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Abstract
Aim: Our	aim	is	to	use	elevational	gradients	to	quantify	the	relationship	between	tem‐
perature	 and	 ecosystem	 functioning.	 Ecosystem	 functions	 such	 as	 decomposition,	
nutrient	cycling	and	carbon	storage	are	linked	with	the	amount	of	microbial	biomass	
in	 the	 soil.	 Previous	 studies	 have	 shown	 variable	 relationships	 between	 elevation	
and	soil	microbial	biomass	 (SMB).	Understanding	the	biological	mechanisms	 linking	
SMB	with	elevational	gradients	will	shed	light	on	the	environmental	impacts	of	global	
warming.
Location: Global.
Time period: 2002–2018.
Major taxa studied: Soil	microbes.
Method: We	performed	 a	 global	meta‐analysis	 of	 the	 relationships	 between	 SMB	
and	elevation.	Data	were	collected	from	59	studies	of	73	elevational	transects	from	
around the world.
Results: We	 found	 no	 consistent	 global	 relationship	 between	 SMB	 and	 elevation.	
SMB	increased	significantly	with	elevation	in	the	tropics	and	subtropics,	but	not	in	
other	climate	zones.	However,	we	 found	consistent	positive	 relationships	between	
SMB,	soil	organic	carbon	and	total	nitrogen	concentrations.
Main conclusions: Our	results	suggest	that	global	warming	will	 impact	tropical	and	
subtropical	ecosystems	more	severely	than	colder	regions.	Tropical	ecosystems,	al‐
ready	at	risk	from	species	extinctions,	will	 likely	experience	declines	in	SMB	as	the	
climate	warms,	resulting	in	losses	of	fundamental	ecosystem	functions	such	as	nutri‐
ent cycling and carbon storage.
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1  | INTRODUC TION

Soil	microbial	biomass	(SMB)	accounts	for	much	of	the	world's	be‐
lowground	 living	 biomass	 (Fierer,	 Strickland,	 Liptzin,	 Bradford,	 &	
Cleveland,	2009)	and	regulates	the	functioning	of	the	planet's	eco‐
systems	 (Bradford	 et	 al.,	 2017;	 Capek,	 Starke,	 Hofmockel,	 Bond‐
Lamberty,	&	Hess,	2019).	As	a	reservoir	of	soil	carbon	and	available	
nutrients,	 SMB	 affects	 the	 performance	 of	 plants	 (Vimal,	 Singh,	
Arora,	&	Singh,	2017;	Wardle	et	al.,	2004)	and	 is	used	as	an	 index	
of	soil	 fertility	and	ecosystem	productivity	 (Singh	&	Gupta,	2018).	
Soil	microorganisms	are	sensitive	to	environmental	change	(Bardgett	
&	Wardle,	2010),	and	changes	in	SMB	will	in	turn	affect	ecosystem	
functioning	 (Krashevska	 et	 al.,	 2008;	Whitaker	 et	 al.,	 2014;	Zhou,	
Clark,	Su,	&	Xiao,	2015).	Using	elevational	gradients	to	quantify	the	
relationship	 between	 temperature	 and	 SMB	will	 provide	 valuable	
insights	 into	 the	effects	of	climate	change	on	carbon	and	nutrient	
cycling	(Sundqvist,	Sanders,	&	Wardle,	2013;	Wardle	et	al.,	2004).

Our	understanding	of	the	causes	and	consequences	of	changes	
in	SMB	along	elevational	gradients	at	the	global	scale	is	limited	and	
based	on	conflicting	 results	 (Hendershot,	Read,	Henning,	Sanders,	
&	 Classen,	 2017;	 Sundqvist	 et	 al.,	 2013).	 Studies	 from	 tropical	
(Krashevska	et	al.,	2008;	Wagai,	Kitayama,	Satomura,	Fujinuma,	&	
Balser,	2011;	Whitaker	et	al.,	2014)	and	subtropical	regions	(Chang,	
Chen,	Tian,	&	Chiu,	2016;	Cheng	et	al.,	2013;	Lin	et	al.,	2015)	ob‐
served	that	SMB	increased	with	elevation	and	associated	decreases	
in	 temperature.	 Similarly,	 experiments	 in	 tropical	 rain	 forests	 re‐
vealed	 that	warming	 of	 suspended	 soils	 associated	with	 epiphytic	
ferns	 caused	 significant	decreases	 in	bacterial	 biomass	 (Donald	et	
al.,	 2017).	 Contrastingly,	 studies	 from	 temperate	 regions	 (Djukic,	
Zehetner,	Mentler,	 &	 Gerzabek,	 2010;	 Siles,	 Cajthaml,	Minerbi,	 &	
Margesin,	2016;	Zhang,	Liang,	He,	&	Zhang,	2013;	Zhou	et	al.,	2015),	
tundra	(Kotas,	Aantrůčková,	Elster,	&	Kaštovská,	2018;	Sundqvist	et	
al.,	2011;	Veen	et	al.,	2017)	and	the	Tibetan	Plateau	(Cui	et	al.,	2016;	
Lei,	Si,	Wang,	&	Zhang,	2017;	Xu	et	al.,	2014)	concluded	that	SMB	
either	decreased	with	elevation	or	exhibited	no	significant	 trends.	
These	inconsistent	results	from	different	parts	of	the	world	suggest	
that	the	relationship	between	SMB	and	elevation	varies	depending	
on regional climates.

Despite	the	inconsistencies	in	previous	studies,	elevational	gra‐
dients	 are	 useful	 for	 quantifying	 ecosystem	 responses	 to	 changes	
in	temperature	at	spatial	and	temporal	scales	beyond	those	of	con‐
ventional	ecological	experiments	 (Fukami	&	Wardle,	2005;	Körner,	
2007;	 Sundqvist	 et	 al.,	 2013).	 Using	 elevational	 patterns	 to	 un‐
derstand	 whole‐ecosystem	 effects	 of	 climate	 on	 the	 distribution,	
community	structure	and	biomass	of	organisms	could	enhance	our	
ability	 to	 predict	 the	 response	 of	 terrestrial	 ecosystems	 to	 global	
warming	 (Mayor	 et	 al.,	 2017;	 Sundqvist	 et	 al.,	 2013;	 Yuan	 et	 al.,	
2017).	Although	elevational	changes	in	community	composition	and	
biomass	have	been	studied	extensively	for	plants	(Sundqvist	et	al.,	
2013;	Wang	et	al.,	2014),	far	less	is	known	about	the	effects	of	el‐
evational	changes	on	belowground	communities	(Kotas	et	al.,	2018;	
Sundqvist	et	al.,	2013).

It	is	almost	a	universal	law	that	temperatures	decrease	with	in‐
creasing	elevation.	An	inconsistent	relationship	between	SMB,	tem‐
perature	and	elevation	 suggests	 that	 temperature	may	not	be	 the	
only	 factor	determining	 shifts	 in	 SMB	along	elevational	 gradients.	
However,	elevation	is	also	associated	with	changes	in	precipitation,	
soil	 physical	 and	 chemical	 properties,	 and	 vegetation	 productivity	
and	 type	 (Körner,	2007;	 Sundqvist	 et	 al.,	 2013).	Any	one	of	 these	
factors	could	drive	changes	in	SMB	along	elevational	gradients.	For	
example,	in	studies	encompassing	a	range	of	biomes,	SMB	was	most	
strongly	correlated	with	soil	organic	carbon	(SOC)	and	total	nitrogen	
(TN)	concentrations	(Fierer	et	al.,	2009;	Wardle,	1992).	At	regional	
and	local	scales,	SMB	has	been	associated	with	soil	pH	(Aciego	Pietri	
&	Brookes,	2009;	Rousk,	Brookes,	&	Bååth,	2010;	Wagai	et	al.,	2011),	
and	 precipitation	 (Bachar	 et	 al.,	 2010;	 Drenovsky,	 Steenwerth,	
Jackson,	&	Scow,	2010;	Ren	et	al.,	2018).	Which	of	these	environ‐
mental	factors	could	be	used	to	predict	elevational	increases	or	de‐
creases	in	SMB	at	the	global	scale	remains	unknown.

We	therefore	conducted	a	global	meta‐analysis	of	the	relation‐
ships	between	SMB	and	a	range	of	abiotic	factors	associated	with	
elevation.	Our	hypotheses	are	that:	(a)	low	temperatures	associated	
with	higher	elevations	will	have	a	significant	positive	effect	on	SMB	
in	warmer	climates	such	as	the	tropics	and	subtropics;	and	(b)	carbon	
and	nitrogen	 levels	 in	 soils,	 also	 associated	with	 elevation,	will	 be	
positively	correlated	with	SMB.
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2  | METHODS

2.1 | Literature search, selection criteria and data 
acquisition

We	searched	the	Web	of	Science	and	Google	Scholar	databases	on	
13	April	2018	using	the	combined	keywords	“elevation”	or	“altitud*”	
and	 “soil	microbial	biomass”.	We	expanded	 the	 literature	search	by	
examining	 the	 references	 cited	 in	 all	 relevant	 studies.	We	 did	 not	
include	data	 from	textbooks	or	grey	 literature	 (theses,	annuals	and	
meetings)	 in	 our	 search.	 To	maximize	 our	 sample	 size	we	 included	
studies	that	determined	microbial	biomass	in	either	of	the	following	
two	ways:	 total	amounts	of	phospholipid	 fatty	acids	 in	soil	 (PLFAs,	
n	mol/g	soil)	(Frostegård	&	Bååth,	1996),	or	soil	microbial	biomass	car‐
bon	concentration	(mg/kg)	measured	via	the	chloroform	fumigation–
extraction	(CFE)	technique	(Joergensen,	1996).	These	two	methods	
are	commonly	used	to	measure	SMB	and	their	results	are	well	cor‐
related	(Leckie,	Prescott,	Grayston,	Neufeld,	&	Mohn,	2004).	Because	
these	measurements	use	different	units,	the	most	appropriate	statis‐
tical	analysis	was	a	random‐effects	meta‐analysis	with	mixed	effects	
meta‐regression	models.	In	this	analysis	the	effect	sizes	are	unitless,	
allowing	us	to	compare	two	different	experimental	methods.

The	following	criteria	were	used	to	determine	which	studies	to	
include	in	our	meta‐analysis:	

1.	 We	 included	 studies	 conducted	 in	 natural	 ecosystems	 (i.e.,	
excluding	 data	 from	 agricultural	 croplands).	

2.	 We	used	data	from	the	top	soil	(0–10	cm);	we	did	not	include	es‐
timates	from	litter	layers	because	drivers	of	microbial	biomass	in	
litter	are	presumably	different	from	those	in	soil	(Serna‐Chavez,	
Fierer,	&	van	Bodegom,	2013).	If	a	study	reported	data	for	0–5	cm	
and	5–10	cm,	we	used	the	arithmetic	average	of	the	two	layers.

3.	 Where	microbial	 biomass	 at	 the	 same	 elevational	 transect	was	
estimated	 more	 than	 once	 per	 year,	 we	 included	 one	 summer	
sample	because	this	season	was	most	commonly	sampled.	We	in‐
troduced	“time	of	sampling”	as	a	variable	in	the	analysis	to	reduce	
variation	due	to	sampling	season.	

4.	 We	excluded	the	 four	elevational	 transects	 that	contained	only	
two	sampling	sites	because	the	sample	size	was	insufficient	to	de‐
termine	correlation	coefficients.

5.	 Three	 studies	 (Bragazza,	 Bardgett,	 Mitchell,	 &	 Buttler,	 2015;	
Chang	et	al.,	2016;	Zhou	et	al.,	2015)	used	both	methods	of	meas‐
uring	SMB.	As	expected,	 the	 results	 from	PLFAs	and	CFE	were	
strongly	correlated	in	these	studies.	To	avoid	pseudo‐replication,	
we	therefore	included	only	the	PLFA	method	in	these	three	eleva‐
tional	transects.	Qualitatively	similar	results	were	obtained	from	
both	PLFA	and	CFE	methods	(see	Supporting	Information	Figure	
S1	in	Appendix	S2).	

Following	these	criteria,	we	obtained	data	on	73	elevational	transects	
(362	observations	 in	total)	 from	59	studies	 in	our	meta‐analysis	 (see	
Figure	1	and	Supporting	Information	Appendix	S1).	Data	sources	are	
listed	in	Supporting	Information	Appendix	S1.	We	recorded	the	SMB	
data,	corresponding	elevation,	and	the	sample	size	from	each	study	by	
extracting	data	directly	from	the	text,	tables	or	digitized	figures.

We	recorded	mean	annual	air	temperature	(MAT),	mean	annual	
precipitation	(MAP),	SOC	concentration,	soil	TN	concentration,	SOC	
to	TN	ratios	(C	:	N)	and	soil	pH	along	each	transect	at	each	eleva‐
tion.	If	climate	data	were	absent	from	the	source	paper,	we	used	the 
extract	function	in	the	“raster”	package	(v.	2.6‐7;	Hijmans,	2017)	in	R	
(v.	3.4.4;	R	Core	Team,	2018)	to	extract	MAT	and	MAP	from	the	rele‐
vant	latitude	and	longitude	of	the	global	climate	layers	of	WorldClim	
(1 km2	spatial	resolution;	http://www.world	clim.org/).

F I G U R E  1  Distribution	of	elevational	gradients	reviewed	in	the	current	meta‐analysis.	Elevational	gradients	belonging	to	different	
climate	zones	are	presented	in	different	colours.	Red	points,	orange	points,	cyan	points,	blue	points	and	black	points	represent	elevational	
gradients	from	“tropics”,	“subtropics”,	“temperate”,	“needleleaf	deciduous	forest	and	tundra	woodland”	and	“tundra,	highland	steppe”,	
respectively.	Some	sites	are	so	close	to	each	other	that	they	overlap	on	the	map.	The	base	map	is	the	global	mean	annual	temperature	
(http://www.world	clim.org/)

http://www.worldclim.org/
http://www.worldclim.org/
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2.2 | Statistical analysis

Our	 analysis	 consisted	 of	 three	 separate	 steps:	 random‐effects	
meta‐analysis,	mixed	effects	meta‐regression	models	and	a	series	of	
univariate	linear	regression	models.	We	ran	both	the	multilevel	mixed	
effects	 meta‐analyses	 and	 the	 meta‐regression	 models	 using	 the	
rma.mv	function	in	the	R	package	“metaphor”	(v.	2.0‐0;	Viechtbauer,	
2010).	We	used	“~	Transect	ID|	Study”	as	a	nested	random	factor	to	
account	for	the	fact	that	some	elevational	transects	resulted	from	
the	same	study	(see	Supporting	Information	Appendix	S1	for	details).

2.3 | Global relationships between elevation and 
soil microbial biomass

We	used	multilevel	random‐effects	meta‐analysis	to	quantify	the	ef‐
fects	of	elevation	on	SMB	at	the	global	scale	and	Pearson	correlation	
coefficients	(r)	to	quantify	the	effect	size	of	elevation	on	SMB	within	
each	elevational	transect.	Positive	effect	sizes	reveal	increasing	SMB	
with	elevation,	while	negative	effect	sizes	reveal	decreasing	SMB	with	
elevation.	 Most	 importantly,	 the	 correlation	 coefficient	 is	 unitless;	
data	from	PLFAs	and	CFE	could	therefore	be	compared	directly.	Effect	
sizes	were	calculated	by	z‐transforming	the	Pearson	correlation	coef‐
ficients,	which	were	weighted	by	their	sample	size.	We	assessed	total	
heterogeneity	of	effect	sizes	using	the	Q statistic (Qt)	in	a	random‐ef‐
fect	model.	Where	Qt	values	were	significant,	variance	between	stud‐
ies	was	greater	than	expected	from	sampling	error	alone,	in	which	case	
moderators	were	used	to	partition	the	variance	(Scheiner	&	Gurevitch,	
2001).	Publication	bias	was	assessed	using	a	regression	test	for	funnel	
plot	 asymmetry	 (Egger,	 Smith,	 Schneider,	&	Minder,	1997).	We	also	
calculated	Rosenberg's	fail‐safe	numbers	to	assess	the	robustness	of	
our	results	to	publication	bias	(Rosenthal	&	Rosnow,	1991).

2.4 | Variability in the effect size of elevation on soil 
microbial biomass and environmental factors

We	used	mixed‐effects	meta‐regression	models	with	climate	zone	
as	a	moderator	to	test	whether	the	effect	size	of	elevation	on	SMB	
differed	between	climate	zones.	Data	were	aggregated	into	five	cli‐
mate	zones	according	to	the	Köppen–Trewartha	climate	classifica‐
tion	(Baker,	Diaz,	Hargrove,	&	Hoffman,	2010;	Figure	1):	“tropics”:	
T cold	>	18	°C;	“subtropics”:	8–12	months	with	T	>	10	°C;	“temper‐
ate”:	4–7	months	with	T	>	10	°C;	“needleleaf	deciduous	forest	and	
tundra	woodland”:	1–3	months	with	T	>	10	°C;	“tundra,	highland	
steppe”:	T warm	<	10	°C.	T	denotes	mean	annual	temperature	(°C),	T 

cold (T warm)	stands	for	monthly	mean	air	temperature	of	the	coldest	
(warmest)	month.	No	site	was	categorized	into	dry	climate	in	our	
dataset.	As	above,	climate	zone	was	used	as	a	categorical	modera‐
tor	 in	 the	meta‐regression	model,	which	we	 ran	without	 the	 in‐
tercept	to	obtain	the	parameter	estimates	(i.e.,	mean	effect	sizes)	
for	each	climate	zone.	Climate	zone	was	then	used	as	a	moderator	
in	the	meta‐regression	models	to	calculate	the	effect	sizes	of	el‐
evation	on	the	environmental	 factors	 (i.e.,	MAP,	SOC,	TN,	C	 :	N,	
soil	 pH).We	 excluded	MAT	 from	 this	 analysis	 because	 tempera‐
ture	decreases	universally	with	elevation.	 In	these	mixed‐effects	

meta‐regression	models,	 the	 amount	of	heterogeneity	explained	
by	the	moderator	is	also	measured	using	Q	statistic	(Qm).	A	signifi‐
cant	Qm	value	indicates	that	a	significant	proportion	of	the	total	
heterogeneity	among	studies	can	be	explained	by	the	moderator	
(Scheiner	&	Gurevitch,	2001).	

2.5 | Relationships between SMB and 
environmental factors

To	establish	whether	global	relationships	existed	between	environ‐
mental	factors,	elevation	and	SMB,	we	fit	a	series	of	univariate	lin‐
ear	regression	models	with	SOC,	TN,	C	:	N,	soil	pH,	MAT	and	MAP.	
Because	our	response	variable	for	changing	SMB	with	elevation	was	
calculated as r	 (Pearson	correlation	coefficient),	we	also	calculated	
the Pearson r	 for	 the	 relationships	 between	 elevation	 and	 the	 six	
environmental	 factors.	We	were	 then	able	 to	use	 these	 factors	as	
explanatory	variables	 in	a	regression	model	 (Zhang,	Chen,	&	Ruan,	
2018).	Effect	size	of	elevation	on	these	environmental	factors	was	
calculated by z‐transforming	 the	 Pearson	 correlation	 coefficients	
between	 elevation	 and	 environmental	 factors.	We	 omitted	 those	
elevational	 transects	with	missing	values	 in	any	one	of	 the	six	en‐
vironmental	 factors,	 which	 reduced	 the	 dataset	 to	 47	 elevational	
transects	 from	 41	 studies.	 Having	 observed	 contrasting	 patterns	
between	elevation	and	SMB	in	warmer	(i.e.,	tropics	and	subtropics)	
and	colder	(i.e.,	temperate,	“needleleaf	deciduous	forest	and	tundra	
woodland”,	“tundra,	highland	steppe”)	climate	zones,	we	fit	the	envi‐
ronmental	factors	to	our	univariate	linear	regression	models	as	vari‐
ables	to	explain	the	elevational	trends	of	SMB	in	warmer	and	colder	
climate	zones.	Relevant	bivariate	relationships	between	these	vari‐
ables	are	presented	in	Supporting	Information	Appendix	S2	(Figures	
S2–S4).	We	performed	all	analyses	in	R	v.	3.4.4	(R	Core	Team,	2018).

3  | RESULTS

SMB	 did	 not	 exhibit	 significant	 elevational	 patterns	 at	 the	 global	
scale.	 Meta‐analysis	 of	 73	 elevational	 transects	 from	 59	 studies	
around	the	world	indicated	that	the	overall	weighted	effect	size	of	
elevation	on	SMB	was	not	significantly	different	from	zero	(z	=	1.809,	
p	>	 .05;	Figure	2a).	We	found	no	publication	bias	in	the	regression	
test	for	funnel	plot	asymmetry	(z	=	−0.700,	p	>	.05).	The	Rosenthal's	
fail‐safe	number	(N	=	732,547)	was	also	greater	than	5n + 10 (n	=	73),	
indicating	 that	our	 results	were	unlikely	 to	have	been	affected	by	
non‐significant,	unpublished	studies.

However,	the	test	for	heterogeneity	was	significant	[Qt (df	=	72)	=	
876,154,	p	 <	 .001],	 indicating	 that	 variation	 in	 effect	 size	 could	be	
explained	using	moderators.	As	a	moderator,	climate	zone	explained	
a	significant	amount	of	the	variance	in	effect	size	between	elevational	
transects	[QM (df	=	5)	=	22.08,	p	<	.001].	SMB	increased	with	elevation	
in	warmer	zones	 (i.e.,	 tropics	and	subtropics;	Figure	2b,	Supporting	
Information	Figure	S1	and	Table	S1).	However,	 in	colder	zones	 (i.e.,	
temperate,	“needleleaf	deciduous	forest	and	tundra	woodland”	and	
“tundra,	highland	steppe”)	SMB	exhibited	no	statistically	significant	
trends	(Figure	2b,	Supporting	Information	Figure	S1	and	Table	S1).
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As	 with	 SMB,	 both	 SOC	 and	 TN	 (Figure	 3a,b,	 Supporting	
Information	 Tables	 S2	 and	 S3)	 and	 the	C	 :	N	 ratio	 (Figure	 3c	 and	
Supporting	 Information	 Table	 S4)	 were	 significantly	 positively	 as‐
sociated	with	elevation	in	the	tropics	and	the	subtropics,	but	unaf‐
fected	by	elevation	 in	the	cold	zones.	Soil	pH	exhibited	significant	
negative	associations	with	elevation	 in	 the	 temperate	 zones	while	
being	unaffected	by	elevation	in	other	climate	zones	(Figure	3d	and	
Supporting	Information	Table	S5).	MAP	was	unaffected	by	elevation	
in	any	of	 the	climate	zones	 (Figure	3e	and	Supporting	 Information	
Table	S6).

A	series	of	univariate	linear	regression	models,	incorporating	47	
elevational	transects	from	41	studies,	revealed	that	the	effect	size	of	
elevation	on	SMB	was	significantly	and	positively	associated	with	the	
effect	sizes	of	elevation	on	SOC,	TN,	C	:	N,	pH	and	MAP	at	the	global	
scale	(Table	1).	However,	no	significant	associations	were	found	be‐
tween	the	effect	size	of	elevation	on	MAT	and	SMB	(Table	1).	Within	
the	significant	moderators,	SOC	and	TN's	effect	sizes	explained	far	

more	of	the	variation	in	effect	size	globally	than	soil	C	:	N	ratios,	pH	
and	MAP	(Table	1).	The	close	relationship	between	these	environ‐
mental	factors	resulted	in	strong	positive	correlations	between	SOC	
and	TN	concentrations	(Supporting	Information	Figure	S3).

Univariate	 linear	regression	analyses	showed	that	SOC	and	TN	
correlated	most	strongly	with	SMB	in	both	the	warm	and	the	cold	
climate	zones	(Table	1).	In	warm	zones,	significant	positive	correla‐
tions	described	the	effect	of	elevation	on	soil	C	:	N	ratios	and	SMB	
(Table	1).	 In	cold	zones,	significant	negative	correlations	described	
the	effect	of	elevation	on	soil	pH	and	SMB	(Table	1),	whereas	signif‐
icant	positive	correlations	described	the	effect	of	elevation	on	MAP	
and	SMB	(Table	1).	Significant	correlations	described	the	effect	of	
elevation	on	MAT	and	SMB	in	both	climatic	zones,	being	negative	in	
warm	zones	and	positive	in	cold	zones	(Table	1).

4  | DISCUSSION

We	looked	for	global	patterns	 in	SMB	at	different	elevations	 in	an	
attempt	to	understand	how	global	environmental	change	will	impact	
the	microbial	processes	of	the	world's	different	climatic	regions.	We	
found	only	marginally	significant	correlations	between	elevation	and	
SMB	at	the	global	scale.	This	result	concurs	with	a	previous	global	
meta‐analysis	(Hendershot	et	al.,	2017),	which	did	not	find	a	consist‐
ent	relationship	between	soil	microbial	abundance	and	temperature	
gradients	at	the	global	scale.	However,	by	separating	sites	based	on	
climate	zones,	we	found	support	for	our	first	hypothesis	in	that	SMB	
increased	significantly	with	elevation	in	the	tropics	and	the	subtrop‐
ics.	Given	the	link	between	SMB	and	ecosystem	function	(Bradford	
et	al.,	2017;	Capek	et	al.,	2019),	our	results	suggest	that	the	effects	
of	global	warming	will	be	particularly	severe	in	the	tropics,	impact‐
ing	soil	chemistry	(Bradford	et	al.,	2017;	Vimal	et	al.,	2017)	and	soil	
microbial	respiration	(Bradford	et	al.,	2019).

Natural	elevational	gradients	provide	 information	on	 long‐term	
responses	 across	 centuries	 to	 millennia	 (Fukami	 &	Wardle,	 2005;	
Yuan	 et	 al.,	 2017).	 Manipulative	 experiments	 may	 better	 reflect	
the	 inherent	 complexity	 of	 plant–soil–microbe	 interactions.	While	
some	manipulative	experiments	reveal	variable	responses	of	SMB	to	
warming	(Pold,	Grandy,	Melillo,	&	Deangelis,	2017;	Xu	&	Yuan,	2017),	
short‐term	warming	has	been	shown	to	reduce	SMB,	particularly	in	
colder	 and	 drier	 climates	 (Blankinship,	 Niklaus,	 &	 Hungate,	 2011;	
Crowther	et	al.,	2016).	Other	short‐term	experiments,	on	suspended	
soils	in	tropical	rain	forests,	confirm	that	warming	reduces	bacterial	
biomass	(Donald	et	al.,	2017).

Although	 elevational	 patterns	 of	 SMB	 varied	 across	 climate	
zones,	SMB	showed	a	consistent	positive	relationship	with	SOC	at	
the	global	scale	irrespective	of	warmer	or	colder	climates	(Table	1).	
This	finding	is	in	agreement	with	previous	studies,	in	which	a	pos‐
itive	correlation	between	SMB	and	SOC	was	found	at	the	regional	
(Hu	et	al.,	2014)	and	global	(Cleveland	&	Liptzin,	2007;	Fierer	et	al.,	
2009;	Xu,	Thornton,	&	Post,	2013)	scales.	Although	microbial	bio‐
mass	constitutes	only	1–5%	of	SOC,	microbial	necromass	makes	up	
50–80%	of	SOC	(Cotrufo	et	al.,	2015;	Cotrufo,	Wallenstein,	Boot,	

F I G U R E  2  Effect	size	of	elevation	on	soil	microbial	biomass	
(SMB)	based	on	Pearson	correlation	coefficients.	(a)	Effect	sizes	
from	73	individual	elevational	gradients.	Black	points	and	grey	
lines	represent	effect	sizes	with	95%	confidence	intervals	(CIs).	The	
symbol	in	red	indicates	the	overall	weighted	mean	effect	size	and	
its	95%	CI.	(b)	Effect	size	of	elevation	on	SMB	at	the	climate	zone	
level.	Numbers	in	parentheses	indicate	the	number	of	elevational	
gradients	included	in	the	corresponding	climate	zone.	NDFTW	=	
needleleaf	deciduous	forest	and	tundra	woodland;	THAS	=	tundra,	
highland	steppe
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Denef,	&	Paul,	2013;	Lehmann	&	Kleber,	2015).	SOC	is	an	important	
substrate	for	soil	microbes,	meaning	that	a	soil	with	low	organic	mat‐
ter	usually	has	lower	microbial	biomass	(Camenzind,	Hättenschwiler,	
Treseder,	 Lehmann,	&	Rillig,	 2018;	Chen,	 Li,	 Xiao,	&	Wang,	 2018;	
Traoré	et	al.,	2016;	Wardle,	1992).	SOC	is	therefore	both	a	substrate	
for	and	a	product	of	microbial	activity	(Kitayama	&	Aiba,	2002;	Paul,	

2016;	Tashi,	 Singh,	Keitel,	&	Adams,	2016).	 Indeed,	 SOC	provides	
an	 integrated	measure	of	 the	biotic	 and	 abiotic	 factors	 regulating	
the	 size	 of	 the	 SMB	 (Fierer	 et	 al.,	 2009).	While	 we	 cannot	 solve	
the	causal	relationship	between	SMB	and	SOC,	our	results	clearly	
demonstrate	that	SOC	is	a	good	predictor	for	elevational	patterns	
of	SMB	globally.

F I G U R E  3  Effect	size	of	elevation	on	environmental	factors	at	the	climate	zone	level.	Effect	size	was	quantified	using	Pearson	correlation	
coefficients.	The	effect	size	of	elevation	on	(a)	soil	organic	carbon	(SOC),	(b)	total	nitrogen	(TN),	(c)	soil	C	:	N,	(d)	soil	pH	and	(e)	mean	annual	
precipitation	(MAP).	Numbers	in	parentheses	indicate	the	number	of	elevational	gradients	included	in	the	corresponding	climate	zones.	
Abbreviations as in Figure 2
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The	contrasting	responses	of	SMB	to	elevation	 in	different	cli‐
mate	 zones	 can	 probably	 be	 explained	 by	 several	 reasons.	 Firstly,	
the	 direct	 effect	 of	 temperature	 on	 the	 SMB	may	 differ	 between	
climate	 zones.	Our	 results	 showed	 that	 SMB	 increased	marginally	
with	MAT	in	cold	climate	zones	but	decreased	with	MAT	in	the	(sub)
tropical	zones.	This	result	was	consistent	with	a	recent	meta‐analysis	
that	found	a	unimodal	relationship	between	local	temperature	and	
death	rate	of	SMB	due	to	heat	damage	(Capek	et	al.,	2019).	Secondly,	
temperature	effects	on	primary	productivity	and	plant	community	
structure	may	differ	between	climate	zones	(Lange	et	al.,	2015).	For	
example,	 vegetation	 may	 change	 from	 birch	 woodland	 to	 tundra	
heath	with	increasing	elevation	in	the	Arctic,	whereas	lowland	rain	
forest	changes	to	montane	cloud	forest	in	the	tropics.	These	vege‐
tation	 transitions	may	have	different	 impacts	on	SMB	 in	different	
climate	zones.	Moreover,	the	higher	occurrence	of	tree	lines	at	high	
elevation	in	the	colder	climates	(Zhou	et	al.,	2016)	may	dramatically	
reduce	plant	litter	input	and	thus	affect	SOC	and	SMB	(Mayor	et	al.,	
2017;	Zhou	et	al.,	2016).	Thirdly,	soils	in	the	lowland	(sub)tropics	can	
be	 highly	weathered	 and	 depleted	 in	 phosphorus,	which	 can	 limit	
primary	 productivity	 and	 soil	microbial	 growth,	 and	 constrain	 the	
accumulation	of	organic	C	in	soil	(Nottingham	et	al.,	2015;	Vitousek,	
Porder,	Houlton,	&	Chadwick,	2010).	Phosphorus	limitation	on	SMB	
may	decrease	with	increasing	elevation	in	the	tropics	and	subtropics,	

associated	with	 a	 reduction	of	 rock	weathering	 (Camenzind	et	 al.,	
2018;	Liu,	Gundersen,	Zhang,	&	Mo,	2012;	Whitaker	et	al.,	2014).	
Finally,	elevational	patterns	of	SMB	in	colder	climates	can	be	com‐
plicated	by	the	occurrence	of	freeze–thaw	cycles	(Gao	et	al.,	2018),	
snow	melt	(Flerchinger,	Fellows,	Seyfried,	Clark,	&	Lohse,	2019)	and	
microbial	dormancy	(Salazar,	Sulman,	&	Dukes,	2018).

The	inconsistent	relationship	between	SMB	and	MAP	between	
climate	zones	is	consistent	with	the	results	of	a	recent	meta‐analysis	
(Ren	et	al.,	2018),	suggesting	that	temperature	and	precipitation	may	
interplay	on	SMB.	Soil	pH	and	C	 :	N	 ratio	have	been	 identified	as	
the	key	ecosystem	properties	controlling	SMB	at	local	and	regional	
scales	(Aciego	Pietri	&	Brookes,	2009;	Manzoni,	Jackson,	Trofymow,	
&	 Porporato,	 2008;	Manzoni,	 Taylor,	 Richter,	 Porporato,	 &	Ågren,	
2012;	Rousk,	Bååth,	et	al.,	2010;	Sinsabaugh,	Manzoni,	Moorhead,	
&	Richter,	2013).	In	the	current	study	these	two	soil	properties	were	
significantly	but	weakly	(R 2	<	0.10)	linked	to	SMB	along	global	ele‐
vational	gradients.	These	results	suggest	that	neither	soil	C	:	N	ratio	
nor	soil	pH	was	the	dominant	factor	controlling	the	elevational	pat‐
tern	of	SMB,	or	at	least	less	important	than	SOC	and	TN.

Note	that	SMB	can	also	be	affected	by	microbial	properties	such	
as	 maintenance	 energy	 demand,	 biochemical	 efficiency,	 microbial	
turnover	and	C	use	efficiency	(Cotrufo	et	al.,	2013;	Kallenbach,	Frey,	
&	Grandy,	2016;	Kallenbach,	Grandy,	Frey,	&	Diefendorf,	2015).	How	
these	microbial	properties	can	be	affected	by	the	change	in	tempera‐
ture	along	an	elevational	gradient	remains	unknown	(Frey,	Lee,	Melillo,	
&	Six,	2013;	Hagerty	et	al.,	2014;	Li	et	al.,	2019).	Soil	particle	size	may	
affect	 SMB	 both	 directly	 via	 soil	 microbial	 turnover	 and	 indirectly	
via	 its	effects	on	SOC	and	other	edaphic	properties	(e.g.,	soil	water	
content;	Doetterl	et	al.,	2015;	Hemingway	et	al.,	2019).	Nevertheless,	
few	measurements	of	soil	particle	size	were	available	in	our	compiled	
datasets,	which	prevents	a	quantitative	assessment	of	 its	effect	on	
SMB.	These	unknowns	need	to	be	addressed	in	future	studies.

5  | CONCLUSION

Understanding	 the	 responses	 of	 SMB	 to	 physico‐chemical	 condi‐
tions	associated	with	elevational	gradients	 is	critical	 for	predicting	
how	ecosystems	will	 respond	 to	 climate	 change	and	global	warm‐
ing.	We	found	that	SMB	increased	significantly	with	elevation	in	the	
tropics	 and	 subtropics,	 but	 not	 in	 colder	 regions.	 The	 elevational	
change	in	SMB	was	closely	related	to	the	elevational	changes	in	SOC	
and	 TN	 in	 all	 climate	 zones.	 Given	 that	 elevational	 gradients	may	
serve	as	a	proxy	for	impacts	of	climate	change,	our	study	illustrates	
that	the	effects	of	climate	change	on	SMB	and	ecosystem	function‐
ing	may	differ	between	climate	zones,	with	increased	severity	in	the	
(sub)tropics.	A	future	challenge	will	be	to	quantify	drivers,	such	as	
shifts	in	physico‐chemical	conditions,	underlying	these	different	re‐
sponses	of	SMB	to	elevation.
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