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Abstract
Water-	filled	tree	holes	are	unique	ecosystems	that	may	occur	high	up	in	tree	crowns	
and	are	essentially	aquatic	islands	in	the	sky.	Insect	larvae,	mesofauna,	and	other	or-
ganisms	colonize	the	waterbodies	and	feed	on	the	accumulating	detritus.	Water-	filled	
tree	holes	are	not	only	 important	habitats	for	these	species	but	have	been	used	as	
model	systems	in	ecology.	Here,	we	review	more	than	100 years	of	research	on	tree-	
hole	inhabiting	organisms	and	show	that	most	studies	focus	on	selected	or	even	single	
species	 (most	of	which	are	mosquitoes),	whereas	only	 few	studies	examine	groups	
other	 than	 insects,	especially	 in	 the	tropics.	Using	a	vote	counting	of	 results	and	a	
meta-	analysis	of	community	studies,	we	show	that	the	effects	of	tree-	hole	size	and	
resources	on	abundance	and	richness	were	investigated	most	frequently.	Both	were	
found	to	have	a	positive	effect,	but	effect	sizes	were	modulated	by	site-	specific	envi-
ronmental	variables	such	as	temperature	or	precipitation.	We	also	show	that	param-
eters	such	as	the	height	of	the	tree	holes	above	ground,	tree-	hole	density,	predation,	
and	detritus	 type	can	be	 important	drivers	of	organism	abundance	or	 richness	but	
are	less	often	tested.	We	identify	several	important	research	gaps	and	potential	av-
enues	for	future	research.	Specifically,	future	studies	should	investigate	the	structure,	
functions,	and	temporal	dynamics	of	tree-	hole	food	webs	and	their	cross-	system	in-
teractions,	 for	example,	with	 terrestrial	predators	 that	act	as	a	connection	 to	 their	
terrestrial	 surroundings	 in	meta-	ecosystems.	 Global	 observational	 or	 experimental	
tree-	hole	 studies	 could	 contribute	 pivotal	 information	 on	 spatial	 variation	 of	 com-
munity	structure	and	environmental	drivers	of	community	assembly.	With	a	better	
understanding	of	these	unique	aquatic	habitats	in	terrestrial	ecosystems,	natural	and	
artificial	tree	holes	can	not	only	serve	as	model	systems	for	addressing	fundamental	
ecological	questions	but	also	serve	as	 indicator	systems	of	the	 impacts	of	environ-
mental	change	on	ecosystems.
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1  |  INTRODUC TION

Very	few	biotic	frontiers	remain	on	this	planet.	The	canopies	of	for-
ests	have	been	identified	as	one	of	these	last	frontiers	of	ecological	
knowledge	(Erwin,	1983).	We	know	very	little	about	the	organisms	
that	live	up	there	and	what	the	specific	environmental	conditions	are	
that	may	structure	their	communities.	Water-	filled	tree	holes	are	a	
very	special	habitat	in	forest	canopies	and	have	fascinated	ecologists	
for	a	long	time,	with	first	reports	on	these	habitats	and	their	inhabi-
tants	dating	back	more	than	100 years	(Christophers	&	Chand,	1916; 
Müller	&	Müller,	1878).	Although	water-	filled	tree	holes	occur	also	
at	 the	base	of	 trees	or	 in	deadwood,	 the	number	of	canopy	holes	
(>2	m	above	ground,	Kitching,	1971)	per	hectare	can	be	significantly	
higher	than	the	number	of	ground	holes	(Gossner,	Lade,	et	al.,	2016).	
These	 water-	filled	 tree	 holes	 in	 the	 canopy	 have	 been	 termed—	
together	with	 other	 similar	 systems	 such	 as	 bromeliads—	“hanging	
aquaria”	 (Brehm,	1925;	Maguire,	1971;	Müller	&	Müller,	1878)	and	
constitute	 aquatic	 islands	 in	 the	 sky,	 being	 more	 or	 less	 isolated	
from	other	water	sources	but	still	hosting	a	large	number	of	aquatic	
and	 semi-	aquatic	 species	 such	as	protozoans,	 rotifers,	 nematodes,	
insects,	 crustaceans,	 and	 amphibians,	 but	 also	 algae,	 fungi,	 and	
bacteria	 (Figure	 S1;	 for	 species	 lists	 of	 tree-	hole	 inhabitants	 see	
Thienemann,	1934, Rohnert, 1950,	Kitching,	2000,	Greeney,	2001).	
Tree	 holes	 form	 as	 rot	 holes	 from	 branch	 breaks	 or	wood	 pecker	
holes,	or	as	pan	holes	in	branch	axils	or	stem	forks	(Figure	S2).	They	
can	also	 form	close	 to	 the	ground	 in	cut	 tree	 trunks	 (rot	holes)	or	
buttress	roots	(pan	holes).	Tree	holes	can	be	quite	abundant	in	for-
ests.	Studies	have	found	up	to	56	tree	holes/ha	with	a	total	of	45 L	of	
water	in	German	forests	(Gossner,	Lade,	et	al.,	2016).

The	 communities	 that	 assemble	when	 these	 holes	 fill	 up	with	
water	depend	largely	on	dead	organic	matter	(mostly	leaf	litter)	ac-
cumulating	 in	 the	 holes	 (Kitching,	 1987b;	 Pimm	&	Kitching,	 1987)	
and	have	also	been	shown	to	be	affected	by	nutrient	and	chemical	
input	of	stemflow	water	(e.g.,	Carpenter,	1982).	The	detritus	consti-
tutes	the	most	essential	resource	for	species	in	tree	holes	that	are	
largely	detritivores,	and	decomposition	 is	thus	the	most	 important	
ecosystem	 function	 in	 these	 systems.	 The	 communities	 of	water-	
filled	tree	holes	may	experience	harsh	and	very	dynamic	conditions,	
especially	 in	 temperate	 areas,	with	 frequent	 drought	 and	 freezing	
events	 (Gossner,	2018).	 In	 tropical	 rainforests,	 tree	 holes	may	 be	
much	more	benign	habitats	(Pimm	&	Kitching,	1987).	Many	species	
depend	on	water-	filled	tree	holes	for	their	larval	stages	(e.g.,	insects	
such	as	beetles	and	dipterans	or	amphibians),	their	entire	life	cycles	
(e.g.,	nematodes	and	other	mesofauna),	or	as	important	water	source	
(Kirsch	et	al.,	2021),	 especially	where	very	 little	other	open	water	
exists.	Communities	in	tree	holes	can	vary	strongly	between	holes	in	
the	canopy	vs.	lower	forest	strata	(Blakely	&	Didham,	2010;	Gossner	
&	Petermann,	2022; Yanoviak, 1999b).	They	seem	to	be	distinct	from	
communities	in	other	habitats	(Blakely	et	al.,	2012)	and	some	species	
may	even	be	more	or	less	exclusive	to	tree	holes,	for	example	sev-
eral	detritivorous	(Kitching,	1971)	and	predatory	(Yanoviak,	1999a)	
insect species (Rohnert, 1950; Yanoviak, 2001a),	but	also	tree	frogs	
(Inger, 1966;	Lardner	&	bin	Lakim,	2002;	Strauß	et	al.,	2018).	Blakely	

et al. (2012)	 showed	 for	 temperate	 rainforests	 of	 New	 Zealand	
that <10%	of	the	species	in	this	study	used	tree	holes	and	adjacent	
ground-	based	 freshwater	bodies	 as	habitat	while	18%	of	 the	 spe-
cies	were	actually	exclusive	to	tree	holes.	Other	species	seem	to	be	
generalist	aquatic	decomposers	such	as	aquatic	hyphomycetes	in	a	
tropical	forest	in	the	Western	Ghats,	India,	with	17	of	18	species	oc-
curring	in	both	tree	holes	and	streams,	albeit	with	different	relative	
abundances	 (Sridhar	 et	 al.,	2013).	 A	 further	microscopic	 organism	
group—	algae—	were	thought	to	be	present	only	in	very	low	numbers	
in	 tree	holes	 (Kaufman	et	al.,	2001),	but	a	 recent	 study	 found	 the	
opposite	(Ptatscheck	&	Traunspurger,	2015).	Bacteria	and	fungi	are	
likely	also	 important	parts	of	the	nutrient	cycles	 in	tree	holes,	but	
very	 little	 information	 exists	 on	 these	 groups	 (but	 see	Gönczöl	&	
Révay,	2003;	Magyar	et	al.,	2017;	Sridhar	et	al.,	2013; Verdonschot 
et al., 2008).	Even	many	macroscopic	species	that	inhabit	tree	holes	
have	not	been	identified	because	they	are	only	found	in	larval	stages	
and	only	few	experts	exist,	especially	for	tropical	insects.	Recently,	
some	species	new	to	science	were	found	in	tree	holes	(e.g.,	Grinang	
et al., 2015;	Polhemus,	1999).	Even	 if	 individuals	can	be	 identified	
to	species	level,	little	is	known	on	their	life	history	traits,	their	dis-
persal	ability,	and	 feeding	ecology.	 Interestingly,	 there	seem	to	be	
few	obligate	macroscopic	predators	in	European	tree	holes	(Schmidl	
et al., 2008; Tate, 1935),	but	some	species	may	be	facultative	preda-
tors	or	scavengers.	In	other	temperate	forest	such	as	in	the	east	and	
south	of	North	America	(Griswold	&	Lounibos,	2006)	and	in	partic-
ular	in	tropical	forests	(Fincke	et	al.,	1997),	predatory	insects	or	ver-
tebrates	seem	to	be	more	important	and	top-	down	control	a	more	
likely	mechanism	in	structuring	the	communities	(Kitching,	2000).

It	 has	 been	 recognized	 that	 water-	filled	 tree	 holes	 constitute	
natural	microcosms	 that	 can	 be	 useful	model	 systems	 (Srivastava	
et al., 2004).	For	example,	they	have	been	used	to	study	productivity–	
richness	relationships	(Srivastava	&	Lawton,	1998)	and	local–	global	
richness	 patterns	 (Srivastava,	 2005).	 Water-	filled	 tree	 holes	 are	
likely	organized	as	metacommunities	with	local	communities	being	
connected	by	 limited	dispersal	 (Leibold	 et	 al.,	 2004)	 and	 could	be	
employed	 in	 tests	 of	metacommunity	 concepts	 (Ellis	 et	 al.,	2006).	
Water-	filled	tree	holes	do	interact	with	the	canopies	and	other	ter-
restrial	habitats	around	them	(Kitching,	1971),	for	example,	through	
receiving	 leaf	 litter	as	a	subsidy	and	providing	emerging	 insects	as	
a	 reverse	 subsidy.	 Thus,	 they	 form	 ideal	 study	 systems	 in	 which	
aquatic	 and	 terrestrial	 environments	 are	 tightly	 integrated	 and	
allow	meta-	ecosystem	 approaches	 (Scherer-	Lorenzen	 et	 al.,	2022; 
Soininen	et	al.,	2015)	on	small	scales,	something	that	is	more	diffi-
cult	for	larger	systems	such	as	lakes	or	streams	and	their	terrestrial	
environment.	 Tree	 holes	 have	 been	 found	 to	 be	 affected	 by	 an-
thropogenic	environmental	alterations	such	as	 forest	management	
or	 pollution	 (Ager	 et	 al.,	 2010;	 Gossner,	 Lewinsohn,	 et	 al.,	 2016; 
Petermann	et	al.,	2016;	Petermann	et	al.,	2020; Yanoviak et al., 2006)	
and	could	potentially	be	used	as	indicators	of	environmental	change.	
Conversely,	they	can	themselves	affect	human	health	by	providing	
breeding	 grounds	 for	mosquito	 species	 that	 carry	 diseases.	 There	
have	been	many	medically	motivated	studies	in	the	tropics	and	sub-
tropics	censusing	certain	disease-	carrying	mosquito	species	in	these	
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systems	(e.g.,	Carlson	et	al.,	2004;	Hoshi	et	al.,	2014; Li et al., 2014; 
Mangudo	et	al.,	2014;	Mangudo	et	al.,	2015; O'Meara et al., 1993; 
Omlin	et	al.,	2007;	Walker	et	al.,	1996;	Weterings	et	al.,	2014).	With	
a	 changing	 climate	 and	 increased	 global	 transportation,	 tree-	hole	
breeding	mosquitoes	acting	as	disease	vectors	could	become	a	more	
significant	 concern	 in	 temperate	 areas	 as	 well	 (Cebrián-	Camisón	
et al., 2020).

Several	 articles	 and	books	have	 reviewed	 studies	on	 the	 com-
munities	 in	different	types	of	plant-	held	waters	or	 “phytotelmata,”	
including	 tree	 holes.	 Early	 studies	 summarized	 information	 on	
species	 occurrences	 in	 different	 types	 of	 tropical	 phytotelmata	
(Thienemann,	 1934).	 Maguire	 (1971)	 reviewed	 research	 on	 pro-
cesses	 that	may	structure	phytotelm	communities,	 such	as	 in	bro-
meliads	 and	 pitcher	 plants,	 including	 their	 artificial	 analogs.	 He	
almost	exclusively	focused	on	protozoans	and	small	metazoans	and	
reports	on	experiments,	especially	on	colonization	processes,	done	
in	artificial	systems	(bottles	and	beakers)	in	the	field.	Kitching	(2000, 
2001)	summarized	the	work	that	was	done	on	tree	holes	and	other	
natural	“container	habitats”	up	to	1997	with	a	special	focus	on	food	
webs,	drawing	fundamental	conclusions	on	food	web	structure,	and	
evolution	 from	phytotelm	research.	Greeney	 (2001)	provided	data	
on	the	occurrence	of	aquatic	and	semi-	aquatic	insect	taxa	in	differ-
ent	plant-	held	waters,	including	tree	holes.	A	more	recent	article	by	
Nishadh and Das (2014)	qualitatively	summarized	selected	tree-	hole	
studies	between	1950	and	2013	to	describe	inhabitants,	processes,	
and	interactions	and	concluded	that	more	research	on	these	habitats	
needs	to	be	done	in	Tropical	Asia.

To	complement	these	previous	studies,	we	here	exhaustively	re-
view	more	than	a	100 years	of	global	water-	filled	tree-	hole	research	
and	conduct	a	vote	counting	and	a	meta-	analysis	on	certain	aspects	
of	 tree-	hole	 community	 ecology.	 Our	 aim	 is	 to	 qualitatively	 and	
quantitatively	summarize	the	knowledge	on	tree-	hole	communities	
and	 specifically	 their	 environmental	 drivers,	 as	well	 as	 to	 identify	
knowledge	gaps	and	avenues	for	future	research	on	water-	filled	tree	
holes.

2  |  METHODS

We	used	Web	of	 Science	 (http://apps.webof	knowl	edge.com)	 for	 a	
thorough	search	for	tree-	hole	studies	 (last	update	on	02.11.2021).	
The	 following	 databases	 were	 included:	 Web	 of	 Science	 Core	
Collection	 (1900-	present),	 BIOSIS	 Citation	 Index	 (1926-	present),	
BIOSIS	 Previews	 (1969-	present),	 Current	 Contents	 Connect	
(1998-	present),	 Data	 Citation	 Index	 (1900-	present),	 KCI-	Korean	
Journal	 Database	 (1980-	present),	 MEDLINE®	 (1950-	present),	
Russian	 Science	 Citation	 Index	 (2005-	present),	 SciELO	 Citation	
Index	(1997-	present),	and	Zoological	Record	(1864-	present).	The	fol-
lowing	search	string	was	used	on	topic	fields	(titles,	abstracts,	key-
words,	and	indexing	fields	such	as	systematics,	taxonomic	terms,	and	
descriptors)	to	include	as	many	aquatic	tree-	hole	studies	as	possible	
while	excluding	studies	on	nesting	birds,	ornamental	plants	or	trans-
port:	TS	=	(tree-	hole*	OR	treehole*	OR	“tree	hole”*	OR	phytotelm*	

OR	dendrotelm*	OR	 “tree	cavity”*)	AND	TS	=	 (tree*	AND	 [water*	
OR	aquatic*])	NOT	TS	=	(nest-	box*	OR	“nest	box”*	OR	nursery*	OR	
ornamental*	OR	horticult*	OR	seedling*	OR	transport*	OR	contain-
erized*).	Our	search	yielded	1134	publications	(Figure	S3).	Seventy-	
five	empirical	research	articles	were	added	from	our	own	databases	
that	were	not	found	by	Web	of	Science	for	various	reasons	(e.g.,	ab-
stract,	keywords,	or	title	did	not	contain	our	keywords,	article	was	
in	German).	We	also	added	six	own	unpublished	data	sets.	We	then	
scanned	 title	 (and	 if	 necessary:	 abstract),	 deleted	 double	 records,	
and	excluded	 those	publications	 that	 described	patents	or	merely	
reported	about	equipment	or	methods	(mostly	of	mosquito	control).	
We	also	excluded	those	records	that	dealt	with	water	bodies	other	
than	tree	holes	(bromeliads,	pitcher	plants,	ferns,	Pandanus leaves, 
bamboo	stumps,	Dipsacus,	 inflorescences,	nuts,	ponds,	 rivers,	 rock	
pools,	rice	fields,	tires,	and	various	artificial	containers	unless	these	
other	types	of	water	bodies	were	explicitly	used	as	mimics	of	tree	
holes),	were	purely	medical	or	social	 studies,	described	 the	use	of	
tree	holes	 (dry	and	wet)	by	terrestrial	organisms	or	abiotic	effects	
only	(no	organisms	sampled).

From	the	remaining	932	publications	on	water-	filled	tree	holes,	
we	only	retained	primary	research	articles	and	excluded	book	chap-
ters,	 comments	 and	 editorials,	 meeting	 abstracts	 and	 workshop	
proceedings,	identification	keys,	species	descriptions,	species	distri-
butions	and	inventories,	and	reviews	(the	most	relevant	reviews	are	
described	in	the	introduction).

We	 report	 general	 findings	 from	 this	 literature	 search,	 with	 a	
focus	on	community	studies	in	the	form	of	a	qualitative	and	quan-
titative	 review.	Community	 studies	were	defined	as	 those	 that	 in-
vestigate	all	species	of	certain	organism	groups,	even	if	they	do	not	
study	all	organisms	in	the	tree	hole.	The	groups	that	we	used	here	
were	based	on	species	that	were	commonly	studied	together	even	
if	they	are	not	necessarily	delineated	on	a	taxonomic	basis:	insects,	
mites,	 polychaetes,	 gastropods,	microcrustaceans,	 crabs,	 amphibi-
ans,	 protists,	 bacteria,	 fungi,	 nematodes,	 rotifers,	 and	 tardigrades.	
We	 included	studies	on	natural	 tree	holes	and	studies	on	artificial	
tree-	hole	analogs	if	they	specifically	referred	to	tree	holes.	We	in-
cluded	 observational	 studies	 and	 experiments.	 Experiments	 were	
defined	as	those	studies	that	actively	manipulated	at	least	one	vari-
able	and	tested	the	effect	on	the	tree-	hole	community.	Thus,	studies	
on	artificial	tree	holes	were	classified	as	observational	studies	if	no	
variable	was	manipulated	and/or	tested.

In	addition	to	the	review,	we	conducted	a	vote	counting	of	re-
sults	 reported	 in	 community	 studies	 for	 the	most	 important	 ef-
fects	 of	 environmental	 variables	 on	 tree-	hole	organisms	 (overall	
abundance	and	richness).	Results	from	different	organism	groups	
or	different	explanatory	or	response	variables	reported	from	one	
study	were	 included	as	separate	responses	 in	the	vote	counting.	
Unfortunately,	there	were	not	enough	studies	to	analyze	effects	
on	any	other	response	variables	besides	abundance	and	richness	
(such	as	e.g.,	community	composition	or	functions	such	as	decom-
position).	We	also	ran	formal	meta-	analyses	for	those	effects	that	
we	could	gather	sufficient	data	for,	that	is,	the	effect	of	tree-	hole	
size	 (maximum	 or	 actual	 water	 capacity)	 on	 the	 abundance	 and	
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richness	 of	 tree-	hole	 fauna	 and	 the	 effect	 of	 detritus	 amount	
(weight	 or	 volume)	 on	 tree-	hole	 communities.	 For	 the	 meta-	
analyses,	 we	 compiled	 raw	 data	 from	 unpublished	 or	 published	
community	studies	where	possible.	If	data	were	available	as	a	fig-
ure	only,	we	used	the	Web-	based	tool	WebPlotDigitizer	(https://
autom	eris.io/WebPl	otDig	itize	r/)	 to	 extract	 the	 data	 points.	 We	
also	 used	 Pearson's	 correlation	 coefficients	 (r)	 from	 published	
studies	reporting	the	effects	of	tree-	hole	size	or	detritus	amount	
on	 the	 abundance	 and	 richness	 of	 organisms.	 Furthermore,	 t, F, 
and χ2	values	were	converted	to	correlation	coefficients	in	some	
instances.	Correlation	coefficients	between	tree-	hole	size	or	de-
tritus	amount,	respectively,	and	organism	abundance	or	richness,	
respectively,	were	then	used	as	effect	sizes	in	four	meta-	analyses	
after	 transformation	 to	 Fisher's	 Z.	 We	 ran	 additional	 analyses	
using	partial	 correlation	 coefficients	 for	 those	 studies	 for	which	
we	had	raw	data	on	both	detritus	amount	and	size	to	control	for	
the	effects	of	 size	on	detritus	amount.	Data	on	separate	groups	
of	organisms	or	response	variables	from	one	study	were	used	as	
separate	data	points.	We	first	ran	a	random	effects	model,	treat-
ing	heterogeneity	among	studies	as	purely	random	and	not	using	
moderators	(Viechtbauer,	2010),	for	each	combination	of	explan-
atory	variables	(size	or	detritus)	and	response	variable	(abundance	
or	richness)	to	assess	the	overall	effects	across	all	studies.	Funnel	
plots	and	regression	tests	for	asymmetry	were	run	to	test	for	pub-
lication	bias,	and	the	“trim-	and-	fill”	method	was	applied	in	case	of	
a	bias	 (Viechtbauer,	2010).	We	then	used	annual	mean	tempera-
ture	(in	°C)	and	annual	precipitation	(in	mm)	as	well	as	other	site	or	
study	characteristics	(latitude,	longitude,	natural	vs.	artificial	tree	
holes,	insects	only	vs.	other	organisms	besides	insects	included)	as	

moderators	 in	mixed-	effects	meta-	analyses	 (Viechtbauer,	2010).	
Annual	 mean	 temperature	 and	 annual	 precipitation	 were	 used	
as	 reported	by	 the	 studies.	 If	 this	 information	was	 not	 available	
from	 the	 publication,	 temperature	 and	 precipitation	 data	 were	
extracted	from	the	WorldClim	database	(version	1.4,	www.world 
clim.org).	 For	 those	 studies	 that	 used	 several	 sites,	 averages	 of	
the	climate	data	between	the	sites	were	used.	If	several	sites	per	
study	were	used,	 these	were	never	more	than	300 km	apart	and	
climates	did	not	differ	much.	Meta-	analyses	were	conducted	with	
the	metafor	package	version	2.1–	0	 (Viechtbauer,	2010)	 in	R	ver-
sion	3.6.2	(R	Development	Core	Team,	2016).

3  |  RESULTS

3.1  |  Organisms

Our	 search	 and	 classification	 procedure	 yielded	 653	 empirical	 re-
search	articles	on	organisms	from	water-	filled	tree	holes	(Figure	S3).	
Of	these,	161	were	pure	laboratory	studies	on	tree-	hole-	associated	
species.	Of	the	remaining	497	studies	that	at	 least	collected	some	
data	in	the	field,	15	were	done	on	artificial	containers	that	were	not	
used	to	mimic	tree	holes	(i.e.,	not	“artificial	tree	holes”).	Of	the	re-
maining	482	studies	on	natural	and	artificial	tree	holes,	234	studies	
sampled	a	limited	or	selected	set	of	species	from	a	particular	organ-
ism	group,	that	 is,	more	than	one	but	not	all	species	of	that	group	
(groups	of	 organisms	were	 as	 follows:	 insects,	mites,	 polychaetes,	
gastropods,	microcrustaceans,	crabs,	amphibians,	protists,	bacteria,	
fungi,	nematodes,	rotifers,	and	tardigrades).	In	addition,	166	studies	

F I G U R E  1 (a)	Numbers	of	research	articles	on	tree	holes	with	a	field	component	(total	n =	482)	reporting	results	on	single	species,	
multiple	selected	species	or	communities	(“communities”	were	defined	as	groups	listed	under	c).	Studies	dealing	with	mosquito	species	only	
are	shaded	in	dark	gray,	all	other	studies	are	presented	in	white.	(b)	Number	of	community	studies	(n =	82)	which	included	natural	or	artificial	
tree	holes	(10	studies	included	both	types)	and	which	had	observational	or	experimental	parts	(five	had	experimental	and	observational	
parts).	“Experimental”	studies	were	defined	as	those	which	specifically	manipulated	abiotic	or	biotic	variables.	Therefore,	studies	in	artificial	
tree	holes	could	also	be	observational	if	they	did	not	manipulate	any	additional	variables.	(c)	Number	of	community	studies	(n =	82)	reporting	
results	on	the	different	groups.	About	half	of	these	studies	(n =	39)	reported	results	for	more	than	one	of	these	groups.	Bars	in	(b,c)	are	split	
up	into	studies	in	temperate	sites	(dark	green)	and	studies	in	tropical	sites	(light	green).

https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
http://www.worldclim.org
http://www.worldclim.org
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even	 only	 studied	 a	 single	 species	 (Figure 1a).	 The	 studies	 cover-
ing	only	limited	sets	of	species	and	the	single-	species	studies	largely	
focused	on	mosquitoes	(191	of	234	limited-	species	studies	and	128	
of	166	single-	species	studies,	respectively),	often	with	a	particular	
interest	in	mosquitoes	as	vectors	of	certain	diseases.

The	remaining	part	of	this	article	only	examines	those	studies	that	
included	entire	communities	of	certain	organism	groups	(e.g.,	entire	in-
sect	communities),	even	if	they	did	not	study	all	organisms	in	the	tree	
hole (total n =	82	studies,	Table	S1).	Of	all	community	studies,	62	in-
cluded	natural	 tree	holes	 (Figure 1b,	21	 [sub]tropical,	40	 temperate,	
and	one	with	a	temperate	and	a	subtropical	field	site)	and	30	included	
artificial	tree-	hole	analogs	(12	[sub]tropical	and	18	temperate).	A	total	
of	60	community	studies	included	observational	studies	(20	[sub]trop-
ical,	39	temperate,	and	one	with	a	temperate	and	a	subtropical	field	
site),	 22	 included	experiments,	manipulating	at	 least	one	variable	 (7	
[sub]tropical	and	15	temperate).	Of	all	community	studies,	the	major-
ity	included	insect	communities	(n =	66	studies,	Figure 1c).	However,	
other	groups	were	also	 investigated	 in	a	number	of	studies,	 such	as	
mites	 (e.g.,	 Devetter,	 2004;	 Jenkins	 et	 al.,	 1992),	 polychaetes	 (e.g.,	

Schulz	 et	 al.,	 2012),	 gastropods	 (e.g.,	 Kitching,	 1987a),	 microcrusta-
ceans (e.g., Devetter, 2004;	Schulz	et	al.,	2012),	crabs	(e.g.,	Cumberlidge	
et al., 2005),	amphibians	(e.g.,	Pimm	&	Kitching,	1987; Yanoviak, 2001a, 
2001b),	protists	(e.g.,	Walker	et	al.,	2010; Yee et al., 2007),	bacteria	(e.g.,	
Ager	et	al.,	2010; Bell et al., 2005;	Kaufman	et	al.,	2008;	Petermann	
et al., 2020;	Ponnusamy	et	al.,	2008; Verdonschot et al., 2008;	Walker	
et al., 2010;	Woodcock	et	al.,	2007),	fungi	(e.g.,	Gönczöl	&	Révay,	2004; 
Kaufman	et	al.,	2008;	Magyar	et	al.,	2017;	Sridhar	et	al.,	2013),	nem-
atodes (e.g., Devetter, 2004;	 Petermann	 et	 al.,	2020;	 Ptatscheck	 &	
Traunspurger,	2014;	Ptatscheck	&	Traunspurger,	2015),	 rotifers	 (e.g.,	
Devetter, 2004;	 Ptatscheck	 &	 Traunspurger,	 2014;	 Ptatscheck	 &	
Traunspurger,	2015),	 tardigrades	 (e.g.,	Devetter,	2004;	Ptatscheck	&	
Traunspurger,	2014),	and	algae	(e.g.,	Ptatscheck	&	Traunspurger,	2015).	
Studies	on	amphibians	were	almost	exclusively	done	in	the	tropics	as	
frogs	are	only	rarely	reported	from	tree	holes	in	temperate	areas	(but	
see e.g., von Brandt, 1934;	Kirsch	et	al.,	2021)	and	are	not	known	to	
breed	in	tree	holes	there	(but	see	Nöllert,	2012	for	a	single	instance	of	
a	Rana	t.	temporaria	brood	in	a	lying	dead	beech	tree).	We	also	found	
more	 studies	on	mites	 from	 the	 tropics	 than	 from	 temperate	 areas,	

F I G U R E  2 (a)	Water-	filled	tree-	hole	ecosystem,	(b)	water	and	detritus	accumulating	in	the	tree	hole,	(c)	specialist	beetle	species	inhabiting	
European	tree	holes:	Larval	Prionocyphon serricornis,	(d)	generalist	mosquito	species	inhabiting	European	tree	holes:	Larval	Culex pipiens,	(e)	
global	map	depicting	biomes	(summarized	from	Udvardy,	1975)	and	the	study	sites	of	community	studies	(one	site	per	study	shown,	only	
few	studies	used	more	than	one	site	and	these	were	usually	close	together).	The	more	recent	the	study	the	darker	red	the	symbol.	Studies	
including	insects	are	shown	with	circles,	studies	on	other	organisms	with	triangles.	Photographs:	J.	S.	Petermann.

(a) (b) (c)

(d)

(e)
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where	aquatic	mites	seem	to	be	rarely	occurring	in	tree	holes	(or	may	
have	been	overlooked),	while	tree-	hole	nematodes,	protists,	bacteria,	
and	rotifers	are	studied	more	often	in	temperate	areas.	Most	commu-
nity	studies	took	place	in	Europe	and	North	America,	and	those	studies	
also	regularly	examined	other	organisms	than	insects	(Figure 2).	Many	
areas	worldwide	have	no	or	few	tree-	hole	community	studies,	and	the	
few	studies	in	areas	other	than	Europe	and	North	America	mostly	re-
port	results	on	insect	communities	only.

3.2  |  Environmental effects on tree- hole 
communities

The	effects	of	environmental	variables	on	tree-	hole	communities	are	
a	common	topic	in	many	studies.	Most	frequently,	the	water	volume	
of	 the	 tree	 hole	 or	 related	measures	 of	 tree-	hole	 size	 are	 investi-
gated.	Size-	related	variables	are	considered	important	since	they	are	
a	proxy	of	drought	risk,	especially	in	combination	with	high	tempera-
tures	or	strong	exposure	to	the	sun,	for	example,	higher	up	in	trees	
(see	below).	Thus,	25	observational	setups	and	four	experiments	ad-
dressed	the	effect	of	tree-	hole	size	(Figure 3).	Size	was	measured	or	
manipulated	 as	 potential	 volume	when	 full	 (maximum	 capacity)	 in	
12	studies,	as	actual	volume	in	17	studies	and	as	surface	area	in	2	
studies.	Many	studies	found	strong	effects	of	tree-	hole	volume	(or	
other	size-	related	measures)	on	tree-	hole	communities,	with	higher	
abundance,	richness,	and	different	community	composition	in	larger	
holes (Figure 4	and	Figure	S4).	Our	meta-	analyses	showed	that	the	
effects	of	tree-	hole	size	on	abundance	(df	= 15, Z = 2.81, p = .005, 
Figure 5a)	 and	 richness	 (df	 = 22, Z = 5.58, p < .001,	 Figure 5b)	
were	 overall	 positive	 and	 significant.	 Funnel	 plots	 (Figure	 S6)	 and	
regression	 tests	 for	 asymmetry	 indicated	 a	 marginally	 significant	
publication	bias	only	in	the	effect	of	size	on	richness,	and	thus,	the	
“trim-	and-	fill”	 method	 was	 used	 to	 adjust	 for	 this	 bias	 by	 imput-
ing	 potentially	 missing	 study	 results	 (Viechtbauer,	 2010).	 Results	
remained	 qualitatively	 similar.	 These	 overall	 positive	 effects	were	
not	different	for	different	 latitudes	or	 longitudes,	for	different	an-
nual	 precipitation	 at	 the	 study	 site,	 between	 natural	 and	 artificial	
tree	holes	or	for	insect-	only	studies	vs.	studies	with	other	organisms	
besides	 insects	 included	 (Table	S2).	However,	we	 found	a	positive	
effect	 of	 annual	mean	 temperature	 at	 the	 site	 on	 the	 strength	 of	
the	relationship	of	tree-	hole	size	and	organism	richness	(Figure 5c, 
Table	S2),	meaning	that	tree-	hole	size	 increased	organism	richness	
more	strongly	under	higher	annual	mean	temperatures.

Most	 of	 the	 species	 in	 the	 tree	 holes	 depend	 directly	 or	 indi-
rectly	on	detritus.	Thus,	many	 tree-	hole	 studies	measured	effects	
of	detritus	amount	on	communities	(Figure 3).	These	studies	mostly	
found	positive	effects	of	detritus	amount	on	abundance	and	 rich-
ness	of	organisms	(Figure 4	and	Figure	S5).	Our	meta-	analysis	also	
showed	that	the	effects	of	detritus	amount	on	abundance	(df	= 20, 
Z = 6.59, p < .001,	Figure 5a)	and	richness	(df	=	17,	Z	= 3.81, p = .001, 
Figure 5b)	 were	 overall	 positive	 and	 significant.	 Funnel	 plots	
(Figure	 S6)	 and	 regression	 tests	 for	 asymmetry	 indicated	 publica-
tion	bias	 in	the	effect	of	detritus	amount	on	organism	abundance.	

Results	remained	qualitatively	similar	when	using	the	“trim-	and-	fill”	
method	to	adjust	for	this	bias	by	imputing	potentially	missing	study	
results	(Viechtbauer,	2010).	The	positive	effect	of	detritus	amount	
on	 organism	 abundance	 was	 not	 different	 for	 different	 latitudes,	
for	 different	 annual	 mean	 temperature	 or	 annual	 precipitation	 at	
the	site	of	the	study	or	between	insect-	only	studies	vs.	studies	with	
other	organisms	besides	 insects	 included	 (Table	S2).	However,	 the	
positive	 effect	was	 stronger	 in	 natural	 than	 in	 artificial	 tree	holes	
(Figure 5a,	Table	S2),	and	we	found	a	weaker	effect	at	higher	longi-
tudes	(Table	S2).	The	positive	effect	of	detritus	amount	on	organism	
richness	was	not	different	between	artificial	and	natural	tree	holes	
or	 between	 insect-	only	 studies	 vs.	 studies	 with	 other	 organisms	
besides	 insects	 included	 (Table	 S2).	 However,	 we	 found	 stronger	
positive	effects	of	detritus	amount	on	organism	richness	at	higher	

F I G U R E  3 (a)	Numbers	of	observational	community	studies	and	
the	abiotic	and	biotic	environmental	variables	that	were	most	often	
measured	and	analyzed	(i.e.,	the	effect	on	organism	abundance	
or	richness	was	tested).	(b)	Numbers	of	experimental	community	
studies	and	the	environmental	variables	they	manipulated.	
“Experimental”	studies	were	defined	as	those	which	specifically	
manipulated	abiotic	or	biotic	explanatory	variables.	Therefore,	
studies	in	artificial	tree	holes	were	counted	as	observational	
studies	if	they	did	not	manipulate	these	variables.	Some	studies	
included	both	observational	and	experimental	approaches	or	
addressed	several	explanatory	variables	and	thus,	are	counted	
several	times.	Bars	are	split	up	into	studies	in	temperate	sites	(dark	
green)	and	studies	in	tropical	sites	(light	green).	Size	was	measured	
or	manipulated	as	potential	volume	when	full	(maximum	capacity)	
in	12	studies,	as	actual	volume	in	17	studies	and	as	surface	area	
in	2	studies.	Detritus	type	may	refer	to	animal	vs.	plant	detritus	or	
different	species	of	plant	detritus.
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absolute	latitude	(Figure 5d,	Table	S2),	weaker	effects	at	higher	lon-
gitude	(Table	S2),	and	stronger	effects	at	higher	annual	mean	tem-
perature	 (Figure 5e,	 Table	 S2)	 and	 annual	 precipitation	 (Figure 5f, 
Table	S2).	This	shows	that	detritus	amount	increased	richness	more	
strongly	 at	 higher	 latitudes,	 lower	 longitudes,	 higher	 annual	mean	
temperature,	 and	 higher	 precipitation.	 Our	 additional	 analyses	
showed	 that	 the	 effects	 of	 detritus	 amount	 on	 abundance	 is	 still	
positive	 and	 significant	when	accounting	 for	 the	effect	of	 volume	
on	detritus	(df	= 9, Z = 3.96, p < .001).	Using	the	trim-	and-	fill	method	
to	account	 for	asymmetry	did	not	change	 this	 result.	None	of	 the	
moderators	we	tested	had	a	significant	influence	on	this	effect.	The	
effect	of	detritus	on	richness	was	no	longer	significant	when	we	con-
trolled	for	the	effect	of	volume	on	detritus	amount	(df	= 8, Z =	1.37,	
p =	.171).	There	was	a	small	significant	difference	between	artificial	
and	natural	tree	holes	 in	this	case	with	natural	tree	holes	showing	
a	 slightly	 larger	 effect	 of	 detritus	 on	 richness	 than	 artificial	 ones.	
Detritus	quality	on	the	other	hand	was	rarely	studied	(Figure 3).	The	
few	studies	addressing	this	topic	found	that	animal	detritus	as	a	sole	
resource	clearly	lead	to	higher	abundance	and	richness	of	tree-	hole	

inhabiting	 organisms	 compared	 with	 plant	 detritus	 as	 a	 sole	 re-
source,	but	there	were	also	differences	among	different	species	of	
plant	detritus	(Figure 4).

Many	studies	only	sampled	tree	holes	close	to	the	ground	(e.g.,	
Paradise,	2004;	Srivastava,	2005; Verdonschot et al., 2008),	mostly	
for	 practical	 reasons.	 However,	 some	 observational	 studies	 mea-
sured	and	analyzed	height	 from	 the	ground	as	one	environmental	
parameter	(Figure 3a),	and	a	few	experiments	even	explicitly	manip-
ulated	 it	 (Figure 3b).	Those	studies	found	positive	or	no	effects	of	
height	 on	 organism	 abundance	 but	 negative	 or	 positive	 (or	 rarely,	
neutral)	effects	of	height	on	richness	(Figure 4).

The	effects	of	physical	and	chemical	tree-	hole	water	parameters	
on	the	inhabiting	communities	were	also	measured	by	many	studies	
(Figure 3a)	 but	 less	 often	manipulated	 in	 experiments	 (Figure 3b).	
Most	 commonly	 addressed	were	water	 temperature,	 dissolved	 ox-
ygen	 content,	 pH	 and	 conductivity,	 and	 various	 effects	 of	 these	
variables	 on	 tree-	hole	 communities	 have	 indeed	 been	 shown	 (e.g.,	
Blakely	 &	 Didham,	 2010;	 Paradise,	 1998;	 Schmidl	 et	 al.,	 2008; 
Yanoviak et al., 2006).	For	example,	Yanoviak	et	al.	 (2006)	 found	a	

F I G U R E  4 Vote	counting	of	effects	
of	abiotic	and	biotic	variables	on	the	
abundance	and	species	richness	of	tree-	
hole	communities.	Both	observational	
and	experimental	studies	were	included	
and	negative	effects	(red),	nonsignificant	
effects	(gray),	and	positive	effects	
(blue)	reported	by	these	studies	were	
recorded.	Some	studies	addressed	several	
explanatory	variables	and	appear	several	
times	for	these	separate	variables.	Studies	
were	also	counted	several	times	if	they	
investigated	separate	organism	groups	
(as	defined	and	listed	in	Figure 1c).	
Water	chemistry	does	not	appear	here	
because	the	various	variables	that	
were	investigated	in	this	context	could	
not	be	presented	in	a	simplified	way.	
Abundance	was	most	often	assessed	
as	raw	abundance	per	tree	hole	(n = 13 
observational,	n =	9	experimental).	
Only	in	a	few	studies,	abundance	was	
assessed	as	density	(i.e.,	per	water	
volume,	n =	4	observational,	n = 3 
experimental).	Two	of	the	observational	
studies	used	raw	abundance	for	insects	
and	density	for	other	organisms	(protists	
and	nematodes,	respectively).	Detritus	
type	may	refer	to	animal	vs.	plant	
detritus	or	different	species	of	plant	
detritus	and	nonsignificant	differences	
between	detritus	types	are	shown	in	gray,	
significant	differences	in	black.
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positive	effect	of	dissolved	oxygen	on	insect	richness	in	artificial	tree	
holes	and	a	negative	effect	in	natural	ones.	Conductivity	and	pH	had	
no	effect	on	 richness	or	abundance	 in	 this	 study.	Water	chemistry	

has	 also	 been	 shown	 to	 affect	 community	 composition	 (Gossner,	
Lade, et al., 2016).	These	effects	may	 result	 from	oviposition	pref-
erences	of	 adults	 for	 certain	 environmental	 conditions	 (Paradise	&	

F I G U R E  5 Results	of	random	effects	meta-	analysis	of	the	effect	of	tree-	hole	size	(actual	or	maximum	volume)	and	of	the	effect	of	
detritus	amount	(weight	or	volume)	on	(a)	abundance	and	(b)	richness	of	tree-	hole	organisms.	Shown	are	estimates	and	95%	confidence	
intervals	from	the	models	(Pearson's	r,	backtransformed	from	Fisher's	Z),	as	well	as	predicted	values	for	each	study	scaled	to	be	proportional	
to	their	inverse	standard	errors.	In	all	cases,	the	overall	effects	of	size	and	detritus	amount	were	positive	and	significant.	Additional	
estimates	in	a	are	from	a	separate	models	showing	the	significant	difference	of	the	effect	of	detritus	on	abundance	between	artificial	and	
natural	tree	holes.	(c–	f)	show	selected	significant	effects	of	moderators	in	mixed-	effects	meta-	analyses	using	regression	lines	and	95%	
confidence	intervals	from	the	models	(see	Table	S2	for	results	of	models).	(c)	Stronger	effects	of	tree-	hole	size	on	organism	richness	were	
found	under	higher	annual	mean	temperature.	Stronger	effects	of	detritus	amount	on	organism	richness	were	found	(d)	at	higher	absolute	
latitudes,	(e)	under	higher	annual	mean	temperature	and	(f)	under	higher	annual	precipitation.	One	study	with	very	high	annual	mean	
temperatures	and	high	annual	precipitation	from	a	low	latitude	was	excluded	from	D-	F.	the	models	gave	similar	results	with	and	without	this	
outlier.	Size	was	measured	as	maximum	volume	(a:	N =	7,	b,c:	N =	11)	or	actual	volume	(a:	N =	9,	b,c:	N =	12).	One	study	using	surface	area	
as	a	proxy	of	size	was	excluded	here.	Abundance	(a)	was	most	often	assessed	as	raw	abundance	per	tree	hole	(size:	N =	14,	detritus:	N =	17).	
Only	in	a	few	studies,	abundance	was	assessed	as	density	(i.e.,	per	water	volume,	size:	N =	2,	detritus:	N =	2).	One	study	of	detritus	assessed	
insects	in	terms	of	their	abundance	and	protists	in	terms	of	density.
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Dunson,	1997;	Schmidl	et	al.,	2008).	However,	it	is	also	possible	that	
certain	 physical	 or	 chemical	 parameters	 determine	 larval	 survival	
rather	than	adult	oviposition.	The	effect	of	varying	tree-	hole	density	
on	tree-	hole	communities	was	rarely	measured	(Figure 3a)	and	to	our	
knowledge	never	explicitly	manipulated	(Figure 3b)	despite	its	likely	
importance	for	the	colonization	of	tree-	hole	organisms	with	different	
dispersal	ability.	The	few	observational	studies	that	addressed	tree-	
hole	density	found	a	negative	or	positive	effect	on	abundance	and	an	
insignificant	or	a	positive	effect	on	richness	(Figure 4).	Furthermore,	
effects	of	natural	or	experimentally	manipulated	predation	on	tree-	
hole	communities	were	measured	in	a	few	studies	(Figure 3).	Results	
were	inconsistent,	showing	negative	effects	on	abundance	but	posi-
tive	or	negative	effects	on	richness	(Figure 4).

4  |  DISCUSSION

4.1  |  Organisms

Most	studies	we	found	recorded	only	few	or	even	a	single	species	
and	 focused	 on	mosquitoes	 or	 other	 disease-	transmitting	 insects.	
Outside	 of	 Europe	 and	 North	 America,	 few	 studies	 on	 tree-	hole	
communities	 (i.e.,	 studies	 on	 more	 than	 a	 few	 selected	 species)	
have	been	conducted	and	those	were	often	exclusively	on	insects.	
Tropical	studies	on	other	 tree-	hole	organisms	such	as	microbes	or	
mesofauna	(e.g.,	nematodes	and	rotifers)	would	be	strongly	needed	
to	assess	their	importance	in	these	systems.	However,	they	are	often	
limited	by	the	 lack	of	experts	on	their	 taxonomy.	Morphotype	ap-
proaches	are	often	used	 (see	e.g.,	Gossner,	 Lade,	et	 al.,	2016)	 but	
render	comparisons	across	studies	difficult.	Barcoding	approaches	
are	sometimes	hampered	by	the	few	species	records	available	in	da-
tabases.	Thus,	there	is	a	strong	need	for	a	reliable	barcode	reference	
database	of	organisms	inhabiting	tree	holes.

Trait-	based	analyses	are	now	being	used	more	and	more	 in	ar-
thropods	 (e.g.,	Birkhofer	 et	 al.,	2015;	Wong	et	 al.,	2019).	 For	 tree	
holes,	almost	no	trait-	based	analyses	of	communities	have	been	at-
tempted	so	 far	 (but	 see	Petermann	et	al.,	2020)	but	 could	 lead	 to	
new	 insights	 into	 their	 metacommunity	 dynamics	 (e.g.,	 dispersal-	
related	 traits)	 and	 food	 webs	 (e.g.,	 feeding	 traits)	 and	 allow	 for	
cross-	study	 comparisons	 even	 if	 identification	 to	 species	 level	 is	
not	 possible.	Moreover,	 a	 trait-	based	 approach	 could	help	 to	 ana-
lyze	 the	 consequences	 of	 climate	 change	 (e.g.,	 increasing	 drought	
events)	on	community	functional	resistance	and	resilience,	as	trait-	
based	approaches	in	bromeliad-	inhabiting	communities	have	shown	
(Céréghino et al., 2018; Marino et al., 2020;	Srivastava	et	al.,	2020; 
Srivastava	et	al.,	2022).

4.2  |  Environmental effects

We	found	that	there	is	a	positive	effect	of	tree-	hole	size	on	abun-
dance	and	richness	of	the	organisms.	This	effect	may	reflect	ovipo-
sition	decisions	 (Bradshaw	&	Holzapfel,	1988)	 or	mortality	 due	 to	

increased	drought	or	lower	resources	in	smaller	holes	(Gossner,	Lade,	
et al., 2016).	Our	meta-	analysis	showed	a	stronger	effect	of	size	on	
richness	under	high	mean	annual	 temperatures.	This	 increased	ef-
fect	could	be	a	signature	of	larger	species	pools	in	these	areas	but	
may	also	be	a	result	of	an	increased	drought	risk	(and	thus,	a	bigger	
advantage	of	larger	holes)	in	warmer	sites.	On	the	contrary,	it	may	
be	advantageous	to	colonize	small	holes	that	may	constitute	habi-
tats	with	 lower	 competition	 (Fincke,	1992)	 or	 predation	 (Paradise	
et al., 2008),	and	this	may	be	the	reason	that	even	very	small	tree	
holes	 contain	 organisms	 (Paradise,	 2004).	 Therefore,	 the	 species	
that	live	in	small	tree	holes	might	have	specific	traits,	for	example,	
they	are	adapted	to	drought	 (e.g.,	via	resting	stages),	 they	are	fast	
colonizers	or	they	have	short	larval	development	times,	but	they	are	
inferior	competitors	or	sensitive	to	predation.

Similarly,	detritus	amount	had	a	general	positive	effect	on	tree-	
hole	organism	abundance	and	richness,	but	this	might	be	a	conse-
quence	of	a	correlation	with	tree-	holes	size.	The	latter	is	supported	
by	our	finding	that	the	effect	of	detritus	amount	on	richness	disap-
peared	when	we	controlled	 for	differences	 in	 tree-	hole	volume	 in	
the	subset	of	studies	for	which	we	had	sufficient	data.	However,	the	
generally	strong	and	positive	effect	of	detritus	amount	on	abundance	
remained	even	when	 accounting	 for	 differences	 in	 size,	 indicating	
that	 resource	 amount	 per	 se	 exerts	 strong	 bottom-	up	 control	 on	
abundance.	Detritus	quality	was	also	found	to	be	important	(e.g.,	Yee	
&	Juliano,	2007).	Most	of	the	species	in	the	tree	holes	live	directly	or	
indirectly	on	detritus	as	primary	production	may	be	restricted	by	low	
light	levels	(but	see	Ptatscheck	&	Traunspurger,	2015),	but	additional	
nutrients	 enter	 the	 system	 by	 stemflow	 water	 (Carpenter,	 1982).	
Potentially,	high	precipitation	decreases	drought	risk	and	may	allow	
tree-	hole	communities	to	exploit	detrital	resources	better,	explain-
ing	the	stronger	effect	of	detritus	on	richness	that	we	found	in	our	
meta-	analysis	at	sites	with	high	precipitation.

Our	results	show	that	abundance	of	tree-	hole	organisms	is	often	
higher	when	tree	holes	are	located	higher	up	the	tree	compared	with	
tree	 holes	 close	 to	 the	 ground	 (e.g.,	 see	Blakely	&	Didham,	2010; 
Gossner,	 Lade,	et	al.,	2016).	 In	 contrast,	 species	 richness	or	diver-
sity	is	sometimes	lower	when	the	tree	hole	is	located	higher	up	the	
tree,	with	additional	differences	in	community	composition	(Blakely	
&	Didham,	2010,	Gossner,	Lade,	et	al.,	2016).	The	reasons	may	be	
different	abiotic	conditions	in	the	canopy	(smaller	tree	holes,	higher	
frequency	of	drought,	 less	resource	input,	and	faster	development	
due	to	faster	warming	of	the	water;	Gossner,	2018)	or	differences	in	
dispersal	(Blakely	&	Didham,	2010,	Gossner,	Lade,	et	al.,	2016).

We	show	that	many	studies	measured	physical	or	chemical	pa-
rameters	in	the	tree-	hole	water.	Temperature,	dissolved	oxygen	con-
tent,	pH,	and	conductivity	were	measured	most	often,	and	effects	
of	these	variables	on	tree-	hole	communities	have	been	shown	(e.g.,	
Blakely	&	Didham,	2010;	Paradise,	1998; Yanoviak et al., 2006).	More	
detailed	 water	 chemistry	measurements	 (e.g.,	 nitrate,	 ammonium,	
and	phosphate)	are	taken	more	rarely	(but	see	Schmidl	et	al.,	2008; 
Gossner,	Lade,	et	al.,	2016;	Petermann	et	al.,	2016).	Characteristics	
of	the	surrounding	environment	such	as	wind	speed	and	direction,	
canopy	 cover,	 and	 relative	humidity	 are	 also	 rarely	measured	 (but	
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see	Khazan	et	al.,	2015;	Petermann	et	al.,	2020)	but	may	be	import-
ant	to	describe,	for	example,	conditions	for	dispersal.	Unfortunately,	
community	studies	rarely	test	and	compare	responses	of	individual	
species	to	environmental	parameters	(but	see	Schmidl	et	al.,	2008; 
Gossner	&	Petermann,	2022).Thus,	whether	tree-	hole	species	have	
environmental	limits	and/or	habitat	preferences	is	largely	unknown.

We	found	few	differences	in	effects	of	the	environment	on	tree-	
hole	 communities	 between	 natural	 and	 artificial	 tree	 holes	 in	 our	
meta-	analysis.	Only	the	effect	of	detritus	on	abundance	was	stron-
ger	for	natural	tree	holes.	However,	studies	directly	comparing	the	
communities	of	natural	and	artificial	tree	holes	found	that	communi-
ties	in	natural	tree	holes	have	a	higher	species	richness	but	a	lower	
density	of	organisms	(Blakely	et	al.,	2012;	Petermann	et	al.,	2016)	and	
that	community	composition	differs	(Blakely	et	al.,	2012;	Petermann	
et al., 2016; Yanoviak et al., 2006),	possibly	also	due	to	differences	
in	abiotic	parameters	(e.g.,	higher	temperature	in	artificial	tree	holes;	
Petermann	 et	 al.,	2016).	 However,	 relatively	 few	 species	 seem	 to	
be	exclusive	 to	natural	 tree	holes	 (Blakely	et	al.,	2012;	Petermann	
et al., 2016; Yanoviak et al., 2006).	For	those	species,	their	absence	
in	artificial	tree	holes	may	also	be	due	to	the	often	younger	age	of	ar-
tificial	tree	holes	(Yanoviak	et	al.,	2006).	Especially,	species	that	have	
been	successfully	spreading	into	new	areas	are	able	to	use	artificial	
containers	but	may	also	use	natural	tree	holes	as	habitats	in	their	new	
range.	One	example	of	such	habitat	flexibility	of	novel	species	is	the	
mosquito	Aedes albopictus	in	the	United	States	(Westby	et	al.,	2020).	
Generally,	differences	 in	 community	 composition	between	natural	
and	artificial	tree	holes—	with	some	exceptions—	seem	to	arise	from	
differences	in	(relative)	abundances	and	less	from	differences	in	the	
presence	 and	 absence	 of	 species.	 Because	 environmental	 effects	
(such	 as	 the	 effect	 of	 detritus	 amount	 or	 forest	 management	 on	
species	 richness)	 can	be	detected	 in	 a	 similar	way	 in	 artificial	 and	
natural	tree	holes,	many	studies	(e.g.,	Blakely	et	al.,	2012;	Petermann	
et al., 2016)	suggest—	and	we	agree—	that	artificial	tree	holes	can	be	
useful	analogs	of	natural	tree	holes.

4.3  |  Spatial dynamics and metacommunity aspects

We	show	 that	 some	of	 the	 few	 studies	 addressing	 tree-	hole	den-
sity	 indeed	 demonstrate	 effects	 on	 inhabitant	 abundance	 and	
sometimes	 richness	 (e.g.,	 Gossner,	 Lade,	 et	 al.,	 2016;	 Petermann	
et al., 2020)	suggesting	that	dispersal	 limitation	exists.	In	contrast,	
some	studies	(e.g.,	Schulz	et	al.,	2012)	found	no	effect	of	space	on	
passively	or	actively	dispersing	invertebrates	and	habitat	properties	
might	 be	 more	 important	 than	 spatial	 distance	 in	 structuring	 the	
communities	at	small	spatial	scales	(Gossner,	unpubl.	results).	Adult	
insects	are	active	dispersers	with	sometimes	strong	dispersal	abili-
ties,	but	which	still	differ	between	species	(Sarremejane	et	al.,	2020)	
and	 are	often	unknown,	 except	 for	 certain	 large,	 charismatic	 spe-
cies	such	as	damselflies	for	which	population	genetics	and	dispersal	
experiments	allow	estimations	of	dispersal	distances	(Fincke,	2006).	
Other	species,	such	as	bacteria	and	protists,	are	passive	dispersers	
depending	on	biotic	 (insects,	birds)	or	abiotic	vectors	 (wind)	which	

may	make	 their	 dispersal	more	 erratic	 but	 nevertheless	may	 lead	
to	 relatively	 high	 dispersal	 distances.	 However,	 Bell	 (2010)	 found	
that	bacterial	 communities	 in	 tree	holes	were	spatially	 structured,	
at	 least	over	short	 time	scales,	 indicating	dispersal	 limitation.	Few	
studies	 have	made	 an	 attempt	 to	 sample	 or	 at	 least	 map	 all	 tree	
holes	 in	 the	sampling	area	 (but	see	Kitching,	1969;	Gossner,	Lade,	
et al., 2016;	Petermann	et	al.,	2016;	Petermann	et	al.,	2020)	or	other	
water	 sources	 such	 as	 ponds.	 This	mapping	would	 be	 required	 to	
assess	potential	 sources	of	 colonists.	Water-	filled	 tree	holes	 are	a	
textbook	example	of	metacommunities.	Still,	hardly	any	studies	have	
explicitly	addressed	aspects	of	metacommunity	theory	in	tree	holes	
(but	see	Ellis	et	al.,	2006).

4.4  |  Trophic interactions and ecosystem 
functions within tree holes and at the aquatic– 
terrestrial interface

Our	results	show	that	relatively	few	observational	and	experimen-
tal	studies	considered	top-	down	processes,	but	these	indeed	found	
negative	effects	of	predation	on	abundance,	and	negative	or	positive	
effects	on	richness,	 for	example,	a	strong	effect	of	a	top	predator	
mosquito	species	(Toxorhynchites)	on	other	dipteran	larvae	(Paradise	
et al., 2008;	Smith	et	al.,	2009).	These	examples	are	from	the	trop-
ics	where	predators	occur	in	the	tree-	hole	food	web	and	their	top-	
down	effects	can	be	tested.	 Intriguingly,	 in	Central	European,	tree	
holes	obligate	predators	of	 insects	seem	to	be	absent	or	very	rare	
(Kitching,	1971; Rohnert, 1950).	Some	species	are	suspected	to	be	
facultative	predators,	but	feeding	trials	or	stable	isotope	techniques	
(e.g.,	 reviewed	 for	 arthropods	 by	 Hood-	Nowotny	 &	 Knols,	 2007, 
for	a	 soil	 food	web	example	 see	Digel	et	 al.,	2014)	would	be	nec-
essary	 to	 unequivocally	 confirm	 this	 notion.	 External	 terrestrial	
predators	such	as	birds,	carabids,	or	spiders	could	also	make	use	of	
aquatic	species	as	a	 resource,	especially	under	drought	conditions	
(Srivastava,	2005),	but	this	cross-	system	predation	has	rarely	been	
studied	(but	see	Gossner	et	al.,	2020;	Kirsch	et	al.,	2021).

Decomposition	is	the	most	important	ecosystem	function	in	the	
tree-	hole	 system,	 and	 the	 inhabiting	 insect	 species	 are	mostly	 de-
tritivores	of	several	distinct	functional	groups:	scrapers	(e.g.,	scirtid	
beetle	larvae),	shredders	(e.g.,	tipulid	larvae),	collector-	gatherers	(e.g.,	
many	chironomid	larvae),	and	filter	feeders	(e.g.,	many	mosquito	lar-
vae).	Processing	chains	between	these	insect	larvae	have	been	shown	
for	 tree	holes	 (Paradise,	1999).	Aquatic	 fungi	 (Sridhar	 et	 al.,	2013),	
bacteria	 (Verdonschot	 et	 al.,	 2008),	 protists	 (Walker	 et	 al.,	 2010),	
mesofauna	 (Ptatscheck	 &	 Traunspurger,	 2015),	 astigmatic	 mites	
(Fashing, 1998),	annelids	 (e.g.,	genus	Aelosoma),	and	protists	can	be	
important	decomposers	but	have	rarely	been	studied	in	terms	of	their	
contribution	to	the	processing	chains	of	water-	filled	tree	holes.

While	detritus	amount	is	one	of	the	most	commonly	measured	
variables	of	tree-	hole	studies,	it	is	surprising	that	the	actual	process	
of	 decomposition	 is	 rarely	 investigated.	Kaufman	et	 al.	 (2008)	 did	
not	find	an	effect	of	insect	larva	presence	on	mass	loss	of	leaves	in	
tree holes. Verdonschot et al. (2008)	 assessed	nutrient	 fluxes	and	
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microbial	processes	in	a	very	detailed	study	in	a	single	tree	hole	over	
4 months	 through	 different	 periods	 of	 rainfall	 and	 drought.	 They	
found	that	 tree	holes	may	exist	 in	different	states:	 isolated	during	
dry	weather	 and	 “connected”	 during	 rain	 events,	when	 stem	 flow	
and	throughfall	provide	variable	nutrient	pulses.	Such	short-	distance	
connection	 between	 adjacent	 systems	 via	 overflowing	 water	 has	
also	been	shown	to	occur	in	rock	pools	(Sciullo	&	Kolasa,	2012).

Productivity	of	 the	tree-	hole	system	could	be	measured	at	sev-
eral	 trophic	 levels,	 for	 example,	 as	 microbial	 productivity	 increas-
ing	 invertebrate	 abundance	 and	 richness	 (Yee	 et	 al.,	 2007;	 Yee	 &	
Juliano,	 2007).	 Meso-		 and	 macrofaunal	 components	 of	 temperate	
tree	 holes	 showed	 lower	 secondary	 production	 per	 square	 meter	
when	 compared	 with	 a	 temperate	 lake	 ecosystem	 (Ptatscheck	 &	
Traunspurger,	2015).	However,	tropical	bromeliad	phytotelmata	can	
reach	much	higher	values	of	secondary	production	than	larger	trop-
ical	aquatic	systems	(Dézerald	et	al.,	2018),	and	it	would	be	very	in-
teresting	to	measure	and	compare	secondary	production	in	tropical	
tree	holes	to	these	aquatic	systems.	At	the	insect	level,	productivity	
could	also	be	measured	as	insect	biomass	leaving	the	tree	hole,	acting	
as	a	reverse	subsidy	to	the	terrestrial	ecosystem	(Dreyer	et	al.,	2015)	
but	also	as	a	potential	source	of	disease	vectors.	Studies	on	mosquito	
emergence	rates	showed	that	they	were	unrelated	to	detritus	input	
(Walker	&	Merritt,	1988),	but	that	higher	emergence	rates	can	be	ex-
pected	from	larger	holes	(Washburn	et	al.,	1989),	especially	in	urban	
areas	where	water	temperatures	are	higher	(Li	et	al.,	2014).

4.5  |  Seasonal and temporal dynamics

Input	 into	the	tree-	hole	system	in	temperate	regions	 is	dominated	
by	the	strongly	seasonal	process	of	leaf	fall.	In	tropical	systems,	leaf	
fall	can	still	be	partly	synchronized	between	and	within	tree	species	
(Lieberman	&	Lieberman,	1984).	The	major	output	from	the	system,	
insect	 emergence,	 follows	 the	 seasonal	 life	 cycles	 of	 the	 insects.	
Temporal	 differences	 in	 insect	 abundance,	 richness,	 and	 composi-
tion	have	been	found	for	tropical	tree	holes	(Sanchez	&	Liria,	2009; 
Yanoviak et al., 2006)	and	temperate	ones	(Devetter,	2004;	Harlan	&	
Paradise,	2006;	Paradise	et	al.,	2008).	However,	tree	hole	communi-
ties	have	been	shown	to	be	structured	by	drought,	rainfall	events,	or	
freezing	conditions,	 rather	 than	 strict	 seasonality	 (Gossner,	2018).	
Abiotic	 variables	 such	 as	 pH,	 dissolved	 oxygen,	 and	 conductiv-
ity	also	 fluctuate	 temporally	 (Harlan	&	Paradise,	2006;	 Sanchez	&	
Liria, 2009; Yanoviak et al., 2006)	as	well	as	microbial	communities	
(Verdonschot et al., 2008),	and	their	variability	may	explain	changes	
in	insect	community	composition.	Interesting	but	little	explored	as-
pects	of	dynamics	in	tree	holes	would	be	the	change	in	biological	in-
teractions	and	processes	over	time	(e.g.,	shown	by	Kitching,	1987b; 
Smith	et	al.,	2009).	Intriguingly,	not	much	is	known	about	the	fate	of	
temperate	tree-	hole	systems	in	winter.	Tree-	hole	organisms	gener-
ally	differ	in	their	overwintering	stages	and	strategies,	for	example,	
mosquitoes	overwinter	as	eggs,	whereas	scirtid	beetles	overwinter	
as larvae (Barrera, 1996).	 Tree	 holes	may	 actually	 freeze	 down	 to	
the	bottom	regularly	(Gossner,	2018).	Most	species	overwintering	in	

larval	stage	likely	find	a	way	to	shelter	from	the	cold	in	crevices	or	
have	other	survival	strategies	but	mortality	rates	may	be	high	dur-
ing	long	periods	of	frost	(Gossner,	2018; Rohnert, 1950).	A	similarly	
strong	disturbance	to	tree-	hole	communities	is	drought,	which,	de-
pending	on	hole	size,	shape,	location,	and	climate,	may	occur	several	
times	a	year	and	may	strongly	alter	communities	since	species	differ	
in	 their	 sensitivity	 to	drought	 (Srivastava,	2005).	Again,	organisms	
may	 survive	 in	 crevices	or	 have	desiccation-	resistant	 eggs	or	 dor-
mant	 larvae	stages	 (Benoit,	2010;	 Juliano	et	al.,	2002)	and	quickly	
re-	emerge	 after	 rain	 (Gossner,	2018;	 Srivastava,	2005).	 The	 initial	
colonization	or	recolonization	of	habitats	after	drought	 is	not	very	
well	studied	but	can	be	very	fast,	with	nematodes	and	tardigrades	
arriving	 within	 1 week,	 and	 insect	 larvae	 appearing	 after	 about	
8 weeks	(Ptatscheck	&	Traunspurger,	2014)	or	much	faster	for	mos-
quito	 larvae	 (own	 observation).	 However,	 for	 full	 communities	 to	
develop,	much	more	time	may	be	necessary	since	some	species	are	
much	slower	to	arrive	and	have	longer	life	cycles	(Yanoviak,	2001a).

4.6  |  Anthropogenic influence

The	 few	 studies	 on	 the	 effect	 of	 anthropogenic	 environmental	
change	 on	 tree-	hole	 communities	 suggest	 that	 there	 are	 strong	
negative	effects	of	 land-	use	change	(Khazan	et	al.,	2015; Yanoviak 
et al., 2006),	 forest	 fragmentation	 (Nicholas,	 2016),	 and	 forest	
management	 intensity	 (Gossner,	 Lade,	 et	 al.,	 2016;	 Petermann	
et al., 2020, 2016),	largely	operating	in	an	indirect	way	by	affecting	
habitat	 and	 resource	 availability	 of	 the	 species	 (see	 e.g.,	 Gossner,	
Lade, et al., 2016;	Petermann	et	al.,	2020).

Tree	holes	in	urban	areas	are	so	far	exclusively	studied	with	respect	
to	mosquito	species,	mainly	in	the	tropics	(e.g.,	Mangudo	et	al.,	2015; 
Weterings	 et	 al.,	 2014).	 There	 are	 only	 a	 low	 number	 of	 studies	
from	temperate	systems	(Chaves	et	al.,	2011;	Leisnham	et	al.,	2006; 
Schaffner	et	al.,	2009)	because	mosquitoes	do	not	pose	a	large	problem	
as	vectors	of	diseases	there	yet.	However,	with	a	changing	climate	and	
strongly	increased	global	transport,	some	of	these	mosquito	species	
and	some	of	the	diseases	they	carry	have	been	shown	to	move	north-
ward,	for	example	in	Europe,	invade	new	locations	(Cunze	et	al.,	2016; 
Medlock et al., 2012;	Thomas	et	al.,	2018),	and	might	cause	problems	
to	native	species	and	forest	health	(Suter	et	al.,	2017).	Tree-	hole	or-
ganisms	such	as	bacteria	may	also	be	strongly	affected	by	environ-
mental	pollution,	for	example,	with	pesticides	(Ager	et	al.,	2010).	Thus,	
natural	or	artificial	tree	holes	may	indeed	constitute	indicators	of	envi-
ronmental	change	and	anthropogenic	impacts	(Petermann	et	al.,	2016)	
since	they	are	small	systems,	easy	to	investigate,	and	very	sensitive	to	
environmental	change	in	their	surroundings.

4.7  |  Avenues for future research

Whereas	quite	some	data	exists	on	organisms	living	in	water-	filled	
tree	holes,	there	are	still	large	knowledge	gaps	regarding	these	sys-
tems	 (Table 1),	 specifically	on	how	 their	 food	webs	 function,	 how	
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they	 interact	 with	 other	 aquatic	 and	 the	 surrounding	 terrestrial	
ecosystems,	 and	what	 roles	 potential	 aquatic	 or	 terrestrial	 preda-
tors	play.	More	advanced	techniques	such	as	stable	isotope	or	gut	
content	analyses	with	barcoding	approaches	but	also	simple	meth-
ods	such	as	feeding	trials,	body-	size,	or	other	straightforward	trait	
measurements	 (incl.	 Intraspecific	 ones)	 or	 the	 use	 of	 artificial	 lar-
vae	to	measure	terrestrial	predator	attack	rates	are	valuable	in	this	
context.	 In	particular,	 the	 interaction	between	aquatic	 and	 terres-
trial	ecosystems	could	be	measured	based	on	biomass	 fluxes	 (e.g.,	
emergence	rates)	or	long-	chain	polyunsaturated	fatty	acids	(PUFAs,	
Hixson	et	al.,	2015)	and	would	help	to	describe	the	ecosystem	func-
tions	and	energy	flows	(Buzhdygan	et	al.,	2020)	in	meta-	ecosystem	
approaches.

Temporal	dynamics	of	 tree	holes	 such	as	 changes	 in	water	 re-
gimes	including	drought	and	conditions	of	high	stemflow,	freezing,	
and	other	seasonal	and	nonseasonal	dynamics	are	likely	among	the	
most	important	drivers	of	their	community	structure.	By	investigat-
ing	these	effects,	tree-	hole	research	could	help	to	understand	effects	
of	rapid	environmental	change	on	many	ecosystems.	One	difficulty	
of	sequential	sampling	to	assess	temporal	dynamics	in	communities	
is	 that	 the	 system	will	be	destroyed	or	at	 least	 strongly	disturbed	
in	 the	 process.	 Another	 option	 is	 sequential	 harvesting	 of	 repli-
cate	systems	in	a	“space	for	time	substitution”	(Jenkins	et	al.,	1992; 
Petermann	 et	 al.,	 2016;	 Ptatscheck	 &	 Traunspurger,	 2015),	 but	
the	results	may	be	misleading	due	to	differences	between	individ-
ual	 systems.	 Potentially,	 eDNA	 (Carraro	 et	 al.,	 2020;	 Pawlowski	
et al., 2018;	 Pawlowski	 et	 al.,	 2020)	 could	 be	 used	 to	 follow	 the	
organisms	over	time	without	destroying	the	systems.	However,	we	

still	lack	knowledge	on	DNA	persistence	in	the	tree-	hole	system	and	
contamination	by	stemflow	water	or	animal	feces.	Therefore,	RNA-	
based	approaches	might	be	more	promising	by	measuring	only	the	
active	organisms,	yet	not	well	established,	and	very	cost-	intensive	
(Brandt et al., 2020).	More	research	is	needed	on	the	most	reliable	
standardized	method	for	tracking	temporal	community	dynamics	in	
tree-	hole	systems.

Tree-	hole	studies	so	 far	make	only	 limited	use	of	natural	envi-
ronmental	 gradients	 to	 test	 effects	 of	 environmental	 parameters	
on	communities.	Comparisons	between	tropical	and	temperate	tree	
holes	 have	 rarely	 been	made	 (but	 see	 Srivastava,	2005),	 and	only	
one	 study	 used	 an	 explicit	 latitudinal	 gradient,	 showing	 that	 rich-
ness	of	species	inhabiting	each	tree	hole	increased	with	latitude	(Yee	
et al., 2007).	Large-	scale	or	even	global	observational	or	experimen-
tal	tree-	hole	studies	using	the	same	methodology	could	be	very	use-
ful	in	this	respect.

Natural	 and	 artificial	 tree	 holes	 can	 serve	 as	 model	 systems	
for	 studying	 fundamental	 ecological	 questions,	 for	 example,	
productivity–	richness	 relationships	 (Srivastava	 &	 Lawton,	 1998),	
local–	global	richness	patterns	(Srivastava,	2005),	and	metacommu-
nity	concepts	(Ellis	et	al.,	2006).	In	addition,	multiple	stressors	(e.g.,	
climate-	change	 related,	 such	 as	 temperature	 and	 precipitation)	 as	
well	as	horizontal	(within	trophic	guild)	and	vertical	diversity	(across	
trophic	 guilds)	 of	 the	 communities	 can	 be	 manipulated,	 and	 this	
would	allow	for	testing	the	resistance	and	resilience	of	biodiversity–	
ecosystem	 functioning	 relationships.	 Furthermore,	 community	
assembly	mechanisms	and	metacommunity	dynamics	could	be	ad-
dressed	by	experimentally	manipulating	the	spatial	arrangement	and	

TA B L E  1 Overview	over	important	gaps	in	tree-	hole	research	that	we	identified	in	this	study	and	suggestions	for	future	research	that	
could	contribute	to	filling	these	gaps.	For	details	see	text

Identified research gaps Suggestions for future research

Food	webs	in	tree	holes	and	
interactions	with	other	aquatic	and	
terrestrial	systems

•	 Stable	isotope	analyses	of	food	webs
•	 Gut	content	analyses	and	barcoding	approaches
• Feeding trials
•	 Body-	size	or	other	trait	measurements
•	 Use	of	artificial	larvae	to	measure	predator	attack	rates
•	 Biomass-	based	measurements	of	trophic	levels	and	processes	to	describe	energy	flows	of	the	
meta-	ecosystem

•	 Fatty-	acid	based	analyses	of	nutritious	quality	(PUFAs)

Temporal	dynamics	(effects	of	
drought,	overflow,	freezing	and	
other	seasonal	and	non-	seasonal	
dynamics)

•	 Sequential	harvesting	of	replicate	systems	(space	for	time	substitution)
•	 eDNA	approaches	to	follow	the	organisms	in	tree	holes	over	time	without	destroying	the	systems
•	 RNA-	based	approaches,	measuring	only	the	active	organisms

Using	natural	gradients	to	test	effects	
of	environmental	parameters	on	
communities

•	 Studies	along	altitudinal	and	latitudinal	gradients
•	 Large-	scale	observational	studies	using	the	same	methodology
•	 Global	experiments

Using	tree	holes	as	model	systems	
to	study	biodiversity-	ecosystem	
functioning	relationships,	
community	assembly	mechanisms	
and	metacommunity	dynamics

•	 Manipulation	of	horizontal	and	vertical	diversity
•	 Manipulation	of	multiple	stressors	(e.g.,	climate-	change	related,	such	as	temperature	and	
precipitation)

•	 Manipulation	of	spatial	arrangement	and	properties	of	tree	holes
•	 Studying	dispersal	of	individual	species

Using	tree	holes	as	indicator	systems	of	
the	effects	of	environmental	change	
on	ecosystems

•	 Further	test	effects	of	various	environmental	changes	(e.g.,	land	use	and	urbanization)	on	natural	
and	artificial	tree-	hole	communities

•	 Test	relationship	of	natural	tree-	hole	presence	with	species	diversity	of	various	organism	groups
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properties	of	these	microhabitats	and	by	studying	species	dispersal,	
for	example,	by	population	genetic	studies	or	isotope	labeling.

From	an	applied	perspective,	tree	holes	could,	after	filling	some	
of	 the	described	knowledge	gaps,	be	used	as	 indicator	systems	of	
environmental	 change(Ager	 et	 al.,	 2010;	 Petermann	 et	 al.,	 2016),	
especially	also	in	urban	areas.	Likewise,	the	presence	of	tree	holes	
themselves	can	been	used	as	a	tool	to	assess	the	habitat	quality	of	
forests	(Asbeck	et	al.,	2021;	Kraus	et	al.,	2016;	Larrieu	et	al.,	2018).

5  |  CONCLUSIONS

In	summary,	we	found	that	the	research	on	water-	filled	tree	holes	
conducted	in	the	last	100 years	has	shown	strong	and	positive	ef-
fects	of	tree-	hole	size	and	detritus	amount	on	organism	abundance	
and	 richness,	with	modulating	 effects	 of	 temperature,	 longitude,	
latiude,	and	the	type	of	tree	hole	(natural	vs.	artificial	tree	holes).	
We	also	 showed	 that	parameters	 such	as	height	of	 the	 tree	hole	
above	ground,	tree-	hole	density,	predation,	and	detritus	type	can	
be	 important	 drivers	 of	 community	 structure	 but	 are	 less	 often	
tested.	Future	studies	should	investigate	the	structure,	functions,	
and	 temporal	 dynamics	 of	 tree-	hole	 food	 webs	 and	 their	 cross-	
system	 interactions.	 In	 addition,	 global	 observational	 or	 experi-
mental	tree-	hole	studies	are	needed	to	collect	data	on	the	natural	
spatial	 variation	 of	 communities	 and	 environmental	 effects.	 The	
information	gathered	on	 tree	holes	 in	 the	past	 together	with	 the	
data	we	will	collect	in	the	future	will	hopefully	lead	to	an	improved	
understanding	 of	 these	 unique	 aquatic	 islands	 in	 terrestrial	 eco-
systems	and	their	use	as	model	and	indicator	systems	to	track	re-
sponses	of	 communities	 and	ecosystem	 functions	 in	 response	 to	
environmental	change.
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