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ABSTRACT	OF	THE	THESIS	
	

The	contribution	of	climate	and	phylogeny	to	the	richness	pattern	of	freshwater	fish	of	
North	America	

	
By	
	

Kevin	Michael	Rothstein-Kightly	
	

Master	of	Science	in	Ecology	and	Evolutionary	Biology		
	

University	of	California,	Irvine,	2016	
	

Professor	Bradford	A.	Hawkins,	Chair		
	

	
Over	large	spatial	scales,	debate	remains	concerning	the	relative	importance	of	

ecological	and	evolutionary	processes	as	drivers	of	species	richness	gradients.	Ecological	

hypotheses	propose	that	contemporary	environmental	variables	are	the	primary	drivers	of	

species	diversity,	whereas	evolutionary	hypotheses,	such	as	the	metabolic	theory	and	the	

time-for-speciation	hypothesis,	propose	diversification	rates	or	time.	Previous	work	has	

compared	ecological	and	evolutionary	variables	to	quantify	relationships	with	richness	of	

three	North	American	freshwater	fish	families	and	concluded	that	their	richness	gradients	

are	driven	by	contemporary	climate.	We	compiled	the	first	time-calibrated	phylogenetic	

tree	consisting	of	836	native	North	American	freshwater	fish	species	to	evaluate	both	

ecological	and	evolutionary	hypotheses	as	contributors	to	species	richness.	Our	results	

showed	that	climate,	measured	as	actual	evapotranspiration,	is	the	strongest	predictor	of	

richness.	In	contrast,	family	ages	and	diversification	rates	are	poor	predictors	of	species	

richness,	providing	no	support	for	the	time-for-speciation	hypothesis	or	metabolic	theory.	

However,	the	contribution	of	species	mean	root	distance,	a	phylogenetic	metric,	is	greater	

than	previously	documented.	We	also	found	that	climatic	and	phylogenetic	variables	
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together	explain	most	of	the	variation	in	the	broad-scale	richness	pattern.	We	further	

demonstrate	that	mean	annual	temperature	indirectly	shapes	richness	through	species	

mean	root	distance	and	actual	evapotranspiration,	which	we	interpret	as	the	result	of	local	

extirpations	of	fish	species	in	response	to	Pleistocene	glacial	cycles.	We	argue	that	

including	historical	and	evolutionary	processes	alongside	climate	provides	a	stronger	

explanation	for	richness	gradients	than	either	considered	separately.	



 1 

INTRODUCTION	

The	many	hypotheses	proposed	in	the	past	200	plus	years	to	explain	geographic	

patterns	of	species	richness	broadly	encompass	ecological	processes,	evolutionary	rates,	or	

history/time	(Currie	et	al.,	2004;	Mittelbach	et	al.,	2007).	In	the	past	thirty	years	in	

particular,	there	has	been	a	large	accumulation	of	literature	that	examines	these	

explanations	(see	e.g.,	Field	et	al.,	2009).	Although	most	agree	that	species	distributions	are	

influenced	by	the	past	and	present,	teasing	apart	ecological	and	evolutionary	influences	is	

challenging,	and	the	relative	importance	of	historical	and	contemporary	processes	remains	

unresolved.	More	recent	work	highlights	the	importance	of	traits	for	understanding	

distributions	and	links	processes	operating	over	ecological	and	evolutionary	scales.	

Phylogenetic	niche	conservatism	is	a	widespread	occurrence,	manifested	across	

evolutionary	time	scales	and	influencing	how	species	respond	to	current	and	future	

environmental	conditions,	and	thereby	can	directly	and	indirectly	influence	diversity	

gradients	(Wiens	et	al.,	2010).	Even	so,	quantifying	relationships	between	species	richness	

patterns	and	contemporary	components	of	environment,	particularly	climate,	and	

incorporating	legacies	of	evolutionary	rates	and	history	is	an	important	step	in	

understanding	the	relative	contributions	of	ecology	and	evolution	in	driving	species	

richness.	

Kerr	and	Currie	(1999)	designed	an	early	analysis	that	quantitatively	evaluated	the	

relationships	of	patterns	of	species	richness	with	both	the	contemporary	environment	and	

an	evolutionary	process.	They	gridded	species	richness	patterns	of	a	family	of	terrestrial	

beetles	and	three	families	of	freshwater	fish	across	North	America	against	two	climatic	

variables	(potential	and	actual	evapotranspiration)	and	assemblage	mean	root	distance,	a	
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measure	of	evolutionary	development	based	on	the	topology	of	the	phylogenetic	tree	of	

each	clade.	Their	goal	was	to	determine	which	set	of	metrics	generated	the	strongest	

correlation	with	richness	to	evaluate	whether	it	was	necessary	to	invoke	an	evolution-

based	process	or	if	contemporary	climate	was	a	sufficient	explanation	for	the	observed	

diversity	gradients.	Based	on	four	sets	of	three	simple	correlations,	they	concluded	that	

there	is	little	reason	to	invoke	evolutionary	processes	for	understanding	the	richness	

patterns	within	any	of	the	families.	

The	analysis	performed	by	Kerr	and	Currie	(1999)	was	necessarily	simple	and	

narrowly	focused,	particularly	from	the	evolutionary	perspective,	due	to	the	paucity	of	

detailed	phylogenies	for	large	clades	available	at	the	time.	The	state	of	phylogenetic	trees	

required	the	use	of	only	the	simplest	evolutionary	metric.	However,	much	more	

phylogenetic	information	is	now	available	for	many	large	groups,	and	it	is	possible	to	

estimate	branch	lengths	as	well	as	simple	tree	topology	in	most	cases,	expanding	the	range	

of	potential	evolutionary	processes	that	can	be	explored.	Finally,	Kerr	and	Currie	

considered	climatic	and	evolutionary	influences	on	diversity	patterns	as	alternatives,	a	

point	of	view	that	has	been	argued	elsewhere	in	the	literature	(see	e.g.,	Algar	et	al.,	2008;	

Fraser	&	Currie,	1996),	whereas	it	has	become	apparent	that	climate	and	evolution	can	be	

simultaneously	linked	to	species	richness	gradients	via	at	least	two	mechanisms,	metabolic	

theory	(Brown	et	al.,	2004)	and	phylogenetic	niche	conservatism	(Wiens	&	Donoghue,	

2004).	

Metabolic	theory	represents	a	specific	explanation	for	the	more	general	

diversification	rate	and	evolutionary	speed	hypotheses	(Rohde,	1992)	by	proposing	that	

diversification	rates	are	accelerated	at	higher	temperatures	via	enzyme	kinetics	at	the	
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organismal	level	(Allen	et	al.,	2002;	Brown	et	al.,	2004).	Although	there	is	evidence	of	

increased	molecular	evolution	in	plants	at	higher	temperatures	(Wright	et	al.,	2003;	Davies	

et	al.,	2004;	Wright	et	al.,	2006),	Schluter	(2016)	provides	counter-evidence	that	speciation	

rates	are	currently	highest	at	high	latitudes	and	argues	that	speciation	rates	in	general	are	

not	linked	to	climate	in	the	simple	way	envisaged	by	metabolic	theory.	Even	so,	this	does	

not	mean	that	speciation	rates	play	no	role	in	explaining	diversity	at	some	scales,	or	that	

they	are	independent	of	climate.	 	

The	relationship	between	niche	conservatism	and	diversity	gradients	derives	from	

the	‘tropical’	origin	of	most	major	clades,	the	climatic	history	of	Earth	(Jablonski	et	al.,	

2006;	Wiens	&	Donoghue,	2004;	Schluter,	2016)	and	the	fact	that	many	modern	species	

carry	ancestral	traits	can	be	traced	back	to	when	and	where	clades	originated.	Thus,	the	

tropical	conservatism	hypothesis,	based	on	the	general	process	of	phylogenetic	niche	

conservatism,	proposes	that	diversity	for	most	groups	is	lower	in	cold,	dry	climates,	both	

because	mid-Cenozoic	global	cooling	and	drying	selectively	extirpated	cold-intolerant	

species	from	the	north	latitudes	and	because	there	has	been	more	time	for	warm-adapted	

groups	to	diversify	in	the	globally	widespread	warm	climates	that	date	back	to	at	least	the	

early	Cretaceous	(Behrensmeyer	et	al.,	1992).	Under	this	mechanism,	climate	has	always	

driven	diversity	patterns,	including	the	“snapshot”	pattern	we	see	now.	This	can	also	form	

the	basis	for	projected	effects	of	climate	change	on	diversity	gradients	(Wiens	et	al.,	2010).	

We	undertake	the	most	complete	analysis	of	the	relative	importance	of	ecological	

and	evolutionary	drivers	in	determining	diversity	patterns	of	North	American	freshwater	

fish.	We	take	advantage	of	the	improved	phylogenetic	information	now	available	to	compile	

the	first	time-calibrated,	species-level	phylogenetic	tree	for	native	North	American	



4	
	

freshwater	fish	and	to	generate	metrics	associated	with	a	broader	range	of	evolutionary	

mechanisms.	We	also	approach	this	question	from	a	somewhat	different	angle	than	Kerr	

and	Currie	(1999);	whereas	they	saw	contemporary	climate	and	evolution	as	alternative	

explanations,	we	consider	the	possibility	that	they	are	two	manifestations	of	a	single	

mechanism	and	thus	both	contribute	to	an	understanding	of	diversity	gradients.	We	focus	

on	836	native	freshwater	fish	species	currently	found	in	North	America	north	of	Mexico,	

since	these	species	represent	a	diverse	vertebrate	group	that	is	understudied	relative	to	

the	intensively	studied	birds	and	mammals	(but	see	Smith	2010;	Griffiths	2010,	2014,	

2015).	A	focus	on	freshwater	fish	also	allows	us	to	make	a	direct	comparison	with	the	

conclusions	of	Kerr	&	Currie	(1999).	
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METHODS	

Watershed	Data	and	Species	Richness	
	

Species	distributions	delimited	at	the	watershed	grain	were	downloaded	for	the	

conterminous	United	States	from	NatureServe	(2010).	For	Alaska	and	Canada,	species	

distributions	from	The	Freshwater	Fishes	of	Alaska	(Scott	&	Crossman,	1985)	and	

Freshwater	Fishes	of	Canada	(Morrow,	1980)	were	digitized.	Watershed	data	for	Alaska	and	

Canada	were	downloaded	from	Watermolen	(1999)	and	the	Canada	Centre	for	Mapping	

and	Earth	Conservation	(2003),	respectively.	One	species,	Lethenteron	alakesnse,	was	

absent	from	The	Freshwater	Fishes	of	Alaska,	so	its	distribution	was	digitized	from	an	

online	map	(NatureServe,	2013).	Exotic	species	and	the	records	of	North	American	species	

that	were	introduced	by	human	activity	into	watersheds	where	they	did	not	naturally	occur	

were	excluded	from	the	data	set.	A	presence-absence	matrix	of	2,892	watersheds	by	836	

species	was	generated	to	quantify	the	species	richness	pattern	(Figure	1)	and	calculate	

community-level	phylogenetic	metrics.	

	
Phylogeny	and	Evolutionary	Metrics	
	

A	family-level	phylogeny	was	extracted	from	the	DeepFin	molecular	phylogeny	

(Betancur-R	et	al.,	2013)	to	form	the	backbone	of	a	species-level	phylogeny	generated	

using	clade-specific	publications	(Figure	2).	Two	families,	Goodiedae	and	Petromyzontidae,	

were	absent	from	the	DeepFin	phylogeny,	and	their	positions	in	the	family-level	tree	were	

determined	by	referencing	other	publications.	If	a	species’	position	in	the	tree	was	lacking	

in	the	literature,	its	location	was	designated	as	a	polytomy	within	its	genus.	Phylogenetic	

metrics	were	extracted	from	the	phylogeny	to	measure	the	contribution	of	evolutionary	
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history	to	species	richness.	Diversification	rates	were	calculated	using	several	steps.	First,	

family	ages	were	estimated	from	the	DeepFin	phylogeny.	Second,	family	ages	were	mapped	

onto	nodes	in	the	species-level	phylogeny	so	that	branch	lengths	could	be	calculated	in	

Phylocom	(Webb	et	al.,	2008).	If	only	one	species	was	present	in	a	family,	so	that	its	family	

age	was	not	accurately	represented,	a	placeholder	node	was	created	in	order	to	assign	the	

correct	family	age.	Last,	these	branch	lengths	were	used	to	calculate	diversification	as	the	

inverse	of	the	Equal	Splits	measure	for	taxa	at	terminal	nodes	(Belmaker	&	Jetz,	2015).	

Two	alternative	metrics	were	also	calculated:	1)	species	root	distance—the	number	

of	nodes	separating	a	species	from	the	root	of	the	phylogeny—which	is	considered	a	

measure	of	how	derived	a	species	is	(Kerr	&	Currie,	1999),	and	2)	family	root	distance,	

assigned	to	species	as	the	number	of	nodes	from	the	base	of	the	phylogeny	the	basal	node	

of	the	family	to	which	each	species	belongs.	Family	root	distance	measures	if	species	in	an	

assemblage	are	from	more	basal	or	more	derived	clades	(Hawkins	et	al.,	2006).	When	

polytomies	were	present	in	part	of	the	phylogeny,	an	average	node	value,	based	on	the	

possible	number	of	configurations,	was	applied	to	all	species	in	that	clade.	Mean	species	

and	family	root	distances	were	then	calculated	for	each	watershed.	

	
Environmental	Data	

Environmental	data	were	downloaded	from	multiple	online	sources	to	evaluate	

climatic	and	primary	productivity	relationships	with	fish	species	richness.	Temperature	

and	precipitation	data	were	obtained	from	BioClim	(Hijmans	et	al.,	2005)	at	a	resolution	of	

10-arc	minutes,	comprising	annual	mean	temperature,	maximum	temperature	of	the	

warmest	month,	minimum	temperature	of	the	coldest	month,	temperature	seasonality,	

annual	precipitation,	and	precipitation	seasonality.	Net	primary	productivity	(NPP)	for	the	
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years	2000-2014	was	obtained	from	the	MOD17	project	(Zhao	et	al.,	2005),	and	actual	

evapotranspiration	(AET)	and	potential	evapotranspiration	(PET)	for	the	years	2000-2013	

were	obtained	from	the	MOD16	project	(Mu	et	al.,	2011).	

	
Analyses	
	
Linear	Regression	

For	each	watershed,	the	means	of	all	environmental	and	phylogenetic	variables	

were	calculated	and	used	as	predictors	in	regression	models	of	species	richness.	Tiny	

coastal	watersheds	with	missing	phylogenetic,	environmental,	or	richness	information	

were	excluded	from	the	analysis.	We	regressed	environmental	and	phylogenetic	variables	

against	richness	to	compare	their	relative	predictive	strength.	For	potential	explanatory	

variables	that	were	collinear	(Table	S1)	with	a	variance	inflation	factor	of	2.5	or	greater	

(Table	S2),	the	choice	of	which	variable	to	remove	from	the	analysis	was	based	on	the	

strength	of	its	relationships	with	richness.	The	excluded	variables	were	maximum	

temperature	of	the	warmest	month,	minimum	temperature	of	the	coldest	month,	

temperature	seasonality,	PET,	and	NPP.		

It	has	recently	been	discovered	that	the	repeated	species	co-occurrences	almost	

always	found	in	broad-scale	multiple	species	distribution	data	can	potentially	generate	

artefactual	structure	in	species-derived	traits	and	attributes	aggregated	at	the	

community/assemblage	level	(Zelený	&	Schaffers,	2012;	Peres-Neto	et	al.,	2016).	The	

watershed	phylogenetic	metrics	we	used	to	evaluate	influences	of	evolutionary	processes	

on	the	continental	fish	richness	gradient	could	suffer	from	this	problem.	To	determine	if	

spatial	patterns	in	mean	diversification	rate	or	species/family	mean	root	distances	could	be	

generated	simply	by	high	levels	of	repeated	species	co-occurrences,	we	randomized	the	
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values	for	each	species	for	each	phylogenetic	variable	100	times	and	recalculated	the	mean	

values	for	each	watershed	with	each	set	of	randomized	values.	We	then	regressed	species	

richness	onto	each	set	of	means	and	compared	the	observed	model	fits	with	the	

randomized	fits.	Observed	r2	values	less	than	two	standard	deviations	from	the	means	of	

the	randomized	models	would	indicate	that	ecological	interpretations	of	model	fits	for	

these	predictors	could	be	“too	good	to	the	true”	(Zelený	&	Schaffers,	2012).	

	
Partial	Regression	and	Spatial	Autocorrelogram	

To	evaluate	the	independent	and	combined	predictive	power	of	ecological	and	

evolutionary	hypotheses	on	richness,	a	partial	regression	analysis	was	run	in	Spatial	

Analysis	in	Macroecology	(SAM)	(Rangel	et	al.,	2010).	One	climatic	and	one	phylogenetic	

variable	were	introduced	to	the	model	at	a	time,	starting	with	the	variables	most	strongly	

correlated	with	richness.	Variables	were	not	included	if	their	addition	to	the	model	did	not	

increase	the	predictive	power	by	more	than	1%.	To	evaluate	the	adequacy	of	the	models	to	

explain	the	spatial	pattern	in	richness,	a	spatial	autocorrelogram	of	the	residuals	of	the	

richness	pattern	was	generated	after	including	climatic,	phylogenetic	and	spatial	

predictors.	

	
Path	Model	

In	the	final	step	of	the	analysis,	we	generated	a	path	model	to	further	explore	the	

potential	causal	relationships	among	climate,	phylogeny,	and	richness.	The	models	were	

created	in	the	laavan	package	(Rosseel,	2012)	in	R	(R	Core	Team,	2008),	and	the	best-fit	

model	was	selected	by	ranking	models	by	their	AIC	values.	Since	unexplained	spatial	

autocorrelation	can	represent	potentially	important	unmeasured	effects	on	richness,	the	
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residuals	of	richness	from	the	best-fit	model	were	analyzed	in	SAM	to	generate	

eigenvectors	that	were	added	to	the	model	to	allow	us	to	estimate	a	standardized	path	

coefficient	for	these	unknown	variables.	The	eigenvector	with	the	least	amount	of	spatial	

overlap	with	the	climatic	and	phylogenetic	predictors	was	used	as	a	spatial	filter	that	was	

introduced	into	the	path	model.	
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RESULTS	

Linear	Regressions	

Single-predictor	regressions	identified	climatic	variables	as	generally	stronger	predictors	

of	species	richness	than	phylogeny,	although	species	mean	root	distance	(MRDs)	ranked	

second	only	to	actual	evapotranspiration	(Figure	3).	AET	was	the	only	variable	of	the	eight	

evaluated	that	explained	over	half	of	the	variance	in	species	richness	(Figure	3a),	whereas	

the	best	phylogenetic	predictor	explained	approximately	a	third	of	the	variance	(Figure	3e).	

The	remaining	climatic	variables	individually	explained	between	18%	-	27%	of	the	

variance,	whereas	the	remaining	phylogenetic	variables	individually	explained	<	10%	of	

the	variance	in	richness.	

	 The	observed	r2	for	the	relationship	between	MRDs	and	richness	was	3.22	SD	units	

stronger	than	the	mean	randomized	model	fit	(r2	=	0.060),	providing	confidence	that	the	

phylogenetic	structure	of	the	fish	communities	in	each	watershed	is	not	simply	a	product	of	

the	patterns	of	species	co-occurrences	across	watersheds.	For	the	remaining	three	

phylogenetic	variables,	the	observed	r2	values	were	<	0.367	SD	from	the	null	means,	

making	ecological	inference	of	these	variables	highly	uncertain.	

	
Partial	Regression	

The	best-fit	model	for	the	partial	regression	analysis	included	climatic	variables	of	mean	

actual	evapotranspiration	and	mean	annual	temperature	and	phylogenetic	variables	of	

mean	species	root	distance	and	mean	family	root	distance.	Notably,	diversification	rate	was	

a	poor	correlate	(r	<	0.001)	with	richness	and	was	not	selected	to	be	in	the	model.	As	

suggested	by	the	simple	regressions,	climate	was	a	better	predictor	of	richness	than	
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phylogeny.	Further,	climate	independently	explained	almost	three	time	more	variation	in	

richness	than	that	explained	independently	by	phylogeny.	Even	so,	phylogeny	and	climate	

together	explained	almost	three-quarters	of	the	variation	in	species	richness	(Figure	4).	

	
Residual	Spatial	Structure	of	Richness	

The	spatial	autocorrelogram	revealed	that	AET	and	MRDs,	followed	by	annual	mean	

temperature	and	mean	family	root	distance,	were	the	predictors	that	best	explained	the	

spatial	pattern	in	richness	(Figure	5).	Most	of	the	unexplained	residual	richness	was	in	the	

smallest	distance	classes,	with	low	autocorrelation	at	moderate	scales	and	none	at	the	

largest	scale.		Thus,	the	complete	partial	regression	model	captured	the	continental	species	

richness	gradient	extremely	well	but	had	incomplete	explanatory	power	at	scales	smaller	

than	2000	km.		

	
Path	Model	

The	best-fit	model	included	annual	mean	temperature,	precipitation	seasonality,	AET,	

MRDs,	and	the	spatial	filter	(Figure	6).	The	model	was	not	significantly	different	from	the	

structure	of	the	data,	indicating	an	adequate	fit	(p	=	0.138).	Similar	to	the	results	of	the	

partial	regression	analysis,	the	variables	selected	by	this	model	explained	69%	of	the	

variance	in	richness.	The	strongest	relationships	with	richness	were	those	of	AET	and	

MRDs.	There	was	an	indirect	effect	of	annual	mean	temperature	on	richness	through	AET,	

but	AET	was	still	a	strong	predictor	of	richness.	However,	the	direct	path	between	annual	

mean	temperature	and	MRDs	was	one	of	the	two	strongest	paths	in	the	model.	Thus,	the	

collinearly	of	climate	and	phylogeny	that	was	present	in	the	partial	regression	analysis	was	

partially	due	to	climate	indirectly	acting	through	phylogenetic	variables,	with	AET	having	
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the	strongest	direct	path	to	richness	(0.66)	whereas	mean	annual	mean	temperature	had	a	

weak	direct	path	to	richness	but	an	equivalent	total	effect	(0.67)	due	in	part	to	an	indirect	

path	via	phylogenetic	structure.		
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DISCUSSION	

We	undertook	the	most	complete	analysis	of	the	relative	importance	of	ecological	and	

evolutionary	drivers	on	contemporary	fish	diversity	gradients	across	North	America	by	

exploring	how	phylogenetic	and	contemporary	climatic	variables	contribute	to	the	broad-

scale	richness	pattern.	Similar	to	Kerr	and	Currie	(1999),	we	found	that	both	climatic	and	

phylogenetic	variables	contribute	to	the	variation	in	richness,	although	our	interpretation	

differs	from	theirs.		

Our	finding	that	AET	is	the	strongest	determinant	of	species	richness	is	consistent	with	

many	studies	(summarized	in	Hawkins	et	al.,	2003),	showing	that	spatial	species	richness	

usually	correlates	well	with	water-energy	variables	in	both	terrestrial	and	freshwater	

environments.	Although	the	underlying	mechanism(s)	for	this	correlation	remain(s)	

unresolved,	it	has	been	shown	that	climate	can	affect	ecological	processes	such	as	carrying	

capacities,	which	in	turn	affect	evolutionary	processes	(Pontarp	&	Wiens,	2016).	Indeed,	

the	emergence	of	phylogenetic	niche	conservation	as	a	potential	evolutionary	mechanism	

underlying	broad-scale	diversity	gradients	provides	a	powerful	way	to	link	past	and	

current	climate	with	diversity	(see	Wiens	et	al.,	2010	for	a	recent	review).	And,	the	overlap	

of	climate	and	phylogeny	observed	in	our	partial	regression	analysis	is	consistent	with	this	

explanation,	which	argues	that	climate	has	always	influenced	diversity,	and	so	the		

co-varying	patterns	of	climate	and	diversity	that	we	see	now	are	just	a	“snapshot”	of	a	

continual	process	driven	by	patterns	of	climate	change	over	evolutionary	and	ecological	

time	frames	with	limited	abilities	of	organisms	to	adapt.	But	interestingly,	based	on	the	

results	of	our	path	model	analysis,	the	components	of	climate	that	drive	evolutionary	

responses	of	fish	to	climate	may	differ	from	those	driving	the	ecological	response.	The	
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strongest	link	to	the	simple	topological	metric	of	the	level	of	evolutionary	development	of	

fish	assemblages,	MRDs,	was	annual	mean	temperature,	whereas	the	strongest	direct	link	

to	richness	itself	was	AET,	which	is	also	strongly	correlated	with	primary	productivity.	This	

provides	indirect	evidence	that	current	patterns	of	fish	richness	may	be	in	part	food	limited	

and	in	part	influenced	by	the	pattern	of	global	cooling	across	the	North	Hemisphere	that	

began	in	the	mid-Eocene	and	became	especially	strong	during	the	Pleistocene	glacial	cycles.	

Cenozoic	climate	change	has	been	implicated	in	North	American	diversity	gradients	for	

terrestrial	groups	(Latham	&	Ricklefs,	1993;	Hawkins	et	al.,	2006;	Hawkins	et	al.,	2011).	

However,	the	case	for	niche	conservatism	as	a	partial	driver	of	diversity	is	currently	

circumstantial,	since	we	have	no	evidence	of	what,	if	any,	relevant	traits	have	been	

conserved.	One	candidate	is	dispersal	ability,	which	is	associated	with	the	recolonization	of	

fish	into	areas	exposed	by	the	retreat	of	the	ice	sheets	after	the	Latest	Glacial	Maximum	

(Smith	et	al.,	2010;	Griffiths,	2010,	2015).	The	pattern	of	evolution	of	migratory	behavior	in	

fish	would	be	a	fruitful	starting	point	for	understanding	to	what	extent	niche	conservation,	

climate	change,	and	contemporary	climates	interact	to	influence	the	diversity	gradient.	

The	niche	conservatism	explanation	for	diversity	gradients	is	often	linked	to	time	for	

speciation	(Weins	&	Donoghue	2004),	arguing	that	older	clades	have	had	longer	to	

diversify,	but	these	clades	are	constrained	to	the	older,	warmer	climates	globally	

widespread	in	the	Cretaceous	and	early	Cenozoic.	Under	this	scenario,	we	would	expect	to	

see	older	families	in	areas	of	high	species	richness	and	younger	families	in	areas	of	low	

species	richness	(see	e.g.,	Wiens	&	Donoghue,	2004).	However,	we	found	little	if	any	

association	between	family	ages	and	species	richness.	This	suggests	that	the	standard	
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explanation	of	niche	conservatism	determining	time	for	speciation	for	clades	in	high	

diversity	areas	does	not	apply	to	freshwater	fish.		

The	alternative	evolutionary	hypothesis	for	diversity	patterns,	differential	

diversification	rates	across	space,	also	received	no	support,	since	average	diversification	

rate	had	no	relationship	with	richness.	This	is	similar	to	the	results	of	previous	studies	

(Smith	et	al.,	2010;	Griffiths,	2015)	that	used	general	measures	of	diversification	rates	to	

examine	broad-scale	patterns	in	freshwater	fish.	We	cannot	rule	out	the	possibility	that	the	

metric	we	used	is	not	the	strongest	test	of	this	hypothesis,	but	based	on	the	available	

evidence,	we	conclude	that	rate-based	hypotheses	such	as	metabolic	theory	are	probably	

insufficient	to	explain	the	current	diversity	gradient.	

Although	we	reject	both	speciation	rates	and	time,	we	were	able	to	explain	some	of	the	

variation	in	richness	through	the	non-time-calibrated	phylogenetic	metric	of	root	distance.	

The	observation	that	areas	of	high	richness	tend	to	have	higher	values	of	root	distance	

suggests	that	there	is	a	greater	amount	of	diversification	of	lineages	in	these	areas,	despite	

the	fact	that	the	diversification	rate	metric	has	no	explanatory	power.	There	are	two	

possible	reasons	for	this.	First,	average	watershed-level	diversification	rates	may	be	

confounded	by	dispersal	of	fish	species	among	watersheds	following	their	diversification,	

so	that	current	local	rates	are	not	indicators	of	the	spatial	distribution	of	rates	in	the	past.	

Second,	if	this	dispersal	occurs	but	is	limited	across	isolated	watersheds	over	relatively	

short	time	periods,	the	observed	phylogenetic	structure	could	be	the	consequence	of	highly	

variable	extinction	rates	during	the	Pleistocene.	In	this	case,	the	southeastern	U.S.A.	is	high	

in	diversity	not	only	because	of	a	benign	climate	but	because	most	or	all	clades	in	areas	

north	and	west	were	extirpated	by	glaciations	and	periods	of	aridity,	leaving	a	legacy	of	low	
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diversity	and	low	root	distances	due	to	climatic	instability	(see	Latham	&	Ricklefs,	1993	for	

the	application	of	this	explanation	to	trees).	Under	this	scenario	the	primary	historical	

drivers	of	diversity	lie	in	the	Pleistocene	rather	than	the	early	Cenozoic,	but	quantifying	the	

timing	of	key	events	is	not	currently	possible	given	the	current	incomplete	state	of	the	fish	

phylogeny.	

The	observation	that	richness	for	freshwater	fish	is	highest	in	the	southeast	United	

States,	compared	to	the	global	pattern	of	richness	decreasing	with	latitude,	demonstrates	

how	diversity	patterns	can	differ	at	different	spatial	scales	in	both	focus	and	extent	(Brown	

&	Maurer,	1989;	Rahbek,	2004;	Field	et	al.,	2009).	Oberdorff	et	al.	(1995)	concluded	that	

much	of	the	variation	in	global-scale	freshwater	fish	richness	can	be	predicted	by	river	size	

(species-area	hypothesis;	MacArthur	&	Wilson,	1963)	followed	by	primary	productivity,	

regardless	of	glacial	history,	topography,	or	climate;	the	influence	of	surface	area	is	further	

supported	for	riverine	freshwater	fish	globally	(Oberdorff	et	al.,	2011).	Our	partial	

regression	analysis	also	revealed	scale	dependence	in	the	diversity	gradient;	it	accounted	

for	virtually	all	of	the	autocorrelation	at	the	largest	spatial	scales,	indicating	that	climatic	

and	phylogenetic	variables	are	the	adequate	explanations	for	species	richness	at	the	

continental	scale.	However,	there	was	still	unexplained	spatial	autocorrelation	at	scales	

below	ca.	500	km.	This	residual	spatial	autocorrelation	is	likely	due	to	biotic	and	abiotic	

factors	at	local	and	regional	scales	that	we	did	not	account	for	in	our	analysis.	Depending	

on	species	characteristics,	such	as	life	history	traits,	reproductive	strategies,	and	feeding	

strategies,	along	with	the	effects	of	species	interactions,	such	as	predation	and	intra-	and	

interspecific	competition,	a	stream	or	lake	can	support	a	variable	number	of	niches.	In	river	

systems,	headwater	streams	surrounded	by	riparian	vegetation	are	relatively	nutrient	and	
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species	poor,	whereas	mid-size	rivers	have	much	higher	species	richness	and	nutrient-rich	

waters	as	a	result	of	the	shredding	of	upstream	allochthonous	matter	by	aquatic	insects	

(Ross,	2013).	At	the	local	and	regional	scales,	lakes	with	larger	surface	area	are	associated	

with	higher	species	richness	(Griffiths,	1997).	In	addition,	anthropogenic	activities,	such	as	

agriculture	and	urbanization,	negatively	affect	the	survival	and	health	of	ecosystems	by	

polluting	waters	with	runoff	and	leading	to	the	removal	and	fragmentation	of	habitats	

(McDonald,	2011).	By	considering	species	traits,	species	interactions,	habitat	

characteristics,	and	anthropogenic	impacts,	the	“unexplained”	variation	in	species	richness		

at	local	and	regional	level	can	be	further	explored.	

In	summary,	with	the	accumulation	of	new	ideas	and	better	phylogenetic	data	over	the	

last	two	decades,	we	were	able	to	take	a	more	nuanced	approach	than	Kerr	and	Currie	

(1999)	to	address	drivers	of	fish	species	richness.	Similar	to	them	we	find	that	current	

climate	remains	the	strongest	correlate	of	the	contemporary	richness	pattern,	but	we	also	

found	that	phylogeny	further	explains	variation	in	species	richness	than	climate	alone.	WE	

also	do	not	take	an	either/or	point	of	view,	arguing	that	that	evolutionary	and	climatic	

history	play	a	larger	role	than	recognized	by	Kerr	and	Currie	(1999).	Our	results	further	

suggest	that	climate	and	phylogeny	are	not	independent;	at	least	some	of	climate	is	

influencing	phylogeny	in	shaping	species	richness	patterns,	most	likely	via	climate	change	

in	the	late	Cenozoic.	It	is	becoming	evident	that	when	attempting	to	understand	drivers	of	

contemporary	richness	patterns,	historical	hypotheses	combined	with	ecological	

hypotheses	provide	stronger	explanations	than	either	alone.	
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Figure	1.	Richness	of	native	North	American	freshwater	fish	by	watershed.	
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Figure	2.	Phylogeny	of	native	North	American	freshwater	fish.	Branch	colors	represent	
families.	Branch	lengths	represent	time	in	millions	of	years.	
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Figure	3.	Richness	as	a	function	of	climatic	(a	–	d)	or	phylogenetic	(e	–	h)	variables	across	
watersheds.		
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Figure	4.	Partial	regression	representing	how	climate	and	phylogeny	explain	variation	in	
species	richness	(thick	horizontal	line).	The	independent	contribution	of	climate	is	greater	
(40%)	than	that	of	the	independent	contribution	of	phylogeny	(14%).	There	is	some	co-
linearity	between	climate	and	phylogeny	(17.3%).	There	is	unexplained	variance	(28.7%)	
that	is	not	accounted	for	by	the	climatic	and	phylogenetic	variables.	
	

	

	
	

Figure	5.	Spatial	autocorrelogram	representing	spatial	autocorrelation	(Moran’s	I)	of	the	
residuals	of	the	richness	pattern	(black	line).	After	inputting	mean	species	root	distance	
and	actual	evapotranspiration,	the	spatial	autocorrelation	in	the	residuals	was	corrected	
(dashed	line).	The	best	fit	model	included	the	addition	of	mean	family	root	distance	and	
annual	mean	temperature	(dotted	line).	
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Figure	6.	Path	model	best	fitting	the	structure	of	the	richness	data.	The	numbers	above	the	
paths	represent	standardized	coefficients,	and	the	dashed	path	denotes	a	link	hypothesized	
to	lack	directed	causality.	
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Table	S1.	Correlations	of	all	variables	with	each	other.	

	
	
	
	
	
	
	
	
Table	S2.	Collinearity,	measured	as	variance	inflation	factors	(VIF),	between	variables.	
Values	in	bold	designate	VIFs	greater	than	2.5.	

	
	
	




