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Abstract
Aim: Pleistocene erratic boulders are rocks that were relocated by glaciers during 
the	Ice	Ages.	When	their	geology	differs	from	the	geology	of	the	landscape	that	sur-
rounds	 them,	 erratic	 boulders	 form	 habitat	 islands	 for	 regionally	 rare,	 edaphically	
specialised,	rock-	dwelling	cryptogams	(bryophytes,	ferns	and	lichens).	Such	boulders	
constitute terrestrial model systems for exploring island biogeographic predictions 
and the effect of environmental variables on species diversity and community com-
position,	which	we	studied	in	order	to	provide	basic	knowledge	of	the	ecology,	with	
relevance	for	the	conservation,	of	these	unusual	island	systems.
Location: Siliceous erratic boulders in the calcareous Swiss Plateau and Jura 
Mountains.
Methods: For	160	erratic	boulders	we	recorded	all	bryophyte	species	and	a	diverse	
set	of	environmental	variables.	For	all	 species	and	for	specialist	species	 (acidophile	
rock-	dwellers)	 separately,	 we	 analysed	 species–	area	 relationships	 and	 nestedness,	
and	 explored	 relationships	 between	 environmental	 variables,	 species	 diversity	 and	
community composition.
Results: We	 found	138	 bryophyte	 species,	 19	 of	which	were	 specialists	 of	 erratic	
boulders.	A	steeper	species–	area	curve	for	boulder	specialists	than	for	total	species	
richness	 underlined	 the	 island	 properties	 of	 boulders	 for	 specialist	 species.	 Large	
boulders were more likely to harbour numerous boulder specialists and communities 
on small boulders were nested within the communities present on large boulders. 
However,	at	 the	 landscape	 level	small	boulders	contributed	more	specialist	species	
than	a	few	large	boulders	of	the	same	surface	area.	Erratic	boulders	near	settlements	
were	less	likely	to	harbour	boulder	specialists.	Boulders	in	open	land	harboured	dif-
ferent and more specialist species than boulders in forests.
Conclusions: Large	undisturbed	erratic	boulders	in	open	land	harbour	rare	bryophyte	
communities with a large number of specialist species. Conservation should thus pri-
oritise	 this	 type	 of	 boulders.	 Furthermore,	 conserving	 large	 boulders	 is	 logistically	
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1  |  INTRODUC TION

Geodiversity,	the	abiotic	diversity	of	the	earth's	surface,	has	a	piv-
otal,	yet	rarely	explicitly	studied,	influence	on	biodiversity	(Tukiainen	
et	al.,	2019;	Alahuhta	et	al.,	2020).	In	particular,	small	geosites	that	
have	 insular	properties,	 such	as	 isolated	cliffs	or	springs,	can	con-
tribute specialist species to the species pool of a larger landscape 
that otherwise lacks the geosites’ special abiotic properties essen-
tial	 for	 the	survival	of	specialist	 species	 (Hjort	et	al.,	2015;	 Itescu,	
2019). Pleistocene erratic boulders —  rocks that were relocated by 
glaciers	during	the	Ice	Ages	—		are	such	small	geosites.	Erratic	boul-
ders contribute greatly to the reconstruction of the earth's history 
and	climate	(Imbrie	&	Imbrie,	1986),	but	they	also	contribute	to	bio-
diversity.	 In	particular,	 this	 is	 the	case	 in	 landscapes	with	bedrock	
that	contrasts	the	rock	type	of	erratic	boulders,	where	the	boulders	
often	harbour	regionally	rare	rock-	dwelling	cryptogams	(bryophytes,	
ferns	and	lichens),	for	example,	on	the	European	sand	plain	between	
Belgium	and	Estonia,	where	erratic	boulders	are	the	only	naturally	
occurring	hard	rock	habitats	(Krawiec,	1938;	Wächter,	1996;	Colpa	
&	van	Zanten,	2006).	Further	cases	of	erratic	boulders	that	consti-
tute insular habitats can be found on the siliceous bedrock of central 
Finland,	where	 calcicole	 rock-	dwelling	bryophytes	are	 confined	 to	
calcareous	erratic	boulders	(Virtanen	&	Oksanen,	2007),	and	on	the	
calcareous	bedrock	of	the	French	and	Swiss	Jura	Mountains,	where	
calcifuge rock- dwelling bryophytes are confined to siliceous erratic 
boulders	(Meylan,	1912;	Philippe,	2010).

Among	the	large	variety	of	insular	systems	that	have	been	studied	
for	exploring	aspects	of	island	biogeography	(MacArthur	&	Wilson,	
1967;	Itescu,	2019),	erratic	boulders	unite	some	properties	that	are	
favourable for their exploration as a terrestrial island model system. 
Their	 small	 size	 and	 restricted	 habitat	 diversity	 allows	 collecting	
complete species lists and a more accurate description of environ-
mental	 conditions	 than	on	 large	 islands.	 Furthermore,	 as	boulders	
do	not	result	from	habitat	fragmentation,	their	species	composition	
is likely to be near an equilibrium state. The fact that boulders har-
bour specialist and non- specialist species allows comparison of is-
land	and	mainland	species–	area	relationships	derived	from	the	same	
patches	of	habitat.	Nonetheless,	studies	on	insular	erratic	boulders	
are	scarce.	In	Swedish	forests,	bryophyte	species	richness	on	216	si-
liceous erratic boulders was found to be positively related to boulder 
area,	within-	boulder	habitat	diversity	and	base-	rich	litter	of	the	tree	
species	surrounding	the	boulders	(Weibull,	2001;	Weibull	&	Rydin,	
2005).	Virtanen	and	Oksanen	(2007)	similarly	found	a	positive	link	
between	boulder	size	and	species	richness	and	additionally	reported	
a weak positive effect of connectivity to other boulders in a data 

set	 comprising	 288	 erratic	 calcareous	 boulders	 in	 Finnish	 forests.	
Kimmerer	and	Driscoll	(2000),	however,	found	neither	boulder	size	
nor connectivity among boulders to be related to boulder species 
richness	on	39	granitic	erratic	boulders	in	the	US	state	of	New	York.	
While	these	studies	exclusively	considered	boulders	in	forests,	the	
factors shaping bryophyte diversity of boulders at the landscape 
level appear not to be studied so far.

In	the	present	study,	our	main	aim	is	to	determine	the	factors	that	
influence bryophyte diversity and community composition on sili-
ceous erratic boulders in the calcareous Swiss lowlands in forested 
and	 non-	forested	 areas.	 Furthermore,	we	 discuss	 the	 implications	
of	our	findings	for	conservation,	because	the	special	vegetation	of	
erratic	boulders	 is	 threatened	 in	many	places,	due	 to	depletion	of	
boulders	(Gonggrijp,	2000;	Akçar	et	al.,	2011),	declines	and	regional	
rarity	of	their	specialist	species	(Wächter,	1996;	Ulvinen	et	al.,	2002;	
Colpa	&	van	Zanten,	2006;	Siebel	et	al.,	2013;	Ingerpuu	et	al.,	2018)	
and removal of the vegetation on the boulders by sport climbers 
(“bouldering”;	Lawyer	&	Haas,	2008;	Blum,	2015;	Antz	et	al.,	2019).

We	 specifically	 address	 the	 following	 three	 questions:	 (i)	 how	
are	boulder	 size	 and	 species	 richness	 and	 composition	 related;	 (ii)	
which ecological factors drive species richness and the occurrence 
of	boulder	specialist	species;	and	(iii)	which	ecological	factors	drive	
bryophyte community composition?

2  |  METHODS

2.1  |  Study sites and sampling

Our	study	region	was	situated	in	the	calcareous	Swiss	Plateau	(molasse	
bedrock)	 and	 in	 the	 Jura	Mountains	 (limestone),	where	Pleistocene	
siliceous	erratic	boulders	originating	from	siliceous	areas	in	the	Alps	
have	been	deposited	in	large	numbers	(Figure	1).	The	study	region	is	
characterised	by	a	mosaic	of	agricultural	areas,	forests,	and	residential	
and	industrial	areas	in	a	temperate	sub-	oceanic	climate	(annual	mean	
temperature	3.9–	10.9°C,	annual	precipitation	970–	1,890	mm,	eleva-
tion	350–	1,680	m	a.s.l;	www.meteo	schwe	iz.admin.ch).

Within	our	study	region,	we	selected	eight	study	areas	that	con-
tain	abundant	siliceous	erratic	boulders.	Four	areas	were	distributed	
on the southern Jura slopes where erratic boulders had already been 
explored	in	a	floristic	study	by	Meylan	(1912),	and	four	areas	were	
located in glacial landscapes of the Swiss Plateau that were glaciated 
during	 the	 Last	Glacial	Maximum.	 Each	 elliptic	 study	 area	 of	 40–	
62	km2	enclosed	the	regional	pool	of	erratic	boulders	(Figure	1).	We	
selected a stratified random sample of ten forest and ten non- forest 

Co-ordinating Editor:	Rune	Halvorsen
easier,	and	they	may	function	as	flagships	for	small	boulders	that	also	contribute	to	
the biodiversity within landscapes.

K E Y W O R D S
Biodiversity,	conservation	biology,	erratic	blocks,	geodiversity,	island	biogeography,	mosses,	
nestedness,	SLOSS,	species–	area	relationship
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boulders per study area. Stratification was applied because the 
abundance of erratic boulders was about five times higher in forests 
than in non- forested land.

The	sampling	protocol	 is	described	 in	detail	 in	Appendix	S1.	 In	
short,	 we	 first	 selected	 the	 sample	 boulders	 from	 coordinates	 of	
erratic	boulders	recorded	on	geological	maps	 (Appendix	S2).	For	a	
selected	boulder	to	be	sampled	in	the	field,	a	series	of	criteria	had	
to	be	fulfilled.	First,	an	erratic	boulder	had	to	be	present	at	the	se-
lected	boulder's	coordinates.	The	above-	ground	dimensions	(hereaf-
ter,	dimensions	always	refer	to	above-	ground	dimensions)	had	to	be	
at	least	0.5	m	in	height	and	0.5	m	in	length.	The	boulders	had	to	be	
non-	calcareous	(i.e.,	no	reaction	with	10%	HCl)	and	not	influenced	
by	calcareous	surface	water.	If	multiple	boulders	fulfilled	these	crite-
ria	at	a	coordinate	point,	we	chose	the	largest	boulder	for	sampling.	
If	no	boulder	fulfilled	the	above	criteria,	we	selected	a	replacement	
boulder	by	a	predefined	procedure.	An	overview	of	study	areas	and	
sampled	and	replaced	boulders	is	given	in	Appendix	S3.

2.2  |  Data

For	each	sampled	boulder,	we	compiled	a	complete	list	of	all	bryo-
phyte	 species	 (samples	 are	 archived	 in	Herbarium	Z)	 and	 a	 set	 of	
numerical variables describing the boulder and its environment 
(Table	 1).	 Nomenclature	 followed	 the	 Swiss	 bryophyte	 checklist	
of	Meier	 et	 al.	 (2013),	 and	 taxonomically	 difficult	 bryophyte	 spe-
cies	 groups	 were	 treated	 as	 aggregates	 (Appendix	 S4).	 Following	
Virtanen	and	Oksanen	(2007),	we	defined	boulder	size	as	the	boul-
ders' surface area based on an approximation of a cuboid boulder 
shape. We described the vegetation structure and substrates on 
erratic	boulders	by	estimating	the	percent	cover	of	bryophytes,	 li-
chens,	tracheophytes,	litter,	humus	and	open	rock.

Meylan	 (1912)	 underlined	 the	 importance	 of	 direct	 solar	 ra-
diation for bryophyte species composition on erratic boulders. 

Accordingly,	we	modelled	the	maximum	potential	annual	total	direct	
radiation	input	at	the	highest	point	of	each	boulder	(recorded	with	a	
differential	GNSS	device	[Geo	7X,	Trimble,	Sunnyvale,	USA])	based	
on	synthetic	hemispherical	 images	generated	from	airborne	LiDAR	
data	 (collected	 between	2016	 and	2019)	 and	 the	 digital	 elevation	
model	swissAlti3D	from	swisstopo	(www.swiss	topo.admin.ch),	using	
a	modified	version	of	the	method	described	by	Webster	et	al.	(2020).

Weibull	 and	 Rydin	 (2005)	 showed	 that	 the	 composition	 of	 the	
canopy above a boulder can influence its bryophyte community. 
Accordingly,	we	estimated	the	percent	cover	of	trees,	shrubs,	and	ev-
ergreens	(i.e.	evergreen	conifers	and	evergreen	broad-	leaved	species)	
above	each	boulder	(shoot	presence,	in	foliate	state).	Within	a	radius	
of	25	m	of	each	boulder,	we	counted	the	number	of	additional	sili-
ceous erratic boulders and determined the percent cover of forest and 
buildings	using	the	digital	Topographic	Landscape	Model	(TLM)	from	
swisstopo.	We	calculated	the	Euclidean	distance	to	the	nearest	build-
ing	(only	used	in	models	for	Paraleucobryum longifolium). We recorded 
elevation in the field while mean annual precipitation and tempera-
ture were derived from interpolated maps with 100- m resolution gen-
erated	by	Descombes	et	al.	(2020)	using	data	of	Karger	et	al.	(2017).	
As	a	proxy	 for	 air	humidity,	we	considered	 the	minimum	Euclidean	
distance	to	the	nearest	river,	derived	from	the	TLM.	Additionally,	we	
characterised the boulders' ecology as their bryophytes' mean un-
weighted	ecological	indicator	values	(Landolt	et	al.,	2010)	for	moisture	
(F),	light	(L),	reaction	(R),	nutrients	(N)	and	hemeroby	(EM; hemeroby 
quantifies anthropogenic influence on site conditions).

2.3  |  Analyses

We	conducted	data	analyses	in	R	3.6.3	(R	Core	Team,	2017).	Unless	
otherwise	stated,	all	analyses	were	based	on	species	presence/ab-
sence	on	the	160	sampled	boulders	and	performed	separately	for	all	
bryophytes and for the boulder specialists.

F I G U R E  1 Location	of	the	eight	study	
areas	(red	ellipses;	identification	codes	as	
in	Table	S1)	on	the	Swiss	Plateau	(yellow)	
and	in	the	Swiss	Jura	Mountains	(blue;	
BAFU,	2006).	Light	grey	areas	of	the	
background map were glaciated during 
the	Last	Glacial	Maximum,	whereas	darker	
grey	areas	were	ice-	free	(Bini	et	al.,	2009).	
Dashed lines indicate national borders 
(Background	map:	Jarvis	et	al.,	2008)
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2.3.1  |  Definition	of	boulder	specialists

We defined boulder specialists based on their substrate preferences 
and their reaction indicator value R,	 retrieved	 from	 Landolt	 et	 al.	
(2010)	and	Hill	et	al.	(2007),	which	together	covered	all	species	iden-
tified in this study except Sciuro- hypnum flotowianum. We filtered 
our species list for species with rock as primary substrate and acido-
phile habitat preferences indicated by R	≤	2	for	the	five-	level	indica-
tor	values	of	Landolt	et	al.	(2010)	or	R	≤	4	for	the	ten-	level	indicator	
values	of	Hill	et	al.	(2007).

2.3.2  |  Species–	area	relationships,	
SLOSS	and	nestedness

We	assessed	the	effect	of	boulder	size	(A) on the species richness 
(S) of an individual boulder by fitting the power function S = c × Az 
using	non-	linear	regression	(Ritz	&	Streibig,	2008).	This	power	func-
tion has been shown to be the most adequate function for describ-
ing	species–	area	relationships	(Dengler,	2009).	Mathematically,	the	
fitted parameter c reflects the expected mean number of species 
per	unit	area	(in	our	case	one	square	metre),	and	the	parameter	z 

TA B L E  1 Overview	of	the	variables	analysed	for	160	siliceous	erratic	boulders	in	the	calcareous	Swiss	Plateau	and	Jura	Mountain

Variable Range Mean ± SD Unit GLMM

Number	of	bryophyte	species

All	species 0–	36 10.6	±	5.4 Count Included

Boulder	specialists 0–	8 1.5	±	1.7 Count Included

Boulder	size

Boulder	size 1.5–	1,082 31.6	± 93.8 m2 Included;	log-	transformed

Vegetation	and	substrates	on	boulder

Bryophyte	cover 0–	99.8 49.9 ±	36.6 %

Lichen	cover 0–	100 22.6	±	31.6 %

Tracheophyte cover 0–	80 5.9	± 13.2 %

Litter	cover 0–	95 12.1 ± 18.4 %

Humus	cover 0–	95 11.3 ± 20.2 %

Rock cover 0–	100 21.9 ±	26.3 %

Radiation

Direct radiation 28–	7,907 3,652.2	±	2,581.3 MJ/m2/year Included

Canopy above boulder

Trees above 0–	100 63.7	± 44.1 % Included

Shrubs above 0–	100 12.6	±	25.2 % Included

Evergreens	above 0–	100 15.9	± 32.1 % Included

Surrounding of boulder

Boulders	in	25	m	radius 0–	26 2.0 ±	3.5 Count Included;	square-	root-	transformed

Forest	in	25	m	radius 0–	100 55.9	± 44.9 % Excluded	(highly	correlated	with	radiation)

Buildings	in	25	m	radius 0–	26 1.2 ± 4.3 % Included

Distance to buildings 2–	695 160.0	±	127.2 m Included;	log-	transformed	(for	Paraleucobryum models)

Climatic variables

Elevation 382–	1,262 635.9	±	177.2 m Included

Precipitation 880–	1,669 1,277.5	±	165.1 mm/year Included

Temperature 5.9–	10.6 9.3 ± 1.0 °C Excluded	(highly	correlated	with	elevation)

Distance to river 0.5–	2,246 468.3	±	500.9 m Included,	log-	transformed

Indicator	values

Moisture F 2–	3.13 2.6	± 0.24

Light	L 1.67–	4 2.56	±	0.51

Reaction R 1.75–	4.33 2.72	±	0.55

Nutrients	N 1–	5 2.1 ±	0.56

Hemeroby	EM 1.33–	3.4 2.31 ± 0.49

Note: The	last	column	(generalised	linear	mixed-	effects	model	–		GLMM)	shows	if	and,	where	appropriate,	how	the	variable	was	included	in	the	
generalised linear mixed- effects models.
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reflects the rate of change in species richness in response to area 
(Fattorini	 et	 al.,	 2017).	 Higher	 z-	values	 are	 expected	 for	 islands	
than for mainland because the probability of extinction for a given 
species is high on a small island while the corresponding proba-
bility	 of	 colonisation	 is	 low,	whereas	 larger	 islands	 approach	 the	
low extinction rates and high colonisation rates in a given area of 
mainland	(MacArthur	&	Wilson,	1967).	Hence,	we	expected	higher	
z-	values	for	boulder	specialists,	for	which	boulders	are	actual	habi-
tat	islands,	than	for	species	that	also	occur	in	the	landscape	matrix	
around	boulders	(Dembicz	et	al.,	2020).

To	elucidate	the	importance	of	boulder	size	for	total	species	rich-
ness,	we	calculated	cumulative	species–	area	curves,	as	proposed	by	
Quinn	 and	Harrison	 (1988),	 to	 determine	 if	 single	 large	 or	 several	
small	islands	(SLOSS)	harbour	more	species	(Fahrig,	2020),	using	the	
package Lexiguel	(Alvarez,	2020).	This	approach	is	based	on	cumula-
tive	species–	area	curves	with	the	cumulative	area	of	islands	(or	any	
other habitat patches) along the X- axis and the cumulative number of 
species along the Y-	axis.	The	islands	are	ranked	by	their	size,	once	in	
ascending	and	once	in	descending	order,	which	results	in	two	curves.	
By	comparing	the	two	curves,	one	can	determine	whether	several	
small islands harbour more species than a few large islands of the 
same total area. This is the case if the ascending curve lies above the 
descending	curve,	which	results	in	a	value	>1	for	the	SLOSS	index,	
which is the quotient of the areas under the ascending and the de-
scending	curve	(Quinn	&	Harrison,	1988).

In	order	 to	 check	 if	 the	 species	 composition	of	 small	 boulders	
was	 nested	within	 the	 species	 composition	 of	 large	 boulders,	 we	
calculated	the	NODF	metric	(nestedness	based	on	overlap	and	de-
creasing	fill;	Almeida-	Neto	et	al.,	2008)	using	the	functions	provided	
in the package vegan	 (Oksanen	et	al.,	2019).	 In	a	sorted	presence/
absence	matrix	—		in	our	case	decreasingly	sorted	by	boulder	size	and	
species	frequency	—		the	NODF	metric	(ranging	from	0	to	100)	quan-
tifies the extent to which row and column sums decrease from left 
to	right	and	top	to	bottom.	In	a	perfectly	nested	matrix	all	species	on	
smaller	boulders	would	also	be	present	on	all	larger	boulders,	which	
corresponds to a matrix with all presences in the upper left triangle 
of	the	matrix	and	a	NODF	of	100.	The	significance	of	NODF	values	
was tested against the values retrieved from 999 permuted matrices 
using the "c0" method that preserves species frequencies.

2.3.3  |  Analyses	of	species	richness	and	
occurrence of specialist species

In	order	to	identify	variables	that	explain	variation	in	species	richness	
and	species	occurrence	on	erratic	boulders,	we	applied	multi-	model	
inference	 of	 generalised	 linear	 mixed-	effects	 models	 (GLMMs;	
Burnham	&	Anderson,	2002;	Bolker	et	al.,	2009)	as	implemented	in	
Kiebacher	et	al.	(2017).	Note	that	the	term	“explain”	is	used	here	in	a	
strictly	statistical	sense,	i.e.,	for	the	variation	in	a	response	variable	
accounted	for	by	a	set	of	predictors.	As	predictors	we	used	a	subset	of	
the	environmental	variables	described	above	(see	Table	1).	Because	
the	predictor	pairs	temperature	and	elevation,	and	forest	cover	and	

direct	 radiation,	 respectively,	 were	 highly	 correlated	 (|Spearman's	
rho| >	0.7),	 temperature	and	forest	cover	were	excluded	from	the	
analyses.	We	 included	 study	 area	 as	 a	 random	 factor.	 In	 order	 to	
improve	model	convergence,	fit	and	interpretation,	selected	predic-
tors	were	 transformed	 (Table	 1).	 All	 predictors	were	 standardised	
to mean = 0 and standard deviation =	 0.5	 (Schielzeth,	 2010).	We	
constructed	GLMMs	using	the	package	lme4	(Bates	et	al.,	2015).	To	
analyse species richness we conducted Poisson regression by speci-
fying a Poisson error structure and the log- link function. To analyse 
individual	boulder	specialist	species,	we	conducted	 logistic	regres-
sion by specifying a binomial error structure and the logit- link func-
tion.	 Thereby,	 we	 only	 analysed	 boulder	 specialists	 that	 occurred	
on	at	least	10%	of	the	sampled	boulders,	namely	Grimmia hartmanii,	
Grimmia trichophylla,	Hedwigia ciliata and Paraleucobryum longifolium. 
For	all	27	occurrences	of	Paraleucobryum longifolium the predictor 
“buildings”	had	a	value	of	zero,	which	did	not	allow	a	meaningful	es-
timate	of	the	regression	parameters	by	the	GLMMs.	Therefore,	for	
Paraleucobryum longifolium	we	used	the	minimum	Euclidean	distance	
to	the	nearest	building	as	a	predictor	for	“buildings.”	All	full	models	
were checked for overdispersion using the package blmeco	(Korner-	
Nievergelt	et	al.,	2015).	No	signs	of	overdispersion	were	found.	We	
conducted	model	simplification,	selection	and	averaging	with	func-
tions implemented in the package MuMIn	 (Barton,	2015).	For	each	
full	 model,	 we	 generated	 sub-	models	 with	 all	 possible	 predictor	
combinations	 and	extracted	 the	 relative	variable	 importance	 (RVI)	
of	the	predictors.	Then,	we	retained	all	models	with	ΔAIC	< 2 rela-
tive	to	the	best	model,	averaged	the	models,	and	generated	average	
parameter estimates for the predictors.

2.3.4  |  Analyses	of	community	composition

In	order	to	identify	environmental	variables	that	correlate	with	species	
composition	 on	 erratic	 boulders,	 we	 conducted	 a	 detrended	 corre-
spondence	analysis	 (DCA;	Hill,	1979;	Hill	&	Gauch,	1980)	and	calcu-
lated	correlation	coefficients	(Spearman's	rho)	between	axis	positions	
and	environmental	variables	(Table	1).	This	analysis	was	based	on	the	
species data filtered for species with more than one occurrence and 
boulders	harbouring	more	 than	 three	species	 (resulting	 in	a	data	set	
of	101	species	and	151	boulders),	using	the	functions	provided	in	the	
package vegan	(Oksanen	et	al.,	2019).	For	corroboration	of	the	DCA	re-
sults	we	performed	a	parallel	ordination	(van	Son	et	al.,	2014)	by	which	
the	same	data	were	subjected	to	(global)	non-	metric	multi-	dimensional	
scaling	 (NMDS;	 Appendices	 S5	 and	 S6).	 The	 two	NMDS	 axes	were	
highly	correlated	with	the	corresponding	DCA	axes	(Spearman's	rho	of	
−0.96	for	axis	1	and	0.81	for	axis	2,	respectively;	Liu	et	al.	2008).

For	visualisation	and	interpretation	of	the	DCA	ordination,	we	
fitted vectors for variables that were at least moderately correlated 
(|Spearman's	rho|	>	0.5)	with	one	of	the	two	first	DCA	axes	to	the	
ordination	 diagram,	 using	 the	 envfit	 function	 of	 vegan	 (Oksanen	
et	al.,	2019).	The	results	indicated	separation	of	boulder	specialists	
along the vector for direct radiation fitted to the two- dimensional 
ordination diagram. We explored this relationship further using 
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boxplots of occurrences of all boulder specialists along the radi-
ation gradient.

Additionally,	we	classified	bryophyte	communities	with	k- means 
non-	hierarchical	clustering	(Borcard	et	al.,	2018).	Based	on	silhouette	
plots	(package	cluster;	Maechler	et	al.,	2019)	for	different	numbers	
of	clusters,	we	chose	four	clusters.	We	further	characterised	clus-
ters identified by k-	means	clustering	by	indicator	species	(Appendix	
S7)	and	boxplots	for	the	environmental	variables	(Appendix	S8).

3  |  RESULTS

3.1  |  Diversity of boulders and species

In	 total	we	 visited	 321	 coordinates	with	 erratic	 boulders,	 101	 of	
which	were	 replaced	 because	 the	 boulder(s)	 at	 the	 given	 coordi-
nates	did	not	 fulfil	our	criteria,	and	60	were	replaced	because	no	
boulder was present. The surface area of the sampled boulders 
covered	three	orders	of	magnitude	(Table	1).	On	the	160	boulders	
studied,	we	recorded	a	 total	of	138	bryophyte	species	 (Appendix	
S9),	19	of	which	we	identified	as	boulder	specialists	(Table	2).	These	
largely corresponded to the boulder specialists listed for the Jura 
Mountains	by	Meylan	(1912).	Species	richness	per	boulder	ranged	
from	 0	 to	 36	 and	 boulder	 specialist	 richness	 ranged	 from	 0	 to	 8	
(Table	1).	On	61%	of	the	sampled	boulders	we	found	at	 least	one	
boulder specialist.

3.2  |  Species– area relationships, 
SLOSS and nestedness

The	z-	values	obtained	by	 fitting	a	power	 function	 to	 the	 species–	
area	data	 (Figure	2)	 indicated	 that	boulder	 size	had	 a	 stronger	 in-
fluence	on	the	number	of	boulder	specialists	 (z =	0.40;	0.34–	0.47,	
95%	confidence	 interval)	 than	on	 total	 species	 richness	 (z = 0.21; 
0.17–	0.25).	 The	 largest	 boulder	 was	 an	 outlier	 in	 terms	 of	 size	
(Figure	2).	However,	when	we	removed	this	boulder	from	the	analy-
ses	(Appendix	S10)	the	estimated	z-	values	(z = 0.42 for boulder spe-
cialist	richness,	z = 0.18 for total species richness) remained within 
the confidence intervals of the estimates for the complete data set.

SLOSS	analyses	indicated	that	several	small	boulders	harboured	
more species than one or a few large boulders of the same surface 
area	(Figure	3).	This	relationship	was	more	accentuated	when	all	spe-
cies	were	considered	(SLOSS	index	2.03)	than	for	boulder	specialists	
only	(SLOSS	index	1.54).

Analyses	 of	 nestedness	 revealed	 that	 species	 present	 on	
small boulders were significantly nested within the species pres-
ent	 on	 larger	 boulders.	 Nestedness	 was	 more	 accentuated	 for	
boulder	specialists	(NODF	=	37.5,	mean	simulated	NODF	=	19.4,	
p <	 0.001)	 than	 for	 total	 species	 richness	 (NODF	=	 19.1,	mean	
simulated	NODF	=	12.5,	p <	0.001;	incidence	plots	in	Appendix	
S11).

3.3  |  Species richness and occurrence of 
specialist species

Boulder	size	contributed	highly	significantly,	positively,	to	all	av-
eraged	 generalised	 linear	 mixed-	effects	 models	 (Table	 3,	 Table	
S5).	Direct	 radiation	was	only	 significant	 in	 some	 single-	species	
models,	with	 positive	 as	well	 as	 negative	 coefficients.	 Thus	 the	
probability of Hedwigia ciliata presence on an erratic boulder in-
creased	with	 increasing	direct	radiation,	while	the	probability	of	
Paraleucobryum longifolium and Grimmia hartmanii presence de-
creased.	 No	 significant	 effects	 were	 found	 for	 the	 presence	 of	
additional	erratic	boulders	within	a	25-	m	radius.	The	percentage	
of	area	covered	by	buildings	within	a	25-	m	radius	had	a	negative	
effect on the number of boulder specialists and on the presence 
of Grimmia hartmanii and Hedwigia ciliata.	 For	 Paraleucobryum 
longifolium,	 distance	 to	 the	 nearest	 building	 showed	 a	 margin-
ally significant positive effect. The percent cover of tree canopy 
above a boulder had a significant positive effect on Grimmia hart-
manii presence while the percent cover of shrubs had a signifi-
cant positive effect on total species richness. The percent cover 
of evergreens showed a marginally significant negative effect on 
Grimmia trichophylla	 presence.	 Elevation	 positively	 affected	 the	
number	 of	 boulder	 specialists,	 as	well	 as	Grimmia hartmanii and 
Paraleucobryum longifolium presence. The two predictors “precipi-
tation”	and	“distance	to	the	nearest	river”	were	not	significant	in	
any model.

TA B L E  2 The	19	boulder	specialists	(acidophilic	rock-	dwelling	bryophyte	species)	found	on	160	siliceous	erratic	boulders	in	the	
calcareous Swiss Plateau and Jura Mountains

Dicranoweisia crispula	(1;	LC) Grimmia longirostris	(3;	LC) Hedwigia stellata	(2;	VU)

Dicranum fulvum	(12;	LC) Grimmia muehlenbeckii	(1;	LC) Orthotrichum rupestre	(14;	LC)

Grimmia decipiens	(3;	VU) Grimmia ovalis	(11;	NE) Paraleucobryum longifolium	(27;	LC)

Grimmia elatior	(5;	LC) Grimmia ramondii	(1;	LC) Racomitrium aciculare	(1;	LC)

Grimmia hartmanii	(67;	LC) Grimmia trichophylla	(25;	NT) Racomitrium heterostichum	aggr.	(4;	NE)

Grimmia laevigata	(7;	LC) Hedwigia ciliata	(48;	LC) Racomitrium microcarpon	(1;	VU)

Ulota hutchinsiae	(2;	VU)

Note: The	species’	frequency	in	this	study	(number	of	boulders)	and	Swiss	national	red	list	status	(LC:	least	concern;	NE:	not	evaluated;	NT:	near	
threatened;	VU:	vulnerable	–		Schnyder	et	al.,	2004)	are	given	in	parentheses.
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3.4  |  Community composition

Multiple	 significant,	 moderate	 to	 strong	 correlations	 (|Spearman's	
rho| >	 0.5)	 between	environmental	 variables	 and	each	of	 the	 first	
two	DCA	axes	(eigenvalues	0.55	and	0.34,	gradient	lengths	4.74	and	

3.81	 for	 axis	1	 and	axis	2,	 respectively),	 revealed	potential	 drivers	
of community composition of the studied erratic boulders. The main 
gradient along the first axis corresponded to the bipartition into for-
est	vs	open-	land	communities,	as	the	variables	associated	with	for-
est	conditions	—		percentage	of	forest	around	boulders,	percentage	

F I G U R E  2 Species	(S)–	area	(A)	relationships	of	bryophytes	on	160	siliceous	erratic	boulders,	(a)	for	total	species	richness	and	(b)	for	
species	richness	of	boulder	specialists	(note	that	the	Y-	axis	scale	differs	between	panels,	and	that	the	X- axis scale is logarithmic). The 
regression lines are power functions fitted with non- linear regression

S = 6.3 × A0.21 S = 0.51 × A0.4

All species Boulder specialists
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of	 evergreens	 above	 boulder,	 litter	 and	 humus	 cover,	 bryophyte	
cover and the moisture indicator value F —  correlated negatively 
with	 the	 first	 axis,	whereas	 the	 amount	 of	 direct	 radiation,	 lichen	
cover	and	the	indicator	values	for	light,	hemeroby	and	reaction	cor-
related	positively	with	this	axis	(Figure	4,	Table	4).	Along	the	second	
axis,	 a	negative	correlation	with	 the	number	of	boulder	 specialists	
indicated separation of communities containing specialist species 
from communities lacking specialist species. This accorded with the 
positive correlation of this axes with the indicator value for reaction. 
Projection of the k-	means	clusters	(Appendices	S5,	S6)	on	the	DCA	
ordination	diagram	(Figure	4)	substantiated	the	separation	into	two	
forest	communities	(c3	and	c4)	and	two	open-	land	communities	(c1	
and	c2)	which	differ	by	the	presence	(c2	and	c3)	and	absence	(c1	and	
c4) of boulder specialist species.

3.5  |  Radiation gradient

Boulder	 specialists	 occurred	 across	 the	whole	 range	 of	 direct	 ra-
diation	present	 in	 the	data	 set,	 but	 the	 individual	 species	 showed	
differences in their preferences and amplitudes for direct radiation 
(Figure	5).	Forest	boulders	generally	had	lower	radiation	values	than	
non- forest boulders. Two specialist species were exclusively found 
on	boulders	in	forests,	and	seven	specialists	were	exclusively	found	
on boulders outside forests.

4  |  DISCUSSION

Our	 most	 important	 findings	 were	 that	 boulder	 specialists	 had	 a	
steeper	 species–	area	 curve	 than	 the	 total	 number	 of	 species	 pre-
sent	on	boulders,	which	underlines	the	island	properties	of	boulders	
for	specialist	species	(Figure	2)	and	suggests	that	species	richness	is	
mainly	driven	by	boulder	size	(Table	3)	while	community	composition	
is mainly structured by the distinction between forest and open- land 
boulders	(Figure	4,	Table	4).

4.1  |  Diversity of boulders and bryophyte species

The	current	distribution	of	erratic	boulders	in	Switzerland	is	mainly	
shaped by their massive depletion due to agricultural land clearance 
(Akçar	et	al.,	2011).	This	pattern	is	also	evident	in	our	study	areas,	
where	82%	of	the	erratic	boulders	for	which	coordinates	were	avail-
able	were	situated	in	forests	(Appendix	S3).	Ongoing	destruction	of	
erratic	boulders	 in	open	 land	may	explain	why	24%	of	boulders	 in	
the	non-	forest	stratum	were	not	found	at	the	original	coordinates,	
compared	with	only	10%	for	boulders	in	forests	(Appendix	S3).

Considering	the	small	total	habitat	area	sampled	here	(5,000	m2; 
Figure	3),	the	19	specialist	species	found	in	our	study,	four	of	which	
are	threatened	(Table	2),	can	be	considered	a	major	contribution	to	
biodiversity	 at	 the	 landscape	 level.	 Including	 the	 seven	 additional	
boulder	specialist	bryophytes	 reported	by	Meylan	 (1912),	 three	of	TA
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which	 are	 currently	 threatened	 (Schnyder	 et	 al.,	 2004),	 and	 addi-
tional boulder specialist species that have not yet been recorded in 
the	study	region	but	could	potentially	occur	there	(e.g.	further	spe-
cies of the genus Grimmia;	Hepenstrick,	2021),	the	total	number	of	
boulder specialist bryophytes present on the Swiss Plateau and in 
the	Jura	Mountains	may	be	around	30	species,	underlining	the	bio-
logical conservation value of erratic boulders in this region.

4.2  |  Boulder size and species richness

In	 agreement	 with	 Weibull	 and	 Rydin	 (2005)	 and	 Virtanen	 and	
Oksanen	(2007),	we	confirmed	a	positive	species–	area	relationships	
on	erratic	boulders.	This	 finding	 is	not	surprising,	considering	 that	
the	size	of	the	sampled	boulders	spanned	three	orders	of	magnitude	
and	 the	 ubiquity	 of	 positive	 species–	area	 relationships	 in	 ecology	
(Drakare	et	al.,	2006).	The	comparably	steep	slope	of	our	species–	
area curve for specialist bryophyte species of siliceous erratic boul-
ders	(Figure	2),	corresponding	to	a	z-	value	of	0.40,	matches	well	with	
the	 z-	value	of	0.39	 for	bryophyte	and	 lichen	 species	 restricted	 to	
calcareous	erratic	boulders	in	Finland,	as	reported	by	Virtanen	and	
Oksanen	 (2007).	While	 the	Finnish	 study	 ignored	 species	also	oc-
curring	in	the	matrix	around	boulders,	we	compared	boulder	special-
ist	species	richness	to	total	species	richness,	for	which	we	found	a	

distinctively lower z- value of 0.21. This pattern agrees with island bi-
ogeography	theory	(MacArthur	&	Wilson,	1967),	as	it	underlines	the	
island- like properties of erratic boulders for specialist species: the 
colonisation and extinction of specialist species are more strongly 
influenced	by	the	size	of	their	special	habitat	island	than	the	coloni-
sation	and	extinction	of	species	that	also	occur	in	the	matrix,	which	
results	 in	 a	 steeper	 species–	area	 curve	 for	 island	 specialists.	 This	
pattern of higher z- values for habitat specialists in habitat islands 
was	also	found	by	Dembicz	et	al.	(2020)	for	vascular	plant	species	in	
insular	steppe	fragments,	reporting	z = 0.32 for total species rich-
ness and z = 0.43 for specialist species of steppes.

SLOSS	analysis	shows	that	several	small	boulders	harbour	more	
species than a single large boulder or few large boulders adding up 
to	the	same	surface	area	(i.e.	SL	<	SS;	Figure	3).	This	result	contrasts	
the	original	theory	(SL	>	SS;	Diamond,	1975),	but	it	agrees	with	most	
empirical	 studies	 conducted	 to	explore	 this	 relationship	 (reviewed	
by	Fahrig,	2020).	In	our	case,	we	explain	the	observed	relationship	
of	 SL	< SS with the pronounced ecological and floristic gradients 
among	 the	 sampled	boulders	 (Figure	4)	which,	most	 likely,	exceed	
the maximum variation in species composition found on one single 
large	boulder.	 In	other	words,	for	erratic	boulders,	a	set	of	several	
small patches is environmentally more heterogeneous than a one 
single	large	patch	(cf.	Fahrig,	2020).

Analysis	of	nestedness	showed	that	the	species	composition	of	small	
boulders made up a nested subset of the total species composition of 
larger	boulders.	Hence,	no	common	species	in	our	data	set	occurred	ex-
clusively	on	small	boulders.	Additionally,	we	found	stronger	nestedness	
for	specialist	species	(NODF	=	37.5)	than	for	all	species	(NODF	=	19.5).	
This	result	suggests	that	habitats	are	nested	 (Ulrich	et	al.,	2009):	 the	
larger	a	boulder	is,	the	more	likely	it	is	that	the	boulder	contains	well-	lit	
patches that favour occurrences of heliophilous boulder specialist spe-
cies in addition to shade- adapted specialist species that may find habitat 
on	the	shaded	north	face	of	large	boulders	(Figure	5).

4.3  |  Species richness and occurrence of 
specialist species

In	accordance	with	our	univariate	analysis	of	boulder	size	(Figure	2),	
boulder	 size	 was	 the	 most	 important	 predictor,	 positively	 related	
to	 species	 richness	 in	 GLMM	 analyses	 (Table	 3).	 The	 other	 envi-
ronmental	predictors,	however,	showed	different	and	often	 incon-
sistent	 relationships	with	 total	 species	 richness,	 specialist	 species	
richness and single species. Such diverse responses were also re-
ported	by	Kiebacher	et	al.	(2017)	for	bryophytes	on	island-	like	trees	
in pastures.

Besides	boulder	size,	the	only	variable	related	to	total	species	
richness was shrub cover. This positive relationship with spe-
cies richness may be due to a microclimatic balancing effect of 
the shrub leaf canopy on the otherwise rather extreme rock mi-
croclimate	 (Larson	 et	 al.,	 2000),	 enabling	 the	 growth	 of	 a	wider	
variety	 of	 species	 on	 boulders,	 including	 epiphytic	 species	 (e.g.	
Orthotrichum spp.).

F I G U R E  4 Detrended	correspondence	analysis	(DCA)	of	
bryophyte	species	composition	on	151	siliceous	erratic	boulders.	
Circles	represent	individual	boulders,	with	the	colour	indicating	
their assignment to k-	means	clusters	(Appendices	S7,	S6).	The	size	
of the filled part of the circles is proportional to the number of 
boulder	specialists	on	the	erratic	boulders	(minimum:	0;	maximum:	
8).	Boulder	specialists	with	more	than	five	occurrences	are	given	
in	bold,	and	non-	specialist	species	with	more	than	10	occurrences	
are	given	in	normal	font.	Arrows	indicate	the	direction	and	relative	
strength	(length)	of	linear	correlations	with	variables	which	at	least	
moderately	correlated	(|Spearman's	rho|	>	0.5)	with	one	of	the	first	
two	DCA	axes	(see	Table	4)
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Boulder	specialist	species	richness	was	negatively	related	to	the	
occurrence of nearby buildings and positively related to elevation. The 
negative relationship with nearby buildings may be due to frequent 
human disturbance such as excavation of boulders during develop-
ment	of	 infrastructure	of	all	 kinds,	 cleaning	of	boulders	 in	gardens,	
etc.,	which	may	 impede	the	growth	of	bryophytes	 (Wächter,	1996).	
The positive relationship with elevation on specialist species may be 
caused by different aspects of this multi- faceted predictor that cor-
relates	with,	e.g.,	temperature,	deposition	of	atmospheric	pollutants	
(Lovett	&	Kinsman,	1990)	and	land	use	intensity	(Körner,	2007).

In	 agreement	 with	 the	 results	 obtained	 for	 boulder	 specialist	
richness,	three	of	the	four	single	species	tested	showed	a	negative	
relationship to buildings and three species showed a positive rela-
tionship to elevation. Hedwigia ciliata was the only species with a 
negative,	 but	 statistically	 not	 significant	 relationship	 to	 elevation.	
This	may	reflect	the	thermophilic	preference	of	this	species.	Boulder	
specialist species did not display consistent relationships with other 
variables,	 reflecting	 their	 different	 environmental	 niches	 (Nebel	
&	 Philippi,	 2000).	 The	 typical	 forest	 species	 Grimmia hartmanii 
and Paraleucobyrum longifolium were negatively related to direct 

Variable

DCA1 DCA2

rho p rho p

Number	of	bryophyte	species

All	species 0.083 0.309 0.070 0.391

Boulder	specialists −0.205 0.012 −0.646 <0.001

Boulder	size

Boulder	size −0.065 0.428 −0.470 <0.001

Vegetation	and	substrates	on	boulder

Bryophyte	cover −0.590 <0.001 0.233 0.004

Lichen	cover 0.615 <0.001 −0.264 0.001

Tracheophyte cover −0.132 0.107 −0.072 0.377

Litter	cover −0.530 <0.001 0.091 0.267

Humus	cover −0.524 <0.001 −0.038 0.643

Rock cover 0.289 <0.001 0.126 0.122

Radiation

Direct radiation 0.629 <0.001 −0.261 0.001

Canopy above boulder

Trees above −0.332 <0.001 0.429 <0.001

Shrubs above 0.018 0.826 0.310 <0.001

Evergreens	above −0.639 <0.001 −0.078 0.344

Surrounding of boulder

Boulders	in	25	m	radius −0.254 0.002 0.048 0.559

Forest	in	25	m	radius −0.729 <0.001 0.106 0.194

Buildings	in	25	m	radius 0.405 <0.001 0.035 0.669

Distance to buildings −0.440 <0.001 −0.03 0.714

Climatic variables

Elevation −0.062 0.450 −0.284 <0.001

Precipitation −0.002 0.976 −0.251 0.002

Temperature 0.157 0.054 0.357 <0.001

Distance to river 0.058 0.479 −0.197 0.016

Indicator	values

Moisture F −0.808 <0.001 0.160 0.050

Light	L 0.892 <0.001 −0.059 0.472

Reaction R 0.504 <0.001 0.558 <0.001

Nutrients	N 0.448 <0.001 0.198 0.015

Hemeroby	EM 0.819 <0.001 0.221 0.006

Note: Significant	(p <	0.05)	correlations	are	marked	bold	and	moderate	to	stronger	correlations	
(|Spearman's	rho|	>	0.5)	are	underlined.

TA B L E  4 Table	of	correlations	
(Spearman's	rho)	between	the	analysed	
variables	(Table	1)	and	the	two	DCA	axes
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radiation,	 while	Hedwigia ciliata showed a positive response. The 
positive relationship with tree cover found for Grimmia hartmanii is in 
line	with	the	findings	of	Weibull	(2001),	who	stated	that	this	species	
thrives on boulders influenced by rain throughfall and deciduous lit-
ter.	While	Weibull	and	Rydin	(2005)	found	reduced	species	richness	
on	boulders	under	evergreen	 trees	 (Picea abies),	our	analyses	only	
show a marginally significant negative relationship with the cover 
of evergreen trees in Grimmia trichophylla.	 It	 should	be	noted	 that	
we	did	 not	 allow	 for	 non-	linear	 relationships	 in	 the	GLMM	analy-
ses.	As	species	do	not	respond	linearly	but	rather	unimodally	to	long	
environmental	gradients,	the	linear	approximations	of	our	analyses	
rather point towards the species optimum which may lay towards 
the	end	or	beyond	the	assessed	environmental	gradient.	Unimodal	
responses with maxima near the centre of an assessed environmen-
tal	gradient	could	not	be	detected	by	our	analyses	(Halvorsen,	2012).

Given	 the	 pronounced	 positive	 relationship	 with	 boulder	 size,	
the	absence	of	a	significant,	positive	relationship	with	the	presence	
of nearby erratic boulders is surprising and in contrast to the results 
of	Virtanen	and	Oksanen	(2007),	who	found	a	positive	effect	of	con-
nectivity	among	boulders	on	species	richness	in	their	study	area,	in	
which	they	sampled	every	single	boulder.	However,	our	sampling	de-
sign may not be optimal for analysis of connectivity among boulders; 
the fact that we sampled the largest boulder in cases where multiple 
boulders were present further reduced the chance of detecting a 

connectivity effect that might have been detectable if nearby boul-
ders had been investigated.

The two predictors that were included to describe water avail-
ability,	 i.e.	 precipitation	 and	 distance	 to	 the	 nearest	 river,	 did	 not	
show	 significant	 relationships	 with	 any	 response	 variable,	 even	
though the moisture indicator values suggested existence of a hu-
midity	gradient	in	our	data	set	(Figure	4).	Consequently,	we	conclude	
that	the	site-	specific	microclimatic	influence	on	humidity,	governed	
by	local	radiation	and	canopy	cover,	is	more	important	for	the	bryo-
phyte species composition on erratic boulders than the more re-
gional predictors precipitation and distance to the nearest river.

4.4  |  Community composition

The major ecological and floristic bipartition into forest boulders 
with high bryophyte cover and open- land boulders with high li-
chen	cover	(Figure	4)	agrees	with	the	original	description	of	the	
typical bryophyte communities of siliceous erratic boulders in 
the	 Jura	Mountains	by	Meylan	 (1912).	While	Meylan	 (1912)	did	
not further split forest and open- land bryophyte communities 
on	 erratic	 boulders,	 we	 found	 an	 additional	 bipartition	 of	 both	
groups into communities that differed in the presence or ab-
sence	of	boulder	 specialists	 (Figure	4).	 In	 short,	 clusters	c2	and	

F I G U R E  5 Boxplots	for	the	potential	annual	direct	radiation	for	erratic	boulders	on	which	boulder	specialist	species	were	recorded.	
Triangles depict occurrences along the radiation gradient and their colours indicate whether the corresponding boulder was located in the 
forest or the non- forest stratum. The images above the plots are examples of the synthetic hemispherical images from which the radiation 
values were derived
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c3	corresponded	to	communities	of	sunny	(c2)	and	shaded	(c3)	si-
liceous	rock	that	were	already	described	by	Meylan	(1912),	while	
cluster c1 rather corresponded to communities of sunny mortar 
walls and cluster c4 rather corresponded to communities of base- 
rich	bark	 (Figure	4;	Mucina	et	al.,	2016;	Appendix	7).	Hence,	c2	
and c3 represent the actual insular specialist communities on sili-
ceous	erratic	boulders	in	calcareous	areas,	while	c1	and	c4	com-
prise communities typical for the landscape matrix around the 
boulders. This split into specialist and non- specialist communities 
was	clearly	expressed	by	the	second	DCA	axis	 (Figure	4),	which	
most strongly correlated with the number of boulder specialists 
and	the	mean	indicator	value	for	reaction	(Table	4).	Weibull	and	
Rydin	(2005)	showed	for	erratic	boulders	in	forests	that	litter	pH	
and litter decomposability of the tree species above siliceous er-
ratic boulders strongly influenced the boulders' community com-
position,	which	certainly	 also	 shapes	bryophyte	communities	 in	
our	 study	 (indicated	 by	 the	 significant	 influences	 of	 the	 cover	
of	 evergreens	 above	 boulders;	 Tables	 3,	 4,	 Figure	 4).	 However,	
Weibull	and	Rydin	(2005)	did	not	report	on	a	pattern	that	read-
ily	 explains	 absence	of	boulder	 specialists.	 In	 contrast,	 they	 re-
ported diverse responses of boulder specialist species to litter 
pH;	for	example,	Hedwigia ciliata was less abundant below trees 
with	high	 litter	pH,	whereas	the	opposite	pattern	was	observed	
for Grimmia hartmanii.	For	the	open-	land	community	lacking	spe-
cialist	 species	 (c1),	we	presume	 that	 anthropogenic	 disturbance	
may be the main driver that shapes this community. This is sup-
ported by the strong correlation of the hemeroby indicator value 
with	the	first	DCA	axis,	which	also	separated	cluster	c1	from	all	
other	clusters	(Figure	4,	Table	4)	and	by	our	GLMM	analyses	that	
showed a negative influence of nearby buildings on specialist 
species	 richness	 (Table	3).	Similar	 results	were	also	 reported	by	
Wächter	(1996),	who	found	that	anthropogenically	disturbed	sili-
ceous erratic boulders in settlements harboured calciphilous bry-
ophytes	communities	 (maybe	promoted	by	calcareous	dust)	but	
no boulder specialists. The boulder community in forests lacking 
specialist	species	(c4)	may	also	result	from	disturbances,	as	sug-
gested	by	Meylan	(1912)	who	observed	that	boulders	in	recently	
clear- cut forests then stocked with young trees lost their boul-
der specialists and eventually only harboured ubiquitous species. 
Additionally,	the	fact	that	this	cluster	had	the	smallest	mean	boul-
der	size	 (Appendix	8)	supports	the	 idea	that	 larger	boulders	are	
more likely to provide favourable sites for erratic boulder special-
ist	species	(MacArthur	&	Wilson,	1967).

4.5  |  Implications for conservation

Conservation of bryophytes is most efficient through conserva-
tion	of	their	habitats	(Hallingbäck	&	Hodgetts,	2000).	In	our	study	
we found that large boulders were more likely to harbour more 
boulder	specialists	than	small	boulders	(Figure	2)	and	that	the	spe-
cies present on small boulders were nested in the species compo-
sition	 of	 larger	 boulders.	 Both	 results	 underline	 the	 importance	

of	large	boulders.	However,	the	presence	of	nestedness	does	not	
mean that small boulders are irrelevant for specialist species. This 
is exemplified by Grimmia ramondii,	 the	 only	 record	 of	 which	 in	
our study was on a small boulder that also harboured three other 
boulder	 specialist	 bryophytes.	 In	 fact,	 we	 also	 showed	 that,	 at	
the	 landscape	 level,	many	 small	 boulders	 contributed	more	 spe-
cialist	 species	 than	 a	 single	 or	 a	 few	 large	 boulders	 (Figure	 3).	
Nevertheless,	our	results	 indicate	that	prioritising	large	boulders	
in conservation management efficiently maximises the number 
of	 species	 covered	 with	 a	 minimal	 number	 of	 boulders.	 Large	
boulders	 are	 also	 often	 protected	 as	 geosites	 (Gonggrijp,	 2000;	
Reynard,	 2004),	 facilitating	 the	 protection	 of	 their	 vegetation.	
However,	the	vegetation	on	larger	boulders	is	more	prone	to	de-
liberate	anthropogenic	disturbances,	such	as	the	removal	of	veg-
etation	for	sport	climbing	(Blum,	2015).

In	 our	 study	 area,	 erratic	 boulders	were	 about	 five	 times	 less	
abundant	 outside	 of	 forests	 than	 within	 forests	 (Table	 S1),	 while	
boulder specialist communities in open land harboured different and 
more specialist species than boulder specialist communities in for-
ests	(Table	4;	Figure	5).	Hence,	from	the	above	findings	we	conclude	
that	large,	open-	land	erratic	boulders	should	be	prioritised	for	direct	
conservation	measures.	However,	 small	 boulders	 in	 the	open	 land	
should	 not	 be	 neglected,	 because	 they	may	 be	 particularly	 prone	
to	complete	destruction,	for	example	due	to	agricultural	land	clear-
ance. Conserving the contribution of small boulders to total boul-
der specialist diversity may be best achieved by raising the general 
awareness of the biological conservation value of erratic boulders 
amongst	stakeholders	in	forestry,	agriculture	and	nature	conserva-
tion.	For	this,	 large	boulders,	well	known	to	the	public,	may	act	as	
flagships.

Erratic	boulders	are	not	only	witnesses	of	the	Ice	Ages	(Reynard,	
2004;	 Akçar	 et	 al.,	 2011)	 our	 study	 also	 highlights	 the	 boulders'	
biological	 value,	 i.e.	 their	 function	 as	 habitat	 for	 specialised	bryo-
phytes.	Other	 studies	 showed	 that	 the	 same	 holds	 true	 for	 other	
cryptogams	such	as	lichens	(Krawiec,	1938;	Epard	et	al.,	2020)	and	
ferns	 (Mazenauer	 et	 al.,	 2014).	 Considering	 the	 vast	 areas	 which	
have	experienced	Pleistocene	glaciations	(Ehlers	&	Gibbard,	2007),	
erratic boulders are a global phenomenon and contribute to regional 
biodiversity. The conclusions of our study may thus apply to erratic 
boulders elsewhere and to the conservation of insular rock- dwelling 
cryptogam communities in general.
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