices	of	phy-
logenetic	 relatedness,	 we	 acquired	 phylogenetic	 information	 from	
published	literature	on	a	subset	of	the	data.	We	were	able	to	acquire	
phylogenetic	 data	 for	 23	 bee	 species	 (Hedtke,	 Patiny,	 &	 Danforth,	
2013)	and	16	plant	species	(Lee	et	al.,	2011).	For	the	Mantel	test,	we	
used	these	phylogenetic	distances	in	place	of	taxonomic	distances.	To	
use	the	fourth-	corner	method,	we	used	a	clustering	algorithm	(hclust),	
assigning	 the	 number	 of	 clusters	 to	 be	 the	 same	 as	 the	 number	 of	
genera	(R	Core	Team,	2013).	With	the	available	phylogenetic	data,	the	
algorithm	did	not	necessarily	sort	species	into	genera	and	the	resulting	
relatedness	matrix	differed	 from	the	 taxonomic	matrix.	The	cluster-
ing	step	was	necessary	because	the	fourth-	corner	algorithm	requires	
discrete	categories,	while	phylogenetic	distances	are	continuous.	We	
chose	the	number	of	genera	as	the	number	of	clusters	so	that	it	would	
better	compare	with	our	taxonomic	analysis.

3  | RESULTS

3.1 | Fourth- corner test and congruence of 
taxonomies

The	 fourth-	corner	 analysis	 highlights	 groups	 of	 species	with	 a	 high	
number	of	significant	correlations	between	the	taxonomic	structure	
of	 interacting	groups.	 It	may	be	 instructive,	 for	example,	 to	 identify	
subgroups	 with	 large	 numbers	 of	 significant	 cophylogenies.	 In	 the	
Robertson	 case	 study,	 the	 fourth-	corner	 method	 detected	 a	 num-
ber	of	positive	and	significant	correlations	between	insect	and	plant	

orders	(Figure	3)	and	families	(Figure	S1).	The	highest	proportions	of	
significant	familial	correlations	relative	to	the	total	number	of	families	
were	 in	Hymenoptera	 (insect)	 and	Apiales	 (plant).	The	 families	with	
the	 largest	 number	 of	 significant	 correlations	 relative	 to	 the	 num-
ber	of	genera	were	the	bee	family	Apidae	(insect)	and	parsley	family	
Apiaceae	(plant).

Our	methodology	 importantly	allows	 for	 the	separation	of	dis-
tinct	 sets	 of	 interacting	 taxa.	 For	 example,	 in	 the	 Robertson	 case	
study,	many	groups	traditionally	considered	to	be	pollinators	share	
similar	 interactions	 and	 are	 distinct	 from	 groups	 less	 likely	 to	 be	
considered	 pollinators.	 Syrphidae	 (hoverflies)	 and	 Andrenidae	
(mining	 bees)	 share	 a	 significant	 correlation	with	 the	 honeysuckle	
family	Caprifoliaceae	(p <	.01),	while	Braconidae	(parasitoid	wasps)	
is	 significantly	 correlated	with	 Berberidaceae,	 the	 barberry	 family	
(p <	.01)	 (Figure	2).	 Syrphid	 flies	 and	 andrenid	 bees	 are	 generally	
thought	 to	 be	more	 efficient	 pollinators	 than	 braconid	 parasitoid	
wasps.

3.2 | Mantel test and correlations between 
interaction and taxonomic structure

For	 scenarios	where	both	 the	 fourth-	corner	 and	 the	Mantel	 tests	
were	possible,	at	 the	order	 level,	42	of	134	possible	Mantel	 tests	
yielded	significant	results	(Figure	3).	At	the	family	level,	23	of	228	
possible	Mantel	tests	were	significant	(Figure	S1).	The	largest	num-
ber	of	 significant	Mantel	 tests	was	 in	Hymenoptera	 (bees,	wasps,	
ants),	 both	 at	 the	order	 and	 family	 level.	 The	plant	 order	Rosales	
(roses	and	relatives)	had	the	highest	number	of	significant	Mantel	
tests	with	insect	orders.	Of	the	insect	families,	the	taxonomy	of	the	
bee	family	Apidae	was	significantly	correlated	with	its	interactions	
with	the	highest	number	of	plant	families.	Because	of	the	asymmet-
ric	 trend,	 few	plant	 families	had	a	 significant	 correlation	between	
taxonomy	 and	 interaction	 structure.	 From	 the	 perspective	 of	 the	
insect	 visitors,	 the	 aster	 family	 Asteraceae	 was	 the	 plant	 family	
with	which	 the	 largest	number	of	 insect	 families	had	a	 significant	
correlation.

3.3 | Addressing the hypotheses

Our	 combined	 Mantel	 and	 fourth-	corner	 analyses	 revealed	 sub-
stantial	 phylogenetic	 signature	 in	 the	 interaction	 data,	 reflecting	
38	 probable	 cases	 of	 vicariance	 and	 23	 of	 phylogenetic	 tracking,	
but	not	 co-	evolution	 (Figure	3,	Figure	S1).	 In	addition,	 there	were	
46	 cases	 of	 asymmetry,	 though	 always	 between	 insect	 taxonomy	
and	 interaction	 structure.	 Among	 the	 362	 order–order	 and	 fam-
ily–family	pairs,	we	were	able	to	test	with	compatible	methods	(i.e.	
both	phylogenetic	congruence	and	correlation	between	interaction	
and	taxonomic	structure);	only	one	identified	a	significant	correla-
tion	between	plant	 taxonomic	 and	 interaction	 structure	 (between	
taxonomy	 of	 Brassicales	 and	 its	 interactions	 with	 Diptera	 (flies));	
this	was	also	the	only	instance	of	symmetry	(both	insect	and	plant	
Mantel	 tests	 were	 significant	 [Figure	3]).	 Similarly,	 in	 all	 cases	 of	
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phylogenetic	 tracking,	 the	 insect	 taxonomy	 is	 tracking	 the	 plants.	
At	the	scale	of	plant	family	or	order,	more	closely	related	plant	spe-
cies	are	not	necessarily	more	likely	to	interact	with	similar	partners,	
while	closely	related	insects	at	those	scales	are	more	likely	to	inter-
act	with	similar	partners.

At	the	order	level,	there	were	29	cases	of	asymmetry,	four	of	pu-
tative	vicariance,	11	of	putative	phylogenetic	tracking	and	one	where	
both	Mantel	tests	were	significant,	but	the	fourth-	corner	test	was	not	
(Figure	3).	At	the	family	level,	there	were	17	cases	of	asymmetry,	34	
of	putative	vicariance	and	12	of	putative	phylogenetic	tracking.	In	all	
cases	of	asymmetry	and	phylogenetic	tracking,	it	was	the	insect	tax-
onomic	matrix	that	significantly	correlated	with	its	 interaction	struc-
ture.	Interestingly,	all	three	evolutionary	scenarios	were	most	common	
involving	families	of	Hymenoptera.	Thus,	of	all	insect	orders	studied,	
Hymenoptera	has	the	most	and	strongest	phylogenetic	signals	due	to	
(or	detected	via)	their	interactions	with	plants.

The	 cases	where	 both	 the	 fourth-	corner	 and	Mantel	 tests	 gave	
negative	results	testify	to	interactions	lacking	any	phylogenetic	signal.	
In	these	cases,	the	interaction	structure	is	not	correlated	to	the	tax-
onomic	structure	of	interacting	species	and	their	taxonomies	are	not	
correlated	to	each	other.	For	example,	the	plant	order	Asterales	and	

beetle	order	Coleoptera	did	not	have	any	congruent	phylogenies,	and	
neither	group	had	an	interaction	structure	correlated	with	taxonomic	
structure.	This	does	not	preclude	a	phylogenetic	signature	at	different	
hierarchical	levels,	as	there	is	a	significant	signal	of	putative	vicariance	
between	the	families	Asteraceae	(order	Asterales)	and	Chrysomelidae	
(order	Coleoptera).

3.4 | Comparing the tests on phylogenetic data

For	 the	 subset	 of	 phylogenetic	 data,	 the	 results	 of	 the	Mantel	 and	
fourth-	corner	 tests	 were	 similar	 to	 the	 previously	 reported	 results	
using	 taxonomic	 data.	 The	Mantel	 test	 identified	 a	 similar	 relation-
ship	between	the	phylogenetic	or	taxonomic	structure	and	interaction	
structure	in	bees	(phylogenetic:	p	=	.05,	R2	=	0.09,	taxonomic:	p	=	.039,	
R2	=	0.09),	 and	 no	 significant	 relationship	 between	 plant	 phyloge-
netic	or	 taxonomic	structure	and	 interaction	structure	 (phylogenetic:	
p	=	.443,	R2	=	0.03,	taxonomic:	p	=	.319,	R2	=	0.02).	The	fourth-	corner	
algorithm	 identified	three	significant	correlations	 in	 the	phylogenetic	
analysis	 and	 five	 significant	 correlations	 in	 the	 taxonomic	 analysis.	
Of	 these	 correlations,	 two	were	 the	 same	 in	 both	 tests	 (bumblebee	
genus	 Bombus	 and	 grape	 family	 Vitaceae,	 and	 masked	 bee	 genus	

F IGURE  2 A	subset	of	the	dataset	to	illustrate	significant	fourth-	corner	correlations	(p <	.01)	between	genera	of	three	insect	families	(left)	
and	three	plant	families	(right),	with	interactions	as	connecting	lines.	Syrphidae	correlated	with	Rubiaceae	and	Caprifoliaceae,	Andrenidae	with	
Caprifoliaceae	and	Braconidae	with	Berberidaceae.	We	omitted	syrphid	genera	of	degree	1	for	clarity.	This	figure	also	demonstrates	cases	
where	the	complementary	Mantel	test	cannot	be	run	(Syrphidae	v	Rubiaceae	and	Braconidae	v	Berberidaceae),	putative	phylogenetic	tracking	
(Syrphidae	v	Caprifoliaceae)	and	putative	vicariance	(Andrenidae	v	Caprifoliaceae)
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Hylaeus	and	spurge	family	Euphorbiaceae).	The	phylogenetic	analysis	
identified	a	significant	relationship	between	the	Bombus	and	Rosaceae	
clusters,	 while	 the	 taxonomic	 analysis	 identified	 significant	 relation-
ships	between	Bombus	and	the	pea	family	Fabaceae,	squash	bee	genus	
Peponapis	 and	morning	 glory	 family	 Convolvulaceae,	 and	 bee	 genus	
Svastra	and	composite	family	Asteraceae.	Because	this	subset	of	the	
full	dataset	was	too	small	for	complementary	tests,	we	were	not	able	to	
distinguish	between	evolutionary	hypotheses	for	these	relationships.

4  | DISCUSSION

Here,	we	demonstrate	how	 two	complementary	 statistical	methods	
can	 be	 used	 together	 (1)	 to	 test	whether	 interacting	 partners	 have	
congruent	taxonomies	and	(2)	to	determine	if	their	taxonomic	and	in-
teraction	 structures	 are	 correlated	 to	 distinguish	 between	 plausible	
instances	of	vicariance,	phylogenetic	tracking	and	co-	evolution	and	(3)	
to	rule	out	or	identify	groups	of	interacting	taxa	where	co-	evolution	
may	be	implicated.

We	designed	this	analysis	to	solve	common	problems	in	studying	
diffuse	evolutionary	processes	on	large	scales,	namely	using	datasets	
with	many	species,	highly	generalized	interactors	and	little	or	no	phy-
logenetic	 information.	We	 lack	 phylogenetic	 data	 for	 most	 species,	
and	relying	on	phylogenies	has	previously	limited	the	scale	of	studies	
of	evolutionary	processes.	In	particular,	highly	generalized	interactions	
between	 plants	 and	 pollinators	 often	 include	 thousands	 of	 species	
(Robertson,	1929).	To	study	a	process	acting	diffusely	across	all	these	
species,	we	cannot	rely	solely	on	phylogenetic	information.	Although	
quantitative	 measures	 of	 phylogenetic	 distances	 may	 have	 greater	
power	to	detect	signals	not	apparent	from	classical	taxonomic	hierar-
chies,	our	test	yielded	similar	results	using	phylogenetic	and	taxonomic	
relatedness,	although	clustering	based	on	phylogenetic	data	resulted	
in	a	slightly	different	relatedness	structure.	Thus,	our	taxonomy-	based	
methodology	may	provide	an	appropriate	approximation	of	phyloge-
netic	structures.

To	demonstrate	our	methodology,	we	used	a	 legacy	dataset	as	a	
case	study	and	found	significant	signals	of	(co)evolutionary	processes	
among	 the	plant–insect	 interactions.	At	 this	 scale,	 there	were	many	

F IGURE  3 Results	of	complementary	
fourth-	corner	and	Mantel	methods	
between	orders	of	insects	(columns)	
and	plants	(rows).	Vicariance	(blue)	and	
phylogenetic	tracking	(orange)	are	both	
implicated,	but	not	co-	evolution.	Where	
the	fourth-	corner	test	is	not	significant,	it	
is	possible	for	the	interaction	matrix	to	be	
correlated	with	taxonomic	structure	for	one	
or	both	interacting	groups,	highlighted	in	
green	(asymmetric)	or	purple	(symmetric).	
Where	neither	the	fourth-	corner	nor	
Mantel	test	showed	significance,	there	is	
“no	relationship”	(red).	“No	interaction”	
(black)	means	those	two	taxa	did	not	
interact	in	the	dataset.	Where	the	fourth-	
corner	test	provides	a	result	but	the	Mantel	
test	cannot	be	applied,	grey	represents	
significance	level	(ter	Braak	et	al.,	2012).	
We	include	a	histogram	of	the	frequency	of	
each	scenario	in	the	case	study,	reflecting	
the	scenarios	laid	out	in	Table	1
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cases	 where	 the	 hypotheses	 of	 vicariance	 and	 phylogenetic	 track-
ing	were	 supported	 (Figure	3,	Figure	 	S1);	 however,	we	did	not	 find	
support	for	the	hypothesis	of	diffuse	co-	evolution.	The	results	of	our	
analysis	reflect	that	multiple	factors	are	at	work	in	speciation	of	both	
floral	hosts	and	insect	visitors,	which	is	perhaps	not	surprising	given	
that	plant–pollinator	interactions	tend	to	be	highly	generalized	(Waser	
et	al.,	1996).	Their	interactions	may	be	an	important	component	of	spe-
ciation,	but	may	not	be	the	dominant	force	enacting	selection	on	these	
organisms	(Kay	&	Sargent,	2009).	Although	the	results	of	our	analysis	
were	 similar	 using	 a	 small	 subset	with	 phylogenetic	 data	 and	 taxo-
nomic	data,	it	is	possible	that,	should	molecular	phylogenies	become	
available	for	the	species	in	this	dataset,	the	tests	would	have	greater	
strength	to	detect	significant	signals	of	diffuse	co-	evolution.	There	are	
other	possible	explanations	 for	 this	 result.	For	example,	 there	could	
be	co-	evolution	without	cophylogeny	(Nuismer	et	al.,	2010),	a	possi-
bility	not	accounted	for	by	Althoff	et	al.	(2014).	Diffuse	co-	evolution	
may	play	a	role	in	some	of	the	alternative	outcomes	demonstrated	by	
our	methodology,	where	cophylogeny	is	not	indicated,	but	there	is	a	
significant	correlation	between	taxonomic	and	interaction	structure.

It	 is	 also	possible	 that	 the	dataset	 is	 not	 large	 enough,	 that	 the	
presence	of	non-	native	species	in	the	dataset	interferes	with	the	signal	
of	co-	evolution	or	 that	background	abundance	 is	driving	patterns	 in	
the	dataset.	The	dataset	is	necessarily	limited	by	the	species	present	
in	the	region	surveyed.	This	means	the	dataset	does	not	include	every	
species	in	a	given	genus,	or	every	genus	in	a	given	family,	which	may	
limit	 our	 ability	 to	 detect	 diffuse	 co-	evolution	 across	 all	 interacting	
taxa.	Furthermore,	not	all	 the	species	recorded	are	native	to	 Illinois.	
Fifty-	six	of	the	455	plant	species	are	non-	native	(Memmott	&	Waser,	
2002).	 The	 number	 of	 non-	native	 insects	 is	 unknown,	 but	 includes	
at	least	one	non-	native	species	(Apis mellifera).	The	presence	of	non-	
native	species	may	interfere	with	signals	of	co-	evolutionary	processes.	
Given	the	scale	of	the	dataset,	a	small	number	of	non-	native	species	is	
unlikely	to	affect	the	overall	conclusions	of	the	analysis;	however,	the	
presence	of	a	large	number	of	non-	native	species	may	become	a	prob-
lem	for	some	datasets	as	these	species	would	not	have	been	exposed	
to	similar	environmental	changes.	For	example,	vicariance	was	com-
mon	in	our	case	study,	but	the	presence	of	recently	introduced	non-	
native	species	may	interfere	with	the	ability	of	our	method	to	detect	
the	power	of	abiotic	change	to	influence	interactions,	given	that	the	
interactions	with	non-	native	species	will	necessarily	not	be	structured	
by	a	common	shared	environmental	past.

Patterns	may	also	be	driven	by	background	abundance	of	 inter-
acting	 taxa.	 For	 example,	 frequent	 interactions	 between	 abundant	
species	 are	more	 likely	 to	 be	 observed,	while	 rare	 species	 or	 inter-
actions	are	more	likely	to	escape	notice	(Kunin,	1997).	Furthermore,	
the	 relative	 strength	 of	 any	 given	 interaction	 is	 dependent	 on	 how	
frequently	 it	 occurs	 given	 a	 background	 abundance.	 However,	 it	 is	
challenging	to	determine	family-	level	abundance	at	this	scale,	and	 it	
was	not	recorded	by	Robertson.	Where	abundance	data	are	available,	
they	can	be	used	to	standardize	the	frequency	of	interactions	relative	
to	background	abundance	to	better	understand	the	relative	strength	
of	 each	 interaction,	 potentially	 revealing	 a	 signal	of	 co-	evolution	by	
giving	weight	to	specialized	interactions.

The	most	common	result	 in	our	case	study	 is	asymmetry:	a	cor-
relation	 between	 the	 taxonomy	 and	 interaction	 structure	 of	 insects	
not	reflected	in	the	taxonomy	and	interaction	structure	of	their	plant	
hosts.	Asymmetry	differs	from	phylogenetic	tracking	here	because	the	
taxonomies	of	 the	 interacting	partners	 are	not	 correlated.	This	 sug-
gests	insect	diversification	is	more	strongly	influenced	by	interactions	
with	plants	than	vice	versa.	The	presence	of	asymmetry	is	consistent	
with	studies	of	codiversification	in	other	plant–pollinator	networks,	al-
though	the	direction	of	the	asymmetry	sometimes	differs	(e.g.	Ramírez	
et	al.,	2011).

There	was	only	one	significant	correlation	between	the	taxonomic	
and	 interaction	 structures	of	plants	 (between	Brassicales	and	 its	 in-
teractions	with	Diptera)	 (but	 see	Table	S1).	 High	 generality	 in	 plant	
interactions	may	dilute	possible	effects	of	interactions	on	taxonomy,	
as	illustrated	by	the	fundamental	structure	of	the	Robertson	network;	
there	are	fewer	plant	species	overall	(455	plant	to	1,174	insect	spe-
cies)	divided	among	a	greater	taxonomic	diversity	(37	plant	to	5	insect	
orders),	with	a	higher	average	number	of	partners	(weighted	by	abun-
dance:	42.7	visitors	to	16.5	hosts,	unweighted:	28.8	visitors	to	11.2	
hosts).	This	difference	is	consistent	with	other	plant–insect	networks	
(Olesen	 &	 Jordano,	 2002;	 Vázquez,	 Blüthgen,	 Cagnolo,	 &	 Chacoff,	
2009)	and	may	be	biologically	meaningful	in	that	fewer	orders	of	in-
sects	have	adapted	for	gathering	floral	resources	relative	to	the	num-
ber	of	orders	of	plants	with	adaptations	to	attract	insects.

Interestingly,	 in	 our	 case	 study,	 signals	 for	 vicariance	 are	 more	
common	 than	phylogenetic	 tracking,	 particularly	 at	 the	 family	 level.	
This	suggests	that	environmental	or	abiotic	factors	have	the	power	to	
structure	interactions	on	a	broad	scale	across	many	taxa	(Althoff	et	al.,	
2014).	These	patterns	could	reflect	historical	events,	which	drove	evo-
lution	of	resident	interacting	taxa	of	the	region,	and	had	a	strong	influ-
ence	in	shaping	the	structure	of	community	interactions.	The	habitat	
included	in	the	study	(tall	grass	prairie)	can	be	somewhat	homogenous,	
and	it	is	possible	the	resident	species	were	driven	there	by	similar	abi-
otic	factors	(e.g.	climatic	changes).	Thus,	anthropogenic	impacts	on	the	
abiotic	characteristics	of	ecosystems,	such	as	climate,	could	also	play	a	
role	in	shaping	the	evolution	of	interacting	species.

The	dominance	of	Hymenoptera	in	terms	of	strong	and	significant	
signals	is	likely	due	to	the	bee	clade	in	that	order.	The	bees	are	unique	
in	that	pollen	is	the	primary	protein	source	they	use	to	provision	their	
offspring	 (Michener,	2000).	 Indeed,	 the	diversification	of	pollen	and	
nectar	specialist	bees	occurred	concurrently	with	the	major	diversifi-
cation	of	the	eudicots	(Cardinal	&	Danforth,	2013).	It	is	not	surprising	
that	the	taxonomic	structure	of	Hymenoptera	(order	level)	and	Apidae	
(family	level)	should	be	strongly	influenced	by	their	interactions	with	
plants	 because	 they	 specialize	 on	 collecting	 pollen	 and	 nectar	 and	
have	 many	 morphological	 adaptations	 associated	 with	 these	 inter-
actions	 (Michener,	2000).	A	similar	explanation	can	be	made	for	the	
importance	of	the	plant	taxa	highlighted	here.	Both	Rosales	(Bessey,	
1915)	 and	Apiales	 (Grímsson,	 Zetter,	 Labandeira,	 Engel,	 &	Wappler,	
2017)	and	Asteraceae	(Johnson	&	Steiner,	2000)	and	Apiaceae	(Zych,	
2007)	are	entomophilous	plants	that	require	 insect	vectors	for	polli-
nation	and	tend	to	have	open,	generalist	flowers	that	attract	many	in-
sect	visitors	(although	some	Asteraceae	have	narrow	corollas	that	are	
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difficult	to	access	for	some	insects).	In	other	words,	plant	and	insect	
taxa	that	 (a)	 rely	on	the	 interaction	and	 (b)	 include	many	generalists	
are	more	likely	to	have	significant	evolutionary	signals.	This	supports	
the	idea	that	plant–pollinator	interactions	are	diffuse	and	generalized,	
structured	by	taxonomy	only	on	broad	scales.

The	broad	scale	and	correlative	nature	of	these	tests	mean	they	
can	only	yield	evidence	 for	 (or	against)	diffuse	co-	evolution.	For	ex-
ample,	 in	 the	 Robertson	 dataset,	 there	 are	 an	 average	 of	 5.5	 plant	
and	10.1	 insect	 species	 per	 family	 and	12.3	 plant	 and	234.8	 insect	
species	per	order.	Thus,	 interactions	between	two	highly	specialized	
species	would	not	be	detectable	using	our	methods.	To	provide	ev-
idence	for	specific	co-	evolution,	one	would	need	to	focus	on	fewer,	
more	strongly	associated	species.	Indeed,	specific	co-	evolution	could	
be	prevalent	in	these	data	without	affecting	our	results	on	the	family	
and	order	scale.

There	are	many	examples	where	one	of	our	complementary	tests	
cannot	be	used	 to	 fully	 distinguish	 among	 the	 three	hypotheses.	 In	
these	cases,	results	of	the	fourth-	corner	algorithm	(or	Mantel	test)	can	
provide	 evidence	 against	 certain	 evolutionary	 scenarios.	A	 negative	
result	from	the	fourth-	corner	test	would	rule	out	statistically	signifi-
cant	phylogenetic	tracking,	vicariance	and	co-	evolution	and	a	negative	
result	from	Mantel	test	would	rule	out	statistically	significant	support	
for	co-	evolution	and	phylogenetic	tracking.	Positive	results	from	these	
tests	could	be	partial	support	for	diffuse	co-	evolution	at	broad	scales,	
though	not	by	the	rigorous	standards	we	establish	here.

Our	approach	is	designed	to	specifically	distinguish	between	evo-
lutionary	processes	in	large	groups	of	interacting	species	when	gener-
ality	 is	high	and	the	phylogenetic	relatedness	of	 interacting	partners	
is	 unavailable.	This	 category	 of	 data	 is	 ubiquitous	 in	 the	 plant–pol-
linator	 literature	 as	 these	 interactions	 tend	 to	be	highly	 generalized	
(Waser	et	al.,	1996)	and	include	many	rare	and	poorly	studied	species.	
Although	our	methodology	was	designed	to	resolve	specific	problems	
facing	studies	of	evolutionary	processes	on	broad	scales,	it	would	be	
straightforward	to	apply	our	methods	 to	differentiate	between	evo-
lutionary	 processes	 on	 higher	 resolution	 datasets.	Matrices	 of	 phy-
logenetic	 relationships	 can	 be	 substituted	 for	 taxonomic	 distance	
matrices,	and	matrices	of	pollination	efficacy	or	interaction	strengths	
can	 replace	 visitation	 matrices.	 Indeed,	 interesting	 results	 could	 be	
obtained	by	evaluating	communities	at	larger	or	smaller	scales,	or	by	
incorporating	groups	of	greater	taxonomic	distinction,	such	as	avian,	
mammalian,	 or	 reptilian	 pollinators.	 Much	 smaller	 matrices	 can	 be	
used	 if	 there	 is	greater	phylogenetic	resolution	distinguishing	differ-
ent	species.	Furthermore,	although	we	developed	the	method	to	solve	
problems	associated	with	plant–pollinator	networks	 (high	generality,	
large	numbers	of	 interacting	 species),	 this	method	 could	be	 applied	
to	any	bipartite	ecological	network	of	 sufficient	 size	and	 taxonomic	
resolution.	Thus,	we	expect	our	methods	to	be	useful	for	many	new	
inquiries	in	co-	evolution.
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