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Abstract
Ecologists	rely	on	various	functional	traits	when	investigating	the	functioning	of	eco-
logical	systems	and	its	responses	to	global	changes.	Changing	nutrient	levels,	for	ex-
ample,	can	affect	taxa	expressing	different	trait	combinations	 in	various	ways,	e.g.,	
favoring	small,	fast-	growing	species	under	high	phosphorus	conditions.	Stoichiometric	
traits,	describing	the	elemental	composition	of	organism	body	tissues,	can	help	in	un-
derstanding	the	mechanisms	behind	such	functional	shifts.	So	far,	mainly	life-	history	
traits	have	been	related	to	body	stoichiometry	(e.g.,	the	growth	rate	hypothesis)	on	
a	 limited	number	of	taxa,	and	there	 is	 little	knowledge	of	the	general	 link	between	
stoichiometric	 and	other	 functional	 traits	on	a	 taxonomically	 large	 scale.	Here,	we	
highlight	this	link	in	the	freshwater	macroinvertebrates,	testing	predictions	from	un-
derlying	trait-	based	and	Ecological	Stoichiometry	Theory	(EST)	in	>200	taxa	belong-
ing	to	eight	larger	taxonomic	groups.	We	applied	a	series	of	multivariate	analyses	on	
six	of	 their	 stoichiometric	 traits	 (%C,	%N,	%P,	C:N,	C:P,	 and	N:P)	 and	23	biological	
and	ecological	traits.	We	found	significant	relationships	between	stoichiometric	traits	
and	other	types	of	traits	when	analyzing	single-	trait	and	multi-	trait	profiles.	Patterns	
found	within	traits	related	to	organism	development	or	nutrient	cycling	were	in	line	
with	our	assumptions	based	on	EST,	e.g.,	traits	describing	predators	were	associated	
with	high	%N;	 traits	 suggesting	a	 fast	development	 (small	maximum	body	size	and	
high	molting	 frequency)	 with	 high	%P.	 Associations	 between	 ecological	 traits	 and	
body	stoichiometry	could	be	explained	by	the	longitudinal	stream	gradient:	Taxa	pre-
ferring	headwater	habitats	(i.e.,	high	altitude,	coarse	substrate,	and	cold	temperature)	
exhibited	high	%N	and	%P.	Demonstrating	the	link	between	stoichiometric	and	both	
bio-		and	ecological	traits	on	a	large	diversity	of	taxa	underlines	the	potential	of	inte-
grating	stoichiometric	traits	into	ecological	analyses	to	improve	our	understanding	of	
taxonomic	and	functional	 responses	of	communities—	and	ecosystems—	to	changing	
environmental	conditions	worldwide.
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1  |  INTRODUC TION

Ecologists	 describe	 communities	 using	 two	 different	 ways:	
Taxonomic	 units	 as	 descriptors	 of	 assemblages	 or	 traits	 intended	
to	be	proxies	of	functions.	While	the	first	approach	gives	a	better	
picture	of	phylogenetic	 signals,	 the	 latter	one	can	provide	a	 func-
tional	 view	 relating	 species	 distributions	 to	 environmental	 factors	
up	to	the	ecosystem	scale	(Cadotte	et	al.,	2011; McGill et al., 2006).	
Functional	 traits	 encompass	morphological,	 physiological,	 or	 phe-
nological	characteristics	and	ecological	preferences	(e.g.,	substrate,	
temperature)	of	an	organism.	They	impact	the	fitness	of	this	organ-
ism	and	 influence	 its	 interactions	with	 the	environment	and	other	
organisms	 (Violle	 et	 al.,	 2007).	 Since	 taxa	 of	 distinct	 taxonomic	
lineages	may	 express	more	 similar	 traits	 than	 closer	 related	 ones	
(Pilière	et	al.,	2016;	Usseglio-	Polatera	et	al.,	2000),	 taxonomic	and	
functional	diversity	can	provide	distinct—	sometimes	divergent—	but	
complementary	 information	 (Crabot	 et	 al.,	 2020, 2021).	 The	 trait	
structure	of	assemblages	 thereby	 is	 far	 less	constrained	by	bioge-
ography	 than	 their	 taxonomic	 structure	 because	 trait-	based	 func-
tions	persist	within	and	among	regions	even	when	species	pools	are	
changing	(Archaimbault	et	al.,	2005; Charvet et al., 2000;	Statzner	
et al., 2001).	This	enables	addressing	also	large	spatial	scales.	Since	
species	have	to	find	a	trade-	off	between	their	ecological	demands	
and	 tolerances—	closely	 related	 to	 key	 life-	history	 traits—	and	 the	
abiotic/biotic	 features	of	 habitats,	 community	 trait	 composition	 is	
closely	depending	on	environmental	parameters.

Changes	 in	nutrient	 concentrations,	 the	main	 stressor	 in	many	
(aquatic)	environments,	seem	to	differently	affect	taxa	differing	 in	
life-	history	traits	or	feeding	types	(Cross	et	al.,	2005, 2006;	Evans-	
White	&	Lamberti,	2009; Townsend et al., 2008).	For	example,	while	
short-	lived	 chironomids	 increased	 their	 growth	 rate	 and	 produc-
tion	 under	 high	 nutrient	 conditions,	 the	 longer-	lived	Tallaperla sp. 
(Plecoptera)	remained	unaffected	(Cross	et	al.,	2005).	Manipulative	
and	 observational	 studies	 have	 reported	 increasing	 relative	 abun-
dances	 of	 small,	 short-	lived,	 fast-	growing,	 and	 -	reproducing	 taxa	
under	high	nutrient	conditions	(Ortiz	&	Puig,	2007; Prater et al., 2015; 
Singer	&	Battin,	2007;	Statzner	&	Bêche,	2010).

Including	stoichiometric	traits	as	a	third	set	of	metrics,	besides	
traditional	functional	traits	and	taxonomic	units,	might	help	to	un-
derstand	the	mechanism	behind	these	observations.	Stoichiometric	
traits	describe	an	organism	body	nutrient	content	 (e.g.,	P-	content,	
C:P	 ratio),	 which	 is	 assumed	 to	 reflect	 its	 demand	 for	 the	 corre-
sponding	 nutrient.	 The	 framework	 of	 ecological	 stoichiometry	
(“Ecological	 Stoichiometry	 Theory,”	 EST)	 investigates	 the	 link	 be-
tween	environmental	nutrient	concentrations	and	the	nutrient	con-
tent	in	organisms'	body	tissues	in	a	given	ecological	context	(Sterner	
&	Elser,	2002).	One	well-	known	example	of	a	link	between	stoichio-
metric	 and	 functional	 traits	 is	 the	 growth	 rate	 hypothesis	 (GRH;	

Elser	 et	 al.,	 1996),	 which	 explains	 the	 increasing	 body	 P-	content	
with	 increasing	 growth	 rate	 by	 the	 increased	 demand	 for	 P-	rich	
rRNA	necessary	 to	 achieve	 fast	 growth.	Vice	 versa,	 slow-	growing	
taxa	have	a	lower	P-	demand,	and	thus	a	 lower	P-	content	(Acharya	
et al., 2004;	 Elser	 et	 al.,	 2003).	 For	 other	 traits	 such	 as	 feeding	
type	 (Fagan	et	al.,	2002; González et al., 2017),	body	size	 (Liess	&	
Hillebrand,	2005; Meunier et al., 2016),	or	development	rate	(Beck	
et al., 2021),	differences	in	stoichiometry	between	taxa	expressing	
different	 trait	 adaptations	 have	 also	 been	 identified.	 Linking	 such	
growth-	related	assumptions	to	nutrient	concentrations	in	the	envi-
ronment,	Singer	and	Battin	(2007)	and	Prater	et	al.	 (2015)	showed	
that	the	shift	towards	small,	 fast-	growing	taxa	under	high	nutrient	
conditions	 goes	 along	 with	 increasing	 abundances	 of	 P-	rich	 taxa.	
This	indicates	the	role	that	stoichiometry	could	play	in	understand-
ing	the	response	to	ecological	stressors	in	community	composition	
and	functions.

Thus,	large	efforts	have	been	made	over	the	last	decades	to	in-
vestigate	 the	 relationship	 between	 stoichiometric	 traits	 and	 func-
tional	traits	and/or	the	environment,	providing	knowledge	that	has	
helped	 in	 understanding	 the	 mechanisms	 behind	 ecological	 pro-
cesses	from	the	individual	to	ecosystem	level	(Sardans	et	al.,	2021).	
However,	 most	 works	 are	 limited	 to	 some	 laboratory	 model	 taxa	
or	 taxonomically	 reduced	 communities	 and	 traits	 were	 rarely	 ad-
dressed	 in	 combination.	 By	 extending	 the	 number	 of	 traits	 and	
taxa	 compared	 with	 previous	 studies	 and	 applying	 a	 multivariate	
approach,	we	therefore	aim	to	 investigate	more	precisely	the	gen-
eral	 links	 between	 functional	 and	 stoichiometric	 traits.	We	 focus	
on	 freshwater	 benthic	 macroinvertebrates,	 a	 group	 widely	 used	
for	 biomonitoring,	 representing	 high	 diversity	 (in	 terms	 of	 physi-
ology,	 adaptations	 to	 environmental	 conditions,	 ecological	 value,	
and	sensitivity	 to	stressors)	and	for	which	detailed	 information	on	
their	traits	is	available	(Sarremejane	et	al.,	2020;	Schmidt-	Kloiber	&	
Hering,	2015; Tachet et al., 2010).	Our	study	comprises	>200	taxa	of	
Turbellaria,	Oligochaeta,	Clitellata,	Bivalvia,	Gastropoda,	Arachnida,	
Malacostraca,	and	Insecta.	Besides	biological	traits	referring	to	char-
acteristics	of	the	organism	itself,	we	also	included	ecological	traits	
that	describe	environmental	preferences	or	tolerances	of	taxa.

Based	on	what	is	known	from	previous	works	and	observations	
for	 specific	 taxa	 and/or	 conditions,	we	 derived	 hypotheses	 about	
the	general	 link	between	stoichiometric	and	functional	traits	(here	
distinguished	 as	 either	 biological	 or	 ecological	 traits),	 which	 we	
tested	over	a	wide	taxonomic	range	of	macroinvertebrates	(Table 1).	
Biological	traits	that	are	directly	linked	to	nutrient	cycling	(feeding	
type,	 preferred	 food	 resources)	 or	 organism	 growth	 rate	 and	 life	
history	 (maximum	 size,	 voltinism,	 life	 duration,	 number	 of	 repro-
ductive	events,	or	number	of	molting	events	per	individual)	should	
exhibit	 the	 strongest	 associations	 with	 stoichiometric	 traits.	 The	
ecological	 traits	 should	 in	 turn	 be	 indirectly	 related	 to	 organism	

T A X O N O M Y  C L A S S I F I C A T I O N
Community	ecology,	Functional	ecology
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body	 stoichiometry.	 Substrate	 preferences	 for	 example	 are	 linked	
to	 resource	preferences	 and	 therewith	 also	 to	 feeding	mode.	 The	
association	observed	for	substrate	preferences	should	thus	be	in	line	
with	those	found	in	the	nutrient-	linked	traits.	We	additionally	expect	
variation	in	the	patterns	of	stoichiometric/ecological	trait	relation-
ships	along	the	longitudinal	gradient	of	rivers,	as	categories	describ-
ing	ecological	traits	should	be	expressed	differently	along	the	river	
continuum	 (e.g.,	 temperature,	 flow	velocity,	 substrate).	Due	to	 the	
linkages	between	some	functional	traits,	we	expect	the	stoichiomet-
ric	responses	of	such	traits	to	be	linked	to	one	another	(e.g.,	feeding	
type	and	food	resource,	substrate	and	locomotion,	feeding	type	and	

locomotion	or	substrate	attachment).	More	precise	hypotheses	on	
the	expected	associations	between	stoichiometric	traits	and	biolog-
ical traits or ecological traits are provided in Table 1.

2  |  MATERIAL AND METHODS

2.1  |  Datasets

Stoichiometric	trait	information	was	obtained	from	a	database	com-
prising	259	macroinvertebrate	taxa	and	the	elemental	mass	content	

TA B L E  1 Expected	associations	between	functional	and	stoichiometric	traits	(a	detailed	description	of	the	traits	and	all	trait	categories	
are provided in Table 2)

Functional trait Hypotheses

Biological

Development

Maximum	body	size Small	maximum	body	sizes → fast	growth	rates	and	thus	high	body	%P	and	low	C:P	and	N:P	(GRH,	
Carrillo et al., 2001;	Elser	et	al.,	1996; Main et al., 1997; Meunier et al., 2016)

Life	duration,	Molting	events,	
Voltinism

Trait	categories	indicating	fast	development	(short	life	duration,	several	generations	per	year,	high	
frequency—	leading	also	to	high	number—	of	molting	events) → high	body	%P,	low	C:P	and	N:P	due	
to	fast	growth	(cf.	“max.	body	size”	above	(Beck	et	al.,	2022)	and	increased	P-	demand	during	molts	
(Villar-	Argaiz	et	al.,	2020)

Feeding

Feeding	habits,	Food	resources Linked	to	nutritional	quality	of	the	resource:	Nutrient-	rich	(in)vertebrates,	consumed	by	swallowers/
chewers → high	body	%N	and	%P,	low	C:P	and	N:P;

Living	plant-	based	resources	(macroalgae,	microphytes)	of	intermediate	quality,	consumed	by	filter-	
feeders	or	scrapers → intermediate	values	of	body	%N	and	%P;

Nutrient-	poor	resources	(detritus,	dead	plants	or	animals),	consumed	by	deposit-	feeders	and	
shredders → low	body	%N	and	%P,	high	C:P	and	N:P	(Cross	et	al.,	2003;	Evans-	White	et	al.,	2005; 
Lauridsen et al., 2012)

Others

Locomotion Linked	to	energy	and	muscle	investment:	Swimmer → high	body	%N	due	to	investment	in	muscle	tissue	
(González	et	al.,	2018;	Stjernholm	&	Karlsson,	2008)	to	perform	swimming;

Attached → low	%N	because	low	muscle	demand	for	locomotion

Ecological

Altitude,	Longitudinal	distribution Linked	to	substrate	and	resource	preferences:
Alpine	and	upstream	river	sections	with	dominating	leaf	litter/detritus	and	boulders/flags	(following	
RCC;	Vannote	et	al.,	1980) → high	body	C:P	and	N:P;

Lowland	and	metapotamon/estuary	with	high	quantities	of	mud/sand	and	macroalgae/microphytes	
(following	RCC)	and	larger	anthropogenic	nutrient	inputs	(Aguilera	et	al.,	2012; Paisley 
et al., 2011) → high	body	%N	and	%P	due	to	nutrient-	richer	resources	(cf.	“Feeding	habits”)

Substrate Linked	to	nutritional	quality	of	the	substrate	(cf.	“Feeding	habits”):
Detritus/litter → low	body	%N	and	%P,	high	C:P	and	N:P	due	to	low	nutritional	quality;
Macro-	/microphytes → higher	body	%N	and	%P	due	to	higher	nutritional	quality

Temperature Linked	to	metabolism:
Higher	energy	demand	(due	to	C	loss	from	increased	respiration)	under	warmer	temperatures	and	
preferences	for	carbon-	rich	resources	(Boersma	et	al.,	2016;	Hamburger	&	Dall,	1990) → low	body	
C:N	and	C:P	ratios

Probably	counteracting	with:	faster	growth/development	rates	under	warmer	temperature	(Hoegh-	
Guldberg	&	Pearse,	1995; Levinton, 1983;	Nilsson-	Örtman	et	al.,	2012) → high	%P	(Janssens	
et al., 2015;	cf.	“development-	related	traits”)

Trophic status Eutrophic	environments → high	body	%N	and	%P	due	to	increased	food	quality	of	basal	resources	under	
high	nutrient	conditions	(Cross	et	al.,	2003; Danger et al., 2016;	Demi	et	al.,	2019)

Velocity Linked	to	mobility	(cf.	“locomotion”):
Fast → high	body	%N	due	to	more	active	mobility,	which	requires	N-	rich	muscle	tissue;
Slow/null → low	body	%N	due	to	lower	proportion	of	muscles

 20457758, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9605 by C

ochrane France, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 14  |     BECK et al.

of	%C,	%N,	%P,	and	the	corresponding	molar	ratios	(C:N,	C:P,	N:P)	as	
taxon	mean	values	(Beck	et	al.,	2022).	It	has	been	constructed	mainly	
based	on	field	samplings,	supplemented	by	literature	research.	For	
this	study,	only	taxa	at	the	family	level	or	finer	(i.e.,	genus,	species)	
were	 considered	 for	 Turbellaria,	 Clitellata,	 Bivalvia,	 Gastropoda,	
Malacostraca,	and	Insecta.	Arachnida	and	Oligochaeta	were	consid-
ered as such.

Functional	 trait	 information	 was	 obtained	 from	 a	 database	
comprising	 information	 about	 >400	 macroinvertebrate	 taxa	 and	

their	 biological	 and	 ecological	 traits	 (updated	 version	 of	 Tachet	
et al., 2010).	The	trait	“number	of	reproductive	cycles	per	individual”	
was	taken	from	Beck	et	al.	 (2022)	and	“number	of	molting	events”	
was	coded	for	this	study.	The	trait	profiles	were	described	via	fuzzy	
coding:	Each	trait	is	represented	by	several	trait	categories,	and	for	
each	 category,	 the	 affinity	 of	 a	 taxon	 is	 given	 by	 a	 score	 ranging	
from	0	 (= no	 affinity)	 to	 5	 (= high	 affinity)	 (Chevenet	 et	 al.,	1994).	
The	 trait	 profiles	 of	 taxa	 thereby	 are	 taking	 into	 account	 the	 in-
trataxon	variation	and	describe	the	variety	of	attributes	potentially	

Type Functional trait Categories

Biological

Development Life	duration ≤1 year,	>1 year

Maximum	body	size ≤0.5,	>0.5– 1, >1– 2, >2– 4, >4 cm

Molting events 0, 1, 2– 4, 5– 9, 10– 14, 15– 19, >20	(= number	of	
molting	events	per	lifetime)

Reproductive cycles 1, 2, >2– 6, >6	(= number	of	reproductive	cycles	
per	lifetime)

Voltinism <1, 1, >1	(= number	of	generations	per	year)

Feeding Feeding	habits Deposit-	feeder,	filter-	feeder,	piercer,	parasite,	
scraper, shredder, swallower/chewer

Food resources Dead	animal	(≥1 mm),	dead	plant	(≥1 mm),	
detritus	(<1 mm),	living	macrophytes,	living	
microphytes,	living	microinvertebrates,	living	
(in)vertebrates

Others Aquatic	life	stages Egg,	larva,	nymph,	adult

Dispersal Aquatic-	active,	aquatic-	passive,	aerial-	active,	
aerial-	passive

Locomotion Attached,	burrower,	crawler,	interstitial,	swimmer

Reproduction	mode Ovoviviparity,	isolated	eggs	(free),	isolated	
eggs	(cemented),	clutches	(cemented/fixed),	
clutches	(free),	clutches	(in	vegetation),	
clutches	(terrestrial),	asexual	reproduction

Resistance	forms Eggs/statoblasts,	housing/cocoons,	diapause/
dormancy,	none

Respiration Tegument,	gill,	plastron/spiracle

Ecological Altitude Lowland,	piedmont,	alpine

Longitudinal 
distribution

Crenon,	epirithron,	metarithron,	hyporithron,	
epipotamon,	metapotamon,	estuary,	outside	
river

Low	pH	tolerance ≤4,	>4– 4.5, >4.5– 5, >5– 5.5, >5.5– 6, >6

Salinity	tolerance Brackish	water,	freshwater

Saprobity Xenosaprobic,	oligosaprobic,	β-	mesosaprobic,	
α-	mesosaprobic,	polysaprobic

Substrate Detritus/litter,	flags/boulders/cobbles/pebbles,	
gravel,	macrophytes,	microphytes,	mud,	sand,	
silt, twigs/roots

Temperature Eurythermic,	psychrophilic,	thermophilic

Transversal 
distribution

Banks/connected	side-	arms,	lakes,	marshes/peat	
bogs,	ponds/pools/disconnected	side-	arms,	
river	channel,	temporary	waters

Trophic status Eutrophic,	mesotrophic,	oligotrophic

Velocity Null,	slow,	medium,	fast

TA B L E  2 Functional	traits	and	their	
corresponding trait categories
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exhibited	 by	 a	 given	 taxon	 (e.g.,	 by	 the	 successive	 aquatic	 instars	
during	development).	When	only	a	very	low	proportion	of	rare	taxa	
expressed	a	trait	category,	it	was	merged	with	the	most	biological-
ly—	or	ecologically—	similar	category	of	 the	same	trait,	by	summing	
their	respective	relative	frequency	values.	As	an	example,	the	two	
extreme	categories	at	both	ends	of	the	gradient	of	“maximum	body	
size”	 (i.e.,	 “<0.25 cm”	and	“>8 cm”)	were	merged	with	their	nearest	
categories	 (i.e.,	 “≥0.25–	0.50 cm”	and	 “≥4–	8	cm,”	 respectively),	 into	
the	new	categories	“≤0.5	cm”	and	“>4	cm.”	All	these	modifications	
of	trait	categories	are	provided	in	the	Supplementary	Material	(S1).

For	the	analysis,	the	relative	frequencies	of	trait	categories	were	
calculated	 for	 each	 trait	 and	 each	 taxon,	 based	 on	 these	 affinity	
scores.	In	case	of	missing	trait	information	due	to	differences	in	tax-
onomic	resolution	between	the	two	databases,	the	trait	information	
of	 the	nearest	coarser	or	 finer	 taxonomic	 level	 (up	to	 family	 level)	
was	attributed	when	available	(i.e.,	a	value	from	a	family	or	species	
to	a	genus	but	not	from	a	species	to	a	family	except	for	obvious	traits	
such	as	aquatic	life	stages	in	Mollusca).	Thereby,	traits	known	to	be	
highly	variable	or	showing	large	variation	in	their	values	among	the	
finest	 taxonomic	 levels	 described	 in	 the	 database	 were	 not	 esti-
mated	(i.e.,	maximum	body	size,	number	of	reproductive	cycles).

For	some	functional	traits,	we	do	not	list	clear	a	priori	hypothe-
ses	on	associations	to	stoichiometric	traits	(Table 1)	due	to	complex	
relationships	between	trait	expressions	(for	example	the	selection	of	
a	trait	category	under	certain	environmental	conditions	can	depend	
on	 the	selection	of	categories	of	other	 traits).	For	other	 traits,	we	
suspect	an	important	role	of	phylogeny	due	to	general	differences	
among	major	invertebrate	lineages	(e.g.,	aquatic	life	stage,	dispersal,	
resistance	 form,	 respiration).	Nevertheless,	we	 decided	 to	 include	
all	these	traits	in	the	analyses	as	they	are	part	of	the	organisms'	trait	
profile	and	such	an	analysis	can	reveal	some	unexpected	and	poten-
tially	interesting	relationships	with	stoichiometric	traits.	In	total,	we	
analyzed	13	biological	and	10	ecological	traits	(Table 2).	A	list	of	taxa	
is provided in the Supplementary	Material	(S2).	Insects	were	by	far	
the	 largest	group	of	taxa	represented	 in	this	study,	but	 in	general,	
they	make	up	the	largest	proportion	of	a	macroinvertebrate	commu-
nity,	at	least	in	springs	and	the	upper,	wadeable	reaches	of	streams	
and	rivers	(Usseglio-	Polatera	&	Beisel,	2002).	Thus,	our	study	list	of	
taxa	is	fairly	representative	of	the	natural	composition	of	macroin-
vertebrate	assemblages	in	such	systems.

2.2  |  Data analysis

The	relationships	between	the	functional	trait	profiles	of	taxa	and	
their	stoichiometric	profiles	were	investigated	via	co-	inertia	analysis	
(Dolédec	&	Chessel,	1994).	This	multivariate	approach	identifies	the	
common	structure	in	two	tables,	both	describing	the	same	set	of	in-
dividuals	(taxa	in	this	study).	The	co-	inertia	analysis	thereby	follows	
a	 simple	 ordination	 analysis	 applied	 to	 each	 set	 of	 variables	 (stoi-
chiometric	 and	bio-	/ecological	 traits)	 separately.	 Since	both	 tables	
are	 analyzed	 simultaneously	 as	 a	 symmetric	 canonical	 ordination	
technique,	 neither	 of	 them	 is	 treated	 as	 a	 table	of	 explanatory	or	

response	variables.	This	is	important	since	it	is	not	possible	to	make	
statements	about	the	direction	of	causation,	i.e.,	whether	a	certain	
stoichiometric	profile	causes	the	expression	of	certain	biological	or	
ecological	 traits,	or	whether	these	traits	cause	the	observed	body	
stoichiometry.	An	RV	 coefficient	was	 calculated	 as	 the	 sum	of	 ei-
genvalues	of	the	co-	inertia	analysis	(= total	co-	inertia)	divided	by	the	
square	root	of	the	product	of	the	squared	sum	of	eigenvalues	(= total	
inertia)	from	the	individual	(i.e.,	one-	table)	analyses:

The	RV	value	varies	within	the	[0–	1]	range,	with	a	high	value	in-
dicating	a	high	degree	of	co-	structure.

Co-	inertia	analyses	(CoI)	were	conducted	(1)	separately	for	each	
functional	trait	or	(2)	considering	the	“complete	trait	profile”	taking	
into	 account	 simultaneously	 all	 the	biological	 traits	 and	ecological	
traits.	The	procedure	was	the	same	in	both	approaches.	Prior	to	co-	
inertia	analysis,	 a	Fuzzy	Correspondence	Analysis	 (FCA;	Chevenet	
et al., 1994)	was	applied	to	the	fuzzy-	coded	functional	trait	profile	
array.	 Stoichiometric	 data	 were	 analyzed	 by	 normalized	 Principal	
Component	 Analysis	 (PCA).	 To	 correct	 for	 the	 characteristics	 of	
ratio	data	that	can	 lead	to	biased	results,	 the	stoichiometric	ratios	
(C:N,	C:P,	N:P)	were	log-	transformed	before	manipulation	as	advised	
by	Isles	(2020).	Mass	element	stoichiometry	was	used	without	prior	
transformation.	A	 co-	inertia	 analysis	was	 applied	 to	 the	 results	 of	
each	couple	of	unconstrained	ordinations.	The	 significance	of	RV-	
values,	 i.e.,	 of	 the	co-	structures,	was	 tested	via	permutation	 tests	
(9999	permutations).	Since	the	stoichiometric	trait	information	was	
used	in	all	the	separate	analyses	and	in	the	analysis	of	the	complete	
trait	profiles,	the	p-	values	were	corrected	for	multiple	testing	with	
the	Bonferroni	method.

Due	to	the	requirements	of	the	statistical	methods	applied,	only	
taxa	with	complete	 information	 (both	bio-	/ecological	and	stoichio-
metric	traits)	were	used	in	the	analyses,	 leading	to	slightly	varying	
lists	of	taxa	used	in	the	different	analyses	(n =	160–	224	for	the	CoI	
analyses	of	single	functional	traits,	n =	131	for	the	CoI	analysis	of	the	
complete	set	of	functional	traits).

All	analyses	were	performed	using	R	software	(R	Development	
Core	 Team,	 2019,	 version	 3.5.2)	 and	 the	 package	 ade4	 (Dray	 &	
Dufour,	2007).

3  |  RESULTS

3.1  |  Single traits

Seventeen	significant	co-	structures	were	observed	between	biologi-
cal	or	ecological	traits	and	stoichiometric	traits,	with	RV-	coefficients	
ranging	between	0.251	for	“salinity	tolerance”	and	0.069	for	“voltin-
ism”	(Table 3).	For	all	the	traits,	the	largest	part	of	the	co-	structure	
was	 projected	 on	 the	 first	 axis	 (66.15%–	98.83%	 for	 traits	with	 at	
least	three	trait	categories,	i.e.,	allowing	for	at	least	two	axes).	The	

RV =
coinertia (XY)

√

inertia (X) × inertia (Y)
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6 of 14  |     BECK et al.

following	detailed	description	will	thus	focus	on	the	position	of	trait	
categories	along	this	axis,	but	when	the	second	axis	also	captured	
a	substantial	part	of	the	co-	structure	(>15%),	this	will	be	discussed	
as well.

3.2  |  Development- related traits

3.2.1  |  Life	duration

Having	a	 life	duration	of	≤1	year	was	associated	with	high	%P	and	
C:N,	all	being	negatively	related	to	the	first	axis	(Figure 1).	A	life	du-
ration	of	>1	year	was	positively	related	to	the	first	axis	as	were	%N,	
C:P,	and	N:P.

3.2.2  | Maximum	body	size

%P	 was	 negatively	 associated	 with	 the	 first	 axis	 and	 thus	 posi-
tively	related	to	small	and	intermediate	maximum	sizes	(0.5–	1,	1–	2,	
2–	4	cm;	Figure 1).	C:P	and	N:P	were	positively	 related	to	 the	 first	
axis,	 as	were	 taxa	of	 the	 two	extreme	categories	with	 the	 largest	
(>4	 cm)	 and	 smallest	 (<0.5	 cm)	maximum	sizes.	%C,	%N,	 and	C:N	
were	poorly	associated	with	the	first	axis.

3.2.3  | Molting	events

The	 trait	 categories	 of	 no	 molting	 and	 one	 molting	 event	 were	
positively	associated	with	the	first	axis,	as	were	high	stoichiometric	

Type Functional trait RV nmod ntaxa

Projected 
inertia (%)

Axis 1 Axis 2

Biological

Development Life	duration 0.0816 2 224 100.00 NA

Maximum	body	size 0.0968 5 160 88.98 10.70

Molting events 0.1606 7 223 90.52 6.82

Reproductive cyclesX 0.0583 4 182 95.53 4.08

Voltinism 0.0694 3 224 93.55 6.45

Feeding Feeding	habits 0.1416 7 224 70.81 26.66

Food resources 0.1508 7 224 79.82 19.20

Others Aquatic	life	stagesX 0.2504 4 224 94.75 5.20

DispersalX 0.1600 4 224 85.20 14.45

Locomotion 0.0198 5 224 66.90 29.89

Reproduction	modeX 0.0980 8 224 78.79 13.95

Resistance	formsX 0.0495 4 220 66.95 32.04

RespirationX 0.0324 3 224 91.94 8.06

Ecological Altitude 0.0804 3 224 98.83 1.17

Longitudinal 
distribution

0.1104 8 224 66.15 32.26

Low	pH	toleranceX 0.0234 6 220 84.50 14.85

Salinity	toleranceX 0.2508 2 224 100.00 NA

SaprobityX 0.0747 5 219 96.57 2.73

Substrate 0.0745 9 224 86.42 8.05

Temperature 0.0715 3 221 85.93 14.07

Transversal 
distributionX

0.0941 6 224 78.74 19.58

Trophic status 0.0200 3 223 96.86 3.14

Velocity 0.1024 4 224 96.53 3.33

Note:	The	RV-	coefficient	indicates	the	level	of	co-	structure	between	the	two	sets	of	traits,	with	
bold	lettering	indicating	a	significance	at	α =	0.05	(p-	values	were	adjusted	for	multiple	testing	after	
Bonferroni	correction).	nmod	indicates	the	number	of	trait	modalities,	ntaxa	indicates	the	number	of	
taxa	included	in	the	corresponding	analysis.	Additionally,	the	proportion	of	projected	inertia	on	the	
first	two	axes	is	given.	Traits	marked	with	an	exposed	“x”	correspond	to	traits	for	which	we	had	no	
clear	a	priori	hypotheses	or	expected	a	strong	effect	of	phylogeny	and	whose	detailed	results	can	
be	found	in	the	Supplementary	Material.

TA B L E  3 Results	of	the	co-	inertia	
analyses	between	individual	functional	
traits	and	stoichiometric	traits	(%C,	%N,	
%P,	C:N,	C:P,	N:P)	of	macroinvertebrates
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    |  7 of 14BECK et al.

ratios	 (C:N,	C:P,	N:P)	 (Figure 1).	Taxa	expressing	a	high	number	of	
molting	events	(15–	19,	>20)	were	strongly	and	negatively	associated	
with	the	first	axis.	Such	a	negative	association	was	 less	strong	for	
intermediate	numbers	of	molting	events	(2–	4,	5–	9,	and	10–	14)	and	
high	mass	element	contents.

3.2.4  |  Voltinism

C:N	 ratio	 was	 the	 only	 stoichiometric	 trait	 negatively	 associ-
ated	with	 the	 first	 axis	 and	was	 thus	 co-	varying	with	 taxa	 exhib-
iting	 fast	 development	 (>1	 generation	 per	 year)	 and	 to	 a	 lesser	
extent	with	monovoltin	taxa	(1	generation	per	year;	Figure 1).	%N,	
%C,	 and	 N:P	 showed	 the	 strongest	 positive	 associations	 to	 the	
first	axis,	co-	varying	with	slow-	developing	taxa	(<1 generation per 
year).

3.3  |  Feeding- traits

3.3.1  |  Feeding	habits

Filter-	feeders	exhibited	the	strongest	response	and	were—	together	
with	 scrapers	 and	 shredders—	positively	 related	 to	 the	 first	 axis	
(70.81%	of	total	inertia)	and	co-	varying	with	C:N	and	C:P	(Figure 1).	
Swallowers/chewers,	piercers,	and	parasites	were	strongly	varying	
in	the	opposite	direction,	as	were	%N,	%C,	and	%P,	the	latter	with	
a	 weaker	 strength	 (F1 < 0).	 Deposit-	feeders	 and	 shredders	 were	

positively	varying	along	the	second	axis	(26.66%),	therewith	also	as-
sociated	with	%P	(S4).	Taxa	with	high	C:P	and	N:P	were	positioned	
opposite	 to	%P	 along	 the	 second	 axis	 (F2 < 0),	 and	 thus	 co-	varied	
with piercers and parasites.

3.3.2  |  Food	resources

The	 first	 axis	 (79.82%	of	 total	 inertia)	mainly	 separated	%C,	%N,	
and	N:P	(F1 < 0)	from	C:N	(F1 > 0),	the	second	axis	%P	(F2 < 0)	from	
C:P	and	N:P	ratio	(F2 > 0),	still	projecting	19.20%	of	the	total	iner-
tia	(Figure 1;	S4).	Considering	both	axes,	C:N	was	associated	with	
taxa	feeding	on	dead	animal,	while	%C,	%N,	and	N:P	were	strongly	
and	positively	co-	varying	with	taxa	using	living	macroinvertebrates	
as	resources.	Taxa	feeding	on	living	microinvertebrates	and	micro-
phytes	were	strongly	related	to	the	second	axis	(F2 > 0),	opposing	
%P.	 The	 trait	 categories	 “living	 macrophytes,”	 “dead	 plant,”	 and	
“detritus”	were	slightly	varying	in	this	direction	(F2 < 0),	thus	posi-
tioned	between	taxa	with	high	C:N	or	high	%P.

3.4  |  Ecological traits

3.4.1  |  Altitude

Stoichiometric	molar	 ratios	 and	 a	 preference	 for	 lowland	 habitats	
(F1 > 0)	 were	 clearly	 separated	 from	 the	 mass	 element	 contents	
and	preferences	 for	alpine	or	piedmont	habitats	 (F1 < 0;	Figure 2).	

F I G U R E  1 Results	from	co-	inertia	analyses	on	single	biological	traits.	For	each	trait,	the	trait	categories	(gray)	and	stoichiometric	traits	
(black)	are	positioned	along	the	first	co-	inertia	axis,	which	captured	most	of	the	inertia.	The	thick	horizontal	line	marks	zero;	gray	lines	at	the	
left	of	each	panel	help	to	estimate	the	strength	of	the	associations	with	the	value	for	“d”	indicating	the	distance	between	lines.
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8 of 14  |     BECK et al.

Among	 the	 stoichiometric	 traits,	 those	 related	 to	 phosphorus	
thereby	showed	the	strongest	associations.

3.4.2  |  Longitudinal	distribution

%P	 and	%C	 both	 varied	with	 the	 headwater	 habitats	 from	 springs	
(crenon)	 to	 hyporithron	 along	 the	 first	 axis	 (F1 < 0;	 66.15%	of	 total	
inertia; Figure 2).	Taxa	with	high	C:P	and	N:P	were	associated	with	
water	 bodies	 disconnected	 from	 the	 river	 (e.g.,	 ponds,	 peat	 bogs,	
temporary	waters)	and	the	potamal	(i.e.,	epi-		and	metapotamon,	estu-
ary;	F1 > 0).	The	second	axis	still	explained	a	large	part	of	co-	inertia	
(32.26%)	and	mainly	separated	%C	and	%N	(F2 < 0)	from	C:N	(F2 > 0).	
The	latter	was	related	to	the	lower	sections	of	streams	(epipotamon	
and	metapotamon)	and	estuarine	habitats,	while	habitats	outside	of	
the	stream	were	strongly	and	negatively	associated	with	the	second	
axis.

3.4.3  |  Substrate

The	 substrate	 categories	 “microphytes”	 and	 “mud”	 were	 strongly	
and	positively	associated	with	the	first	axis	and	thus	were	co-	varying	
with	high	C:P,	C:N,	and	N:P	ratios	(Figure 2).	In	the	other	direction,	a	
preference	for	“detritus/litter”	and	“sand”	was	co-	varying	with	high	
contents	of	carbon,	nitrogen,	and	phosphorus.

3.4.4  |  Temperature

With	 negative	 coordinates	 along	 the	 first	 axis,	 eurythermic	 and	
thermophilic	 taxa	 were	 associated	 with	 high	 C:P	 and	 N:P	 values	
(Figure 2).	Psychrophilic	taxa	and	those	rich	in	%P,	%C,	and	%N	were	
positively	associated	along	the	first	axis.

3.4.5  |  Velocity

Taxa	preferring	standing	waters	(category	“null”)	were	also	taxa	ex-
hibiting	high	stoichiometric	ratios	(Figure 2).	Taxa	with	high	%C,	%P,	
and	%N	preferred	medium	to	fast	current	velocities.

Figures	related	to	biological	traits	without	a	significant	relation-
ship	with	stoichiometric	traits	(Table 3)	or	for	which	no	a	priori	hy-
potheses	were	made	 (Table 1)	can	be	found	 in	the	Supplementary	
Material	(S3).

3.5  |  Complete trait profile

The	complete	 functional	 trait	profiles	were	significantly	 related	 to	
the	 stoichiometric	 trait	 profiles	 (RV	=	 0.27).	 This	 relationship	was	
stronger	than	those	observed	for	single	traits	and	the	associations	
among	functional	and	between	functional	and	stoichiometric	traits	
were—	in	general—	similar	to	those	in	single	trait	analyses	described	

F I G U R E  2 Results	from	co-	inertia	analyses	on	single	ecological	traits.	For	each	trait,	the	trait	categories	(gray)	and	stoichiometric	traits	
(black)	are	positioned	along	the	first	co-	inertia	axis,	which	captured	most	of	the	inertia.	The	thick	horizontal	line	marks	zero;	gray	lines	at	the	
left	of	each	panel	help	to	estimate	the	strength	of	the	associations	with	the	value	for	“d”	indicating	the	distance	between	lines.
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    |  9 of 14BECK et al.

above	(S5).	The	largest	part	of	the	co-	structure	was	explained	by	the	
first	axis	(71.95%),	but	still	24.58%	fell	onto	the	second	axis	(Table 4).	
As	in	(most)	single	trait	analyses	variation	in	stoichiometric	profiles	
was	better	captured	by	co-	inertia	axes	than	that	of	functional	traits,	
whose	fit	was	still	>75%.

4  |  DISCUSSION

We	found	significant	co-	structures	between	functional	and	stoi-
chiometric	 traits	 in	 macroinvertebrates,	 both	 when	 considering	
macroinvertebrates'	 complete	 trait	 profiles	 and	 when	 analyzing	
traits	 individually.	Many	of	 these	patterns	 followed	our	assump-
tions	 based	 on	 concepts	 within	 the	 ecological	 stoichiometry	
framework.

4.1  |  Development- related traits

We	expected	that	traits	corresponding	to	fast	growth	or	develop-
ment	would	be	associated	with	high	body	phosphorus	content.	For	
some	 trait	 categories,	we	were	able	 to	 show	 this	 link:	The	high-
est	 numbers	 of	molting	 events	were	positively	 related	 to	 a	 high	
phosphorus	(and	carbon)	content.	Villar-	Argaiz	et	al.	(2020)	found	
an	 increasing	 %P	 over	 ontogeny	 in	 several	 hemimetabolous	 in-
sects	 and	 suggested	a	high	phosphorus	demand	during	molts	 as	
one	explanation.	A	high	number	of	molting	events	might	also	re-
flect	a	high	growth	rate,	which,	according	 to	GRH,	 requires	high	
amounts	of	phosphorus	and	leads	to	a	high	body	%P.	One	example	
is	Ephemeroptera	(notably	Baetis, Caenis),	which	showed	high	af-
finities	for	these	trait	modalities.	Within	this	 insect	order,	a	high	
number	of	species	live	less	than	1 year	and	thus	grow	and	develop	
rather	fast.	Additionally,	phosphorus	content	was	positively	related	
to	 small	 and	 intermediate	 maximum	 body	 sizes	 (0.5–	1,	 1–	2	 cm)	
and	negatively	 related	 to	 the	category	of	 largest	maximum	sizes	
(> 4	 cm),	 supporting	GRH	 that	 small	 taxa	 tend	 to	 be	 short-	lived	
and	fast-	growing.	However,	the	category	of	the	smallest	maximum	
body	size	(<0.5	cm)	was	associated	with	low	phosphorus	content,	
which	was	likely	mainly	driven	by	small-	sized	Coleoptera	as	they	
have	one	of	the	lowest	phosphorus	content	among	insect	orders	
(Beck	et	al.,	2022; Frost et al., 2003;	Liess	&	Hillebrand,	2005).	In	

a	 field	study,	Villar-	Argaiz	et	al.	 (2020)	did	not	 find	a	correlation	
between	%P	and	the	individual	maximum	biomass	they	found	for	
a	given	taxon.	These	different	results	might	simply	be	due	to	dif-
ferences	in	study	design	(field	study	with	actual	measurements	vs.	
a	more	theoretical	approach	in	our	case)	and	the	lower	number	of	
taxa	included	in	their	study.

When	 analyzing	 multi-	trait	 profiles,	 slow	 development,	 ex-
pressed	 by	 semivoltinism,	 long-	life	 duration	 (>1	 year),	 and	 a	 large	
number	of	 reproductive	 events	per	 individual	 (>6),	was	 related	 to	
taxa	richer	in	nitrogen	and	carbon	than	slow-	developing	ones	(e.g.,	
multivoltine).	 This	 was	 also	 generally	 observed	 in	 the	 single	 trait	
analysis	 of	 voltinism	where	 stoichiometric	 traits	were	 not	 so	well	
separated,	probably	because	89%	of	the	taxa	can	express	one	gen-
eration	per	year	but	still	differ	in	their	growth	rate	(slower	or	faster	
development).

Some	 trait	 categories	 and	 their	 link	 to	body	 stoichiometry	 are	
strongly	 coupled	 to	 phylogeny.	 Growing	 without	 molting	 (i.e.,	 di-
rect	development)	or	with	only	one	molting	event	(from	planktonic	
larval	to	benthic	adult	instar)	was	associated	with	a	high	C:N	ratio.	
Both	are	characteristics	of	Bivalvia	and	Gastropoda,	which	generally	
have	 a	 significantly	 lower	nitrogen	 (and	phosphorus)	 content	 than	
other	 macroinvertebrate	 groups	 (Beck	 et	 al.,	 2022;	 Evans-	White	
et al., 2005).	The	association	of	high	C:nutrient	ratios	with	undergo-
ing	a	complete	aquatic	life	cycle	(i.e.,	aquatic	“adults”)	and	reproduc-
ing	ovoviviparous	or	via	“fixed	cemented	clutches”	was	likely	driven	
by	these	two	groups,	even	though	organisms	from	other	taxonomic	
groups	can	also	exhibit	some	of	these	features.

4.2  |  Feeding- related traits

Our	 observations	 regarding	 the	 traits	 that	 are	 linked	 to	 food	 utili-
zation are in line with other studies reporting higher nitrogen con-
tent	of	predators	compared	with	herbivores	and	detritivores	(Cross	
et al., 2003;	Evans-	White	et	al.,	2005; Fagan et al., 2002).	Although	
our	study	does	not	use	these	three	categories,	we	found	that	swal-
lowers/chewers,	preferably	feeding	on	living	macroinvertebrates	and	
vertebrates,	to	which	the	common	term	of	“predator”	applies,	were	
linked	to	high	nitrogen	and	carbon	contents.	The	reasons	are	prob-
ably	the	consumption	of	animal	resources,	which	are	more	nutrient-	
rich	(%N,	%P)	than	primary	resources	and	detritus	(Cross	et	al.,	2003),	

TA B L E  4 Results	of	the	co-	inertia	analysis	between	macroinvertebrate	complete	functional	and	stoichiometric	trait	profiles

RV P ntraits ntaxa Axis
Projected 
inertia (%)

Ratio co- inertia/inertia

Fun. traits
Stoichio. 
traits

Complete 0.2744 0.0017 23 131 Ax	1 71.95 0.7614 0.9787

trait	profiles Ax	2 24.58 0.7731 0.9862

Ax	3 2.65

Note:	The	RV-	coefficient	indicates	the	level	of	co-	structure	between	the	two	sets	of	traits	and	was	significant	at	α =	0.05.	For	the	first	three	axes,	
projected	inertia	(%)	and	the	ratio	between	inertia	and	co-	inertia	indicate	the	fitting	level	of	the	analysis.	ntraits and ntaxa	indicate	the	numbers	of	
functional	traits	and	taxa	included	in	the	analysis.
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as	well	as	a	higher	proportion	of	N-	rich	muscle	tissues	that	are	nec-
essary	 to	 forage	prey	actively	moving	 themselves	and/or	often	ex-
hibiting	a	patchy	distribution.	Many	of	these	predators	are	crawlers,	
which—	although	 the	 association	was	 not	 significant	 in	 our	 study—	
tended	to	be	related	to	high	nitrogen	(and	phosphorus)	content.

Interestingly,	feeding	on	living	macroinvertebrates	was	not	ex-
plicitly	associated	with	being	 rich	 in	phosphorus,	even	 if	we	had	
assumed	 a	 higher	 content	 of	 phosphorus	 in	 this	 food	 resource.	
While	 Cross	 et	 al.	 (2003)	 reported	 this	 finding,	 Evans-	White	
et	al.	(2005)	have	not	confirmed	this	observation,	similarly	to	this	
study.	 Although	 several	 taxa	 exclusively	 feed	 on	 macroinverte-
brates,	(e.g.,	almost	all	analyzed	taxa	of	Hirudinea	and	Turbellaria,	
but	also	Odonata),	other	taxa,	such	as	Hydrophilidae	(Coleoptera)	
or	 Perlodidae	 (Plecoptera),	 exhibit	 a	 more	 opportunistic	 diet	
(Tachet	 et	 al.,	2010).	 Their	 food	 spectrum	 is	wider	 and	 contains	
animal	 prey	 among	other	 food	 resources,	which	 can	 explain	 the	
deviation	from	our	expectation.

Scraping	the	biofilm	on	surfaces	and	filter-	feeding	were	asso-
ciated	with	low	concentrations	of	nitrogen	(high	C:N,	opposed	to	
high	%N	 and	%C)	 and	 are	 probably	 influenced	 by	 taxonomy,	 as	
they	are	the	primary	feeding	modes	of	Gastropoda	and	Bivalvia,	
respectively, which are generally poor in nitrogen and phospho-
rus	 as	 stated	 above.	 Food	 items	 that	 tend	 to	 be	 consumed	 by	
nutrient-	poor	 taxa	 (e.g.,	 high	 C:N)	 included	 living	 microphytes,	
and	 both	 animal	 and	 plant	 detritus,	 that	 all	 fall	 in	 the	 potential	
resource	 spectrum	of	 these	 feeding	 habits.	Mehler	 et	 al.	 (2013)	
reported	 significantly	 lower	 C:N	 and	 higher	 nitrogen	 content	 in	
scrapers	compared	with	gatherers	and/or	filter-	feeders,	but	their	
study	 only	 included	 insects,	 which	 probably	 explains	 this	 con-
trasting	finding.	Evans-	White	et	al.	(2005)	found	no	difference	in	
stoichiometry	among	those	feeding	groups.	Our	analyses	suggest	
also	that	they	are	stoichiometrically	similar.	Generally,	detritus	is	
considered	 a	 nutrient-	poor	 resource	 compared	with	 other	 plant	
or	animal-	based	food	resources	and	detritivores	exhibit	low	body	
nutrient	concentrations,	especially	shredders	 (Cross	et	al.,	2003; 
Lauridsen et al., 2014).

4.3  |  Ecological traits

For	 ecological	 traits,	 the	 patterns	 we	 found	 could	 at	 least	 partly	
be	explained	by	 the	River	Continuum	Concept	 (RCC,	Craig,	2002; 
Vannote	 et	 al.,	 1980)—	originally	 linking	 invertebrate	 community	
composition	 in	 terms	 of	 functional	 feeding	 groups	 to	 patterns	 of	
geo-	morphological	and	organic	matter	properties	from	river	source	
to	mouth—	as	we	hypothesized.	This	link	thereby	is	indirect	via	bio-
logical	 traits.	 For	 example,	 organisms'	mobility	 and	 feeding	 habits	
will	likely	also	influence	their	distribution	and	substrate	preferences.

Taxa	with	high	phosphorus	content	were	associated	with	pref-
erences	for	 freshwaters,	 the	crenal	and	metarithral	zones,	high	al-
titude	(>2000 m),	and	leaf	litter	or	coarse	mineral	substrates.	These	
are all river characteristics that would occur, according to the RCC, in 
headwaters.	The	affinities	for	large	rivers	(metapotamon),	brackish	

habitats	 (estuary),	 as	 well	 as	 microphytes,	 mud,	 and	 fine	 mineral	
substrates—	all	 attributes	 of	 downstream	 river	 areas—	were	 associ-
ated	with	high	C:nutrient	ratios	(i.e.,	 low	nutrient	contents	%P	and	
%N).	The	salinity	 tolerance	could	also	be	explained	on	the	cellular	
level	and	a	lower	demand	of	freshwater	organisms	for	adenosine	tri-
phosphate	and	N-	rich	proteins	to	fuel	osmoregulation	via	the	active	
sodium	pump	(Lucu	&	Towle,	2003).

While	 a	 priori	 we	 had	 two	 opposing	 hypotheses	 for	 the	 link	
between	 stoichiometric	 traits	 and	 temperature	 preference	 based	
on	metabolic	 theory—	either	 high	 nutrient	 content	 (%P)	 due	 to	 in-
creased	growth	rates	at	higher	temperatures	(Janssens	et	al.,	2015)	
or	a	higher	energy	demand	that	results	in	high	C:P	and	C:N	ratios—	
our results suggest that the latter drove the overall result.

We	expected	a	positive	association	between	%N	and	%P	stoichi-
ometry	and	eutrophic	habitats,	due	to	better	nutritional	quality—	i.e.,	
a	higher	nutrient	content—	of	basal	resources	at	higher	water	nutri-
ent	concentration	 (Danger	et	al.,	2016;	Demi	et	al.,	2019;	Ventura	
et al., 2008).	 Nitrogen	 and	 phosphorus	 levels	 are	 expected	 to	 in-
crease	 downstream,	where	 the	 nutrient	 flow	 from	upstream	 river	
reaches	and	anthropogenic	inputs	from	agriculture	are	supposed	to	
be	higher	 (Aguilera	et	al.,	2012; Paisley et al., 2011).	Our	analysis,	
however,	 found	no	 significant	 link	but	 indicates	 (also	 in	 the	multi-	
trait	approach)	an	association	between	P-		and	N-	rich	taxa	and	oli-
gotrophic	 habitats,	 suggesting	 that	 nutrient-	rich	 taxa	 are	 favored	
in	nutrient-	poor	 rather	 than	nutrient-	rich	habitats.	Probably	 those	
habitats	select	for	taxa	that	are	able	to	store	nutrients	in	their	body	
tissues,	 which	 allows	 them	 to	 survive	 under	 rather	 nutrient-	poor	
conditions.

Investigating	 the	 co-	structure	 between	 two	 sets	 of	 traits	
(here	 the	 functional	 and	 stoichiometric	 traits	 of	 macroinverte-
brates)	does	not	allow	to	make	statements	about	causation.	Some	
functional	 traits	 are	 clearly	 depending	 on	 taxonomy/phylogeny	
as	 already	 discussed	 above	 (e.g.,	 the	 aquatic	 life	 stage(s)	 and	
the	number	of	molting	 events).	 Thus,	 trait	 syndromes	 related	 to	
phylogeny	 alone	 could	 partly	 explain	 the	observed	 relationships	
between	 functional	 and	 stoichiometric	 traits.	However,	 assump-
tions	from	ecological	stoichiometry	can	help	explain	some	of	the	
observed	patterns.	For	example,	active,	aerial	dispersal—	only	ex-
pressed	by	insects—	was	linked	to	high	contents	of	nitrogen,	which	
most	 likely	 indicates	 investment	 in	N-	rich	muscle	tissues	needed	
for	 flight.	 Furthermore,	 aquatic,	 passive	 dispersal,	 which	 should	
require	 less	 muscles	 than	 active	 dissemination,	 was	 associated	
with	a	high	C:N	(and	C:P)	ratio	and	all	these	traits	are—	among	oth-
ers	and	with	exceptions—	largely	prominent	in	Bivalvia.	This	clearly	
demonstrates	the	difficulty	of	defining	which	trait	 is	 the	“cause”	
or	the	“response,”	keeping	in	mind	the	important	role	of	phylogeny	
for	both	types	of	traits.

4.4  |  Ecological relevance

Understanding	the	link	between	functional	and	stoichiometric	traits	
might	help	to	more	clearly	understand	some	mechanisms	leading	to	

 20457758, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9605 by C

ochrane France, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  11 of 14BECK et al.

changes,	both	in	the	taxonomic	and	functional	composition	of	mac-
roinvertebrate	 assemblages.	 Considering	 that	 shifts	 in	 community	
stoichiometric	composition	should	follow	changes	in	water	nutrient	
concentration	 (Singer	&	Battin,	 2007;	 Teurlincx	 et	 al.,	 2017),	 such	
changes	should	go	along	with	shifts	in	functional	trait	composition—	
following	 the	 links	 we	 have	 demonstrated.	 Macroinvertebrates	
are	 involved	 in	 important	functions	and	ecosystem	services	at	the	
ecosystem	 scale	 (Covich	 et	 al.,	 1999;	 Wallace	 &	Webster,	 1996),	
contributing	 to	 stream	 secondary	 production	 (Poepperl,	 2000; 
Stagliano	&	Whiles,	2002),	organic	matter	decomposition	(Halvorson	
et al., 2015),	 or	 nutrient	 release	 via	 excretion	 (Knoll	 et	 al.,	2009).	
Functional changes could thus lead to changes in nutrient cycling, 
for	example	via	shorter	food	chains	due	to	larger	body	sizes	and	in-
creased	growth	rates	(Singer	&	Battin,	2007).	Additional	field	studies	
along	a	gradient	of	nutrient	enrichment	or	the	analysis	of	spatially	
and/or	temporally	large-	scale	datasets	should	help	to	verify	that	the	
relationships	we	found	stand	for	practical	application	in	functional	
ecology.

While	the	use	of	stoichiometric	traits	in	the	context	of	nutrient	
changes	 seems	 rather	 intuitive	 due	 to	 the	direct	 link	 between	or-
ganisms/environment	via	the	elements,	 it	has	also	the	potential	 to	
significantly	improve	the	functional	diagnostic	of	biotic	communities	
subjected	 to	 other	 stressors.	 Temperature	 increase,	 deriving	 from	
global	warming,	also	favors	certain	traits,	notably	small	body	sizes	
(Latli	et	al.,	2017;	Yvon-	Durocher	et	al.,	2017),	and	therewith	could	
affect	 the	 ecosystem	nutrient	 cycling	 in	 a	 similar	way	 as	 outlined	
above.	 Further,	 warming	 increases	 respiration	 rates	 (Hamburger	
&	Dall,	1990)	 and	 reduces	 the	nutritional	 value	of	 autotrophic	 re-
sources	 (Domis	 et	 al.,	 2014;	 Yvon-	Durocher	 et	 al.,	 2017),	 which	
could	favor	taxa	with	high	body	C:P	and	C:N.	Knowing	associations	
of	stoichiometric	traits	with	(other)	functional	traits	could	thus	help	
to	understand—	or	predict—	ecosystem	functional	changes.	We	think	
that	such	an	approach	could	be	extended	to	other	ecosystems	(e.g.,	
marine,	lake,	soil)	and	to	other	groups	of	organisms	and	should	im-
prove	 functional	 analyses,	 especially	 since	 the	 stoichiometric	 ap-
proach is already widely used.

Compared	with	most	studies	cited	in	this	work,	our	analysis	has	
covered	a	greater	number	of	 taxa	and	 traits,	providing	 large-	scale	
results	 from	 the	 macroinvertebrate	 compartment.	 These	 results	
supported	most	of	our	hypotheses	based	on	previous	works	in	EST	
that	(often)	did	not	directly	link	stoichiometric	traits	to	biological	and	
ecological	traits	or	did	so	only	for	a	limited	number	of	taxa.

The	 fact	 that	 the	single-		and	multi-	trait	profile	analyses	gen-
erally	revealed	the	same	patterns	strengthens	our	findings.	In	liv-
ing	organisms,	traits	appear	not	 independently,	and	therefore,	 in	
complex	ecological	contexts,	the	multi-	trait	approach	is	more	and	
more	 applied	 (Rodríguez-	Romero	 et	 al.,	2021;	 Shah	 et	 al.,	2022; 
Wilkes	 et	 al.,	2020).	 Similarly,	 the	 use	 of	 potential,	 fuzzy	 coded	
traits—	rather	than	allocating	only	one	single	category	to	a	taxon	
for	a	given	trait	(i.e.,	a	completely	disjunctive	coding	system,	e.g.,	
herbivore	vs.	predator)—	has	 the	advantage	of	more	precisely	 in-
tegrating	the	full	 intra-	taxon	variability	 that	can	occur	 in	nature.	
Many	 macroinvertebrates	 can	 be	 ecologically	 flexible	 and,	 for	

example,	 more	 or	 less	 change	 their	 diet	 according	 to	 resource	
availability	 (Tomanova	 et	 al.,	 2006;	 Wellard	 Kelly	 et	 al.,	 2013; 
Zhang	et	 al.,	2018).	Moreover,	 some	of	 their	 life-	history	 charac-
teristics	 such	 as	 their	 annual	 number	 of	 generations	 (voltinism)	
or	 their	number	of	 successive	 reproductive	cycles	per	 individual	
can	 vary	 among	 populations	 differently	 influenced	 by	 external	
factors	such	as	temperature	(Altermatt,	2010;	Corbet	et	al.,	2006; 
Lehmkuhl,	2011;	Winder	et	al.,	2009).

5  |  CONCLUSION

We	have	shown	that	 there	 is	a	significant	co-	occurrence	between	
stoichiometric	and	biological	as	well	as	ecological	 traits	 in	benthic	
macroinvertebrates,	both	when	analyzing	single	traits	or	overall	trait	
profiles.	The	associations	of	traits	related	to	organism	development,	
nutrient	cycling	(via	feeding),	or	locomotion	thereby	are	in	line	with	
assumptions	based	on	concepts	and	observations	within	ecological	
stoichiometry.	For	ecological	traits,	the	link	towards	stoichiometric	
traits	is	mainly	indirect	via	biological	traits	such	as	feeding	behavior,	
additionally	displaying	the	longitudinal	stream	gradient.	Some	func-
tional	traits	have	shown	a	strong	effect	of	phylogeny,	which	can	be	
explained	by	group-	specific	trait	syndromes	but	partly	also	by	EST.

Demonstrating	a	common	link	between	stoichiometric	and	func-
tional	 traits	 underlines	 the	 potential	 of	 integrating	 stoichiometry	
into	ecological	 studies	 to	better	understand	and	predict	 the	 taxo-
nomic	and	functional	responses	of	macroinvertebrate	communities	
to	environmental	changes.

AUTHOR CONTRIBUTIONS
Miriam Beck:	Conceptualization	(equal);	data	curation	(equal);	formal	
analysis	(lead);	investigation	(equal);	writing	–		original	draft	(equal);	
writing	–		review	and	editing	(equal).	Elise Billoir: Conceptualization 
(equal);	formal	analysis	(equal);	investigation	(equal);	writing	–		origi-
nal	draft	(equal);	writing	–		review	and	editing	(equal).	Vincent Felten: 
Data	curation	 (equal);	 investigation	 (equal);	writing	–		original	draft	
(equal);	writing	–		review	and	editing	(equal).	Albin Meyer: Data cu-
ration	 (equal);	 investigation	 (equal);	writing	–		original	draft	 (equal);	
writing	 –		 review	 and	 editing	 (equal).	 Philippe Usseglio- Polatera: 
Conceptualization	 (equal);	 data	 curation	 (equal);	 investigation	
(equal);	writing	–		original	draft	(equal);	writing	–		review	and	editing	
(equal).	Michael Danger:	Conceptualization	 (equal);	 formal	analysis	
(equal);	 funding	 acquisition	 (equal);	 investigation	 (equal);	writing	 –		
original	draft	(equal);	writing	–		review	and	editing	(equal).

ACKNOWLEDG MENTS
This	work	was	possible	due	to	the	help	of	Quentin	Bachelet,	Philippe	
Wagner,	Faustine	Charmasson,	Cedric	Mondy	and	Edwige	Gautreau	
during	proceeding	(field).

FUNDING INFORMATION
This	research	was	funded	by	the	StoichioMic	ANR	project	(ANR	18	
CE32	0003	01)	and	IUF	to	MD.

 20457758, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9605 by C

ochrane France, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 of 14  |     BECK et al.

DATA AVAIL ABILIT Y S TATEMENT
The	databases	used	in	this	study	are	freely	available,	and	modifica-
tions	made	are	described	in	the	manuscript.	The	final	dataset	used	
in	this	manuscript	is	available	in	Dryad	(doi:	(added	when	manuscript	
is	accepted)).

ORCID
Miriam Beck  https://orcid.org/0000-0001-8179-3820 
Michael Danger  https://orcid.org/0000-0002-9874-4942 

R E FE R E N C E S
Acharya,	K.,	 Kyle,	M.,	&	 Elser,	 J.	 J.	 (2004).	 Biological	 stoichiometry	 of	

daphnia	 growth:	 An	 ecophysiological	 test	 of	 the	 growth	 rate	 hy-
pothesis. Limnology and Oceanography, 49(3),	656–	665.	https://doi.
org/10.4319/lo.2004.49.3.0656

Aguilera,	R.,	Marcé,	R.,	&	Sabater,	S.	 (2012).	Linking	 in-	stream	nutrient	
flux	to	land	use	and	inter-	annual	hydrological	variability	at	the	wa-
tershed scale. Science of the Total Environment, 440,	72–	81.	https://
doi.org/10.1016/j.scito	tenv.2012.08.030

Altermatt,	 F.	 (2010).	 Climatic	 warming	 increases	 voltinism	 in	 European	
butterflies	 and	moths.	Proceedings of the Royal Society B: Biological 
Sciences, 277(1685),	 1281–	1287.	 https://doi.org/10.1098/
rspb.2009.1910

Archaimbault,	V.,	Usseglio-	Polatera,	P.,	&	Vanden	Bossche,	J.-	P.	(2005).	
Functional	differences	among	benthic	macroinvertebrate	commu-
nities	in	reference	streams	of	same	order	in	a	given	biogeographic	
area. Hydrobiologia, 551(1),	 171–	182.	 https://doi.org/10.1007/
s1075	0-	005-	4459-	9

Beck,	M.,	Billoir,	E.,	Felten,	V.,	Meyer,	A.,	Usseglio-	Polatera,	P.,	&	Danger,	
M.	(2022).	A	database	of	west	European	headwater	macroinverte-
brate	stoichiometric	traits.	Global Ecology and Biogeography, 31(1),	
4– 9. https://doi.org/10.1111/geb.13413

Beck,	M.,	Mondy,	 C.	 P.,	 Danger,	M.,	 Billoir,	 E.,	 &	 Usseglio-	Polatera,	 P.	
(2021).	Extending	the	growth	rate	hypothesis	to	species	develop-
ment:	Can	stoichiometric	traits	help	to	explain	the	composition	of	
macroinvertebrate	 communities?	Oikos, 130(6),	 879–	892.	https://
doi.org/10.1111/oik.08090

Boersma,	M.,	Mathew,	K.	A.,	Niehoff,	B.,	Schoo,	K.	L.,	Franco-	Santos,	
R.	M.,	&	Meunier,	C.	L.	(2016).	Temperature	driven	changes	in	the	
diet	 preference	 of	 omnivorous	 copepods:	No	more	meat	when	
it's	 hot?	 Ecology Letters, 19(1),	 45–	53.	 https://doi.org/10.1111/
ele.12541

Cadotte,	M.	W.,	Carscadden,	K.,	&	Mirotchnick,	N.	(2011).	Beyond	spe-
cies:	 Functional	diversity	 and	 the	maintenance	of	 ecological	 pro-
cesses and services. Journal of Applied Ecology, 48(5),	1079–	1087.	
https://doi.org/10.1111/j.1365-	2664.2011.02048.x

Carrillo,	 P.,	 Villar-	Argaiz,	 M.,	 &	 Medina-	Sánchez,	 J.	 M.	 (2001).	
Relationship	between	N:P	 ratio	 and	growth	 rate	during	 the	 life	
cycle	of	 calanoid	 copepods:	An	 in	 situ	measurement.	 Journal of 
Plankton Research, 23(5),	537–	547.	https://doi.org/10.1093/plank 
t/23.5.537

Charvet,	 S.,	 Statzner,	 B.,	 Usseglio-	Polatera,	 P.,	 &	 Dumont,	 B.	
(2000).	 Traits	 of	 benthic	 macroinvertebrates	 in	 semi-	natural	
French	 streams:	 An	 initial	 application	 to	 biomonitoring	 in	
Europe.	 Freshwater Biology, 43(2),	 277–	296.	 https://doi.
org/10.1046/j.1365-	2427.2000.00545.x

Chevenet,	F.,	Dolédec,	S.,	&	Chessel,	D.	(1994).	A	fuzzy	coding	approach	
for	 the	 analysis	 of	 long-	term	 ecological	 data.	 Freshwater Biology, 
31(3),	 295–	309.	 https://doi.org/10.1111/j.1365-	2427.1994.tb017	
42.x

Corbet,	P.	S.,	Suhling,	F.,	&	Soendgerath,	D.	(2006).	Voltinism	of	Odonata:	
A	 review.	 International Journal of Odonatology, 9(1),	1–	44.	https://
doi.org/10.1080/13887	890.2006.9748261

Covich,	A.	P.,	Palmer,	M.	A.,	&	Crowl,	T.	A.	 (1999).	The	role	of	benthic	
invertebrate	species	in	freshwater	ecosystems:	Zoobenthic	species	
influence	energy	flows	and	nutrient	cycling.	Bioscience, 49(2),	119–	
127.	https://doi.org/10.2307/1313537

Crabot,	J.,	Heino,	J.,	Launay,	B.,	&	Datry,	T.	(2020).	Drying	determines	the	
temporal	dynamics	of	stream	invertebrate	structural	and	functional	
beta	diversity.	Ecography, 43(4),	620–	635.	https://doi.org/10.1111/
ecog.04835

Crabot,	J.,	Mondy,	C.	P.,	Usseglio-	Polatera,	P.,	Bogan,	M.	T.,	Fritz,	K.	M.,	
Greenwood,	M.,	Meyer,	E.	I.,	Wood,	P.	J.,	&	Datry,	T.	(2021).	A	global	
perspective	on	the	functional	responses	of	stream	communities	to	
flow	intermittence.	Ecography, 44, 1511– 1523.

Craig,	D.	(2002).	A	new	view	of	the	river	continuum	concept.	Bulletin of 
the North American Benthological Scociety, 19, 380– 381.

Cross,	 W.	 F.,	 Benstead,	 J.	 P.,	 Rosemond,	 A.	 D.,	 &	 Wallace,	 J.	 B.	
(2003).	 Consumer-	resource	 stoichiometry	 in	 detritus-	
based	 streams.	 Ecology Letters, 6(8),	 721–	732.	 https://doi.
org/10.1046/j.1461-	0248.2003.00481.x

Cross,	W.	F.,	 Johnson,	B.	R.,	Wallace,	 J.	B.,	&	Rosemond,	A.	D.	 (2005).	
Contrasting	 response	 of	 stream	 detritivores	 to	 long-	term	 nutri-
ent	 enrichment.	 Limnology and Oceanography, 50(6),	 1730–	1739.	
https://doi.org/10.4319/lo.2005.50.6.1730

Cross,	W.	F.,	Wallace,	 J.	B.,	Rosemond,	A.	D.,	&	Eggert,	S.	 L.	 (2006).	
Whole-	system	nutrient	enrichment	increases	secondary	produc-
tion	 in	 a	 detritus-	based	 ecosystem.	 Ecology, 87(6),	 1556–	1565.	
https://doi.org/10.1890/0012-	9658(2006)87[1556:WNEIS	
P]2.0.CO;2

Danger,	 M.,	 Gessner,	 M.,	 &	 Bärlocher,	 F.	 (2016).	 Ecological	 stoi-
chiometry	 of	 aquatic	 fungi:	 Current	 knowledge	 and	 perspec-
tives. Fungal Ecology, 19, 100– 111. https://doi.org/10.1016/j.
funeco.2015.09.004

Demi,	 L.	M.,	 Benstead,	 J.	 P.,	 Rosemond,	 A.	 D.,	 &	Maerz,	 J.	 C.	 (2019).	
Experimental	 N	 and	 P	 additions	 alter	 stream	 macroinvertebrate	
community	composition	via	taxon-	level	responses	to	shifts	 in	de-
trital	 resource	 stoichiometry.	 Functional Ecology, 33(5),	 855–	867.	
https://doi.org/10.1111/1365-	2435.13289

Dolédec,	 S.,	 &	 Chessel,	 D.	 (1994).	 Co-	inertia	 analysis:	 An	 alternative	
method	for	studying	species–	environment	relationships.	Freshwater 
Biology, 31(3),	277–	294.	https://doi.org/10.1111/j.1365-	2427.1994.
tb017	41.x

Domis,	 L.	 N.	 D.	 S.,	 Waal,	 D.	 B.	 V.,	 Helmsing,	 N.	 R.,	 Donk,	 E.	 V.,	 &	
Mooij,	 W.	 M.	 (2014).	 Community	 stoichiometry	 in	 a	 changing	
world:	 Combined	 effects	 of	 warming	 and	 eutrophication	 on	
phytoplankton	dynamics.	Ecology, 95(6),	1485–	1495.	https://doi.
org/10.1890/13-	1251.1

Dray,	S.,	&	Dufour,	A.-	B.	 (2007).	The	ade4	package:	 Implementing	 the	
duality	diagram	for	ecologists.	Journal of Statistical Software, 22(1),	
1– 20. https://doi.org/10.18637/	jss.v022.i04

Elser,	 J.	 J.,	 Acharya,	 K.,	 Kyle,	 M.,	 Cotner,	 J.,	 Makino,	 W.,	 Markow,	
T.,	 Watts,	 T.,	 Hobbie,	 S.,	 Fagan,	 W.,	 Schade,	 J.,	 Hood,	 J.,	 &	
Sterner,	 R.	 W.	 (2003).	 Growth	 rate-	stoichiometry	 couplings	
in	 diverse	 biota.	 Ecology Letters, 6(10),	 936–	943.	 https://doi.
org/10.1046/j.1461-	0248.2003.00518.x

Elser,	J.	J.,	Dobberfuhl,	D.	R.,	MacKay,	N.	A.,	&	Schampel,	J.	H.	 (1996).	
Organism	size,	life	history,	and	N:P	stoichiometry.	Bioscience, 46(9),	
674–	684.	https://doi.org/10.2307/1312897

Evans-	White,	M.	A.,	&	Lamberti,	G.	A.	(2009).	Direct	and	indirect	effects	
of	 a	 potentail	 aquatic	 contaminant	 on	 grazer-	algae	 interactions.	
Environmental Toxicology and Chemistry, 28(2),	418–	426.	https://doi.
org/10.1897/07-	586.1

Evans-	White,	M.	A.,	Stelzer,	R.	S.,	&	Lamberti,	G.	A.	(2005).	Taxonomic	
and	regional	patterns	in	benthic	macroinvertebrate	elemental	com-
position	in	streams.	Freshwater Biology, 50(11),	1786–	1799.	https://
doi.org/10.1111/j.1365-	2427.2005.01455.x

Fagan,	 W.	 F.,	 Siemann,	 E.,	 Mitter,	 C.,	 Denno,	 R.	 F.,	 Huberty,	 A.	 F.,	
Woods,	H.	A.,	&	Elser,	J.	J.	(2002).	Nitrogen	in	insects:	Implications	

 20457758, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9605 by C

ochrane France, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-8179-3820
https://orcid.org/0000-0001-8179-3820
https://orcid.org/0000-0002-9874-4942
https://orcid.org/0000-0002-9874-4942
https://doi.org/10.4319/lo.2004.49.3.0656
https://doi.org/10.4319/lo.2004.49.3.0656
https://doi.org/10.1016/j.scitotenv.2012.08.030
https://doi.org/10.1016/j.scitotenv.2012.08.030
https://doi.org/10.1098/rspb.2009.1910
https://doi.org/10.1098/rspb.2009.1910
https://doi.org/10.1007/s10750-005-4459-9
https://doi.org/10.1007/s10750-005-4459-9
https://doi.org/10.1111/geb.13413
https://doi.org/10.1111/oik.08090
https://doi.org/10.1111/oik.08090
https://doi.org/10.1111/ele.12541
https://doi.org/10.1111/ele.12541
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1093/plankt/23.5.537
https://doi.org/10.1093/plankt/23.5.537
https://doi.org/10.1046/j.1365-2427.2000.00545.x
https://doi.org/10.1046/j.1365-2427.2000.00545.x
https://doi.org/10.1111/j.1365-2427.1994.tb01742.x
https://doi.org/10.1111/j.1365-2427.1994.tb01742.x
https://doi.org/10.1080/13887890.2006.9748261
https://doi.org/10.1080/13887890.2006.9748261
https://doi.org/10.2307/1313537
https://doi.org/10.1111/ecog.04835
https://doi.org/10.1111/ecog.04835
https://doi.org/10.1046/j.1461-0248.2003.00481.x
https://doi.org/10.1046/j.1461-0248.2003.00481.x
https://doi.org/10.4319/lo.2005.50.6.1730
https://doi.org/10.1890/0012-9658(2006)87%5B1556:WNEISP%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1556:WNEISP%5D2.0.CO;2
https://doi.org/10.1016/j.funeco.2015.09.004
https://doi.org/10.1016/j.funeco.2015.09.004
https://doi.org/10.1111/1365-2435.13289
https://doi.org/10.1111/j.1365-2427.1994.tb01741.x
https://doi.org/10.1111/j.1365-2427.1994.tb01741.x
https://doi.org/10.1890/13-1251.1
https://doi.org/10.1890/13-1251.1
https://doi.org/10.18637/jss.v022.i04
https://doi.org/10.1046/j.1461-0248.2003.00518.x
https://doi.org/10.1046/j.1461-0248.2003.00518.x
https://doi.org/10.2307/1312897
https://doi.org/10.1897/07-586.1
https://doi.org/10.1897/07-586.1
https://doi.org/10.1111/j.1365-2427.2005.01455.x
https://doi.org/10.1111/j.1365-2427.2005.01455.x


    |  13 of 14BECK et al.

for	 trophic	 complexity	 and	 species	 iversification.	 The American 
Naturalist, 160(6),	784–	802.	https://doi.org/10.1086/343879

Frost,	P.	C.,	Tank,	S.	E.,	Turner,	M.	A.,	&	Elser,	J.	J.	(2003).	Elemental	com-
position	of	Littoral	 invertebrates	 from	oligotrophic	and	eutrophic	
Canadian Lakes. Journal of the North American Benthological Society, 
22(1),	51–	62.	https://doi.org/10.2307/1467977

González,	 A.	 L.,	 Cereghino,	 R.,	 Dezerald,	 O.,	 Farjalla,	 V.	 F.,	 Leroy,	 C.,	
Richardson,	B.	A.,	Richardson,	M.	J.,	Romero,	G.	Q.,	&	Srivastava,	D.	
S.	(2018).	Ecological	mechanisms	and	phylogeny	shape	invertebrate	
stoichiometry:	A	test	using	detritus-	based	communities	across	cen-
tral	 and	 South	 America.	 Functional Ecology, 32(10),	 2448–	2463.	
https://doi.org/10.1111/1365-	2435.13197

González,	A.	L.,	Dézerald,	O.,	Marquet,	P.	A.,	Romero,	G.	Q.,	&	Srivastava,	
D.	 S.	 (2017).	The	multidimensional	 stoichiometric	niche.	Frontiers 
in Ecology and Evolution, 5, 110. https://doi.org/10.3389/
fevo.2017.00110

Halvorson,	H.	M.,	Fuller,	C.,	Entrekin,	S.	A.,	&	Evans-	White,	M.	A.	(2015).	
Dietary	 influences	 on	 production,	 stoichiometry	 and	 decomposi-
tion	of	particulate	wastes	from	shredders.	Freshwater Biology, 60(3),	
466–	478.	https://doi.org/10.1111/fwb.12462

Hamburger,	K.,	&	Dall,	P.	C.	(1990).	The	respiration	of	common	benthic	
invertebrate	species	from	the	shallow	littoral	zone	of	Lake	Esrom,	
Denmark.	Hydrobiologia, 199(2),	117–	130.	https://doi.org/10.1007/
BF000	05604

Hoegh-	Guldberg,	O.,	&	Pearse,	 J.	S.	 (1995).	Temperature,	 food	avail-
ability,	 and	 the	 development	 of	 marine	 invertebrate	 larvae.	
American Zoologist, 35(4),	 415–	425.	 https://doi.org/10.1093/
icb/35.4.415

Isles,	 P.	D.	 F.	 (2020).	 The	misuse	 of	 ratios	 in	 ecological	 stoichiometry.	
Ecology, 101(11),	e03153.	https://doi.org/10.1002/ecy.3153

Janssens,	L.,	Dievel,	M.	V.,	&	Stoks,	R.	(2015).	Warming	reinforces	non-
consumptive	 predator	 effects	 on	 prey	 growth,	 physiology,	 and	
body	 stoichiometry.	 Ecology, 96(12),	 3270–	3280.	 https://doi.
org/10.1890/15-	0030.1

Knoll,	L.	B.,	McIntyre,	P.	B.,	Vanni,	M.	J.,	&	Flecker,	A.	S.	(2009).	Feedbacks	
of	consumer	nutrient	recycling	on	producer	biomass	and	stoichiom-
etry:	Separating	direct	and	indirect	effects.	Oikos, 118(11),	1732–	
1742.	https://doi.org/10.1111/j.1600-	0706.2009.17367.x

Latli,	A.,	Descy,	J.-	P.,	Mondy,	C.	P.,	Floury,	M.,	Viroux,	L.,	Otjacques,	W.,	
Marescaux,	 J.,	Depiereux,	 E.,	Ovidio,	M.,	Usseglio-	Polatera,	 P.,	 &	
Kestemont,	P.	(2017).	Long-	term	trends	in	trait	structure	of	riverine	
communities	 facing	 predation	 risk	 increase	 and	 trophic	 resource	
decline. Ecological Applications, 27(8),	 2458–	2474.	 https://doi.
org/10.1002/eap.1621

Lauridsen,	R.	B.,	Edwards,	F.	K.,	Bowes,	M.	J.,	Woodward,	G.,	Hildrew,	
A.	G.,	Ibbotson,	A.	T.,	&	Jones,	J.	I.	(2012).	Consumer–	resource	el-
emental	 imbalances	 in	 a	 nutrient-	rich	 stream.	Freshwater Science, 
31(2),	408–	422.	https://doi.org/10.1899/11-	052

Lauridsen,	R.	B.,	Edwards,	F.	K.,	Cross,	W.	F.,	Woodward,	G.,	Hildrew,	A.	
G.,	&	Jones,	J.	I.	(2014).	Consequences	of	inferring	diet	from	feed-
ing	 guilds	 when	 estimating	 and	 interpreting	 consumer-	resource	
stoichiometry.	 Freshwater Biology, 59(7),	 1497–	1508.	 https://doi.
org/10.1111/fwb.12361

Lehmkuhl,	D.	M.	(2011).	Change	in	thermal	regime	as	a	cause	of	reduc-
tion	 of	 benthic	 Fauna	 downstream	 of	 a	 reservoir.	 Journal of the 
Fisheries Board of Canada, 29, 1329– 1332. https://doi.org/10.1139/
f72-	201

Levinton,	J.	S.	(1983).	The	latitudinal	compensation	hypothesis:	Growth	
data	and	a	model	of	latitudinal	growth	differentiation	based	upon	
energy	 budgets.	 I.	 Interspecific	 comparison	 of	 Ophryotrocha	
(polychaeta:	Dorvilleidae).	The Biological Bulletin, 165(3),	686–	698.	
https://doi.org/10.2307/1541471

Liess,	A.,	&	Hillebrand,	H.	 (2005).	 Stoichiometric	 variation	 in	C:N,	C:P,	
and	 N:P	 ratios	 of	 littoral	 benthic	 invertebrates.	 Journal of the 
North American Benthological Society, 24(2),	 256–	269.	 https://doi.
org/10.1899/04-	015.1

Lucu,	C.,	&	Towle,	D.	W.	 (2003).	Na(+)+K(+)-	ATPase	 in	 gills	 of	 aquatic	
crustacea. Comparative Biochemistry and Physiology. Part A, 
Molecular & Integrative Physiology, 135(2),	 195–	214.	 https://doi.
org/10.1016/s1095	-	6433(03)00064	-	3

Main,	T.	M.,	Dobberfuhl,	D.	R.,	&	Elser,	 J.	 J.	 (1997).	N:P	 stoichiometry	
and	ontogeny	of	crustacean	zooplankton:	A	test	of	the	growth	rate	
hypothesis. Limnology and Oceanography, 42(6),	1474–	1478.	https://
doi.org/10.4319/lo.1997.42.6.1474

McGill,	B.,	Enquist,	B.,	Weiher,	E.,	&	Westoby,	M.	(2006).	Rebuilding	com-
munity	ecology	from	functional	traits.	Trends in Ecology & Evolution, 
21(4),	178–	185.	https://doi.org/10.1016/j.tree.2006.02.002

Mehler,	K.,	Acharya,	K.,	Sada,	D.,	&	Yu,	Z.	(2013).	Elemental	stoichiome-
try	of	basal	resources	and	benthic	macroinvertebrates	along	a	land	
use	gradient	in	a	Great	Basin	watershed.	Hydrobiologia, 716(1),	115–	
129. https://doi.org/10.1007/s1075	0-	013-	1549-	y

Meunier,	C.	L.,	Boersma,	M.,	Wiltshire,	K.	H.,	&	Malzahn,	A.	M.	(2016).	
Zooplankton	eat	what	 they	need:	Copepod	selective	feeding	and	
potential	consequences	for	marine	systems.	Oikos, 125(1),	50–	58.	
https://doi.org/10.1111/oik.02072

Nilsson-	Örtman,	 V.,	 Stoks,	 R.,	 Block,	 M.	 D.,	 &	 Johansson,	 F.	 (2012).	
Generalists and specialists along a latitudinal transect: Patterns 
of	thermal	adaptation	 in	six	species	of	damselflies.	Ecology, 93(6),	
1340– 1352. https://doi.org/10.1890/11-	1910.1

Ortiz,	J.	D.,	&	Puig,	M.	A.	(2007).	Point	source	effects	on	density,	biomass	
and	 diversity	 of	 benthic	 macroinvertebrates	 in	 a	 Mediterranean	
stream.	River Research and Applications, 23(2),	155–	170.	https://doi.
org/10.1002/rra.971

Paisley,	M.	F.,	Walley,	W.	J.,	&	Trigg,	D.	J.	(2011).	Identification	of	macro-	
invertebrate	 taxa	 as	 indicators	 of	 nutrient	 enrichment	 in	 rivers.	
Ecological Informatics, 6(6),	 399–	406.	 https://doi.org/10.1016/j.
ecoinf.2011.09.002

Pilière,	A.	F.	H.,	Verberk,	W.	C.	E.	P.,	Gräwe,	M.,	Breure,	A.	M.,	Dyer,	S.	D.,	
Posthuma,	L.,	Zwart,	D.,	Huijbregts,	M.,	&	Schipper,	A.	M.	(2016).	
On	the	importance	of	trait	interrelationships	for	understanding	en-
vironmental	 responses	 of	 stream	macroinvertebrates.	 Freshwater 
Biology, 61(2),	181–	194.	https://doi.org/10.1111/fwb.12690

Poepperl,	 R.	 (2000).	 Benthic	 secondary	 production	 and	 bio-
mass	 of	 insects	 emerging	 from	 a	 northern	 German	 temper-
ate	 stream.	 Freshwater Biology, 44(2),	 199–	211.	 https://doi.
org/10.1046/j.1365-	2427.2000.00558.x

Prater,	 C.,	 Norman,	 E.	 J.,	 &	 Evans-	White,	 M.	 A.	 (2015).	 Relationships	
among	 nutrient	 enrichment,	 detritus	 quality	 and	 quantity,	 and	
large-	bodied	shredding	insect	community	structure.	Hydrobiologia, 
753(1),	219–	232.	https://doi.org/10.1007/s1075	0-	015-	2208-	2

R	Development	Core	Team.	(2019).	R: A language and environment for sta-
tistical computing.	R	Foundation	 for	Statistical	Computing.	http://
www.R-	proje	ct.org/

Rodríguez-	Romero,	 A.	 J.,	 Rico-	Sánchez,	 A.	 E.,	 Sedeño-	Díaz,	 J.	 E.,	 &	
López-	López,	 E.	 (2021).	 Characterization	 of	 the	multidimensional	
functional	Space	of	the	aquatic	macroinvertebrate	assemblages	in	
a	biosphere	reserve	(Central	México).	Diversity, 13(11),	546.	https://
doi.org/10.3390/d1311 0546

Sardans,	J.,	Janssens,	I.	A.,	Ciais,	P.,	Obersteiner,	M.,	&	Peñuelas,	J.	(2021).	
Recent	advances	and	future	research	 in	ecological	stoichiometry.	
Perspectives in Plant Ecology, Evolution and Systematics, 50, 125611. 
https://doi.org/10.1016/j.ppees.2021.125611

Sarremejane,	 R.,	 Cid,	 N.,	 Datry,	 T.,	 Stubbington,	 R.,	 Alp,	 M.,	 Cañedo-	
Argüelles,	M.,	 Cordero-	Rivera,	 A.,	 Csabai,	 Z.,	 Gutiérrez-	Cánovas,	
C.,	Heino,	J.,	Forcellini,	M.,	Millán,	A.,	Paillex,	A.,	Pařil,	P.,	Polášek,	
M.,	de	Figueroa,	J.	M.	T.,	Usseglio-	Polatera,	P.,	Zamora-	Muñoz,	C.,	
&	Bonada,	N.	(2020).	DISPERSE,	a	trait	database	to	assess	the	dis-
persal	potential	of	European	aquatic	macroinvertebrates.	Scientific 
Data, 7(386),	9.	https://doi.org/10.1101/2020.02.21.953737

Schmidt-	Kloiber,	 A.,	 &	 Hering,	 D.	 (2015).	 www.freshwaterecology.
info	 –		 An	 online	 tool	 that	 unifies,	 standardises	 and	 codifies	
more	 than	 20,000	 European	 freshwater	 organisms	 and	 their	

 20457758, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9605 by C

ochrane France, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1086/343879
https://doi.org/10.2307/1467977
https://doi.org/10.1111/1365-2435.13197
https://doi.org/10.3389/fevo.2017.00110
https://doi.org/10.3389/fevo.2017.00110
https://doi.org/10.1111/fwb.12462
https://doi.org/10.1007/BF00005604
https://doi.org/10.1007/BF00005604
https://doi.org/10.1093/icb/35.4.415
https://doi.org/10.1093/icb/35.4.415
https://doi.org/10.1002/ecy.3153
https://doi.org/10.1890/15-0030.1
https://doi.org/10.1890/15-0030.1
https://doi.org/10.1111/j.1600-0706.2009.17367.x
https://doi.org/10.1002/eap.1621
https://doi.org/10.1002/eap.1621
https://doi.org/10.1899/11-052
https://doi.org/10.1111/fwb.12361
https://doi.org/10.1111/fwb.12361
https://doi.org/10.1139/f72-201
https://doi.org/10.1139/f72-201
https://doi.org/10.2307/1541471
https://doi.org/10.1899/04-015.1
https://doi.org/10.1899/04-015.1
https://doi.org/10.1016/s1095-6433(03)00064-3
https://doi.org/10.1016/s1095-6433(03)00064-3
https://doi.org/10.4319/lo.1997.42.6.1474
https://doi.org/10.4319/lo.1997.42.6.1474
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1007/s10750-013-1549-y
https://doi.org/10.1111/oik.02072
https://doi.org/10.1890/11-1910.1
https://doi.org/10.1002/rra.971
https://doi.org/10.1002/rra.971
https://doi.org/10.1016/j.ecoinf.2011.09.002
https://doi.org/10.1016/j.ecoinf.2011.09.002
https://doi.org/10.1111/fwb.12690
https://doi.org/10.1046/j.1365-2427.2000.00558.x
https://doi.org/10.1046/j.1365-2427.2000.00558.x
https://doi.org/10.1007/s10750-015-2208-2
http://www.r-project.org/
http://www.r-project.org/
https://doi.org/10.3390/d13110546
https://doi.org/10.3390/d13110546
https://doi.org/10.1016/j.ppees.2021.125611
https://doi.org/10.1101/2020.02.21.953737


14 of 14  |     BECK et al.

ecological	preferences.	Ecological Indicators, 53,	271–	282.	https://
doi.org/10.1016/j.ecoli	nd.2015.02.007

Shah,	A.	A.,	Hotaling,	S.,	Lapsansky,	A.,	Malison,	R.	L.,	Birrell,	J.	H.,	Keeley,	
T.,	Giersch,	J.	J.,	Tronstad,	L.	M.,	&	Woods,	H.	A.	(2022).	Warming	
undermines	emergence	success	in	a	threatened	alpine	stonefly:	A	
multi-	trait	perspective	on	vulnerability	to	climate	change.	BioRxiv. 
https://doi.org/10.1101/2022.08.01.502337. Preprint.

Singer,	 G.	 A.,	 &	 Battin,	 T.	 J.	 (2007).	 Anthropogenic	 subsidies	 alter	
stream	 consumer-	resource	 stoichiometry,	 biodiversity,	 and	
food	 chains.	 Ecological Applications, 17(2),	 376–	389.	 https://doi.
org/10.1890/06-	0229

Stagliano,	 D.	 M.,	 &	Whiles,	 M.	 R.	 (2002).	 Macroinvertebrate	 produc-
tion	and	trophic	structure	in	a	tallgrass	prairie	headwater	stream.	
Journal of the North American Benthological Society, 21(1),	97–	113.	
https://doi.org/10.2307/1468303

Statzner,	 B.,	 &	 Bêche,	 L.	 A.	 (2010).	 Can	 biological	 invertebrate	
traits	 resolve	 effects	 of	 multiple	 stressors	 on	 running	 water	
ecosystems?	 Freshwater Biology, 55, 80– 119. https://doi.
org/10.1111/j.1365-	2427.2009.02369.x

Statzner,	 B.,	 Bis,	 B.,	 Dolédec,	 S.,	 &	 Usseglio-	Polatera,	 P.	 (2001).	
Perspectives	 for	 biomonitoring	 at	 large	 spatial	 scales:	 A	 unified	
measure	 for	 the	 functional	 composition	 of	 invertebrate	 commu-
nities	 in	European	running	waters.	Basic and Applied Ecology, 2(1),	
73–	85.	https://doi.org/10.1078/1439-	1791-	00039

Sterner,	R.	W.,	&	Elser,	J.	J.	(2002).	Ecological stoichiometry: The biology of 
elements from molecules to the biosphere.	Princeton	University	Press.

Stjernholm,	 F.,	 &	 Karlsson,	 B.	 (2008).	 Flight	muscle	 breakdown	 in	 the	
green-	veined	 white	 butterfly,	 Pieris	 napi	 (lepidoptera:	 Pieridae).	
European Journal of Entomology, 105(1),	 87–	91.	 https://doi.
org/10.14411/	eje.2008.012

Tachet,	 H.,	 Richoux,	 P.,	 Bournaud,	 M.,	 &	 Usseglio-	Polatera,	 P.	 (2010).	
Invertébrés	d'eau	douce	-		systématique,	biologie,	écologie.	CNRS	
éditions.	 https://www.cnrse	ditio	ns.fr/catal	ogue/ecolo	gie-	envir	
onnem	ent-	scien	ces-	de-	la-	terre/	inver	tebre	s-	d-	eau-	douce	-	henri	
-	tache	t/

Teurlincx,	S.,	Velthuis,	M.,	Seroka,	D.,	Govaert,	L.,	van	Donk,	E.,	Van	de	
Waal,	D.	B.,	&	Declerck,	S.	A.	 J.	 (2017).	Species	 sorting	and	stoi-
chiometric	 plasticity	 control	 community	 C:P	 ratio	 of	 first-	order	
aquatic	 consumers.	 Ecology Letters, 20(6),	 751–	760.	 https://doi.
org/10.1111/ele.12773

Tomanova,	 S.,	Goitia,	 E.,	&	Helešic,	 J.	 (2006).	 Trophic	 levels	 and	 func-
tional	feeding	groups	of	macroinvertebrates	in	neotropical	streams.	
Hydrobiologia, 556(1),	 251–	264.	 https://doi.org/10.1007/s1075	
0-	005-	1255-	5

Townsend,	 C.	 R.,	 Uhlmann,	 S.	 S.,	 &	Matthaei,	 C.	 D.	 (2008).	 Individual	
and	combined	responses	of	stream	ecosystems	to	multiple	stress-
ors. Journal of Applied Ecology, 45(6),	 1810–	1819.	 https://doi.
org/10.1111/j.1365-	2664.2008.01548.x

Usseglio-	Polatera,	P.,	&	Beisel,	J.-	N.	(2002).	Longitudinal	changes	in	mac-
roinvertebrate	assemblages	in	the	Meuse	River:	Anthropogenic	ef-
fects	versus	natural	change.	River Research and Applications, 18(2),	
197–	211.	https://doi.org/10.1002/rra.651

Usseglio-	Polatera,	 P.,	 Bournaud,	M.,	 Richoux,	 P.,	 &	 Tachet,	 H.	 (2000).	
Biological	 and	 ecological	 traits	 of	 benthic	 freshwater	 mac-
roinvertebrates:	 Relationships	 and	 definition	 of	 groups	 with	
similar	 traits.	 Freshwater Biology, 43(2),	 175–	205.	 https://doi.
org/10.1046/j.1365-	2427.2000.00535.x

Vannote,	R.	L.,	Minshall,	G.	W.,	Cummins,	K.	W.,	Sedell,	J.	R.,	&	Cushing,	
C.	 E.	 (1980).	 The	 river	 continuum	 concept.	 Canadian Journal 

of Fisheries and Aquatic Sciences, 37(1),	 130–	137.	 https://doi.
org/10.1139/f80-	017

Ventura,	M.,	Liboriussen,	L.,	Lauridsen,	T.,	Søndergaard,	M.,	Søndergaard,	
M.,	&	 Jeppesen,	 E.	 (2008).	 Effects	 of	 increased	 temperature	 and	
nutrient	enrichment	on	the	stoichiometry	of	primary	producers	and	
consumers	 in	 temperate	 shallow	 lakes.	 Freshwater Biology, 53(7),	
1434– 1452. https://doi.org/10.1111/j.1365-	2427.2008.01975.x

Villar-	Argaiz,	 M.,	 López-	Rodríguez,	M.	 J.,	 &	 Tierno	 de	 Figueroa,	 J.	 M.	
(2020).	Body	P	 content	 increases	over	ontogeny	 in	hemimetabo-
lous	macroinvertebrates	in	a	Mediterranean	high	mountain	stream.	
Aquatic Ecology, 54(4),	1185–	1200.	https://doi.org/10.1007/s1045	
2-	020-	09802	-	9

Violle,	C.,	Navas,	M.-	L.,	Vile,	D.,	Kazakou,	E.,	Fortunel,	C.,	Hummel,	I.,	&	
Garnier,	E.	(2007).	Let	the	concept	of	trait	be	functional!	Oikos, 116(5),	
882– 892. https://doi.org/10.1111/j.0030-	1299.2007.15559.x

Wallace,	J.	B.,	&	Webster,	J.	R.	(1996).	The	role	of	macroinvertebrates	in	
stream	ecosystem	function.	Annual Review of Entomology, 41, 115– 
139. https://doi.org/10.1146/annur ev.en.41.010196.000555

Wellard	Kelly,	H.	A.,	Rosi-	Marshall,	E.	J.,	Kennedy,	T.	A.,	Hall,	R.	O.,	Cross,	
W.	F.,	&	Baxter,	C.	V.	(2013).	Macroinvertebrate	diets	reflect	trib-
utary	 inputs	 and	 turbidity-	driven	 changes	 in	 food	 availability	 in	
the	Colorado	River	 downstream	of	Glen	 canyon	dam.	Freshwater 
Science, 32(2),	397–	410.	https://doi.org/10.1899/12-	088.1

Wilkes,	M.	A.,	Edwards,	F.,	Jones,	J.	I.,	Murphy,	J.	F.,	England,	J.,	Friberg,	
N.,	Hering,	D.,	Poff,	N.	L.,	Usseglio-	Polatera,	P.,	Verberk,	W.	C.	E.	P.,	
Webb,	J.,	&	Brown,	L.	E.	(2020).	Trait-	based	ecology	at	large	scales:	
Assessing	 functional	 trait	 correlations,	 phylogenetic	 constraints	
and	 spatial	 variability	 using	 open	 data.	 Global Change Biology, 
26(12),	7255–	7267.	https://doi.org/10.1111/gcb.15344

Winder,	M.,	Schindler,	D.	E.,	Essington,	T.	E.,	&	Litt,	A.	H.	(2009).	Disrupted	
seasonal	clockwork	in	the	population	dynamics	of	a	freshwater	co-
pepod	by	climate	warming.	Limnology and Oceanography, 54(6part2),	
2493– 2505. https://doi.org/10.4319/lo.2009.54.6_part_2.2493

Yvon-	Durocher,	G.,	Schaum,	C.-	E.,	&	Trimmer,	M.	(2017).	The	tempera-
ture	 dependence	 of	 phytoplankton	 stoichiometry:	 Investigating	
the	 roles	 of	 species	 sorting	 and	 local	 adaptation.	 Frontiers in 
Microbiology, 8, 2003. https://doi.org/10.3389/fmicb.2017.02003

Zhang,	P.,	Berg,	R.	 F.,	 Leeuwen,	C.	H.	A.,	Blonk,	B.	A.,	&	Bakker,	 E.	 S.	
(2018).	Aquatic	omnivores	shift	their	trophic	position	towards	 in-
creased	plant	consumption	as	plant	stoichiometry	becomes	more	
similar	 to	 their	 body	 stoichiometry.	 PLoS One, 13(9),	 e0204116.	
https://doi.org/10.1371/journ	al.pone.0204116

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

How to cite this article: Beck,	M.,	Billoir,	E.,	Felten,	V.,	Meyer,	
A.,	Usseglio-	Polatera,	P.,	&	Danger,	M.	(2022).	Lessons	from	
linking	bio-		and	ecological	traits	to	stoichiometric	traits	in	
stream	macroinvertebrates.	Ecology and Evolution, 12, e9605. 
https://doi.org/10.1002/ece3.9605

 20457758, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9605 by C

ochrane France, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.ecolind.2015.02.007
https://doi.org/10.1016/j.ecolind.2015.02.007
https://doi.org/10.1101/2022.08.01.502337
https://doi.org/10.1890/06-0229
https://doi.org/10.1890/06-0229
https://doi.org/10.2307/1468303
https://doi.org/10.1111/j.1365-2427.2009.02369.x
https://doi.org/10.1111/j.1365-2427.2009.02369.x
https://doi.org/10.1078/1439-1791-00039
https://doi.org/10.14411/eje.2008.012
https://doi.org/10.14411/eje.2008.012
https://www.cnrseditions.fr/catalogue/ecologie-environnement-sciences-de-la-terre/invertebres-d-eau-douce-henri-tachet/
https://www.cnrseditions.fr/catalogue/ecologie-environnement-sciences-de-la-terre/invertebres-d-eau-douce-henri-tachet/
https://www.cnrseditions.fr/catalogue/ecologie-environnement-sciences-de-la-terre/invertebres-d-eau-douce-henri-tachet/
https://doi.org/10.1111/ele.12773
https://doi.org/10.1111/ele.12773
https://doi.org/10.1007/s10750-005-1255-5
https://doi.org/10.1007/s10750-005-1255-5
https://doi.org/10.1111/j.1365-2664.2008.01548.x
https://doi.org/10.1111/j.1365-2664.2008.01548.x
https://doi.org/10.1002/rra.651
https://doi.org/10.1046/j.1365-2427.2000.00535.x
https://doi.org/10.1046/j.1365-2427.2000.00535.x
https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.1111/j.1365-2427.2008.01975.x
https://doi.org/10.1007/s10452-020-09802-9
https://doi.org/10.1007/s10452-020-09802-9
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1146/annurev.en.41.010196.000555
https://doi.org/10.1899/12-088.1
https://doi.org/10.1111/gcb.15344
https://doi.org/10.4319/lo.2009.54.6_part_2.2493
https://doi.org/10.3389/fmicb.2017.02003
https://doi.org/10.1371/journal.pone.0204116
https://doi.org/10.1002/ece3.9605

	Lessons from linking bio- and ecological traits to stoichiometric traits in stream macroinvertebrates
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Datasets
	2.2|Data analysis

	3|RESULTS
	3.1|Single traits
	3.2|Development-related traits
	3.2.1|Life duration
	3.2.2|Maximum body size
	3.2.3|Molting events
	3.2.4|Voltinism

	3.3|Feeding-traits
	3.3.1|Feeding habits
	3.3.2|Food resources

	3.4|Ecological traits
	3.4.1|Altitude
	3.4.2|Longitudinal distribution
	3.4.3|Substrate
	3.4.4|Temperature
	3.4.5|Velocity

	3.5|Complete trait profile

	4|DISCUSSION
	4.1|Development-related traits
	4.2|Feeding-related traits
	4.3|Ecological traits
	4.4|Ecological relevance

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


