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Abstract
1.	 Janzen’s	extension	of	the	climate	variability	hypothesis	(CVH)	posits	that	increased	
seasonal	 variation	at	high	 latitudes	 should	 result	 in	 greater	 temperature	overlap	
across	elevations,	and	favour	wider	thermal	breadths	in	temperate	organisms	com-
pared	to	their	tropical	counterparts.

2.	 We	 tested	 these	 predictions	 by	 measuring	 stream	 temperatures	 and	 thermal	
breadths	(i.e.	the	difference	between	the	critical	thermal	maximum	and	minimum)	
of	62	aquatic	insect	species	from	temperate	(Colorado,	USA)	and	tropical	(Papallacta,	
Ecuador)	streams	spanning	an	elevation	gradient	of	c. 2000 m.

3.	 Temperate	streams	exhibited	greater	seasonal	temperature	variation	and	overlap	
across	elevations	than	tropical	streams,	and	as	predicted,	temperate	aquatic	insects	
exhibited	broader	thermal	breadths	than	tropical	insects.	However,	elevation	had	
contrasting	effects	on	patterns	of	thermal	breadth.	In	temperate	species,	thermal	
breadth	decreased	with	increasing	elevation	because	CTMAX	declined	with	eleva-
tion	 while	 CTMIN	 was	 similar	 across	 elevations.	 In	 tropical	 insects,	 by	 contrast,	
CTMAX	declined	less	sharply	than	CTMIN	with	elevation,	causing	thermal	breadth	to	
increase	with	elevation.

4.	 These	 macrophysiological	 patterns	 are	 consistent	 with	 the	 narrower	 elevation	
ranges	found	in	other	tropical	organisms,	and	they	extend	Janzen’s	CVH	to	fresh-
water	streams.	Furthermore,	because	lowland	tropical	aquatic	insects	have	the	nar-
rowest	 thermal	 breadths	 of	 any	 region,	 they	 may	 be	 particularly	 vulnerable	 to	
short-term	extreme	changes	in	stream	temperature.
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1  | INTRODUCTION

A	fundamental	goal	of	integrative	biology	is	to	understand	how	vari-
ation	 in	climate	 shapes	 the	 thermal	physiology,	behaviour,	 and	geo-
graphic	distribution	of	organisms	(Angilletta,	2009;	Bozinovic,	Calosi,	&	
Spicer,	2011;	Spicer	&	Gaston,	2009).	The	“climate	variability	hypoth-
esis”	(CVH)	predicts	that	more	variable	climates	select	for	organisms	
with	broader	thermal	tolerances,	whereas	less	variable	(stable)	climates	
select	for	narrower	thermal	tolerances	(Angilletta,	2009;	Dobzhansky,	
1950;	Gaston	&	Chown,	1999;	Janzen,	1967;	 Stevens,	 1989).	Thus,	
compared	to	the	climatically	stable	tropics,	mid-	to-	high	latitude	tem-
perate	environments	should	select	for	organisms	with	broader	thermal	
breadths	 because	 of	 the	 seasonal	 variation	 between	warm	 summer	
and	cold	winter	temperatures	(Angilletta,	2009).	In	an	extension	of	the	
CVH,	Janzen	(1967)	incorporated	the	influence	of	elevation	on	ther-
mal	breadth.	In	temperate	mountains,	seasonal	temperature	changes	
cause	low	and	high	elevation	localities	to	have	similar	annual	ranges,	
which	should	allow	species	to	physiologically	tolerate	a	wide	range	of	
temperatures.	However,	in	tropical	mountains	at	any	given	elevation,	
a	narrow	annual	range	of	temperatures	should	lead	to	a	narrow	ther-
mal	tolerance.	The	narrower	thermal	breadth	of	tropical	species	should	
lead	to	reduced	dispersal	and	a	reduced	elevation	distribution.	Thus,	
Janzen	(1967)	proposed	that	mountain	passes	should	be	“higher”	for	
lowland	tropical	species	because	colder	temperatures	at	higher	eleva-
tions	would	be	a	greater	physiological	barrier	 to	dispersal	compared	
to	 temperate	 lowland	 species	 (Chan	 et	al.,	 2016;	 Ghalambor,	 Huey,	
Martin,	Tewksbury,	&	Wang,	2006;	Huey,	1978;	McCain,	2009).

Macrophysiological	 studies	 of	 terrestrial	 species	 have	 shown	
general	 support	 for	 the	 predicted	 relationship	 between	 thermal	
tolerance	 and	 latitude	 (Addo-	Bediako,	 Chown,	 &	 Gaston,	 2000;	
Brattstrom,	1968;	Calosi,	Bilton,	&	Spicer,	2008;	Calosi,	Bilton,	Spicer,	
&	 Atfield,	 2008;	 Deutsch	 et	al.,	 2008;	 Feder,	 1978;	 Sunday,	 Bates,	
&	 Dulvy,	 2011;	 van	 Berkum,	 1988)	 and	 elevation	 (Addo-	Bediako	
et	al.,	2000;	Bozinovic	et	al.,	2011;	Ghalambor	et	al.,	2006;	Sheldon	
&	Tewksbury,	 2014).	 For	most	 organisms,	 this	 relationship	 is	 driven	
by	maximum	(CTMAX)	and	minimum	(CTMIN)	critical	thermal	limits	that	
track	 maximum	 and	 minimum	 environmental	 temperatures	 respec-
tively	 (Angilletta,	 2009).	 In	 the	 warmer	 lowland	 tropics,	 organisms	
should	exhibit	higher	CTMAX	and	CTMIN	values	compared	to	organisms	
from	colder,	 temperate	 regions.	High	elevation	 tropical	 species	may	
have	 low	CTMIN	values	 similar	 to	 those	 found	 in	 temperate	 species.	
Consequently,	we	predict	that	temperature	variation	across	elevation	
and	latitude	should	shape	macrophysiological	patterns	in	thermal	lim-
its.	The	generality	of	such	patterns	remains	undescribed	for	most	taxa	
(Gaston	et	al.,	2009),	and	studies	of	temperate	and	tropical	freshwater	
ectotherms	are	particularly	lacking	(Chown,	Duffy,	&	Sørensen,	2015;	
Gutiérrez-	Pesquera	et	al.,	2016).

Freshwater	streams	naturally	occur	along	elevation	gradients	and	
exhibit	global	scale	variation	in	thermal	regimes	that	can	be	similar	to	
those	observed	 for	 air	 temperatures	 (Ward,	1985).	As	with	 air	 tem-
perature,	increasing	elevation	is	accompanied	by	a	decrease	in	stream	
temperatures	as	a	function	of	the	adiabatic	lapse	rate	(Dillon,	Frazier,	
&	Dudley,	 2006).	However,	 partly	 due	 to	 the	 high	 heat	 capacity	 of	

water,	stream	temperatures	are	more	stable	and	do	not	vary	linearly	
with	air	temperatures	(Mohseni	&	Stefan,	1999).	Across	latitude,	low-
land	tropical	streams	may	be	generally	warmer	and	temporally	more	
stable	than	temperate	streams	(Boulton	et	al.,	2008).	This	variation	in	
stream	thermal	regime	 likely	drives	several	aspects	of	aquatic	 insect	
life-	history,	such	as	dormancy,	growth	rate,	and	timing	of	emergence	
(Ward	&	Stanford,	1982).

Other	 factors	 also	 interact	 with	 stream	 temperature	 to	 impose	
unique	challenges	on	the	thermal	tolerance	of	aquatic	ectotherms,	most	
notably	oxygen	availability,	which	might	vary	with	elevation	and	stream	
flow	 (Clark,	Webb,	&	 Ladle,	 1999;	Jacobsen,	Rostgaard,	&	Vasconez,	
2003;	Pörtner	&	Knust,	2007;	Verberk,	Bilton,	Calosi,	&	Spicer,	2011).	
The	degree	to	which	global	scale	climatic	variability	is	mitigated	by	such	
local	scale	effects	on	thermal	breadth	in	temperate	and	tropical	stream	
organisms	is	not	known	for	aquatic	insects,	but	has	important	implica-
tions	 for	our	understanding	of	how	aquatic	and	 terrestrial	organisms	
differentially	cope	with	temperature	variation,	and	for	their	vulnerabil-
ity	to	climate	change	(Verberk,	Durance,	Vaughan,	&	Ormerod,	2016).

Here,	 we	 test	 two	 important	 components	 of	 Janzen’s	 (1967)	
CVH	 in	 temperate	and	 tropical	 stream	 insects.	We	 first	 test	 the	as-
sumption	that	tropical	stream	temperatures	are	less	variable	and	ex-
hibit	 reduced	overlap	across	elevation	compared	 to	 temperate	zone	
streams.	Second,	we	test	the	prediction	that	tropical	aquatic	 insects	
have	narrower	thermal	breadths	relative	to	their	temperate	counter-
parts,	by	measuring	the	difference	between	the	maximum	(CTMAX)	and	
minimum	(CTMIN)	critical	thermal	limits	(Huey	&	Stevenson,	1979).	We	
focus	on	species	of	aquatic	insects	that	occur	across	a	range	of	eleva-
tions	in	temperate	Colorado,	USA	and	tropical	Ecuador.

2  | MATERIALS AND METHODS

2.1 | Study sites

Our	study	streams	were	distributed	at	a	mid-	latitude	temperate	loca-
tion,	the	Rocky	Mountains	of	northern	Colorado,	USA	(40°	35′N,	105°	
5′W),	 and	 a	 low	 latitude	 tropical	 location,	 the	Andes	Mountains	 of	
Ecuador	(0.3°	10′S,	78°	28′W).	We	selected	five	streams	from	1,992	
to	 3,166	m	 a.s.l.	 in	 the	 Cache	 la	 Poudre	 drainage	 in	 Colorado	 and	
seven	streams	 from	1,845	 to	3,898	m	a.s.l.	 in	 the	Papallacta-	Quijos	
drainage	(headwaters	of	the	Amazon	Basin)	in	Ecuador.	To	control	for	
any	 confounding	effects	of	 stream	 flow,	water	depth,	 or	width,	we	
only	sampled	low-	order	(wadeable)	streams	that	were	similar	in	size.

2.2 | Quantifying stream temperature variability

At	each	stream,	(1,992,	2,212,	2,950,	2,798	and	3,166	m	in	Colorado	
and	1,845,	2,694	and	3,683	m	 in	Ecuador)	we	submerged	tempera-
ture	 loggers	 (3001,	Solinst	Canada	Ltd.	Georgetown,	Ontario)	to	re-
cord	hourly	fluctuations	in	water	temperature	over	a	period	of	several	
months	(October–April).	Loggers	could	not	be	submerged	in	streams	
at	 2,957	 and	 3,387	m	 in	 Ecuador.	 Landslides	 and	 flooding	 of	 the	
Andean	streams	prevented	loggers	from	collecting	data	for	an	entire	
year.	We	also	measured	stream	temperature	with	a	field	meter	(Pro	
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ODO,	 YSI	 Incorporated,	 Yellow	 Springs,	 Ohio)	 at	 every	 site	 during	
each	insect	collection.

2.3 | Aquatic insect collection, identification, 
transport and housing

We	focused	on	species	of	aquatic	insects	from	three	ecologically	im-
portant	orders:	Ephemeroptera	(mayflies),	Plecoptera	(stoneflies)	and	
Trichoptera	(caddisflies).	Because	the	majority	of	freshwater	insect	life	
cycles	are	spent	in	the	water	as	juveniles,	we	tested	this	stage	in	our	ex-
periments	and	not	the	short-	lived	flying	adult	stage.	While	the	climatic	
variation	in	water	experienced	by	the	juvenile	stage	is	likely	reduced	
compared	to	what	the	adults	experience	in	air	(Kingsolver	et	al.,	2011),	
successful	emergence	for	the	adult	stage	is	dependent	on	the	growth	
and	 survival	 challenges	 of	 the	 juvenile	 larval	 stage,	which	 for	 some	
species,	can	last	several	years.	Thus,	we	focused	our	efforts	on	testing	
the	effects	of	climate	variability	on	thermal	tolerance	during	the	juve-
nile	stage.	We	selected	species	from	families	that	occur	at	multiple	el-
evations	at	both	latitudes,	were	members	of	various	functional	feeding	
groups	(Table	S1),	and	were	numerically	abundant	to	ensure	adequate	
sample	sizes.	Insects	were	collected,	acclimated,	and	tested	from	one	
elevation	at	a	time.	We	collected	aquatic	insects	between	08.00	and	
11.00	hr	using	a	D-	frame	kick	net	 (mesh	size:	500	μm).	 Insects	were	
identified	based	on	morphology	to	the	lowest	taxonomic	level	possible	
in	the	field	without	a	microscope	(i.e.	morphological	taxonomic	units,	
MTUs),	usually	to	genus	and	in	some	cases	to	species.

After	 collection	 from	 the	 stream,	 insects	were	 transported	 to	 a	
laboratory	(Fort	Collins	in	the	Colorado	Rockies	or	the	town	of	Baeza	
in	the	Ecuadorian	Andes).	In	the	lab,	we	maintained	insects	at	the	av-
erage	 temperature	of	 stream	 from	which	 they	were	collected.	For	a	
given	elevation,	these	temperatures	were	the	same	between	the	two	
latitudes.	A	moderate	water	current	was	generated	within	the	holding	
cooler	using	an	aquarium	pump.	 Insects	 remained	 in	mesh-	enclosed	
containers	 for	48	hr	on	a	12	:	12	hr	 light–	dark	cycle.	This	period	al-
lowed	insects	to	acclimate	to	laboratory	conditions	and	ensured	that	
all	individuals	experienced	a	similar	environment	prior	to	experiments.

2.4 | Determining critical thermal limits

Our	goal	was	to	test	if	there	is	a	relationship	in	the	field	between	the	
amount	of	temperature	variability	at	a	given	site	and	the	observed	pat-
terns	of	thermal	breadth	(i.e.	difference	between	CTMIN	and	CTMAX).	
We	measured	 critical	 thermal	 limits	 using	 thermal	 ramping	 (Duarte	
et	al.,	 2012;	 Lutterschmidt	 &	Hutchison,	 1997).	While	 estimates	 of	
critical	 thermal	 limits	 can	 be	 sensitive	 to	 the	 measurement	 proto-
col	 (Rezende,	 Tejedo,	 &	 Santos,	 2011;	 Terblanche,	Deere,	 Clusella-	
Trullas,	Janion,	&	Chown,	2007),	the	same	methodology	was	used	for	
all	species	to	facilitate	comparisons.	One	aspect	of	the	experimental	
design	that	requires	particular	attention	 is	the	choice	of	acclimation	
and	 starting	 temperatures.	Because	 comparisons	were	made	across	
species	from	very	different	thermal	environments,	all	species	were	ac-
climated	to	average	stream	temperature	at	the	time	of	collection	and	
that	same	temperature	was	used	at	the	start	of	each	experiment.	Thus,	

what	we	 report	are	 the	natural	 “un-	manipulated”	patterns	of	CTMIN 
and	CTMAX	across	elevation	and	latitude	that	likely	reflect	a	combina-
tion	of	genetic	and	plastic	influences.	Using	the	stream	temperature	at	
the	time	of	collection	also	allowed	us	to	avoid	the	confounding	effects	
of	deteriorating	body	condition	associated	with	acclimating	all	species	
to	a	single	temperature	outside	their	preferred	temperature	range	(see	
Rezende	et	al.,	2011).	Indeed,	during	separate	experiments	designed	
to	test	the	degree	of	plasticity	in	critical	thermal	maximum	rates,	we	
found	the	use	of	acclimation	temperatures	outside	the	range	normally	
experienced	 resulted	 in	 obvious	 stress	 and	mortality,	 particularly	 in	
tropical	species,	making	comparisons	less	meaningful	(A.	A.	Shah,	W.	
Christopher	Funk,	C.	K.	Ghalambor,	unpublished).	See	Appendix	S1,	
Supporting	Information,	for	more	information	regarding	methods.

CTMAX	experiments	were	conducted	during	the	months	of	January–
March	 2013	 and	 2014	 in	 Baeza,	 Ecuador	 (1,795	m)	 and	 from	 June	 to	
August	2014	and	2015	in	Fort	Collins,	Colorado	(1,524	m)	(Appendix	S1,	
Methods).	We	ramped	temperature	at	the	rate	of	0.3°C	per	min	until	a	pre-	
determined,	sub-	lethal	behaviour	was	observed	(Table	S2).	In	each	exper-
iment,	we	tested	up	to	12	individuals	(mean	=	8.34,	min	=	4)	per	MTU	per	
stream	site	(n	=	847	individuals,	23	MTUs).	When	individuals	approached	
CTMAX—determined	by	a	loss	of	righting	response—we	transferred	individ-
uals	to	aerated	water	at	normal	stream	temperature	for	recovery.

We	conducted	CTMIN	experiments	on	299	 individual	 insects	 (11	
MTUs),	during	October–December	2014,	in	Ecuador,	and	June–August	
2015	in	Colorado	(Appendix	S1,	Methods).	In	Ecuador,	all	insects	could	
not	be	collected	at	 two	elevations	 (1,845	and	2,798	m	a.s.l.),	where	
CTMAX	data	were	collected,	due	to	an	oil	pipeline	construction	proj-
ect	and	a	severe	landslide.	To	measure	CTMIN,	we	ramped	temperature	
down	at	the	rate	of	~0.3°C/min.	Each	CTMIN	trial	consisted	of	testing	a	
maximum	of	nine	individuals	per	MTU	(mean	=	8.5,	min	=	5).	We	used	
data	from	only	those	insects	that	recovered	from	the	experiments,	i.e.	
resumed	normal	activity.

2.5 | Taxonomic identification and phylogeny 
reconstruction

To	establish	the	taxonomic	 identity	of	every	 individual	 in	our	study,	
we	used	a	hierarchical	approach	to	species	assignment.	First,	we	DNA	
barcoded	 (Hebert,	 Stoeckle,	 Zemlak,	 &	 Francis,	 2004)	 a	 subset	 of	
specimens	(n	=	323	out	of	956)	following	standard	protocols	from	the	
Canadian	Center	for	DNA	barcoding	(Hajibabaei	et	al.,	2005;	Ivanova,	
DeWaard,	Hajibabaei,	&	Hebert,	2006;	Ivanova,	DeWaard,	&	Hebert,	
2006).	Second,	in	cases	where	no	specimens	were	DNA	barcoded	for	
a	MTU	and	site,	we	used	a	larger	dataset	of	DNA	barcoded	specimens	
to	determine	the	known	species	composition	at	that	site.	These	data	
were	used	to	assign	a	species	to	every	non-	barcoded	MTU.	In	some	
cases	(n	=	21),	MTUs	that	were	not	barcoded	could	not	be	assigned	to	
a	single	species	because	more	than	one	cryptic	species	was	present	
at	a	site.	In	these	cases,	we	assumed	proportional	representation	and	
distributed	 the	MTUs	evenly	between	 the	possible	 species	present.	
This	combination	of	morphological,	genetic,	and	geographic	informa-
tion	was	then	used	to	develop	a	phylogenetic	hypothesis	for	all	speci-
mens	in	the	study	(see	Appendix	S1	for	details).
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2.6 | Statistical analyses

All	statistical	analyses	were	conducted	in	r	version	3.1.3	(R	Core	Team	
2013).	To	validate	the	assumption	that	temperature	regimes	are	more	
variable	in	the	temperate	streams	than	in	the	tropical	streams	in	our	
study,	we	calculated	the	coefficient	of	variation	(CV)	in	temperature	
for	each	stream.	Next,	we	used	a	general	linear	model	(GLM)	to	test	
the	effect	of	elevation,	latitude,	and	their	interaction	on	stream	tem-
perature	 range.	Lastly,	we	conducted	ANOVAs	for	each	 latitude,	 to	
explore	how	stream	temperature	varies	with	elevation.

2.7 | Effects of latitude and elevation on 
critical thermal limits

To	 test	 the	 effects	 of	 latitude	 and	 elevation	 on	CTMAX,	 CTMIN,	 and	
thermal	breadth	we	used	phylogenetic	generalized	 least	squares	re-
gression	(PGLS;	Grafen,	1989)	fit	with	an	Ornstein–Uhlenbeck	model	
of	trait	evolution	(OU;	Butler	&	King,	2004;	Hansen,	1997).	We	chose	
the	OU	model	based	on	its	low	AIC	and	higher	log	likelihood	values	in	
a	model	selection	analysis	(Table	S4).	We	ran	PGLS	for	CTMAX,	CTMIN,	

and	thermal	breadth	separately,	using	a	model	that	included	latitude,	
elevation,	 dry	 weight	 (Gaston	 &	 Spicer,	 1998),	 and	 an	 interaction	
between	latitude	and	elevation.	We	included	elevation	in	the	model	
because	it	was	highly	correlated	with	maximum	and	average	stream	
temperature	 (Figure	 S1)	 and	 dry	 weight	 as	 a	 covariate	 to	 account	
for	 differences	 in	 thermal	 limits	 due	 to	 body	 size.	 Because	 thermal	
breadth	was	calculated	from	different	individuals	used	in	the	CTMAX 
and	CTMIN	 experiments,	we	used	 a	mean	dry	weight	 of	 individuals.	
Finally,	we	used	 separate	PGLS	analyses	 for	each	 latitude	 to	 test	 if	
there	was	a	relationship	between	stream	temperature	range	and	ther-
mal	breadth	while	controlling	for	dry	weight.

3  | RESULTS

3.1 | Stream temperature variability

Tropical	streams	were	less	thermally	variable	than	temperate	streams	
regardless	 of	 elevation	 (Figure	1a,b;	 Table	1).	 The	 major	 qualitative	
difference	between	the	temperate	and	tropical	regions	is	the	clear	in-
fluence	of	 seasons	 in	 the	 temperate	 streams.	Cold	winters	 result	 in	

F IGURE  1 Stream	temperature	profiles	
for	low-	to-	high	elevation	temperate	
streams,	showing	increased	overlap	in	
temperature,	especially	in	the	winter	
months	(a),	tropical	streams	with	reduced	
overlap	(b).	(c)	Shows	the	relationship	
between	stream	temperature	range	(annual	
maximum−minimum)	and	elevation,	where	
it	decreases	with	elevation	in	temperate	
streams,	but	has	an	increasing	trend	with	
elevation	in	tropical	streams
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all	streams	converging	on	0°C,	at	all	elevations	 (Figure	1a).	At	 lower	
elevations	 temperate	 streams	warm	more	 quickly	 and	 reach	 higher	
values	in	the	transition	from	winter	to	spring	and	summer.	But	there	
is	also	a	signal	of	spring	snowmelt	runoff	that	returns	seasonally	ris-
ing	 temperatures	 to	near	 freezing	 for	c.	 3	weeks	between	February	
and	March.	In	contrast,	tropical	streams	exhibit	no	seasonal	patterns	in	
temperature,	and	their	thermal	coefficients	of	variation	(CV)	are	largely	
driven	 by	 diel	 variation	 in	 stream	 temperature	 (Figure	1b).	 Annual	
thermal	CV	were	consistently	lower	for	tropical	streams	compared	to	
temperate	streams	(Welch’s	two-	sample	t		test	corrected	for	unequal	
variance: t4.9 = 11.435,	 p	<	.0001).	 For	 any	 given	 elevation,	 temper-
ate	 streams	 had	 higher	 maximum	 and	 lower	 minimum	 annual	 tem-
peratures	 (Table	1).	Yet,	on	average,	 temperate	streams	were	colder	
(mean	annual	temperature	4.2	±	0.99°C)	than	tropical	streams	(mean	
annual	temperature	10.5	±	0.83°C).	We	found	a	significant	elevation	
by	 latitude	effect	on	 stream	 temperature	 range	 (GLM:	F1,16 = 73.14,	
p	<	.001).	Specifically,	tropical	stream	temperature	range	remains	sta-
ble	across	elevation	(although	it	exhibits	an	increasing	trend,	ANOVA:	
F1,5	=	1.00, p	=	.362),	 but	 temperate	 stream	 temperature	 range	 de-
creases	with	elevation	(ANOVA:	F1,3	=	19.57,	p	=	.021;	Figure	1c).

3.2 | Effects of latitude and elevation on 
critical thermal limits and breadth

The	 PGLS	 analysis	 revealed	 that	 latitude	 was	 a	 significant	 predictor	
of	CTMAX	estimates	 (PGLS:	 t82 = −2.745,	p	=	.007).	Specifically,	CTMAX 
was	lower	in	tropical	compared	to	temperate	stream	insects	(Figure	2;	
Figure	S2).	CTMAX	also	decreased	with	increasing	elevation	in	temperate	
and	tropical	aquatic	insects	(Figure	2).	Dry	weight	was	not	a	significant	
covariate.	For	CTMIN,	we	found	a	significant	latitude	by	elevation	inter-
action	(PGLS:	t46 = −6.473,	p	<	.001)	reflecting	the	fact	that	CTMIN re-
mains	relatively	constant	and	low	across	elevation	in	temperate	aquatic	
insects,	but	decreases	with	elevation	in	tropical	aquatic	insects	(Figure	3;	
Figure	S2).	Dry	weight	was	not	a	significant	predictor	of	CTMIN.

The	results	of	the	PGLS	analysis	for	thermal	breadth	revealed	
a	 significant	 interaction	between	 latitude	 and	elevation	on	 ther-
mal	breadth	(PGLS:	t46 = 3.937,	p	<	.001).	This	interaction	reflects	
the	 large	 difference	 in	 thermal	 breadth	 between	 temperate	 and	
tropical	species	at	low	elevations	and	the	convergence	of	thermal	
breadth	at	high	elevations	(Figure	4a).	Lastly,	we	found	that	stream	
temperature	 range	 predicted	 aquatic	 insect	 thermal	 breadth	
(PGLS:	 t48 = 7.550,	 p	<	.001)	 (Figure	4b).	 This	 relationship	 was	
also	 significant	within	Colorado	 (PGLS:	 t19 = 3.525,	p	=	.003)	and	
Ecuador	 (PGLS:	 t32 = 2.326,	 p	=	.027),	when	 controlling	 for	 phy-
logeny	and	dry	weight.	Thus,	insects	that	experienced	the	widest	

TABLE  1 Elevations,	annual	maximum,	minimum,	range,	and	average	temperatures	of	our	study	streams.	Coefficients	of	variation	(CV)	were	
calculated	for	each	stream

Stream elevation 
(m)

Maximum  
(°C)

Minimum  
(°C)

Range  
(°C)

Average  
(°C)

CV  
(%)

Temperate	(Colorado,	USA) 1,992 22.0 −0.4 22.4 6.77 89.69

2,212 21.4 −0.3 21.7 4.84 95.16

2,590 18.1 −0.4 18.5 4.64 108.64

2,798 11.5 −0.2 11.8 2.83 99.38

3,166 11.9 −0.1 12.1 2.04 134.46

Tropical	(Papallacta,	Ecuador) 1,845 16.9 10.8 6.1 13.53 6.27

2,003 16.4 12.9 3.5 13.95 4.4

2,694 13.3 7.2 6.1 10.02 8.86

2,957 10.3 8.9 1.4 9.62 n/a

3,387 12.7 9.1 3.6 10.9 n/a

3,683 13.1 4.6 8.5 8.57 11.0

3,898 11.5 3.0 8.5 6.59 20.02

F IGURE  2 CTMAX	declines	with	increasing	elevation	in	Ecuador	
and	Colorado.	The	regression	lines,	generated	from	the	phylogenetic	
generalized	least	square	analysis	do	not	show	a	significant	
interaction.	In	general,	CTMAX	was	higher	in	insects	from	Colorado	
than	in	those	from	Ecuador
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stream	 temperature	 ranges	 had	 the	 broadest	 thermal	 breadths	
(Figure	4b).

4  | DISCUSSION

Janzen	(1967)	predicted	that	reduced	climatic	variability	across	an	ele-
vation	gradient	would	result	in	tropical	organisms	with	narrower	ther-
mal	 breadths	 compared	 to	 their	 temperate	 counterparts.	 Narrower	
thermal	 tolerance	 in	 the	 tropics	 has	 implications	 for	 patterns	 of	
dispersal,	 elevation	 range	 sizes,	 and	 rates	 of	 speciation	 (Ghalambor	
et	al.,	2006;	Janzen,	1967).	We	tested	the	relationship	between	tem-
perature	 variability	 on	 patterns	 of	 thermal	 breadth	 (CTMAX−CTMIN)	
and	found	support	for	Janzen’s	predictions;	tropical	aquatic	insects	on	
average	have	narrower	thermal	breadths	compared	to	their	temper-
ate	 relatives.	 Indeed,	 these	 results	complement	 recent	 findings	 that	
tropical	aquatic	insects	have	reduced	dispersal	and	smaller	elevation	
ranges	(Gill	et	al.,	2016).	However,	variation	in	thermal	breadth	is	not	
simply	a	response	to	different	latitudes,	but	instead	reflects	the	mag-
nitude	of	temperature	variation	experienced	at	a	given	site.	For	exam-
ple,	the	difference	in	thermal	breadths	are	greatest	when	comparing	
temperate	and	tropical	species	at	 lower	elevations,	and	as	elevation	
increases	 the	 relative	differences	 in	 thermal	breadth	across	 latitude	
decline	(Figure	4a).	The	close	relationship	between	temperature	vari-
ation	and	thermal	breadth	is	thus	influenced	not	only	by	large-	scale	
latitudinal	differences,	but	also	by	 local	 scale	effects	 such	as	eleva-
tion.	Such	relationships	appear	to	be	a	general	pattern	in	freshwater	
systems,	as	Gutiérrez-	Pesquera	et	al.	(2016)	report	a	similar	pattern	in	
a	comparison	of	temperate	and	tropical	tadpoles.	We	explore	these	
findings	in	greater	detail	below.

4.1 | Patterns of stream temperature variation across 
elevation and latitude

Temperate	 and	 tropical	 streams	 can	 exhibit	 substantial	 variation	 in	
characteristics	such	as	width,	depth,	groundwater	input,	and	insolation	
(Ward,	1985).	We	controlled	for	much	of	this	variation	by	focusing	on	
low-	order	mountain	 streams.	While	 individual	 streams	 exhibit	 local	
variation,	our	comparative	results	 indicate	that	tropical	stream	tem-
peratures	are	(1)	less	seasonally	variable	than	temperate	streams,	and	
(2)	exhibit	less	overlap	across	elevation	(Figure	1).	Aquatic	organisms	

F IGURE  3 CTMIN	declines	with	increasing	elevation	only	in	
Ecuador.	In	Colorado,	there	is	no	change	in	CTMIN	across	elevation,	
resulting	in	a	significant	interaction	between	latitude	and	elevation.	
All	regression	lines	were	generated	from	the	phylogenetic	generalized	
least	square	analysis
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F IGURE  4 Thermal	breadth	shows	a	decreasing	trend	in	
Colorado,	but	an	increasing	trend	in	Ecuador	(a).	This	matches	the	
patterns	of	stream	temperature	range	variation	suggesting	that	within	
latitude	stream	temperature	variation	plays	a	role	in	shaping	thermal	
breadth.	(b)	shows	that	between	latitudes,	stream	temperature	range	
predicts	thermal	breadth	in	aquatic	insects.	Colorado	insects	that	
experience	on	average	wider	temperature	ranges	also	have	wider	
thermal	breadths	compared	to	their	relatives	in	Ecuador	where	
temperature	range	is	narrow
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in	 these	 tropical	 streams	experience	considerably	 less	 annual	 varia-
tion	 in	mean	 daily	 temperature	 (mean	 tropical	 range	=	5.4°C;	mean	
temperate	 range	=	17.3°C,	 Table	1).	 Subsequently,	 there	 is	 reduced	
overlap	in	tropical	stream	temperature	range	across	elevation,	where	
the	primary	source	of	thermal	variation	appears	to	occur	at	the	diel	
scale,	particularly	at	higher	elevations	(Figure	1c;	Table	1).	Temperate	
streams,	however,	exhibit	reduced	annual	temperature	variability	with	
increasing	elevation	because	maximum	stream	temperatures	decrease	
with	elevation,	while	minimum	temperatures	are	similar	across	eleva-
tions	 (converging	on	0°C).	Thus,	organisms	 living	 in	 lower	elevation	
temperate	 streams	 experience	 the	 widest	 variation	 in	 stream	 tem-
perature,	because	these	streams	are	warmer	in	summer	and	approach	
freezing	temperatures	in	winter.	In	contrast,	lower	elevation	tropical	
streams	have	 the	narrowest	 temperature	 ranges,	as	 the	variation	 in	
water	 temperature	 is	 low	year-	round.	This	 variation	 in	 stream	 tem-
perature	 explains	 patterns	 of	 thermal	 breadth	 across	 latitude	 and	
	elevation	(Figure	4).

4.2 | Effects of latitude and elevation 
on thermal breadth

We	 found	 strong	 support	 for	 the	 prediction	 that	 thermal	 breadth	
is	 narrower	 in	 tropical	 compared	 to	 temperate	 streams	 (Figure	4).	
However,	 across	 the	 elevation	 gradient,	 temperate	 and	 tropical	
aquatic	insects	exhibit	contrasting	patterns	in	their	range	of	thermal	
tolerance.	In	tropical	streams,	insect	thermal	breadth	increases	with	el-
evation	as	the	difference	between	CTMAX	and	CTMIN	increases,	mostly	
driven	by	a	sharper	decrease	 in	CTMIN	with	elevation	(Figures	2	and	
3).	 In	 temperate	streams,	 the	unchanging	CTMIN	and	 the	decreasing	
CTMAX	with	elevation	result	in	a	narrowing	of	thermal	breadth	as	el-
evation	increases	(Figures	2	and	3).	Thus,	the	low	elevation	temperate	
insects	in	this	study	system	have	the	broadest	thermal	breadths,	while	
low	 elevation	 tropical	 insects	 have	 the	 narrowest	 thermal	 breadths	
(Figure	4).	Had	we	been	able	 to	 include	even	 lower	elevation	 tropi-
cal	 streams,	 we	 suspect	 thermal	 breadths	 could	 become	 narrower	
still.	For	high	elevation	species	at	both	latitudes,	in	contrast,	thermal	
breadths		converge	(Figure	4a).

These	 patterns	 in	 thermal	 breadth	 reflect	 how	 stream	 tempera-
tures	change	with	elevation	in	each	region.	In	the	tropics,	the	average	
annual	minimum	and	maximum	temperatures	declines	with	increasing	
elevation,	but	the	difference	between	them	remains	constant	(Table	1).	
The	exception	 to	 this	pattern	occurs	at	 the	highest	elevation	above	
tree-	line,	where	 the	 grass-	dominated	 tropical	 páramo	 receives	 high	
insolation,	 and	 stream	 temperatures	 show	 greater	 thermal	 variation	
than	lower	elevation	forest-	canopied	streams	(Table	1;	Finn,	Encalada,	
&	Hampel,	2016;	 see	also	Huey	et	al.,	2009).	 In	 temperate	 streams,	
thermal	breadth	decreases	with	increasing	elevation	as	the	difference	
between	annual	minimum	and	maximum	temperatures	also	decreases	
with	elevation	(Figure	4a).	In	Colorado	our	highest	sampling	point	was	
at	3,100	m	a.s.l.	and	additional	work	is	required	to	determine	whether	
thermal	 breadth	 continues	 to	 decrease	 at	 even	 higher	 elevations.	
Nevertheless,	such	results	contrast	with	studies	of	terrestrial	 insects	
that	 find	 thermal	 breadth	 decreases	 with	 elevation	 because	 cold	

tolerance	increases	while	heat	tolerance	remains	unchanged	(Gaston	
&	Chown,	1999).

4.3 | Effects of latitude and elevation on 
critical thermal limits

We	found	that	temperate	species	exhibited	greater	tolerance	for	high	
temperatures	compared	to	their	tropical	counterparts	(Figure	2).	This	
result	may	appear	counterintuitive	at	first	because	temperate	streams	
are	colder	on	average	than	tropical	streams.	However,	at	any	given	
elevation,	annual	maximum	temperatures	are	higher	during	the	tem-
perate	summer	 (Table	1,	Figure	1),	and	the	greater	CTMAX values in 
the	temperate	species	reflect	these	maximum	temperatures.	Indeed,	
previous	 studies	 have	 shown	 high	 maximum	 environmental	 tem-
peratures	to	be	correlated	with	higher	CTMAX	values	for	ectotherms	
(e.g.	Kaspari,	Clay,	Lucas,	Yanoviak,	&	Kay,	2015;	Turriago,	Parra,	&	
Bernal,	2015;	Wu	&	Kam,	2005).	Within	latitude,	CTMAX is also sensi-
tive	 to	water	 temperatures,	as	 it	declines	with	elevation	 (Figure	2).	
These	results	are	intriguing	because	studies	of	terrestrial	ectotherms	
have	 generally	 found	 CTMAX	 to	 be	 largely	 invariant	 across	 eleva-
tion	and	latitude	(e.g.,	Addo-	Bediako	et	al.,	2000;	Gaston	&	Chown,	
1999;	Ghalambor	et	al.,	2006;	Hoffmann,	Chown,	&	Clusella-	Trullas,	
2013).	 In	marine	ectotherms,	however,	 a	meta-	analysis	by	Sunday,	
Bates,	and	Dulvy	 (2012)	showed	CTMAX	to	closely	track	changes	 in	
ocean	temperature.	An	increase	in	CTMAX	was	also	detected	across	
latitude	in	freshwater	diving	beetles	(Calosi,	Bilton,	Spicer,	Votier,	&	
Atfield,	2010).	Thus,	aquatic	ectotherms	may	differ	 from	terrestrial	
ectotherms	in	maintaining	more	variation	in	their	physiological	sensi-
tivity	to	maximum	temperatures.	While	the	causes	of	this	difference	
have	yet	to	be	explored,	they	may	be	linked	to	differences	in	oxygen	
availability.	Water	has	33	times	less	oxygen	than	air,	which	severely	
reduces	 the	 amount	 available	 for	 respiration	 (Jones,	 1972).	 Unlike	
air,	warm	water	holds	less	oxygen	than	cold	water	and	this	property	
has	been	 implicated	 in	 limiting	 thermal	 tolerance	 in	 aquatic	organ-
isms	due	to	decreased	oxygen	supply	(Pörtner,	2001;	Verberk	et	al.,	
2011).

Ectotherm	CTMIN	values	typically	track	minimum	temperatures	in	
both	terrestrial	and	aquatic	environments	(Addo-	Bediako	et	al.,	2000;	
Sunday	et	al.,	2012),	and	we	found	similar	patterns	in	aquatic	insects.	
In	tropical	stream	insects,	CTMIN	values	decreased	with	increasing	ele-
vation	(Figure	3).	Thus,	high	elevation	tropical	species	are	considerably	
more	cold-	tolerant	 than	 low	elevation	species.	For	 instance,	 tropical	
Ephemeroptera	at	the	highest	elevation	could	withstand	short	periods	
of	 freezing	during	 these	 experiments	 (A.	 Shah	pers.	 obs.).	This	 high	
cold	tolerance	reflects	the	persistent	cold	temperatures	in	the	tropical	
highlands	(Figure	1b).	In	temperate	streams,	by	contrast,	near	freezing	
temperatures	 routinely	occur	at	all	elevations	 in	 the	winter,	and	not	
surprisingly,	CTMIN	values	for	the	temperate	taxa	were	near	freezing	
and	invariant	across	elevation	(Figure	3).	Indeed,	our	experiments	with	
temperate	insects	often	had	to	be	terminated	due	to	ice	formation	in	
the	experimental	water	bath	rather	 than	the	cessation	of	 locomotor	
function.	Such	high	levels	of	cold	tolerance	in	temperate	species	call	
into	question	the	ecological	relevance	of	CTMIN,	and	suggest	that	many	
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temperate	species	could	be	freeze-	tolerant.	Although	the	streams	we	
sampled	never	freeze	solid	and	water	temperatures	remain	at	or	above	
0°C,	many	aquatic	and	semi-	aquatic	 insect	species	have	been	docu-
mented	to	be	freeze	tolerant	(e.g.	Danks,	2007;	Sinclair,	Vernon,	Klok,	
&	Chown,	2003).

The	 measurement	 of	 critical	 thermal	 limits	 can	 be	 affected	 by	
methodological	factors	like	the	acclimation	temperature	and	ramping	
rate	 (Rezende	et	al.,	2011;	Terblanche	et	al.,	2007).	We	avoided	this	
problem	using	the	same	methodological	approach	for	all	species.	The	
only	 source	of	environmental	variation	across	 species	was	acclimat-
ing	species	at	the	average	stream	temperature	at	the	time	of	capture.	
While	 such	 an	 approach	minimizes	 the	 effects	 of	 thermal	 stress	 on	
estimates	 of	 critical	 thermal	 limits,	 it	 does	 not	 allow	us	 to	 partition	
variation	across	species	due	to	genetically	based	evolved	differences,	
vs.	plastic	responses	to	the	acclimation	temperatures.	However,	cer-
tain	comparisons	suggest	plasticity	alone	cannot	explain	the	patterns.	
For	example,	our	temperate	and	tropical	low	elevation	sites	had	similar	
stream	temperatures	at	the	time	of	the	experiments,	and	all	species	
were	acclimated	at	~15°C.	Despite	the	same	acclimation	temperature,	
there	are	very	large	differences	in	CTMAX	among	species	between	lat-
itudes	(Figure	2).	The	estimates	for	CTMIN	are	also	informative	in	this	
regard,	because	CTMIN	is	thought	to	be	very	sensitive	to	acclimation	
temperatures	(Chown,	2001;	Chown	&	Terblanche,	2007;	Terblanche	
et	al.,	2007).	Despite	different	acclimation	temperatures	along	the	el-
evation	gradient,	almost	all	temperate	species	have	approximately	the	
same	CTMIN	(Figure	3).	Thus,	even	when	we	restrict	ourselves	to	com-
parisons	of	species	reared	under	the	same	temperatures,	or	compare	
similar	responses	of	species	held	under	different	acclimation	tempera-
tures,	we	still	 find	the	influence	of	 latitude	and	elevation	on	species	
differences.

4.4 | Implications for dispersal and vulnerability

Determining	 critical	 maximum	 and	 minimum	 limits	 lends	 insights	
into	the	physiological	mechanisms	driving	species	distributions	and	
vulnerability	 of	 organisms	 to	 climate	warming	 (Chown	&	Gaston,	
2015).	Janzen	(1967)	predicted	that	the	narrow	thermal	tolerances	
of	tropical	organisms	result	 in	reduced	dispersal	and	narrower	el-
evation	 ranges.	Linking	physiological	 tolerance	 to	elevation	 range	
size	 is	challenging	(Bozinovic	et	al.,	2011),	but	our	results	suggest	
that	the	wider	thermal	breadths	of	temperate	Ephemeroptera	may	
permit	 increased	 dispersal	 ability	 and	 broader	 elevation	 distribu-
tions	 compared	 to	 their	 tropical	 counterparts	 (Gill	 et	al.,	 2016).	
Other	studies	have	documented	similar	differences	in	the	elevation	
range	 sizes	 of	 temperate	 and	 tropical	 organisms	 (e.g.	Chan	 et	al.,	
2016;	McCain,	 2009),	 but	 the	 degree	 to	 which	 physiology	 alone	
determines	 geographic	 distributions	 remains	 a	 topic	 of	 debate	
(Bozinovic	et	al.,	2011;	Jankowski,	Londono,	Robinson,	&	Chappell,	
2013).

Narrow	thermal	breadths	are	predicted	to	increase	species	vul-
nerability	to	rapid	global	climate	change	(e.g.	Calosi,	Bilton,	&	Spicer,	
2008;	Calosi,	Bilton,	Spicer,	et	al.,	2008;	Chan	et	al.,	2016;	Deutsch	
et	al.,	 2008;	 García-	Robledo,	 Kuprewicz,	 Staines,	 Erwin,	 &	 Kress,	

2016).	A	key	 result	 from	our	 study	 is	 that	 lower	elevation	 tropical	
aquatic	 insect	 populations	 appear	 to	 be	 especially	 vulnerable	 to	
short-	term	 extreme	 warming	 (or	 cooling)	 events.	 Consequently,	
even	 though	 the	magnitude	 of	 projected	warming	 is	 predicted	 to	
be	 relatively	 small	 in	 the	 tropics,	 such	 reduced	 thermal	 tolerance	
may	 increase	 vulnerability	 (see	 Deutsch	 et	al.,	 2008).	 The	 degree	
to	which	 dispersal	 to	 higher	 elevations	 could	 ameliorate	 such	 im-
pacts	in	aquatic	insects	remains	open	to	debate,	because	most	long-	
distance	dispersal	is	confined	to	the	short-	lived	adult	stage	(Kovats,	
Ciborowski,	&	Corkum,	1996).	Perhaps	surprisingly,	the	least	vulner-
able	group	of	aquatic	insects	may	be	low	elevation	temperate	spe-
cies	that	naturally	experience	wide	seasonal	 fluctuations	 in	stream	
temperature,	possess	relatively	broad	thermal	breadths,	and	appear	
to	 have	 the	 potential	 to	 disperse	 to	 higher	 elevations	 (Finn	 et	al.,	
2016).

In	summary,	 the	 interaction	between	elevation	and	 latitude	pro-
vides	 a	 cautionary	 lesson	 when	 generalizing	 across	 temperate	 and	
tropical	organisms,	particularly	with	respect	to	vulnerability	and	sen-
sitivity	to	changes	in	temperature.	Physiologically,	high	elevation	tem-
perate	and	tropical	aquatic	insects	may	exhibit	similarly	narrow	thermal	
breadths,	whereas	low	elevation	temperate	and	tropical	species	rep-
resent	the	ends	of	the	thermal	tolerance	continuum	with	the	broadest	
and	narrowest	 thermal	 breadths,	 respectively.	Acknowledging	 these	
differences	and	incorporating	them	into	future	climate	scenarios	will	
likely	provide	more	accurate	predictions	of	how	different	populations	
will	be	impacted	by	warming.
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