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Abstract
Aim: It	 is	 still	debated	whether	allometry,	 the	 relationship	between	body	size	and	
body	parts,	entails	merely	an	evolutionary	constraint	or	can	itself	evolve.	Recently,	a	
hypothesis	has	been	proposed	that	states	that	static	allometry	(allometry	measured	
across	individuals	at	the	same	developmental	stage)	can	evolve	from	differences	in	
the	developmental	pathways	between	pairs	of	traits	under	different	nutritional	en‐
vironments.	A	macroecological	prediction	stemming	from	this	hypothesis	is	that	al‐
lometric	coefficients	(scaling	and	allometric	factors)	should	covary	with	ecosystem	
productivity.	Here,	we	tested	this	prediction	using	a	worldwide	database	of	mass–
length	allometric	equations.
Location: Worldwide,	data	distributed	across	the	entire	globe.
Time period: 1967–2017.
Major taxa studied: Soil	arthropods.
Methods: We	fitted	general	linear	models	with	the	allometric	coefficients	(the	scal‐
ing a and allometric b	factors)	as	the	dependent	variables.	The	target	 independent	
variable	was	 the	normalized	difference	vegetation	 index,	 as	a	proxy	of	ecosystem	
productivity.	Longitude,	absolute	latitude	and	altitude,	as	well	as	mean	annual	tem‐
perature	and	mean	annual	precipitation	were	included	as	both	covariates	and	addi‐
tional	variables	of	interest.	We	also	included	body	bauplan	(obtained	from	geometric	
morphometrics),	taxonomic	affiliation	(a	proxy	of	phylogenetic	relationships)	and	the	
reciprocal	allometric	coefficient	as	covariates	in	the	model.
Results: We	 found	 a	 strong	 negative	 association	 between	 both	 allometric	 factors	
and	the	productivity	of	the	ecosystems,	and	the	effect	for	the	allometric	factor	b	was	
stronger	at	lower	trophic	levels.	We	also	detected	strikingly	similar	effects	of	geo‐
graphic	and	climatic	predictors	on	both	allometric	factors,	suggesting	the	occurrence	
of	similar	selective	regimes.
Main conclusions: The	fact	that	productivity,	geography	and	climate	affect	the	value	
of	mass–length	allometric	coefficients	has	important	consequences	not	only	to	un‐
derstand	the	evolution	of	allometries,	but	also	for	how	energy	 is	processed	 in	soil	
ecosystems	across	the	globe.
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1  | INTRODUC TION

Allometry	refers	to	the	scaling	relationship	between	two	body	parts	
among	 individuals.	 It	 can	 be	 estimated	 among	 individuals	 within	
the	 same	developmental	 stage	and	 species,	 typically	 adults	 (static	
allometry),	among	developmental	stages	within	the	same	or	differ‐
ent	individuals	(ontogenetic	allometry),	or	among	individuals	within	
the	 same	 developmental	 stage,	 usually	 also	 adults,	 but	 belonging	
to	 different	 taxa	 (evolutionary	 allometry).	 This	 relationship	 is	 de‐
scribed	by	a	power	 function	with	 form	y = axb	 relating	 the	 trait	x,	
usually	body	size,	with	the	trait	y	 through	the	scaling	factor	a and 
the	allometric	factor	b	(Cock,	1966;	Gould,	1966;	Huxley,	1932;	see	
Supporting	 Information	 Appendix	 S1;	 a	 list	 of	 references	 for	 the	
Supporting	 Information	 appendixes,	 figures	 and	 tables	 is	 found	 in	
Appendix	1:	References	of	Supporting	Information).	Whether	static	
allometries	 remain	more	 or	 less	 fixed	 and	 constrain	 the	 evolution	
of	phenotypic	diversity	has	been	hotly	debated	in	evolutionary	bi‐
ology	 (Gould,	1977;	Huxley,	1932;	Lande,	1979;	Maynard‐Smith	et	
al.,	 1985).	 However,	 recently	 the	 constraint	 hypothesis	 has	 been	
dismissed	 to	 some	 extent,	 as	 several	 empirical	 studies	 have	 con‐
cluded	that	there	is	evolvability	in	static	allometry	by	showing	that	
allometry	coefficients	 respond	to	natural	 selection	 (Pélabon	et	al.,	
2014;	Shingleton,	Frankino,	Flatt,	Nijhout,	&	Emlen,	2007;	Stillwell,	
Shingleton,	 Dworkin,	 &	 Frankino,	 2016;	 Voje	 &	 Hansen,	 2012).	
Therefore,	because	scaling	and	allometric	factors	differ	across	taxa,	 
this	may	provide	evidence	that	static	allometry	can	evolve.	At	micro‐
evolutionary	time‐scales,	on	the	other	hand,	the	evolution	of	allom‐
etry	 can	 only	 occur	 in	 the	 absence	 of	 developmental	 constraints	
(Frankino,	 Zwaan,	 Stern,	 &	 Brakefield,	 2005).	 Indeed,	microevolu‐
tionary	studies	suggest	that	the	evolvability	of	the	allometric	factor	
(i.e.,	evolution	of	the	allometry	sensu	stricto)	is	much	lower	and	less	
efficient	 relative	 to	 the	evolvability	of	 the	scaling	 factor	 (i.e.,	 evo‐
lution	sensu	 lato)	 (Bolstad	et	al.,	2015;	Egset	et	al.,	2012;	Owen	&	
Harder,	1995;	Tobler	&	Nijhout,	2010).

A	 recent	 theoretical	 approach	has	 linked	 the	proximate	mech‐
anisms	 leading	 to	 static	 allometry	 to	 the	 evolution	 of	 allometry	
(Shingleton	et	al.,	2007).	This	approach	shows	how	the	differences	
in	 the	 developmental	 reaction	 norms	 of	 body	 size	 and	 any	 other	
trait	 covarying	 with	 it	 can	 explain	 whether	 static	 allometries	 are	
isometric	or	deviate	from	isometry.	This	mechanism	then	will	con‐
strain	the	shape	of	evolutionary	allometries	and	thus	the	evolution	
of	allometry	itself.	In	arthropods,	nutritional	regulation	of	insulin‐like	 
growth	 factor	 (IGP)	 have	been	 shown	 as	 one	of	 the	most	 import‐
ant	mechanisms	to	shape	body	size	and	related	trait	reaction	norms	
(Emlen,	Warren,	Johns,	Dworkin,	&	Lavine,	2012;	Shingleton	et	al.,	
2007).

Given	the	above	tenets,	we	predict	 that	the	amount	of	energy	
available	 in	 ecosystems	will	 influence	 the	magnitude	 of	 allometry	
(the	scaling	and	allometric	factors)	through	affecting	the	nutritional	
status	 of	 organisms	 during	 development.	 Furthermore,	 long‐term	
(i.e.,	 at	 evolutionary	 time‐scales)	 persistent	 differences	 in	 energy	
availability	across	ecosystems	should	promote	the	evolution	of	static	
or	 evolutionary	 allometries	 in	 a	 manner	 consistent	 with	 the	 idea	

that	 differences	 in	 nutritional	 reaction	 norms	 between	 body	 size	
and	other	 traits	have	become	constitutive	over	evolutionary	 time.	
Alternatively,	 these	 reaction	 norms	 could	 still	 be	 at	work	 and	 the	
same	pattern	could	arise	from	phenotypic	plasticity	if	identical	gen‐
otypes	would	respond	differently	depending	on	the	energy	available	
in	 ecosystems.	 In	 either	 case,	whether	 from	a	 constitutive,	 evolu‐
tionary	response	or	from	a	plastic,	ecological	response,	an	associa‐
tion	between	energy	and	allometry	would	be	expected.

Here,	 we	 test	 the	 above	 hypothesis	 by	 deciphering	 if	 mass	
(M)–length	(L)	allometric	in	soil	arthropods	covary	with	the	energy	
available	 in	 the	ecosystem.	Although	mass	 is	an	unconventional	
trait	 to	use	 in	 allometry,	 one	 can	 see	mass–length	 relationships	
as	integrative	allometries,	as	the	scaling	of	mass	with	body	length	
could	rule	the	scaling	of	any	other	organ	with	body	length,	being	
therefore	 of	 central	 importance.	 Indeed,	 mass–length	 allome‐
tries	have	been	 included	 in	 comparative	 studies	 about	 the	evo‐
lution	of	allometry	before	 (e.g.,	Voje,	Hansen,	Egset,	Bolstad,	&	
Pélabon,	2014).	Our	test	is	based	on	the	assumption	that	higher	
primary	 productivity	 is	 linked	 to	 higher	 rates	 of	 litter	 accumu‐
lation	 in	 soils	 and	 that	 there	 is	 an	 indirect	 bottom‐up	 effect	 of	
primary	productivity	on	soil	productivity	(Capellesso	et	al.,	2016);	
in	other	words,	more	plant	material	being	dropped	on	the	ground	
results	in	more	energy	being	available	for	soil	fauna.	In	particular,	
we	 predicted	 that	 in	 highly	 productive	 environments	 selection	
should	favour	length	over	mass	(lower	allometric	coefficients)	be‐
cause	growth	should	be	favoured	over	energy	storage	(Ficetola	et	
al.,	2010;	Olalla‐Tárraga	&	Rodríguez,	2007;	Valenzuela‐Sánchez,	
Cunningham,	&	Soto‐Azat,	2015).	To	evaluate	this	hypothesis,	we	
analysed	 the	 relationship	 between	 productivity	 and	 the	 scaling	
and	 allometric	 factors	 of	 the	 mass–length	 allometric	 equations	
built	for	soil	arthropods	in	many	localities	all	over	the	world.	The	
information	was	retrieved	both	from	allometries	estimated	by	the	
authors	 as	 well	 as	 from	 a	 comprehensive	 bibliographic	 review.	
Because	the	data	were	heterogeneous,	we	controlled	for	possible	
confounding	effects	by	including	in	all	analyses	not	only	the	allo‐
metric	variables	but	also	the	geographic	 location,	as	well	as	 the	
major	climate	variables	(mean	annual	temperature	and	precipita‐
tion)	of	each	study	site.	These	variables	can	 influence	allometry	
independently	of	ecosystem	productivity.	We	here	assume	that	a	
lower	value	of	the	allometric	factors	may	be	a	sign	of	selection	fa‐
vouring	faster	development	(or	growth	rate	in	length),	instead	of	
favouring	energy	storage	or	investment	in	other	body	structures	
(Dmitriew,	2011).	This	even	applies	to	the	scaling	factor	a,	as	for	
instance,	when	length	is	measured	in	millimetres,	this	coefficient	
is	an	estimate	of	the	body	mass	of	animals	that	are	1	mm	in	length	
(White	 &	 Gould,	 1965;	 see	 Supporting	 Information	 Appendix	
S1).	As	most	animals	in	our	database	are	adults	at	a	body	length	
>	1	mm	 (see	Supporting	 Information	Table	S1),	 a	 low	value	of	a 
may	be	 a	 sign	 that	 the	next	 instar	 (i.e.,	 growing	 above	1	mm	 in	
length)	 could	 be	 attained	 relatively	 fast	 after	 accumulating	 rel‐
atively	 less	 energy.	 Because	 the	 normalized	 difference	 vegeta‐
tion	index	(NDVI)	could	affect	each	type	of	allometry	differently	
(static	versus	ontogenetic	versus	evolutionary	–	see	Supporting	
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Information	 Appendix	 S1),	 we	 included	 such	 information	 in	 the	
analysis.	In	addition,	mass–length	allometry	may	also	depend	on	
the	 phylogenetic	 relationship	 among	 taxa,	 the	 body	 bauplan	 or	
shape	variation	and	the	different	trophic	habits	that	may	indicate	
different	body	compositions,	body	masses	and	body	densities	of	
the	 different	 arthropod	 taxa	 included	 in	 the	 study.	 Hence,	 we	
also	 included	 the	 taxonomic	 affiliation,	 the	morphological	 body	
bauplan	and	the	feeding	habits	or	trophic	level	(low	trophic	level:	
decomposers	 plus	 herbivores;	 higher	 trophic	 level:	 omnivores	
plus	 predators)	 of	 the	 arthropods	 for	which	 each	 equation	was	
estimated.

In	this	study,	we	found	a	significant	and	negative	relationship	be‐
tween	the	primary	productivity	of	each	 locality	and	the	allometric	
factors,	 and	 the	 effect	 on	 the	 allometric	 factor	b	was	 stronger	 at	
higher	trophic	levels.	Moreover,	differences	in	body	shape	had	rel‐
evant	effects	on	the	allometric	coefficients.	We	also	found	relevant	
negative	 relationships	 between	 the	 scaling	 and	 allometric	 factors	
and	some	of	the	geographic	and	climatic	predictors,	indicative	of	se‐
lection	favouring	faster	development.	These	findings	have	important	
ecological	consequences,	as	these	documented	differences	in	allom‐
etry	may	be	an	indication	of	how	energy	is	processed	differently	by	
the	soil	fauna	in	different	parts	of	the	globe	and	different	climates,	

with	 possible	 implications	 for	 abundance–body	mass	 relationships	
and	the	energetic	equivalence	rule	(Damuth,	1981).

2  | MATERIAL S AND METHODS

2.1 | Database

We	 compiled	 a	 database	 containing	 information	 on	 the	 relation‐
ships	between	mass	and	length	of	individuals	from	six	main	groups	
of	 soil	 invertebrate	 arthropods:	 Arachnida,	 Chilopoda,	 Diplopoda,	
Entognatha,	 Insecta	 and	 Isopoda	 (see	 Supporting	 Information	
Table	 S1).	 This	 information	 was	 obtained	 both	 from	 the	 litera‐
ture	and	from	our	own	field	sampling	 (see	Supporting	 Information	
Appendix	 S2,	 Table	 S2).	 All	 studies	 included	 in	 the	 database	 es‐
timated	 length	 as	 the	 total	 body	 length	 of	 the	 arthropod	without	
appendages,	which,	according	 to	how	 it	 is	measured,	 is	a	homolo‐
gous	trait	across	all	the	studied	taxa	(Figure	1).	In	total,	the	database	
included	283	mass–length	relationships	 (equations	hereafter)	 from	
45	georeferenced	 sites	 located	all	 over	 the	world,	 from	 the	equa‐
tor	to	high	latitudes,	and	from	many	disparate	biomes	(Figure	2,	see	
Supporting	Information	Table	S3);	a	list	of	the	data	sources	is	found	
in	Appendix	2:	Data	sources.	The	most	intensely	sampled	arthropods	

F I G U R E  1  Schematic	representation	
of	how	body	length	was	measured	for	
each	arthropod	group	included	in	this	
study.	Homologous	traits	are	represented	
by	dark	blue	circles.	Total	body	length	was	
estimated	as	the	length	of	the	solid	dark	
blue	lines	connecting	these	homologous	
traits	and	excluding	appendages.	The	
black	scale	bars	next	to	each	animal	are	
orientative	to	compare	dimensions	among	
the	main	taxa,	as	the	drawings	correspond	
to	just	any	random	adult	individual	within	
the	group	in	terms	of	body	length	[Color	
figure	can	be	viewed	at	wileyonlinelibrary.
com]
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were	 Arachnida	 (112	 equations)	 and	 Insecta	 (102	 equations)	 (see	
Supporting	 Information	Table	 S2).	 Because	 sample	 size	 usually	 af‐
fects	the	accuracy	of	the	estimates,	we	included	in	the	database	only	
those	equations	that	included	information	on	sample	size,	of	which	
only	66%	contained	information	on	the	standard	errors	of	the	a and 
b	estimates.

2.2 | Handling the scaling factor a and allometric 
factor b

Because	of	the	high	heterogeneity	in	how	different	works	presented	
the	equations,	we	retrieved	the	scaling	factor	a	and	allometric	factor	
b	from	each	of	these	283	equations	differently.	Therefore,	when	nec‐
essary	we	transformed	the	original	equations	to	convert	all	of	 them	
to	power	functions	(see	Supporting	Information	Appendix	S3),	which	
only	occurred	in	10	of	the	data	points.	In	particular,	no	transformation	
was	performed	when	the	original	equations	were	already	power	func‐
tions	 (31	cases),	whereas	back‐transformation	was	performed	when	
the	original	 equations	were	 log‐log	 fits	on	either	base	e	 or	base	10	
(215	cases).	New	power	 fits	were	performed	by	means	of	nonlinear	
regression	 in	 the	R	 function	 “nls”	when	 the	data	were	 available	 (27	
cases,	 see	 Supporting	 Information	 Table	 S4).	 Despite	 the	 fact	 that	
Model	 II	 regression	could	be	desirable	 for	 the	purpose	of	our	study	
(LaBarbera,	 1989,	 but	 see	 Hansen	 &	 Bartoszek,	 2012),	 in	 order	 to	
make	the	database	as	homogeneous	as	possible,	and	for	consistency	
across	studies,	in	the	cases	in	which	we	had	the	original	datasets	we	
also	estimated	the	allometric	exponents	by	means	of	Model	I	ordinary	
least	squares	(OLS)	regressions	(see	Supporting	Information	Appendix	

S4).	 Transformations	 that	 are	 more	 sophisticated	 were	 necessary	
when	equations	were	provided	as	semi‐logarithm	functions,	polyno‐
mial	 functions	or	 square‐root	 functions	 (see	Supporting	 Information	
Table	S4).	We	tested	the	accuracy	of	the	transformations	by	compar‐
ing	the	original	equations	to	the	transformed	ones.	We	only	needed	to	
transform	the	equations	in	a	very	small	proportion	of	the	cases	(3.5%),	
and	the	proportion	of	variances	explained	by	the	newly	constructed	
equations	on	the	older	ones	ranged	between	93	and	100%,	indicating	
very	 low	error	 (see	Supporting	Information	Figure	S1,	Table	S5).	The	
scaling	factor	a	was	also	transformed	appropriately	to	allow	compari‐
sons	across	equations	(see	Supporting	Information	Appendix	S3).

2.3 | Estimation of primary productivity

We	estimated	primary	productivity	for	each	of	the	sites	by	means	of	
the	NDVI	(Verdin,	Pedreros,	&	Eilerts,	2003),	which	is	a	proportion	of	a	
difference	(difference‐sum	ratio)	and	has	therefore	no	units.	NDVI	var‐
ies	between	−1.0	and	+1.0.	Negative	values	away	from	zero	correspond	
to	water	bodies	(e.g.,	oceans,	lakes),	while	negative	values	close	to	zero	
correspond	to	areas	of	rock,	sand	or	snow.	Positive	values	correspond	
to	vegetation	(.2–.4	shrub	and	grassland,	>	.8	temperate	and	tropical	
rainforests;	Weier	&	Herring,	2000).	We	obtained	the	values	of	NDVI	
for	each	georeferenced	 site	 from	 the	website	of	Global	Agricultural	
Monitoring,	available	 in	https	://glam1.gsfc.nasa.gov/,	that	provide	in‐
formation	of	Global	Inventory	Modeling	and	Mapping	Studies	(GIMMS)	
of	 the	 National	 Aeronautics	 and	 Space	 Administration	 (NASA).	 To	
ensure	that	the	data	were	comparable	among	sites,	we	downloaded	
a	NDVI	 temporal	 series	 for	each	0.25°	cell	 from	 the	MODIS	 sensor	

F I G U R E  2  Global	distribution	of	the	mass–length	allometry	dataset.	The	number	by	each	dot	denotes	the	site/study	as	coded	in	the	
dataset	(see	Supporting	Information	Table	S3).	Each	colour	represents	the	type	of	environment	according	to	the	ecological	classification	
system	developed	by	the	World	Wildlife	Fund	(WWF),	available	in	https	://www.world	wildl	ife.org/biomes,	in	which	the	major	habitat	types,	
similar	to	biomes,	were	identified.	The	size	of	the	dot	indicates	the	number	of	equations	in	each	locality	[Color	figure	can	be	viewed	at	
wileyonlinelibrary.com]

https://glam1.gsfc.nasa.gov/
https://www.worldwildlife.org/biomes


     |  91RUIZ‐LUPIÓN et aL.

(Moderate‐Resolution	Imaging	Spectroradiometer)	in	the	Terra	satel‐
lite,	and	calculated	the	average	NDVI	among	years	for	each	site	(time	
window:	2000–2016;	Weier	&	Herring,	2000).

2.4 | Climate variables

The	relationship	between	the	allometric	factors	and	productivity	can	
be	masked	by	the	same	climate	variables	that	influence	the	NDVI	(e.g.,	
water	availability,	temperature).	For	this	reason,	we	controlled	for	the	
climate	of	each	location	in	all	the	models.	The	climate	of	each	location	
was	described	by	two	widely	used	variables,	the	mean	annual	temper‐
ature	(MAT)	and	the	mean	annual	precipitation	(MAP).	Climate	data	
were	downloaded	from	WorldClim‐Global	Climate	Data,	a	free	acces‐
sible	 climate	database	 for	ecological	modelling,	 available	 in	https	://
www.world	clim.org/.	We	used	GIS	version	1.4	for	current	conditions	
(~1950–2000)	with	a	30	arc‐seconds	(1	km2)	resolution.	This	database	
contains	19	bioclimatic	variables	(codes	BIO1	to	BIO19)	derived	from	
the	monthly	mean,	minimum	and	maximum	temperature	and	monthly	
precipitation	values	 that	are	 transformed	 into	biologically	meaning‐
ful	variables.	The	altitude	of	each	locality	was	also	obtained	from	the	
above	database.	The	data	 layers	were	generated	through	 interpola‐
tion	of	 average	monthly	 climate	data	obtained	 from	 those	weather	
stations	for	which	there	were	records	for	at	least	10	years	(max.	30	
years:	1960–1990).	 In	some	cases,	 the	time	period	extended	to	the	
range	1950–2000	to	increased	the	number	of	records	for	some	areas	
(Hijmans,	Cameron,	Parra,	Jones,	&	Jarvis,	2005).	The	extraction	of	
data	was	accomplished	by	the	use	of	the	Shuttle	Radar	Topography	
Mission	or	SRTM	elevation	database	of	NASA	(Farr	et	al.,	2007)	and	
the	anusplin	software	package	version	4.3	(Hutchinson,	2004),	a	pro‐
gram	that	interpolates	multivariate	data	using	plate	smoothing	splines	
(latitude,	longitude	and	altitude	as	independent	variables).

2.5 | Phylogenetic relationships among the 
arthropods included in the study

Allometry	may	also	depend	on	the	phylogenetic	relationships	among	
the	taxa	included	in	the	study	(i.e.,	phylogenetic	signal).	Due	to	the	
idiosyncrasy	of	each	study,	and	the	variability	 in	the	 level	of	taxo‐
nomic	accuracy	for	which	equations	were	built,	no	phylogeny	was	
available	 to	 account	 for	 phylogenetic	 distances.	 Thus,	 in	 order	 to	
partially	control	 for	 this	potential	source	of	pseudoreplication,	 the	
taxonomic	 group	 common	 to	 all	 studies,	 class,	was	 considered	 an	
accurate	proxy	of	the	phylogenetic	relationships	of	the	studied	ar‐
thropods.	A	similar	approach	has	been	previously	used	in	other	com‐
parative	 studies	 in	 macroecology	 (Clutton‐Brock	 &	 Harvey,	 1977;	
Ehnes,	Rall,	&	Brose,	2011;	Hadfield	&	Nakagawa,	2010).

2.6 | Body bauplan of the arthropods included 
in the study

Our	equations	were	built	for	many	different	groups	of	arthropods	hav‐
ing	very	different	body	bauplans.	As	the	value	of	the	mass–length	allo‐
metric	relationship	probably	depends	on	the	bauplan	of	the	arthropod	

taxa,	which	 is	 an	 important	 factor	 of	 shape	 variation	 (Outomuro	 &	
Johansson,	 2017),	 we	 used	 geometric	 morphometrics	 to	 describe	
body	shape	as	a	proxy	of	the	bauplan	for	each	arthropod	group	con‐
sidered	 in	 this	 study,	 and	 used	 the	 principal	 components	 obtained	
from	the	analyses	as	covariates	(principal	components	of	body	bauplan	
or	PCGMs)	to	control	for	shape	in	the	regression	models.	Geometric	
morphometrics	is	a	tool	to	summarize	the	shape	of	organisms	by	the	
use	of	 landmark	points,	which	we	assigned	 following	 the	 arthropod	
homologies	on	their	tagmosis.	A	Procrustes	fit	standardize	all	the	in‐
formation	about	 size,	position	and	orientation,	 resulting	 in	variables	
that	explain	different	aspects	of	the	shape	of	the	animal,	and	as	they	
are	comparable,	can	then	be	further	submitted	to	interpretation	and	
analysis	and	used	to	make	inferences	about	shape	(Zelditch,	Swiderski,	
&	Sheets,	2012;	see	Supporting	Information	Appendix	S5,	Figures	S2	
and	 S3).	 In	 addition	 to	 landmarks,	 pseudo‐landmarks	 were	 consid‐
ered	so	as	to	 increase	the	chances	to	grasp	the	shape	of	body	con‐
dition	across	all	taxa	(e.g.,	abdomen	expanding	with	food	acquisition	
in	spiders;	Jakob,	Marshall,	&	Uetz,	1966;	see	Supporting	Information	
Appendix	S5,	 Figure	S4).	This	procedure	of	 shape	analysis	was	per‐
formed	 using	 pictures	 for	 the	 51	 families	 and	 13	 orders	 of	 arthro‐
pods	 included	 in	 our	 dataset	 (see	 Supporting	 Information	Appendix	
S5,	 Figure	 S5).	 Using	 a	 principal	 components	 analysis,	we	 obtained	
the	 first	 three	 components,	which	 explained	 together	 96.2%	of	 the	
variance	 in	shape.	The	first	component	 (PCGM1)	was	 interpreted	as	
body	slenderness	with	reduction	of	cephalic	area	(e.g.,	a	high	value	of	
PCGM1	are	represented	by	the	Myriapoda	taxonomic	group),	the	sec‐
ond	 (PCGM2)	was	associated	with	a	change	 in	body	 thickness	 (e.g.,	
Opilionida)	 and	 the	 third	 (PCGM3)	was	 associated	with	 a	 change	 in	
relative	 abdomen	 volume	 (e.g.,	 Pseudoscorpionida)	 (see	 Supporting	
Information	Appendix	S5,	Figure	S6).

2.7 | Feeding habits of the arthropods

Different	trophic	habits	 (decomposer,	herbivore,	omnivore	or	preda‐
tor;	 see	Supporting	 Information	Appendix	S6,	Figure	S7a)	entail	dif‐
ferent	 stoichiometry	 compositions	 (Fagan	&	Denno,	 2004;	 Jakob	 et	
al.,	1966;	Raubenheimer,	Simpson,	&	Mayntz,	2009),	with	predators	
having	lower	C	:	N	than	herbivores	(Fagan	et	al.,	2002;	Fagan	&	Denno,	
2004;	 Raubenheimer	 et	 al.,	 2009).	 As	 different	 body	 compositions	
may	lead	to	different	body	masses	and	even	densities	(Moya‐Laraño,	
Macías‐Ordóñez,	Blanckenhorn,	&	Fernández‐Montraveta,	2008),	and	
this	 in	turn	could	affect	the	relationship	between	the	environmental	
variables	 and	 allometry,	we	 also	 considered	 a	 variation	 of	 the	 final	
model	that	included	the	interaction	between	feeding	habits	and	NDVI.	
In	 that	 respect,	we	anticipated	that	 the	effect	of	productivity	on	al‐
lometry	could	dampen	or	disproportionally	increase	from	lower	(her‐
bivores,	decomposers)	to	higher	trophic	levels	(predators,	omnivores)	
(see	Supporting	Information	Figure	S7b).

2.8 | Types of mass–length allometry equations

The	database	included	a	mixture	of	static	(19	studies),	ontogenetic	(49	
studies)	and	evolutionary	allometries	(215	studies)	(see	Supporting	

https://www.worldclim.org/
https://www.worldclim.org/
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Information	Appendices	S1	and	S7,	Figure	S8a,b),	which	may	be	sub‐
ject	to	different	evolutionary	constraints	(Klingenberg,	1998;	Reiss,	
1989;	Voje	et	al.,	2014).	In	order	to	test	if	the	NDVI	could	differently	
affect	each	of	these	types	of	allometries,	we	included	the	type	of	al‐
lometry	(static,	ontogenetic	or	evolutionary)	as	a	categorical	variable	
for	analysis	and	its	 interaction	with	NDVI.	If,	as	suggested	by	Voje	
et	 al.	 (2014),	 different	 types	 of	 allometry	 could	 follow	 similar	 tra‐
jectories,	then	we	could	expect	no	interaction	between	the	type	of	
allometry	and	the	environmental	factor.	If	an	interaction	was	found,	
we	then	re‐ran	the	models	including	only	the	data	for	evolutionary	
allometries,	as	this	was	the	only	one	with	sufficient	sample	size	(n = 
215)	to	allow	fitting	all	the	covariables	to	finally	testing	NDVI.	Some	
more	details	are	provided	in	the	next	section.

2.9 | Statistical analysis

We	 ran	 four	 nested	 general	 linear	models	 for	 each	of	 the	 two	 al‐
lometric	 factors	after	checking	that	 there	are	no	significant	corre‐
lations	between	 the	 target	 variables	 (see	 above),	 except	 those	we	
expected	between	latitude	and	both	MAT	and	MAP	(r	=	.85	and	r = 
.59,	respectively;	see	Supporting	Information	Table	S6):

1.	 The	 first	model,	 or	Base	model,	 included	 the	 reciprocal	 factors	
(a	 for	 testing	b,	and	b	 for	 testing	a),	 the	class	of	the	arthropods	
and	the	target	variable	NDVI	(see	Supporting	Information	Tables	
S7	 and	 S8).	 The	 reciprocal	 factors	 were	 included	 because	 the	
factors	 a and b	 can	 be	 strongly	 negatively	 correlated	 with	
each	 other	 by	 geometric	 constraints	 alone	 (White	 &	 Gould,	
1965),	 and	 indeed	 they	 were	 in	 our	 database	 (see	 Supporting	
Information	Appendix	S8,	Figure	S9).	This	allowed	testing	for	the	
effect	 of	 environmental	 factors	 on	 a,	 regardless	 of	 the	 length	
and	 mass	 ranges	 of	 the	 animals	 included	 to	 estimate	 a	 in	 the	
different	studies.	Class	was	considered	as	a	fixed	factor	because	
it	 had	 fewer	 than	 10	 categories	 (Zuur,	 Ieno,	 Walker,	 Savaliev,	
&	 Smith,	 2009).	 To	 test	 for	 spatial	 autocorrelation,	 we	 added	
random	 variation	 to	 the	 longitude	 and	 latitude	 of	 each	 data	
point	 by	 adding	 a	 random	number	 drawn	 from	a	 normal	 (mean	
=	0,	 standard	deviation	=	1)	 distribution,	which	 allowed	 testing	
for	 autocorrelation	 of	 the	 residuals	 even	 due	 to	 the	 equations	
obtained	 from	 the	 same	 locations.	 When	 autocorrelation	 was	
detected,	 we	 corrected	 it	 by	 adding	 an	 extra	 variable	 (lag1)	
obtained	 from	 the	 residuals	 of	 the	 model	 lagged	 one	 position	
as	proposed	by	Bivand,	Pebesma,	and	Gómez‐Rubio	(2013)	 (see	
Supporting	 Information	 Appendix	 S8).

2.	 In	the	second	model,	or	Shape	model,	we	additionally	included	the	
shape	of	the	arthropods	estimated	by	the	three	major	geometric	
morphometric	components	(PCGMs).

3.	 In	 the	 third	 model,	 or	 Geographic	 model,	 we	 additionally	 in‐
cluded	the	geographic	variables	longitude,	absolute	latitude	and	
altitude.	We	 included	 them	 as	 independent	 variables	 because	
regardless	 of	 controlling	 for	 spatial	 autocorrelation	we	wanted	
to	test	the	geographic	effects	per	se,	even	beyond	the	correla‐
tion	 with	 climatic	 variables	 (see	 Supporting	 Information	 Table	

S6).	The	 idea	behind	 this	approach	 is	 that	geographic	variables	
can	act	as	proxies	of	unknown	environmental	 selective	 factors	
affecting	 the	 evolution	 of	 allometries.	 For	 instance,	 absolute	
latitude	could	be	affecting	allometric	values	because	it	can	be	a	
proxy	of	the	strength,	frequency	and	diversity	of	biotic	interac‐
tions	(Dobzhansky,	1950;	Moya‐Laraño,	2010;	Schemske,	2009;	
Schemske,	Mittelbach,	Cornell,	Sobel,	&	Roy,	2009).	Furthermore,	
if	these	variables	explained	a	relevant	amount	of	the	variance	in	
the	model,	their	inclusion	would	increase	the	accuracy	of	the	re‐
maining	estimates	(e.g.,	NDVI).

4.	 In	the	fourth	model,	or	Full	model,	we	additionally	added	the	
two	 climatic	 variables	MAT	 and	MAP.	 Both	 temperature	 and	
water	availability	could	directly	affect	growth	beyond	ecosys‐
tem	productivity	as	well	as	productivity	itself.	To	test	whether	
the	results	concerning	NDVI	were	robust	across	trophic	levels	
or	 type	of	 allometry,	we	 also	 compared	 the	Full	models	with	
models	that	included	the	interactions	between	type	of	allom‐
etry	and	NDVI	and	feeding	habits	(or	their	grouping	by	trophic	
level)	and	NDVI.

All	 analyses	 were	 performed	 with	 the	 function	 “lm”	 (R	 3.4.1,	 R	
Development	Core	Team,	2016)	and	the	main	figures	of	partial	effects	
produced	by	means	of	 the	R	package	 “effects”	 (Fox,	 2003).	Models	
were	 compared	 via	 Akaike’s	 information	 criterion	 (AIC;	 Burnham	 &	
Anderson,	2002).	To	ensure	normality	of	the	residuals,	we	first	trans‐
formed	the	a	and	the	b	values	via	optimality	by	the	iterative	use	of	the	
function	“MLE_LambertW”	within	the	R	 library	“LambertW”	(Georg,	
2016),	and	then	we	additionally	normalized	the	residuals	of	the	mod‐
els	by	the	same	procedure.	Furthermore,	both	the	dependent	variable	
and	all	explanatory	variables	were	standardized	(mean	=	0,	standard	
deviation	=	1)	to	make	the	magnitude	of	the	effects	among	the	differ‐
ent	environmental	variables	comparable	in	terms	of	standard	deviation	
units	via	standardized	regression	coefficients	 (Schroeder,	Sjoquist,	&	
Stephan,	1986).	Note	 that	 the	use	of	standardized	coefficients	does	
not	alter	the	amount	of	explained	variance	(coefficient	of	determina‐
tion)	or	the	associated	p	values.	Also,	as	sample	size	could	have	affected	
the	accuracy	in	the	estimates	of	the	allometric	parameters	in	each	of	
the	fitted	equations,	we	ran	all	the	analyses	weighting	by	sample	size,	
which	allowed	a	50%	larger	sample	size	than	weighting	by	the	SE	of	the	
estimates.	As	a	sensitivity	analysis,	we	ran	the	full	models	using	robust	
regression	in	the	function	“rlm”	of	the	R	library	“MASS”.

3  | RESULTS

Comparisons	of	the	Base,	Shape,	Geographic	and	Full	models	sug‐
gested	that	shape	PCs,	geographic	and	climatic	variables	should	be	
included	in	the	models	explaining	both	the	scaling	(a)	and	the	allo‐
metric	(b)	factors	(Table	1).

Both	the	scaling	(a)	and	allometric	(b)	factors	were	strongly	and	
negatively	affected	by	the	target	variable	NDVI	in	all	the	Base,	Shape,	
Geographic	 and	 Full	models	 (Figure	 3a,b,	 Table	 2,	 see	 Supporting	
Information	Tables	 S7	 and	 S8).	 Both	 the	 scaling	 (a)	 and	 allometric	
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(b)	factors	were	negatively	affected	by	the	absolute	latitude	and	al‐
titude	 (Figure	3c–f,	Table	2,	 see	Supporting	 Information	Tables	S7	
and	S8).	Regarding	 the	 climatic	 variables	MAT	and	MAP,	both	 the	
scaling	factor	a	and	the	allometric	factor b	were	negatively	affected	
by	MAT	(Figure	3g,h)	and	only	allometric	factor	b	was	negatively	af‐
fected	by	MAP	 (Figure	3i,j).	 For	 the	 scaling	 factor	a,	 the	variables	
ordered	 from	 strongest	 to	 weakest	 negative	 effects	 according	 to	
their	standardized	partial	regression	coefficients	were	absolute	lat‐
itude,	NDVI,	altitude	and	MAT.	Geometric	morphometric	variables	
had	 positive	 and	 relatively	 weaker	 effects	 with	 PCGM1,	 PCGM2	
and	PCGM3	showing	effects	 from	strongest	 to	weakest	 (Table	2).	
Overall,	the	full	model	for	a	explained	around	75%	of	the	variance	
(R2	=	.75)	(Table	1).	For	the	allometric	factor	b,	the	variables	ordered	
from	strongest	to	weakest	negative	effects	were	absolute	latitude,	
MAT,	 altitude,	NDVI	 and	MAP.	 PCGM1	 and	PCGM3	had	 stronger	
and	weaker	positive	effects,	respectively	(Table	2).	Overall,	the	full	
model	for	b	explained	around	71%	of	the	variance	(R2	=	.71;	Table	1).	
The	 spatial	 autocorrelation	 of	 the	 residuals	 was	 successfully	 cor‐
rected	 in	all	models	as	shown	 in	the	correlograms	 (see	Supporting	
Information	Figures	S10	and	S11).	The	additional	 lagged	 term	was	
no	 longer	significant	 in	 the	full	models	and	barely	significant	 for	a 
and	not	significant	for	b	in	the	geographic	model.	However,	we	left	
this	 variable	 in	 the	 final	 models	 for	 consistency.	 Taxonomic	 class	
was	highly	significant	in	both	Full	models	(a:	F5,265	=	31.37,	p < .001 
and b: F5,265	=	18.72,	p	<	 .001)	and	post‐hoc	tests	revealed	strong	
differences	among	some	of	the	taxonomic	classes	 (see	Supporting	
Information	Figure	S12).	The	results	of	the	robust	linear	regression	
for	the	Full	models	were	qualitatively	the	same,	with	all	significant	
terms	matching	those	of	 the	general	 linear	model	with	normalized	
residuals.	However,	the	relative	effects	detected	for	the	predictors	
were	two	to	three	times	weaker,	likely	because	of	the	lack	of	normal‐
ity	in	the	residuals	(see	Supporting	Information	Table	S9).

However,	the	type	of	allometry	showed	a	strong	significant	 in‐
teraction	with	NDVI	 for	both	 the	scale	 factor	a	 (F2,263	=	8.61,	p = 
.0002)	and	the	allometric	factor	b	(F2,263	=	5.04,	p	=	.0071).	The	plot	
to	check	for	the	nature	of	the	interaction	shows	a	negative	relation‐
ship	between	NDVI	and	allometric	factors	a and b	 for	both	evolu‐
tionary	 and	 ontogenetic	 allometries	 (see	 Supporting	 Information	
Figures	 S13a,b),	 with	 perhaps	 a	 less	 steep	 relationship	 for	 the	

allometric	factor	b	in	ontogenetic	allometry.	Static	allometries	tend	
to	 have	 a	 positive	 relationship	 between	NDVI	 and	 allometric	 fac‐
tors	a and b.	However,	 the	 sample	 size	 is	 too	 small	 and	precludes	
us	from	reaching	any	firm	conclusions.	We	had	enough	sample	size	
to	run	the	full	model	only	for	evolutionary	allometries,	and	the	re‐
sults	were	qualitatively	 identical	 to	 those	using	 the	entire	dataset	
(see	Supporting	Information	Table	S10).	For	the	ontogenetic	model	
we	did	not	have	enough	sample	size	to	run	the	full	model,	but	with	
the	shape	model	alone	(with	much	fewer	parameters),	the	negative	
relationship	between	both	of	the	allometric	factors	and	NDVI	pre‐
vailed	(see	Supporting	Information	Table	S11).	Thus,	our	results	were	
robust	and	consistent	for	evolutionary	allometries,	and	likely	for	on‐
togenetic	allometries.

After	removing	28	data	points	for	which	 it	was	not	possible	to	
assign	 the	 feeding	 habits	 (undefined,	 see	 Supporting	 Information	
Figure	S7)	of	the	arthropods	involved,	we	found	no	interaction	be‐
tween	feeding	habits	and	NDVI	for	the	scaling	factor	a	(F3,233	=	0.78,	
p	=	.5040)	but	did	find	a	significant	interaction	for	allometric	factor	
b	(F3,233	=	5.15,	p	=	.0018)	(see	Supporting	Information	Figure	S14).	
When	grouping	the	feeding	habits	by	trophic	level	(high:	predators	
and	omnivores	and	low:	decomposers	and	herbivores;)	we	found	a	
strong	 significant	 interaction,	which	 showed	 how	 the	 relationship	
between	allometric	factor	b	and	NDVI	was	substantially	steeper	for	
lower	trophic	levels	(F1,237	=	15.85,	p	<	.001;	Figure	4).

4  | DISCUSSION

Our	 results	 are	 consistent	 with	 the	 notion	 that	 a	 developmental	
mechanism	can	explain	the	evolution	of	allometry	(Shingleton	et	al.,	
2007).	 Assuming	 that	 nutrition	 can	 differently	 shape	 the	 reaction	
norms	of	body	 length	and	mass,	 this	 leads	 to	nutrition‐dependent	
static	allometries	 that	set	 the	raw	material	 for	natural	selection.	 If	
the	above	mechanism	is	plausible,	we	predicted	that	globally	NDVI	
should	have	an	effect	on	both	the	scaling	(a)	and	allometric	(b)	fac‐
tors.	 After	 controlling	 for	 potentially	 confounding	 factors,	 we	 in‐
deed	found	a	negative,	strong	and	significant	relationship	between	
NDVI	and	both	a and b.	Interpretation	of	the	results	is	made	easier	
if	we	assume	that	lower	values	for	the	allometric	factors	are	a	sign	
of	 faster	 development	 involving	 lower	 energy	 storage.	 Thus,	 the	
negative	relationship	between	productivity	and	the	allometric	fac‐
tors	can	be	explained	because	in	ecosystems	with	higher	productiv‐
ity	 animals	would	develop	 faster	without	acquiring	more	mass	 for	
storage	or	building	other	body	structures.	The	ultimate	cause	could	
be	 differences	 in	 selection	 for	 energy	 storage	 across	 ecosystems	
differing	 in	 productivity.	 Understanding	 how	 the	 energy	 available	
in	 ecosystems	 translates	 into	mass–length	 allometric	 relationships	
is	 equivalent	 to	 understanding	 how	 food	 acquisition	 is	 stored	 in	
the	form	of	body	condition.	Indeed,	a	recent	body	condition	index,	
the	scaled	mass	index	(SMI;	Peig	&	Green,	2009)	takes	into	account	
the	allometric	factor	of	the	mass–length	relationship,	with	animals	
coming	from	populations	with	higher	allometric	factors	having	rela‐
tively	better	body	conditions	as	they	grow	in	body	size.	Therefore,	

TA B L E  1  Summary	of	Akaike	information	criterion	(AIC)	and	R2 
values	of	the	models	for	both	allometric	factors.	In	the	mass–length	
relationship	M = aLb,	M	=	mass	(mg)	and	L	=	length	(mm)

Factor Model AIC R2

Scaling	a Base	model 761 .613

Shape	model 722 .671

Geographic	model 672 .730

Full	model 650 .754

Allometric	b Base	model 1,019 .450

Shape	model 942 .586

Geographic	model 905 .644

Full	model 848 .716
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F I G U R E  3  Relationship	between	
the	allometric	factors	(a and b)	and	the	
normalized	difference	vegetation	index	
(NDVI),	geographic	and	climatic	variables	
according	to	the	Full	model.	We	show	
partial	effects	on	the	scaling	factor	a	of	
(a)	NDVI,	(c)	altitude,	(e)	absolute	latitude,	
(g)	mean	annual	temperature	(MAT)	and	
(i)	mean	annual	precipitation	(MAP),	and	
on	the	allometric	factor	b	of	(b)	NDVI,	
(d)	altitude,	(f)	absolute	latitude,	(h)	MAT	
and	(j)	MAP.	Blue	areas	represent	95%	
confidence	bands.	Units	are	missing	
on	the	axes	because	the	variables	are	
standardized.	However,	the	original	
variables	were	measured	in:	altitude	(m),	
absolute	latitude	and	longitude	(°	degrees	
in	decimal	notation),	MAT	(°C)	and	MAP	
(mm/year).	NDVI	is	a	proportion	of	a	
difference	that	ranges	between	−1	and	+1.	
In	the	mass–length	relationship	M = aLb,	M 
=	mass	(mg)	and	L	=	length	(mm)	[Colour	
figure	can	be	viewed	at	wileyonlinelibrary.
com]

(c) (d)

(a) (b)

(e) (f)

(g) (h)

(i) (j)

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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our	results	imply	that	animal	populations	in	ecosystems	with	higher	
amounts	of	energy	available	grow	with	poorer	body	conditions.	This	
could	 arise	 from	weaker	 selection	 for	 energy	 storage	 in	 relatively	
rich	 environments,	where	 shorter	 developmental	 times	 and	 faster	
growth	 in	 length	would	 be	 favoured	 by	 natural	 selection	 instead.	
This	 also	provides	us	with	 an	 adaptive	mechanism	 to	 explain	why	
and	how	mass	and	 length	reaction	norms	would	differ	 (Shingleton	
et	al.,	2007),	closing	the	eco‐evo‐devo	loop	defined	by	the	ecologi‐
cal	evolutionary	developmental	biology.	Although,	as	pointed	out	in	
the	 Introduction,	 in	principle	we	could	not	 rule	out	 the	possibility	
that	phenotypic	plasticity	 is	behind	 this	mechanism.	The	response	
to	energy	could	still	occur	at	the	ecological	time‐scale,	however	this	
certainly	would	not	be	the	case	for	evolutionary	allometries,	which	
encompass	the	major	part	of	our	dataset.

Indeed,	our	database	did	not	include	enough	sample	size	to	test	
the	hypothesis	for	all	types	of	allometries.	However,	as	the	results	
for	evolutionary	allometries	were	consistent	with	the	entire	model,	
and	with	a	simpler	model	we	also	uncovered	a	negative	association	

between	NDVI	 and	 allometry	 for	 ontogenetic	 allometries,	we	 can	
conclude	that	at	least	for	two	types	of	allometries	the	pattern	holds.	
One	possible	 interpretation	of	this	result	 is	that	during	diversifica‐
tion	there	has	been	selection	upon	the	reaction	norms	of	both	on‐
togenetic	and	static	allometries,	 resulting	 in	 the	pattern	 found	 for	
evolutionary	allometries,	which	would	have	originated	 from	selec‐
tion	responses	of	the	reaction	norms.	Thus,	overall,	our	results	are	
consistent	with	the	hypothesis	that	a	developmental	mechanism	can	
explain	the	evolution	of	allometries	(Shingleton	et	al.,	2007).

Remarkably,	we	found	that	for	the	allometric	factor	b,	the	effect	
was	 stronger	 for	 lower	 trophic	 levels,	which	 suggests	 that	 energy	
storage	is	more	important	in	higher	trophic	levels	regardless	of	pri‐
mary	productivity.	This	is	consistent	with	the	fact	that	soil	predators,	
such	as	spiders,	are	food	limited	(Wise,	1993)	and	have	developed	
structures	 for	energy	 storage	 to	overcome	periods	of	 food	 limita‐
tion	(Foelix,	1996;	Grassé,	1949),	and	even	decrease	their	metabolic	
rates	 during	 periods	 of	 starvation	 (Anderson,	 1970).	We	 found	 a	
significant	interaction	between	the	type	of	allometry	and	both	the	

Factor Variables included Estimate SE F df p (F)

Scaling	a (intercept) 0.5347 0.0785

b −0.4048 0.0362 125.021 1,	265 < .001

Class 31.369 5,	265 < .001

PCGM1 0.2714 0.0736 13.592 1,	265 < .001

PCGM2 0.1054 0.0398 6.993 1,	265 .0087

PCGM3 0.0988 0.0466 4.491 1,	265 .0350

Altitude −0.4711 0.0734 41.189 1,	265 < .001

Absolute	latitude −0.7813 0.1428 29.944 1,	265 < .001

Longitude 0.0587 0.0456 1.654 1,	265 .1996

MAT −0.4480 0.1246 12.920 1,	265 < .001

MAP 0.0547 0.0579 0.892 1,	265 .3458

NDVI −0.5408 0.0548 97.321 1,	265 < .001

lag1 0.0418 0.0572 0.535 1,	265 .4653

Allometric	b (intercept) 0.1987 0.1173

a −0.7401 0.0710 108.607 1,	265 < .001

Class 18.723 5,	265 < .001

PCGM1 0.3649 0.1046 12.175 1,	265 < .001

PCGM2 0.0650 0.0574 1.281 1,	265 .2587

PCGM3 0.2763 0.0650 18.082 1,	265 < .001

Altitude −0.7943 0.0982 65.380 1,	265 < .001

Absolute	latitude −1.7736 0.1891 87.959 1,	265 < .001

Longitude 0.2231 0.0640 12.167 1,	265 < .001

MAT −1.3434 0.1664 65.209 1,	265 < .001

MAP −0.2622 0.0803 10.658 1,	265 .0012

NDVI −0.3911 0.0829 22.277 1,	265 < .001

lag1 0.0794 0.0464 2.926 1,	265 .0883

Note: p	values:	italic‐bold	<	.001,	bold	.001–.01,	italic	.01–.05	and	normal	>	.05.	PCGMs	are	prin‐
cipal	components	which	explained	the	variance	in	shape	or	body	bauplan.	lag	1	is	the	correlation	
between	residuals	of	the	model	and	the	residuals	of	the	model	lagged	one	position.

TA B L E  2  Summary	of	the	results	of	
the	Full	model	analysing	the	predictors	on	
the	scaling	factor	a	and	allometric	factor	
b.	Units	are	missing	in	the	table	because	
the	variables	are	standardized.	However,	
the	original	variables	were	measured	
in:	altitude	(m),	absolute	latitude	and	
longitude	(°	degrees	in	decimal	notation),	
mean	annual	temperature	(MAT;	°C)	and	
mean	annual	precipitation	(MAP;	mm/
year).	Normalized	difference	vegetation	
index	(NDVI)	is	a	proportion	of	a	
difference	that	ranges	between	−1	and	+1.	
In	the	mass–length	relationship	M = aLb,	M 
=	mass	(mg)	and	L	=	length	(mm)
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scaling	 and	 allometric	 factors.	However,	 the	 similar	 visual	 pattern	
of	 the	 relationships	 for	 each	 type	 of	 allometry	 (see	 Supporting	
Information	Figure	S13),	the	relatively	small	sample	sizes	for	ontoge‐
netic	and	static	allometries,	and	the	consistent	pattern	of	the	results	
between	evolutionary	allometries	and	the	general	pattern	with	the	
entire	dataset,	preclude	us	from	making	any	firm	conclusions	about	
whether	 different	 selective	 pressures	 differently	 affect	 each	 type	
of	allometry.

As	for	the	shape	(bauplan)	of	the	animals	we	found	that	principal	
components	of	shape	analysis	(PCGMs)	have	an	influence	on	both	the	
scaling	and	allometric	factors.	PCGM2	(body	thickness)	and	PCGM3	
(relative	abdomen	volume)	positively	affect	the	scaling	factor	a,	prob‐
ably	 indicating	that	animals	with	higher	capacity	to	store	nutrients	
according	to	their	shape	do	actually	have	larger	storages	and	slower	
development.	PCGM1	(slenderness	with	reduction	of	cephalic	area)	
reflects	animals	with	very	elongated	bodies	and	relatively	small	ce‐
phalic	parts,	such	as	myriapodes.	This	axis	has	a	positive	effect	on	
both	the	scaling	factor	a	and	allometric	factor	b,	probably	indicating	
that	 for	animals	with	very	elongated	bodies,	growing	 in	 length	en‐
tails	a	 relatively	higher	 investment	 in	high	density	structures,	 such	
as	muscle	 to	move	all	 the	 legs	 (Grassé,	1949).	Finally,	 the	fact	 that	
PCGM3	(relative	abdomen	volume)	is	positively	associated	with	the	
allometric	factor	b	may	reflect	again	that	a	shape	allowing	a	relatively	
larger	storage	capacity	 results	 in	 larger	 real	storages.	Similarly,	 the	
fact	 that	Arachnida	have	both	higher	 scaling	and	higher	allometric	
factors	relative	to	all	other	taxa	(see	Supporting	Information	Figure	
S12)	may	be	due	to	their	higher	storage	capacities	from	their	expand‐
able	abdomens	and	storing	caeca	in	their	guts	(Grassé,	1949).

We	also	found	that	geographic	and	climatic	variables	contribute	
substantially	to	the	variability	of	the	scaling	and	allometric	factors.	
Geographic	variables	can	be	considered	as	surrogates	of	some	un‐
known	environmental	variables	 (Legendre,	1993)	 that	could	act	as	
selective	 factors	 on	 the	 evolution	 of	 allometries.	 As	 the	main	 cli‐
matic	and	productivity	variables	that	covary	with	altitude	and	lati‐
tude	were	accounted	for	in	the	analysis	(i.e.,	MAT,	MAP	and	NDVI),	
any	geographic	pattern	should	reflect	selective	pressures	other	than	
average	climate.	Because	of	the	short	duration	of	the	growing	sea‐
son,	arthropods	inhabiting	high	altitudes	and	latitudes	usually	grow	
faster	(Dmitriew,	2011;	Laiolo	&	Obeso,	2017;	Yamahira	&	Conover,	
2002).	Thus,	the	negative	association	between	both	of	the	allome‐
tric	coefficients	and	altitude	and	absolute	 latitude	could	be	a	con‐
sequence	 of	 selection	 favouring	 faster	 development	 or	 growth	 in	
length.	In	addition,	at	high	altitudes	oxygen	pressure	(PO2)	is	much	
lower	(Greenlee	&	Harrison,	2004;	Hoback	&	Stanley,	2001;	Laiolo	
&	Obeso,	2017),	resulting	in	chronic	exposure	to	relatively	hypoxic	
environments,	which	affects	several	life	history	traits	(Woods	&	Hill,	
2004).	Hence,	the	negative	relationship	between	altitude	and	both	
the	scaling	and	allometric	factors	may	be	due	to	a	decrease	in	body	
density	caused	by	 the	 increased	empty	spaces	of	an	 improved	 re‐
spiratory	system	 (e.g.,	 increase	 in	number	of	 tracheas),	which	may	
contribute	to	compensating	for	the	lack	of	oxygen	(Dillon,	Frazier,	&	
Dudley,	2005).	Lastly,	altitudinal	and	latitudinal	variation	in	the	num‐
ber,	strength	and	diversity	of	biotic	interactions	(Dobzhansky,	1950;	
Laiolo	&	Obeso,	2017;	Moya‐Laraño,	2010;	Pianka,	1966;	Roslin	et	
al.,	 2017)	 could	 potentially	 explain	 the	 negative	 relationship	 that	
we	found	if	biotic	interactions	would	select	for	energy	storage.	On	
the	one	hand,	 one	may	 think	 that	 this	 is	 unlikely	because	 at	 least	
from	competition	and	predation,	usually	faster	growth	(shorter	de‐
velopmental	 time)	 is	 favoured	 (Dmitriew,	2011),	which	would	have	
led	 to	 the	opposite	pattern	 than	 the	one	we	 found.	On	 the	other	
hand,	higher	predation	rates	may	select	for	slower	growth	(extended	
developmental	time)	because	this	will	decrease	predation	risk	(Lima	
&	Dill,	1990;	reviewed	in	Dmitriew,	2011).	Therefore,	we	cannot	dis‐
miss	the	possibility	that	biotic	interactions	are	behind	the	negative	
relationships	between	absolute	latitude	and	latitude	and	the	allome‐
tric	factors.

Among	 the	 climate	 variables,	 temperature	 (MAT)	 affects	 neg‐
atively	 both	 allometric	 coefficients.	 Higher	 temperatures	 involve	
higher	 metabolic	 rates	 (Brown,	 Gillooly,	 Allen,	 Savage,	 &	 West,	
2004),	and	in	general	faster	paces	of	life	with	shorter	developmental	
times,	which	could	explain	the	negative	relationship	found,	provided	
that	by	using	multiple	regression	this	is	an	effect	that	has	been	eval‐
uated	orthogonally	to	altitude	and	absolute	latitude.	Another	poten‐
tial	explanation	is	that	animals	in	very	hot	environments	can	prevent	
overheating	by	having	 longer	bodies	 relative	 to	 their	mass	 [higher	
surface/volume	 (S/V)	 ratios],	 which	 could	 allow	 excessive	 heat	 to	
dissipate	through	the	cuticle.	This	explanation	assumes	that	mass	is	
proportional	to	body	volume	and	thus	to	Length3	(Gibbings,	2011),	
and	 that	 volume	 can	 still	 evolve	 beyond	 the	 constraint	 imposed	
by	 the	bauplan.	 Indeed,	we	 found	 the	negative	pattern	once	 con‐
trolled	for	the	geometric	morphometrics	PCGMs.	Similarly,	in	colder	

F I G U R E  4   Interaction	between	trophic	level	and	normalized	
difference	vegetation	index	(NDVI)	for	the	allometric	factor	b,	
according	to	the	Full	model.	Blue	areas	represent	95%	confidence	
bands.	NDVI	is	a	proportion	of	a	difference	that	ranges	between	−1	
and	+1.	In	the	mass–length	relationship	M = aLb,	M	=	mass	(mg)	and	
L	=	length	(mm)	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.
com]
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environments	heat	will	be	retained	more	efficiently	with	lower	S/V	
ratios,	allowing	animals	to	expand	their	daily	activities.

Although	precipitation	may	absorb	in	part	the	proportion	of	vari‐
ance	of	the	available	energy	(i.e.,	more	rain	entails	higher	productiv‐
ity),	the	negative	pattern	between	MAP	and	the	allometric	factor	b 
could	also	be	 indicative	of	a	relaxation	 in	selection	for	building	up	
structures	for	desiccation	resistance.	Arthropods	have	a	variety	of	
cuticle	structures	to	protect	 themselves	from	the	 loss	of	water	by	
transpiration,	 such	 as	 epicuticle	 lipids	 (Hadley,	 1982).	 Increasing	
the	thickness	of	the	integumental	cuticle	is	also	a	frequent	defence	
against	 water	 loss	 (Vittori	 &	 Štruss,	 2014).	 Assuming	 that	 these	
structures	add	extra	weight	to	the	animals,	when	water	availability	
is	high,	selection	would	favour	growing	(faster)	in	length	instead	of	
investing	 in	 these	 structures.	We	used	our	own	extended	dataset	
on	 mass–length	 relationships	 to	 compare	 the	 mass–length	 ratios	
of	adults	versus	 last‐instar	 larvae	 in	beetles	measuring	between	1	
and	10	mm	and	 found	that	 the	 ratio	of	body	masses	between	the	
non‐sclerotized	larvae	and	the	adults	of	the	same	length	is	2.5–4.5,	
indicating	that	at	least	for	beetles,	building	a	water‐resistant	cuticle	
can	be	extremely	costly.

In	addition	to	the	evolutionary	implications	of	our	findings,	the	
ecological	consequences	may	also	be	important.	Lower	energy	stor‐
age	 in	 the	more	productive	 ecosystems,	 and	 the	 suggested	 faster	
development	 in	 warmer	 and	 wetter	 environments,	 as	 well	 as	 at	
higher	altitudes	and	latitudes,	may	be	a	sign	that	energy	is	processed	
differently	by	 the	soil	 fauna	 in	different	parts	of	 the	globe,	and	 in	
locations	of	contrasting	climates.	The	latter	could	affect	studies	 in	
which	it	is	assumed	that	mass–length	relationships	for	the	different	
animal	groups	are	invariant,	and	that	estimates	coming	from	differ‐
ent	localities	and	climates	can	be	used	indistinctly	(e.g.,	Ehnes	et	al.,	
2014;	Melguizo‐Ruiz,	 Jiménez‐Navarro,	 &	Moya‐Laraño,	 2016).	 In	
addition,	these	findings	may	have	 important	consequences	for	the	
energy	 equivalence	 rule	 (Damuth,	 1981),	which	 states	 that	 animal	
populations	in	communities	use	an	equal	amount	of	energy	regard‐
less	of	 the	 individual	body	sizes	 (in	 terms	of	mass),	which	explains	
why	larger	animals	have	lower	abundances	and	smaller	animals	have	
higher	 abundances.	Our	 evidence	 that	 energy	 is	 processed	differ‐
ently	 in	different	parts	of	 the	globe	and	 in	different	 climates	may	
explain	why	this	rule	is	far	from	universal	(Ehnes	et	al.,	2014;	Sewall,	
Freestone,	Hawes,	&	Andriamanarina,	2013).

One	drawback	of	our	study	is	that	we	could	not	fit	a	phylogeny	to	
control	for	common	ancestry	as	is	usually	done	in	the	evolutionary	
comparative	method	(Harvey	&	Pagel,	1991).	We	instead	fitted	class,	
the	lowest	taxonomic	level	that	we	could	confidently	obtain	from	all	
studies.	The	fact	that	class	was	highly	significant	for	both	the	scaling	
and	allometric	factors	strongly	suggests	that	there	is	a	phylogenetic	
signal	for	these	factors	and	that	an	accurate	phylogeny	fitted	to	our	
linear	models	could	provide	a	slightly	different	picture	than	the	one	
we	obtained.	Unfortunately,	the	highly	heterogeneous	nature	of	the	
database,	especially	 in	terms	of	the	level	of	accuracy	in	taxonomic	
information,	along	with	the	difficulties	in	obtaining	enough	molecu‐
lar	information	for	all	the	taxa	cited,	precluded	us	from	building	such	
a	phylogeny.

Overall,	this	study	provides	strong	evidence	that	allometries	can	
evolve.	Previous	studies	on	the	evolution	of	allometries	within	pop‐
ulations	have	shown	that	the	allometric	factor	b	has	a	much	lower	
evolutionary	potential	than	the	scaling	factor	a	 (Egset	et	al.,	2012;	
Frankino	 et	 al.,	 2005;	Maynard‐Smith	 et	 al.,	 1985;	 Pélabon	 et	 al.,	
2014).	Our	results	show	that	despite	this	lack	of	microevolutionary	
potential	 in	the	allometric	factor	b,	 it	can	evolve	at	the	macroevo‐
lutionary	 level.	One	 striking	 pattern	 that	 arises	 is	 the	 consistency	
of	the	predictors,	which	match	very	closely	in	significance	and	the	
direction	of	effects	for	both	a and b	factors,	strongly	suggesting	that	
both	allometric	factors	are	subject	to	the	same	selective	pressures.
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