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Abstract
Questions: How do local forest conditions and characteristics at the forest patch 
-		 scale	 and	 landscape	 -		 scale	 affect	 plot-	scale	 plant	 diversity	 in	 Europe?	Do	 these	
patterns	vary	between	 forest	 specialists	and	generalists?	Do	community	 saturation	
patterns	differ	between	forests	varying	in	their	surrounding	landscape	type?
Location: Deciduous	 forests	 sampled	 along	 a	 European	 gradient	 from	 southwest	
to	 northeast	 comprising	 eight	 regions	 in	 five	 countries	 (France,	 Belgium,	Germany,	
Sweden,	Estonia).
Methods: We	examined	the	effects	of	local	conditions	assessed	by	means	of	Ellenberg	
indicator	 values	 (soil	 moisture,	 soil	 nitrogen,	 soil	 pH,	 light	 availability),	 patch-	scale	
characteristics	(patch-	scale	plant	diversity,	forest	patch	age,	forest	patch	size)	and	a	
landscape-	scale	 variable	 (representing	 low	and	high	 connectivity	of	 forest	 patches)	
on	 plot-	scale	 plant	 diversity,	 separately	 for	 forest	 specialist	 and	 generalist	 species.	
Additionally,	we	ran	regression	models	to	examine	community	saturation	patterns.
Results: We found patterns of niche partitioning among forest specialists and generalists. 
Low light availability and medium soil moisture favored forest specialists, while general-
ists	were	mostly	present	at	higher	light	availability	and	medium	and	high	soil	moisture.	In	
general,	we	found	the	highest	plot-	scale	diversity	at	medium	soil	pH.	Patch-	scale	diver-
sity	showed	a	positive	impact	on	plot-	scale	diversity	and	plots	in	the	high-	connectivity	
landscape	had	a	higher	diversity	than	plots	in	the	low-	connectivity	landscape.	Further,	
we observed a high degree of community saturation in both landscape types.
Conclusion: The positive impact of a high connectivity of forest patches on local plant 
diversity	emphasizes	the	importance	of	small	semi-	natural	habitats	like	tree	lines,	un-
used field margins and hedgerows to enhance the potential dispersal of forest plants 
across agricultural landscapes. Community saturation patterns revealed the increasing 
relevance	of	local	conditions	and	processes	for	plot-	scale	diversity	when	patch-	scale	
diversity increases.
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1  |  INTRODUC TION

Anthropogenic	 land-	cover	 change	 represents	 a	 major	 threat	 for	
species	 diversity	 (Tscharntke	 et	 al.,	 2005),	 and	 large	 areas	 of	 the	
world are now modified by agriculture, forestry, road construc-
tion	 or	 urbanization	 (Kennedy	 et	 al.,	 2019).	While	 traditional	 low-	
intensity land uses often harbor high biological values, further 
agricultural intensification leads to habitat loss and fragmentation 
(Tscharntke	et	al.,	2005),	resulting	in	a	decline	of	biodiversity	(Wilcox	
& Murphy, 1985; Wilson et al., 2016; Fahrig, 2017).

In	the	European	Union,	landscapes	with	poorly	connected	forest	
patches	(forest	connectivity	index	<30%)	represent	70%	of	the	total	
area	(see	Joint	Research	Centre,	2012	for	details).	Land-	cover	changes	
not only affect the spatial distribution of forest patches, but also the 
landscape	 matrix	 surrounding	 those	 patches	 (Deckers	 et	 al.,	 2005; 
Poschlod	&	Braun-	Reichert,	2017).	This	matrix — being	a	more	or	less	
hostile	environment	to	many	forest	plant	species	—	is	usually	composed	
of grasslands and crop fields, but may also include small and linear 
semi-	natural	habitats	 like	unused	margins,	 tree	rows	and	hedgerows	
(Jamoneau	et	al.,	2011;	Poschlod	&	Braun-	Reichert,	2017).	However,	
due to agricultural expansion, these matrix elements have been consid-
erably	reduced	since	the	19th	century	(Deckers	et	al.,	2005; Poschlod 
&	Braun-	Reichert,	2017).	The	enlargement	and	consolidation	of	single	
fields	has	contributed	to	extended	and	homogeneous	zones	of	agri-
cultural	 land	as	well	 as	 less	natural	habitats	 in	between	 (Tscharntke	
et al., 2005).	Therefore,	 it	 is	essential	 to	evaluate	the	 importance	of	
habitat fragmentation and of the surrounding landscape matrix across 
broad environmental gradients to examine patterns of community as-
sembly of forest species across large spatial extents.

Generally,	 the	 local	 number	 of	 plant	 species	 that	 co-	occur	 in	 a	
community	 (e.g.,	 alpha	 [α] diversity; Whittaker, 1960)	 is	 influenced	
by local conditions as well as processes operating across larger spa-
tial	extents	 (Ricklefs,	1987; Brunet et al., 2011).	Processes	 like	com-
petition, parasitism and herbivory, collectively referred to as biotic 
interactions, take place within smaller local areas at the commu-
nity	 level,	whereas	 long-	distance	dispersal	 operates	 at	 larger	 spatial	
extents	 (Cornell	 &	 Lawton,	 1992; He et al., 2005).	 Many	 environ-
mental variables have been shown to affect the local plant species 
richness	 in	 forests	 (Schuster	&	Diekmann,	2005).	 For	example,	 light	
availability was reported to influence herbaceous cover and species 
richness	 (Vockenhuber	et	al.,	2011; Márialigeti et al., 2016; Depauw 
et al., 2020).	Among	the	edaphic	variables,	herbaceous	plant	species	
richness	often	shows	a	hump-	shaped	or	positive	relationship	with	soil	
pH	(Mölder	et	al.,	2008;	Vockenhuber	et	al.,	2011),	and	soil	nutrient	
availability and soil moisture are also important determinants of plant 
diversity	 (Gazol	&	 Ibáñez,	2010;	Szymura	et	al.,	2014; Chudomelová 
et al., 2017;	Raduła	et	al.,	2018; Gilliam, 2019).	However,	the	response	

of plant species to environmental gradients may differ between spe-
cies	 groups	with	 different	 habitat	 requirements,	 for	 example	 forest	
specialist	species	and	generalist	species	(Valdés	et	al.,	2015; Heinken 
et al., 2022).	 Moreover,	 the	 fragmentation	 of	 forest	 patches	 and	
the conditions of the surrounding matrix strongly affect dispersal 
processes	 and	 thereby	 also	 the	 species	 richness	 in	 forests	 (Brunet	
et al., 2011;	Uroy	et	al.,	2019).	In	northern	France,	hedgerow	length	in	
the surrounding landscape had a positive impact on forest herb species 
richness,	emphasizing	the	relevance	of	small	semi-	natural	habitats	 in	
the	matrix	(Jamoneau	et	al.,	2011).	Forest	patch	size	and	forest	patch	
age have also been found to affect the local number of plant species 
(Kolb	&	Diekmann,	2004;	Valdés	et	al.,	2020).	Species	diversity	across	
larger	spatial	extents	(e.g.,	gamma	[γ] diversity; Whittaker, 1960)	may	
also	be	an	 important	driver	of	 local	species	 richness	 (Ricklefs,	1987; 
Harrison & Cornell, 2008).

An	alpha–gamma	relationship	(AGR)	is	an	analysis	in	which	α di-
versity is regressed on γ	diversity	(a	local	population	obtains	species	
from	the	species	pool	at	a	larger	spatial	scale)	to	assess	the	relative	
importance	of	local	and	large-	scale	processes	for	α	diversity	(Cornell	
& Lawton, 1992; He et al., 2005; Damschen & Brudvig, 2012).	There	
are	two	theoretical	extremes	of	AGRs.	In	type	I	communities,	α di-
versity increases proportionally with increasing γ	 diversity	 (“pro-
portional	sampling”),	indicating	an	unsaturated	dependency	of	local	
species	richness	on	the	species	pool.	In	contrast,	in	type	II	commu-
nities, α diversity does not increase proportionally with increasing 
γ	diversity,	but	levels	off	and	reaches	a	plateau	(saturated).	Beyond	
this point, α diversity is predominantly determined by local condi-
tions	and	processes	(soil	and	light	conditions,	competition,	parasit-
ism,	etc.)	(Cornell	&	Lawton,	1992;	Szava-	Kovats	et	al.,	2013).

However,	this	classic	AGR	regression	has	been	criticized	because	
of several statistical constraints. First, the extent of the area at which 
local α diversity is recorded matters, with smaller extents contribut-
ing	to	curvilinear	AGR	shapes	(Loreau,	2000; He et al., 2005).	Second,	
α and γ diversity are not independent as α is nested within γ, which 
results in a tendency to observe linear relationships, just by chance 
(Szava-	Kovats	et	al.,	2012;	Gonçalves-	Souza	et	al.,	2013).	Even	in	inter-
active	communities	where	local	processes	are	dominating,	linear	AGRs	
were	 identified	 (Hillebrand,	2005;	Gonçalves-	Souza	et	 al.,	2013).	 To	
overcome	the	limitations	of	the	classic	AGR	regression,	Szava-	Kovats	
et	 al.	 (2012)	 proposed	a	 log-	ratio	 transformation,	where	 the	natural	
logarithm	 (ln)	 of	 [α/(γ − α)]	 (hereafter:	 ratio)	 serves	 as	 the	 dependent	
variable	and	is	regressed	on	the	natural	logarithm	(ln)	of	γ diversity. The 
slope of the regression serves as a measure of the degree of saturation, 
meaning	that	a	regression	line	with	a	steeper	(more)	negative	slope	re-
flects a higher degree of community saturation. Significantly negative 
slopes	 indicate	 saturated	 communities	 (Szava-	Kovats	 et	 al.,	 2012).	
Whereas mainly unsaturated relationships were identified with the 

K E Y W O R D S
agricultural	landscapes,	Ellenberg	indicator	values,	forest	generalists,	forest	specialists,	habitat	
fragmentation, landscape connectivity, niche partitioning, plant community saturation
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traditional	AGR	regression,	saturated	and	unsaturated	patterns	were	
similarly	common	when	applying	the	log-	ratio	method	(Szava-	Kovats	
et al., 2013).	Different	environmental	conditions	may	influence	these	
saturation patterns and therefore the relationship between α and γ 
diversity	(Michalet	et	al.,	2015).	Focusing	on	a	gradient	of	forest	frag-
mentation	in	northern	France,	Almoussawi	et	al.	(2020)	found	a	higher	
degree of community saturation in highly fragmented landscapes for 
forest	specialists,	likely	due	to	their	low	dispersal	abilities.	In	contrast,	
generalist species were observed to be more saturated in landscapes 
with no fragmentation.

Here, we examined the effects of several environmental variables 
on	the	variation	in	plot-	scale	(α)	diversity	in	deciduous	temperate	for-
ests	in	eight	study	regions	along	a	gradient	from	SW	to	NE	Europe.	We	
examined community saturation patterns based on the relationship 
between	plot-	scale	diversity	and	patch-	scale	(γ)	diversity	in	forests	dif-
fering in their surrounding landscape matrix. To our knowledge there 
have	been	 few	other	studies	on	 the	AGRs	of	plant	 species	applying	
the	 log-	ratio	method,	while	simultaneously	considering	various	envi-
ronmental	variables	(see	Almoussawi	et	al.,	2020, which was restricted 
to	northern	France	only),	and	none	that	did	so	at	a	continental	extent.

We distinguished two groups of plant species varying in their 
forest affinity, forest specialists and generalists, to evaluate poten-
tial differences in their responses to environmental drivers. We fo-
cused	on	two	main	research	questions:

1.	 Are	 there	 general	 patterns	 in	 the	 effects	 of	 local	 con-
ditions	 (soil	 variables,	 light	 availability),	 patch-	scale	 characteristics	
(patch-	scale	 plant	 diversity,	 forest	 patch	 age,	 forest	 patch	 size)	
and	a	 landscape-	scale	variable	 (landscape	 type)	on	plot-	scale	plant	
diversity	 in	 Europe?	 Do	 these	 patterns	 vary	 between	 forest	 spe-
cialists	 and	 generalists?

2. Do community saturation patterns differ between forests 
that	vary	in	their	surrounding	landscape	type?	Do	these	patterns	vary	
between	forest	specialist	and	generalist	plant	species?

We expected similar relationships between species diversity and 
environmental variables in all regions, i.e. no systematic change in 
these relationships along the geographic gradient.

2  |  METHODS

2.1  |  Study area

The study was carried out along a geographic gradient including 
eight	 study	 regions	 in	 five	 countries	 (France,	 Belgium,	 Germany,	
Sweden,	Estonia,	Figure 1a).	 The	mean	annual	 temperature	 in	 the	
regions	 ranged	 from	 3.7°C	 (Estonia)	 to	 14.3°C	 (southern	 France),	
while	the	mean	annual	precipitation	varied	between	558 mm	(central	
Sweden)	 and	 793 mm	 (Belgium)	 (EuroLST	 Bioclim	 data,	 long-	term	
averages	from	1950	to	2000).

In	each	study	region,	two	landscape	windows	of	5 km × 5 km	were	
selected, representing contrasting landscape configuration types. 

One	landscape	window	was	characterized	by	a	relatively	high	den-
sity	of	small	semi-	natural	habitats	in	the	matrix	such	as	hedgerows,	
shrubs and tree alignments connecting the forest patches, in the fol-
lowing	called	“bocage”	to	allow	for	a	short	expression	(according	to	
Baudry et al., 2000)	 (Figure 1b).	 In	contrast,	 the	 “open”	 landscape	
window corresponds to a landscape with more isolated forest frag-
ments	with	fewer	small	semi-	natural	habitats	between	the	patches	
(Figure 1c).	The	open	landscapes	were	mainly	characterized	by	ara-
ble fields, whereas the bocage landscapes showed a dominance of 
grasslands. The landscape windows were positioned in areas that are 
rich	in	deciduous	forests.	Also,	the	selection	of	the	landscape	win-
dows	was	based	on	a	visual	graphic	inspection	(QGIS,	2012)	of	the	
landscapes	and	semi-	natural	habitats	(hedgerows,	shrubs,	tree	align-
ments)	in	the	vicinity	of	the	institutes/universities	in	the	respective	
study regions. Specifically, we considered the proportion of forest 
cover	 in	a	100–500 m	buffer	around	the	forest	patch	and	the	pro-
portion	of	hedgerows	in	a	0–50 m	buffer.	For	example,	for	western	
Germany	(Figure 1b,c),	the	proportions	of	hedgerows	in	the	bocage	
and open landscape were 0.42% and 0.30%, respectively, and the 
proportions	 of	 forest	 amounted	 to	 20.2%	 and	 7.3%,	 respectively.	
Based on historical maps, each forest patch was assigned to a histor-
ical forest age category being either ancient or recent and to a forest 
size	category	being	either	small	or	large	(see	Valdés	et	al.,	2020 for 
details).	Forest	age	describes	the	forest	continuity	since	afforesta-
tion and if forest patches appeared on maps dating back more than 
100 years,	they	were	categorized	as	ancient	(see	Appendix	S1 for de-
tails	about	the	historical	maps).	As	the	average	size	of	forest	patches	
varied	considerably	between	regions	(central	Sweden	1.2 ha;	south-
ern	France	8.2 ha),	we	decided	to	base	 the	differentiation	of	small	
and large forest patches on median values in the respective land-
scape windows. The boundary between small and large forests thus 
varies slightly between regions, but this procedure ensured a bal-
anced number of small and large patches in each region.

2.2  |  Vegetation surveys

The vegetation was surveyed in 2012 and 2013 as part of the small-
FOREST	 project	 (www. biodi versa. eu/ 2022/ 10/ 31/ small forest, 
Valdés	 et	 al.,	 2015,	 Valdés	 et	 al.,	 2020)	 conducted	 with	 the	 help	
of	 the	FLEUR	network	 (www. fleur. ugent. be).	All	deciduous	forests	
larger	than	1 ha	were	sampled	within	a	 landscape	window.	The	 in-
vestigated	plots	had	a	circular	shape	with	a	radius	of	10 m,	resulting	
in an area of 314 m2. The plots were located along transects that 
were arranged parallel to the longer axis of the forest patch with a 
distance	of	50 m	between	them.	The	plots	were	positioned	along	the	
transects	at	 intervals	of	100 m.	The	number	of	transects	and	plots	
thus	varied	depending	on	the	area	and	shape	of	the	forest	patch.	In	
total, the study comprised 3538 vegetation plots distributed across 
699	deciduous	forest	patches.	The	number	of	forest	patches	within	
a	region	ranged	from	55	(Estonia)	to	123	(Belgium),	while	the	number	
of	 plots	 varied	 between	 174	 (southern	 Sweden)	 and	 929	 (eastern	
Germany)	(Table 1).
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In	each	plot,	all	vascular	plant	species	were	recorded.	The	taxon-
omy	follows	the	database	for	Euro-	Mediterranean	vascular	plant	di-
versity	(Euro+Med Plant Base, n.d., https:// www. empla ntbase. org/ 
home. html).	All	herbaceous	vascular	plant	species	as	well	as	individ-
uals	of	potentially	woody	species	(tree	and	shrub	species)	less	than	
1 m	in	height	were	considered	as	part	of	the	herb	layer.	Woody	spe-
cies reaching the upper canopy were assigned to the tree layer, while 
trees	 and	 shrubs	 below	 the	 dominant	 canopy	 (including	 saplings	

≥1 m)	were	defined	as	the	shrub	layer.	Taxonomic	aggregates	were	
treated	as	single	species	(e.g.,	Rubus fruticosus	agg.).	When	moving	
between plots along a transect in a forest, additional vascular plant 
species not occurring in any of the plots were noted so that a nearly 
complete list of vascular plant species was obtained for each forest 
patch.	We	defined	plot-	scale	diversity	as	 the	number	of	observed	
plant	 species	 per	 plot	 and	 patch-	scale	 diversity	 as	 the	 number	 of	
observed plant species per forest patch.

F I G U R E  1 Map	of	the	study	regions	(a,	Shapefile	retrieved	from	@EuroGeographics).	Exemplary	section	of	a	bocage	(b)	and	open	
landscape	(c)	in	western	Germany.

TA B L E  1 Overview	of	the	number	of	studied	forest	patches	and	plots	per	region	and	of	the	cumulative	number	of	plant	species	(total,	and	
separately	for	forest	specialists	and	generalists).

Study regions FrS FrN Be GeW GeE SwS SwC Es

Forests patches 102 91 123 88 64 68 108 55

Plots 239 239 550 884 929 174 264 259

All	species 340 239 281 263 257 189 292 204

Forest specialists 49	(14%) 56	(23%) 53	(19%) 67	(25%) 58	(23%) 44	(23%) 31	(11%) 51	(25%)

Generalists 196	(58%) 159	(67%) 163	(58%) 165	(63%) 177	(69%) 127	(67%) 215	(74%) 127	(62%)

No.	species/plot 25.3 28.9 14.1 20.0 20.5 21.1 26.0 23.6

No.	species/patch 77.1 104.5 85.4 101.4 95.3 101.0 84.9 78.4

Note:	For	the	two	subcategories	of	species,	the	proportions	relative	to	all	species	are	given	in	parenthesis.	Also,	the	average	numbers	(No.)	of	
observed	species	per	plot	and	per	patch	are	given	for	each	study	region.	Regions:	FrS,	southern	France;	FrN,	northern	France;	Be,	Belgium;	GeW,	
western	Germany;	GeE,	eastern	Germany;	SwS,	southern	Sweden;	SwC,	central	Sweden;	Es,	Estonia.

 16541103, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jvs.13318 by Sw

edish U
niversity O

f, W
iley O

nline L
ibrary on [17/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.emplantbase.org/home.html
https://www.emplantbase.org/home.html


    |  5 of 13
Journal of Vegetation Science

PAULSSEN et al.

2.3  |  Data analysis

All	analyses	were	performed	for	the	total	number	of	plant	species	
and additionally for two contrasting subcategories of plant species, 
based on the values of forest affinity defined for the different study 
regions	in	the	list	of	European	forest	species	(Heinken	et	al.,	2022):	
forest	plant	specialist	species,	which	mainly	occur	in	closed-	canopy	
forests	 (1.1)	 and	generalist	 plant	 species,	which	grow	equally	well	
both	inside	and	outside	forests	(2.1,	2.2).	As	local	measurements	of	
climatic or edaphic conditions in the plots were not available, local 
environmental	 conditions	 were	 assessed	 by	 means	 of	 Ellenberg	
indicator	 values	 (EIVs)	 for	 light	 (mL),	 soil	 moisture	 (mF),	 soil	
nitrogen	(mN)	and	soil	pH	(mR)	 (Ellenberg	et	al.,	1991;	Ellenberg	&	
Leuschner, 2010).	The	mean	EIV	for	each	plot	was	calculated	based	
on the presence/absence of plant species, meaning that species 
abundance	 was	 not	 weighed.	 As	 the	 number	 of	 species	 is	 often	
related	 to	 environmental	 conditions	 in	 a	 hump-	shaped	 manner,	
quadratic	 terms	were	also	 included	 in	 the	 statistical	models	when	
a	 hump-	shaped	 relation	 was	 observed	 during	 the	 graphical	 data	
exploration	(see,	for	example,	Cornwell	&	Grubb,	2003;	Vockenhuber	
et al., 2011).

Prior to the modeling, we examined multicollinearity of the ex-
planatory	variables	(Pearson	correlation	coefficient	with	a	threshold	
of	0.65	and	conditional	boxplots).	We	excluded	mN from the models 
based on collinearity with mR.	(We	additionally	performed	the	analy-
ses with mN instead of mR, obtaining highly similar results and higher 
Akaike	 information	 criterion	 (AIC)	 values;	 see	 Appendix	 S2. We 
therefore decided to maintain the analysis with mR	in	the	main	text.)	
Also,	forest	patch	age	and	forest	patch	size	both	had	to	be	omitted	
based	on	collinearity	with	patch-	scale	diversity	 (Appendix	S3).	The	
values	for	patch-	scale	diversity	and	local	explanatory	variables	were	
standardized	prior	to	the	analysis	by	subtracting	the	mean	and	divid-
ing by the standard deviation.

Generalized	linear	mixed-	effects	models	(GLMM)	with	Poisson	dis-
tribution	(log	link	function)	were	run	to	examine	the	impact	of	mL, mF, 
mR	(local	scale),	patch-	scale	diversity	(patch	scale)	and	landscape	type	
(landscape	scale)	on	plot-	scale	diversity	of	all	species,	and	separately	
of forest specialists and generalists. We also included the interaction 
between	patch-	scale	diversity	and	landscape	type.	A	stepwise	back-
ward	model	selection	was	used	based	on	the	AIC.	A	difference	in	the	
AIC	 larger	than	2	was	considered	relevant	to	select	 the	best	model.	
For	differences	in	AIC	lower	than	2,	the	more	simple	model	(without	
interaction)	was	selected.	The	dispersion	of	the	GLMMs	with	Poisson	
distribution was assessed using the package DHARMa	(Hartig,	2022).	
Model assumptions were validated by plotting the residuals.

When	 the	 plot-	scale	 diversity	 analyses	 indicated	 differences	 in	
optimum local conditions between forest specialists and generalists, 
we performed a GLMM with beta distribution to statistically evalu-
ate this difference in optimum conditions. This was relevant for light 
availability	(mL).	Therefore,	we	analyzed	the	impact	of	mL,	group	(for-
est	specialist/generalist)	and	the	interaction	of	mL and group on the 
proportion of specialists and generalists relative to the total number 

of species. The use of the interaction term enabled us to investigate if 
the impact of light conditions on plant species differs between forest 
specialist and generalist species. Raw data values had to be slightly 
adapted to avoid values of 0 and 1 in the dataset, which are not al-
lowed in a beta model. Stepwise backward model selection was used 
based	on	the	AIC.

To	identify	community	saturation	patterns,	we	applied	the	log-	ratio	
method	based	on	Szava-	Kovats	et	al.	 (2012).	We	performed	GLMMs	
with	a	Gaussian	distribution	to	analyze	the	impact	of	the	environmental	
variables	with	the	natural	logarithm	(ln)	of	patch-	scale	diversity	as	main	
explanatory variable on the response variable ratio	(ln{plot-	scale	diver-
sity/[patch-	scale	diversity − plot-	scale	diversity]})	for	all	species,	forest	
specialists	and	generalists.	We	used	maximum-	likelihood	estimation	for	
model	selection	and	re-	ran	the	best	candidate	model	using	restricted	
maximum	likelihood	(REML)	for	extracting	the	model	parameters	(Zuur	
et al., 2009).	We	included	the	interaction	term	between	ln(patch-	scale	
diversity)	and	landscape	type	to	test	for	differences	in	community	satu-
ration patterns between forests varying in their surrounding landscape. 
An	interaction	is	associated	with	different	slope	estimates	of	the	two	
levels	 investigated	 per	 factor	 variable	 (bocage/open)	 in	 the	 log-	ratio	
model and implies differences in community saturation. The slopes of 
the	regression	lines	quantify	the	degree	of	saturation,	so	that	a	regres-
sion	line	with	a	steeper	(more)	negative	slope	reflects	a	higher	degree	of	
community saturation. Significantly negative slopes are associated with 
saturated	 communities	 (Szava-	Kovats	 et	 al.,	2012, 2013;	Gonçalves-	
Souza	et	al.,	2013; Michalet et al., 2015).	Model	selection	and	validation	
were	carried	out	similarly	to	the	plot-	scale	diversity	model.

To account for the nested study design, three variables were 
used	 as	 random	 terms:	 study	 region,	 landscape	 type	 (nested	within	
study	region)	and	forest	patch	(nested	within	landscape	type).	As	we	
are	interested	in	the	effect	of	 landscape	type	on	plot-	scale	diversity	
in the study regions, landscape type was incorporated in the model 
formula as both fixed and random intercept terms simultaneously. We 
additionally carried out the analysis with only study region and forest 
patch	as	random	intercept	terms	(Appendix	S4).	This	analysis	produced	
highly	similar	patterns	of	results	and	the	models	fitted	the	data	equally	
well. We therefore decided to maintain the analysis with three random 
intercept	terms	(study	region,	landscape	type,	forest	patch).

The	statistical	analyses	were	carried	out	in	R	(4.0.4,	R	Core	Team,	
2021).	 The	 GLMMs	 were	 performed	 with	 the	 package	 glmmTMB 
(Brooks	et	al.,	2017)	and	R-	squared	values	(R2)	were	extracted	with	
the package performance(Lüdecke	et	al.,	2021).

3  |  RESULTS

3.1  |  Drivers of plot- scale diversity

Across	all	regions,	749	different	vascular	plant	species	were	recorded.	
The	cumulative	number	of	species	per	region	ranged	from	189	(south-
ern	Sweden)	to	340	(southern	France)	(Table 1).	The	number	of	for-
est	specialists	per	region	varied	between	31	(central	Sweden)	and	67	
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(western	Germany).	On	average,	the	share	of	specialist	and	generalist	
species	relative	to	all	observed	species	in	a	region	was	20 ± 5%	and	
65 ± 6%,	respectively.	The	mean	number	of	species	per	plot	ranged	
from	14.1	(Belgium)	to	28.9	(northern	France),	while	the	mean	num-
ber of species per patch was more constant across regions, varying 
between	77.1	(southern	France)	and	104.5	(northern	France).

For	 the	plot-	scale	diversity	of	all	 species,	 forest	specialists	and	
generalists, the variance explained by fixed factors of the final model 
was	27%,	59%,	 and	37%,	 respectively	 (Table 2; detailed statistical 
results	 for	 the	GLMMs	are	given	 in	Appendix	S5).	Plot-	scale	diver-
sity	 increased	 with	 increasing	 patch-	scale	 diversity	 for	 all	 species	
and	for	both	of	the	two	sub-	groups	 (Figure 2).	Plots	 located	 in	the	
bocage	 landscape	 had	 a	 higher	 plot-	scale	 diversity	 for	 all	 species,	
forest specialists and generalists, than plots located in the open 
landscape	 (Figure 2).	 Among	 the	 local	 environmental	 factors,	 light	
availability	 (mL),	soil	moisture	 (mF)	and	soil	pH	(mR)	contributed	to	
the	 final	models	 in	a	 consistent	way,	 all	 showing	hump-	shaped	 re-
lationships	 between	 plot-	scale	 diversity	 and	 the	 environmental	
variables	(Figure 3).	The	optimum	light	availability	differed	between	
forest	specialists	and	generalists:	while	a	high	plot-	scale	diversity	of	
forest specialists was associated with low light availability, the op-
posite	was	true	for	the	generalist	species	(Figure 3).	This	pattern	is	
also confirmed by the statistical results of a GLMM that revealed a 
relevant interaction of mL	 and	 group	 (forest	 specialist/generalist)	
(Appendix	S6).	This	emphasizes	that	the	relation	between	the	pro-
portion of plant species and light availability differs between forest 
specialists	and	generalists	 (Figure 4).	The	optima	along	the	soil	pH	

gradient were positioned at intermediate values when considering all 
species	together	and	the	two	sub-	groups	separately.	A	difference	in	
optimum position between specialists and generalists was observed 
along the soil moisture gradient with the former showing an optimum 
at medium values and the latter at medium and high values.

Also,	 additional	 visual	 examinations	 of	 the	 influence	 of	 local	
environmental	 conditions	on	plot-	scale	diversity	 for	 the	 individual	
study	 regions	 showed	 highly	 consistent	 patterns	 (Appendix	 S7).	
Accordingly,	the	relationships	between	plot-	scale	diversity	and	EIVs	
for the single study regions largely reflect the overall pattern shown 
in Figure 3.	In	a	few	study	regions,	however,	optimum	curves	could	
not be observed due to short environmental gradients.

3.2  |  Community saturation

For the ratio of all species, forest specialists and generalists, the 
amount of variance explained by fixed factors of the final model was 
53%,	43%,	and	55%,	respectively	(Table 2).	The	interaction	between	
ln(patch-	scale	diversity)	and	landscape	did	not	remain	in	any	of	the	
final models, which resulted in the same slope estimate for both land-
scape	types	(Figure 5).	This	indicates	a	similar	degree	of	community	
saturation	in	the	bocage	and	in	the	open	landscape.	All	three	slope	
coefficients	were	significantly	negative	(−1.17	to	−1.33,	Table 2).	The	
slope	coefficient	was	higher	 for	 forest	 specialists	 (−1.17),	 suggest-
ing a lower degree of saturation for this species group compared to 
generalists and all species.

TA B L E  2 Results	(model	estimates)	of	the	final	GLMMs	for	plot-	scale	diversity	and	the	ratio	(natural	logarithm	of	(plot-	scale	diversity/
[patch-	scale	diversity − plot-	scale	diversity])),	separately	given	for	all	plant	species,	forest	specialist	species	and	generalist	species.

Plot- scale diversity Ratio

Total Specialists Generalists Total Specialists Generalists

Intercept 3.16 1.69 2.73 5.00 2.74 4.36

Patch-	scale	diversity 0.07 0.14 0.07

Ln(patch-	scale	diversity) −1.33 −1.17 −1.32

Landscape open −0.14 (−0.18) −0.12 (−0.18) −0.27 [−0.17]

mL 0.96 2.45 1.64 1.30 2.26 2.18

mL2 −0.87 −2.91 −1.41 −1.18 −2.70 −1.89

mF 0.88 1.06 0.81 1.36 1.02 1.38

mF2 −0.83 −1.03 −0.75 −1.29 −0.97 −1.29

mR 1.26 1.64 1.11 1.54 2.04 0.22

mR2 −1.13 −1.55 −0.98 −1.39 −1.95

Fixed R2 0.27 0.59 0.37 0.53 0.43 0.55

Overall	R2 0.73 0.74 0.68 0.81 0.75 0.81

Note:	For	the	plot-	scale	diversity	models,	patch-	scale	diversity	was	included	as	explanatory	variable,	while	for	the	ratio	models	ln(patch-	scale	
diversity)	was	included.	For	the	landscape	type,	the	estimates	are	given	with	regard	to	the	open-	landscape	category.	Further	explanatory	variables	
include	light	availability	(mL),	soil	moisture	(mF),	soil	pH	(mR)	and	their	quadratic	terms.	Parentheses	and	square	brackets	show	marginally	significant	
(p < 0.1)	and	non-	significant	effects,	respectively.	As	model	simplification	was	performed	based	on	the	Akaike	information	criterion	(AIC),	the	final	
model	also	included	non-	significant	variables.
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4  |  DISCUSSION

4.1  |  Patch-  and landscape- scale drivers of 
plot- scale diversity

The	 results	 revealed	 a	 positive	 impact	 of	 patch-	scale	 diversity	 on	
plot-	scale	diversity	for	all	species,	forest	specialists	and	generalists.	
Such a positive relationship emerges, because local populations 
obtain their species from a species pool at relatively larger scales 
(He	et	al.,	2005).	Whether	a	species	of	this	pool	actually	inhabits	a	
local community depends on its dispersal ability and on the ability 
to	 thrive	under	 the	 specific	 local	 environmental	 conditions	 (Pärtel	
et al., 2013).	The	concept	of	hierarchical	filters	stresses	that	species	
have	to	pass	a	“dispersal”	filter,	a	“habitat”	filter	and	a	filter	of	“biotic	
interactions”	in	order	to	be	part	of	a	local	community	(Zobel,	2016).	
In	our	study,	patch-	scale	diversity	was	highly	correlated	with	both	
patch	 size	 and	 patch	 age	 and	 therefore	 these	 were	 not	 included	
as	 predictors	 in	 our	 models.	 Positive	 species–area	 and	 species–
time–area	 relationships	 have	 frequently	 been	 reported	 (e.g.,	
Rosenzweig,	 1995; Kolb & Diekmann, 2004;	 Valdés	 et	 al.,	 2015; 
Lenoir et al., 2021),	 as	well	as	a	higher	overall	diversity	of	species	
and of forest specialist species in ancient forest patches compared 
to	 recent	 forests	 (Flinn	&	Vellend,	2005;	 Valdés	 et	 al.,	2015).	 For	
generalist species, different studies have found contrasting patterns, 
with a higher diversity observed in either ancient or recent forests 
(Valdés	et	al.,	2015;	Vinter	et	al.,	2016).

In	general,	plots	in	the	bocage	landscape	had	a	higher	plot-	scale	
diversity	 (taking	 into	 account	 the	 varying	 edaphic	 and	 light	 con-
ditions),	 both	when	 looking	 at	 all	 species	 and	when	distinguishing	
forest	specialists	from	generalists	(Table 2, Figure 2).	This	indicates	
that	small	semi-	natural	habitats	such	as	hedgerows,	tree	rows	and	
shrubs in the surrounding landscape matrix enhance the connectiv-
ity between forest patches and enable dispersion of forest plants 
between	forest	patches	(Jamoneau	et	al.,	2011; Lenoir et al., 2021).	
These corridors increase the dispersal possibilities for plant species 

by increasing habitat accessibility and create a generally higher 
permeability	of	 the	 landscape.	As	a	consequence,	 this	might	offer	
several different opportunities to reach and enter a forest patch 
and accordingly provides more chances for forest plant species to 
establish	 local	 populations	within	 a	 forest	 patch.	Our	 findings	 co-
incide	with	a	large-	scale	analysis	of	fragmentation	and	connectivity	
patterns	of	natural	areas	in	the	United	States,	which	revealed	a	sup-
portive effect of landscape corridors on species’ movements across 
fragmented	 habitats	 with	 large	 anthropogenic	 impact	 (McGuire	
et al., 2016).	Vanneste	et	al.	 (2020)	found	that	 linear	 landscape	el-
ements generally form a suitable habitat for many forest species, 
and this was also shown in a recent review on forest plant species 
in	European	hedgerows	(Litza	et	al.,	2022).	Although	generalists	ap-
pear to have higher dispersal abilities and to be less sensitive to habi-
tat	fragmentation	than	specialists	(Verheyen	&	Hermy,	2001; Brunet 
et al., 2011),	 the	 results	of	our	 study	show	that	generalist	 species	
can also be negatively affected by habitat fragmentation, when the 
connectivity between the forest patches is low.

4.2  |  Local drivers of plot- scale diversity

The	 relationship	 between	 plot-	scale	 diversity	 and	 light	 availability	
(mL)	was	hump-	shaped.	Figures 3 and 4	emphasize	different	optima	
for forest specialists and generalists, indicating suitable light condi-
tions for specialists under relatively shady conditions and for gener-
alists at relatively high light values. For forest specialist species, this 
result coincides with previous studies, which reported an increase 
in	forest	specialists	with	 increasing	canopy	cover	or	shade-	casting	
ability	 (Vockenhuber	et	al.,	2011; Govaert et al., 2020).	Specialists	
mainly	 grow	 in	 closed-	canopy	 forests	 (Heinken	 et	 al.,	2022),	 sug-
gesting a higher shade tolerance of the species in this group. 
However,	Márialigeti	et	al.	(2016)	found	an	opposite	pattern	in	tem-
perate forests in Hungary, possibly explained by a very low gen-
eral light availability that caused even forest specialists to respond 

F I G U R E  2 Relationship	between	plot-	scale	diversity	and	patch-	scale	diversity	for	(a)	the	total	of	plant	species,	(b)	forest	specialists	and	(c)	
generalist	species	(abbreviated	with	T,	S,	G,	respectively).	Plots	located	in	the	bocage	landscape	are	visualized	in	green	and	plots	in	the	open	
landscape	in	yellow.	The	data	points	were	jittered	and	are	displayed	with	increased	transparency	for	visualization.	Trendlines	are	based	on	
model estimates.
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positively to increasing radiation. For generalist species, our findings 
are	in	accordance	with	studies	of	Brunet	et	al.	 (2011)	and	Govaert	
et	al.	 (2020),	who	observed	a	negative	effect	of	 increasing	canopy	
cover	and	shade-	casting	ability	on	species	richness.	Many	general-
ists with higher light demand grow primarily in more open forest 
habitats	 (successional	 stages,	 edges,	 clearings)	 as	 well	 as	 in	 open	
landscapes	 (Heinken	et	 al.,	2022).	When	combining	all	 species	 to-
gether,	the	relationship	between	plot-	scale	diversity	and	light	avail-
ability	 showed	 a	 rather	wide	 optimum	 range	 (Figure 3)	 that	 likely	
reflects	the	different	habitat	requirements	of	the	subcategories	of	
species and their mixture in forests with medium light availability.

Soil nitrogen was highly positively correlated with soil pH and 
therefore not included as a predictor. Soil pH and nutrient avail-
ability in fact form a complex gradient in most temperate forest 

habitats,	with	base-	rich	sites	usually	being	nutrient-	rich	and	acidic	
sites	nutrient-	poor	(Schuster	&	Diekmann,	2005).	One	of	the	few	ex-
ceptions	to	the	positive	pH-	fertility	relationship	in	forests	includes	
forests on calcareous slopes with shallow soils that have a high pH, 
but	owing	to	drought	a	low	nutrient	availability.	Hump-	shaped	rela-
tionships	between	plot-	scale	diversity	and	soil	pH	were	observed	for	
all	species	as	well	as	for	forest	specialists	and	generalists.	Our	find-
ings	agree	with	some	previous	studies,	which	also	reported	hump-	
shaped	 relations	 (Schuster	 &	 Diekmann,	 2005;	 Peppler-	Lisbach	 &	
Kleyer, 2009;	Vockenhuber	et	al.,	2011).	Other	studies,	in	contrast,	
showed linear and logarithmic increases in plant species richness in 
forests	with	increasing	soil	pH	(Schuster	&	Diekmann,	2003;	Zarfos	
et al., 2019).	Generally,	 soil	 pH	 is	 an	 important	 soil	 chemical	 vari-
able for plants, because it influences the solubility and availability of 

F I G U R E  3 Relationships	between	plot-	scale	diversity	and	light	availability	(mL),	soil	moisture	(mF)	and	soil	pH	(mR)	(derived	from	
Ellenberg	indicator	values).	Top:	total	of	species;	middle:	specialist	species;	bottom:	generalist	species	(abbreviated	with	T,	S,	G,	respectively).	
Trendlines are based on model estimates.
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nutrients.	A	decrease	in	soil	pH	below	4.5	increases	the	aluminum	
concentration	and	contributes	to	aluminum	(Al3)	toxicity,	which	may	
result	 in	 inhibited	 root	 growth	 (Tyler,	2003; Rahman et al., 2018; 
Penn & Camberato, 2019).	The	strong	correlation	of	soil	pH	and	nu-
trient	availability	(see	above)	suggests	also	a	hump-	shaped	relation	
between	plot-	scale	diversity	and	soil	nutrients.	Overall,	soil	nitrogen	
is known to be a major driver of species composition and richness 
in	forests	(Chudomelová	et	al.,	2017; Melliger et al., 2018; Hrivnák 
et al., 2022).	A	hump-	shaped	relationship	of	forest	species	richness	
and soil nutrients was also reported on a broad scale for central 
Europe	(Cornwell	&	Grubb,	2003).	High	nutrient	availability	is	asso-
ciated	with	the	competitive	displacement	of	many	smaller-	statured	

plants	by	a	few	tall	vigorous	species	(Gilliam,	2006),	while	nutrient	
deficiency allows only few species with a tolerance strategy to occur.

The	relationship	between	plot-	scale	diversity	and	soil	moisture	
(mF)	 was	 also	 in	 all	 cases	 hump-	shaped.	 Previous	 studies	 empha-
sized	 the	 importance	 of	 soil	 moisture	 for	 species	 composition	 in	
forests	(Gilbert	&	Lechowicz,	2004;	Gazol	&	Ibáñez,	2010; Melliger 
et al., 2018).	 It	 affects	 plant	 species	by	 controlling	 the	 availability	
of	 resources	 and	 regulating	 photosynthetic	 activity	 (D'Odorico	
et al., 2010; Wang et al., 2019).	 Forest	 specialists	 and	 generalists	
both thrive under medium soil moisture conditions, but only gen-
eralists	 appear	 to	 grow	 also	 at	 very	 high	 soil	 moisture	 levels	 (mF 
8–9).	 Likely,	 forests	 on	moist	 or	wet	 soils	 are	 relatively	 open	 and	
offer suitable sites for generalists typical of wet grasslands and reed 
communities. These results indicate potential niche partitioning of 
forest specialists and generalists along the soil moisture gradient 
(Dawson,	1990; Silvertown et al., 2015).

4.3  |  Community saturation

Based	 on	 the	 significance	 of	 the	 slope	 coefficient	 in	 the	 log-	ratio	
model, communities can be classified as either saturated or un-
saturated.	As	 significant	negative	 slopes	are	associated	with	 satu-
rated	 communities	 (Szava-	Kovats	 et	 al.,	 2012;	 Gonçalves-	Souza	
et al., 2013),	 plant	 communities	 combining	 all	 species	 together	 as	
well as both the forest specialists and generalists can be classified 
as	saturated.	According	to	the	categories	defined	by	Szava-	Kovats	
et	 al.	 (2013),	 our	 slope	coefficients	 can	be	assigned	 to	 the	 type	 II	
category	 (slope < −1,	 saturated).	 Patterns	 of	 community	 satura-
tion	were	also	reported	previously	for	plants	(Michalet	et	al.,	2015; 
Alroy,	2018)	and	several	animal	taxa	(Alroy,	2018).	Given	that	plot-	
scale diversity levels off at some point and does no longer depend 
on	patch-	scale	diversity,	our	findings	suggest	that	local	factors	and	

F I G U R E  4 Relationship	between	the	proportion	of	forest	
specialists	and	generalists	(relative	to	the	total	number	of	species)	
and	light	availability	(mL).	Forest	specialists	(Spec.)	and	generalists	
(Gen.)	are	visualized	in	light	green	and	orange,	respectively.	
Trendlines are based on model estimates.

F I G U R E  5 Relationship	between	the	ratio	(natural	logarithm	of	[plot-	scale	diversity/(patch-	scale	diversity − plot-	scale	diversity)])	and	
natural	logarithm	of	patch-	scale	diversity	for	(a)	the	total	of	plant	species,	(b)	forest	specialists	and	(c)	generalist	species	(abbreviated	with	
T,	S,	G,	respectively).	The	slope	of	the	regression	serves	as	a	measure	of	the	degree	of	saturation	and	significantly	negative	slopes	indicate	
saturated	communities.	Note	that	the	axis	length	of	the	figures	varies.	Plots	located	in	the	bocage	landscape	are	visualized	in	green	and	plots	
in	the	open	landscape	in	yellow.	The	data	points	were	jittered	and	are	displayed	with	increased	transparency	for	visualization.	Trendlines	are	
based on model estimates.
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processes	play	a	major	role	for	plot-	scale	diversity	 (Ricklefs,	1987; 
Cornell & Lawton, 1992).

Plant communities in the bocage and in the open landscape 
had a similar degree of community saturation for all species as 
well as for the subcategories. This is contradictory to findings of 
Almoussawi	et	al.	(2020)	who	found	differences	in	plant	commu-
nity saturation between different landscape types in northern 
France. These different findings may be explained by the fact that 
three	 landscape	 types	were	 observed	 in	 the	 latter	 study	 (open,	
bocage,	continuous	forest).	The	latter	type,	acting	as	a	control	or	
baseline for comparative purposes, is associated with highly suit-
able environmental conditions for forest specialists and less fa-
vorable conditions for generalists, which may have contributed to 
unsaturated specialist communities and saturated generalist com-
munities	(Almoussawi	et	al.,	2020).

Moreover, there was a higher degree of community saturation 
for generalists compared to forest specialists. Generalist species 
were	more	frequent	than	forest	specialists	at	the	plot	scale	as	well	
as	at	the	patch	scale,	which	coincides	with	findings	of	Brown	(1984).	
Based on high competitive abilities, generalist species can thrive 
under	various	environmental	conditions	(Boulangeat	et	al.,	2012).	
Due to restricted resources and limited resource variability, local 
plots can only hold a limited number of species. Most likely, gen-
eralist	 species,	 which	 use	 resources	more	 efficiently	 (for	 exam-
ple, attaining greater height or leaf area to intercept light, Garnier 
et al., 2016),	may	outcompete	other	generalists	at	the	local	scale	
when	a	certain	plot-	scale	diversity	is	exceeded,	leading	to	a	higher	
degree of community saturation.

5  |  CONCLUSION

Our	 study	 demonstrated	 consistent	 patterns	 in	 the	 effects	 of	
patch-	scale	and	landscape-	scale	variables	on	plot-	scale	diversity	of	
forest species in deciduous forests across a geographical gradient 
from	southwest	to	northeast	Europe.	Plot-	scale	diversity	increased	
with	 increasing	 patch-	scale	 diversity	 and	 plots	 located	 in	 the	
bocage landscape contained a higher diversity than plots in the 
open landscape. This is a relevant finding, because it shows how 
the biodiversity of forest plant species can be supported in forests 
embedded	 in	 agricultural	 landscapes.	 The	 latter	 emphasizes	 not	
only	the	importance	to	retain	but	also	to	expand	small	semi-	natural	
habitats like tree rows, unused field margins, and hedgerows to 
promote the dispersal of forest specialists and generalists across 
agricultural landscapes. Moreover, patterns of niche partitioning 
were present among forest specialists and generalists. Forest 
specialists were mostly present under low light availability and 
medium soil moisture levels, while generalists thrived best at high 
light availability and at medium and high soil moisture. Generally, 
plot-	scale	diversity	was	highest	in	the	middle	of	the	soil	pH	gradient.	
We conclude that forest specialists and generalists are similarly 
affected	by	 landscape	type,	patch-	scale	diversity	and	soil	pH	 (and	
also nutrient availability based on the high correlation with soil 

pH)	and	differently	by	light	and	soil	moisture	conditions.	We	found	
equally	saturated	plant	communities	in	both	landscape	types.	When	
plot-	scale	diversity	levels	off	with	increasing	patch-	scale	diversity,	it	
is likely influenced to a high extent by local variables and processes 
(e.g.	light	conditions,	soil	variables,	competition).

To our knowledge, this is the first study in which the effects of 
landscape-	scale,	 patch-	scale	 and	 local	 factors	 on	 species	 richness	
and saturation have been studied across many regions at a continen-
tal scale, using more than 3500 forest vegetation plots. The findings 
extend our understanding of factors and processes that shape local 
plant diversity and help to comprehend the different responses of 
generalist and specialist species.
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