
u n i ve r s i t y  o f  co pe n h ag e n  

Niche properties constrain occupancy but not abundance patterns of native and alien
woody species across Hawaiian forests

Craven, Dylan; Weigelt, Patrick; Wolkis, Dustin; Kreft, Holger

Published in:
Journal of Vegetation Science

DOI:
10.1111/jvs.13025

Publication date:
2021

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY-NC

Citation for published version (APA):
Craven, D., Weigelt, P., Wolkis, D., & Kreft, H. (2021). Niche properties constrain occupancy but not abundance
patterns of native and alien woody species across Hawaiian forests. Journal of Vegetation Science, 32(3),
[13025]. https://doi.org/10.1111/jvs.13025

Download date: 22. maj. 2023

https://doi.org/10.1111/jvs.13025
https://curis.ku.dk/portal/da/persons/dustin-matthew-wolkis(f809dab1-6c7c-4d04-b58f-f77115262190).html
https://curis.ku.dk/portal/da/publications/niche-properties-constrain-occupancy-but-not-abundance-patterns-of-native-and-alien-woody-species-across-hawaiian-forests(94dda8ef-3b1d-4866-b0bd-116462d46b51).html
https://curis.ku.dk/portal/da/publications/niche-properties-constrain-occupancy-but-not-abundance-patterns-of-native-and-alien-woody-species-across-hawaiian-forests(94dda8ef-3b1d-4866-b0bd-116462d46b51).html
https://doi.org/10.1111/jvs.13025


J Veg Sci. 2021;32:e13025.	 		 	 | 	1 of 15
https://doi.org/10.1111/jvs.13025

Journal of Vegetation Science

wileyonlinelibrary.com/journal/jvs

 

Received:	30	October	2020  |  Revised:	27	March	2021  |  Accepted:	31	March	2021
DOI: 10.1111/jvs.13025  

S P E C I A L  F E A T U R E :  M A C R O E C O L O G Y 
O F  V E G E T A T I O N

Niche properties constrain occupancy but not abundance 
patterns of native and alien woody species across Hawaiian 
forests

Dylan Craven1,2  |   Patrick Weigelt2 |   Dustin Wolkis3,4  |   Holger Kreft2,5

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution-	NonCommercial	License,	which	permits	use,	distribution	and	reproduction	
in	any	medium,	provided	the	original	work	is	properly	cited	and	is	not	used	for	commercial	purposes.
©	2021	The	Authors.	Journal of Vegetation Science	published	by	John	Wiley	&	Sons	Ltd	on	behalf	of	International	Association	for	Vegetation	Science.

This	article	is	a	part	of	the	Special	Feature	Macroecology	of	Vegetation,	edited	by	Meelis	Pärtel,	Francesco	Maria	Sabatini,	Naia	Morueta-	Holme,	Holger	Kreft	and	Jürgen	Dengler.		

1Centro	de	Modelación	y	Monitoreo	de	
Ecosistemas,	Universidad	Mayor,	Santiago	
de	Chile,	Chile
2Biodiversity,	Macroecology	and	
Biogeography,	University	of	Goettingen,	
Göttingen,	Germany
3Department	of	Science	and	Conservation,	
National	Tropical	Botanical	Garden,	Kalāheo,	
HI,	USA
4Natural	History	Museum	of	Denmark,	
Faculty	of	Science,	University	of	
Copenhagen,	Copenhagen,	Denmark
5Centre of Biodiversity and Sustainable 
Land	Use	(CBL),	University	of	Goettingen,	
Göttingen,	Germany

Correspondence
Dylan	Craven,	Centro	de	Modelación	y	
Monitoreo	de	Ecosistemas,	Universidad	
Mayor,	Santiago,	Chile.
Email: dylan.craven@aya.yale.edu

Funding information
DC	received	funding	from	the	Agencia	
Nacional	de	Investigación	y	Desarrollo	
(Chile;	FONDECYT	Regular	No	1201347).	
HK	acknowledges	funding	from	the	
Deutsche	Forschungsgemeinschaft	(DFG,	
grant	FOR2716	DynaCom)

Co-ordinating Editor:	Jürgen	Dengler

Abstract
Questions: Islands	 harbour	 a	 disproportionate	 amount	 of	 global	 plant	 diversity,	 yet	
their unique native assemblages are particularly vulnerable to biological invasions. It 
is therefore critical to identify the macroecological constraints that mediate spatial 
distributions	of	 alien	 species	on	 islands.	Here,	we	examined	abundance–	occupancy	
relationships	of	native	and	alien	woody	plant	species,	and	the	role	of	niche	properties	
and functional traits related to dispersal and competition in shaping occupancy and 
abundance patterns.
Location: Hawaiian	Islands.
Methods: We	calculated	relative	abundance	and	occupancy	for	64	woody	species	(42	
natives,	22	naturalized	aliens),	and	estimated	each	species'	niche	breadth	and	posi-
tion.	We	fitted	phylogenetic	hierarchical	Bayesian	models	to	evaluate	abundance–	
occupancy relationships and the impacts of niche properties and functional traits on 
occupancy and abundance of native and alien species.
Results: Our analyses revealed that locally more abundant native species were also 
more	widespread,	 but	 that	 the	 abundance	 of	 alien	 species	was	 unrelated	 to	 their	
occupancy.	Yet,	we	 found	evidence	 that	alien	 species	with	 longer	 residence	 times	
on	the	Hawaiian	Islands	were	more	widespread.	While	widespread	native	and	alien	
woody	species	both	had	broad	niches,	widespread	alien	woody	species	exhibited	a	
tendency to occur in more marginal niche positions than widespread native woody 
species.	Niche	properties	did	not	affect	abundances	of	either	native	or	alien	woody	
species. Traits associated with dispersal capacity and competitive ability had minimal 
impacts on either occupancy or abundance of native and alien woody species.
Conclusions: We found that niche properties shape the occupancy but not the abun-
dance	of	native	and	alien	woody	species	across	Hawaiian	forests.	Our	results	suggest	
that,	because	of	substantial	invasion	debts,	the	impacts	of	alien	woody	invasions	in	
native forests have yet to fully manifest.
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1  | INTRODUC TION

Biological invasions threaten the unique and highly endemic floras 
of	 oceanic	 islands	 (Sax	 &	 Gaines,	 2008)	 and	 the	 ecosystem	 pro-
cesses	that	this	diversity	underpins	(Vilà	et	al.,	2011).	Transport	and	
trade	networks	spread	alien	species	globally	 (Capinha	et	al.,	2015;	
Seebens	et	al.,	2015),	driving	the	continued	increase	of	alien	species	
(Seebens	et	al.,	2017;	Moser	et	al.,	2018)	and	 the	homogenization	
of	species	composition	(Helmus	et	al.,	2014)	and	biotic	interactions	
on	islands	(Fricke	&	Svenning,	2020).	While	spatial	patterns	of	alien	
species diversity at macroecological scales are increasingly well un-
derstood	(e.g.,	van	Kleunen	et	al.,	2015;	Dawson	et	al.,	2017;	Moser	
et	al.,	2018;	Guo	et	al.,	2021),	 the	cross-	scale	drivers	of	 the	occu-
pancy	and	abundance	of	alien	species	are	unclear,	yet	are	essential	
to understand for efforts to manage biological invasions within ar-
chipelagos	and	islands	(Blackburn	et	al.,	2011).

Abundance–	occupancy	relationships	(AOR)	are	one	of	the	most	
prominent	cross-	scale	macroecological	patterns	and	reveal	how	spe-
cies’ occupancy across landscapes may influence species’ dominance 
within	communities	(Brown,	1984).	Similar	ecological	processes	are	
thought	 to	underpin	both	occupancy	and	abundance	patterns,	 re-
sulting	 in	 generally	 positive	 AORs	 across	 taxa	 (Blackburn	 et	 al.,	
2006).	Species	with	broad	niches	are	more	 likely	 to	occur	 in	more	
locations and to dominate communities more strongly than species 
with	narrow	niches	(niche	breadth	hypothesis;	Gaston	et	al.,	1997).	
Similarly,	species	that	occur	in	common,	non-	marginal	environments,	
i.e.	habitat	generalists,	are	predicted	to	be	more	common	across	a	re-
gion	and	are	more	likely	to	dominate	local	communities	than	species	
that	occur	in	less	common	environments,	i.e.	marginal	environments	
(niche	 position	 hypothesis;	 Gaston	 et	 al.,	 1997).	 Both	 hypotheses	
of niche properties have received empirical support to varying de-
grees	for	native	species	(e.g.,	Slatyer	et	al.,	2013;	Díaz	et	al.,	2020;	
Marino	et	al.,	2020;	Sporbert	et	al.,	2020),	but	may	not	be	applicable	
in	high-	diversity	ecosystems	dominated	by	neutral	species	dynamics	
(Hubbell,	2005;	Gravel	et	al.,	2006).	In	such	ecosystems,	AORs	are	
possibly	mediated	by	other	ecological	processes,	such	as	dispersal	
(Arellano	&	Macía,	2014).	Moreover,	the	degree	to	which	human	ac-
tivity	or	niche	properties	may	influence	AORs	of	alien	species	is	also	
uncertain,	 although	 the	 strong	 impacts	 of	 environmental	 filtering	
on the establishment of alien species at larger spatial grains suggest 
that	AORs	of	alien	species	are	likely	shaped	by	niche	properties	(Ma	
et	al.,	2016;	Park	et	al.,	2020).

A	 key	 assumption	of	AORs	 is	 that	 species’	 populations	 are	 in	
equilibrium with their environment and thus have filled their fun-
damental	niches	(Brown,	1995).	Yet	many	species'	populations	are	
likely	not	in	equilibrium	(Wolkovich	et	al.,	2014),	and	are	either	ex-
panding	or	contracting	 in	response	to	climate	or	 land-	use	change	
(Lenoir	 et	 al.,	 2008;	 Fadrique	 et	 al.,	 2018;	Newbold	 et	 al.,	 2018;	

Feeley	et	al.,	2020)	or	are	facilitated	by	human	introductions.	The	
amount of time for a local population to reach equilibrium is largely 
unknown	for	natural	ecosystems.	Evidence	from	experiments	with	
model systems and microcosms suggests that this may occur over 
ecological	time	scales,	but	likely	takes	considerably	longer	in	natu-
ral	populations	(Ricklefs,	2004).	Biological	invasions	on	islands	rep-
resent	a	natural	experiment	 that	can	overcome	 this	 limitation,	as	
the	year	of	introduction	(or	residence	time)	of	naturalized	alien	spe-
cies	is	at	times	well	documented	(e.g.	Seebens	et	al.,	2015)	and	can	
be	 leveraged	 to	explore	 its	effects	on	occupancy	and	abundance	
patterns.	More	generally,	 occupancy	patterns	of	 alien	 species	on	
islands	have	implications	for	native	species	diversity	(Powell	et	al.,	
2011),	 as	 alien	 species	 rapidly	 alter	 community	 structure	 across	
island	 forests	 (Craven	 et	 al.,	 2019;	 Vizentin-	Bugoni	 et	 al.,	 2021).	
For	example,	AORs	can	be	used	to	determine	commonness	and	rar-
ity	patterns	of	alien	species	at	multiple	spatial	scales	(Rabinowitz,	
1981);	 mismatches	 between	 occupancy	 and	 abundance	 patterns	
could indicate which alien species have the potential to become 
invasive	(Catford	et	al.,	2016).

A	trait-	based	approach	to	AORs,	by	providing	a	direct,	mecha-
nistic	 link	 between	 plant	 ecological	 strategies	 (Reich,	 2014;	 Díaz	
et	al.,	2016)	and	abundance	and	occupancy	patterns	(e.g.,	Buckley	&	
Freckleton,	2010;	Heino	&	Tolonen,	2018;	Díaz	et	al.,	2020;	Marino	
et	al.,	2020;	Fried	et	al.,	2021),	has	the	potential	to	identify	the	un-
derlying	ecological	processes.	For	example,	wood	density	is	strongly	
associated	with	 interspecific	variation	 in	competitive	ability	 (Lasky	
et	al.,	2014;	Kunstler	et	al.,	2016)	and	the	trade-	off	between	growth	
and	survival	in	tropical	forests	(Rüger	et	al.,	2018).	Similarly,	variation	
in	plant	height	and	seed	mass	determines	dispersal	capacity	(Muller-	
Landau	et	al.,	2008;	Thomson	et	al.,	2011)	and	reproductive	effort	
(Rüger	et	al.,	2018).	Together,	there	is	strong	evidence	that	particular	
combinations	of	trait	values,	e.g.	tall	stature,	light	seeds,	and	dense	
wood,	could	facilitate	the	spread	of	a	species	across	a	region	and	en-
hance	its	ability	to	compete	within	a	local	community	(but	see	Díaz	
et	al.,	2020).	While	traits	may	have	similar	impacts	on	abundance	and	
occupancy,	they	also	may	reveal	different	underlying	ecological	pro-
cesses,	contrary	to	expectations	that	abundance	and	occupancy	are	
shaped	by	similar	ecological	processes	(Brown,	1984).	For	example,	
a	 positive	 plant	 height–	occupancy	 relationship	 could	 indicate	 that	
greater	 dispersal	 capacity	 (Thomson	 et	 al.,	 2011)	 enables	 species	
to	occupy	more	locations,	while	a	positive	plant	height–	abundance	
relationship could suggest that dominant species compete more ef-
ficiently	for	light	than	less	abundant	ones	(King	et	al.,	2006;	Onoda	
et	al.,	2014).	Moreover,	trait–	abundance	or	trait–	occupancy	relation-
ships	could	differ	between	native	and	alien	species,	possibly	reflect-
ing	 differences	 in	 dispersal	 vectors,	 e.g.	 native	 birds	 vs	 feral	 pigs,	
tolerance	 to	 anthropogenic	 disturbances	 (Huenneke	 &	 Vitousek,	
1990;	Denslow,	2003;	Fricke	&	Svenning,	2020),	adaptive	strategies	
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(Guo	et	 al.,	 2018),	 or	 symbiotic	 relationships	with	 fungi	 (Delavaux	
et	al.,	2019;	Moyano	et	al.,	2020).

Here,	we	use	interspecific	AOR	to	examine	spatial	distributions	
of	native	and	alien	woody	species	across	the	Hawaiian	archipelago,	
and the ecological drivers underlying them. We anticipate that na-
tive	and	alien	woody	species	will	exhibit	contrasting	AORs,	because	
alien	woody	species	are	likely	not	at	equilibrium	as	many	have	nat-
uralized	recently	and	are	still	expanding	geographically.	We	also	ex-
pect	that	invasion	history,	measured	as	residence	time,	will	influence	
the	strength	of	the	AOR	of	alien	woody	species.	We	therefore	test	
whether alien woody species that have been present for a longer pe-
riod	of	time	on	the	Hawaiian	archipelago	occupy	more	locations	and	
are more abundant than those introduced more recently. To under-
stand	the	underlying	drivers	of	AORs,	and	potential	differences	 in	
AORs	between	native	and	alien	woody	species,	we	assess	the	impact	
of drivers on occupancy and abundance patterns that capture spe-
cies'	niche	requirements	and	how	species	disperse	across	space	and	
compete.	We	expect	that	species	with	broad	niches	or	that	occur	in	
non-	marginal	environments,	and	with	high	competitive	ability	 (e.g.	
high	wood	density,	high	maximum	height)	and	high	dispersal	capac-
ity	(e.g.	light	seeds,	high	maximum	height)	will	occupy	more	locations	
and	be	more	abundant	than	species	with	narrow	niche	requirements,	
low	competitive	ability,	or	a	limited	dispersal	capacity.	We	also	ex-
pect that dispersal capacity may be less important in determining 
the occupancy and abundance patterns of alien species if dispersed 
by	humans.	Lastly,	we	use	null	models	to	evaluate	if	AORs	emerge	
due	to	sampling	artefacts,	related	to	the	undersampling	of	rare	spe-
cies,	or	underlying	ecological	processes	(Gaston	et	al.,	1997).

2  | METHODS

2.1 | Species selection

Our	analyses	were	based	on	a	forest	plot	database	with	527	plots	
including	species	identity	and	stem	size	(in	diameter	at	breast	height	
[1.3	m],	DBH)	from	across	the	Hawaiian	archipelago	(Craven	et	al.,	
2018).	We	 selected	 non-	monocot	woody	 species	 that	 occurred	 in	
at least three plots across the archipelago and included only native 
and	naturalized	alien	species,	i.e.	species	that	have	established	self-	
reproducing	populations	outside	of	 their	 native	 range	 (Richardson	
et	al.,	2000),	resulting	in	a	total	of	42	native	and	22	alien	woody	spe-
cies	(Appendix	S1).	We	standardized	species	names	with	The	Plant	
List	v.	1.1	using	the	R	package	Taxonstand	(Cayuela	et	al.	2017).

2.2 | Species occurrence and abundance

We downloaded occurrence data with spatial coordinates from iDigBio 
(www.idigb	io.org),	BIEN	(https://bien.nceas.ucsb.edu/bien/),	and	GBIF	
(www.gbif.org/)	 using	 the	 R	 packages	 spocc and BIEN	 (Chamberlain,	
2020;	Maitner,	2020),	which	we	combined	with	occurrences	from	the	
forest	 plot	 database.	 Given	 known	 biases	 of	 plant	 occurrence	 data	

(Meyer	et	al.,	2016),	we	cleaned	geographic	coordinates	by	removing	
duplicates,	occurrences	in	the	ocean	or	within	100	m	of	biodiversity	in-
stitutions,	and	those	with	rasterized	coordinates	using	the	clean_coor-
dinates	function	in	the	R	package	CoordinateCleaner	(Zizka	et	al.,	2019).	
We	then	intersected	the	7,587	species’	occurrences	with	a	32-	km2	hex-
agonal	grid	(Figure	1	and	Appendix	S2),	converting	species’	occurrences	
to presences or absences per grid cell. If a species occurred within a grid 
cell,	we	assumed	that	it	occupied	the	area	of	the	entire	grid	cell.	We	
estimated species’ occupancy as the proportion of the area occupied 
by a species in relation to the total area occupied by all species for each 
island.

We estimated mean and median relative abundance for each 
species within each island using individuals with stems >5 cm in di-
ameter	 at	 a	 height	 of	 1.3	m	 from	 the	 plot	 data	 set	 (Craven	 et	 al.,	
2018).	Because	our	results	were	similar	for	both	measures	of	relative	
abundance,	we	present	 results	using	only	 the	mean	 relative	abun-
dance.	 In	 total,	 the	 data	 set	 contains	 194	 species	× island obser-
vations	representing	64	species	 (42	native,	22	alien)	across	the	six	
largest	islands	of	the	Hawaiian	archipelago,	many	of	which	occur	on	
a limited subset of these islands.

2.3 | Residence time

We obtained the year of first record of alien woody species on the 
Hawaiian	Islands	from	Seebens	et	al.	(2017;	Appendix	S1).	We	note	
that	two	species	 in	our	data	set	 (Aleurites moluccanus and Morinda 
citrifolia)	were	introduced	by	Polynesians	prior	to	the	19th	century,	
which	occurred	in	approximately	1000	CE.	We	then	calculated	resi-
dence time for each species by subtracting the year of first record 
from 2020.

2.4 | Phylogeny

We	matched	 all	 species	 to	 a	 large	 seed	 plant	 phylogeny	 (Smith	&	
Brown,	2018),	using	the	ALLOTB	phylogeny	with	353,185	terminal	
taxa.	We	conservatively	bound	species	to	the	backbone	using	dating	
information from congeners with the congeneric.merge function in 
the pezpackage	(Pearse	et	al.,	2015)	allowing	genera	of	missing	spe-
cies to collapse into polytomies.

2.5 | Functional trait data

We	selected	three	functional	 traits	 to	explain	variation	 in	dispersal	
and	competition	among	native	and	alien	woody	species:,	maximum	
plant	 height	 (m),	 seed	mass	 (mg),	 and	wood	 density	 (g/cm3; Chave 
et	 al.,	 2009;	Muller-	Landau,	 2010;	 Thomson	 et	 al.,	 2011).	We	 ob-
tained	 data	 for	wood	 density	 from	Chave	 et	 al.	 (2009)	 and	 Zanne	
et	 al.	 (2009)	 using	 the	 getWoodDensity	 function	 in	 the	R	 package	
BIOMASS	 (Rejou-	Mechain	 et	 al.,	 2017)	 and	 from	 the	 BAAD,	 BIEN,	
TRY,	 and	USFS	 databases	 (Falster	 et	 al.,	 2015;	 Burrill	 et	 al.,	 2018;	

http://www.idigbio.org
https://bien.nceas.ucsb.edu/bien/
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Kattge	 et	 al.,	 2020;	 Maitner,	 2020).	 For	 seed	 mass,	 we	 obtained	
seed	mass	from	accessions	stored	in	the	National	Tropical	Botanical	
Garden's	Seed	Bank	and	Laboratory,	Shiels	(2011),	and	the	BIEN	and	
TRY	databases	(Kattge	et	al.,	2020;	Maitner,	2020).	Trait	values	were	
averaged	 by	 species	 across	 data	 sources.	When	 species-	level	 data	
were	not	available	for	seed	mass,	and	because	it	is	strongly	conserved	
phylogenetically	(Igea	et	al.,	2017),	we	used	genus-	level	means.	For	
native	species,	genus-	level	values	were	calculated	using	only	native	
species	that	occur	in	Hawaii.	We	obtained	maximum	height	from	the	
online	Flora	of	the	Hawaiian	Islands	(Wagner	et	al.,	2005).

Because data were not available for all species in our data set 
(wood	 density:	 20.3%	 unavailable;	 seed	 mass:	 18.8%	 unavailable;	
maximum	height:	0%	unavailable),	we	used	phylogenetic	trait	impu-
tation to fill gaps in our data set. Trait imputation can provide reliable 
information	for	up	to	60%	of	missing	data,	and	adding	phylogenetic	
information to trait imputation has been shown to strongly reduce 
error	of	estimation	(Penone	et	al.,	2014).	However,	estimation	error	

may be higher when closely related species have missing data. We 
used a random forest imputation algorithm in combination with phy-
logenetic	 information	with	 the	missForest	 function	 in	 the	R	 pack-
age missForest	 (Stekhoven	&	Buehlmann,	2012).	For	each	trait,	we	
assessed imputation error for a range of phylogenetic eigenvectors 
(1–	30)	 and	 used	 the	 imputed	 trait	 values	 for	 the	 number	 of	 phy-
logenetic	 eigenvectors	 that	 minimized	 imputation	 error.	 We	 log-	
transformed	 maximum	 height	 and	 seed	 mass	 prior	 to	 imputation	
and	 back-	transformed	 imputed	 values	 and	 estimation	 errors.	 Our	
gap-	filled	 trait	data	had	 similar	distributions	and	median	values	as	
the	observed	trait	data	(Appendix	S3).	Imputation	errors,	calculated	
as	the	percent	normalized	root	mean	squared	error,	were	4.3%	for	
wood	density	and	43.0%	for	seed	mass.	We	retained	imputed	trait	
data	 in	our	subsequent	analyses,	as	removing	species	with	missing	
values	from	the	analysis	likely	creates	more	bias	than	using	imputed	
data	(Penone	et	al.,	2014),	yet	also	present	results	excluding	species	
with imputed trait data.

F I G U R E  1   Spatial distribution of 
occurrence	records	of	(a)	native	and	(b)	
alien	woody	species	(native:	42	species,	
6,325	occurrences;	aliens:	22	species,	
1,262	occurrences)	across	the	six	largest	
islands	of	the	Hawaiian	archipelago.	
Colour is scaled to the number of 
occurrences	in	a	32-	km2	hexagonal	grid	
cell
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2.6 | Niche properties

To	quantify	the	environmental	niche	of	native	and	alien	woody	species,	
we included both climatic and biogeographic factors in our analysis. 
We	 therefore	 extracted	mean	 annual	 temperature	 (MAT),	 mean	 an-
nual	precipitation	(MAP),	vapour	pressure	deficit	(VPD),	and	potential	
evapotranspiration	(PET;	calculated	using	the	Penman–	Monteith	equa-
tion)	 for	 each	 species’	 occurrence	 from	 interpolated	 climate	data	 for	
the	Hawaiian	Islands	at	a	resolution	of	250	m	(Giambelluca	et	al.,	2013;	
Giambelluca	 et	 al.,	 2014).	We	 then	 calculated	 aridity,	 a	 widely	 used	
measure to assess the impacts of water availability on plant communi-
ties	(e.g.,	Berdugo	et	al.,	2020),	as	1-	MAP/PET	(Zomer	et	al.,	2008).	We	
also	extracted	elevation	range,	terrain	rugosity,	and	soil	substrate	age	at	
a	resolution	of	1	km	(Sherrod	et	al.,	2007;	Amatulli	et	al.,	2018).	We	took	
the	average	of	each	variable	within	each	32-	km2 grid cell in which each 
species	occurred	and	standardized	all	data	using	a	z-	transformation,	and	
imputed	missing	values	(MAT,	MAP,	aridity,	PET,	and	VPD:	0.3%	unavail-
able;	soil	substrate	age:	8.9%	unavailable)	with	a	principal	components	
analysis	model	using	the	imputePCAfunction	in	the	R	package	missMDA 
(Josse	&	Husson,	2016).	We	performed	principal	components	analysis	
on	the	gap-	filled	environmental	data	using	the	PCA	function	in	the	R	
package	FactoMineR	(Lê	et	al.,	2008)	and	retained	the	first	three	princi-
pal	component	axes,	which	explained	85.3%	of	variation	in	environmen-
tal	variables	(Appendix	S4),	for	estimating	n- dimensional hypervolumes.

We estimated niche breadth and niche position for each species 
across the entire archipelago as n- dimensional hypervolumes using 
the	R	package	hypervolume	(Blonder	et	al.,	2018;	Blonder	&	Harris,	
2019).	 We	 estimated	 hypervolumes	 using	 Gaussian	 kernel	 den-
sity	estimation,	which	provides	a	 looser	 fit	 to	 the	data	 than	other	
algorithms and is recommended for fundamental niche modelling 
(Blonder	et	al.,	2018).	To	ensure	comparability	of	niche	properties	
across	species,	we	estimated	bandwidths	for	each	species	using	the	
cross-	validation	 estimator	 and	 calculated	 the	mean	bandwidth	 for	
each	dimension	across	species,	which	we	then	used	to	estimate	hy-
pervolumes	for	each	species.	To	meet	the	criteria	of	log(number	of	
species’	occurrences)	>	number	of	predictors	(Blonder	et	al.,	2018),	
we	calculated	hypervolumes	for	58	species	with	at	least	eight	occur-
rences	using	the	first	two	axes	of	the	principal	components	analysis.	
We	 then	extracted	 the	volume	and	centroid,	here	estimated	 from	
the	 first	 dimension	 of	 the	 hypervolume	 (Appendix	 S4),	 and	 used	
these measures to represent each species’ niche breadth and po-
sition	respectively.	To	make	our	estimates	of	niche	position	compa-
rable	with	related	studies	(e.g.,	Heino	&	Tolonen,	2018;	Díaz	et	al.,	
2020)	we	took	the	absolute	value	of	the	hypervolume	centroid,	such	
that	 low	 values	 represent	 common	 environmental	 conditions,	 i.e.	
non-	marginal	niche	positions,	and	high	values	 represent	 rare	envi-
ronmental	conditions,	i.e.	marginal	niche	positions.

2.7 | Data analysis

To	 examine	 occupancy–	abundance	 relationships	 and	 drivers	 of	
occupancy	and	abundance,	we	fitted	three	separate	phylogenetic	

hierarchical	Bayesian	models.	As	we	expected	that	closely	related	
species	 are	 likely	 to	 be	 ecologically	 similar	 (Felsenstein,	 1985;	
Freckleton	et	 al.,	 2002),	 the	 failure	 to	 account	 for	phylogenetic	
relationships may reduce estimation accuracy and increase type 
1	error	rates	(Li	&	Ives,	2017).	We	therefore	accounted	for	phylo-
genetic relationships among species by including a random effect 
term	 for	 species	 whose	 associated	 covariance	 matrix	 contains	
phylogenetic distances among species. We first fitted a ‘naive’ 
model with a beta distribution in which mean relative occupancy 
depends	on	mean	relative	abundance,	native	status,	and	their	in-
teraction.	We	included	a	crossed	random-	effects	structure	with	
random	 intercept	 terms	 for	 island	 and	 species,	 as	 not	 all	 spe-
cies occur on all islands. The random intercept term for island 
accounts for differences among islands in environmental condi-
tions.	We	included	two	random	intercept	terms	for	species,	one	
(as	mentioned	above)	that	accounts	for	phylogenetic	covariance	
and another that accounts for repeated measurements. In the 
second	model,	we	examined	variation	in	occupancy	as	a	function	
of	native	status,	mean	relative	abundance,	niche	position,	niche	
breadth,	wood	density,	maximum	plant	height,	and	seed	mass,	and	
their	two-	way	interactions	with	native	status.	In	the	third	model,	
we	examined	variation	in	mean	relative	abundance	as	a	function	
of	occupancy,	native	status,	niche	position,	niche	breadth,	wood	
density,	maximum	plant	height,	and	seed	mass,	and	their	two-	way	
interactions	with	native	status,	which	we	fitted	using	a	zero-	one-	
inflated beta distribution. We fitted the second and third models 
to	a	subset	of	the	data	set	that	included	58	species	and	145	spe-
cies ×	island	observations.	Prior	to	fitting	models	we	checked	for	
multicollinearity among predictor variables; pairwise correlations 
among	 variables	were	 all	 less	 than	 0.7	 (Appendix	 S5;	 Dormann	
et	al.,	2013).

To test the impacts of including imputed trait values in our full 
data	set,	we	performed	a	sensitivity	analysis	in	which	we	excluded	
species	with	 imputed	 trait	 values.	We	 then	 re-	fitted	 phylogenetic	
hierarchical	 Bayesian	 models	 that	 examine	 the	 effects	 of	 niche	
properties and functional traits on relative abundance and occu-
pancy	to	the	subset	of	the	data	(n =	42	species,	131	species	× island 
observations).

Lastly,	we	tested	the	impact	of	residence	time	on	the	occupancy	
and abundance of alien woody species that were introduced to the 
Hawaiian	 Islands	after	1800.	We	 first	examined	variation	 in	occu-
pancy as a function of residence time and mean relative abundance 
with	a	beta	distribution	and	then	examined	variation	in	mean	relative	
abundance as a function of residence time and occupancy with a 
zero-	one-	inflated	 beta	 distribution.	 Both	models	 used	 similar	 ran-
dom effect structures as used in the ‘naive’ model.

We	 fitted	 all	 models	 with	 weakly	 informative	 priors,	 four	
chains,	and	1,500	burn-	in	samples	per	chain,	after	which	3,500	
samples	per	chain	(total	post-	warmup	samples	=	14,000)	were	
used to calculate posterior distributions of model parameters. 
Priors	were	flat	for	population-	level	effects	and	were	Student	t 
priors with three degrees of freedom and a scale parameter of 
three	 for	 group-	level	 effects.	 All	 variables	 were	 standardized	
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using a z-	transformation	to	facilitate	comparisons	among	mod-
els,	with	the	exception	of	the	two	models	that	test	 impacts	of	
time of arrival. To ensure that there were no divergent transi-
tions,	we	 increased	 the	 ‘adapt_delta’	parameter	 to	0.99	 in	 the	
brm	function	for	all	models.	Model	convergence	was	evaluated	
visually with trace plots and by estimating Rhat using the rhat 
function,	where	values	considerably	greater	 than	one	 indicate	
that	models	 have	 failed	 to	 converge	 (Appendix	 S6).	Model	 fit	
was assessed visually by comparing observed data to simulated 
data	 from	 the	posterior	 predictive	distribution	 (Appendix	 S7).	
Additionally,	 we	 estimated	 a	 Bayesian	 R2	 using	 the	 bayes_R2	
function	 for	 each	model,	 which	 is	 an	 estimate	 of	 the	 propor-
tion	 of	 variation	 explained	 for	 new	 data	 (Appendix	 S6).	 Seed	
mass	and	maximum	height	were	natural-	log-	transformed	for	all	
analyses.	All	models	are	fit	using	the	R	packages	brms	(Bürkner,	
2017).

2.8 | Sampling artefacts

Positive	AORs	may	reflect	sampling	artefacts,	as	occupancy	of	spe-
cies with low abundances may be systematically underestimated 
(Gaston	et	al.,	1997).	We	therefore	developed	a	null	model	where	(a)	
species	are	randomly	distributed	across	the	study	region	(to	calculate	
occupancy)	and	(b)	individuals	are	randomly	distributed	across	plots	
(to	 calculate	 abundance)	 using	 the	 independentswap	 algorithm	 in	
the	R	package	picante that maintains species’ occurrence frequency 
and	 species	 richness	 (Kembel	 et	 al.,	 2010).	We	 calculated	 relative	
occupancy	 and	 mean	 relative	 abundance	 for	 each	 randomization	
and then fitted the ‘naive’ phylogenetic hierarchical Bayesian model 
to	the	data	as	described	above.	We	repeated	this	procedure	1,000	
times,	and	compared	the	model	coefficients	of	the	null	abundance–	
occupancy	models	to	those	of	the	observed	abundance–	occupancy	
model. We quantified the differences between null and observed 
models as the proportion of null model coefficient estimates that 
were	greater	than	or	smaller	than	those	of	the	observed	abundance–	
occupancy	 model,	 and	 interpreted	 differences	 to	 be	 significant	 if	
more	than	95%	of	null	abundance–	occupancy	model	coefficient	es-
timates	were	greater	or	less	than	those	of	the	observed	abundance–	
occupancy model.

To	 further	 test	 the	 assumption	 that	 positive	 AORs	 emerge	
because	species	with	 low	abundances	are	undersampled,	we	per-
formed	a	sensitivity	analysis	in	which	we	excluded	species	whose	
relative abundance is below the 25th quantile across all species. 
We	 then	 re-	fitted	 the	 ‘naive’	 phylogenetic	 hierarchical	 Bayesian	
model	to	the	subset	of	the	data	 (58	species,	145	species	× island 
observations).

In	 addition	 to	 the	 R	 packages	 already	mentioned,	 we	 used	 ti-
dyverse	 (Wickham	et	al.,	2019),	 including	ggplot2	 (Wickham,	2016),	
and phytools	 (Revell,	 2012),	 sf	 (Pebesma,	 2018)	 sjmisc	 (Lüdecke,	
2018),	dggridR	(Barnes,	2020),	sp	(	Pebesma	&	Bivand,	2005;	Bivand	
et	al.,	2013).	All	data	manipulation,	visualiation,	and	analyses	were	
performed	using	R	version	4.0	(R	Core	Team,	2020).

3  | RESULTS

Despite	their	contrasting	origins,	native	and	alien	woody	species	in	
this	study	exhibited	considerable	similarities	 in	terms	of	functional	
traits	but	not	niche	properties.	On	average,	native	woody	 species	
had	 broader	 niches	 than	 alien	 woody	 species	 (Appendix	 S8).	 The	
mean niche position of alien woody species suggests that alien 
woody species tended to occur in areas with more marginal environ-
mental	conditions,	i.e.	higher	MAT,	aridity,	PET,	and	VPD,	than	native	
woody	species,	which	occurred	in	locations	with	non-	marginal	envi-
ronmental	conditions,	i.e.	higher	MAP	and	lower	MAT,	aridity,	PET,	
and	VPD	(Appendix	S4).	Mean	values	of	seed	mass,	maximum	plant	
height,	and	wood	density	were	similar	among	native	and	alien	woody	
species	(i.e.	95%	confidence	intervals	overlap;	Appendix	S9).

3.1 | Abundance– occupancy relationships

Across	Hawaiian	forests,	native	and	alien	woody	species	occupied	
a	similar	proportion	of	locations	(Figure	2a).	However,	native	and	
alien	woody	 species	 showed	 contrasting	 abundance–	occupancy	
relationships	(βNative =	0.332,	95%	credible	interval:	0.106–	0.563;	
βAlien =	−0.015,	95%	credible	interval:	−0.164–	0.126;	Figure	2b).	
For	native	woody	species,	occupancy	 increased	sharply	with	 in-
creasing	mean	relative	abundance,	while	alien	woody	species’	oc-
cupancy did not vary with mean relative abundance.

3.2 | Sampling artefacts

Our null model analysis showed that estimates of the overall rela-
tionship between mean relative abundance and relative occupancy 
and the interactive effect of native status and mean relative abun-
dance on relative occupancy did not differ significantly between the 
null	and	observed	models	(Appendix	S10).	In	the	case	of	the	overall	
relationship between mean relative abundance and relative occu-
pancy,	only	82%	of	null	model	estimates	were	larger	or	smaller	than	
those	of	the	observed	model.	Similarly,	only	78%	of	null	model	es-
timates of the interaction between native status and mean relative 
abundance of the null model were greater or less than that of the 
observed	model.	In	contrast,	our	sensitivity	analysis	(Appendix	S11)	
that	excludes	species	with	 low	relative	abundance	showed	similar	
results	when	the	‘naive’	model	is	fitted	to	the	full	data	set	(Figure	2),	
i.e.	that	the	AOR	of	native	woody	species	differed	from	that	of	alien	
woody species.

3.3 | Residence time

Alien	woody	 species	with	 longer	 residence	 time	 on	 the	Hawaiian	
Islands were more widespread than those introduced more re-
cently	(βYear	of	first	record =	0.009,	95%	credible	interval:	0.000–		0.018;	
Figure	 3a).	 However,	 alien	 woody	 species	 with	 longer	 residence	
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F I G U R E  2  The	median	estimated	effect	of	(a)	native	status	and	(b)	the	interactive	effects	of	native	status	and	mean	relative	abundance	
on	the	relative	occupancy	of	alien	(red)	and	native	(blue)	woody	species	across	Hawaiian	forests.	In	(a)	points	are	medians	and	whiskers	are	
80%	and	95%	credible	intervals	of	model	coefficients	and	in	(b)	lines	are	medians	and	coloured	bands	are	95%	credible	intervals.	Coefficients	
were estimated using a phylogenetic hierarchical Bayesian model with a beta distribution

F I G U R E  3  The	median	estimated	effect	of	residence	time	on	(a)	relative	occupancy	and	(b)	mean	relative	abundance	of	alien	woody	
species	across	Hawaiian	forests.	Only	species	introduced	after	1800	were	included	(n =	20);	residence	time	was	calculated	as	the	time	since	
year	of	first	record.	Lines	are	medians	and	coloured	bands	represent	95%	credible	intervals	estimated	with	a	phylogenetic	generalized	linear	
mixed-	effects	model	with	a	beta	distribution	for	occupancy	and	with	a	zero-	one-	inflated	beta	distribution	for	mean	relative	abundance
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times	were	not	more	abundant	locally	(βYear	of	first	record =	0.001,	95%	
credible	interval:	−0.008–	0.011;	Figure	3b).

3.4 | Drivers of occupancy

Our	results	showed	that	niche	properties,	and	not	functional	traits,	
determined occupancy patterns of native and alien woody species 

(Figures	4	and	5).	Occupancy	of	native	and	alien	woody	species	in-
creased	strongly	with	niche	breadth	(Figure	4a).	Yet	the	moderate	in-
teractive	effect	of	native	status	and	niche	breadth	(i.e.	80%	credible	
intervals	do	not	overlap	with	zero)	suggests	that	occupancy	of	alien	
woody species increased more sharply with niche breadth than that 
of	native	woody	species	(Figures	4a	and	5a).	Similarly,	the	moderate	
interactive effect of native status and niche position on occupancy 
(Figures	4a	and	5c)	indicated	a	tendency	for	the	occupancy	of	alien	

F I G U R E  4  Coefficient	estimates	of	abiotic	conditions	and	functional	traits	used	to	predict	(a)	relative	occupancy	and	(b)	relative	
abundance	of	58	native	and	alien	woody	species	across	Hawaiian	forests.	Medians	and	80%	(thin	lines)	and	95%	(thick	lines)	credible	
intervals of model coefficients were estimated using a phylogenetic hierarchical Bayesian model with a beta distribution for occupancy and 
with	a	zero-	one-	inflated	beta	distribution	for	abundance
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F I G U R E  5  Estimated	effects	of	niche	breadth	(a,	b),	niche	position	(c,	d),	maximum	height	(e,	f),	seed	mass	(g,	h),	and	wood	density	(i,	j)	
on	relative	occupancy	and	relative	abundance	of	58	alien	(red)	and	native	(blue)	woody	species	across	Hawaiian	forests.	Niche	properties,	
maximum	height,	wood	density,	and	seed	mass	are	on	a	standardized	scale.	Lines	are	medians	and	coloured	bands	represent	95%	credible	
intervals	estimated	with	a	phylogenetic	generalized	linear	mixed-	effects	model	with	a	beta	distribution	for	occupancy	and	with	a	zero-	one-	
inflated beta distribution for mean relative abundance
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woody species to increase with a shift towards marginal niche posi-
tions	 (i.e.	 locations	with	higher	MAT,	aridity,	PET,	and	VPD),	while	
that of native woody species declined towards more marginal niche 
positions.	Maximum	height,	 seed	mass,	 and	wood	density	 did	 not	
affect occupancy patterns of either native or alien woody species 
(Figures	4a	and	5).	In	this	model,	there	remained	a	strong,	positive	in-
teractive effect between native status and mean relative abundance 
on	occupancy	(Figure	4a).

3.5 | Drivers of mean relative abundance

In	 contrast	with	 occupancy,	 niche	 properties	 and	 functional	 traits	
had limited impacts on the mean relative abundance of native and 
alien	woody	 species	 (Figures	4b	 and	5).	We	observed	 a	moderate	
positive	 interactive	 effect	 between	 maximum	 height	 and	 native	
status	on	mean	relative	abundance	(80%	credible	 intervals	did	not	
overlap	with	zero;	Figures	4b	and	5f),	in	which	abundance	of	native	
woody	species	increased	marginally	with	increasing	maximum	height	
and	abundance	of	alien	woody	species	declined	with	increasing	max-
imum	height.	The	sensitivity	analysis	that	excluded	species	with	im-
puted	trait	values	exhibited	qualitatively	similar	results	as	when	the	
same	models	were	fitted	to	the	full	data	set	(Appendix	S12).

4  | DISCUSSION

Our results provide evidence that primarily niche processes shape 
occupancy,	but	not	abundance	patterns	of	native	and	alien	woody	
species	across	Hawaiian	forests.	While	widespread	native	and	alien	
woody	species	both	have	broad	niches,	 species’	 abundances	were	
not associated with their niche properties. The longer residence 
times of widespread alien species suggest that historical legacies 
have	shaped	their	dispersal	across	the	archipelago	to	a	greater	extent	
than	functional	traits	commonly	associated	with	dispersal	capacity,	
e.g.	maximum	height	and	seed	mass.	Together,	our	results	 indicate	
that the niche properties of alien woody species and invasion debts 
(Essl	et	al.,	2011)	contribute	to	the	expansion	of	alien	woody	species	
across	Hawaiian	forests.

4.1 | Contrasting abundance– occupancy 
relationships

We	found	contrasting	AORs	for	native	and	alien	woody	species,	pro-
viding evidence that widespread native species are usually locally 
abundant,	whereas	widespread	alien	 species	may	be	either	 locally	
abundant or rare. Our results for native species in an island setting 
are consistent with previous studies on plants from temperate and 
tropical	 regions	 (Blackburn	 et	 al.,	 2006;	 Arellano	 &	Macía,	 2014;	
Díaz	et	al.,	2020;	Marino	et	al.,	2020),	which	are	largely	drawn	from	
continental	contexts	(but	see	Buckley	&	Freckleton,	2010).	The	de-
coupled relationship between abundance and occupancy that we 

observed	for	alien	woody	species,	however,	appears	to	be	an	excep-
tion	to	the	general	rule	that	AORs	are	positive,	even	for	alien	species	
(Holt	&	Gaston,	2003;	Buckley	&	Freckleton,	2010;	Rigal	et	al.,	2013;	
Sarabeev	et	al.,	2018;	Miranda	&	Killgore,	2019).	Alien	bird	and	mam-
mal	species	in	Great	Britain,	for	example,	exhibited	similar	AORs	as	
native	species,	suggesting	that	alien	species	are	likely	in	equilibrium	
and respond to environmental conditions in similar ways as na-
tive	 species,	 possibly	 due	 to	 longer	 average	 residence	 times	 (Holt	
&	Gaston,	2003).	Of	 the	studies	 reporting	positive	AORs	 for	alien	
species,	 only	 one	 was	 performed	 on	 oceanic	 islands	 (arthropods;	
Rigal	 et	 al.,	 2013)	 and	none	examined	woody	 species,	which	have	
longer	generation	times	and	may	take	longer	to	establish	in	poten-
tially	suitable	habitats	than	the	more	vagile	focal	taxa	of	the	previ-
ously	mentioned	studies.	In	contrast,	our	finding	that	occupancy	and	
abundance of alien species are decoupled indicates that ecological 
factors differentially influence the occupancy and abundance pat-
terns of native and alien woody species.

4.2 | Expansion of alien woody species

Differences	in	invasion	history	among	species	may	be	one	explanation	
for the decoupled relationship between occupancy and abundance of 
alien	woody	species.	Our	analysis	 revealed	that	occupancy,	but	not	
abundance,	 of	 alien	 woody	 species	 increases	 with	 residence	 time.	
This	suggests	that	alien	woody	species,	at	least	those	introduced	to	
the	Hawaiian	 archipelago	 since	 the	 19th	 century,	 progressively	 ex-
pand	their	non-	native	range	and	occupy	new	locations	(e.g.,	Daehler,	
2005;	Ibanez	et	al.,	2020).	Indeed,	four	of	the	five	alien	woody	spe-
cies with the highest occupancy across the archipelago in our data 
set,	Psidium cattleianum,	Leucaena leucocephala,	Psidium guajava,	and	
Aleurites moluccanus	 were	 first	 introduced	 before	 1900.	 The	 two	
alien	 species	 introduced	 by	 Polynesians	 before	 the	 19th	 century,	
Aleurites moluccanus and Morinda citrifolia,	were	also	among	the	ten	
most	widespread	alien	species.	In	contrast,	two	of	the	most	abundant	
alien	woody	species	 in	our	data	set,	Acacia confusa and Schinus ter-
ebinthifolia,	were	introduced	to	the	Hawaiian	archipelago	after	1900.	
Thus,	it	appears	that	the	decoupled	relationship	between	occupancy	
and abundance of alien woody species arose because locally abun-
dant species may not have had sufficient time to occupy all locations 
within	their	fundamental	niches	as	they	continue	to	expand	into	new	
habitats	(Brown,	1995),	or	that	pathogen	accumulation	over	time	may	
reduce	 the	 abundance	of	widespread	alien	woody	 species	 (Flory	&	
Clay,	2013).	Our	results	substantiate	the	idea	that	invasion	debts	(Essl	
et	al.,	2011),	i.e.	the	legacies	of	historical	human	activities,	play	a	de-
terminant role in shaping the spatial distribution of alien woody spe-
cies.	Given	sufficient	time,	 it	 is	possible	that	positive	AORs	of	alien	
species	may	emerge	(e.g.,	Holt	&	Gaston,	2003;	Buckley	&	Freckleton,	
2010;	Rigal	et	al.,	2013;	Sarabeev	et	al.,	2018).	However,	the	continu-
ing	 influx	of	alien	plant	 species	 in	 the	Pacific	 (Seebens	et	al.,	2017;	
Wohlwend	et	al.,	2021),	human-		and	other	animal-	mediated	dispersal	
of	alien	woody	species	within	and	across	islands,	and	ongoing	habitat	
modification	and/or	degradation	by	humans	and	alien	mammals,	such	
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as	feral	pigs,	goats,	and	other	ungulates	(Nogueira-	Filho	et	al.,	2009;	
Weller	et	al.,	2011;	Murphy	et	al.,	2014),	act	synergistically	in	facilitat-
ing	the	expansion	of	alien	invasions.	Thus,	 it	seems	more	likely	that	
the	 abundance–	occupancy	 relationship	 of	 alien	woody	 species	will	
remain decoupled.

4.3 | Drivers of occupancy and abundance

We found that niche properties had stronger impacts on occupancy 
patterns than functional traits associated with dispersal capacity 
and	competitive	processes.	 In	 line	with	our	expectations,	we	found	
that widespread native and alien woody species have broad niches 
(Figures	4	and	5;	Slatyer	et	al.,	2013;	Heino	&	Tolonen,	2018;	Díaz	
et	al.,	2020;	Marino	et	al.,	2020).	Additionally,	there	was	a	tendency	
for widespread alien woody species to occur in marginal environ-
mental	 contexts	while	widespread	native	woody	 species	 tended	 to	
occur	 in	 non-	marginal	 environmental	 contexts.	 These	 findings	 sug-
gest that the impacts of species’ niche properties on occupancy may 
percolate	 across	 ecological	 scales	 to	 the	 community	 level,	 where	
spatial	variation	in	species	composition	of	Hawaiian	forests	has	been	
linked	with	 abiotic	 factors	 (Craven	 et	 al.,	 2019).	 The	 niche	 proper-
ties of widespread alien species are consistent with previous studies 
on	the	Hawaiian	Islands	showing	that	alien	plant	species	are	habitat	
generalists	 (Ainsworth	&	Drake,	2020)	capable	of	colonizing	empty	
niche	space	 in	marginal	environmental	contexts	 (Henn	et	al.,	2019).	
While	 there	 are	hundreds	of	non-	native	woody	 species	present	on	
the	Hawaiian	 Islands,	 our	 results	 indicate	 that	 there	 is	 only	 a	 small	
number of widespread species that are invading and restructuring the 
species	composition	of	the	islands	forests	(Craven	et	al.,	2018).	Yet,	
niche properties of native and alien woody species did not confer a 
competitive	advantage	within	forest	communities,	nor	did	wood	den-
sity,	which	 is	associated	with	competitive	ability	 (Lasky	et	al.,	2014;	
Kunstler	 et	 al.,	 2016).	 The	 moderate	 positive	 interactive	 effect	 of	
maximum	height	 and	 native	 status	 on	 relative	 abundance	 suggests	
that alien woody species may have a competitive advantage in forest 
understories,	as	small-	statured	alien	woody	species	achieved	higher	
relative	abundances	than	low-	statured	native	woody	species.	Relative	
abundance,	therefore,	is	likely	to	be	mediated	more	strongly	by	local-	
scale	factors,	such	as	the	phylogenetic	or	functional	distinctiveness	of	
alien	species	to	the	native	community,	that	better	reflect	competitive	
processes	or	other	biotic	interactions	(Carboni	et	al.,	2018;	Levin	et	al.,	
2020;	van	der	Sande	et	al.,	2020).

Our results revealed that interspecific variation in occupancy 
patterns was not determined by functional traits commonly associ-
ated with dispersal capacity for either native or alien woody species. 
This finding further supports the idea that occupancy patterns of 
native	species	are	more	strongly	shaped	by	niche-	related	processes	
than	neutral	 ones,	 but	does	not	preclude	 the	possibility	 that	 they	
may	have	been	shaped	by	infrequent,	long-	distance	dispersal	across	
and	within	islands	(Nathan,	2006;	Price	&	Wagner,	2018)	or	histor-
ical	 legacies	 (Essl	 et	 al.	 2011).	 In	 the	 case	of	 alien	woody	 species,	

the	 lack	of	a	relationship	between	occupancy	and	functional	traits	
associated with dispersal capacity indicates that our analyses failed 
to	 capture	 novel	 mutualistic	 seed-	dispersal	 interactions	 between	
alien	woody	species	and	alien	mammals	(Nogueira-	Filho	et	al.,	2009;	
Bullock	&	Pufal,	2020;	Vizentin-	Bugoni	et	al.,	2021),	and	how	such	
interactions	may	further	modify	biodiversity	patterns	(Rogers	et	al.,	
2017;	 Fricke	&	 Svenning,	 2020).	One	 possible	 explanation	 for	 the	
weak	trait–	occupancy	relationships	of	alien	woody	species	observed	
in	 this	 study	 is	 that	 human-	mediated	 dispersal	 was	 more	 import-
ant	than	other	biotic	(native	or	alien)	or	abiotic	dispersal	vectors	in	
determining occupancy patterns. Dispersal distances of seeds dis-
persed	by	humans	are	likely	greater	than	those	dispersed	by	other	
dispersal	vectors	(Wichmann	et	al.,	2009),	although	this	would	need	
to	be	corroborated	for	species	in	Hawaii.	If	indeed	long-	distance	dis-
persal	(Nathan,	2006;	Price	&	Wagner,	2018)	drives	occupancy	pat-
terns	of	alien	woody	species,	it	is	perhaps	not	surprising	that	traits	
associated	with	dispersal	capacity	were	weakly	associated	with	oc-
cupancy,	as	these	traits	have	been	shown	to	exhibit	stronger	rela-
tionships	with	mean	dispersal	distance	than	with	maximum	dispersal	
distance	(Thomson	et	al.,	2011).	Our	results	highlight	that	species-	
specific	 dispersal	 capacity,	 as	 inferred	 by	 functional	 traits,	 largely	
fails to provide insights to interspecific variation in occupancy pat-
terns,	 suggesting	 that	 occupancy	 patterns	 of	 alien	woody	 species	
have been shaped more directly by historical drivers of invasion to a 
greater	extent	than	contemporary	ones,	i.e.	invasion	debt	(Essl	et	al.,	
2011),	or	by	landscape-	scale	processes	such	as	habitat	loss	(Fahrig,	
2003;	Watling	et	al.,	2020).

4.4 | Potential statistical artefacts

In	 our	 analyses,	 we	 accounted	 for	 phylogenetic	 relationships	 and	
used null models to address two ways in which statistical artefacts 
may	 influence	 the	 magnitude	 of	 AORs	 (Gaston	 et	 al.,	 1997;	 Holt	
&	Gaston,	 2003).	 Similar	 to	 recent	 studies	 (e.g.,	 Díaz	 et	 al.,	 2020;	
Marino	et	al.,	2020),	our	null	models	indicate	that	the	AORs	of	native	
and alien woody species may be attributable to sampling artefacts 
associated with the undersampling of species with low abundances. 
However,	 our	 sensitivity	 analysis	 (Appendix	 S11)	 shows	 that	 the	
AORs	of	native	and	alien	woody	species	were	robust	to	the	exclu-
sion	of	 low-	abundance	species,	suggesting	that	the	reported	AORs	
emerged from ecological processes. One such ecological process is 
the disproportionate impact of biological invasions on rare native 
species	 (Powell	 et	 al.,	 2011);	 by	 restricting	 the	 spatial	 distribution	
and	reducing	the	abundances	of	rare	native	species,	biological	inva-
sions	could	strengthen	AORs	of	native	species.	Our	results	indicate	
that	contrasting	AORs	between	native	and	alien	woody	species	and	
the impacts of residence time and niche properties are robust to the 
shared	evolutionary	history	among	species,	which	was	a	particular	
concern in our study because a large number of native and alien 
woody	 species	 are	 concentrated	 in	 the	Myrtaceae	 family	 (Craven	
et	al.,	2018).
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5  | CONCLUSIONS

Integrating ecological factors is considered a fundamental step to-
wards a more mechanistic understanding of occupancy and abun-
dance	patterns	of	native	and	alien	species	alike	 (Blackburn	et	al.,	
2006).	Here,	we	 show	 that	 the	 spatial	 distribution	of	 native	 and	
alien	woody	species	across	Hawaiian	forests	are	largely	shaped	by	
niche	processes,	and	not	by	traits	associated	with	dispersal	capac-
ity	 as	 often	 assumed.	 The	 strong,	 positive	 impacts	 of	 residence	
time on the occupancy patterns of alien woody species highlight 
how	 invasion	 debts	 shape	 their	 spatial	 distribution	 and,	 perhaps	
more	 importantly,	 that	 the	 impacts	 of	 alien	 woody	 invasions	 in	
Hawaiian	may	 take	 a	 considerable	 amount	of	 time	 to	 fully	mani-
fest.	 Our	 results	 also	 show	 that	 abundance	 patterns	 are	weakly	
associated	 with	 deterministic	 factors,	 e.g.	 niche	 properties	 or	
niche-	related	functional	traits,	and	stochastic	factors,	e.g.	disper-
sal	 processes,	 suggesting	 that	 local-	scale	 biotic	 interactions	may	
be	 important	 in	determining	community	structure.	 In	conclusion,	
our results highlight the fragility of native insular forest biodiver-
sity and the threat posed by biological invasions to native forest 
biodiversity on oceanic islands.

ACKNOWLEDG EMENTS
We	would	 like	 to	 thank	Hanno	 Seebens	 for	 providing	 first	 record	
data.

AUTHOR CONTRIBUTIONS
DC,	PW	and	HK	conceived	of	 the	 study,	DW	provided	 seed	mass	
data,	DC	compiled	and	analysed	the	data	with	input	from	PW,	and	all	
authors wrote and edited the paper.

DATA AVAIL ABILIT Y S TATEMENT
The forest plot data used to estimate mean relative abundance are 
available	at	https://doi.org/10.5061/dryad.1kk02qr.	The	processed	
data	used	to	perform	all	analyses	are	deposited	at	FigShare	(https://
figsh	are.com/s/20d58	0d76e	582d9	9b6fd).

ORCID
Dylan Craven  https://orcid.org/0000-0003-3940-833X 
Patrick Weigelt  https://orcid.org/0000-0002-2485-3708 
Dustin Wolkis  https://orcid.org/0000-0002-8683-5855 
Holger Kreft  https://orcid.org/0000-0003-4471-8236 

R E FE R E N C E S
Ainsworth,	A.	&	Drake,	D.R.	 (2020)	Classifying	Hawaiian	plant	species	

along	a	habitat	generalist-	specialist	continuum:	Implications	for	spe-
cies conservation under climate change. PLoS One,	15,	e0228573.

Amatulli,	 G.,	 Domisch,	 S.,	 Tuanmu,	 M.-	N.,	 Parmentier,	 B.,	 Ranipeta,	 A.,	
Malczyk,	J.	et	al	(2018)	A	suite	of	global,	cross-	scale	topographic	variables	
for environmental and biodiversity modeling. Scientific Data,	5,	180040.

Arellano,	G.	&	Macía,	M.J.	(2014)	Local	and	regional	dominance	of	woody	
plants along an elevational gradient in a tropical montane forest of 
northwestern Bolivia. Plant Ecology,	215,	39–	54.

Barnes,	R.	(2020)	dggridR:	Discrete	Global	Grids.

Berdugo,	M.,	Delgado-	Baquerizo,	M.,	Soliveres,	S.,	Hernández-	Clemente,	
R.,	 Zhao,	 Y.,	 Gaitán,	 J.J.	 et	 al	 (2020)	 Global	 ecosystem	 thresholds	
driven by aridity. Science,	367,	787–	790.

Bivand,	R.S.,	Pebesma,	E.	&	Gomez-	Rubio,	V.	(2013)	Applied spatial data 
analysis with R,	2nd	edition.	New	York,	NY:	Springer.

Blackburn,	T.M.,	Cassey,	P.	&	Gaston,	K.J.	(2006)	Variations	on	a	theme:	sources	
of heterogeneity in the form of the interspecific relationship between 
abundance and distribution. Journal of Animal Ecology,	75,	1426–	1439.

Blackburn,	T.M.,	Pyšek,	P.,	Bacher,	S.,	Carlton,	J.T.,	Duncan,	R.P.,	Jarošík,	
V.	et	al	(2011)	A	proposed	unified	framework	for	biological	invasions.	
Trends in Ecology & Evolution,	26,	333–	339.

Blonder,	B.	&	Harris,	D.J.	(2019)	hypervolume: High Dimensional Geometry 
and Set Operations Using Kernel Density Estimation, Support Vector 
Machines, and Convex Hulls.	 R	 package	 version	 2.0.12.	 https://
CRAN.R-	proje	ct.org/packa	ge=hyper volume

Blonder,	B.,	Morrow,	C.B.,	Maitner,	B.,	Harris,	D.J.,	Lamanna,	C.,	Violle,	C.	
et	al	(2018)	New	approaches	for	delineating	n-	dimensional	hypervol-
umes. Methods in Ecology and Evolution,	9,	305–	319.

Brown,	J.H.	(1984)	On	the	relationship	between	abundance	and	distribu-
tion of species. The American Naturalist,	124,	255–	279.

Brown,	 J.H.	 (1995)	 Macroecology.	 Chicago,	 IL:	 University	 of	 Chicago	
Press.

Buckley,	H.L.	&	Freckleton,	R.P.	(2010)	Understanding	the	role	of	species	
dynamics	in	abundance–	occupancy	relationships.	Journal of Ecology,	
98,	645–	658.

Bullock,	J.M.	&	Pufal,	G.	(2020)	Human-	mediated	dispersal	as	a	driver	of	
vegetation	dynamics:	A	 conceptual	 synthesis.	 Journal of Vegetation 
Science,	31,	943–	953.

Bürkner,	P.-	C.	(2017)	brms:	An	R	package	for	Bayesian	multilevel	models	
Using	Stan.	Journal of Statistical Software,	80,	1–	28.

Burrill,	 E.A.,	 Wilson,	 A.M.,	 Turner,	 J.A.,	 Pugh,	 S.A.,	 Menlove,	 J.,	
Christiansen,	 G.	 et	 al	 (2018)	 The Forest Inventory and Analysis 
Database: database description and user guide version 8.0 for Phase 2. 
Washington,	DC:	U.S.	Department	of	Agriculture,	Forest	Service.

Capinha,	C.,	Essl,	F.,	Seebens,	H.,	Moser,	D.	&	Pereira,	H.M.	(2015)	The	dis-
persal	of	alien	species	redefines	biogeography	in	the	Anthropocene.	
Science,	348,	1248–	1251.

Carboni,	M.,	Calderon-	Sanou,	I.,	Pollock,	L.,	Violle,	C.	&	Thuiller,	W.	(2018)	
Functional traits modulate the response of alien plants along abiotic 
and biotic gradients. Global Ecology and Biogeography,	27,	1173–	1185.

Catford,	J.A.,	Baumgartner,	J.B.,	Vesk,	P.A.,	White,	M.,	Buckley,	Y.M.	&	
McCarthy,	M.A.	(2016)	Disentangling	the	four	demographic	dimen-
sions of species invasiveness. Journal of Ecology,	104,	1745–	1758.

Cayuela,	 L.,	 Macarro,	 I.,	 Stein,	 A.	 &	 Oksanen,	 J.	 (2021)	 Taxonstand:	
Taxonomic	Standardization	of	Plant	Species	Names.	R	package	ver-
sion	2.3.	https://CRAN.R-	proje	ct.org/packa	ge=Taxon	stand

Chamberlain,	S.	(2021)	spocc: Interface to Species Occurrence Data Sources. 
R	package	version	1.2.0.	https://CRAN.R-	proje	ct.org/packa	ge=spocc

Chave,	 J.,	Coomes,	D.,	 Jansen,	S.,	 Lewis,	S.L.,	Swenson,	N.G.	&	Zanne,	
A.E.	(2009)	Towards	a	worldwide	wood	economics	spectrum.	Ecology 
Letters,	12,	351–	366.

Craven,	D.,	Knight,	T.,	Barton,	K.,	Bialic-	Murphy,	L.,	Cordell,	S.,	Giardina,	
C.	et	al	(2018)	OpenNahele:	the	open	Hawaiian	forest	plot	database.	
Biodiversity Data Journal,	6,	e28406.

Craven,	D.,	Knight,	 T.M.,	Barton,	K.E.,	 Bialic-	Murphy,	 L.	&	Chase,	 J.M.	
(2019)	Dissecting	macroecological	and	macroevolutionary	patterns	
of	forest	biodiversity	across	the	Hawaiian	archipelago.	Proceedings of 
the National Academy of Sciences of the United States of America,	116,	
16436–	16441.

Daehler,	 C.C.	 (2005)	 Upper-	montane	 plant	 invasions	 in	 the	 Hawaiian	
Islands:	 Patterns	 and	 opportunities.	 Perspectives in Plant Ecology, 
Evolution and Systematics,	7,	203–	216.

Dawson,	W.,	Moser,	D.,	 van	Kleunen,	M.,	Kreft,	H.,	Pergl,	 J.,	Pyšek,	P.	
et	al.	(2017)	Global	hotspots	and	correlates	of	alien	species	richness	
across	taxonomic	groups.	Nature Ecology & Evolution,	1,	0186.

https://doi.org/10.5061/dryad.1kk02qr
https://figshare.com/s/20d580d76e582d99b6fd
https://figshare.com/s/20d580d76e582d99b6fd
https://orcid.org/0000-0003-3940-833X
https://orcid.org/0000-0003-3940-833X
https://orcid.org/0000-0002-2485-3708
https://orcid.org/0000-0002-2485-3708
https://orcid.org/0000-0002-8683-5855
https://orcid.org/0000-0002-8683-5855
https://orcid.org/0000-0003-4471-8236
https://orcid.org/0000-0003-4471-8236
https://CRAN.R-project.org/package=hypervolume
https://CRAN.R-project.org/package=hypervolume
https://CRAN.R-project.org/package=Taxonstand
https://CRAN.R-project.org/package=spocc


     |  13 of 15
Journal of Vegetation Science

CRAVEN Et Al.

Delavaux,	 C.S.,	 Weigelt,	 P.,	 Dawson,	 W.,	 Duchicela,	 J.,	 Essl,	 F.,	 van	
Kleunen,	M.	et	al	(2019)	Mycorrhizal	fungi	influence	global	plant	bio-
geography. Nature Ecology & Evolution,	3,	424–	429.

Denslow,	J.S.	(2003)	Weeds	in	paradise:	Thoughts	on	the	invasibility	of	
tropical Islands. Annals of the Missouri Botanical Garden,	90,	119–	127.

Díaz,	D.M.V.,	Blundo,	C.,	Cayola,	L.,	Fuentes,	A.F.,	Malizia,	L.R.	&	Myers,	
J.A.	 (2020)	Untangling	 the	 importance	of	 niche	breadth	 and	niche	
position as drivers of tree species abundance and occupancy 
across biogeographic regions. Global Ecology and Biogeography,	 29,	
1542–	1553.

Díaz,	S.,	Kattge,	J.,	Cornelissen,	J.H.C.,	Wright,	 I.J.,	Lavorel,	S.,	Dray,	S.	
et	al	(2016)	The	global	spectrum	of	plant	form	and	function.	Nature,	
529,	167–	171.

Dormann,	 C.F.,	 Elith,	 J.,	 Bacher,	 S.,	 Buchmann,	 C.,	 Carl,	 G.,	 Carré,	 G.	
et	al	 (2013)	Collinearity:	a	 review	of	methods	to	deal	with	 it	and	a	
simulation study evaluating their performance. Ecography,	36,	27–	46.

Essl,	 F.,	 Dullinger,	 S.,	 Rabitsch,	W.,	 Hulme,	 P.E.,	 Hülber,	 K.,	 Jarošík,	 V.	
et	al	(2011)	Socioeconomic	legacy	yields	an	invasion	debt.	Proceedings 
of the National Academy of Sciences of the United States of America,	
108,	203–	207.

Fadrique,	 B.,	 Báez,	 S.,	 Duque,	 Á.,	 Malizia,	 A.,	 Blundo,	 C.,	 Carilla,	 J.	
et	 al	 (2018)	Widespread	 but	 heterogeneous	 responses	 of	 Andean	
forests to climate change. Nature,	564,	207–	212.

Fahrig,	L.	(2003)	Effects	of	habitat	fragmentation	on	biodiversity.	Annual 
Review of Ecology, Evolution, and Systematics,	34,	487–	515.

Falster,	 D.S.,	 Duursma,	 R.A.,	 Ishihara,	 M.I.,	 Barneche,	 D.R.,	 FitzJohn,	
R.G.,	Vårhammar,	A.	 et	 al	 (2015)	BAAD:	 a	Biomass	And	Allometry	
Database for woody plants. Ecology,	96,	1445.

Feeley,	K.J.,	Bravo-	Avila,	C.,	Fadrique,	B.,	Perez,	T.M.	&	Zuleta,	D.	(2020)	
Climate-	driven	changes	in	the	composition	of	New	World	plant	com-
munities. Nature Climate Change,	 https://doi.org/10.1038/s4155	
8-	020-	0873-	2

Felsenstein,	 J.	 (1985)	 Phylogenies	 and	 the	 Comparative	 Method.	 The 
American Naturalist,	125,	1–	15.

Flory,	S.L.	&	Clay,	K.	 (2013)	Pathogen	accumulation	and	 long-	term	dy-
namics of plant invasions. Journal of Ecology,	101,	607–	613.

Freckleton,	R.P.,	Harvey,	P.H.	&	Pagel,	M.	 (2002)	Phylogenetic	analysis	
and comparative data: a test and review of evidence. The American 
Naturalist,	160,	712–	726.

Fricke,	E.C.	&	Svenning,	J.-	C.	(2020)	Accelerating	homogenization	of	the	
global	plant–	frugivore	meta-	network.	Nature,	585,	74–	78.

Fried,	G.,	Armengot,	L.,	Storkey,	J.,	Bourgeois,	B.,	Gaba,	S.,	Violle,	C.	&	
et	al	(2021)	Do	ecological	specialization	and	functional	traits	explain	
the	 abundance–	frequency	 relationship?	 Arable	 weeds	 as	 a	 case	
study. Journal of Biogeography,	 48,	 37–	50.	 https://doi.org/10.1111/
jbi.13980

Gaston,	 K.J.,	 Blackburn,	 T.M.	 &	 Lawton,	 J.H.	 (1997)	 Interspecific	
abundance-	range	 size	 relationships:	 An	 appraisal	 of	 mechanisms.	
Journal of Animal Ecology,	66,	579–	601.

Giambelluca,	T.W.,	Chen,	Q.i.,	Frazier,	A.G.,	Price,	J.P.,	Chen,	Y.-	L.,	Chu,	P.-	
S.	et	al	(2013)	Online	rainfall	atlas	of	Hawai	‘i.	Bulletin of the American 
Meteorological Society,	94,	313–	316.

Giambelluca,	T.,	Shuai,	X.,	Barnes,	M.,	Alliss,	R.,	Longman,	R.,	Miura,	T.	
et	al	(2014)	Evapotranspiration	of	Hawai	‘i.	Final report submitted to 
the US Army Corps of Engineers— Honolulu District, and the Commission 
on Water Resource Management, State of Hawai ‘i.

Gravel,	D.,	Canham,	C.D.,	Beaudet,	M.	&	Messier,	C.	(2006)	Reconciling	
niche and neutrality: the continuum hypothesis. Ecology Letters,	 9,	
399–	409.

Guo,	Q.,	Cade,	B.S.,	Dawson,	W.,	Essl,	F.,	Kreft,	H.,	Pergl,	J.	et	al	(2021)	
Latitudinal	patterns	of	alien	plant	invasions.	Journal of Biogeography,	
48,	253–	262.	https://doi.org/10.1111/jbi.13943

Guo,	W.-	Y.,	van	Kleunen,	M.,	Winter,	M.,	Weigelt,	P.,	Stein,	A.,	Pierce,	S.	
et	 al	 (2018)	 The	 role	 of	 adaptive	 strategies	 in	 plant	 naturalization.	
Ecology Letters,	21,	1380–	1389.

Heino,	J.	&	Tolonen,	K.T.	(2018)	Ecological	niche	features	override	biological	
traits	and	taxonomic	relatedness	as	predictors	of	occupancy	and	abun-
dance	in	lake	littoral	macroinvertebrates.	Ecography,	41,	2092–	2103.

Helmus,	M.R.,	Mahler,	D.L.	&	Losos,	J.B.	 (2014)	Island	biogeography	of	
the	Anthropocene.	Nature,	513,	543–	546.

Henn,	J.J.,	Yelenik,	S.	&	Damschen,	E.I.	(2019)	Environmental	gradients	
influence differences in leaf functional traits between native and 
non-	native	plants.	Oecologia,	191,	397–	409.

Holt,	A.R.	&	Gaston,	K.J.	(2003)	Interspecific	abundance–	occupancy	re-
lationships	of	British	mammals	and	birds:	is	it	possible	to	explain	the	
residual	variation?	Global Ecology and Biogeography,	12,	37–	46.

Hubbell,	S.P.	 (2005)	Neutral	 theory	 in	community	ecology	and	the	hy-
pothesis of functional equivalence. Functional Ecology,	19,	166–	172.

Huenneke,	L.F.	&	Vitousek,	P.M.	(1990)	Seedling	and	clonal	recruitment	
of	 the	 invasive	 tree	 Psidium	 cattleianum:	 Implications	 for	 man-
agement	 of	 native	 Hawaiian	 forests.	 Biological Conservation,	 53,	
199–	211.

Ibanez,	T.,	Gross,	J.,	Hart,	P.,	Ainsworth,	A.,	Mallinson,	J.	&	Monello,	R.	
(2020)	Spatiotemporal	patterns	of	alien	plant	invasions	in	one	of	the	
last	pristine	wet	forests	of	Hawai‘i.	Pacific Science,	74,	99–	113.

Igea,	 J.,	Miller,	E.F.,	Papadopulos,	A.S.T.	&	Tanentzap,	A.J.	 (2017)	Seed	
size	 and	 its	 rate	 of	 evolution	 correlate	with	 species	 diversification	
across angiosperms. PLOS Biology,	15,	1–	16.

Josse,	J.	&	Husson,	F.	(2016)	missMDA:	A	Package	for	Handling	Missing	
Values	 in	Multivariate	Data	Analysis.	Journal of Statistical Software,	
70,	1–	31.

Kattge,	 J.,	 Bönisch,	 G.,	 Díaz,	 S.,	 Lavorel,	 S.,	 Prentice,	 I.C.,	 Leadley,	 P.	
et	al	(2020)	TRY	plant	trait	database	–		enhanced	coverage	and	open	
access. Global Change Biology,	26,	119–	188.

Kembel,	 S.w.,	 Cowan,	 P.d.,	 Helmus,	 M.r.,	 Cornwell,	 W.k.,	 Morlon,	 H.,	
Ackerly,	D.d.	et	al	(2010)	Picante:	R	tools	for	integrating	phylogenies	
and ecology. Bioinformatics,	26,	1463–	1464.

King,	D.A.,	Davies,	S.J.	&	Noor,	N.S.M.	(2006)	Growth	and	mortality	are	
related	 to	 adult	 tree	 size	 in	 a	Malaysian	mixed	 dipterocarp	 forest.	
Forest Ecology and Management,	223,	152–	158.

Kunstler,	G.,	Falster,	D.,	Coomes,	D.A.,	Hui,	F.,	Kooyman,	R.M.,	Laughlin,	
D.C.	et	al	 (2016)	Plant	functional	traits	have	globally	consistent	ef-
fects on competition. Nature,	529,	204–	207.

Lasky,	 J.R.,	 Uriarte,	 M.,	 Boukili,	 V.K.	 &	 Chazdon,	 R.L.	 (2014)	 Trait-	
mediated assembly processes predict successional changes in 
community diversity of tropical forests. Proceedings of the National 
Academy of Sciences of the United States of America,	111,	5616–	5621.

Lê,	S.,	Josse,	J.	&	Husson,	F.	(2008)	FactoMineR:	an	R	package	for	multi-
variate analysis. Journal of Statistical Software,	25,	1–	18.

Lenoir,	J.,	Gégout,	J.C.,	Marquet,	P.A.,	de	Ruffray,	P.	&	Brisse,	H.	(2008)	
A	significant	upward	shift	in	plant	species	optimum	elevation	during	
the 20th Century. Science,	320,	1768–	1771.

Levin,	 S.C.,	Crandall,	 R.M.,	 Pokoski,	 T.,	 Stein,	C.	&	Knight,	 T.M.	 (2020)	
Phylogenetic	and	functional	distinctiveness	explain	alien	plant	pop-
ulation responses to competition. Proceedings of the Royal Society B: 
Biological Sciences,	287,	20201070.

Li,	D.	&	 Ives,	 A.R.	 (2017)	 The	 statistical	 need	 to	 include	 phylogeny	 in	
trait-	based	analyses	of	community	composition.	Methods in Ecology 
and Evolution,	8,	1192–	1199.

Lüdecke,	D.	 (2018)	 sjmisc:	data	 and	variable	 transformation	 functions.	
Journal of Open Source Software,	3,	754.

Ma,	C.,	Li,	S.,	Pu,	Z.,	Tan,	 J.,	 Liu,	M.,	Zhou,	 J.	et	al	 (2016)	Different	ef-
fects	of	invader–	native	phylogenetic	relatedness	on	invasion	success	
and	 impact:	 a	meta-	analysis	 of	Darwin’s	 naturalization	 hypothesis.	
Proceedings of the Royal Society B: Biological Sciences,	283,	20160663.

Maitner,	B.	(2020)	BIEN: tools for accessing the botanical information and 
ecology network database.	R	package	version	1.2.4.	https://CRAN.R-	
proje	ct.org/packa	ge=BIEN

Marino,	N.A.C.,	 Céréghino,	 R.,	 Gilbert,	 B.,	 Petermann,	 J.S.,	 Srivastava,	
D.S.,	Omena,	P.M.	et	al	(2020)	Species	niches,	not	traits,	determine	

https://doi.org/10.1038/s41558-020-0873-2
https://doi.org/10.1038/s41558-020-0873-2
https://doi.org/10.1111/jbi.13980
https://doi.org/10.1111/jbi.13980
https://doi.org/10.1111/jbi.13943
https://CRAN.R-project.org/package=BIEN
https://CRAN.R-project.org/package=BIEN


14 of 15  |    
Journal of Vegetation Science

CRAVEN Et Al.

abundance	 and	 occupancy	 patterns:	 A	multi-	site	 synthesis.	Global 
Ecology and Biogeography,	20,	295–	308.

Meyer,	C.,	Weigelt,	P.	&	Kreft,	H.	 (2016)	Multidimensional	biases,	gaps	
and uncertainties in global plant occurrence information. Ecology 
Letters,	19,	992–	1006.

Miranda,	L.E.	&	Killgore,	K.J.	(2019)	Abundance–	occupancy	patterns	in	a	
riverine fish assemblage. Freshwater Biology,	64,	2221–	2233.

Moser,	 D.,	 Lenzner,	 B.,	 Weigelt,	 P.,	 Dawson,	 W.,	 Kreft,	 H.,	 Pergl,	 J.	
et	 al	 (2018)	 Remoteness	 promotes	 biological	 invasions	 on	 islands	
worldwide. Proceedings of the National Academy of Sciences of the 
United States of America,	115,	9270–	9275.

Moyano,	 J.,	Rodriguez-	Cabal,	M.A.	&	Nuñez,	M.A.	 (2020)	Highly	 inva-
sive tree species are more dependent on mutualisms. Ecology,	101,	
e02997.

Muller-	Landau,	H.C.	 (2010)	 The	 tolerance-	fecundity	 trade-	off	 and	 the	
maintenance	 of	 diversity	 in	 seed	 size.	 Proceedings of the National 
Academy of Sciences of the United States of America,	107(9),	4242–	4247.

Muller-	Landau,	H.C.,	Wright,	S.J.,	Calderón,	O.,	Condit,	R.	&	Hubbell,	S.P.	
(2008)	Interspecific	variation	in	primary	seed	dispersal	in	a	tropical	
forest. Journal of Ecology,	96,	653–	667.

Murphy,	 M.J.,	 Inman-	Narahari,	 F.,	 Ostertag,	 R.	 &	 Litton,	 C.M.	 (2014)	
Invasive feral pigs impact native tree ferns and woody seedlings in 
Hawaiian	forest.	Biological Invasions,	16,	63–	71.

Nathan,	 R.	 (2006)	 Long-	distance	 dispersal	 of	 plants.	 Science,	 313,	
786–	788.

Newbold,	 T.,	 Hudson,	 L.N.,	 Contu,	 S.,	 Hill,	 S.L.L.,	 Beck,	 J.,	 Liu,	 Y.	
et	 al	 (2018)	Widespread	 winners	 and	 narrow-	ranged	 losers:	 Land	
use	homogenizes	biodiversity	in	local	assemblages	worldwide.	PLOS 
Biology,	16,	e2006841.

Nogueira-	Filho,	 S.L.G.,	 Nogueira,	 S.S.C.	 &	 Fragoso,	 J.M.V.	 (2009)	
Ecological	impacts	of	feral	pigs	in	the	Hawaiian	Islands.	Biodiversity 
and Conservation,	18,	3677.

Onoda,	 Y.,	 Saluñga,	 J.B.,	Akutsu,	K.,	Aiba,	 S.,	 Yahara,	 T.,	Anten,	N.P.R.	
et	al	(2014)	Trade-	off	between	light	interception	efficiency	and	light	
use	efficiency:	implications	for	species	coexistence	in	one-	sided	light	
competition. Journal of Ecology,	102,	167–	175.

Park,	 D.S.,	 Feng,	 X.,	 Maitner,	 B.S.,	 Ernst,	 K.C.	 &	 Enquist,	 B.J.	 (2020)	
Darwin’s	naturalization	conundrum	can	be	explained	by	spatial	scale.	
Proceedings of the National Academy of Sciences of the United States of 
America,	117(20),	10904–	10910.

Pearse,	W.D.,	Cadotte,	M.W.,	Cavender-	Bares,	J.,	Ives,	A.R.,	Tucker,	C.M.,	
Walker,	 S.C.	 et	 al	 (2015)	 pez:	 phylogenetics	 for	 the	 environmental	
sciences. Bioinformatics,	31,	2888–	2890.

Pebesma,	E.	(2018)	Simple	features	for	R:	standardized	support	for	spa-
tial vector data. The R Journal,	10,	439–	446.

Pebesma,	E.J.	&	Bivand,	R.S.	(2005)	Classes	and	methods	for	spatial	data	
in R. R News,	5,	9–	13.

Penone,	C.,	Davidson,	A.D.,	Shoemaker,	K.T.,	Marco,	M.D.,	Rondinini,	C.,	
Brooks,	T.M.	et	 al	 (2014)	 Imputation	of	missing	data	 in	 life-	history	
trait	datasets:	which	approach	performs	the	best?	Methods in Ecology 
and Evolution,	5,	961–	970.

Powell,	K.I.,	Chase,	J.M.	&	Knight,	T.M.	(2011)	A	synthesis	of	plant	inva-
sion effects on biodiversity across spatial scales. American Journal of 
Botany,	98,	539–	548.

Price,	 J.P.	 &	 Wagner,	 W.L.	 (2018)	 Origins	 of	 the	 Hawaiian	 flora:	
Phylogenies	and	biogeography	reveal	patterns	of	long-	distance	dis-
persal. Journal of Systematics and Evolution,	56,	600–	620.

R	 Core	 Team	 (2020)	 R: A Language and Environment for Statistical 
Computing.	Vienna,	Austria:	R	Foundation	for	Statistical	Computing.

Rabinowitz,	D.	(1981)	Seven	forms	of	rarity.	The biological aspects of rare 
plant communities.	Hoboken,	NJ:	John	Wiley	&	Sons,	pp.	205–	217.

Reich,	P.B.	(2014)	The	world-	wide	‘fast–	slow’	plant	economics	spectrum:	
a traits manifesto. Journal of Ecology,	102,	275–	301.

Rejou-	Mechain,	M.,	Tanguy,	A.,	Piponiot,	C.,	Chave,	J.	&	Herault,	B.	(2017)	
BIOMASS	:	an	R	package	for	estimating	above-	ground	biomass	and	

its uncertainty in tropical forests. Methods in Ecology and Evolution,	8,	
1163–	1167.	https://doi.org/10.1111/2041-	210X.12753

Revell,	 L.J.	 (2012)	 phytools:	 An	 R	 package	 for	 phylogenetic	 compara-
tive	biology	 (and	other	 things).	Methods in Ecology and Evolution,	3,	
217–	223.

Richardson,	D.M.,	Pyšek,	P.,	Rejmánek,	M.,	Barbour,	M.G.,	Panetta,	F.D.	
&	West,	C.J.	(2000)	Naturalization	and	invasion	of	alien	plants:	con-
cepts and definitions. Diversity and Distributions,	6,	93–	107.

Ricklefs,	R.E.	(2004)	A	comprehensive	framework	for	global	patterns	in	
biodiversity. Ecology Letters,	7,	1–	15.

Rigal,	F.,	Whittaker,	R.J.,	Triantis,	K.A.	&	Borges,	P.A.V.	(2013)	Integration	
of	 non-	indigenous	 species	 within	 the	 interspecific	 abundance–	
occupancy relationship. Acta Oecologica,	48,	69–	75.

Rogers,	 H.S.,	 Buhle,	 E.R.,	 HilleRisLambers,	 J.,	 Fricke,	 E.C.,	Miller,	 R.H.	
&	Tewksbury,	J.J.	(2017)	Effects	of	an	invasive	predator	cascade	to	
plants via mutualism disruption. Nature Communications,	8,	14557.

Rüger,	N.,	Comita,	L.S.,	Condit,	R.,	Purves,	D.,	Rosenbaum,	B.,	Visser,	M.D.	
et	al	(2018)	Beyond	the	fast–	slow	continuum:	demographic	dimensions	
structuring a tropical tree community. Ecology Letters,	21,	1075–	1084.

Sande,	M.T.,	 Bruelheide,	H.,	Dawson,	W.,	Dengler,	 J.,	 Essl,	 F.,	 Field,	 R.	
et	al	(2020)	Similar	factors	underlie	tree	abundance	in	forests	in	na-
tive and alien ranges. Global Ecology and Biogeography,	29,	281–	294.

Sarabeev,	 V.,	 Balbuena,	 J.A.	 &	 Morand,	 S.	 (2018)	 Invasive	 parasites	
are	 detectable	 by	 their	 abundance-	occupancy	 relationships:	 the	
case of helminths from Liza haematocheilus	 (Teleostei:	 Mugilidae).	
International Journal for Parasitology,	48,	793–	803.

Sax,	 D.F.	 &	 Gaines,	 S.D.	 (2008)	 Species	 invasions	 and	 extinction:	 the	
future of native biodiversity on islands. Proceedings of the National 
Academy of Sciences of the United States of America,	105,	11490–	11497.

Seebens,	 H.,	 Blackburn,	 T.M.,	 Dyer,	 E.E.,	 Genovesi,	 P.,	 Hulme,	 P.E.,	
Jeschke,	J.M.	et	al	(2017)	No	saturation	in	the	accumulation	of	alien	
species worldwide. Nature Communications,	8,	14435.

Seebens,	H.,	Essl,	F.,	Dawson,	W.,	Fuentes,	N.,	Moser,	D.,	Pergl,	J.	et	al	(2015)	
Global	 trade	will	 accelerate	 plant	 invasions	 in	 emerging	 economies	
under climate change. Global Change Biology,	21,	4128–	4140.

Sherrod,	D.R.,	Sinton,	J.M.,	Watkins,	S.E.	&	Brunt,	K.M.	(2007)	Geologic 
map of the State of Hawaii.	Reston,	VA:	Geological	Survey	(US).

Shiels,	 A.B.	 (2011)	 Frugivory	 by	 introduced	 black	 rats	 (	Rattus rattus	 )	
promotes dispersal of invasive plant seeds. Biological Invasions,	 13,	
781–	792.

Slatyer,	R.A.,	Hirst,	M.	&	Sexton,	J.P.	(2013)	Niche	breadth	predicts	geo-
graphical	range	size:	a	general	ecological	pattern.	Ecology Letters,	16,	
1104–	1114.

Smith,	S.A.	&	Brown,	J.W.	(2018)	Constructing	a	broadly	inclusive	seed	
plant phylogeny. American Journal of Botany,	105,	302–	314.

Sporbert,	 M.,	 Keil,	 P.,	 Seidler,	 G.,	 Bruelheide,	 H.,	 Jandt,	 U.,	 Aćić,	 S.	
et	 al	 (2020)	 Testing	 macroecological	 abundance	 patterns:	 The	 re-
lationship	between	 local	 abundance	and	 range	size,	 range	position	
and climatic suitability among European vascular plants. Journal of 
Biogeography,	47,	2210–	2222.

Stekhoven,	 D.J.	 &	 Buehlmann,	 P.	 (2012)	 MissForest	 -		 non-	parametric	
missing	 value	 imputation	 for	 mixed-	type	 data.	 Bioinformatics,	 28,	
112–	118.

Thomson,	F.J.,	Moles,	A.T.,	Auld,	T.D.	&	Kingsford,	R.T.	(2011)	Seed	dis-
persal distance is more strongly correlated with plant height than 
with seed mass. Journal of Ecology,	99,	1299–	1307.

van	Kleunen,	M.,	Dawson,	W.,	 Essl,	 F.,	 Pergl,	 J.,	Winter,	M.,	Weber,	 E.	
et	al	(2015)	Global	exchange	and	accumulation	of	non-	native	plants.	
Nature,	525,	100–	103.

Vilà,	 M.,	 Espinar,	 J.L.,	 Hejda,	 M.,	 Hulme,	 P.E.,	 Jarošík,	 V.,	 Maron,	 J.L.	
et	 al	 (2011)	 Ecological	 impacts	 of	 invasive	 alien	 plants:	 a	 meta-	
analysis	 of	 their	 effects	 on	 species,	 communities	 and	 ecosystems.	
Ecology Letters,	14,	702–	708.

Vizentin-	Bugoni,	 J.,	 Sperry,	 J.H.,	 Kelley,	 J.P.,	 Gleditsch,	 J.M.,	 Foster,	
J.T.,	Drake,	D.R.	 et	 al	 (2021)	 Ecological	 correlates	 of	 species’	 roles	

https://doi.org/10.1111/2041-210X.12753


     |  15 of 15
Journal of Vegetation Science

CRAVEN Et Al.

in	 highly	 invaded	 seed	 dispersal	 networks.	 Proceedings of the 
National Academy of Sciences of the United States of America,	 118,	
e2009532118.	https://doi.org/10.1073/pnas.20095	32118

Wagner,	W.,	Herbst,	D.	&	Lorence,	D.	(2005)	Flora of the Hawaiian Islands 
website.	 Available	 at:	 https://natur	alhis	tory2.si.edu/botan	y/hawai	
ianfl	ora/	[Accessed	October	1,	2020].

Watling,	 J.I.,	Arroyo-	Rodríguez,	V.,	Pfeifer,	M.,	Baeten,	L.,	Banks-	Leite,	
C.,	Cisneros,	 L.M.	et	 al	 (2020)	Support	 for	 the	habitat	 amount	hy-
pothesis from a global synthesis of species density studies. Ecology 
Letters,	23,	674–	681.

Weller,	S.G.,	Cabin,	R.J.,	Lorence,	D.H.,	Perlman,	S.,	Wood,	K.,	Flynn,	T.	
&	 et	 al	 (2011)	 Alien	 plant	 invasions,	 introduced	 ungulates,	 and	 al-
ternative	states	in	a	mesic	Forest	in	Hawaii.	Restoration Ecology,	19,	
671–	680.

Wichmann,	M.C.,	Alexander,	M.J.,	Soons,	M.B.,	Galsworthy,	S.,	Dunne,	
L.,	Gould,	R.	 et	 al	 (2009)	Human-	mediated	dispersal	of	 seeds	over	
long distances. Proceedings of the Royal Society B: Biological Sciences,	
276,	523–	532.

Wickham,	H.	(2016)	ggplot2: Elegant Graphics for Data Analysis.	New	York,	
NY:	Springer-	Verlag.

Wickham,	H.,	Averick,	M.,	Bryan,	J.,	Chang,	W.,	McGowan,	L.D.,	François,	
R.	 et	 al	 (2019)	Welcome	 to	 the	 tidyverse.	 Journal of Open Source 
Software,	4,	1686.

Wohlwend,	M.R.,	Craven,	D.,	Weigelt,	P.,	Seebens,	H.,	Winter,	M.,	Kreft,	
H.	 et	 al	 (2021)	 Anthropogenic	 and	 environmental	 drivers	 shape	
diversity	 of	 naturalized	 plants	 across	 the	 Pacific.	 Diversity and 
Distributions,	1–	14.	https://doi.org/10.1111/ddi.13260

Wolkovich,	 E.M.,	 Cook,	 B.I.,	 McLauchlan,	 K.K.	 &	 Davies,	 T.J.	 (2014)	
Temporal	 ecology	 in	 the	 Anthropocene.	 Ecology Letters,	 17,	
1365–	1379.

Zanne,	 A.E.,	 Lopez-	Gonzalez,	 G.,	 Coomes,	 D.A.,	 Ilic,	 J.,	 Jansen,	 S.,	
Lewis,	S.L.	et	al	(2009)	Global	Wood	Density.	Database.	https://doi.
org/10.5061/dryad.234/1

Zizka,	A.,	Silvestro,	D.,	Andermann,	T.,	Azevedo,	J.,	Ritter,	C.D.,	Edler,	D.	
et	al	(2019)	CoordinateCleaner:	standardized	cleaning	of	occurrence	
records from biological collection databases. Methods in Ecology and 
Evolution,	10,	744–	751.

Zomer,	 R.J.,	 Trabucco,	 A.,	 Bossio,	D.A.	&	Verchot,	 L.V.	 (2008)	 Climate	
change	 mitigation:	 A	 spatial	 analysis	 of	 global	 land	 suitability	 for	
clean development mechanism afforestation and reforestation. 
Agriculture, Ecosystems & Environment,	126,	67–	80.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting Information section.

Appendix S1.	List	of	species	names	and	associated	niche	properties	
and trait values
Appendix S2.	Map	 of	 species	 richness	 of	 native	 and	 alien	woody	
species
Appendix S3. Comparison of trait distributions of original and im-
puted data
Appendix S4.	 Principal	 components	 analysis	 of	 climate	 and	 topo-
graphic factors
Appendix S5.	Pairwise	correlations	among	predictor	variables	used	
in phylogenetic hierarchical models
Appendix S6.	Model	fit	and	convergence	of	phylogenetic	hierarchi-
cal models
Appendix S7.	Posterior	predictive	distributions	of	phylogenetic	hi-
erarchical models
Appendix S8.	Niche	breadth	and	position	for	native	and	alien	woody	
species
Appendix S9. Trait values of native and alien woody species
Appendix S10. Summary of null model results
Appendix S11.	 Sensitivity	 analysis	 of	 abundance-	occupancy	 rela-
tionship	that	excludes	locally	rare	species
Appendix S12.	 Sensitivity	 analysis	 of	 trait-	occupancy	 and	 trait-	
abundance	relationships	that	excludes	imputed	trait	data

How to cite this article:	Craven	D,	Weigelt	P,	Wolkis	D,	Kreft	
H.	Niche	properties	constrain	occupancy	but	not	abundance	
patterns	of	native	and	alien	woody	species	across	Hawaiian	
forests. J Veg Sci. 2021;32:e13025. https://doi.org/10.1111/
jvs.13025

https://doi.org/10.1073/pnas.2009532118
https://naturalhistory2.si.edu/botany/hawaiianflora/
https://naturalhistory2.si.edu/botany/hawaiianflora/
https://doi.org/10.1111/ddi.13260
https://doi.org/10.5061/dryad.234/1
https://doi.org/10.5061/dryad.234/1
https://doi.org/10.1111/jvs.13025
https://doi.org/10.1111/jvs.13025

