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Abstract
The	number	of	wild	bees	and	cavity-	nesting	wasps	is	abundant	in	agricultural	areas	
and	 they	contribute	significantly	 to	ecosystem	services.	Due	 to	 their	 specialization	
in	 nesting	 sites	 and	 food	 sources,	 these	 groups	 are	 sensitive	 to	 habitat	 condition	
changes	and	they	are	therefore	important	indicators	for	environmental	impact	assess-
ments.	As	semi-	natural	habitats	are	steadily	declining	and	often	understudied,	their	
significance	for	research	is	increasingly	recognized.	During	this	research,	the	role	of	
wild	bee	species	and	cavity-	nesting	Hymenopteran	taxa	as	indicators	was	examined,	
along	the	unique	combination	of	high	nature	value	and	traditional	land	use	habitats	in	
Eastern	Europe,	Transylvania.	Transects	and	trap	nests	were	used	to	test	the	diversity	
and	abundance	of	wild	bees	and	cavity-	nesting	Hymenopterans	to	identify	possible	
differences	between	highly	protected	 and	 less	protected	 areas.	The	differences	 in	
taxonomic	groups	between	the	sites	and	the	potential	effects	of	landscape	structure	
on	wild	bees	 and	cavity-	nesting	Hymenopterans	were	also	 assessed.	We	detected	
a	high	diversity	of	wild	bee	species	and	a	significant	species	replacement	from	one	
study	year	to	another.	Among	the	nest-	building	Hymenopteran	taxa,	the	majority	of	
nests	was	built	by	Trypoxylon	sp.	during	both	study	years,	with	a	stronger	dominance	
in	the	second	year.	The	different	taxonomic	groups	of	wild	bees	and	cavity-	nesting	
Hymenopterans	 showed	 differences	 in	 their	 habitat	 affinities.	 The	majority	 of	 the	
sampled	bumblebee	species	as	well	as	Trypoxylon	sp.	had	an	affinity	towards	the	study	
sites	located	within	the	highly	protected	study	area.	Altogether,	we	found	different	
habitat	preferences	for	different	Hymenopteran	groups	(both	wild	bees	and	wasps)	
and	conclude	that	these	groups	definitely	have	the	potential	to	serve	as	indicators	for	
differences	in	the	intensity	of	land	use.

K E Y W O R D S
cavity-	nesting	bees,	landscape	structure,	solitary	bees,	spider	prey	preference,	wild	bees

J E L  C L A S S I F I C A T I O N
Biodiversity	ecology

https://doi.org/10.1002/ece3.70306
http://www.ecolevol.org
mailto:
https://orcid.org/0000-0002-7236-700X
https://orcid.org/0000-0001-7772-7783
mailto:Sarospataki.Miklos@uni-mate.hu
https://orcid.org/0000-0002-3306-1470
http://creativecommons.org/licenses/by/4.0/
mailto:demeter.imre@ecolres.hu
mailto:Sarospataki.Miklos@uni-mate.hu


2 of 13  |     DEMETER et al.

1  |  INTRODUC TION

Insect	communities,	biomass	and	species	richness	decline	have	been	
the	subject	of	several	studies	worldwide	in	recent	years,	particularly	
in	developed	and	developing	countries	(Forister	et	al.,	2019;	Habel	
et al., 2019;	Hallmann	et	al.,	2021;	Sánchez-	Bayo	&	Wyckhuys,	2019).	
One	of	the	main	drivers	of	this	decline	is	land	use	change,	as	agricul-
tural	land	use	has	become	more	intensive,	resulting	in	the	decline	of	
high	quality	semi-	natural	habitats	(Nieto	et	al.,	2014).	Modern	agri-
culture	has	changed	the	functioning	of	agricultural	habitat	commu-
nities	by	increasing	artificial	inputs	of	nutrients	and	agrochemicals,	
thereby	 transforming	 the	 biological	 functions	 that	were	 originally	
provided	by	diverse	communities	of	organisms	(Tilman	et	al.,	2001).	
Agricultural	intensification	has	been	successful	in	that	it	has	helped	
to	meet	increasing	global	food	demands	by	increasing	productivity	
per	unit	area.	On	the	other	hand,	negative	impacts	on	the	environ-
ment	and	biodiversity	have	increased	significantly	(Potts	et	al.,	2010, 
2016),	many	of	which	relate	to	ecosystem	services	(Liu	et	al.,	2018).	
At	the	same	time,	there	has	been	a	major	transformation	of	land	use	
in	 recent	decades	with	 the	 loss	of	 natural	 habitat	 elements	 and	 a	
reduction	 in	 the	 complexity	 of	 agricultural	 landscapes	 (Hoekstra	
et al., 2005; Tscharntke et al., 1998, 2005).

Semi-	natural	 grasslands,	 i.e.,	 grasslands	 and	 pastures	 that	 are	
not	intensively	cultivated	and	are	mainly	vegetated	by	native	plant	
species,	 are	 among	 the	 richest	 ecosystems	 in	 terms	 of	 plant	 taxa	
worldwide	 (Squires	 et	 al.,	 2018;	 Wilson	 et	 al.,	 2012).	 The	 previ-
ously	mentioned	extensively	managed	grasslands	are	typical	for	the	
Transylvanian	region	of	our	study.	These	areas	have	been	farmed	for	
hundreds	of	years	in	a	traditional	way,	which	still	preserves	the	biodi-
versity	of	the	landscape	today	(Demeter,	Balog,	Józon,	et	al.,	2021).	
Land	use	practices	that	negatively	affect	biodiversity,	such	as	small-	
plot	 fields,	 frequent	mowing	or	extensive	 fertilization	and	grazing,	
are	typical	of	areas	close	to	villages,	since	the	intensively	used	areas	
in	the	immediate	vicinity	of	settlements	provide	sufficient	harvested	
crops	to	feed	the	animals.	Choosing	the	timing	of	mowing	and	diver-
sifying	 it	 at	 the	habitat	 level	 is	of	paramount	 importance	 for	hab-
itat	 conservation,	 as	 later	mowing	 favors	 biodiversity	 and	mimics	
the	 traditional	 timing	of	mowing	 (Dahlström	et	 al.,	2013; Eriksson 
et al., 2015;	Humbert	et	al.,	2012;	Wehn	et	al.,	2018).	In	areas	further	
away	 from	settlements,	 traditional,	 i.e.	non-	intensive	cultivation	 is	
typical,	allowing	the	establishment	and	maintenance	of	semi-	natural	
grasslands.	Semi-	natural	grasslands	are	essential	habitats	for	pollina-
tors,	as	the	high	diversity	of	floral	resources	provide	a	wide	variety	
of	food	for	pollinator	communities	throughout	the	season	(Demeter,	
Balog,	&	Sárospataki,	2021;	Ebeling	et	al.,	2008;	Kovács-	Hostyánszki	
et al., 2016;	Nicholls	&	Altieri,	2012).

In agricultural areas, where landscape structure and land use change 
frequently,	bee	diversity	and	abundance	are	reduced.	As	a	result,	polli-
nation	ecosystem	function	and	services	are	reduced	(Hall	et	al.,	2019; 
Lanner et al., 2020; Potts et al., 2010, 2016).	 The	 same	 applies	 to	
changes	in	the	composition	of	parasitoid	or	predatory	wasp	commu-
nities,	 which	 negatively	 affect	 biological	 control	 services	 (Bendixen	
et al., 2018; Coudrain et al., 2013, 2016;	 Hoffmann	 et	 al.,	 2020; 

Stangler	et	al.,	2015).	Wasps	regulate	populations	of	arthropods,	 in-
cluding	insect	vectors	of	human	diseases,	and	limit	the	growth	of	her-
bivore	populations,	which	are	also	essential	 for	a	healthy	ecosystem	
(Sumner	et	al.,	2018).	Consequently,	semi-	natural	grassland	manage-
ment	is	currently	considered	as	one	of	the	key	conservation	activities	
for	the	conservation	of	biodiversity,	pollinators	and	parasitoid	or	pred-
atory	wasps	(Lajos,	Samu,	et	al.,	2021;	Wehn	et	al.,	2018).

To	fill	some	of	the	knowledge	gaps	on	pollinator	communities	in	
Central	and	Eastern	Europe	and	as	a	starting	point	for	conservation	
efforts,	we	studied	wild	bees	and	cavity-	nesting	Hymenopterans	 in	
Transylvania	 (Romania)	 within	 and	 around	 Natura	 2000	 protected	
areas,	which	were	established	by	the	European	Union	to	ensure	the	
long-	term	survival	of	valuable	habitats	and	 increase	 the	chances	of	
survival	 of	 endangered	 species	 (European	Commission,	2021).	 This	
landscape,	which	is	maintained	by	traditional	land	use	and	cultivation	
practices,	possess	a	high	natural	diversity	(Hanspach	et	al.,	2014),	but	
at	the	same	time	largely	understudied.	Various	but	low	anthropogenic	
impacts	 can	 alter	 landscape	 heterogeneity	 with	 negative	 conse-
quences	for	pollinator	and	wasp	communities	nesting	and	foraging	in	
their	immediate	and	wider	environment.	However,	these	effects	may	
differ	between	pollinator	groups	and	landscape	influences.	According	
to	these	the	following	hypotheses	were	formulated:

1.	 Are	the	diversity	and	abundance	of	wild	bees	and	cavity-	nesting	
Hymenopterans	 higher	 in	 the	 highly	 protected	 study	 area	 than	
in the less protected areas?

2.	 Can	 the	 study	 areas	 and	 sites	 be	 distinguished	 based	 on	 the	
occurring	 taxonomical	 groups	 of	 wild	 bees	 and	 cavity-	nesting	
Hymenopterans?

3.	 Is	 the	 occurrence	 of	 these	 groups	 affected	 by	 the	 landscape	
structure?

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

Our	research	was	carried	out	 in	Transylvania	(Romania)	between	
2018	 and	 2019	 in	 areas	 with	 traditional	 cultivation,	 extensive	
farming	and	high	nature	value.	These	areas	rich	in	trees	and	shrubs	
have	a	high	plant	diversity	 and	density.	All	 study	areas	were	 lo-
cated	on	the	border	of	the	counties	of	Hargita	and	Kovászna	in	a	
hilly-	mountainous	landscape,	where	the	average	altitude	is	580 m.	
These	areas	are	mainly	used	as	mowing	fields.	Mosaic	plots	rarely	
exceed	one	hectare	in	size	and	are	relatively	far	from	villages.	The	
mosaic	plots	are	mowed	at	different	times	of	the	year,	providing	
a	continuous	source	of	 food	for	pollinators	 throughout	 the	year.	
The	majority	 of	 the	 study	 sites	was	 located	 in	 the	 Vargyas	 val-
ley,	which	 is	 part	 of	 the	Natura	 2000	 network.	 The	 importance	
of	 these	 high	 nature	 value	 areas	 has	 recently	 increased	 due	 to	
the	 intensification	 of	 agriculture.	 There	were	 three	 study	 areas,	
which	were	 located	within	or	 in	close	proximity	 to	Natura	2000	
sites	 (Figure 1a,b):	 The	 Kormos-	valley	 (‘K’;	 Natura	 2000	 site	



    |  3 of 13DEMETER et al.

F I G U R E  1 Vector	maps	of	the	areas	
surrounding	the	nine	sampling	sites,	
where	the	sampling	of	the	wild	bees	was	
carried out in 2018 and 2019, located 
within	the	three	sampling	areas	(‘K’,	‘NV’	
and	‘SV’):	(a)	the	Kormos-	valley	(=	‘K’;	
Natura	2000	site	ROSCI0091),	and	(b)	
northern	Vargyas-	valley	(=	‘NV’;	Natura	
2000	site	ROSPA0027),	the	southern	
Vargyas-	valley	(=	‘SV’;	Natura	2000	site	
ROSCI0036).	(c)	Approximate	arragement	
of	the	sampling	transects	for	wild	bees	in	
both	study	years	and	the	position	of	the	
trap	nests	in	2018	at	the	site	K1.	Note	
that	the	positions	of	the	center	points	for	
the	vector	maps	of	the	trap	nests	at	all	
sites	in	both	2018	and	2019	were	not	at	
the	same	positions	as	for	the	wild	bees.
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ROSCI0091),	the	northern	Vargyas-	valley	(‘NV’;	Natura	2000	site	
ROSPA0027),	and	the	southern	Vargyas-	valley	(‘SV’;	Natura	2000	
site	ROSCI0036).	The	Kormos-	valley	was	the	study	area	closest	to	
human	settlements,	with	small	 forest	patches	and	a	 low	number	
of	arable	fields	in	addition	to	extensive	meadows.	The	study	area	
in	the	northern	Vargyas-	valley	was	located	at	a	medium	distance	
from	human	settlements	compared	to	the	other	two	study	areas	
and	is	mainly	used	as	mowed	pastures,	grazed	in	early	spring	and	
late	 autumn.	 The	 nature	 reserve	 in	 the	 southern	 Vargyas-	valley	
was	located	furthest	from	human	settlements	and	is	characterized	
by	forests	and	mowed	areas	rich	in	trees	and	shrubs.

2.2  |  Sampling of wild bees along a transect

The	study	was	conducted	over	2 years	(2018	and	2019),	with	sam-
pling	carried	out	once	in	May,	twice	in	June,	and	once	in	July	using	
the	transect	method.	In	each	study	area,	three	sampling	sites	were	
randomly	assigned.	Three	pairs	of	transects	of	ca.	200 m	in	 length	
were	assigned	at	the	sampling	sites,	where	two	persons	sampled	si-
multaneously	 (Figure 1c).	A	distance	of	ca.	50 m	was	 left	between	
the	two	transects	and	the	transects	did	not	cross.	In	all	cases,	sam-
pling	 took	 place	 between	 9	 and	 17 h,	 in	 sunny	 and	 calm	weather,	
above	13°C	and	below	32°C.	There	was	a	considerable	difference	in	
the	temperatures	measured	during	May	between	the	2 years	(3.7°C;	
Figure 2a),	while	the	precipitation	was	very	similar	(Figure 2b).	During	
sampling,	field-	identifiable	individuals	(e.g.	honeybee,	some	bumble-
bee	species)	were	recorded,	and	those	that	could	not	be	identified	
with	certainty	were	placed	in	70%	alcohol.	The	wild	bees	collected	
were	stored	in	alcohol	and	sent	to	taxonomic	expert,	Zsolt	Józan	for	
identification	at	the	end	of	each	year.

2.3  |  Sampling of cavity- nesting hymenopterans 
with trap nests

To	record	the	cavity-	nesting	Hymenopteran	taxa	in	the	three	study	
areas	(K,	NV	and	SV),	we	set	up	eight	study	sites	in	2018	(the	study	
site	NV2	was	not	sampled	in	this	year)	and	nine	study	sites	in	2019.	
Four	 trap	 nests	 in	 2018	 and	 three	 trap	 nests	 in	 2019	 per	 study	
site	were	deployed	 in	2018	and	2019	 (see	also	Lajos,	2022;	Lajos,	
Demeter,	et	al.,	2021).	The	trap	nests	were	PVC	pipes	of	ca.	12 cm	
in	diameter	and	23 cm	in	length	filled	with	common	reed	(Phragmites 
australis),	which	were	installed	in	May	in	both	years.	The	reed	was	
cut	with	a	circular	saw	to	a	length	of	22 cm,	ensuring	that	each	reed	
contained	a	node.	The	trap	nests	were	placed	1.5–2 m	above	ground	
on	nearby	shrubs.	The	trap	nests	were	collected	in	early	September	
in	both	years	and	then	stored	in	a	cold	shaded	outdoor	place	until	
January–February.	 As	 the	 weather	 warmed,	 the	 trap	 nests	 were	
taken	from	this	outdoor	place	and	put	into	a	refrigerator	at	4–7°C.	
At	the	same	time,	we	started	processing	the	trap	nests	and	record-
ing	data.	We	counted	the	number	of	reed	stems	in	the	trap	nests	and	
then	cut	each	reed	stem	taking	care	of	the	nests	inside.	Where	nests	

were	 found	 they	 were	 marked	 with	 a	 unique	 identification	 code.	
The	following	parameters	were	recorded	for	each	reed:	(1)	diameter	
of	 the	 reed,	 (2)	 number	 of	 nest	 cells,	 (3)	 type	 of	 nesting	material,	
(4)	color	of	larvae	or	cocoons,	(5)	type	of	food	found	in	the	brood,	
whether	nectar-	pollen	mixture	or	dead	arthropods	(usually	spiders).	
Seven	different	nest	types	were	identified	based	on	the	parameters	
3,	4	and	5.	In	both	years,	several	reeds	per	nest	type	were	allowed	to	
grow	(minimum	2	reeds	in	2018,	15–20	reeds	in	2019),	which	were	
grown	at	room	temperature.	Once	the	individuals	were	mature,	they	
were	 placed	 in	 70%	 ethanol	 and	 then	 sent	 for	 identification.	 The	
taxonomist	 Zsolt	 Józan	 identified	 each	 two	 genera	 of	 Eumenidae	
(Ancistrocerus and Symmorphus),	 Megachilidae	 (Megachile and 
Osmia)	and	Pomilidae	(Auplopus and Dipogon)	as	well	as	one	genus	
of	Colletidae	(Hylaeus)	and	Crabronidae	(Trypoxylon).	Each	nest	type	
was	assigned	to	a	genus,	except	for	the	two	genera	Ancistrocerus and 
Symmorphus	of	the	subfamily	Eumeninae,	which	could	not	be	distin-
guished	from	each	other	based	on	the	nest	parameters.

2.4  |  Landscape structure

The	landscape	structure	surrounding	the	study	sites	was	quantified	
by	calculating	the	proportion	and	edge	density,	which	measures	the	
edge	length	per	area	of	a	landscape	element	and	thus	measures	the	
fragmentation	of	these	elements,	of	woodland	patches,	the	major-
ity	of	which	represents	the	original	natural	vegetation	in	this	area.	
Determining	 the	 proportion	 and	 edge	 density	 of	 a	 landscape	 ele-
ment	is	in	most	cases	sufficient	to	quantify	the	structure	and	poten-
tial	effect	of	this	landscape	element	on	different	biological	variables	
or	processes	(Lajos	et	al.,	2020;	Lajos,	Demeter,	et	al.,	2021;	Lajos,	
Samu,	 et	 al.,	 2021).	 To	 calculate	 these	 two	 landscape	 metrics,	
vector	maps	with	 a	 radius	 of	 250 m	were	 created	 in	QGIS	 2.18.9	
(QGIS	Development	Team,	2009),	around	the	study	sites,	using	the	
European	 Terrestrial	 Reference	 System	 1989	 Lambert	 Azimuthal	
Equal	Area	(ETRS89/ETRS-	LAEA;	EPSG:	3035)	coordinate	reference	
system	(Figure 1a,b).	The	centers	of	these	circular	vector	maps	were	
at	 an	 approximately	 equal	 distance	 from	 the	 sampling	 transects	
for	 the	wild	bees	and	 from	the	positions	of	 the	 trap	nests	 for	 the	
cavity-	nesting	Hymenopterans	 (Figure 1c).	 The	 vector	maps	were	
then	transformed	into	raster	maps	with	a	raster	cell	size	of	1 × 1 m,	
which	were	used	to	calculate	the	landscape	metrics	‘Percentage	of	
Landscape’	 and	 ‘Edge	 Density’	 in	 FRAGSTATS	 v4.2.1	 (McGarigal	
et al., 2002),	applying	an	eight-	cell	neighborhood	rule.

2.5  |  Data analyses

All	statistical	analyses	were	carried	out	in	R	v3.6.3	(R	Core	Team,	2020).	
All	 graphs	 were	 created	 using	 the	 R	 package	 ‘ggplot2’	 (Wickham,	
2016).	The	species	diversity	of	bees	was	assessed	by	calculating	the	
Shannon's	 Diversity	 Index	 (SDI)	 for	 each	 site	 using	 the	 R	 package	
‘vegan’	version	2.5–6	(Oksanen	et	al.,	2019).	Non-	parametric	Wilcoxon	
signed-	rank	tests	were	used	to	test	for	significant	differences	between	
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the	abundances	and	the	SDI	of	the	eight	most	abundant	wild	bee	taxa,	
as	well	as	between	the	abundances	of	nests	built	by	seven	different	
cavity-	nesting	Hymenopteran	per	site	and	study	year.

Potential	habitat	affinities	(=	towards	the	study	areas	and	sites,	
respectively)	were	 investigated	with	principal	component	analyses	
(PCAs)	 and	 dendrograms	 using	 several	 different	 functions	 from	
the	R	packages	‘FactoMineR’	(Husson	et	al.,	2014)	and	‘factoextra’	
(Kassambara	 &	 Mundt,	 2020).	 These	 calculations	 were	 based	 on	
the	 numbers	 of	 specimens	 sampled	 for	 the	 eight	 most	 abundant	
wild	bee	taxa	and	the	numbers	of	nests	built	by	the	seven	different	
cavity-	nesting	Hymenopteran	taxa.

The	 relationships	between	the	proportion	and	edge	density	of	
woodland	patches	around	 the	 study	 sites	and	 the	numbers	of	 the	
eight	most	abundant	wild	bee	taxa	or	the	(occupied)	brood	cells	of	
the	seven	different	Hymenopteran	nest	types	were	analyzed	using	
generalized	 linear	mixed	models	 (GLMMs)	assuming	a	Poisson	dis-
tribution	 from	 the	 R	 package	 ‘lme4’	 (Bates	 et	 al.,	 2015),	 with	 the	
study	site	and	year	as	random	effects.	The	two	landscape	metrics	of	
woodland	were	scaled	prior	to	these	GLMMs.	The	residuals	of	these	
GLMMs	were	 tested	 for	 uniformity,	 dispersion	 and	 outliers	 using	
functions	from	the	R	package	‘DHARMa’	(Hartig,	2020).	We	did	not	
find	any	significant	deviations	for	the	residuals	of	the	tested	GLMMs	
in	all	cases,	where	significant	relationships	were	detected.

Finally,	we	 also	 checked	 for	 spatial	 autocorrelation	 (Moran's	 I)	
using	the	R	package	‘ape’	(Paradis	&	Schliep,	2019)	and	reanalyzed	
the	data	in	all	cases,	where	we	found	significant	relationships.	Here,	
we	used	Generalized	Least	Squares	(GLS)	models	by	REML	from	the	
R	 package	 ‘nlme’	 (Pinheiro	 et	 al.,	 2013),	 incorporating	 a	 Gaussian	
correlation	 structure	 to	 correct	 for	 spatial	 autocorrelation.	 The	

coordinate	 reference	 system	 used	 for	 this	 analysis	 was	 ETRS89/
ETRS-	LAEA	(EPSG:	3035),	the	same	one	as	used	for	mapping.

3  |  RESULTS

3.1  |  Wild bees

Over	the	study	years	2018	and	2019,	we	recorded	a	total	number	of	
3607	individuals	and	taxonomically	identified	157	wild	bee	species.	
From	 these,	 there	were	one	endangered	 (EN),	12	near	 threatened	
(NT)	and	35	data	deficient	(DD)	species	(Nieto	et	al.,	2014).	In	2018,	
we	sampled	11	bumblebee	species	with	1046	 individuals,	while	 in	
2019,	10	bumblebee	 species	with	1335	 individuals	were	detected	
(there	were	12	bumblebee	species	in	total	over	the	two	study	years).
The	most	common	bumblebee	species	in	2018	was	Bombus terrestris 
(Linnaeus,	1758),	while	Bombus humilis	 (Illiger,	1806)	was	the	most	
abundant	bumblebee	species	in	2019	(Table 1a).	The	number	of	soli-
tary	wild	 bee	 species	was	 145,	 counting	 1226	 specimens.	Among	
the	most	 common	solitary	wild	bee	 species	were	Andrena flavipes 
(Panzer,	1799;	n = 152),	Andrena ovatula	(Kirby,	1802;	n = 81),	Eucera 
longicornis	 (Linnaeus,	1758;	n = 53),	Eucera nigrescens	 (Perez,	1879;	
n = 55),	Halictus langobardicus	 (Blüthgen,	 1944;	n = 43),	Halictus tu-
mulorum	 (Linnaeus,	 1758;	 n = 44),	 Lasioglossum calceatum	 (Scopoli,	
1763; n = 67)	and	Lasioglossum lativentre	(Schenck,	1853;	n = 37).	The	
eight	most	abundant	wild	bee	taxa	were	Bombus hortorum	(Linnaeus,	
1761),	B. humilis, Bombus pascuorum	(Scopoli,	1763),	B. terrestris and 
the	sum	of	all	other	species	of	Bombus	(= Bombus	spp.),	as	well	as	the	
sums	of	all	 species	of	Andrena spp., Halictus spp. and Lasioglossum 

F I G U R E  2 Monthly	average	(a)	temperatures	and	(b)	precipitation	measured	at	Szentegyháza	(Vlăhița)	during	the	sampling	period	in	the	
vicinity	of	the	study	area.
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spp.	(Table 1a).	From	these	eight	groups,	the	numbers	of	B. terrestris, 
Halictus spp. and Lasioglossum	spp.	dropped	significantly	from	2018	
to	 2019,	 while	 the	 abundance	 of	 B. hortorum, B. humilis and other 
Bombus	spp.	significantly	increased	(Figure 3a).

From	 the	 158	 taxonomically	 identified	 bee	 species	 59	 were	
found	in	both	study	years.	We	recorded	131	species	in	2018,	from	
which	72	were	unique	and	not	recorded	in	the	following	study	year,	
and	86	species	in	2019,	from	which	27	were	unique	and	not	recorded	
in	 the	previous	 study	year	 (Table 1b).	The	average	number	of	bee	
species	per	site	was	45.333 ± 5.431	 in	2018	and	29.333 ± 6.764	 in	
2019.	 There	 was	 a	 significant	 decrease	 in	 species	 diversity	 from	
2018	 to	 2019	 (Wilcoxon	 signed-	rank	 test:	 V = 43,	 p-	value = .012)	

considering	all	three	study	areas	together,	even	though	this	change	
was	 not	 significant	 looking	 at	 the	 three	 study	 areas	 separately	
(Figure 3b).	 In	2018,	 the	numbers	of	wild	bee	 individuals	and	spe-
cies	as	well	as	unique	species	(=	only	found	in	the	given	study	area)	
were	the	highest	in	the	SV	study	area.	In	2019,	however,	the	number	
of	species	and	unique	species	was	the	highest	in	the	K	study	area.	
Although	the	highest	number	of	individuals	was	still	found	in	the	SV	
study	area.	Regarding	the	species	diversity,	the	highest	SDI	values	
were	observed	at	the	K	study	area	for	both	study	years	(Figure 3b).

3.2  |  Trap nests

We	encountered	a	 similar	number	of	Hymenopteran	nests	 (= colo-
nized	 reeds)	 in	 both	 study	 years	with	990	nests	 in	2018	 and	1019	
nests	 in	2019.	The	majority	of	nests	were	built	by	Trypoxylon sp. in 
both	years	(Table 1c; Figure 3c),	with	a	considerably	stronger	domi-
nance	in	2019	(72.23%	of	all	nests)	than	in	2018	(56.57%	of	all	nests).	
All	specimen	reared	from	the	‘Trypxylon’	nest	type	were	identified	as	
the species Trypoxylon figulus,	all	specimen	from	the	‘Auplopus’	nest	
type	 as	Auplopus carbonarius,	 all	 specimen	 from	 the	 ‘Dipogon’	 nest	
type	as	Dipogon bifasciatus	and	all	specimen	from	the	‘Megachile’	nest	
type	as	Megachile centuncularis.	We	identified	two	species	of	Hylaeus 
(H. arnulatus and H. difformis)	 and	Osmia	 (O. caerulescens and Osmia 
leaiana).	Specimens	reared	from	the	nest	type	‘Eumeninae’	were	iden-
tified	as	three	species	of	each	Ancistrocerus	(A. antilope, A. nigricornis 
and A. oviventris)	 and	 Symmorphus	 (S. crassicornis, S. debilitatus and 
S. fuscipes).	The	numbers	of	nests	built	by	Dipogon	sp.	and	Eumeninae	
(potter	 wasps)	 were	 all	 significantly	 lower	 in	 2019	 than	 in	 2018,	
whereas	the	numbers	of	nests	built	by	the	solitary	bee	taxon	Osmia 
sp.	was	significantly	higher	in	2019	than	in	2018	(Table 1c; Figure 3c).

3.3  |  Habitat affinities

The	PCAs	showed	that	the	majority	of	the	sampled	bumblebee	spe-
cies	had	an	affinity	towards	the	study	sites	located	within	the	highly	
protected	area	south	of	the	Vargyas-	gorge	(study	area	SV	with	the	
study	 sites	 SV1–3	 within	 the	 Natura	 2000	 area	 ROSCI0036)	 in	
both	 study	years	 (Figure S1a,c).	 In	contrast	 to	 this,	 the	 three	gen-
era	of	more	common	solitary	bees	(Andrena spp., Halictus spp. and 
Lasioglossum	spp.)	mostly	showed	stronger	affinities	towards	the	less	
protected	and	thus	more	human-	influenced	study	sites	(study	areas	
K	and	NV	with	the	study	sites	K1–3	and	NV1–3)	and	were	usually	
less	common	at	the	sites	located	within	the	highly	protected	area	in	
both	study	years	(Figure S1a,c).	The	clustering	of	the	study	sites	was	
clearer	in	2018	than	it	was	in	2019	(Figure S1b,d).

From	 the	 cavity-	nesting	Hymenopteran	 taxa,	 only	 nests	 of	 the	
wasp Trypoxylon	sp.	showed	affinity	towards	the	study	sites	located	
within	 the	 highly	 protected	 area	 (=	 SV1–3),	 which	 had	 the	 high-
est	 nest-	numbers	 mostly	 at	 these	 study	 sites,	 especially	 in	 2019	
(Figure S2a,c).	The	majority	of	the	other	cavity-	nesting	Hymenopteran	
taxa,	however,	was	more	strongly	associated	with	those	study	sites,	

TA B L E  1 Numbers	of	(a)	the	most	common	wild	bee	taxa,	(b)	
wild	bee	species	at	the	nine	study	sites	and	all	sites	together,	and	(c)	
nest	types	of	cavity-	nesting	Hymenopteran	taxa	during	the	study	
years	2018	and	2019.

(a)

Wild bee taxon 2018 2019

Andrena spp. 248 211

Bombus hortorum 58 113

Bombus humilis 139 741

Bombus pascuorum 73 152

Bombus terrestris 711 163

Other Bombus spp. 65 166

Halictus spp. 141 33

Lasioglossum spp. 222 49

(b)

Site 2018 2019

K1 43 26

K2 46 32

K3 43 40

NV1 42 26

NV2 43 26

NV3 42 35

SV1 39 27

SV2 43 27

SV3 58 16

All	sites 130 85

(c)

Nest type 2018 2019

Auplopus 18 11

Dipogon 158 93

Eumeninae 152 38

Hylaeus 61 33

Megachile 18 35

Osmia 23 73

Trypoxylon 560 736
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where	the	disturbance	by	humans	was	stronger	(=	K1–3	and	NV1–3;	
Figure S2a,c).	In	contrast	to	the	wild	bees,	the	clustering	of	the	study	
sites	was	clearer	in	2019	than	it	was	in	2018	(Figure S2b,d).

Combining	 the	 datasets	 of	 wild	 bees	 and	 cavity-	nesting	
Hymenopterans	 resulted	 in	 a	 much	 clearer	 clustering	 and	 thus	
better	 distinction	 of	 the	 study	 sites	 SV1–3	 from	 the	 other,	 more	
human-	influenced	study	sites	 (K1–3	and	NV1–3)	 in	both	the	PCAs	
(Figure 4a,c)	and	the	dendrograms	(Figure 4b,d).

3.4  |  Sensitivity to landscape structure

The	majority	of	both	wild	bees	and	cavity-	nesting	Hymenopterans	
were	not	significantly	affected	by	the	landscape	structure	surround-
ing	the	study	sites.	When	looking	at	the	data	from	both	study	years	
together,	 only	 four	 taxonomic	 groups	 were	 significantly	 affected	
by	the	proportion	or	edge	density	of	woodland	patches	around	the	
study	 sites:	 The	 numbers	 of	B. pascuorum and Lasioglossum spp. in 

F I G U R E  3 Changes	in	(a)	the	abundances	per	site	of	the	eight	most	common	wild	bee	taxa,	(b)	the	Shannon	Diversity	Index	(SDI)	per	site	
regarding	all	wild	bee	species	for	the	three	study	areas,	and	(c)	the	numbers	of	nests	per	site	and	seven	different	Hymenopteran	nest	types	
between	the	two	study	years,	which	were	tested	for	significance	using	non-	parametric	Wilcoxon	signed-	rank	tests	(p-	values	on	top	of	the	
figures).
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the	case	of	 the	wild	bees	 (Table 2),	and	the	brood	cell	numbers	of	
nests	 built	 by	 potter	 wasps	 (Eumeninae)	 and	 the	 predatory	 wasp	
Trypoxylon	sp.	(Table 3).	From	these	groups	only	the	potter	wasps	had	
a	significant	positive	correlation	with	the	edge	density,	while	all	other	
three	groups	showed	significant	relationships	with	the	proportion	of	
woodland	patches.	These	 latter	relationships	were	mostly	positive,	
with	the	exception	of	Lasioglossum spp., where it was negative.

We	 detected	 significant	 spatial	 autocorrelations	 for	 B. pascuo-
rum	 in	2018	(p-	value = .004),	Lasioglossum	spp.	 in	both	study	years	

(p-	value	for	2018 = .016;	p-	value	for	2019 = .036)	and	the	Trypoxylon 
nest	 type	 in	 2019	 (p-	value = .021).	 The	GLS	models	 corrected	 for	
these	 spatial	 autocorrelations	 also	 showed	 a	 significant	 positive	
relationship	 between	 the	 proportion	 of	 woodland	 and	 the	 num-
bers	 of	B. pascuorum	 (Estimate = 0.156;	 SE = 0.048;	 t-	value = 3.226;	
p-	value = .015)	 and	 a	 significant	 negative	 correlation	 for	 the	 num-
bers	 of	 Lasioglossum	 spp.	 in	 2018	 (Estimate = −0.112;	 SE = 0.036;	
t-	value = −3.109;	 p-	value = .017).	 However,	 the	 GLS	 models	
showed	 non-	significant	 correlations	 for	 Lasioglossum spp. in 2019 

F I G U R E  4 Affinities	of	both	the	eight	most	abundant	wild	bee	and	seven	different	Hymenopteran	nest	types	towards	the	study	sites	and	
areas	in	2018	(a,	b)	and	2019	(c,	d).	The	affinities	were	determined	using	principal	component	analyses	(PCAs)	and	dendrograms.	The	colors	
in	the	dendrograms	do	not	correspond	with	the	colors	of	the	study	areas	in	the	figures	depicting	the	PCAs.
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(Estimate = −0.156;	 SE = 0.092;	 t-	value = −1.691;	 p-	value = .135)	
as	well	as	 for	Trypoxylon	 in	2019	 (Estimate = −5.321;	SE = 5.508;	 t- 
value = −0.966;	p-	value = .366).	But,	the	GLS	using	REML	without	a	
Gaussian	correlation	structure	provided	a	better	 fit	 and	showed	a	
significant	 positive	 relationship	 for	 Trypoxylon	 (Estimate = 12.682;	
SE = 5.216;	t-	value = 2.431;	p-	value = .045).

4  |  DISCUSSION

4.1  |  Wild bees and cavity- nesting hymenopterans

We	encountered	considerable	differences	in	the	species	diversity	of	
wild	bees	between	the	two	study	years,	which	was	associated	with	
the	disappearance	of	 certain	 species	 and	 the	occurrence	of	 other	
ones.	 This	 change	 can	 be	 explained	 in	 different	ways.	One	 factor	
can	 be	 the	 food	 resource	 availability	 during	 larval	 development,	
offspring	that	fail	to	accumulate	sufficient	adipose	tissue	are	more	
likely	to	die	during	development	 (Bosch,	2008)	and	overwintering,	
and	smaller	 individuals	have	more	difficulty	finding	and	protecting	
nest	 sites	 (Bosch	&	Kemp,	2002;	Bosch	&	Vicens,	2006).	Another	

factor	might	be	 the	differences	 in	climate	between	 the	 two	study	
years.	 Changes	 in	 climate	 can	 significantly	 affect	 the	 abundance	
of	 wild	 bees	 (Papanikolaou	 et	 al.,	 2017).	 Specifically,	 increases	 in	
temperature	 lead	 to	 a	 decrease	 in	 bee	 diversity,	 even	 when	 cor-
rected	for	the	effects	of	phenology,	confirming	worrying	reports	of	
potential	 negative	 effects	 of	 climate	warming	on	wild	 bees	 (Potts	
et al., 2010).	Similar	declines	have	been	observed	in	studies	 inves-
tigating	the	effects	of	climate	change	on	wild	bees	using	long-	term	
data	(Bartomeus	et	al.,	2013).	In	our	case,	B. terrestris, Halictus spp. 
and Lasioglossum	 spp.	 and	 the	 total	 number	 of	 wild	 bee	 species	
showed	 significant	 declines	 in	 2019,	 while	 the	 abundance	 of	 e.g.	
B. humilis	 strongly	 increased.	 Temperature	might	 have	 a	 direct	 ef-
fect	on	bee	development,	survival,	distribution	and	abundance	(Bale	
et al., 2002).	Climate	warming	is	expected	to	affect	activity	patterns	
of	different	species	differently	(Rader	et	al.,	2013).	The	size	and	con-
nectivity	of	forest	habitat	patches	are	also	important	for	pollinator	
survival	in	drought	years	(Pan	et	al.,	2013),	as	loss	of	forest	cover	in	
warmer	regions	accelerates	species	movement	to	higher	elevations	
(Guo	 et	 al.,	2018).	 Although	 regions	 dominated	 by	 higher	 propor-
tions	of	forests	may	to	some	extent	dampen	the	effects	of	climate	
warming	(Ganuza	et	al.,	2022).

TA B L E  2 Relationships	between	the	proportion	and	edge	density	of	woodland	patches,	located	within	a	250 m	radius	around	the	study	
sites,	and	the	numbers	of	the	eight	most	abundant	wild	bee	taxa	in	both	study	years	(2018	and	2019).

Wild bee taxon Predictors Estimate SE z- value p- value

Andrena spp. Intercept 3.166 0.114 27.682 <.001

Proportion −0.013 0.006 −1.954 .051

Edge	density −0.001 0.001 −0.966 .334

Bombus hortorum Intercept 2.012 0.318 6.319 <.001

Proportion 0.018 0.013 1.427 .153

Edge	density −0.002 0.003 −0.587 .557

Bombus humilis Intercept 3.423 0.636 5.386 <.001

Proportion 0.011 0.012 0.943 .346

Edge	density 0.003 0.003 1.122 .262

Bombus pascuorum Intercept 2.222 0.283 7.853 <.001

Proportion 0.043 0.007 5.795 <.001

Edge	density −0.002 0.002 −1.258 .208

Bombus terrestris Intercept 3.460 0.575 6.017 <.001

Proportion 0.014 0.013 1.110 .267

Edge	density 0.001 0.003 0.253 .800

Bombus spp. Intercept 2.329 0.384 6.062 <.001

Proportion 0.009 0.011 0.849 .396

Edge	density −0.001 0.002 −0.224 .823

Halictus spp. Intercept 2.009 0.523 3.842 <.001

Proportion 0.005 0.006 0.751 .453

Edge	density 0.001 0.001 0.641 .522

Lasioglossum spp. Intercept 2.427 0.537 4.520 <.001

Proportion −0.014 0.004 −3.680 <.001

Edge	density 0.000 0.001 −0.049 .961

Note:	These	relationships	were	tested	using	generalized	linear	mixed	models	(GLMMs)	assuming	a	Poisson	distribution	and	the	study	site	and	year	as	
random	effects.	Significant	p-	values	are	marked	bold.
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We	found	a	similar	number	of	Hymenopteran	nests	in	both	study	
years,	but	with	differences	in	the	proportion	of	the	different	nest	
types.	 The	majority	 of	 nests	were	built	 by	Trypoxylon	 sp.	 in	 both	
years,	with	a	considerably	stronger	dominance	in	2019.	Assessments	
from	a	similarly	heterogeneous	landscape,	dominated	by	grasslands	
and	forests	(Schleswig-	Holstein,	northern	Germany),	reported	the	
digger wasp T. figulus,	which	was	also	the	species	found	at	our	study	
sites,	as	 the	most	abundant	 (Kruess	&	Tscharntke,	2002).	Our	 re-
sults	are	also	consistent	with	the	results	reported	in	a	study	from	
central-	western	Spain	(Tormos	et	al.,	2005),	where	Trypoxylon was 
the	most	abundant	genus	(272	nests,	72.9%).	In	another	study	con-
ducted	in	central	Germany	in	a	region	with	44%	of	the	area	under	
agricultural	management,	Trypoxylon	was	also	 the	most	 abundant	
spider-	hunting	genus	(Hoffmann	et	al.,	2020).	However,	two	other	
studies	 conducted	 in	 high-	intensity	 agricultural	 landscapes	 situ-
ated	in	southwestern	Germany	reported	that	the	majority	of	nests	
of	 cavity-	nesting	 hymenopterans	 was	 built	 by	 the	 solitary	 bees	
Megachile and Osmia,	which	were	relatively	rare	in	our	case,	while	
the genus Trypoxylon	was	only	the	third	most	abundant	(Gathmann	
et al., 1994;	 Steffan-	Dewenter,	 2002).	 Altogether,	 and	 according	
to	 our	 first	 hypothesis,	 our	 results	 highlight	 that	 higher	 diversity	
of	wild	 bees	 and	 cavity-	nesting	Hymenopterans	 can	 be	 detected	
in	these	protected	areas	–	low	or	no	disturbance	increasing	diver-
sity	–	 but	 also	predicts	 that	 the	pollinator	 communities	might	 be	

highly	 sensitive	 to	 short	 term	 change	 in	 climate	 that	might	occur	
from	1 year	to	another,	some	species	however	are	less	sensitive	to	
these rapid changes.

4.2  |  The occurrence of different taxonomic groups 
between sites

According	to	our	findings,	it	can	be	concluded	that	the	study	areas	
and	sites	can	be	distinguished	based	on	the	occurrence	of	different	
taxonomical	groups	of	wild	bees	and	cavity-	nesting	Hymenopterans,	
which	confirmed	our	second	hypothesis	The	majority	of	the	sampled	
bumblebee	species	had	an	affinity	towards	the	study	sites	 located	
within	the	highly	protected	area	south	of	the	Vargyas	gorge	(=	study	
sites	SV1–3	within	the	Natura	2000	area	ROSCI0036).	 In	contrast	
to	this,	the	three	genera	of	more	common	solitary	bees	(= Andrena, 
Halictus and Lasioglossum	 spp.)	 mostly	 showed	 stronger	 affinities	
towards	the	less	protected	and	thus	more	human-	influenced	study	
areas	 (=	 study	 sites	K1–3	and	NV1–3)	 and	were	usually	 less	 com-
mon	at	the	sites	located	within	the	highly	protected	area.	It	can	also	
be	stated	that	Trypoxylon	sp.	showed	a	higher	affinity	towards	the	
highly	 protected	 area	 (especially	 in	 2019),	while	 the	 other	 cavity-	
nesting	Hymenopteran	taxa	mostly	showed	higher	affinities	towards	
the	less	protected	study	areas.

TA B L E  3 Relationships	between	the	proportion	and	edge	density	of	woodland	patches,	located	within	a	250 m	radius	around	the	study	
sites,	and	the	numbers	of	the	occupied	brood	cells	of	the	seven	Hymenopteran	nest	types	in	both	study	years	(2018	and	2019).

Nest type Predictors Estimate SE z- value palue

Auplopus Intercept 1.517 0.569 2.668 .008

Proportion −0.005 0.039 −0.133 .894

Edge	density 0.001 0.008 0.151 .880

Dipogon Intercept 3.771 0.149 25.357 <.001

Proportion 0.002 0.006 0.309 .758

Edge	density 0.000 0.001 0.119 .905

Eumeninae Intercept 3.140 0.524 5.989 <.001

Proportion 0.024 0.017 1.416 .157

Edge	density 0.009 0.004 2.440 .015

Hylaeus Intercept 3.026 0.206 14.711 <.001

Proportion 0.019 0.017 1.150 .250

Edge	density 0.005 0.003 1.448 .148

Megachile Intercept 2.279 0.444 5.133 <.001

Proportion 0.016 0.019 0.853 .394

Edge	density −0.001 0.004 −0.235 .814

Osmia Intercept 3.372 0.407 8.279 <.001

Proportion −0.009 0.008 −1.223 .221

Edge	density 0.000 0.002 −0.148 .883

Trypoxylon Intercept 5.539 0.221 25.072 <.001

Proportion 0.030 0.014 2.191 .029

Edge	density 0.000 0.003 0.120 .905

Note:	These	relationships	were	tested	using	generalized	linear	mixed	models	(GLMMs)	assuming	a	Poisson	distribution,	with	the	study	site	and	year	as	
random	effects.	Significant	p-	values	are	marked	bold.



    |  11 of 13DEMETER et al.

4.3  |  Habitat affinities and sensitivities to 
landscape structure

For	the	wild	bees,	only	the	numbers	of	B. pascuorum and Lasioglossum 
spp.	 were	 significantly	 affected	 by	 the	 proportion	 of	 woodland	
patches	 in	 both	 study	 years.	A	 positive	 relationship	was	 found	 for	
B. pascuorum,	 while	 the	 effect	 for	 Lasioglossum spp. was negative. 
Among	 the	 cavity-	nesting	Hymenoptera	 taxa,	 the	 edge	 density	 of	
woodland	patches	had	a	significantly	positive	effect	on	the	number	
of	brood	cells	built	by	potter	wasps	(Eumeninae)	and	the	proportion	
of	woodland	patches	had	a	significantly	positive	effect	on	the	num-
ber	of	brood	cells	built	by	the	wasp	Trypoxylon	sp.,	while	the	other	
cavity-	nesting	Hymenopteran	taxa	were	unaffected	by	the	landscape	
structure.	 Similarly,	 the	 study	of	 Fabian	 et	 al.	 (2013)	 reported	 that	
forest	cover	had	a	positive	effect	on	the	species	richness	of	wasps.	
Schüepp	et	al.	(2011)	also	found	that	in	areas	with	a	high	proportion	
of	woody	habitats,	wasp	abundance	more	than	doubled	and	diversity	
more	than	tripled	compared	to	areas	with	low	proportions	of	woody	
habitats.	 Furthermore,	 two	 other	 studies	 reported	 that	 Eumenid,	
Pompilid	and	Sphecid	wasp	abundance	was	high	in	forest	edges	pro-
viding	natural	nesting	habitat,	but	low	in	grass	strips	where	suitable	
nesting	habitat	was	scarce	(Holzschuh	et	al.,	2009, 2010).	Altogether,	
we	can	conclude	 that	 in	our	case	 the	majority	of	 the	wild	bee	and	
cavity-	nesting	 Hymenopteran	 taxa	 were	 insensitive	 to	 landscape	
structure,	which	indicates	that	the	effect	of	the	quality	of	the	studied	
habitats	seems	to	be	more	important	than	their	structure.

5  |  CONCLUSIONS

Altogether,	our	2-	year	 study	gave	a	 first	 insight	 in	 the	habitat	pref-
erences	of	different	Hymenopteran	groups.	However,	in	future	stud-
ies	several	other	factors	have	to	be	tested	to	see	the	whole	picture	
in	 these	 preferences.	 Probably,	 factors	 as	 rapid	 changes	 in	 climate,	
human	influence	and	competition	with	other	groups	(i.e.	honeybees)	
might	have	significant	effects	even	in	short	time	periods	(from	1 year	
to	another,	as	in	our	case).	We	can	conclude	that	several	aspects	and	
the	role	of	wild	bees	as	well	as	cavity-	nesting	Hymenopteran	taxa	as	
indicators	in	semi-	natural	habitats	were	observed	in	this	traditionally	
used	heterogeneous	landscape.	As	only	few	such	habitats	still	remain	
in	Europe	and	as	the	maintenance	of	insect	biodiversity	is	crucial	for	
well-	functioning	ecosystems,	our	results	can	be	important	for	future	
researches	in	areas	both	less	or	more	strongly	influenced	by	humans.
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