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Abstract
For	 community	 ecologists,	 “neutral	 or	 not?”	 is	 a	 fundamental	 question,	 and	 thus,	
rejecting	neutrality	 is	an	 important	 first	step	before	 investigating	 the	deterministic	
processes	underlying	community	dynamics.	Hubbell's	neutral	model	is	an	important	
contribution	to	the	exploration	of	community	dynamics,	both	technically	and	philo-
sophically.	However,	the	neutrality	tests	for	this	model	are	 limited	by	a	 lack	of	sta-
tistical	power,	partly	because	 the	zero-	sum	assumption	of	 the	model	 is	unrealistic.	
In	this	study,	we	developed	a	neutrality	test	for	local	communities	that	implements	
non-	zero-	sum	community	dynamics	and	determines	the	number	of	new	species	(Nsp)	
between	observations.	For	 the	non-	zero-	sum	neutrality	 test,	 the	model	distributed	
the	expected	Nsp,	as	calculated	by	extensive	simulations,	which	allowed	us	to	investi-
gate	the	neutrality	of	the	observed	community	by	comparing	the	observed	Nsp with 
distributions	of	the	expected	Nsp	derived	from	the	simulations.	For	this	comparison,	
we	developed	a	new	“non-	zero-	sum	Nsp	test,”	which	we	validated	by	running	multiple	
neutral	simulations	using	different	parameter	settings.	We	found	that	the	non-	zero-	
sum	Nsp	test	rejected	neutrality	at	a	near-	significance	level,	which	justified	the	validity	
of	our	approach.	For	an	empirical	test,	the	non-	zero-	sum	Nsp test was applied to real 
tropical	 tree	 communities	 in	 Panama	 and	Malaysia.	 The	 non-	zero-	sum	Nsp test re-
jected	neutrality	in	both	communities	when	the	observation	interval	was	long	and	Nsp 
was	large.	Hence,	the	non-	zero-	sum	Nsp	test	is	an	effective	way	to	examine	neutral-
ity	and	has	reasonable	statistical	power	to	reject	the	neutral	model,	especially	when	
the	observed	Nsp	 is	 large.	This	unique	and	simple	approach	is	statistically	powerful,	
even	though	it	only	employs	two	temporal	sequences	of	community	data.	Thus,	this	
test	can	be	easily	applied	to	existing	datasets.	In	addition,	application	of	the	test	will	
provide	significant	benefits	for	detecting	changing	biodiversity	under	climate	change	
and	anthropogenic	disturbance.

K E Y W O R D S
Barro	Colorado	Island,	immigration,	local	birth	rate	per	death,	neutral	model,	number	of	new	
species,	Pasoh

http://www.ecolevol.org
mailto:
https://orcid.org/0000-0002-8402-7854
https://orcid.org/0000-0001-7662-036X
https://orcid.org/0000-0001-6375-9231
http://creativecommons.org/licenses/by/4.0/
mailto:takeuchi.yayoi@nies.go.jp


2 of 11  |     TAKEUCHI ET Al.

1  |  INTRODUC TION

The	concept	of	“neutrality,”	which	indicates	the	principles	of	demo-
graphically	equivalent	individuals,	has	been	applied	in	a	wide	range	
of	fields,	including	ecology,	genetics,	economics,	and	sociology.	This	
concept	 has	 made	 significant	 contributions	 to	 progress	 in	 every	
field,	 both	 philosophically	 and	 technically.	 For	 example,	 in	 com-
munity	 ecology,	 intensive	 arguments	 over	 neutrality	 were	 ignited	
by	 when	 he	 introduced	 his	 explicit	 neutral	 model	 (Hubbell	 2001)	
20	years	ago.	Before	Hubbell's	neutral	model	appeared,	several	pure	
statistical	 (neutral)	models,	 such	as	broken-	stick,	 log-	normal,	 loga-
rithmic,	and	geometric	series,	were	commonly	used	as	an	alternative	
or	null	model	 to	examine	 the	deterministic	 processes	 that	 shaped	
biological	 community	 structure.	 Generally,	 deterministic	 models	
provided	 better	 explanatory	 power	 than	 these	 statistical	 neutral	
models.	 However,	 Hubbell's	 neutral	 model	 has	 exhibited	 a	 good	
fit	 to	 several	 natural	 communities	 [e.g.,	 tropical	 forests	 (Etienne,	
2005;	Volkov	et	al.,	2005),	fishes	(Etienne	&	Olff,	2005),	and	birds	
(He,	 2005)].	 These	 discrepancies	 aroused	 ecologists'	 interest	 and	
Hubbell's	neutral	model,	as	well	as	alternative	deterministic	models	
(Chesson,	2000;	Tilman,	1982;	Tokeshi,	1990,	1992)		have	been	in-
tensively	studied,	theoretically	and	empirically.

One	of	the	significant	technical	merits	of	Hubbell's	neutral	model	
is	its	simple	form	of	community	dynamics,	with	few	parameters	and	
simple	 assumptions;	 it	 enables	 us	 to	 provide	 plausible	 predictions	
of	spatiotemporal	patterns	in	species	diversity.	Thus,	Hubbell's	neu-
tral	model	is	considered	an	“efficient	theory,”	which	entails	few	as-
sumptions	and	free	parameters	under	the	“first	principle”	(Marquet	
et	al.,	2014).	However,	despite	long-	term	debate,	there	is	currently	
no	 consensus	on	 the	 role	 of	Hubbell's	 neutral	model.	 This	 lack	of	
clarity	is	partly	because	the	application	of	Hubbell's	neutral	model	
covers	 a	wide	 range	 of	 purposes	 and	 interpretations	 (Adler	 et	 al.,	
2007;	Gotelli	 &	McGill,	 2006),	which	were	 derived	 from	different	
philosophical	 backgrounds	 (Munoz	 &	 Huneman,	 2016;	Wennekes	
et	 al.,	 2012).	A	 recent	 study	by	 Leroi	 et	 al.	 (2020)	 highlighted	 the	
analogy	of	the	history	of	neutral	models	in	various	fields;	“when	first	
introduced,	neutral	theory	has	always	been	accompanied	by	claims	
that	the	world	(or	some	aspect	of	it)	really	is	neutral.	Much	quarrel-
ing	ensues,	many	tests—	weak	at	first,	but	incrementally	increasing	in	
power—	are	offered,	a	truce	is	forged	as	the	theory	turns	into	a	null	
model	against	which	to	infer	selection	or	else	a	useful	modelling	tool.”	
In	this	sense,	community	ecology	is	on	its	way	to	the	last	phase;	we	
are	still	struggling	to	develop	the	framework	to	use	Hubbell's	neutral	
model	as	a	null	model,	or	even	a	neutral	 test	 for	 this	model,	even	
though	its	significant	role	as	a	null	model	(Adler	et	al.,	2007;	Alonso	
et	al.,	2006)	over	a	deterministic	model	has	often	been	emphasized.	
In	particular,	for	community	ecologists,	“neutral	or	not?”	is	a	funda-
mental	question	when	investigating	the	ecological	processes	under-
lying	community	dynamics.	Examining	neutrality	 is	a	basic	starting	
point	because	neutrality	must	be	 rejected	before	one	explores	al-
ternative	models	to	detect	the	essential	(non-	neutral)	processes	that	
form	community	 structure	and	composition.	However,	 because	of	
the	absence	of	effective	neutrality	tests	 (Takeuchi	&	Innan,	2015),	

community	ecology	has	not	 reached	 the	 last	phase	yet.	Thus,	 it	 is	
essential	to	develop	a	powerful	neutrality	test	for	Hubbell's	neutral	
model,	which	would	also	contribute	to	the	next	step,	that	is,	devel-
oping	 the	 framework	 to	use	 this	neutral	model	 as	 a	null	model	or	
exploring	alternative	deterministic	models.

Hubbell's	neutral	model	applies	three	 important	assumptions	of	
“neutrality.”	The	first	assumption	involves	demographic	equivalence	
among	species.	All	individuals	are	symmetrical,	either	ecologically	or	
functionally,	with	respect	to	demography;	in	other	words,	the	commu-
nity	has	no	interindividual	differences	regarding	the	level	of	fitness.	
The	second	assumption	involves	zero-	sum	dynamics	with	ecological	
drift.	The	size	of	the	community	in	Hubbell's	neutral	model	remains	
constant	over	 time,	 and	 the	composition	of	 the	 local	 community	 is	
determined	by	stochastic	extinction,	 local	birth,	 and	dispersal	 from	
the	nested	metacommunity	(i.e.,	ecological	drift).	The	third	assump-
tion	 involves	 random	 speciation.	 Species	 in	 a	 metacommunity	 are	
derived	from	a	point	mutation	process.	The	two	parameters	that	con-
cisely	summarize	the	model	are	the	fundamental	biodiversity	number,	
θ,	which	determines	the	species	diversity	of	the	metacommunity,	and	
the	immigration	rate,	m,	which	describes	the	migration	from	the	meta-
community	 to	 the	 local	community.	Fitting	Hubbell's	neutral	model	
has	been	criticized	because	the	flexibility	of	 the	two	parameters	of	
the	model	can	result	in	a	“false	good	fit”	of	the	species	abundance	dis-
tribution	(SAD)	(Adler	et	al.,	2007;	Bell,	2005;	Chave,	2004;	Chisholm	
&	Pacala,	2010;	McGill	et	al.,	2007;	Takeuchi	&	Innan,	2015).	This	can	
be	a	critical	problem	when	neutrality	tests	are	applied	to	SAD	data	
obtained	 from	one	community	at	one	point	 in	 time,	which	was	 the	
case	for	false	good	fits	in	almost	all	previous	studies.	In	such	cases,	the	
values	of	θ and m	were	estimated	from	the	observed	SAD	of	the	focal	
local	community	alone,	and	then,	its	neutrality	was	tested	using	the	
same	data	used	to	estimate	the	parameters	(see	Figure	1a),	thereby	
resulting	in	an	apparently	good	fit	to	the	neutral	model,	with	a	reduced	
capability	of	rejecting	neutrality	(Takeuchi	&	Innan,	2015).	Additional	
data,	such	as	temporal	sequence	data	for	SAD,	can	dramatically	im-
prove	the	statistical	power	because	those	data		can	compensate	for	
the	uncertainty	of	one-	time	data	used	for	parameter	estimation	and/
or	can	provide	independent	information	on	the	focal	community	dy-
namics	(Kalyuzhny	et	al.,	2014,	2015;	Washburne	et	al.,	2016).

The	second	and	third	assumptions	of	the	above-	described	neu-
trality	 model	 have	 been	 criticized	 for	 being	 unrealistic	 and	 naive	
(Rosindell	 et	 al.,	 2011,	 2012).	 These	 “auxiliary	 assumptions”	 of	
Hubbell's	 neutral	 model	 include	 constant	 local	 community	 size	 J 
(zero-	sum	dynamics)	and	speciation	by	point	mutation,	which	are	un-
related	to	the	neutrality	of	community	dynamics	but	would	cause	the	
model	to	fail	to	reject	neutrality	when	appropriate	(Rosindell	et	al.,	
2011).	Particularly,	 the	zero-	sum	assumption	applies	 the	dynamics	
that	as	one	individual	dies,	 it	 is	 immediately	replaced	with	another	
individual	through	birth	within	the	local	community	or	immigration	
from	the	metacommunity.	This	assumption	is	obviously	inconsistent	
with	 real	 communities	 because	 the	 zero-	sum	 feature	 of	 the	 local	
community	size	is	not	guaranteed	in	every	instance.	A	non-	zero-	sum	
community	results	in	an	inconstant	m	over	time,	which	also	violates	
the	assumptions	of	Hubbell's	neutral	model	(Etienne	et	al.,	2007).
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For	robust	“neutrality”	testing,	it	is	desirable	to	overcome	these	
limitations	of	producing	unrealistic	models.	As	for	overfitting	of	the	
model,	we	could	apply	additional	information	that	is	independent	of	
the	information	used	in	parameter	estimation.	For	example,	tempo-
ral	sequences	of	community	composition	have	been	used	to	examine	
deviations	from	the	expectations	set	by	Hubbell's	neutral	model.	The	
population	abundance	per	species	over	time	(Chisholm	et	al.,	2014;	
Jabot	&	Lohier,	2016;	Kalyuzhny	et	al.,	2015),	covariance	structure	
of	fluctuations	in	relative	population	abundance	(Washburne	et	al.,	
2016),	 and	 species	 composition	over	 time	 (Kalyuzhny	et	 al.,	 2015)	
have	been	considered,	although	those	models	require	an	additional	
parameter	to	explain	temporal	 fluctuations	 in	the	community,	 that	
is,	 temporal	 autocorrelation,	 time-	dependent	 fitness	 fluctuation,	
or	 species-	specific	 birth	 rate,	 which	 may	 differ	 from	 the	 neutral	

assumption.	 To	 overcome	 the	 problems	 associated	with	 the	 zero-	
sum	assumption,	we	could	simply	develop	a	non-	zero-	sum	model;	in	
fact,	such	models	were	developed	in	previous	studies	(Etienne	et	al.,	
2007;	Haegeman	&	Etienne,	2008;	O'Dwyer	&	Cornell,	2018).	The	
non-	zero-	sum	model	 is	a	 straightforward	extension	of	 the	original	
Hubbell's	neutral	model	that	adopts	the	zero-	sum	assumption.

Here,	we	propose	a	 simple	new	neutrality	 test	 that	uses	 com-
munity	 composition	 (SAD)	 and	 dynamic	 data	 obtained	 from	 a	
single	community	at	two	different	time	points	and	allows	for	a	non-	
zero-	sum	community	size.	For	each	pair	of	census	data	(D1 and D2,	
Figure	1a),	differences	in	species	composition	(ΔD)	were	calculated.	
In	particular,	we	focused	on	the	number	of	new	species	in	the	second	
census,	denoted	as	Nsp.	Here,	Nsp	is	defined	as	the	number	of	species	
that	were	observed	among	the	recruited	 individuals	after	 the	first	
but	before	the	second	census,	yet	were	not	seen	among	the	individ-
uals	that	survived	from	the	first	census	(Figure	1b).	We	incorporated	
datasets	that	record	individual	demographical	history,	such	as	forest	
plot	monitoring	data.

This concept allowed us to develop a new Nsp-	based	 statisti-
cal	 test	of	neutrality,	comparing	census	data	at	 two	different	time	
points.	Since	we	applied	non-	zero-	sum	dynamics,	this	test	was	called	
a	 “non-	zero-	sum	Nsp	 test.”	 To	 examine	 the	 test,	we	 estimated	 the	
parameters	 as	 follows.	 First,	 we	 used	 a	 fundamental	 biodiversity	
number,	θ,	which	represents	the	rate	of	speciation	in	the	metacom-
munity.	Second,	we	used	the	rate	of	immigration	to	the	local	com-
munity	per	 local	birth	per	 individual,	 I.	Here,	a	constant	migration	
rate,	m,	cannot	be	used	because	as	the	 local	community	grows	(or	
shrinks),	 the	 relative	 impact	 of	 immigration	 changes	 (see	 the	 rela-
tionship	between	I and m	shown	below).	Third,	we	used	R,	which	is	
the	intrinsic	growth	rate	of	the	local	community,	based	on	observed	
census	data	(Dt).	Contrary	to	the	zero-	sum	model,	the	non-	zero-	sum	
model	requires	estimation	of	the	additional	parameter,	R.	Moreover,	
because	of	the	absence	of	a	formula	that	gives	the	distribution	of	Nsp 
under	the	non-	zero-	sum	model,	extensive	simulations	are	required	
to	estimate	the	Nsp	distribution.	Our	test	was	designed	in	such	a	way	
that	 the	values	estimated	using	 the	 first	 census	 (D1)	were	used	 to	
test	the	difference	between	the	two	censuses	(ΔD),	as	illustrated	in	
Figure	1a.	This	testing	design	provides	a	partial	solution	to	the	prob-
lem	of	overfitting	to	Hubbell's	neutral	model.	Additionally,	we	con-
sidered	 a	 non-	zero-	sum	 community,	 which	 removes	 the	 “auxiliary	
assumption”	 of	 zero-	sum	 dynamics.	 The	 performance	 of	 the	 non-	
zero-	sum	Nsp	 test	was	 validated	by	 simulating	 communities	 under	
the	non-	zero-	sum	neutral	model.	We	found	that	the	non-	zero-	sum	
Nsp	test	performed	appropriately.	As	a	real-	world	test,	the	non-	zero-	
sum	Nsp	 test	was	applied	to	datasets	from	species-	diverse	tropical	
tree	communities	in	Panama	and	Malaysia.	These	datasets	are	long-	
term	monitoring	plots	that	are	commonly	used	for	model	testing	in	
community	ecology	and	are,	therefore,	appropriate	data	sources	for	
our	test.	Based	on	time	census	data,	the	non-	zero-	sum	Nsp test re-
jected	neutrality	in	both	communities,	which	was	contrary	to	former	
neutrality	tests	that	applied	data	from	a	single	point	in	time.

Our	testing	design	is	unique	and	simple	in	that	it	employs	only	
two	 temporal	 sequences	of	community	data	and	 focuses	on	Nsp 

F I G U R E  1 (a)	Commonly	used	SAD-	based	neutrality	tests	are	
based	on	a	single	census,	which	results	in	good	model	fit	due	to	
model	flexibility.	Our	new	test	is	based	on	two	censuses,	which	
partially	overcome	this	problem.	(b)	Schematic	overviews	of	
non-	zero-	sum	dynamics	in	a	local	community,	assuming	that	all	
individuals	in	a	local	community	are	distinguished	and	their	fates	
are	recorded.	At	D1,	there	are	seven	individuals	from	four	species.	
Between	the	first	and	second	census,	three	individuals	died	and	
four	individuals	from	three	species	survive.	Four	individuals	of	four	
different	species	are	newly	recruited	through	immigration	or	local	
birth.	Among	these	four,	two	individuals	(blue	and	red)	are	defined	
as	new	species.	Note	that	according	to	our	definition	of	“new”,	
explained	in	the	main	text,	the	blue	individual	in	the	second	census	
is	counted	as	“new”	even	though	a	blue	individual	was	observed	in	
the	first	census,	because	blue	individuals	were	not	observed	among	
the	survivors	from	the	first	census
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between	 the	 two	observations.	Observations	of	 community	dy-
namics	 are	 conducted	 in	many	 types	of	 ecosystems	and	 the	 re-
sulting	 data	 are	 also	 commonly	 available;	 thus,	 performing	 our	
test	using	existing	data	would	not	be	difficult.	The	test	developed	
here	 has	 substantial	 power	 to	 reject	 demographic	 neutrality	 in	
community	dynamics.	The	application	of	this	test	will	provide	sig-
nificant	benefits	for	community	ecology,	especially	for	detecting	
changing	 biodiversity	 under	 climate	 change	 and	 anthropogenic	
disturbance.

2  |  METHODS

2.1  |  Non- zero- sum neutral model

We	applied	a	non-	zero-	sum	model	of	neutral	community	developed	
by	 Etienne	 et	 al.	 (2007).	 The	model	 constructs	 two	 communities,	
which	are	a	 local	community	nested	within	a	metacommunity,	 the	
latter	of	which	is	assumed	to	be	a	large	community	where	speciation	
occurs.	We	mainly	focused	on	the	species	composition	of	the	local	
community.	Suppose	that	the	local	community	size	is	J. Our stochas-
tic	process	comprises	three	different	types	of	random	events	in	the	
local	community,	which	are	birth,	death,	and	immigration,	and	each	
rate is �J,	�J,	and	�,	 respectively.	 If	a	birth	event	occurs,	a	 random	
individual	 in	 the	 local	 community	 reproduces,	 which	 changes	 the	
local	community	size	from	J to J + 1.	If	a	death	event	occurs,	a	ran-
dom	individual	in	the	local	community	dies,	which	changes	the	local	
community	size	from	J to J − 1.	If	immigration	occurs,	a	random	in-
dividual	migrates	from	the	metacommunity,	which	changes	the	local	
community	size	from	J to J + 1.	A	fundamental	biodiversity	number	
is	assumed	to	be	�,	which	will	be	used	later.

Under	such	assumptions,	the	first	census	data	of	the	entire	local	
community	are	denoted	as	D1.	Assuming	that	the	local	community	size	
of	the	first	census	is	J1,	Haegeman	and	Etienne	(2008)	showed	that	
the	probability	distribution	of	the	composition	of	this	 local	commu-
nity	matches	the	one	calculated	by	assuming	that	a	zero-	sum	model	of	
the	local	community	size	is	fixed	to	J1,	for	which	the	explicit	likelihood	
function	was	 described	 by	 Etienne	 and	Alonso	 (2005)	 and	 Etienne	
(2007).	In	the	zero-	sum	model	by	Hubbell	(2001),	each	death	in	the	
local	 community	 is	 compensated	by	an	 immigration	or	a	 local	birth	
with	probabilities	m and 1 − m,	respectively.	In	terms	of	our	non-	zero-	
sum	model	parameters,	the	probability	of	immigration	m was the pro-
portion	of	immigrants	among	all	recruited	individuals,	thus	rewritten	
as m = �∕

{

� + �
(

J1 − 1
)}

,	so	we	have	the	following	equation,

where	 we	 introduced	 the	 parameter	 I: = �∕�	 [see	 Etienne	 et	 al.	
(2007)],	 which	 is	 immigration	 per	 local	 birth	 by	 a	 single	 individual.	
In	the	non-	zero-	sum	community	model,	 this	parameter	controls	the	
community	size.

After	 the	 first	 census,	 there	 are	 birth,	 death,	 and	 immigration	
events	 in	 the	 local	community	during	a	certain	time	 interval,	after	
which	a	second	census	is	conducted.	Data	from	the	second	census	
are	denoted	by	D2,	and	the	local	community	size	at	this	second	cen-
sus is annotated as J2. The J2	individuals	are	categorized	as	survivors	
and	new	 recruits.	 Survivors	 refer	 to	 those	who	 survived	between	
the	 two	 censuses,	 and	 the	number	 is	 represented	 as	 J1 − d.	Here,	
d	represents	the	number	of	individuals	that	died	between	the	cen-
suses	(“d”	for	“dead”).	Recruits	are	those	that	were	absent	in	the	first	
census	but	present	 in	 the	second	census.	Recruits	may	have	been	
produced	from	the	offspring	of	individuals	that	were	counted	in	the	
first	census,	migrants	between	the	two	censuses,	or	descendants	of	
those	migrants.	Here,	the	number	is	represented	by	r	(“r”	for	“new	
recruits”).	Hence,	we	have	the	following	equation:

We	 know	D1 and D2	 (and,	 therefore,	 J1 and J2)	 on	 the	 basis	 of	
actual	census	data.	It	is	also	assumed	that	we	know	which	individu-
als	in	the	second	census	are	survivors	from	the	first;	therefore,	we	
know d and r .	With	these	census	data,	we	invent	and	propose	a	new	
neutrality	test	for	examining	the	neutrality	of	community	processes.

2.2  |  Procedure of non- zero- sum neutrality test 
(Figure 2)

2.2.1  |  Step	1

For	the	estimation	of	two	parameters,	� and I ,	in	our	model,	we	use	
the	previous	zero-	sum-	community	model	and	apply	the	maximum-	
likelihood	 estimation	 (MLE)	method	 developed	 by	 Etienne	 (2007),	
which	is	applied	to	our	first	census	data,	D1.	The	MLEs,	�̂,	and	m̂ were 
obtained	using	 the	PARI/gp	program	 (http://pari.math.u-	borde	aux.
fr/),	which	 is	 a	widely	 used	 free	 computer	 algebra	 system.	 To	 es-
timate	 �̂ and m̂	 from	community	data,	we	used	 the	algorithm	pro-
vided	by	Etienne	 (2007).	Several	maxima	may	be	seen	 in	 the	MLE	
approach.	For	estimating	I ,	we	use	Equation	(1)	and	obtain

2.2.2  |  Step	2

Next,	as	we	consider	a	non-	zero-	sum	process,	we	estimate	R = �∕�,	
which	is	the	intrinsic	growth	rate	of	the	local	community,	by	relying	
on	a	deterministic	approximation.	Consider	a	continuous	time	model	
and	suppose	that	the	size	of	a	group	(called	the	“survivor	group”)	at	
time	�	is	given	by	X�. This group starts with X0 = J1	(which	is	the	first	
census)	and	monotonically	declines	at	a	rate	� as

(1)m =
I

I + J1 − 1
or equivalently, I = (J1 − 1)

m

1 − m
,

(2)J2 =
(

J1 − d
)

+ r.

(3)Î = (J1 − 1)
m̂

1 − m̂
.

(4)dX

d�
= − �X .

http://pari.math.u-bordeaux.fr/
http://pari.math.u-bordeaux.fr/
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and	ends	at	time	� = �∗	(the	second	census)	in	the	formula	X�∗ = J1 − d. 
The	 size	of	 another	group	 (called	 the	 “newly	 recruited”)	 at	 time	� is 
given	by	Y�. It starts with Y0 = 0 and changes according to

On	 the	 right-	hand	 side	of	Equation	 (5),	 the	 term	� (X + Y) rep-
resents	local	birth,	�Y	represents	local	death	among	newly	recruited	
individuals,	and	�	represents	immigration.	Solving	Equations	(4)	and	
(5)	 by	 using	 boundary	 conditions	 that	 are	 consistent	with	 the	 ob-
served	 census	 data,	 X0 = J1,	 X�∗ = J1 − d,	Y0 = 0,	 and	Y�∗ = r,	 while	
using Î = �∕� and R = �∕�,	 the	 following	equation	 is	obtained	with	
respect to R:

The	only	unknown	parameter	 in	Equation	(6)	 is	R. The solution 
to	Equation	(6)	with	respect	to	R	is	used	as	an	estimate	of	R,	which	
is written as R̂.

2.2.3  |  Step	3	(null	distribution	of	Nsp)

The	 absolute	 values	 of	 the	 three	 demographic	 parameters,	 �,	 �,	
and �,	 are	 relevant	only	 to	 the	speed	of	change,	and	 their	 relative	

values	are	required.	Thus,	we	can	set	� = 1	without	a	loss	of	general-
ity.	Given	the	three	parameter	estimates	obtained	in	Steps 1 and 2,	�̂,	

Î =
(

�̂∕�
)

,	and	R̂ =
(

�̂∕�
)

,	parameters	necessary	to	run	our	simula-

tions are set as

To	obtain	the	distribution	of	the	number	of	new	species	Nsp under 
the	null	hypothesis	that	the	community	is	neutral,	we	created	a	neu-
tral	 local	 community	 of	 size	 J1	 according	 to	 Etienne's	 algorithm	
(2005),	with	� = �̂ and m = Î∕

(

Î + J1 − 1
)

,	while	keeping	track	of	the	
origin	 of	 each	 individual	 that	 immigrated	 from	 a	metacommunity.	
The	local	community	was	then	updated	according	to	the	parameters	
in	Equation	(7)	and	the	procedure	explained	in	Step 1,	while	taking	
note	of	their	ancestral	lineages.	Whether	individuals	of	different	ori-
gin	in	migration	can	be	of	the	same	species	depends	on	the	magni-
tude	of	� = �̂.	When	d	out	of	J1	(where	J1	represents	the	number	of	
individuals	who	were	present	in	the	first	census)	die,	we	check	the	
current	 local	 community	 size.	 If	 the	 size	 is	 exactly	 equal	 to	 J2,	we	
adopt	this	simulation	and	record	the	number	of	new	species,	Nsp.	If	
the	local	community	size	is	not	exactly	equal	to	J2,	this	simulation	is	
abandoned.	 This	 rejection	 sampling	 procedure	 is	 repeated	 until	
there	are	a	predetermined	number	of	samples	of	Nsp,	which	is	used	as	
a	null	distribution	of	Nsp	(see	Supplementary	code).	Here,	we	deter-
mine	 the	 percentile	 of	 the	 distribution	 (e.g.,	 2.5%,	 97.5%)	 for	 a	

(5)dY

d�
= � (X + Y) − �Y + �.

(6)

(

J1 +
Î

1 −
1

R

){

(

J1−d

J1

)1−R

− 1

}

= r − d.

(7)� = 1, � = 1∕R̂, � = Î, and � = �̂.

F I G U R E  2 Schematic	overview	of	our	
non-	zero-	sum	Nsp test

Step1
•Estimate the parameters from using maximum likelihood 

method by Etienne (2007). is transformed into using Eq. (3)

Step2
•Estimate the parameter R:=β/δ using Eq.(6) 

Step3
•Obtain the null distribution of Nsp using the simulation 

Step4
•Examine the observed data

Dataset : Two census data { , } 

Rejection or Non-Rejection

Non-zero-sum Nsp test procedure
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significance	level	of	� = 0.05	and	evaluate	whether	the	observed	Nsp 
is	outside	of	the	range.	When	Nsp	is	outside	the	range,	the	non-	zero-	
sum	 neutral	 model	 is	 rejected	 (i.e.,	 two-	tailed	 test).	 Alternatively,	
there	might	be	situations	where	a	one-	tailed	test	is	applicable.	For	
example,	in	a	tropical	forest	community,	disturbance	might	increase	
Nsp	because	of	frequent	species	turnover	(Laurance	et	al.,	2006).	For	
this	 case,	 a	 one-	tailed	 (upper	 tail)	 test	 can	 achieve	 better	
performance.

Among	 the	 steps	 in	 Figure	 2,	 the	 parameter	 estimations	 and	
transformation	 in	 Step 1	 rely	 on	 the	 conventional	 approach	 de-
veloped	 by	 Etienne	 (2007)	 and	 similar	 to	 the	 parameters	 used	 in	
Hubbell's	zero-	sum	neutral	model.	Other	parameters	and	the	Nsp dis-
tribution	in	Steps 2 and 3	were	specific	to	the	non-	zero-	sum	model,	
introduced here.

2.3  |  Validation

To	confirm	 the	statistical	power	of	our	non-	zero-	sum	Nsp	 test,	we	
performed	an	extensive	neutral	simulation	experiment	against	vari-
ous	parameter	sets.	For	this	validation,	the	parameters	

(

J∗
1
. �∗, I∗,R∗

)

were	set	 in	advance	and	used	 to	generate	a	simulated	community	
several	 times	 under	 the	 non-	zero-	sum	 neutral	 model.	 First,	 we	
produced	 the	 first	census	of	 the	simulated	community	 for	 the	pa-
rameters	

(

J∗
1
. �∗, I∗,R∗

)

	by	using	Etienne's	algorithm	[Appendix	S2	of	
(Etienne,	2005)],	where	 the	migration	 rate	m	was	calculated	using	
Equation	(1).	Next,	we	ran	a	neutral	simulation	as	follows.	A	single	
simulation	included	y	events	and	each	event	was	either	a	local	death,	
local	 birth,	 or	 immigration,	 the	occurrence	of	which	depended	on	
the	prespecified	parameters	(I∗,R∗)	and	the	current	local	community	
size.	We	 obtained	 a	 second-	census	 sample	 of	 the	 simulated	 com-
munity	at	the	end	of	the	y	events.	Then,	Nsp	was	calculated	by	com-
paring	 simulated	 communities	 from	 the	 first	 and	 second	 censuses	
and	used	to	validate	our	test.	If	our	neutrality	test	was	valid,	we	ex-
pected	the	proportion	of	simulations	where	neutrality	was	rejected	
to	be	nearly	equal	to	the	predetermined	significance	level	of	the	test.	
Conversely,	if	the	proportion	of	rejection	was	higher	than	the	pre-
determined	significance	 level,	our	new	test	produced	several	 false	
positives.	We	used	six	different	parameter	sets	(Table	1),	which	were	
close	to	the	estimated	parameters	for	tropical	forest	communities	in	

Barro	Colorado	Island	(BCI)	and	Pasoh	(Etienne,	2005).	 In	BCI,	pa-
rameter	 estimation	using	 the	MLE	yielded	 two	optima;	 thus,	 both	
sets	 were	 considered.	 Here,	 1000	 simulations	 were	 obtained	 for	
each	 parameter	 set.	 For	 each	 simulated	 community,	 we	 recorded	
D1 and D2	and	then	examined	the	non-	zero-	sum	Nsp test using the 
procedure	described	above	(Figure	2).	For	the	test,	we	applied	a	two-	
tailed	test	and	a	one-	tailed	test	(upper	tail)	using	the	Nsp	distribution.	
Here,	a	one-	tailed	test	(upper	tail)	was	appropriate	for	a	tropical	for-
est	community	because	the	observed	Nsp	values	were	mostly	larger	
than	expected	under	the	non-	zero-	sum	neutral	model	(see	Table	2).

2.4  |  Application of the non- zero- sum Nsp test to 
tropical forest communities

The	 non-	zero-	sum	Nsp	 test	 was	 applied	 to	 datasets	 from	 tropical	
forest	tree	communities	 in	50-	ha	plots	 in	BCI,	Panama,	and	Pasoh	
Forest	 Reserve,	 Malaysia.	 In	 both	 plots,	 trees	 ≥1	 cm	 dbh	 were	
tagged,	 mapped,	 and	 identified	 as	 species	 and	 censused	 every	
3–	5	years.	Hence,	we	accounted	for	the	death,	survival,	and	recruit-
ment	of	all	trees	recorded	in	the	census.	Data	for	BCI	were	obtained	
from	1982	to	2005	(six	censuses),	and	data	from	the	Pasoh	plot	were	
obtained	between	1985	and	2005	(five	censuses;	Table	2).	The	non-	
zero-	sum	Nsp	test	was	applied	to	all	pairwise	comparisons	of	census	
data	recorded	for	each	plot.

3  |  RESULTS

3.1  |  Validation of the non- zero- sum Nsp test

We	applied	the	non-	zero-	sum	Nsp	test	to	the	simulated	data	under	
neutral	assumptions	for	different	parameter	sets.	The	histogram	of	
Nap	derived	from	the	simulations	is	summarized	in	Figure	3a	(see	also	
Figure	S1	for	the	other	parameters).	For	1000	simulated	communities	
with	a	significance	level	of	� = 0.05,	neutrality	was	rejected	in	 less	
than	50	cases	by	our	new	non-	zero-	sum	Nsp	test	(p <	.05;	Figure	3b),	
except	 for	 parameter	 set	 #5.	 The	 statistical	 power	 to	 reject	 the	
non-	zero-	sum	 neutral	 model	 was	 conservative.	Moreover,	 for	 the	
most	conservative	case	(i.e.,	the	rejection	rate	was	~2%	and	was	a	

TA B L E  1 Simulation	parameters	and	the	validation	results	for	the	non-	zero-	sum	Nsp test

Parameter set # θ I J1 Number of events (y)

Number of rejections

Two- tailed One- tailed (upper)

1 50 2222 20,000 4500 25 43

2 250 60 20,000 4500 18 31

3 200 3333 30,000 5500 33 35

4 50 2222 20,000 18,000 45 38

5 250 60 20,000 18,000 63 71

6 200 3333 30,000 20,000 46 34

Note: Number	of	rejections	indicates	the	number	of	simulations	that	rejected	neutrality	among	1000	simulation	runs.	Assumed	R =	0.9.
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two-	tailed	test	with	parameter	set	#2),	the	observed	Nsp	was	small	
when J	 and	 the	 number	 of	 immigrants	were	 small;	 thus,	 rejection	
only	occurred	at	the	upper	end	of	the	Nsp	distribution	(Figure	3a).	In	
other	words,	a	smaller	number	of	the	observed	Nsp	was	insufficient	
to	reject	neutrality.	A	fair	test	can	be	performed	only	when	J is large 
or	when	 longer-	term	monitoring	 enables	 the	 observation	 of	more	
birth,	death,	and	immigration	events.

3.2  |  Neutrality of tropical forest communities

We	applied	the	non-	zero-	sum	Nsp	test	to	the	two	tropical	forest	com-
munities,	and	Table	2	summarizes	a	subset	of	the	results.	According	

to	 the	 steps	of	 the	 test	 (Figure	2),	we	 first	 estimated	 the	 two	pa-
rameters	by	Etienne's	MLE	method	from	the	first	census.	For	BCI,	
the	estimated	parameters	were	�̂ ~ 48 and m̂ ~	0.13;	and	for	Pasoh,	
the	estimated	parameters	were	�̂ ~	192	and	m̂ ~	0.08.	The	estimated	
parameters	 between	 each	 census	 were	 nearly	 identical	 (Table	 2).	
Generally,	 the	observed	Nsp	was	 larger	 than	 expected	under	 neu-
trality,	except	 for	one	case	 in	each	 forest.	As	was	suggested	 from	
the	results	of	the	validation,	the	statistical	power	to	reject	the	non-	
zero-	sum	neutral	model	depended	on	either	Nsp	or	the	time	interval;	
with a larger Nsp,	 the	 statistical	 power	 increased,	which	 indicated	
that	 longer-	term	observation	with	a	sufficient	size	of	Nsp is neces-
sary	to	obtain	meaningful	results.	The	rejection	of	neutrality	in	two	
tropical	forests	indicates	the	importance	of	maintaining	non-	neutral	

F I G U R E  3 Summary	of	validation.	(a)	Histogram	of	Nsp.	Cases	that	rejected	the	non-	zero-	sum	neutral	model	(α =	0.05)	are	shown	in	
orange	and	the	others	are	shown	in	blue	for	each	non-	zero-	sum	Nsp	test	(two-	tailed).	(b)	The	proportion	of	simulations	that	rejected,	or	not,	
the	neutral	model	(α =	0.05)	is	shown	for	each	non-	zero-	sum	Nsp	test	[two-	tailed,	one-	tailed	(upper)].	The	vertical	black	lines	indicate	5%	of	
the	proportion	of	the	results	of	1000	simulations	in	each	parameter	set,	#1	to	#6
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processes	in	these	communities,	which	is	consistent	with	concepts	
proposed	by	previous	studies	(Adler	et	al.,	2007;	Bell,	2005;	Chave,	
2004;	Chisholm	&	Pacala,	2010;	Jabot	&	Chave,	2011;	Takeuchi	&	
Innan,	2015).

4  |  DISCUSSION

Our	non-	zero-	sum	neutrality	 test	using	Nsp	highlights	 two	notable	
points	 when	 comparing	 our	 present	 model	 to	 previous	 neutrality	
tests.	First,	this	test	partially	overcomes	the	problems	of	overfitting	
parameters	by	applying	a	parameter,	that	is,	Nsp	(Figure	1a).	As	noted	
by	the	previous	study	by	Takeuchi	and	Innan	(2015),	commonly	used	
SAD	tests	rely	on	two	important	parameters	(θ and m),	which	must	
be	estimated	from	the	observed	data.	This	loop	(as	Figure	1a	shows)	
overfits	the	neutral	model	to	the	observed	data,	causing	a	marked	
reduction	in	the	statistical	power	of	the	null	neutral	model.	Although	
our	non-	zero-	sum	Nsp	 test	still	depends	on	the	estimated	θ and m,	
the	values	do	not	have	 to	be	estimated	 from	the	observed	Nsp; in 
fact,	 we	 recommend	 that	 the	 parameters	 are	 estimated	 from	 the	
first	census	data	(D1	in	Figure	1a).	We	believe	that	this	could	be	one	
reason	why	the	non-	zero-	sum	Nsp	test	is	successful.	Using	an	inde-
pendent	parameter	that	is	not	used	for	parameter	estimation	allows	
us	to	perform	more	robust	testing	for	community	dynamics	gener-
ally.	Second,	our	model	overcomes	an	auxiliary	assumption,	that	is,	
zero-	sum	dynamics.	In	previous	neutrality	tests,	a	zero-	sum	commu-
nity	was	typically	assumed.	However,	examination	of	the	SAD	is	un-
necessary,	as	the	non-	zero-	sum	dynamics	model	predicts	the	same	
SAD	(Etienne	et	al.,	2007).	Conversely,	our	test	uses	the	Nsp,	which	
is	produced	by	community	dynamics	(death,	birth,	and	immigration)	
over	time.	Community	size	varies	with	events/time,	and	our	model	
incorporates	this	stochasticity.

Our	 non-	zero-	sum	model	 employed	 two	 key	parameters	 I	 (im-
migration	per	 local	birth	by	a	single	 individual)	and	R	 (a	 local	birth	
rate	per	death),	which	would	suggest	the	relative	importance	of	im-
migration	and	local	births.	The	parameter,	R,	 indicates	the	intrinsic	
growth	 rate	 of	 the	 local	 community	 and	 reveals	 the	 regeneration	
process.	In	the	case	of	Pasoh,	mass	flowering	events	occur	only	once	
per	several	years,	and	massive	community	size	expansion	therefore	
happens	as	a	result	of	such	events	because	of	the	increased	number	
of	local	births.	The	difference	in	R	values	would	reflect	the	event;	for	
example,	the	highest	value	of	R	in	Pasoh	was	in	1985–	1990,	which	
resulted	from	a	mass	flowering	event	in	1981	(Appanah,	1985).	On	
the	other	hand,	the	parameter,	I,	reveals	the	relative	importance	of	
immigration	over	local	births;	for	example,	the	highest	value	of	I in 
BCI	was	observed	in	1985,	just	after	an	extremely	severe	drought	in	
early	1983	associated	with	a	strong	El	Niño	event.	As	this	drought	
caused	 tree	death,	community	size	expansion	 then	happened	as	a	
result	of	immigration	from	increasing	pioneer	species	seed	dispersal.	
As	such,	the	dynamics	of	the	two	tropical	forests	studied	are	influ-
enced	by	infrequent	events,	and	the	parameters	I and R	can	contrib-
ute	to	detection	of	the	relative	importance	of	immigration	and	local	
birth	processes	among	places	or	years.

Validation	of	 the	 test	 indicated	that	 the	non-	zero-	sum	Nsp test 
rejected	neutrality	properly,	or	more	conservatively,	especially	when	
the	observed	Nsp	was	expected	to	be	small.	When	real	data	were	ap-
plied	to	the	non-	zero-	sum	Nsp	test,	deviations	from	neutrality	were	
detected		in	datasets	(Etienne,	2007;	Jabot	&	Chave,	2011).	The	per-
formance	of	our	 test	 improved	when	sufficient	Nsp	was	observed,	
that	is,	when	there	was	a	large	interval	between	the	two	censuses.	
This	 finding	 indicates	 that	 longer-	term	 observations	 can	 help	 us	
understand	the	ecological	processes	driving	community	dynamics,	
or	at	least	find	deviations	from	neutral	settings	(Leroi	et	al.,	2020).	
Thus,	census	frequency	and	length	should	be	considered	when	de-
signing	field	monitoring.

We	 also	 examined	 the	 non-	zero-	sum	Nsp	 test	 based	 on	 snap-
shot	data,	which	is	commonly	used	to	census	biological	communi-
ties	(see	Supplementary	materials).	Because	snapshot	data	cannot	
distinguish	individuals,	that	is,	which	individuals	died,	survived,	or	
were	recruited	between	the	first	and	second	census,	the	definition	
of	Nsp	was	also	different;	Nsp	was	defined	as	 the	number	of	 spe-
cies	 in	which	 individuals	were	 seen	 in	 the	 second	census	but	not	
in	 the	 first	 (Figure	S2).	 Simulation	 is	 still	 required	 for	d and r,	 for	
which	 two	snapshot	censuses	will	not	provide	sufficient	 informa-
tion;	these	parameters	should	be	estimated	or	obtained	from	other	
sources.	Using	the	snapshot	data,	the	non-	zero-	sum	Nsp	test	failed	
to	 reject	 neutrality	 in	BCI	 or	 in	 Pasoh,	 except	 in	 one	 case	 (Table	
S1).	The	power	of	the	test	using	snapshot	data	was	apparently	re-
duced	 compared	with	 the	 results	 using	 individual-	based	monitor-
ing	data.	This	finding	also	emphasizes	the	importance	of	long-	term	
individual-	based	monitoring.

Although	we	recognize	that	failure	to	reject	the	non-	zero-	sum	
neutral	 model	 does	 not	 necessarily	 indicate	 that	 the	 commu-
nity	 is	 “neutral,”	 conventional	 methods	 such	 as	 the	 SAD-	based	
approach	 could	not	distinguish	between	 the	processes	because	
of	 the	poor	performance	of	 previous	neutrality	 tests.	Rejecting	
neutrality	is	an	important	first	step	in	exploring	the	non-	neutral	
processes	 underlying	 natural	 communities.	 The	 results	 of	 this	
study	verified	our	 initial	hypothesis	that	using	multiple	datasets	
could	improve	the	performance	of	neutrality	tests.	Although	this	
test	is	useful	for	rejecting	“neutrality”	of	a	community,	alternative	
models	are	still	needed	to	understand	the	processes	underlying	
community	dynamics.	Applications	of	the	non-	zero-	sum	model	by	
adding	 some	 deterministic	 factors	 could	 enhance	 the	 ability	 to	
reveal	 factors	 that	 shape	 the	 natural	 community	 and	 biodiver-
sity	 in	 future	 theoretical	 and	 empirical	 studies.	 Moreover,	 this	
model	 could	 help	 us	 to	 understand	 the	 importance	 of	 the	 neu-
trality	assumption	in	stochastic	dynamics,	which	is	key	to	better	
predictions	and	management.	For	example,	since	a	tropical	forest	
remains	 under	 threat	 of	 deforestation	 and	 climate	 change,	 the	
effects	 of	 these	 drivers	 on	 forest	 biodiversity	 should	 be	 evalu-
ated.	The	model	can	be	applied	to	biodiversity	projections	under	
specific	scenarios.	Thus,	the	sensitivity	of	local/metacommunity	
structure	 and	parameters	 to	 such	 threats	may	be	 revealed,	 and	
the	key	processes	(birth,	death,	and	immigration)	to	conserve	can	
be	identified.
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